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Abstract

Infection with SARs-COV-2 displays increasing fatality with age and underlying co-morbidity, in particular, with
markers of the metabolic syndrome and diabetes, which seems to be associated with a “cytokine storm” and an
altered immune response. This suggests that a key contributory factor could be immunosenescence that is both
age-related and lifestyle-induced. As the immune system itself is heavily reliant on mitochondrial function, then
maintaining a healthy mitochondrial system may play a key role in resisting the virus, both directly, and indirectly
by ensuring a good vaccine response. Furthermore, as viruses in general, and quite possibly this new virus, have
also evolved to modulate immunometabolism and thus mitochondrial function to ensure their replication, this
could further stress cellular bioenergetics. Unlike most sedentary modern humans, one of the natural hosts for the
virus, the bat, has to “exercise” regularly to find food, which continually provides a powerful adaptive stimulus to
maintain functional muscle and mitochondria. In effect the bat is exposed to regular hormetic stimuli, which could
provide clues on how to resist this virus. In this paper we review the data that might support the idea that
mitochondrial health, induced by a healthy lifestyle, could be a key factor in resisting the virus, and for those
people who are perhaps not in optimal health, treatments that could support mitochondrial function might be
pivotal to their long-term recovery.

Introduction
The risk of severe morbidity associated with infection by
SARS-CoV-2 rises with age and underlying co-
morbidities, which indicate that up to 1.7 billion people,
or 22% of the global population, could be at severe risk;
the increased risk seems to be largely associated with an
imbalanced and/or an excessive inflammatory response
[1]. One suggestion is that the severity could be related
to a failure of inflammation resolution, leading to pul-
monary hyper-inflammation and “cytokine storms” [2].
With increasing age there is often an exaggerated innate
immune response to respiratory infections [3] and rising
inflammatory tone [4, 5]. Overall, it seems that suscepti-
bility to the virus is related to an age-related loss of

adaptive immunity combined with an increased innate im-
mune response [6]. This “inflammaging” seems to be asso-
ciated with T-cell immunosenescence and thymic atrophy;
critically, exercise seems to be protective [7]. The protect-
ive effect of exercise is informative, as the pathological
severity of SARS-CoV-2 infection seems to be associated
with many obesity-related co-morbidities, such as diabetes
[8–10], in contrast, physical fitness is emerging as a pre-
ventative strategy against the virus [11].
This suggests that as well as age, lifestyle could be im-

portant in determining susceptibility to the virus. We
have suggested that a modern sedentary lifestyle has
effectively removed exogenous hormetic stimuli, such as
physical activity, which is leading to an accelerated age-
ing phenotype [12]. In short, a modern lifestyle could be
accelerating the process of “inflammaging”: obesity is as-
sociated with a pro-inflammatory state, increased inflam-
matory macrophages and altered T-cell homeostasis
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[13]. In contrast, exercise is largely anti-inflammatory,
which is thought to explain its many benefits [14, 15]. A
key player in this adaptation is the mitochondrion, as
mitochondrial stress enhances mitochondrial function
not only in muscle, but in multiple other organs with
myokines playing a key role [16, 17]. For example irisin,
which protects mitochondria, can protect against ischae-
mia/reperfusion (IR) injury in the lung [18]. Irisin has
also been found to favourably alter genes in adipocytes
that are affected by the SARS-CoV-2 [19] and to modu-
late macrophage reactive oxygen species (ROS), display-
ing anti-oxidant and anti-inflammatory properties [20].
Critically, exercise can enhance mitochondrial function
and capacity in peripheral blood mononuclear cells
(PBMCs) [21].
As mitochondria are pivotal in the immune response

and many viruses in turn modulate mitochondria [22,
23], it is possible that altered mitochondrial function
may explain at least some of the variance in responses to
SARS-CoV-2. As most cells in the body contain mito-
chondria, including immune cells, this would be
expected and is now embraced by the concept of
“immunometabolism”. This is perhaps most clearly seen
in the clinical phenotype of subjects with inherited mito-
chondrial defects who often display immunodeficiency
and a much higher rate of infections – highlighting the
reliance of the immune system on mitochondria [24,
25]. Although this is relevant to resistance to the virus, it
is also perhaps relevant to the efficacy of vaccines;
Thacker and colleagues, using gene expression assays of
PBMCs, have shown that there is an age-related decrease
in response to influenza vaccines, which appears to be
linked to decreased mitochondrial function [26]. In
short, compromised mitochondrial function, either due
to genetic factors, extreme age, or lifestyle, could have a
bearing on both resistance to the virus and the ability to
mount an effective response to a vaccine.
It therefore seems that maintaining “mitochondrial

health” is vital, which probably correlates with an effective
mitochondrial reserve induced by factors like physical ac-
tivity, such that when the system is “stressed” (e.g., by a
virus), it can cope. Although the virus may only infect cer-
tain cells, the immune response is global and dependent
on mitochondrial function in multiple tissues and organs.
What is clear is that severity is associated with the hyper-
inflammation syndrome and involves dysregulation of
many different cell types [27]. This is to be expected, as
throughout evolution, viruses have evolved to manipulate
the immune system to hide from it, and can invoke im-
munosuppression, which in itself can become patho-
logical, for instance, by modulating T-cells [28, 29].
It now seems that the spike protein of SARS-CoV-2

can bind to T-cell receptors (TCRs), acting as a super-
antigen and causing excessive activation of the adaptive

immune system – potentially resulting in the hyperin-
flammatory syndrome [30]. This is perhaps relevant as
persistent antigenic stimulation can lead to T-cell ex-
haustion, which is associated with decreased oxidative
phosphorylation and loss of mitochondrial function des-
pite enhanced glycolysis – but can be reversed using
anti-oxidants [31]. Data is now showing that COVID-19
patients do have populations of T-cells displaying mito-
chondrial dysfunction, as well as altered mitochondrial
markers in monocytes – hinting that immune-metabolic
phenotyping could be used to understand disease patho-
genesis and possible treatments; this could include tar-
geting mitochondria [32]. In short, the immune system
itself could well be a target for this virus. Apart from the
virus targeting the TCR as a super antigen, there is
evidence that other than it binding to the angiotensin
converting enzyme (ACE) as its main receptor, it may
also bind receptors on immune cells, such as CD147 and
CD26 [33], or neuropilin-1 (Nrp-1) [34, 35].
We have structured this paper to first review the now

established data on general mitochondrial function and
health in relation to “inflammaging”, followed by the evi-
dence suggesting that the SARS-CoV-2 virus itself ma-
nipulates mitochondrial function and what we might
learn from bats – which are thought to be its natural
host. From this we propose that a poor lifestyle acceler-
ates “inflammaging” which is associated with mitochon-
drial ill-health, and in some populations this predisposes
them to a worse outcome. In the second part of the
paper we discuss the implication of this idea in relation
to current and suggested drug-based treatments and vac-
cine efficacy, the “long-COVID” syndrome, as well as
how environmental factors may make some people more
vulnerable. Understanding these concepts may help in-
form clinical strategy.

Mitochondrial function in inflammaging and
immunosenescence
Circulating extracellular vesicles (EVs) derived from im-
mune cells seem to have emerged as a means of studying
immunosenescence. In particular, they show an age-
related decline in mitochondrial function – which could
be related to dysfunctional mitophagy [36]. In fact, mice
engineered to have dysfunctional T- cell mitochondria
display accelerated senescence and “inflammaging”,
highlighting the point that T-cells can determine organ-
ismal fitness and lifespan [37]. This does support data
indicating the importance of a healthy T-cell response in
defending against the virus [38, 39].
The underlying aetiology for “inflammaging” has long

thought to be associated with mitochondrial dysfunction
as suggested by Nick Lane in 2003 in his “double agent”
theory [5], and is now receiving renewed interest, for in-
stance, in how decreasing mitochondrial function can
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reduce T-cell function and enhance immune senescence,
as mitochondria are pivotal in metabolic reprogramming
towards the Warburg effect [40]. Indeed, as mitochon-
drial dysfunction can lead to “inflammaging”, the ob-
served increase in older people of mitokines could be an
attempt by the system to restore homeostasis as many
are anti-inflammatory. Unfortunately, for many, this re-
sponse doesn’t fully compensate [41]. This is why
“exogenous” factors, such as physical activity or calorie
restriction seem to be required to optimise function;
these were normal factors during evolution, but are not
in our modern sedentary and obesogenic environment.
One aspect of ageing is a failure to remove damaged

components, for instance, dysfunctional mitochondria
via mitophagy, which could lead to immune dysfunction
[42]. It has been suggested that imbalances in mitochon-
drial mass could be responsible for ageing-related T-cell
subset dysfunction [43], which would suggest a failure of
mitophagy. Indeed, activation of mitophagy/autophagy is
thought to be a pivotal mechanism in slowing ageing
and inhibiting inflammation during calorie restriction
(CR) [44]: CR/intermittent fasting has been suggested as
a defence against the SARS-CoV-2 as it is anti-
inflammatory [45]. In contrast, a modern sedentary life-
style is also contributing to “inflammaging”, which acts
as a common mechanism linking sarcopenia, obesity,
cardiomyopathy and dysbiosis, with over-activation of
nod-like receptor pyrin family domain containing 3
(NLRP3) inflammasomes and mitochondrial dysfunction
playing key roles [46]. Overall, this all seems to support
a close link between immunosenescence, inflammaging
and failing mitochondrial function.

Does SARS-CoV-2 modulate mitochondrial
function, either indirectly or directly, and if so, in
what cells?
The above suggests that there is a close link between
mitochondrial dysfunction and immunosenesence, which
could lead to an increased chance of an imbalanced im-
mune response to SARS-CoV-2. This could take the
form of both an inability to clear it, but also an exagger-
ated pro-inflammatory response and a “cytokine storm”.
However there could also be another factor, and that is
that the virus is modulating mitochondrial function to
help it replicate.
One clue to this possibility is that many viruses do ap-

pear to manipulate bioenergetics towards aerobic
glycolysis (the “Warburg effect”); this is a highly energy-
dependent process to help generate substrates to build
new virus particles [47]. Aerobic glycolysis does require
healthy mitochondria, and is a normal process in mul-
tiple cell types, including immune cells [48]. Perhaps
tellingly, data suggest that successful clonal expansion of
vaccine-elicited T-cells is heavily depending on

mitochondrial function [49]. What this suggests is that
any cell forced to produce new viruses, if its mitochon-
dria are not functioning optimally, could rapidly become
energy deficient and be more likely to die, and depend-
ing on its type and location, could either enhance in-
flammation and/or compromise the immune response.

What are the SARS-CoV-2 receptors and where are they
found?
The direct impact of the virus will depend on which cells
it infects. To date, most evidence points towards ACE2
being the primary receptor for this virus. Early data sug-
gested ACE2 is predominantly expressed in pulmonary
alveolar type 2 progenitor (AT2) and respiratory epithe-
lial cells, but is also expressed in myocardial, illium and
oesophagus, as well as some kidney cells – with little ex-
pression in immune cells [50]. Elevated ACE2 expression
has also been found in the olfactory neuroepithelium,
potentially explaining the anosmia that some patients
have suffered [51]. More recent data has suggested that
ACE2 may be primarily expressed in bronchial transient
secretory cells [52].
Perhaps of relevance to the increased risk associated

with obesity is that high ACE2 expression has been
found in both visceral and subcutaneous adipose tissue;
this is important as adipose tissue in obesity is well
known to secrete higher levels of angiotensin 2, an in-
flammatory component of the renin-angiotensin aldos-
terone system (RAAS), which is key in driving many of
the pathological complications associated with this con-
dition [53]. Critically, obesity also seems to be associated
with increased expression of ACE2 in the lung, and en-
hanced inflammatory markers and dysregulated lipogen-
esis; viruses are well known to hijack lipid metabolism as
part of their life cycle [54].
Although ACE2 is not highly expressed in immune

cells, it is possible that other proteins expressed on im-
mune cells could be acting as SARS-CoV-2 receptors,
such as CD26 (also known as dipeptidyl peptidase 4,
DPP4) or CD147 (also called basigin). CD147 can be
activated by cyclophilins, which are inhibited by cyclo-
sporine A. Critically, the expression of these potential
receptors changes with age, as well as with co-morbid
conditions, such as obesity and hypertension [33]. Thus
both CD147 and cyclophilin A have been suggested as
potential targets for treating the virus. For example,
cyclosporine is very effective against corona viruses;
however, its immunosuppressive actions would limit its
usefulness [55].
CD147 and ACE2 expression is often increased in lung

disease, resulting in excessive activation of the RAAS
and enhancing damage, which could, in part, explain the
origins of the cytokine storm. It has been suggested that
melatonin, a potent natural anti-oxidant, could suppress
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the CD147 inflammatory pathway and help in treating
COVID-19 patients [56]. In silico binding studies do
seem to support the possibility that the virus does in-
deed use CD147 as a receptor, and could, potentially, ex-
plain why lymphopenia is associated with severity of
COVID-19 and a loss of T-cell subsets [57].
Data is indicating that this virus may also bind to

neuropilin-1 (Nrp-1); this protein is expressed on many
cells, including those in the central nervous and immune
systems, and is also a receptor for vascular endothelial
growth factor A (VEGF-A) [34, 35, 58]. Apart from sug-
gesting it can thus potentially infect the central nervous
system (CNS), it also appears that SARS-CoV-2 can in-
duce analgesia – which could aid in increased disease
transmission in asymptomatic individuals [59]. Nrp-1 is
also a focus for immunotherapy treatments in oncology,
as it is expressed on subsets of regulatory T-cells [60].
There is also data indicating it is expressed in the
cardiovascular system; if its expression is reduced, it re-
sults in cardiac mitochondrial dysfunction as it controls
the master mitochondrial regulator, peroxisomal
proliferator-activated receptor γ coactivator 1α (PGC1α),
as well as peroxisomal proliferating activating receptor γ
(PPARγ) [61].
This data does suggest that the virus not only modu-

lates essential components of the RAAS affecting inflam-
matory balance via ACE2, but if it is also modulating the
T-cell response directly, for instance, via CD147, or the
TCR, or even, Nrp-1.

Do SARS viruses code for proteins that target
mitochondria?
In SARS-CoV-1 the open reading frame-9b (ORF-9b)
encodes for a protein that locates to the mitochondrion.
Here it induces fusion by triggering degradation of
dynamin-like protein 1 (DRP-1), while inhibiting mito-
chondrial anti-viral signalling proteins (MAVS). This is
thought to underlie its ability to suppress the anti-viral
interferon response. It can also induce autophagy and
activate NF-κB [62]. MAVS are small proteins that on
detection of double stranded RNA (dsRNA) oligomerise
on mitochondria to form a signalling platform and initi-
ate interferon signalling, as well as cell death [63, 64]. It
also seems that MAVS can act as adaptor proteins for
NLRP3, forming a complex with mitochondria, although
the inflammasome can also be activated in a way that
doesn’t induce an interferon response, but can induce
the interleukin beta (IL-β) response [65].
With regards SARS-CoV-2, protein interaction map-

ping shows that it shares a great deal of homology with
SARS-CoV-1, but significantly, several of its proteins are
also predicted to directly interact with mitochondria,
such as non-structural proteins (NSPs) 4 and 8, and
ORF9c, as well as components of the interferon and NF-

κB pathways [66]. This, because of the well described
role of viruses in manipulating mitochondrial function,
has led to other groups suggesting that indeed, mito-
chondrial “hijacking” by SARS-CoV-2 could be a key
factor in the pathogenesis of this virus [67].
Many viruses also use viroporin proteins that can

oligomerise to help viral entry and release, as well as
control intracellular signalling ions, such as calcium or
potassium. They can also, via direct protein interaction,
manipulate signalling pathways. The host cell detects
these as changes in ions levels and ROS, and via, for
instance, the NLRP3 inflammasome, activates cellular
defence [68]. SARS-CoV-1 has at least three viroporins,
two of which are essential for replication and virulence
[69]; the E protein, in particular, not only seems to trig-
ger P38 MAPK activity, but also seems to modulate
calcium flux by acting as a permeable ion channel in
endoplasmic reticulum-Golgi intermediate compartment
(ERGIC)/Golgi membranes, activating the inflamma-
some [70]. SARS-CoV-2 seems to have a similar E
viroporin that induces ionic imbalance [71]. From the
calcium and ROS signalling perspective this is particu-
larly important, as mitochondria are not only pivotal in
calcium buffering and signalling, but are also controlled
by calcium [72]. Data suggest that many viruses form
viral “factories”, which are constructed from host cell
membranes, and are often tightly coupled to mitochon-
dria to provide precursors and energy – this includes the
Coranoviridae [73, 74].

SARS-Cov-2 may enhance aerobic glycolysis to favour
replication
Emerging data is now suggesting that T-cell mediated
immunity may be playing a powerful role in protecting
against the virus, as many asymptomatic people, or those
who have only had mild symptoms, show low levels of
anti-SARS-CoV-2 antibodies but a strong T-cell medi-
ated response against the virus. In contrast, more severe
disease is associated with more rapid seroconversion and
the presence of inflammatory markers, such as C-
reactive peptide (CRP) [75, 76]. In fact, it now appears
that the severity of infection positively correlates with a
decreased type 1 interferon (IFN1) response, but an ex-
aggerated inflammatory response, characterised by high
levels of interleukin 6 (IL-6) and tumour necrosis factor
alpha (TNFα) – possibly related to excessive activity of
nuclear factor kappa B (NF-κB). This latter finding could
be related to an auto-inflammatory loop in the lungs
[77]. It does seem that in some people that the transcrip-
tional response to SARS-CoV-2 is imbalanced, with a
less than optimal interferon-I and -III response, but an
exaggerated chemokine one; this may represent an
evolved manipulation of the immune system by the virus
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that worsens the outcomes for older patients with co-
morbidities as they cannot clear the virus properly [78].
Data from autopsies of deceased COVID-19 patients

show that tissue inflammation and organ dysfunction do
not map to the cellular distribution of the virus, hinting
at tissue-specific tolerance. In fact, severe inflammatory
changes seem to be largely restricted to the lungs and
the reticulo-endothelial system. This suggested that
COVID-19 related deaths were due to immune-
mediated, rather than pathogen-mediated organ inflam-
mation and injury [79]. It may therefore be relevant that
IFN1 can also have some anti-inflammatory actions,
modulating for instance, NLRP1/3 inflammasomes and
inhibiting interleukin-1 (IL-1) production [80]. Type 1
interferons are key in modulating T-cell responses and
resistance to viruses [81, 82].
It had been suggested that as the virus uses ACE2 as a

receptor on the cell surface it could trigger activation of
the renin-angiotensin-aldosterone system (RAAS), which
in turn, leads to hyperactivation of the NLRP3 inflam-
masome and pyroptosis, a form of cell death that results
in inflammatory amplification [81]. Data does now seem
to support this and has been shown in various types of
human stem cells – which could potentially affect tissue
regeneration [83]. ACE2 cleaves angiotensin II to gener-
ate angiotensin (1–7), which is largely anti-inflammatory
and protective [84]. Critically, mitochondria have a func-
tional angiotensin system [85], and ACE2 seems to be
mitochondrially protective [86]. Potentially of interest
here is that a product of ACE2, angiotensin-(1–9), seems
to inhibit mitochondrial fission in the heart, enhancing
mitochondrial fusion and calcium buffering and protect-
ing against cardiac hypertrophy [87]. It is thus possible,
by binding to ACE2, the virus may suppress a counter-
balancing anti-inflammatory pathway that affects mito-
chondrial function.
So why would SARS-CoV-2 do this? One possible ex-

planation is that the virus affects the most prevalent im-
mune cells in the lungs, monocytes/macrophages,
inducing them to shift metabolically to aerobic glycoly-
sis, which favours viral growth. The infection, in the
presence of oxygen, seems to achieve this by triggering
mitochondrial reactive oxygen species (ROS) production,
stabilising the hypoxia-inducible factor-1α (HIF-1α),
which in monocytes, consequently inhibits T-cell re-
sponses and lung epithelial cell death. It seems that
high glucose levels induce viral replication [88].
Furthermore, the inflammasome can also modulate
glycolysis; in macrophages, this may be a key process
in metabolic reprogramming [89]. Critically, inflam-
masome activation can be inhibited by nuclear factor,
erythroid 2-like 2 (Nfe2l2/Nrf2), which is pivotal in
enhancing antioxidant defences and suppressing in-
flammation [90]; it therefore counterbalances NF-κB,

which is also redox activated, but central to the im-
mune response [91].
Another key factor is that the SARS-CoV-2 genome

encodes proteins that can target the NF-κB pathway
[66]. SARS-COV-2 therefore seems to induce a Warburg
shift (aerobic glycolysis), which is a tactic that many
other viruses, and cancer cells, use [47]. It is thus of rele-
vance that that the metabolic reprogramming induced
by SARS-CoV-2 can be suppressed by melatonin [92],
which is a powerful antioxidant that protects mitochon-
dria [93]. In fact SARS-CoV-2 also seems to induce
activation of pathways like p38 mitogen activated protein
kinase (MAPK), which results in cell cycle arrest, inhib-
ition of apoptosis, and results in a feed-forward inflam-
matory loop [94]; the systems it targets therefore do
seem have much in common with those that are altered
in cancer [95]. Critically, MAPKs also modulate mito-
chondrial function, for instance, interacting with the
voltage dependent anion channel 1 (VDAC1) [96]. This
seems to add up to the virus manipulating several path-
ways to invoke aerobic glycolysis, which must involve
mitochondrial function.
Diabetes is also associated with activation of p38

MAPK via ROS generated by glucose induced mitochon-
drial dysfunction that can be offset by targeted mito-
chondrial antioxidants [97, 98]. Not only is diabetes a
risk factor for a worse outcome when infected with
SARS-CoV-2, but the virus itself may induce a worsen-
ing of the condition [99–101]. Indeed, it now seems that
fasting blood glucose is a predictor of mortality for
COVID-19 patients [102]. Overall, prediabetes and/or
type 2 diabetes (T2D) itself is embraced by the concept
of the metabolic syndrome in which insulin resistance,
mitochondrial dysfunction and inflammation are all
components [12]. Metformin, which modulates
mitochondrial function, is a key treatment for T2D [103]
– and has shown some benefit in COVID-19 patients
[104, 105]. In contrast, evidence indicates that the in-
flammatory effect of the Western diet may induce acti-
vation of the NLRP3 inflammasome [106]. In light of the
emerging data, this could only worsen the potential for
an exaggerated inflammatory response.

SARS-CoV-2 could lead to mitochondrial stress
It is therefore likely that SARS-CoV-2 does modulate
mitochondrial function. So it could be surmised, for in-
stance, that this virus could ensure close tethering of
mitochondria, and via calcium flux, stimulate their func-
tion. Clearly, if this process was too overwhelming, or
the mitochondria were already functionally compro-
mised, this would rapidly lead to mitochondrial stress.
With regards this, Singh and colleagues have highlighted
an interesting link with viruses and the production of
mitochondrially-derived vesicles (MDVs), which are
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normally part of a system to remove damaged compo-
nents from the mitochondrion [67]. If, like SARS-CoV-1,
this new virus also does this, and also induces mitochon-
drial fusion, it hints at an interesting ability to prevent
apoptosis, as well as mitophagy, but stimulate a mechan-
ism to move virus particles around. If it is also inhibiting
MAV activity, then the mitochondrion might not initiate
interferon signalling, but might still continue, potentially
by producing higher than normal levels of ROS, to
stimulate inflammasome activity and metabolic repro-
gramming towards glycolysis. In effect, the virus
repurposes the normal inflammatory metabolic

reprogramming towards aerobic glycolysis, which in-
volves modulation of mitochondrial function, but man-
ages to suppress the normal anti-viral interferon
response. In many tissues, the system may manage to stay
in balance and not cause an overt over activation of the
immune system, but in the lungs, it seems that in some
people, this balance is lost. Figure 1 summarises this.

The immune system, hormesis and mitochondria
As indicated, if the virus is modulating mitochondrial
function in a variety of cell types, either directly, or in-
directly, then the more robust the mitochondrial system,

Fig. 1 Viruses like SAR-CoV-2 manipulate cellular metabolism leading to the potential for a feed-forward inflammatory loop.
Viruses have evolved to usurp their host’s cellular machinery to make more viruses. One common mechanism is to suppress apoptosis and
manipulate the immune system to inhibit specific anti-viral programmes, which usually means interferons, while stimulating a shift towards aer-
obic glycolysis to provide precursors to build new viruses. However, this latter ability repurposes pathways that are often involved in generalised
immunity that both increase the production of pro-inflammatory mediators, while metabolically reprogramming immune cells. In the case of
SARS-CoV-2 this may well result in a feed-forward pro-inflammatory loop in the lungs, which seems to be driven by monocytes/macrophages
switching to aerobic glycolysis and is driven my mitochondrial ROS and stabilisation of HIF-1α; in turn, this metabolic shift suppresses T-cells and
the interferon response [88]. This process is accentuated as the virus may well stimulate inflammasome activation [81], while if it is similar SARS-
CoV-1, it could also suppress MAVS formation and activate NF-kB [62]; protein interaction mapping does suggest this is the case [66]. As it is likely
that inflammasome activation can also invoke glycolysis [89], then the evolutionary rationale seems sound. Of particular importance here is also
the balance between NF-kB and Nrf2, which more or less seem to counter-balance each other, as Nrf2 is pivotal in suppressing excessive oxi-
dative stress [91]. For more detailed reviews of the role of mitochondria in the immune response see [22, 107]
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the greater the chance of the system being able to resist
the virus. In general, hormetic factors, such as exercise,
seem to be necessary to maintain mitochondrial health
throughout the body; this phenotype is associated with a
more balanced immune response and minimisation of
“inflammaging”. In this section we review why this is,
and look at why one of the natural hosts of the virus, the
bat, may be able to resist.

A robust mitochondrial system and effective immune
system may rely on hormesis
A key component of effective immunity is now thought
to be a healthy mitochondrial system [107], while an
underlying unifying element to both the ageing process
and conditions associated with a poor lifestyle is a deg-
radation in overall mitochondrial function/reserve and a
rise in oxidative stress and inflammation [4, 5]. An im-
portant factor in the maintenance of mitochondrial
function is hormesis where low levels of stress induce an
over-compensatory response that induces positive adap-
tations, enabling an organism to better tolerate the stres-
sor next time they encounter it. For example, an
effective hormetic response can be induced by sub-lethal
doses of physical activity, calorie restriction and many
plant polyphenols [12], with mitochondrial stress being a
key trigger [108]. This results in an enhanced respiratory
reserve and anti-oxidant capacity, and a greater ability to
manage the ATP/ROS ratio when placed under stress
[109]. Certainly, small, long-lived species like bats and
sparrows, when compared to comparatively much
shorter lived species like mice, do demonstrate lower
levels of mitochondrial hydrogen peroxide release [110].
Given that mitochondrial dysfunction is strongly corre-
lated to immune dysfunction and chronic inflammation
[111], then inflammation resolution is probably going to
be best achieved by ensuring healthy mitochondrial
function as it ensures that ROS release does not get out
of control.

What can bats tell us?
The concept of hormesis suggests that it is important to
constantly stimulate the renewal and maintenance of a
large population of healthy mitochondria. It may there-
fore be possible to learn something from one of the nat-
ural hosts of SARS-CoV-2, bats [112]. Bats are the only
true flying mammal and are exceptionally long-lived for
their size. This could be because the evolution of flight
has required a whole host of adaptations, including
maintaining a large pool of mitochondria that produce
very little ROS while maintaining a high ATP output.
This appears to have gone hand-in-hand with changes in
the immune system to prevent excessive inflammatory
activation by stressed mitochondria, for instance, by
dampening NLRP3 Inflammasome activity. The net

result is that many bats can tolerate high levels of vi-
ruses, like the Coronaviridae family [113–116] and do
show a reduced antibody and inflammatory response,
hinting they are using another part of their immune sys-
tem to control the virus [117].
The inflammasome may thus be important, as its acti-

vation can lead to pyroptosis, an inflammatory form of
apoptosis, and can be triggered by excessive mitochon-
drial stress [118]. It may well be an essential component
in “inflammaging” [42]. There is some evidence that at
least in some species of bat, mitochondrial health, des-
pite bursts of oxidative stress, is maintained by stringent
mitochondrial quality control mechanisms, like mito-
phagy [119]. Mitophagy is in fact a negative regulator of
NLRP3 inflammasome activity, so although mitochon-
drial damage can activate the inflammasome, it can also
activate counter-balancing mitophagy to prevent exces-
sive inflammation [120]. In short, it seems that powered
flight has required the co-evolution of both mitochon-
dria that tightly control ROS, and a co-adapted immune
system.
Critically, there is evidence that SARS-CoV-2 inhibits

autophagy [121], suggesting it might also inhibit mito-
phagy. If this virus does indeed induce mitochondrial fu-
sion, as SARS-CoV-1 may do [62], then this would fit, as
mitochondrial fusion can inhibit mitophagy, and can in-
hibit cell death and ensure energy production, although
prolonged fusion can also initiate cell death in some
circumstances [122]. This latter point suggests another
innate anti-viral mechanism. Overall, modulation of the
inflammasome could be one element in how the virus
could result in an “inflammaging” phenotype.

Humans, hormesis, exercise and the immune system
The effects of hormesis, certainly for humans, are per-
haps most clearly seen in response to exercise training,
in particular, aerobic training, where both mitochondrial
capacity and function is increased in young and old
[123, 124]. This is matched by increased survival and
healthier ageing in cohorts who undertake plenty of
physical activity [125]. Active muscle is generally inflam-
matory, but commensurately induces counterbalancing
powerful anti-inflammatory and anti-oxidant mecha-
nisms throughout the body. Exercise thus appears to
show a biphasic dose response and the evidence is build-
ing that as long as it is not done excessively, in particu-
lar, allowing time for recovery, it is highly beneficial:
over time the adaptive over-compensation includes an
improved anti-inflammatory and anti-oxidant feedback
(25-28) [126].
Muscle has now been shown to have other functions,

like harbouring and supplying anti-viral stem T-cells,
hence, antagonising T-cell exhaustion and protecting
proliferative potential during inflammation [127]. In
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contrast white adipose tissue plays a key role in adaptive
immunity, and in excess, contributes to the altered im-
mune function and chronic inflammation often associ-
ated with obesity [128]. In particular, excessive visceral
adipose tissue (VAT), seems to play a pivotal role in
obesity-related pathogenesis; critically, its volume is de-
creased by exercise [129]. Furthermore, not only does
type 1 interferon unlock dormant adipocyte inflamma-
tory potential [130], but exercise reduces adipose expres-
sion of NLRP3 [131]. It therefore seems that adipose
tissue and muscle play a yin-yang role in the immune re-
sponse, whose set point will thus be determined by an
individual’s fitness and calorie balance, and overall mito-
chondrial capacity and health, and thus, reserve. In
short, mitochondrial reserve, and thus spare respiratory
capacity, is pivotal in enhancing the “healthspan”, and is
greatly improved by exercise [109]. The key here is that
stress can be signalled from mitochondria in any tissue
to the rest of the body by way of “mitokines”; muscle ac-
tivity is a prime inducer of mitochondrial stress [132].

Mitochondrial reserve and redox
It therefore seems that control of inflammation is associ-
ated with tight control of mitochondrial ROS, which is
itself dependent on “mitohormesis” by factors such as
exercise, plant compounds in the diet, and calorie re-
striction [108, 133]. The basis for this is that life is based
on redox and compartmentalised production of ROS as
part of a signalling system [134, 135]. This has led to
redox theories of disease and ageing, focussing on the
mitochondrion [136] and their role in generating an age-
related rise in inflammatory tone [5], which supports the
pivotal role of mitochondria in the immune system [137]
and in resistance to infections including viruses [138]. In
support of this, there is increasing evidence that mito-
chondria can also act as net sinks of ROS and this is
linked to lifespan. For instance mitochondria from the
long lived naked mole rat (NMR) produce less ROS than
comparable shorter lived animals [139, 140]. Further-
more the mitochondria in NMR, and bats, also appear to
be able to maintain a depolarisation of the inner mem-
brane for much longer during their life cycle, which is a
key mechanism to reduce ROS production during ageing
[141]. A key idea that relates to this is the Redox-
Optimised ROS Balance (R-ORB) hypothesis, which stip-
ulates that mitochondrial emission of ROS will reach a
nadir when respiratory rate reaches a maximum – in ef-
fect, mitochondria will maximise ATP production and
minimise ROS as they evolved to work at an intermedi-
ate redox state [142, 143]. Thus having a good mito-
chondrial reserve might suggest that this nadir can be
maintained when the system is put under stress.
An essential component of mitochondrial control is

uncoupling. This is a process whereby the proton

gradient in the mitochondrion is uncoupled from ATP
production, and it initially seemed to be a key process to
reduce ROS production, as well as generating heat. It
was therefore thought to act as a very good safety valve
for mitochondria and play a fundamental role in survival
and prevention of oxidative damage. In fact, 20% or
more of the energy captured by electron transport is dis-
sipated. However, uncoupling can also be associated
with an increase in ROS, hence, it is a key component of
redox signalling – and has led to updated versions of the
“uncoupling to survive” hypothesis. It may therefore play
a key role in mitohormesis, resulting not just in cell au-
tonomous adaptations, but also systemic adaptation
from signals, for instance, sent out from stressed skeletal
muscle via mitokines. Uncoupling also controls calcium
signalling. It now seems that mild uncoupling can, in-
deed, lead to increased longevity [144]. It is thus perhaps
relevant that a mitochondrial uncoupling protein, UCP2,
can negatively control the inflammasome [145], and in
general, seems to suppress immune activity [146].
Uncoupling thus plays an important role in mitochon-

drial efficiency, which can either be defined as the re-
spiratory control ratio (RCR - ratio of mitochondrial
respiration supporting ATP synthesis to that required to
offset the proton leak) or the ATP/oxygen ratio (the
amount of ATP generated per unit of oxygen consumed)
– this can lead to some confusion, as it can lead to op-
posite conclusions about efficiency. However, whichever
metric is used, it does describe the capacity to convert
resources into ATP, and in effect, the coupling efficiency
[147]. In fact a study has shown that skeletal muscle
mitochondria in obese, sedentary and insulin resistance
women somewhat paradoxically show reduced mito-
chondrial coupling, but a higher production of mito-
chondrial hydrogen peroxide. In effect, despite a degree
of uncoupling, their mitochondria were showing signs of
oxidative stress; this might have been due to nutrient
overload. However, an exercise training programme cor-
rected this, and was correlated with an improvement of
mitochondrial function, in particular, an enhanced abil-
ity to undertake beta oxidation of fats and restoration of
metabolic flexibility, the ability to switch between carbo-
hydrate and fat as energy sources, and better insulin sen-
sitivity [148]. The apparent increase in uncoupling could
be part of a homeostatic response to reduce excessive
ROS production, as UCPs can be activated by oxidative
stress [149]. This would further support evidence that
exercise induces an adaptive response that enabled the
mitochondrial system to cope better.
Finally, it is perhaps worth emphasising the link

between mitochondrial reserve and ability to control oxi-
dative stress. Mitochondria can generate ROS and are
closely linked to Nrf2, which is a master transcription
factor controlling antioxidant responses [150]. This
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suggests that exercise will not only induce greater mito-
chondrial reserve, but greater anti-oxidant capacity –
and perhaps, a greater reserve ability to uncouple to
manage oxidative stress.

Ageing, immune system reserve and immunosenescence
As previously indicated, like the original SARS virus, this
new virus also seems to induce worse outcomes in pa-
tients who are older, have hypertension and cardiovascu-
lar disease, and induces a phenotype characterised by
raised inflammatory and coagulation markers, multi-
organ failure, as well as neurological complications and
myocardial injury [151]. In short, most things we identify
with the ageing process and the metabolic syndrome,
both of which are associated with declining mitochon-
drial function [152, 153]. It thus pertinent that the rate
of ageing can be modified by lifestyle and disease, and
that epigenetics are making it possible to determine,
with some degree of accuracy, the biological age and
compare it with the chronological age through DNA
methylation (DNAmAge), and predict the likelihood of
future mortality [154, 155]. Although mitochondria obvi-
ously play a role in this, and reduced mitochondrial
DNA copy number (mtDNAcn) does appear to be a
proxy for mitochondrial buffering capacity, and is nega-
tively correlated with DNAmAge, the precise relation-
ship with biological age is still unclear. For instance,
evidence does indicate a clear role for mitochondria in
ageing-related disease and mortality, but not necessarily
chronological age [156]. However, data does suggest that
inducing mitochondrial dysfunction alone in T-cells can
induce premature senescence, driving “inflammaging”
and a tendency towards a cytokine storm [37]. One well
known concept in ageing is the idea of declining organ
reserve, which at the molecular level, is related to a loss
of excess metabolic capacity – in particular, bioenerget-
ics and mtDNA, as well excess telomere capacity [157].
In this respect, it could be argued that the immune sys-
tem could be viewed as an organ, and is also subject to
declining reserve.
As the immune system ages there is a subclinical accu-

mulation of pro-inflammatory factors, as well as de-
creased numbers of circulating respiring mitochondria
found in extracellular vesicles (EVs), which are derived
from immune cells [36]. Coupled to this, there is also
evidence that with increasing age the monocyte
inflammasome-mediated inflammatory response is al-
tered. For instance, this response to influenza A is
retained but the anti-viral interferon response declines
[158]. Furthermore, ageing is also associated with a grad-
ual loss of anti-oxidant capability that is associated with
a decrease in the T helper 1 (Th1) anti-viral response,
which might underlie some of the anti-viral activity of
glutathione and other anti-oxidants [159, 160]. This is

certainly commensurate with reduced immune system
reserve.
However, there is still a lot that is not understood

about ageing, which is why it has led some authors to
categorise it using several separate hallmarks, with mito-
chondrial function only being one of several integrated
systems as the precise cause is still not fully understood
[161]. However, many authors continue to focus on the
mitochondrion – mainly because it represents an ancient
nexus that arose from the endosymbiotic event between
a prokaryote and Archaean that gave rise to eukaryotes,
and understanding this does provide insight into the im-
mune system and inflammation, and the ageing process
[152, 162]. Some have suggested that ageing is actually
related to the loss of mitochondrial respiratory reserve
capacity [109]. This, we suggest, does have a great deal
of merit, and in relation to resistance to viruses, could
be viewed from a reduction in bioenergetic/redox
capacity of the immune system as people age. Tellingly,
reduced skeletal muscle mtDNAcn is associated with
symptoms of the metabolic syndrome, whereas exercise
increases mtDNAcn and is negatively associated with
markers of the metabolic syndrome and enhanced
aerobic capacity [163]. Thus although certainly not the
entire story, ageing is associated with declining mito-
chondrial function, which is likely to be related to re-
duced immune “reserve” and flexibility. Hence, as a
proxy for potential severity when infected, mitochondrial
function does have its place in the ageing process.
The lessons for humans are thus fairly clear: exercise

is part of our evolutionary heritage, and plays key role in
maintaining optimal mitochondrial health and immune
balance (Fig. 2).

Mitochondrial function and therapeutic strategy
As is becoming clear, maintaining good health, in par-
ticular, optimal levels of aerobic fitness and muscle/fat
balance is a good preventative strategy, in effect, the re-
sults of living a healthy lifestyle. A retrospective study
following the Hong Kong influenza outbreak in 2008
found that physical activity was protective and displayed
a “U” shaped dose-response curve [165]. High aerobic
fitness is associated with reduced morbidity and mortal-
ity [166, 167] and physical activity, if not overdone, is
generally anti-inflammatory in the longer term [15, 168]
and results in an enhanced anti-oxidant status [169].
Equally, calorie restriction, which is associated with im-
proved lifespan, is also anti-inflammatory [170, 171], as
is a diet high in polyphenols and probiotics [172].
However, there are still many people, who, for various

reasons are not living a particularly healthy lifestyle –
the effects of which become worse with age. This there-
fore raises the question, would enhancing/supporting
mitochondrial health help in this population if they
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become infected and would understanding the role of
mitochondria help in deciding treatment regimens?
There are a number of possibilities, ranging from
suppressing the auto-inflammatory loop (e.g., direct
targeting of inflammatory pathways, with, say antibodies,
or kinase inhibitors), to mitochondrial protection, en-
hancing mitochondrial turnover and renewal and pre-
conditioning, to direct management of redox. In fact, it
seems that many established drugs probably already do
modulate mitochondrial function, which may provide us
with further insight.

The other main strategy and one perhaps with the
greatest potential preventative benefit in the long run, is
vaccination. The implications of mitochondrial health
here could be extremely important in whether or not a
vaccine is successful in particular populations, for in-
stance the elderly and those with co-morbidities.

Repurposing drugs
Many of the compounds now being studied may influ-
ence mitochondrial function. For instance research on
immunomodulation during influenza infections has

Fig. 2 Resistance to SARS-CoV-2: mitochondrial and redox reserve, hormesis and the metabolic/inflammatory see-saw.
Data strongly support that people who are aerobically fit, and follow a healthy lifestyle, tend to have a greater metabolic and anti-oxidant reserve
related to training-induced mitochondrial adaptation; this is associated with less disease and a longer “healthspan”. The underlying principle that
leads to this is described by hormesis and is the product of humans having evolved, along with most other animals, in an environment where
this adaptation was constantly induced due to the need to move, and food was less available. As a phenotype, they tend to have greater muscle
to fat ratio, and exhibit few, if any symptoms of the metabolic syndrome, such as increased liver fat and visceral adipose tissue (VAT) volume, insu-
lin resistance, or markers of chronic inflammation. In this context, data suggest that muscle, as an organ, tends to be anti-inflammatory when
used regularly, whereas adipose, in particular, in VAT is inflammatory if it becomes overloaded. As the virus seems to induce oxidative stress [164]
and aerobic glycolysis to enhance its own replication, it could be argued that in a person with poor mitochondrial and anti-oxidant reserve, infec-
tion will tend to tip towards chronic inflammation and incomplete resolution. In this scenario, it is important to suppress either inflammation it-
self, or provide extra anti-oxidant power to damp down the potential for a feed-forward inflammatory spiral
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looked at corticosteroids, peroxisomal proliferating ac-
tivated receptors (PPAR) agonists, cyclooxygenase
(COX) inhibitors, adenosine monophosphate kinase
(AMPK) activators, direct antioxidants, and natural
products [173]. All of these can modulate mitochon-
drial function [174–178]. Non-steroidal anti-
inflammatory drugs (NSAIDs) in general, to varying de-
grees, affect mitochondrial function [179]. Critically,
network-based drug repurposing has recently identified
several candidates, such as irbesartan, paroxetine, siroli-
mus, melatonin and quinacrine, amongst others [180].
It has been suggested that angiotensin receptor
blockers (ARBs) are mitochondrially protective [181],
while anti-depressants, such as paroxetine, can inhibit
mitochondrial function [182]. Sirolimus, or rapamycin,
is actually one of the best studied calorie restriction mi-
metics as it modulates mammalian target of rapamycin
(mTOR); it is anti-inflammatory and modulates mito-
chondrial function, and could play a key role in mito-
hormesis [183]. It can, in fact, increase mitochondrial
respiration and reduce production of hydrogen perox-
ide [184]. Critically, data does suggest that this new
virus can indeed inhibit autophagy and the mTOR
pathway [121]. This might suggest that it can enhance
ATP production while reducing ROS, which would ob-
viously benefit it (by at least, initially, suppressing im-
mune activation). Overall, it could be argued that
compounds that do inhibit mitochondrial function
might have a number of effects, such as inducing mito-
hormesis, so activating mitochondrial turnover and re-
newal, but they could also disable mitochondrial
support for viral replication, and perhaps, enhance
apoptosis. However, this has to be balanced with the
possibility that they could cause too much damage, and
potentially, worsen the situation.
One group of drugs that has been investigated as a

possible treatment for SARs-CoV-2 are the antimalarial
aminoquinolones, which have been investigated for
decades as immunomodulators and anti-virals. Their
basic mode of action involves proton capture and de-
acidification of the lysosomal/endosomal compartment,
which interferes with viral replication, autophagy and in-
flammatory pathways, but they also affect the plasma
membrane, MAP kinases, calcium signalling, as well as
DNA [185]. They can also modulate mitochondrial func-
tion [186–188] and have been shown to have anti-
oxidant activity [189]. Paradoxically, they can also induce
oxidative stress, which has raised concerns about their
use in COVID-19 treatment due to the hypoxia associ-
ated with the acute respiratory distress syndrome
(ARDS); one suggested mechanism is increased ROS
generated by mitochondria – as well as possible direct
effects on mitochondria [190]. A meta-analysis has
shown that hydroxychloroquine used in treatment of

COVID-19 resulted in a 2.5 times greater mortality
compared to control groups, whereas its use was associ-
ated with a 1.2 times improvement in patients with mild
to moderate symptoms compared to a control group
[191]. A pharmacovigilance study also found that the
use of hydrochloroquine/chloroquine for treatment of
COVID19 was associated with higher rates of cardiovas-
cular side effects [192]. Interestingly, in another study,
although hydroxychloroquine and chloroquine were not
associated with any significant effect on mortality,
hydroxychloroquine, but not chloroquine, was associated
with a significant reduction in transfer to the intensive
care unit of patients admitted to hospital [193]. Critic-
ally, a recent review of the literature show these mole-
cules to have biphasic/hormetic effects in multiple
models, for instance, they can both stimulate or inhibit
cancer cell and virus growth depending on dose [194].
This not only highlights the role of dose, but also, poten-
tially, the induction of oxidative stress and the patient’s
underlying health, and whether or not these compounds
enhance risk or benefit.
Another very old anti-inflammatory drug, colchicine,

is also being investigated for efficacy in COVID-19 pa-
tients, as it seems to inhibit the NLRP3 inflammasome,
perhaps by suppressing the transport of mitochondria
[195]. Interestingly, SARs-CoV-2 does seem to modulate
many proteins related to the cytoskeleton, and can in-
duce filopodial protusions [94]. Colchicine is often used
to study autophagy, as it depolarises microtubules, so
inhibiting the process. It has now been shown that it can
result in impairments in skeletal mitochondrial function,
increasing ROS, and in older animals, this can result in
insulin resistance [196]. This all suggests that many of
these drugs, especially those that might affect mitochon-
drial function, either directly, or indirectly, and could
have an age-dependent effect - especially those that
might affect autophagy.
An important class of drugs are the MAPK inhibitors,

many of which have been developed as anti-cancer
agents. As indicated previously, MAPKs can modulate
mitochondrial function. They have been proposed as po-
tential treatments as the virus seems to upregulate p38
activity and inhibit counter-regulatory pathways. Al-
though this may well help in viral replication, it can also
result in excessive inflammation in some patients [197,
198]. Interestingly, vemurafenib, a MAPK inhibitor, has
been shown to inhibit dynamin-related protein 1 (DRP1)
phosphorylation, reversing excessive mitochondrial fis-
sion in melanoma cells and resulting in hyper-fusion
and enhancing oxidative phosphorylation and reversal of
aerobic glycolysis [199]. This again highlights the paral-
lels between cancer and viral infection in the sense that
both induce extensive metabolic reprogramming and
manipulation of the cell cycle, often towards aerobic
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glycolysis with modulation of mitochondrial function, as
well as attenuating/modifying immune responses.
Data also suggest that cyclophilin inhibitors, such as

cyclosporine A, which apart from being immune-
suppressants, could also inhibit the replication of related
corona viruses. Data has already shown that some trans-
plant patients receiving immunosuppressants seemed to
have some protection against the virus, although these
were observational studies and other factors, such as
good hygiene, could be important. But in vitro data does
hint at efficacy, especially on other corona viruses, such
as Middle East respiratory syndrome coronavirus
(MERS), as does evidence around the importance of the
cyclophilins in aiding viral replication. The mode of ac-
tion is thought to involve inhibition of the calcineurin
and suppression of the nuclear factor of activated T cells
(NFAT) (reviewed in [200]). In mice infected with
MERS-CoV, it seems that cyclosporine induces a robust
interferon gamma response, which is associated with in-
hibition of viral replication and release [201]. MAVs are
a key component of resistance to viruses, and can acti-
vate both interferon and NF-kB pathways, putting
mitochondria centre stage in viral defence [202]; data in-
dicate that immunophilins are regulators of MAVs [203,
204]. Given the importance of cyclophilin D, a well-
known target of cyclosporine that modulates mitochon-
drial permeability transition [205], it would be interest-
ing to speculate that apart from the well described
immunophilin targets of compounds like tacrolimus and
cyclosporine, a role for modulation of mitochondria
could not be ruled out. In this light, the effectiveness of
the pan-cyclophilin inhibitor, Alisporivir, which does not
have immunosuppressive effects, is potentially interest-
ing as it has high potency against SARS-CoV-2. It has
been suggested that its ability to inhibit cyclophilin D,
and thus control mitochondrial permeability, maybe of
importance in preventing lung damage [206].
Finally, some very promising preliminary data from

the RECOVERY trial suggests that low dose dexametha-
sone could help prevent death of up to 30% of ventilated
patients [207]. On the 18th September 2020, the
European Medicines agency endorsed the use of
dexamethasone in COVID-19 patients on oxygen or
mechanical ventilation (EMA/483739/2020). The most
well-known effect of glucocorticoids is to suppress in-
flammation, largely through the glucorticoid receptor
(GR), but with chronic use they do have side effects, as
they are catabolic [208]. The key point here is that glu-
cocorticoids are generally induced by stress, and in the
short term, are highly protective. It is thus relevant that
GRs also transfer to the mitochondrion and control
mitochondrial gene transcription, and have biphasic ac-
tions [209]. It is thus relevant that dexamethasone has
been shown to both induce mitochondrial uncoupling

and increase oxidative phosphorylation [210], but also
cause mitochondrial dysfunction [211]. This is hardly
surprising as mitochondria are central to both steroid
biosynthesis and action, and thus, stress management
[174]. Although it might be surmised that the predomin-
ant effect in the RECOVERY trial is through direct sup-
pression of inflammatory pathways, it is not impossible
that effects on mitochondria could not be ruled out.

Anti-oxidants and natural products
A further approach that has been suggested is suppres-
sion of oxidative stress by using compounds that are
anti-oxidants. Direct anti-oxidants, for example N-acetyl
cysteine, which, although it has shown some efficacy, has
met with limited success due to dose issues [212]. How-
ever vitamin C, which is now known to concentrate in
mitochondria and act as a ROS scavenger [213], could
be useful. A retrospective analysis of data has suggested
that vitamin C can both reduce the time in the intensive
care unit and the time on ventilators, particularly for
very ill patients [214, 215]. It is now being suggested that
it is used in combination with quercetin, which also
seems to have efficacy in viral infections [216]: quercetin
is a natural product that has anti-oxidant properties and
concentrates in mitochondria and can induce mitochon-
drial biogenesis [217, 218].
Another important principle is that many plant com-

pounds seem to have anti-viral properties, as well as
anti-cancer properties, and modulate calcium signalling
and mitochondrial function – with common targets,
such as VDAC. Plants suffer both from viral infection
and cancer, so it could be that there is some cross over
in function from plants to animals [219]. As viruses
seem to hijack their host’s cellular machinery, including
mitochondrial function, then partially inhibiting mito-
chondrial function could be an evolved strategy to defeat
the virus, especially if it induces apoptosis and/or
upregulates mitophagy and mitochondrial renewal and
anti-oxidant systems. A good example of this is perhaps
salicylic acid, which is a major plant defence signalling
compound [220] and modulates mitochondrial function,
both inhibiting the electron transport chain and acting
as an uncoupling agent [221, 222], as well as regulating
VDAC expression [223]. Some plant viruses produce
proteins that can inhibit the oxidative burst and
salicyclic-acid dependent autophagy [224]. There is thus,
potentially, useful insight provided by the observation
that some medicines that are derived from plant (or
other organism) defence compounds, also appear to have
some benefit in human viral infections. Indeed, Gurbel
and colleagues have suggested that aspirin could be used
against SARS-CoV-2, for instance, by reducing its activa-
tion of NF-κB [225].
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There is also interest in the potential for compounds
such as cannabidiol (CBD) in helping COVID-19 pa-
tients, as the cannabinoids do seem to have some anti-
viral activity, and are anti-oxidant and anti-inflammatory
[226]. CBD, amongst its many identified targets [227],
does seem to directly modulate mitochondrial function,
for instance, it has been shown to bind to VDAC1 and
inhibit the electron transport chain [228, 229]. There is
also evidence that it can inhibit inflammasome activation
[230].
One key mechanism is that many plant compounds

activate Nrf2 and are thus hormetic [231]. Furthermore,
as many manufactured drugs were developed from de-
fence compounds found in plants and other organisms,
this principle could be extended to include them. An-
other example of this could be the statins, which also in-
hibit mitochondrial function [232–234], and one study
has indeed shown they can reduce mortality of COVID-
19 patients [235].
Another ubiquitous antioxidant molecule, melatonin,

which also protects mitochondria [236], is also being in-
vestigated as an adjuvant to protect against a cytokine
storm in SARs-CoV-2 infection [237]. Interestingly, it
has been shown to reverse the Warburg effect in
immune cells, potentially having an anti-inflammatory
effect, and providing a justification for its use in
COVID-19 patients [92]. Likewise, glutathione is also
showing promise, in particular, as it seems to help re-
dress the age related Th1/Th2 imbalance [160]. Of
potential relevance is the observation that a modified
vitamin E derivative that concentrates in mitochondria
has shown benefits in a model of cardiac inflammation
induced by sepsis. It seems to do this by suppressing
mitochondrial DNA damage and its subsequent release
[238]; mtDNA is a potent activator of the inflammatory
system [239].
Also of interest here is Vitamin D, which has been

suggested as a potential adjuvant treatment for patients
with the virus, as it may restore immune function. In
particular, it may enhance anti-inflammatory cytokine
production and so limit the possibility of a cytokine
storm. Analyses do seem to show that it can have some
benefit in people who have low levels of this vitamin
[240]. Critically, it modulates mitochondrial function,
having diverse affects depending on the tissue; it can
stimulate muscle mitochondrial function [241], but may
also enhance lipid storage and adipogenesis [242]. Inter-
estingly, it has been suggested that COVID-19 morbidity
increases with northerly latitude, suggesting a link with
ultraviolet light and vitamin D [243]. Vitamin B3 has
also been shown to have some protective effects in mito-
chondrial myopathy models [244], and has been sug-
gested that it could help prevent lung injury in COVID-
19 patients [245].

Finally, artificial mitochondrial anti-oxidant molecules,
such as MitoQ and SKQ1 could also provide benefit
[246]. There are also compounds like Luminol deriva-
tives, which only become ROS scavengers in areas of
high oxidative stress and are showing some promise in
modulating redox-driven inflammation [247–249]. How-
ever, unlike MitoQ and SKQ1, it is likely that Luminol-
like compounds act outside the mitochondrion [250].

Vaccination
The age related decline in immune function is well de-
scribed, although not well understood, and affects virtu-
ally all components and has a big impact on the success
of vaccination – which has led to a constant drive to im-
prove vaccines for the older generation, in particular
against influenza [251]. It is, however, recognised to be
modifiable by many factors, ranging from exercise, to
stress, and chronic infections [252]. Critical in these re-
sponses is metabolic flexibility, for instance, the ability to
switch between oxidative phosphorylation and glycolysis,
and how this effects different sub-populations of cells
and the pro-inflammatory/anti-inflammatory balance.
For instance, aged B-cells lose oxidative phosphorylation
capacity, and rely more on glycolysis and generate more
ROS. They also infiltrate adipose tissue, heightening in-
flammation in a process involving the NLRP3 inflamma-
some. In relation to the B-cell response, which is key
purpose of vaccination, it seems that obesity, and the
metabolic syndrome, accelerates immunosenescence and
reduces the ability to produce antibodies [253].
A primary research area is on the development of vac-

cines for the elderly against influenza; on average, over
the age of 65 years, the efficacy drops off rapidly. To
study this, immunosenescence related markers in the
blood have been correlated with outcome. Interestingly,
T-cell responses have been found to be a stronger corre-
lates of protection than antibodies. Although the biology
is immensely complex, and may require a system level
“vaccinomics” approach, dysregulated metabolism is
clearly part of the problem – and it has been suggested
that treatments to correct dysregulated metabolic or
other physiological processes may be required before ad-
ministration of vaccines [254].
It would therefore seem that in order to improve the

efficacy of vaccines, it is either necessary to tailor the
vaccine to the particular immunosenescence profile a
patient shows, or, perhaps to reduce their epigenetic age
by ensuring they live a healthy lifestyle and so enhance
their immune system.

Implications of SARs-CoV-2 modulation of
mitochondrial function
There are a number of factors to consider from this. If,
as seems to be the case, this virus is modulating
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mitochondrial function, and thus, mitochondrial health
is important, there are a number of intriguing
possibilities.

Does mitochondrial function explain why morbidity may
be greater among men than women?
There are obviously confounding behavioural factors,
but statistically, men seem to have higher rates of mor-
tality than women when infected with the coronavirus
[255, 256]. Mitochondria in females may be more robust,
which could explain why females tend to live longer than
males [257].

Pollution, mitochondria and severity
Would pollution lower resistance to the virus? Nitrogen
dioxide is oxidative and can induce pulmonary inflam-
mation and reduce function [258], oxidise mitochondrial
cytochrome C [259], while acute inhalation can cause
mitochondrial dysfunction in the brain [260]. Data from
the United Kingdom is now suggesting that high levels
of pollution are linked to increased COVID-19 lethality
[261]. Linked to this is the very disturbing evidence that
iron-rich nanoparticles, largely derived from motor vehi-
cles, are now being found in cardiac mitochondria in the
very young, and are causing oxidative stress [262].

The renin-angiotensin-aldosterone system (RAAS) and
mitochondrial function
The coronavirus binds to ACE2 [263, 264] and mito-
chondria have their own angiotensin system [85].
ACE2 cleaves angiotensin II to produce anti-
inflammatory molecules and protects mitochondria
[84, 86]. This suggests ACE1/2 polymorphisms will be
a factor in reaction to the virus [265]. ARBs, ACEi
and statins may enhance ACE2 activity. Their role in
treatment is thus debated [266, 267].

Hypoxic-ischaemic reperfusion injury and oxygen
During hypoxia, mitochondrial function is inhibited, but
then becomes a source of ROS during reperfusion.
Could damaged mitochondria in the lung and/or heart
lead to an exacerbation of symptoms if too much oxygen
is given to a patient? This is clearly a difficult clinical
conundrum, but does suggest that supplementary oxy-
gen should only be used where absolutely necessary.
Compounds such as melatonin, CBD and curcumin have
shown some protective effects ischaemic-reperfusion
models [268–270] – curcumin is an uncoupling agent
[271]. CBD modulates mitochondria [228]. Key in this is
emerging data that hypoxic preconditioning requires a
drop in the mitochondrial proton motive force [272].
Management of ETC uncoupling is thus vital for life to
control oxidative stress [273]. PPARs may play a key role
in controlling uncoupling [274]. Furthermore there is

much evidence that anaesthetics can modulate mito-
chondrial function and could play a role in both pre-
and post-ischaemia protection, and some can act as un-
coupling agents [275–277].

Phytochemical viral protease inhibitors and mitochondria
Two recent structure-docking studies have indicated
that several phytochemicals could inhibit the SARs-
CoV-2 protease [278, 279]. As many phytochemicals can
also modulate mitochondrial function [280], and primar-
ily evolved to protect the plant, it could be surmised that
they are multi-functional and modulate multiple path-
ways to achieve this.

Long term effects – “long covid”
It is becoming clear that following recovery from the pri-
mary infection with SARS-CoV-2, many people are suf-
fering from long term effects, such as fatigue and mental
health problems, as well as more obvious lung problems.
This has resulted in the formation of a national UK con-
sortium and the launch of the PHOSP-COVID study to
investigate the long terms effects on health of this virus
(see https://www.phosp.org/) [281]. One possible conse-
quence of viral infection could be longer term mitochon-
drial dysfunction, which could lead to a variety of
symptoms. Mitochondrial function, and their relation-
ship to immunity, is again becoming a focus for research
in the chronic fatigue syndrome, which is still not com-
pletely understood [282]. This has been further sup-
ported by evidence of mitochondrial dysfunction in
PBMCs of people with chronic fatigue syndrome [283].

Can we test the hypothesis that mitochondrial
health = immune health and enhanced resistance
to the virus?
In terms of testing and/or looking for evidence that
mitochondria could help explain some of the patho-
physiology of this virus, there are several potential ways
to look for this relationship, ranging from laboratory
based to population studies.

Direct evidence that SARs-CoV-2 modulates mitochondrial
function
This work could be carried out in vitro with cultured
cells and/or isolated mitochondria prepared from con-
trol and infected individuals. In particular, using imaging
to look for co-localisation in “virus factories”.

Lifestyle and mitochondrial function
It could be predicted that those populations exhibiting
the lowest levels of optimal health and the highest levels
of the metabolic syndrome and “diabesity”, will show the
highest susceptibility. For example, it might be revealing
to map the case fatality rate to the latest trends in
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obesity/ diabetes after the necessary confounders are
taken into account [284]. In support of this, the emer-
ging data from New York in relation to SARS-CoV-2 in-
fection is that obesity is strongly correlated with critical
illness [9]. In contrast, would those populations showing
the highest fitness levels and functioning be more resist-
ant? For instance, would measured VO2 max show an
inverse relationship with morbidity?

Inherited mitochondrial dysfunction
Individuals with known mitochondrial dysfunction are
well known to show abnormal susceptibility to infections
[25]. Is there a link between mitochondrial haplotype
and resistance? There is certainly evidence for different
mtDNA haplotypes amongst different populations [285].
Although there is an emerging disparity in morbidity be-
tween Black people and other minorities in the USA, it
is thought it may be more to do with socio-economic
imbalances and higher rates of lifestyle induced co-
morbidities [286].

Markers of mitochondrial health in the blood
Blood-derived mitochondrial markers of reduced func-
tion may correlate with disease severity before, during
and after infection.

Epigenetic age and mitochondrial function
Data now show it is possible to determine someone’s
epigenetic age and compare it with their chronological
age. There is a close correlation with this ratio and co-
existing morbidity [287]. Thus, would blood-derived epi-
genetic markers of metabolic age correlate with disease
severity before, during and after infection?

Conclusion
The main conclusion from this review is that as immune
function is dependent on mitochondrial function, and al-
though this does decline with age, the rate it does so can
be modified by lifestyle. This is perhaps best highlighted
by the link between ageing, mitochondrial function and
the metabolic syndrome. This implies that both resist-
ance to the virus, and the effectiveness of a vaccine, will
be linked to the mitochondrial health of the individual.
Furthermore, as evidence indicates that many viruses,
which most likely include SARs-CoV-2, modulate bio-
energetics and redox in both the immune system and
other cells they infect to enhance their own replication,
they could potentially induce excessive stress in these
systems if their mitochondria are already sub-optimally
functional. This would suggest that in patients experien-
cing severer symptoms, mitochondrial support could be
a strategy, which could take many forms, both direct
(e.g., mitochondrial anti-oxidants), or indirect (anti-in-
flammatories, inhibitors of viral replication etc.). This

viewpoint becomes apparent when one considers that
mitochondria are a central nexus and have many func-
tions, ranging from supplying energy, anabolites for new
growth, controlling intracellular redox, calcium signal-
ling, detection of viruses and activation of anti-viral
mechanisms, as well as ultimately controlling the life
and death of the cell.

Abbreviations
ACE2: Angiotensin-converting enzyme 2; AMPK: Adenosine monophosphate
kinase; ARB: Angiotensin receptor blocker; AT2: Pulmonary alveolar type 2
progenitor cells; CBD: Cannabidiol; COX: Cyclooxygenase; CRP: C-reactive
peptide; DPP4: Dipeptidyl peptidase 4; DNAmAge: Chronological age
through DNA methylation; DRP-1: Dynamin-like protein 1; ERGI
C: Endoplasmic reticulum-Golgi intermediate compartment; EV: Extracellular
vesicle; GR: Glucorticoid receptor; HIF-1α: Hypoxia-inducible factor-1α;
IFN1: Type 1 interferon; IL-1: Interleukin-1; IL-6: Interleukin-6; IL-β: Interleukin
beta; IR: Ischaemia/reperfusion; MAPK: P38 mitogen activated protein kinase;
MAVs: Mitochondrial anti-viral signalling proteins; MERS: Middle East
respiratory syndrome coronavirus; mtDNAcn: Mitochondrial DNA copy
number; mTOR: Mammalian target of rapamycin; Nrp-1: Neuropilin-1; NF-
κB: Nuclear factor kappa B; NFAT: Nuclear factor of activated T cells; NLRP1/
3: Nod-like receptor pyrin family domain containing 1/3; NRF2: Nuclear factor
erythroid 2-like 2; NSAID: Non-steroidal anti-inflammatory drug; ORF: Open
reading frame; PPAR: Peroxisomal proliferating activated receptor;
PGC1α: Peroxisomal proliferator-activated receptor γ coactivator 1α;
RCR: Respiratory control ratio; R-ORB: Redox-optimised ROS balance;
ROS: Reactive oxygen species; SARS-CoV-2: Severe acute respiratory
syndrome coronavirus 2; T2D: Type 2 diabetes; Th1: T helper 1;
TNFα: Tumour necrosis factor alpha; UCP2: Uncoupling protein 2;
VAT: Visceral adipose tissue; VDAC1: Voltage dependent anion channel 1;
VEGF: Vascular endothelial growth factor

Acknowledgements
None.

Authors’ contributions
AN wrote and edited the manuscript after discussion with GWG, while all
other authors contributed equally to critiquing the original drafts and the
concepts therein, and approved the final manuscript.

Funding
No specific source of funding supported this paper.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
None required.

Consent for publication
All authors have approved the paper for publication.

Competing interests
Professor Geoffrey Guy is the Founder and Chairman of GW Pharmaceuticals;
Professor Alistair Nunn is a scientific advisor to GW Pharmaceuticals; Dr.
Wolfgang Brysch is the Chief Executive Officer of MetrioPharm AG. The
remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Author details
1Department of Life Sciences, Research Centre for Optimal Health, University
of Westminster, London W1W 6UW, UK. 2The Guy Foundation, Dorset, UK.
3MetrioPharm AG, Zurich, Switzerland. 4UKRI, STFC, Central Laser Facility, &
Department of Biological and Medical Sciences, Oxford Brookes University,
Oxford OX110QX, UK. 5School of Life Sciences, Arizona State University,
Tempe, USA. 6Environmental Health Sciences Division, School of Public
Health and Health Sciences, University of Massachusetts, Amherst, MA, USA.

Nunn et al. Immunity & Ageing           (2020) 17:33 Page 15 of 21



Received: 20 August 2020 Accepted: 20 October 2020

References
1. Clark A, Jit M, Warren-Gash C, Guthrie B, Wang HHX, Mercer SW, et al.

Global, regional, and national estimates of the population at increased risk
of severe COVID-19 due to underlying health conditions in 2020: a
modelling study. Lancet Glob Health. 2020;8(8):e1003–e1017.

2. Panigrahy D, Gilligan MM, Huang S, Gartung A, Cortes-Puch I, Sime PJ, et al.
Inflammation resolution: a dual-pronged approach to averting cytokine
storms in COVID-19? Cancer Metastasis Rev. 2020;39(2):337–40.

3. Chen J, Kelley WJ, Goldstein DR. Role of Aging and the Immune Response
to Respiratory Viral Infections: Potential Implications for COVID-19. J
Immunol. 2020;205(2):313–20.

4. Salminen A, Ojala J, Kaarniranta K, Kauppinen A. Mitochondrial dysfunction
and oxidative stress activate inflammasomes: impact on the aging process
and age-related diseases. Cell MolLife Sci. 2012;69(18):2999–3013.

5. Lane N. A unifying view of ageing and disease: the double-agent theory.
JTheorBiol. 2003;225(4):531–40.

6. Cunha LL, Perazzio SF, Azzi J, Cravedi P, Riella LV. Remodeling of the
Immune Response With Aging: Immunosenescence and Its Potential Impact
on COVID-19 Immune Response. Front Immunol. 2020;11(1748).

7. Thomas R, Wang W, Su DM. Contributions of Age-Related Thymic Involution
to Immunosenescence and Inflammaging. Immun Ageing. 2020;17:2.

8. Hamer M, Kivimaki M, Gale CR, Batty GD. Lifestyle Risk Factors for
Cardiovascular Disease in Relation to COVID-19 Hospitalization: A
Community-Based Cohort Study of 387,109 Adults in UK. medRxiv. 2020.

9. Petrilli CM, Jones SA, Yang J, Rajagopalan H, O'Donnell LF, Chernyak Y, et al.
Factors associated with hospitalization and critical illness among 4,103
patients with COVID-19 disease in New York City. medRxiv. 2020.

10. Stefan N, Birkenfeld AL, Schulze MB, Ludwig DS. Obesity and impaired
metabolic health in patients with COVID-19. Nat Rev Endocrinol. 2020;16(7):
341–2.

11. Wang M, Baker JS, Quan W, Shen S, Fekete G, Gu Y. A Preventive Role of
Exercise Across the Coronavirus 2 (SARS-CoV-2) Pandemic. Frontiers in
Physiology. 2020;11(1139).

12. Nunn AV, Bell JD, Guy GW. Lifestyle-induced metabolic inflexibility and
accelerated ageing syndrome: insulin resistance, friend or foe? NutrMetab
(Lond). 2009;6:16.

13. van der Zalm IJB, van der Valk ES, Wester VL, Nagtzaam NMA, van Rossum EFC,
Leenen PJM, et al. Obesity-associated T-cell and macrophage activation improve
partly after a lifestyle intervention. Int J Obes (Lond). 2020;44(9):1838–50.

14. Petersen AM, Pedersen BK. The anti-inflammatory effect of exercise. J Appl
Physiol. 2005;98(4):1154–62.

15. Brandt C, Pedersen BK. The role of exercise-induced myokines in muscle
homeostasis and the defense against chronic diseases. J Biomed Biotechnol.
2010;2010:520258.

16. Sallam N, Laher I. Exercise Modulates Oxidative Stress and Inflammation in
Aging and Cardiovascular Diseases. Oxid Med Cell Longev. 2016;2016:
7239639.

17. Laurens C, Bergouignan A, Moro C. Exercise-Released Myokines in the
Control of Energy Metabolism. Front Physiol. 2020;11:91.

18. Chen K, Xu Z, Liu Y, Wang Z, Li Y, Xu X, et al. Irisin protects mitochondria
function during pulmonary ischemia/reperfusion injury. Sci Transl Med.
2017;9(418).

19. de Oliveira M, De Sibio MT, Mathias LS, Rodrigues BM, Sakalem ME,
Nogueira CR. Irisin modulates genes associated with severe coronavirus
disease (COVID-19) outcome in human subcutaneous adipocytes cell
culture. Mol Cell Endocrinol. 2020;515:110917.

20. Korta P, Pochec E, Mazur-Bialy A. Irisin as a Multifunctional Protein:
Implications for Health and Certain Diseases. Medicina (Kaunas). 2019;55(8).

21. Liepinsh E, Makarova E, Plakane L, Konrade I, Liepins K, Videja M, et al. Low-
intensity exercise stimulates bioenergetics and increases fat oxidation in
mitochondria of blood mononuclear cells from sedentary adults. Physiol
Rep. 2020;8(12):e14489.

22. Monlun M, Hyernard C, Blanco P, Lartigue L, Faustin B. Mitochondria as
Molecular Platforms Integrating Multiple Innate Immune Signalings. J Mol
Biol. 2017;429(1):1–13.

23. Tiku V, Tan MW, Dikic I. Mitochondrial Functions in Infection and Immunity.
Trends Cell Biol. 2020;30(4):263–75.

24. Kruk SK, Pacheco SE, Koenig MK, Bergerson JRE, Gordon-Lipkin E, McGuire
PJ. Vulnerability of pediatric patients with mitochondrial disease to vaccine-
preventable diseases. J Allergy Clin Immunol Pract. 2019;7(7):2415–2418 e3.

25. Kapnick SM, Pacheco SE, McGuire PJ. The emerging role of immune
dysfunction in mitochondrial diseases as a paradigm for understanding
immunometabolism. Metabolism. 2018;81:97–112.

26. Thakar J, Mohanty S, West AP, Joshi SR, Ueda I, Wilson J, et al. Aging-
dependent alterations in gene expression and a mitochondrial signature of
responsiveness to human influenza vaccination. Aging (Albany NY). 2015;
7(1):38–52.

27. Gustine JN, Jones D. Immunopathology of Hyperinflammation in COVID-19.
Am J Pathol. 2020. https://doi.org/10.1016/j.ajpath.2020.08.009.

28. Wainberg MA, Mills EL. Mechanisms of virus-induced immune suppression.
Can Med Assoc J. 1985;132(11):1261–7.

29. Zinkernagel RM, Hengartner H. Virally induced immunosuppression. Curr
Opin Immunol. 1992;4(4):408–12.

30. Cheng MH, Zhang S, Porritt RA, Noval Rivas M, Paschold L, Willscher E, et al.
Superantigenic character of an insert unique to SARS-CoV-2 spike supported
by skewed TCR repertoire in patients with hyperinflammation. Proc Natl
Acad Sci U S A. 2020;17(41):25254–62.

31. Jiang S. Mitochondrial oxidative phosphorylation is linked to T-cell
exhaustion. Aging (Albany NY). 2020;12(17):16665–6.

32. Thompson E, Cascino K, Ordonez A, Zhou W, Vaghasia A, Hamacher-Brady
A, et al. Mitochondrial induced T cell apoptosis and aberrant myeloid
metabolic programs define distinct immune cell subsets during acute and
recovered SARS-CoV-2 infection. medRxiv. 2020.

33. Radzikowska U, Ding M, Tan G, Zhakparov D, Peng Y, Wawrzyniak P, et al.
Distribution of ACE2, CD147, CD26, and other SARS-CoV-2 associated
molecules in tissues and immune cells in health and in asthma, COPD,
obesity, hypertension, and COVID-19 risk factors. Allergy. 2020. https://doi.
org/10.1111/all.14429.

34. Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian M, Franz J, Kuivanen S,
et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and provides a possible
pathway into the central nervous system. bioRxiv. 2020:2020.06.07.137802.

35. Daly JL, Simonetti B, Antón-Plágaro C, Kavanagh Williamson M, Shoemark
DK, Simón-Gracia L, et al. Neuropilin-1 is a host factor for SARS-CoV-2
infection. bioRxiv. 2020:2020.06.05.134114.

36. Zhang X, Hubal MJ, Kraus VB. Immune cell extracellular vesicles and their
mitochondrial content decline with ageing. Immun Ageing. 2020;17:1.

37. Desdin-Mico G, Soto-Heredero G, Aranda JF, Oller J, Carrasco E,
Gabande-Rodriguez E, et al. T cells with dysfunctional mitochondria
induce multimorbidity and premature senescence. Science. 2020;
368(6497):1371–6.

38. Moderbacher CR, Ramirez SI, Dan JM, Grifoni A, Hastie KM, Weiskopf D, et al.
Antigen-specific adaptive immunity to SARS-CoV-2 in acute COVID-19 and
associations with age and disease severity. Cell. 2020. https://doi.org/10.
1016/j.cell.2020.09.038.

39. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin K, Gorin J-B, Olsson A,
et al. Robust T Cell Immunity in Convalescent Individuals with
Asymptomatic or Mild COVID-19. Cell. 2020;183(1):158–68 e14.

40. McGuire PJ. Mitochondrial Dysfunction and the Aging Immune System.
Biology (Basel). 2019;8(2).

41. Conte M, Martucci M, Chiariello A, Franceschi C, Salvioli S. Mitochondria,
immunosenescence and inflammaging: a role for mitokines? Semin
Immunopathol. 2020.

42. Picca A, Lezza AMS, Leeuwenburgh C, Pesce V, Calvani R, Landi F, et al.
Fueling Inflamm-Aging through Mitochondrial Dysfunction: Mechanisms
and Molecular Targets. Int J Mol Sci. 2017;18(5).

43. Callender LA, Carroll EC, Bober EA, Akbar AN, Solito E, Henson SM.
Mitochondrial mass governs the extent of human T cell senescence. Aging
Cell. 2020;19(2):e13067.

44. Gabande-Rodriguez E, Gomez de Las Heras MM, Mittelbrunn M. Control of
Inflammation by Calorie Restriction Mimetics: On the Crossroad of
Autophagy and Mitochondria. Cells. 2019;9(1).

45. Hannan MA, Rahman MA, Rahman MS, Sohag AAM, Dash R, Hossain KS,
et al. Intermittent fasting, a possible priming tool for host defense against
SARS-CoV-2 infection: Crosstalk among calorie restriction, autophagy and
immune response. Immunol Lett. 2020;226:38–45.

46. Livshits G, Kalinkovich A. Inflammaging as a common ground for the
development and maintenance of sarcopenia, obesity, cardiomyopathy and
dysbiosis. Ageing Res Rev. 2019;56:100980.

Nunn et al. Immunity & Ageing           (2020) 17:33 Page 16 of 21

https://doi.org/10.1016/j.ajpath.2020.08.009
https://doi.org/10.1111/all.14429
https://doi.org/10.1111/all.14429
https://doi.org/10.1016/j.cell.2020.09.038
https://doi.org/10.1016/j.cell.2020.09.038


47. Yu L, Chen X, Wang L, Chen S. Oncogenic virus-induced aerobic glycolysis
and tumorigenesis. J Cancer. 2018;9(20):3699–706.

48. Abdel-Haleem AM, Lewis NE, Jamshidi N, Mineta K, Gao X, Gojobori T. The
Emerging Facets of Non-Cancerous Warburg Effect. Front Endocrinol
(Lausanne). 2017;8:279.

49. Klarquist J, Chitrakar A, Pennock ND, Kilgore AM, Blain T, Zheng C, et al.
Clonal expansion of vaccine-elicited T cells is independent of aerobic
glycolysis. Sci Immunol. 2018;3(27).

50. Zou X, Chen K, Zou J, Han P, Hao J, Han Z. Single-cell RNA-seq data analysis
on the receptor ACE2 expression reveals the potential risk of different
human organs vulnerable to 2019-nCoV infection. Front Med. 2020;14(2):
185–92.

51. Chen M, Shen W, Rowan NR, Kulaga H, Hillel A, Ramanathan M, Jr., et al.
Elevated ACE2 expression in the olfactory neuroepithelium: implications for
anosmia and upper respiratory SARS-CoV-2 entry and replication. bioRxiv. 2020.

52. Lukassen S, Chua RL, Trefzer T, Kahn NC, Schneider MA, Muley T, et al. SARS-
CoV-2 receptor ACE2 and TMPRSS2 are primarily expressed in bronchial
transient secretory cells. EMBO J. 2020;39(10):e105114.

53. Al-Benna S. Association of high level gene expression of ACE2 in adipose
tissue with mortality of COVID-19 infection in obese patients. Obes Med.
2020;19:100283.

54. Heialy SA, Hachim M, Senok A, Tayoun AA, Hamoudi R, Alsheikh-Ali A, et al.
Regulation of angiotensin converting enzyme 2 (ACE2) in obesity:
implications for COVID-19. bioRxiv. 2020:2020.04.17.046938.

55. Liu C, von Brunn A, Zhu D. Cyclophilin A and CD147: novel therapeutic
targets for the treatment of COVID-19. Med Drug Discov. 2020;7:100056.

56. Sehirli AO, Sayiner S, Serakinci N. Role of melatonin in the treatment of
COVID-19; as an adjuvant through cluster differentiation 147 (CD147). Mol
Biol Rep. 2020. https://doi.org/10.1007/s11033-020-05830-8.

57. Helal MA, Shouman S, Abdelwaly A, Elmehrath AO, Essawy M, Sayed SM,
et al. Molecular basis of the potential interaction of SARS-CoV-2 spike
protein to CD147 in COVID-19 associated-lymphopenia. J Biomol Struct Dyn.
2020:1–11.

58. Perez-Miller S, Patek M, Moutal A, Cabel CR, Thorne CA, Campos SK, et al. In
silico identification and validation of inhibitors of the interaction between
neuropilin receptor 1 and SARS-CoV-2 Spike protein. bioRxiv. 2020.

59. Moutal A, Martin LF, Boinon L, Gomez K, Ran D, Zhou Y, et al. SARS-CoV-2
Spike protein co-opts VEGF-A/Neuropilin-1 receptor signaling to induce
analgesia. Pain. 2020. https://doi.org/10.1097/j.pain.0000000000002097.

60. Leclerc M, Voilin E, Gros G, Corgnac S, de Montpréville V, Validire P, et al.
Regulation of antitumour CD8 T-cell immunity and checkpoint blockade
immunotherapy by Neuropilin-1. Nature Communications. 2019;10(1):3345.

61. Wang Y, Cao Y, Yamada S, Thirunavukkarasu M, Nin V, Joshi M, et al.
Cardiomyopathy and Worsened Ischemic Heart Failure in SM22-alpha Cre-
Mediated Neuropilin-1 Null Mice: Dysregulation of PGC1alpha and
Mitochondrial Homeostasis. Arterioscler Thromb Vasc Biol. 2015;35(6):1401–12.

62. Shi CS, Qi HY, Boularan C, Huang NN, Abu-Asab M, Shelhamer JH, et al.
SARS-coronavirus open reading frame-9b suppresses innate immunity by
targeting mitochondria and the MAVS/TRAF3/TRAF6 signalosome. J
Immunol. 2014;193(6):3080–9.

63. Hwang MS, Boulanger J, Howe JD, Albecka A, Pasche M, Muresan L, et al.
MAVS polymers smaller than 80 nm induce mitochondrial membrane
remodeling and interferon signaling. FEBS J. 2019;286(8):1543–60.

64. Hou F, Sun L, Zheng H, Skaug B, Jiang QX, Chen ZJ. MAVS forms functional
prion-like aggregates to activate and propagate antiviral innate immune
response. Cell. 2011;146(3):448–61.

65. Subramanian N, Natarajan K, Clatworthy MR, Wang Z, Germain RN. The
adaptor MAVS promotes NLRP3 mitochondrial localization and
inflammasome activation. Cell. 2013;153(2):348–61.

66. Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, et al. A
SARS-CoV-2 protein interaction map reveals targets for drug repurposing.
Nature. 2020;583(7816):459–68.

67. Singh KK, Chaubey G, Chen JY, Suravajhala P. Decoding SARS-CoV-2
Hijacking of Host Mitochondria in Pathogenesis of COVID-19. Am J Physiol
Cell Physiol. 2020;319(2):C258–C267.

68. Hyser JM, Estes MK. Pathophysiological Consequences of Calcium-
Conducting Viroporins. Annu Rev Virol. 2015;2(1):473–96.

69. Castano-Rodriguez C, Honrubia JM, Gutierrez-Alvarez J, DeDiego ML, Nieto-
Torres JL, Jimenez-Guardeno JM, et al. Role of Severe Acute Respiratory
Syndrome Coronavirus Viroporins E, 3a, and 8a in Replication and
Pathogenesis. mBio. 2018;9(3).

70. Nieto-Torres JL, Verdia-Baguena C, Jimenez-Guardeno JM, Regla-Nava JA,
Castano-Rodriguez C, Fernandez-Delgado R, et al. Severe acute respiratory
syndrome coronavirus E protein transports calcium ions and activates the
NLRP3 inflammasome. Virology. 2015;485:330–9.

71. Satarker S, Nampoothiri M. Structural Proteins in Severe Acute Respiratory
Syndrome Coronavirus-2. Arch Med Res. 2020;51(6):482–91.

72. Bravo-Sagua R, Parra V, Lopez-Crisosto C, Diaz P, Quest AF, Lavandero S.
Calcium Transport and Signaling in Mitochondria. Compr Physiol. 2017;7(2):
623–34.

73. de Castro IF, Volonte L, Risco C. Virus factories: biogenesis and structural
design. Cell Microbiol. 2013;15(1):24–34.

74. Novoa RR, Calderita G, Arranz R, Fontana J, Granzow H, Risco C. Virus
factories: associations of cell organelles for viral replication and
morphogenesis. Biol Cell. 2005;97(2):147–72.

75. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin K, Gorin J-B, Olsson A,
et al. Robust T cell immunity in convalescent individuals with asymptomatic
or mild COVID-19. bioRxiv. 2020:2020.06.29.174888.

76. Staines HM, Kirwan DE, Clark DJ, Adams ER, Augustin Y, Byrne RL, et al.
Dynamics of IgG seroconversion and pathophysiology of COVID-19
infections. medRxiv. 2020:2020.06.07.20124636.

77. Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier J, Smith N, et al.
Impaired type I interferon activity and inflammatory responses in severe
COVID-19 patients. Science. 2020.

78. Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Moller R,
et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of
COVID-19. Cell. 2020;181(5):1036–1045 e9.

79. Dorward DA, Russell CD, Um IH, Elshani M, Armstrong SD, Penrice-Randal R,
et al. Tissue-specific tolerance in fatal Covid-19. medRxiv. 2020:2020.07.02.
20145003.

80. Guarda G, Braun M, Staehli F, Tardivel A, Mattmann C, Forster I, et al. Type I
interferon inhibits interleukin-1 production and inflammasome activation.
Immunity. 2011;34(2):213–23.

81. Ratajczak MZ, Kucia M. SARS-CoV-2 infection and overactivation of Nlrp3
inflammasome as a trigger of cytokine "storm" and risk factor for damage of
hematopoietic stem cells. Leukemia. 2020;34(7):1726–9.

82. Huber JP, Farrar JD. Regulation of effector and memory T-cell functions by
type I interferon. Immunology. 2011;132(4):466–74.

83. Ratajczak MZ, Bujko K, Ciechanowicz A, Sielatycka K, Cymer M, Marlicz
W, et al. SARS-CoV-2 Entry Receptor ACE2 Is Expressed on Very Small
CD45(−) Precursors of Hematopoietic and Endothelial Cells and in
Response to Virus Spike Protein Activates the Nlrp3 Inflammasome.
Stem Cell Rev Rep. 2020.

84. Santos RAS, Sampaio WO, Alzamora AC, Motta-Santos D, Alenina N, Bader
M, et al. The ACE2/Angiotensin-(1–7)/MAS Axis of the Renin-Angiotensin
System: Focus on Angiotensin-(1–7). Physiol Rev. 2018;98(1):505–53.

85. Abadir PM, Foster DB, Crow M, Cooke CA, Rucker JJ, Jain A, et al.
Identification and characterization of a functional mitochondrial angiotensin
system. Proc Natl Acad Sci U S A. 2011;108(36):14849–54.

86. Wang J, Chen S, Bihl J. Exosome-Mediated Transfer of ACE2 (Angiotensin-
Converting Enzyme 2) from Endothelial Progenitor Cells Promotes Survival
and Function of Endothelial Cell. Oxid Med Cell Longev. 2020;2020:4213541.

87. Sotomayor-Flores C, Rivera-Mejias P, Vasquez-Trincado C, Lopez-Crisosto C,
Morales PE, Pennanen C, et al. Angiotensin-(1–9) prevents cardiomyocyte
hypertrophy by controlling mitochondrial dynamics via miR-129-3p/PKIA
pathway. Cell Death Differ. 2020;27(9):2586–604.

88. Codo AC, Davanzo GG, Monteiro LdB, de Souza GF, Muraro SP, Virgilio-da-
Silva JV, et al. Elevated Glucose Levels Favor SARS-CoV-2 Infection and
Monocyte Response through a HIF-1α/Glycolysis-Dependent Axis. Cell
Metabolism. 2020.

89. Finucane OM, Sugrue J, Rubio-Araiz A, Guillot-Sestier MV, Lynch MA. The
NLRP3 inflammasome modulates glycolysis by increasing PFKFB3 in an IL-
1beta-dependent manner in macrophages. Sci Rep. 2019;9(1):4034.

90. Hennig P, Garstkiewicz M, Grossi S, Di Filippo M, French LE, Beer HD. The
Crosstalk between Nrf2 and Inflammasomes. Int J Mol Sci. 2018;19(2).

91. Brigelius-Flohe R, Flohe L. Basic Principles and Emerging Concepts in
the Redox Control of Transcription Factors. AntioxidRedoxSignal. 2011;
15(8):2335–81.

92. Reiter RJ, Sharma R, Ma Q, Dominquez-Rodriguez A, Marik PE, Abreu-
Gonzalez P. Melatonin Inhibits COVID-19-induced Cytokine Storm by
Reversing Aerobic Glycolysis in Immune Cells: A Mechanistic Analysis. Med
Drug Discov. 2020:100044.

Nunn et al. Immunity & Ageing           (2020) 17:33 Page 17 of 21

https://doi.org/10.1007/s11033-020-05830-8
https://doi.org/10.1097/j.pain.0000000000002097


93. Leon J, Acuna-Castroviejo D, Sainz RM, Mayo JC, Tan DX, Reiter RJ.
Melatonin and mitochondrial function. Life Sci. 2004;75(7):765–90.

94. Bouhaddou M, Memon D, Meyer B, White KM, Rezelj VV, Correa Marrero
M, et al. The Global Phosphorylation Landscape of SARS-CoV-2
Infection. Cell. 2020.

95. Tutuncuoglu B, Cakir M, Batra J, Bouhaddou M, Eckhardt M, Gordon DE,
et al. The Landscape of Human Cancer Proteins Targeted by SARS-CoV-2.
Cancer Discov. 2020;10(7):916–21.

96. Galli S, Jahn O, Hitt R, Hesse D, Opitz L, Plessmann U, et al. A new paradigm
for MAPK: structural interactions of hERK1 with mitochondria in HeLa cells.
PLoS One. 2009;4(10):e7541.

97. Cao M, Jiang J, Du Y, Yan P. Mitochondria-targeted antioxidant attenuates
high glucose-induced P38 MAPK pathway activation in human
neuroblastoma cells. Mol Med Rep. 2012;5(4):929–34.

98. Aluksanasuwan S, Plumworasawat S, Malaitad T, Chaiyarit S,
Thongboonkerd V. High glucose induces phosphorylation and oxidation
of mitochondrial proteins in renal tubular cells: A proteomics approach.
Sci Rep. 2020;10(1):5843.

99. Rubino F, Amiel SA, Zimmet P, Alberti G, Bornstein S, Eckel RH, et al. New-
Onset Diabetes in Covid-19. N Engl J Med. 2020.

100. Gupta R, Hussain A, Misra A. Diabetes and COVID-19: evidence, current status
and unanswered research questions. Eur J Clin Nutr. 2020;74(6):864–70.

101. Mallapaty S. Mounting clues suggest the coronavirus might trigger diabetes.
Nature. 2020;583(7814):16–7.

102. Wang S, Ma P, Zhang S, Song S, Wang Z, Ma Y, et al. Fasting blood glucose
at admission is an independent predictor for 28-day mortality in patients
with COVID-19 without previous diagnosis of diabetes: a multi-centre
retrospective study. Diabetologia. 2020.

103. Vial G, Detaille D, Guigas B. Role of Mitochondria in the Mechanism(s) of
Action of Metformin. Front Endocrinol (Lausanne). 2019;10:294.

104. Luo P, Qiu L, Liu Y, Liu XL, Zheng JL, Xue HY, et al. Metformin Treatment
Was Associated with Decreased Mortality in COVID-19 Patients with
Diabetes in a Retrospective Analysis. Am J Trop Med Hyg. 2020.

105. Bramante C, Ingraham N, Murray T, Marmor S, Hoversten S, Gronski J, et al.
Observational Study of Metformin and Risk of Mortality in Patients
Hospitalized with Covid-19. medRxiv. 2020:2020.06.19.20135095.

106. Christ A, Gunther P, Lauterbach MAR, Duewell P, Biswas D, Pelka K, et al.
Western Diet Triggers NLRP3-Dependent Innate Immune Reprogramming.
Cell. 2018;172(1–2):162–175 e14.

107. Xie JH, Li YY, Jin J. The essential functions of mitochondrial dynamics in
immune cells. Cell Mol Immunol. 2020;17(7):712–21.

108. Tapia PC. Sublethal mitochondrial stress with an attendant stoichiometric
augmentation of reactive oxygen species may precipitate many of the
beneficial alterations in cellular physiology produced by caloric restriction,
intermittent fasting, exercise and dietary phytonutrients: “Mitohormesis” for
health and vitality. MedHypotheses. 2006;66(4):832–43.

109. Desler C, Hansen TL, Frederiksen JB, Marcker ML, Singh KK, Juel Rasmussen
L. Is There a Link between Mitochondrial Reserve Respiratory Capacity and
Aging? J Aging Res. 2012;2012:192503.

110. Brown JC, McClelland GB, Faure PA, Klaiman JM, Staples JF. Examining the
mechanisms responsible for lower ROS release rates in liver mitochondria
from the long-lived house sparrow (Passer domesticus) and big brown bat
(Eptesicus fuscus) compared to the short-lived mouse (Mus musculus). Mech
Ageing Dev. 2009;130(8):467–76.

111. Dela Cruz CS, Kang MJ. Mitochondrial dysfunction and damage associated
molecular patterns (DAMPs) in chronic inflammatory diseases.
Mitochondrion. 2018;41:37–44.

112. Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF. The proximal
origin of SARS-CoV-2. Nat Med. 2020;26(4):450–2.

113. Mandl JN, Schneider C, Schneider DS, Baker ML. Going to Bat(s) for Studies
of Disease Tolerance. Front Immunol. 2018;9:2112.

114. Banerjee A, Baker ML, Kulcsar K, Misra V, Plowright R, Mossman K. Novel
Insights Into Immune Systems of Bats. Front Immunol. 2020;11:26.

115. Zhang G, Cowled C, Shi Z, Huang Z, Bishop-Lilly KA, Fang X, et al.
Comparative analysis of bat genomes provides insight into the evolution of
flight and immunity. Science. 2013;339(6118):456–60.

116. Ahn M, Anderson DE, Zhang Q, Tan CW, Lim BL, Luko K, et al. Dampened
NLRP3-mediated inflammation in bats and implications for a special viral
reservoir host. Nat Microbiol. 2019;4(5):789–99.

117. Hayman DTS. Bat tolerance to viral infections. Nat Microbiol. 2019;4(5):
728–9.

118. Yabal M, Calleja DJ, Simpson DS, Lawlor KE. Stressing out the mitochondria:
Mechanistic insights into NLRP3 inflammasome activation. J Leukoc Biol.
2019;105(2):377–99.

119. Jebb D, Foley NM, Whelan CV, Touzalin F, Puechmaille SJ, Teeling EC.
Population level mitogenomics of long-lived bats reveals dynamic
heteroplasmy and challenges the Free Radical Theory of Ageing. Sci Rep.
2018;8(1):13634.

120. Kim MJ, Yoon JH, Ryu JH. Mitophagy: a balance regulator of NLRP3
inflammasome activation. BMB Rep. 2016;49(10):529–35.

121. Gassen NC, Papies J, Bajaj T, Dethloff F, Emanuel J, Weckmann K, et al.
Analysis of SARS-CoV-2-controlled autophagy reveals spermidine, MK-2206,
and niclosamide as putative antiviral therapeutics. bioRxiv. 2020.

122. Xie LL, Shi F, Tan Z, Li Y, Bode AM, Cao Y. Mitochondrial network structure
homeostasis and cell death. Cancer Sci. 2018;109(12):3686–94.

123. Lagerwaard B, Keijer J, McCully KK, de Boer VCJ, Nieuwenhuizen AG. In vivo
assessment of muscle mitochondrial function in healthy, young males in relation
to parameters of aerobic fitness. Eur J Appl Physiol. 2019;119(8):1799–808.

124. Robinson MM, Dasari S, Konopka AR, Johnson ML, Manjunatha S, Esponda
RR, et al. Enhanced Protein Translation Underlies Improved Metabolic and
Physical Adaptations to Different Exercise Training Modes in Young and Old
Humans. Cell Metab. 2017;25(3):581–92.

125. Gopinath B, Kifley A, Flood VM, Mitchell P. Physical Activity as a Determinant
of Successful Aging over Ten Years. Sci Rep. 2018;8(1):10522.

126. Goto S, Radak Z. Hormetic effects of reactive oxygen species by exercise: a
view from animal studies for successful aging in human. DoseResponse.
2009;8(1):68–72.

127. Wu J, Weisshaar N, Hotz-Wagenblatt A, Madi A, Ma S, Mieg A, et al. Skeletal
muscle antagonizes antiviral CD8(+) T cell exhaustion. Sci Adv. 2020;6(24):
eaba3458.

128. Kaminski DA, Randall TD. Adaptive immunity and adipose tissue biology.
Trends Immunol. 2010;31(10):384–90.

129. Vissers D, Hens W, Taeymans J, Baeyens JP, Poortmans J, Van Gaal L. The
effect of exercise on visceral adipose tissue in overweight adults: a
systematic review and meta-analysis. PLoS One. 2013;8(2):e56415.

130. Chan CC, Damen M, Moreno-Fernandez ME, Stankiewicz TE, Cappelletti M,
Alarcon PC, et al. Type I interferon sensing unlocks dormant adipocyte
inflammatory potential. Nat Commun. 2020;11(1):2745.

131. Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, Mynatt RL,
et al. The NLRP3 inflammasome instigates obesity-induced inflammation
and insulin resistance. Nat Med. 2011;17(2):179–88.

132. Bar-Ziv R, Bolas T, Dillin A. Systemic effects of mitochondrial stress. EMBO
Rep. 2020;21(6):e50094.

133. Ristow M, Zarse K. How increased oxidative stress promotes longevity and
metabolic health: The concept of mitochondrial hormesis (mitohormesis).
ExpGerontol. 2010;45(6):410–8.

134. Burhans WC, Heintz NH. The cell cycle is a redox cycle: linking phase-
specific targets to cell fate. Free Radic Biol Med. 2009;47(9):1282–93.

135. Wojtovich AP, Berry BJ, Galkin A. Redox Signaling Through
Compartmentalization of Reactive Oxygen Species: Implications for Health
and Disease. Antioxid Redox Signal. 2019;31(9):591–3.

136. Jones DP. Redox theory of aging. Redox Biol. 2015;5:71–9.
137. Banoth B, Cassel SL. Mitochondria in innate immune signaling. Transl Res.

2018;202:52–68.
138. Ohta A, Nishiyama Y. Mitochondria and viruses. Mitochondrion. 2011;11(1):1–12.
139. Munro D, Baldy C, Pamenter ME, Treberg JR. The exceptional longevity of

the naked mole-rat may be explained by mitochondrial antioxidant
defenses. Aging Cell. 2019;18(3):e12916.

140. Kamunde C, Sharaf M, MacDonald N. H2O2 metabolism in liver and heart
mitochondria: Low emitting-high scavenging and high emitting-low
scavenging systems. Free Radic Biol Med. 2018;124:135–48.

141. Vyssokikh MY, Holtze S, Averina OA, Lyamzaev KG, Panteleeva AA, Marey
MV, et al. Mild depolarization of the inner mitochondrial membrane is a
crucial component of an anti-aging program. Proc Natl Acad Sci U S A.
2020;117(12):6491–501.

142. Aon MA, Cortassa S, O'Rourke B. Redox-optimized ROS balance: a unifying
hypothesis. Biochim Biophys Acta. 2010;1797(6–7):865–77.

143. Cortassa S, O'Rourke B, Aon MA. Redox-optimized ROS balance and the
relationship between mitochondrial respiration and ROS. Biochim Biophys
Acta. 2014;1837(2):287–95.

144. Klaus S, Ost M. Mitochondrial uncoupling and longevity - A role for
mitokines? Exp Gerontol. 2020;130:110796.

Nunn et al. Immunity & Ageing           (2020) 17:33 Page 18 of 21



145. Du RH, Wu FF, Lu M, Shu XD, Ding JH, Wu G, et al. Uncoupling protein 2
modulation of the NLRP3 inflammasome in astrocytes and its implications
in depression. Redox Biol. 2016;9:178–87.

146. Emre Y, Nubel T. Uncoupling protein UCP2: when mitochondrial activity
meets immunity. FEBS Lett. 2010;584(8):1437–42.

147. Salin K, Villasevil EM, Anderson GJ, Selman C, Chinopoulos C, Metcalfe NB.
The RCR and ATP/O Indices Can Give Contradictory Messages about
Mitochondrial Efficiency. Integr Comp Biol. 2018;58(3):486–94.

148. Konopka AR, Asante A, Lanza IR, Robinson MM, Johnson ML, Dalla Man C,
et al. Defects in mitochondrial efficiency and H2O2 emissions in obese
women are restored to a lean phenotype with aerobic exercise training.
Diabetes. 2015;64(6):2104–15.

149. Jezek P, Holendova B, Garlid KD, Jaburek M. Mitochondrial Uncoupling
Proteins: Subtle Regulators of Cellular Redox Signaling. Antioxid Redox
Signal. 2018;29(7):667–714.

150. Ryoo IG, Kwak MK. Regulatory crosstalk between the oxidative stress-related
transcription factor Nfe2l2/Nrf2 and mitochondria. Toxicol Appl Pharmacol.
2018;359:24–33.

151. Chen T, Wu D, Chen H, Yan W, Yang D, Chen G, et al. Clinical characteristics
of 113 deceased patients with coronavirus disease 2019: retrospective study.
BMJ. 2020;368:m1091.

152. Jang JY, Blum A, Liu J, Finkel T. The role of mitochondria in aging. J Clin
Invest. 2018;128(9):3662–70.

153. Prasun P. Mitochondrial dysfunction in metabolic syndrome. Biochim
Biophys Acta Mol Basis Dis. 1866;2020(10):165838.

154. Han Y, Franzen J, Stiehl T, Gobs M, Kuo CC, Nikolic M, et al. New targeted
approaches for epigenetic age predictions. BMC Biol. 2020;18(1):71.

155. Fransquet PD, Wrigglesworth J, Woods RL, Ernst ME, Ryan J. The epigenetic
clock as a predictor of disease and mortality risk: a systematic review and
meta-analysis. Clin Epigenetics. 2019;11(1):62.

156. Dolcini J, Wu H, Nwanaji-Enwerem JC, Kiomourtozlogu MA, Cayir A,
Sanchez-Guerra M, et al. Mitochondria and aging in older individuals: an
analysis of DNA methylation age metrics, leukocyte telomere length, and
mitochondrial DNA copy number in the VA normative aging study. Aging
(Albany NY). 2020;12(3):2070–83.

157. Atamna H, Tenore A, Lui F, Dhahbi JM. Organ reserve, excess metabolic
capacity, and aging. Biogerontology. 2018;19(2):171–84.

158. Pillai PS, Molony RD, Martinod K, Dong H, Pang IK, Tal MC, et al. Mx1 reveals
innate pathways to antiviral resistance and lethal influenza disease. Science.
2016;352(6284):463–6.

159. Sgarbanti R, Amatore D, Celestino I, Marcocci ME, Fraternale A, Ciriolo MR,
et al. Intracellular redox state as target for anti-influenza therapy: are
antioxidants always effective? Curr Top Med Chem. 2014;14(22):2529–41.

160. Amatore D, Celestino I, Brundu S, Galluzzi L, Coluccio P, Checconi P, et al.
Glutathione increase by the n-butanoyl glutathione derivative (GSH-C4)
inhibits viral replication and induces a predominant Th1 immune profile in
old mice infected with influenza virus. FASEB Bioadv. 2019;1(5):296–305.

161. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks
of aging. Cell. 2013;153(6):1194–217.

162. Lane N. The Vital Question: Why is Life the way it is? Great Britain: Profile
Books Ltd; 2015.

163. Constantin-Teodosiu D, Constantin D, Pelsers MM, Verdijk LB, van Loon L,
Greenhaff PL. Mitochondrial DNA copy number associates with insulin
sensitivity and aerobic capacity, and differs between sedentary, overweight
middle-aged males with and without type 2 diabetes. Int J Obes (Lond).
2020;44(4):929–36.

164. Yuliya B, Roman G, Clifford G. W, Siarhei K. Highlights of COVID-19
Pathogenesis. Insights into Oxidative Damage. 2020.

165. Wong CM, Lai HK, Ou CQ, Ho SY, Chan KP, Thach TQ, et al. Is exercise
protective against influenza-associated mortality? PLoS One. 2008;3(5):e2108.

166. Mandsager K, Harb S, Cremer P, Phelan D, Nissen SE, Jaber W. Association of
Cardiorespiratory Fitness With Long-term Mortality Among Adults
Undergoing Exercise Treadmill Testing. JAMA Netw Open. 2018;1(6):
e183605.

167. Ekelund U, Tarp J, Steene-Johannessen J, Hansen BH, Jefferis B, Fagerland
MW, et al. Dose-response associations between accelerometry measured
physical activity and sedentary time and all cause mortality: systematic
review and harmonised meta-analysis. BMJ. 2019;366:l4570.

168. Cerqueira E, Marinho DA, Neiva HP, Lourenco O. Inflammatory Effects of
High and Moderate Intensity Exercise-A Systematic Review. Front Physiol.
2019;10:1550.

169. de Sousa CV, Sales MM, Rosa TS, Lewis JE, de Andrade RV, Simoes HG. The
Antioxidant Effect of Exercise: A Systematic Review and Meta-Analysis.
Sports Med. 2017;47(2):277–93.

170. Ma S, Sun S, Geng L, Song M, Wang W, Ye Y, et al. Caloric Restriction
Reprograms the Single-Cell Transcriptional Landscape of Rattus norvegicus
Aging. Cell. 2020;180(5):984–1001 e22.

171. Guarente L. Mitochondria--a nexus for aging, calorie restriction, and sirtuins?
Cell. 2008;132(2):171–6.

172. Calder PC, Bosco N, Bourdet-Sicard R, Capuron L, Delzenne N, Dore J, et al.
Health relevance of the modification of low grade inflammation in ageing
(inflammageing) and the role of nutrition. Ageing Res Rev. 2017;40:95–119.

173. Liu Q, Zhou YH, Yang ZQ. The cytokine storm of severe influenza and
development of immunomodulatory therapy. Cell Mol Immunol. 2016;
13(1):3–10.

174. Picard M, McEwen BS, Epel ES, Sandi C. An energetic view of stress: Focus
on mitochondria. Front Neuroendocrinol. 2018;49:72–85.

175. Wenz T. Mitochondria and PGC-1alpha in Aging and Age-Associated
Diseases. J Aging Res. 2011;2011:810619.

176. Sandoval-Acuna C, Lopez-Alarcon C, Aliaga ME, Speisky H. Inhibition of
mitochondrial complex I by various non-steroidal anti-inflammatory drugs
and its protection by quercetin via a coenzyme Q-like action. Chem Biol
Interact. 2012;199(1):18–28.

177. Stein BD, Calzolari D, Hellberg K, Hu YS, He L, Hung CM, et al. Quantitative
In Vivo Proteomics of Metformin Response in Liver Reveals AMPK-
Dependent and -Independent Signaling Networks. Cell Rep. 2019;29(10):
3331–3348 e7.

178. Gorlach S, Fichna J, Lewandowska U. Polyphenols as mitochondria-targeted
anticancer drugs. Cancer Lett. 2015;366(2):141–9.

179. Tatematsu Y, Fujita H, Hayashi H, Yamamoto A, Tabata A, Nagamune H,
et al. Effects of the Nonsteroidal Anti-inflammatory Drug Celecoxib on
Mitochondrial Function. Biol Pharm Bull. 2018;41(3):319–25.

180. Zhou Y, Hou Y, Shen J, Huang Y, Martin W, Cheng F. Network-based
drug repurposing for novel coronavirus 2019-nCoV/SARS-CoV-2. Cell
Discov. 2020;6:14.

181. Eirin A, Lerman A, Lerman LO. Enhancing Mitochondrial Health to Treat
Hypertension. Curr Hypertens Rep. 2018;20(10):89.

182. Elmorsy E, Al-Ghafari A, Helaly ANM, Hisab AS, Oehrle B, Smith PA. Editor's
Highlight: Therapeutic Concentrations of Antidepressants Inhibit Pancreatic
Beta-Cell Function via Mitochondrial Complex Inhibition. Toxicol Sci. 2017;
158(2):286–301.

183. Wei Y, Zhang YJ, Cai Y, Xu MH. The role of mitochondria in mTOR-regulated
longevity. Biol Rev Camb Philos Soc. 2015;90(1):167–81.

184. Villa-Cuesta E, Holmbeck MA, Rand DM. Rapamycin increases mitochondrial
efficiency by mtDNA-dependent reprogramming of mitochondrial
metabolism in Drosophila. J Cell Sci. 2014;127(Pt 10):2282–90.

185. Vitte J, Michel M, Mezouar S, Diallo AB, Boumaza A, Mege JL, et al. Immune
Modulation as a Therapeutic Option During the SARS-CoV-2 Outbreak: The
Case for Antimalarial Aminoquinolines. Front Immunol. 2020;11:2159.

186. Katewa SD, Katyare SS. Treatment with antimalarials adversely affects the
oxidative energy metabolism in rat liver mitochondria. Drug Chem Toxicol.
2004;27(1):41–53.

187. Macedo TS, Villarreal W, Couto CC, Moreira DRM, Navarro M, Machado M,
et al. Platinum (ii)-chloroquine complexes are antimalarial agents against
blood and liver stages by impairing mitochondrial function. Metallomics.
2017;9(11):1548–61.

188. Dhanabalan K, Huisamen B, Lochner A. Mitochondrial oxidative
phosphorylation and mitophagy in myocardial ischaemia/reperfusion:
effects of chloroquine. Cardiovasc J Afr. 2019;30:1–11.

189. Miyachi Y, Yoshioka A, Imamura S, Niwa Y. Antioxidant action of
antimalarials. Ann Rheum Dis. 1986;45(3):244–8.

190. Klouda CB, Stone WL. Oxidative Stress, Proton Fluxes, and Chloroquine/
Hydroxychloroquine Treatment for COVID-19. Antioxidants (Basel). 2020;9(9).

191. Hussain N, Chung E, Heyl JJ, Hussain B, Oh MC, Pinon C, et al. A Meta-
Analysis on the Effects of Hydroxychloroquine on COVID-19. Cureus. 2020;
12(8):e10005.

192. Goldman A, Bomze D, Dankner R, Hod H, Meirson T, Boursi B, et al.
Cardiovascular adverse events associated with hydroxychloroquine and
chloroquine: A comprehensive pharmacovigilance analysis of pre-COVID-19
reports. Br J Clin Pharmacol. 2020. https://doi.org/10.1111/bcp.14546.

193. Lammers AJJ, Brohet RM, Theunissen REP, Koster C, Rood R, Verhagen DWM,
et al. Early Hydroxychloroquine but not Chloroquine use reduces ICU

Nunn et al. Immunity & Ageing           (2020) 17:33 Page 19 of 21

https://doi.org/10.1111/bcp.14546


admission in COVID-19 patients. Int J Infect Dis. 2020. https://doi.org/10.
1016/j.ijid.2020.09.1460.

194. Calabrese EJ, Hanekamp JC, Hanekamp YN, Kapoor R, Dhawan G,
Agathokleous E. Chloroquine commonly induces hormetic dose responses.
Sci Total Environ. 2020;755(1):142436.

195. Deftereos SG, Siasos G, Giannopoulos G, Vrachatis DA, Angelidis C, Giotaki
SG, et al. The Greek study in the effects of colchicine in COvid-19
complications prevention (GRECCO-19 study): Rationale and study design.
Hellenic J Cardiol. 2020;61(1):42–5.

196. Buch BT, Halling JF, Ringholm S, Gudiksen A, Kjobsted R, Olsen MA, et al.
Colchicine treatment impairs skeletal muscle mitochondrial function and
insulin sensitivity in an age-specific manner. FASEB J. 2020;34(6):8653–70.

197. Wehbe Z, Hammoud S, Soudani N, Zaraket H, El-Yazbi A, Eid AH. Molecular
Insights Into SARS COV-2 Interaction With Cardiovascular Disease: Role of
RAAS and MAPK Signaling. Front Pharmacol. 2020;11:836.

198. Grimes JM, Grimes KV. p38 MAPK inhibition: A promising therapeutic
approach for COVID-19. J Mol Cell Cardiol. 2020;144:63–5.

199. Ferraz LS, Costa RTD, Costa CAD, Ribeiro CAJ, Arruda DC, Maria-Engler SS,
et al. Targeting mitochondria in melanoma: Interplay between MAPK
signaling pathway and mitochondrial dynamics. Biochem Pharmacol. 2020;
178:114104.

200. Poulsen NN, von Brunn A, Hornum M, Blomberg Jensen M. Cyclosporine
and COVID-19: Risk or favorable? Am J Transplant. 2020.

201. Sauerhering L, Kupke A, Meier L, Dietzel E, Hoppe J, Gruber AD, et al.
Cyclophilin Inhibitors Restrict Middle East Respiratory Syndrome Coronavirus
Via Interferon lambda In Vitro And In Mice. Eur Respir J. 2020. https://doi.
org/10.1183/13993003.01826-2019.

202. Ren Z, Ding T, Zuo Z, Xu Z, Deng J, Wei Z. Regulation of MAVS Expression
and Signaling Function in the Antiviral Innate Immune Response. Front
Immunol. 2020;11:1030.

203. Akiyama T, Shiraishi T, Qin J, Konno H, Akiyama N, Shinzawa M, et al.
Mitochondria-nucleus shuttling FK506-binding protein 51 interacts with
TRAF proteins and facilitates the RIG-I-like receptor-mediated expression of
type I IFN. PLoS One. 2014;9(5):e95992.

204. Liu W, Li J, Zheng W, Shang Y, Zhao Z, Wang S, et al. Cyclophilin A-
regulated ubiquitination is critical for RIG-I-mediated antiviral immune
responses. Elife. 2017:6.

205. Amanakis G, Murphy E. Cyclophilin D: An Integrator of Mitochondrial
Function. Front Physiol. 2020;11:595.

206. Softic L, Brillet R, Berry F, Ahnou N, Nevers Q, Morin-Dewaele M, et al.
Inhibition of SARS-CoV-2 Infection by the Cyclophilin Inhibitor Alisporivir
(Debio 025). Antimicrob Agents Chemother. 2020;64(7).

207. Mahase E. Covid-19: Low dose steroid cuts death in ventilated patients by
one third, trial finds. BMJ. 2020;369:m2422.

208. Syed AP, Greulich F, Ansari SA, Uhlenhaut NH. Anti-inflammatory
glucocorticoid action: genomic insights and emerging concepts. Curr Opin
Pharmacol. 2020;53:35–44.

209. Lapp HE, Bartlett AA, Hunter RG. Stress and glucocorticoid receptor
regulation of mitochondrial gene expression. J Mol Endocrinol. 2019;62(2):
R121–R8.

210. Arvier M, Lagoutte L, Johnson G, Dumas JF, Sion B, Grizard G, et al. Adenine
nucleotide translocator promotes oxidative phosphorylation and mild
uncoupling in mitochondria after dexamethasone treatment. Am J Physiol
Endocrinol Metab. 2007;293(5):E1320–4.

211. Luan G, Li G, Ma X, Jin Y, Hu N, Li J, et al. Dexamethasone-Induced
Mitochondrial Dysfunction and Insulin Resistance-Study in 3T3-L1
Adipocytes and Mitochondria Isolated from Mouse Liver. Molecules.
2019;24(10).

212. Lei Y, Wang K, Deng L, Chen Y, Nice EC, Huang C. Redox regulation of
inflammation: old elements, a new story. Med Res Rev. 2015;35(2):306–40.

213. Mandl J, Szarka A, Banhegyi G. Vitamin C: update on physiology and
pharmacology. Br J Pharmacol. 2009;157(7):1097–110.

214. Hemila H, Chalker E. Vitamin C may reduce the duration of mechanical
ventilation in critically ill patients: a meta-regression analysis. J Intensive
Care. 2020;8:15.

215. Hemila H, Chalker E. Vitamin C Can Shorten the Length of Stay in the ICU: A
Meta-Analysis. Nutrients. 2019;11(4).

216. Colunga Biancatelli RML, Berrill M, Catravas JD, Marik PE. Quercetin and
Vitamin C: An Experimental, Synergistic Therapy for the Prevention and
Treatment of SARS-CoV-2 Related Disease (COVID-19). Frontiers in
Immunology. 2020;11(1451).

217. Fiorani M, Guidarelli A, Blasa M, Azzolini C, Candiracci M, Piatti E, et al.
Mitochondria accumulate large amounts of quercetin: prevention of
mitochondrial damage and release upon oxidation of the extramitochondrial
fraction of the flavonoid. JNutrBiochem. 2010;21(5):397–404.

218. Rayamajhi N, Kim SK, Go H, Joe Y, Callaway Z, Kang JG, et al. Quercetin
induces mitochondrial biogenesis through activation of HO-1 in HepG2
cells. Oxid Med Cell Longev. 2013;2013:154279.

219. Nunn AVW, Guy GW, Botchway SW, Bell JD. From sunscreens to medicines:
Can a dissipation hypothesis explain the beneficial aspects of many plant
compounds? Phytother Res. 2020;34(8):1868–88.

220. Zhou JM, Zhang Y. Plant Immunity: Danger Perception and Signaling. Cell.
2020;181(5):978–89.

221. Nie S, Yue H, Zhou J, Xing D. Mitochondrial-derived reactive oxygen species
play a vital role in the salicylic acid signaling pathway in Arabidopsis
thaliana. PLoS One. 2015;10(3):e0119853.

222. Norman C, Howell KA, Millar AH, Whelan JM, Day DA. Salicylic acid is an
uncoupler and inhibitor of mitochondrial electron transport. Plant Physiol.
2004;134(1):492–501.

223. Liu Z, Luo QH, Wen GQ, Wang JM, Li XF, Yang Y. VDAC2 involvement in the
stress response pathway in Arabidopsis thaliana. Genet Mol Res. 2015;14(4):
15511–9.

224. Zvereva AS, Golyaev V, Turco S, Gubaeva EG, Rajeswaran R, Schepetilnikov
MV, et al. Viral protein suppresses oxidative burst and salicylic acid-
dependent autophagy and facilitates bacterial growth on virus-infected
plants. New Phytol. 2016;211(3):1020–34.

225. Gurbel PA, Bliden KP, Schror K. Can an Old Ally Defeat a New Enemy?
Circulation. 2020;142(4):315–7.

226. Hill PA. Cannabinoids and the coronavirus. Cann Cann Res. 2020;5(2):118–20.
227. Ibeas Bih C, Chen T, Nunn AV, Bazelot M, Dallas M, Whalley BJ. Molecular

Targets of Cannabidiol in Neurological Disorders. Neurotherapeutics. 2015;
12(4):699–730.

228. Rimmerman N, Ben-Hail D, Porat Z, Juknat A, Kozela E, Daniels MP, et al.
Direct modulation of the outer mitochondrial membrane channel, voltage-
dependent anion channel 1 (VDAC1) by cannabidiol: a novel mechanism
for cannabinoid-induced cell death. Cell Death Dis. 2013;4:e949.

229. Fisar Z, Singh N, Hroudova J. Cannabinoid-induced changes in respiration of
brain mitochondria. Toxicol Lett. 2014;231(1):62–71.

230. Libro R, Scionti D, Diomede F, Marchisio M, Grassi G, Pollastro F, et al.
Cannabidiol Modulates the Immunophenotype and Inhibits the Activation
of the Inflammasome in Human Gingival Mesenchymal Stem Cells. Front
Physiol. 2016;7:559.

231. Calabrese V, Cornelius C. nkova-Kostova AT, Iavicoli I, Di PR, Koverech A,
et al. Cellular stress responses, hormetic phytochemicals and vitagenes in
aging and longevity. BiochimBiophysActa. 2012;1822(5):753–83.

232. Nadanaciva S, Dykens JA, Bernal A, Capaldi RA, Will Y. Mitochondrial
impairment by PPAR agonists and statins identified via immunocaptured
OXPHOS complex activities and respiration. ToxicolApplPharmacol. 2007;
223(3):277–87.

233. Christie CF, Fang D, Hunt EG, Morris ME, Rovini A, Heslop KA, et al. Statin-
dependent modulation of mitochondrial metabolism in cancer cells is
independent of cholesterol content. FASEB J. 2019;33(7):8186–201.

234. Dohlmann TL, Morville T, Kuhlman AB, Chrois KM, Helge JW, Dela F, et al.
Statin Treatment Decreases Mitochondrial Respiration But Muscle Coenzyme
Q10 Levels Are Unaltered: The LIFESTAT Study. J Clin Endocrinol Metab.
2019;104(7):2501–8.

235. Zhang X-J, Qin J-J, Cheng X, Shen L, Zhao Y-C, Yuan Y, et al. In-Hospital Use
of Statins Is Associated with a Reduced Risk of Mortality among Individuals
with COVID-19. Cell Metabolism. 2020;32(2):176–87 e4.

236. Cardinali DP, Pagano ES, Scacchi Bernasconi PA, Reynoso R, Scacchi P.
Melatonin and mitochondrial dysfunction in the central nervous system.
Horm Behav. 2013;63(2):322–30.

237. Zhang R, Wang X, Ni L, Di X, Ma B, Niu S, et al. COVID-19: Melatonin as a
potential adjuvant treatment. Life Sci. 2020:117583.

238. Yao X, Carlson D, Sun Y, Ma L, Wolf SE, Minei JP, et al. Mitochondrial ROS
Induces Cardiac Inflammation via a Pathway through mtDNA Damage in a
Pneumonia-Related Sepsis Model. PLoS One. 2015;10(10):e0139416.

239. Riley JS, Tait SW. Mitochondrial DNA in inflammation and immunity. EMBO
Rep. 2020;21(4):e49799.

240. Grant WB, Lahore H, McDonnell SL, Baggerly CA, French CB, Aliano JL, et al.
Evidence that Vitamin D Supplementation Could Reduce Risk of Influenza
and COVID-19 Infections and Deaths. Nutrients. 2020;12(4).

Nunn et al. Immunity & Ageing           (2020) 17:33 Page 20 of 21

https://doi.org/10.1016/j.ijid.2020.09.1460
https://doi.org/10.1016/j.ijid.2020.09.1460
https://doi.org/10.1183/13993003.01826-2019
https://doi.org/10.1183/13993003.01826-2019


241. Ryan ZC, Craig TA, Folmes CD, Wang X, Lanza IR, Schaible NS, et al.
1alpha,25-Dihydroxyvitamin D3 Regulates Mitochondrial Oxygen
Consumption and Dynamics in Human Skeletal Muscle Cells. J Biol Chem.
2016;291(3):1514–28.

242. Silvagno F, Pescarmona G. Spotlight on vitamin D receptor, lipid
metabolism and mitochondria: Some preliminary emerging issues. Mol Cell
Endocrinol. 2017;450:24–31.

243. Rhodes JM, Subramanian S, Laird E, Griffin G, Kenny RA. Perspective: Vitamin
D deficiency and COVID-19 severity - plausibly linked by latitude, ethnicity,
impacts on cytokines, ACE2, and thrombosis (R1). J Intern Med. 2020.
https://doi.org/10.1111/joim.13149.

244. Khan NA, Auranen M, Paetau I, Pirinen E, Euro L, Forsstrom S, et al. Effective
treatment of mitochondrial myopathy by nicotinamide riboside, a vitamin
B3. EMBO Mol Med. 2014;6(6):721–31.

245. Shi Y, Wang Y, Shao C, Huang J, Gan J, Huang X, et al. COVID-19 infection:
the perspectives on immune responses. Cell Death Differ. 2020;27(5):1451–4.

246. Zinovkin RA, Zamyatnin AA. Mitochondria-Targeted Drugs. Curr Mol
Pharmacol. 2019;12(3):202–14.

247. Reddy PV, Lungu G, Kuang X, Stoica G, Wong PK. Neuroprotective effects of
the drug GVT (monosodium luminol) are mediated by the stabilization of
Nrf2 in astrocytes. Neurochem Int. 2010;56(6–7):780–8.

248. Shetty AK, Attaluri S, Kodali M, Shuai B, Shetty GA, Upadhya D, et al.
Monosodium luminol reinstates redox homeostasis, improves cognition,
mood and neurogenesis, and alleviates neuro- and systemic inflammation
in a model of Gulf War Illness. Redox Biol. 2020;28:101389.

249. Brysch W, Schumann S, Schulz P, Shah M, Mangano K, Fagone P, et al. P-173
- MP1032 - a novel anti-inflammatory drug ameliorates the progression of
autoimmune diseases. Free Radic Biol Med. 2018;120(1):S96–S7.

250. Li Y, Zhu H, Trush MA. Detection of mitochondria-derived reactive oxygen
species production by the chemilumigenic probes lucigenin and luminol.
Biochim Biophys Acta. 1999;1428(1):1–12.

251. Reber AJ, Chirkova T, Kim JH, Cao W, Biber R, Shay DK, et al.
Immunosenescence and Challenges of Vaccination against Influenza in the
Aging Population. Aging Dis. 2012;3(1):68–90.

252. Ongradi J, Kovesdi V. Factors that may impact on immunosenescence: an
appraisal. Immun Ageing. 2010;7:7.

253. Frasca D, Blomberg BB. The Impact of Obesity and Metabolic Syndrome on
Vaccination Success. Interdiscip Top Gerontol Geriatr. 2020;43:86–97.

254. Kennedy RB, Ovsyannikova IG, Haralambieva IH, Oberg AL, Zimmermann
MT, Grill DE, et al. Immunosenescence-Related Transcriptomic and
Immunologic Changes in Older Individuals Following Influenza Vaccination.
Front Immunol. 2016;7:450.

255. Kutschera U. Gender-specific coronavirus-infections in the light of evolution.
Science. 2020;367(6483).

256. Jin J-M, Bai P, He W, Wu F, Liu X-F, Han D-M, et al. Gender differences in
patients with COVID-19: Focus on severity and mortality. medRxiv. 2020:
2020.02.23.20026864.

257. Ventura-Clapier R, Moulin M, Piquereau J, Lemaire C, Mericskay M, Veksler V,
et al. Mitochondria: a central target for sex differences in pathologies. Clin
Sci (Lond). 2017;131(9):803–22.

258. Jiang Y, Niu Y, Xia Y, Liu C, Lin Z, Wang W, et al. Effects of personal nitrogen
dioxide exposure on airway inflammation and lung function. Environ Res.
2019;177:108620.

259. Silkstone RS, Mason MG, Nicholls P, Cooper CE. Nitrogen dioxide oxidizes
mitochondrial cytochrome c. Free Radic Biol Med. 2012;52(1):80–7.

260. Yan W, Ji X, Shi J, Li G, Sang N. Acute nitrogen dioxide inhalation induces
mitochondrial dysfunction in rat brain. Environ Res. 2015;138:416–24.

261. Travaglio M, Yu Y, Popovic R, Leal NS, Martins LM. Links between air
pollution and COVID-19 in England. medRxiv. 2020.

262. Maher BA, Gonzalez-Maciel A, Reynoso-Robles R, Torres-Jardon R, Calderon-
Garciduenas L. Iron-rich air pollution nanoparticles: An unrecognised
environmental risk factor for myocardial mitochondrial dysfunction and
cardiac oxidative stress. Environ Res. 2020;188:109816.

263. Song W, Gui M, Wang X, Xiang Y. Cryo-EM structure of the SARS
coronavirus spike glycoprotein in complex with its host cell receptor ACE2.
PLoS Pathog. 2018;14(8):e1007236.

264. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the
recognition of the SARS-CoV-2 by full-length human ACE2. Science. 2020;
367(6485):1444–8.

265. Pinheiro DS, Santos RS, Jardim P, Silva EG, Reis AAS, Pedrino GR, et al. The
combination of ACE I/D and ACE2 G8790A polymorphisms revels

susceptibility to hypertension: A genetic association study in Brazilian
patients. PLoS One. 2019;14(8):e0221248.

266. South AM, Diz D, Chappell MC. COVID-19, ACE2 and the Cardiovascular
Consequences. Am J Physiol Heart Circ Physiol. 2020;318(5):H1084–H1090.

267. Diaz JH. Hypothesis: angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers may increase the risk of severe COVID-19. J
Travel Med. 2020.

268. Zhou H, Zhang Y, Hu S, Shi C, Zhu P, Ma Q, et al. Melatonin protects cardiac
microvasculature against ischemia/reperfusion injury via suppression of
mitochondrial fission-VDAC1-HK2-mPTP-mitophagy axis. J Pineal Res. 2017;63(1).

269. Rocha-Ferreira E, Sisa C, Bright S, Fautz T, Harris M, Contreras Riquelme I,
et al. Curcumin: Novel Treatment in Neonatal Hypoxic-Ischemic Brain Injury.
Front Physiol. 2019;10:1351.

270. Mukhopadhyay P, Rajesh M, Horvath B, Batkai S, Park O, Tanchian G, et al.
Cannabidiol protects against hepatic ischemia/reperfusion injury by
attenuating inflammatory signaling and response, oxidative/nitrative stress,
and cell death. Free Radic Biol Med. 2011;50(10):1368–81.

271. Lim HW, Lim HY, Wong KP. Uncoupling of oxidative phosphorylation by
curcumin: implication of its cellular mechanism of action. Biochem Biophys
Res Commun. 2009;389(1):187–92.

272. Berry BJ, Trewin AJ, Milliken AS, Baldzizhar A, Amitrano AM, Lim Y, et al.
Optogenetic control of mitochondrial protonmotive force to impact cellular
stress resistance. EMBO Rep. 2020;21(4):e49113.

273. Zhao RZ, Jiang S, Zhang L, Yu ZB. Mitochondrial electron transport chain,
ROS generation and uncoupling (Review). Int J Mol Med. 2019;44(1):3–15.

274. Nunn AV, Bell J, Barter P. The integration of lipid-sensing and anti-
inflammatory effects: how the PPARs play a role in metabolic balance.
NuclRecept. 2007;5(1):1.

275. Agarwal B, Stowe DF, Dash RK, Bosnjak ZJ, Camara AK. Mitochondrial targets
for volatile anesthetics against cardiac ischemia-reperfusion injury. Front
Physiol. 2014;5:341.

276. Miro O, Barrientos A, Alonso JR, Casademont J, Jarreta D, Urbano-Marquez
A, et al. Effects of general anaesthetic procedures on mitochondrial function
of human skeletal muscle. Eur J Clin Pharmacol. 1999;55(1):35–41.

277. Sedlic F, Sepac A, Pravdic D, Camara AK, Bienengraeber M, Brzezinska AK,
et al. Mitochondrial depolarization underlies delay in permeability transition
by preconditioning with isoflurane: roles of ROS and Ca2+. Am J Physiol
Cell Physiol. 2010;299(2):C506–15.

278. Ul Qamar MT, Alqahtani SM, Alamri MA, Chen LL. Structural basis of SARS-
CoV-2 3CL(pro) and anti-COVID-19 drug discovery from medicinal plants. J
Pharm Anal. 2020;10(4):313–9.

279. Ranjan A, Chauhan A, Gurnani M, Jindal T. Potential Phytochemicals as
Efficient Protease Inhibitors of 2019-nCoV. Preprints. 2020:2020040240.

280. Naoi M, Wu Y, Shamoto-Nagai M, Maruyama W. Mitochondria in
Neuroprotection by Phytochemicals: Bioactive Polyphenols Modulate
Mitochondrial Apoptosis System, Function and Structure. Int J Mol Sci.
2019;20(10).

281. Mahase E. Covid-19: What do we know about "long covid"? BMJ. 2020;370:
m2815.

282. Anderson G, Maes M. Mitochondria and immunity in chronic fatigue
syndrome. Prog Neuropsychopharmacol Biol Psychiatry. 2020;103:109976.

283. Sweetman E, Kleffmann T, Edgar C, de Lange M, Vallings R, Tate W. A SWAT
H-MS analysis of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome
peripheral blood mononuclear cell proteomes reveals mitochondrial
dysfunction. J Transl Med. 2020;18(1):365.

284. Collaboration NCDRF. Worldwide trends in body-mass index, underweight,
overweight, and obesity from 1975 to 2016: a pooled analysis of 2416
population-based measurement studies in 128.9 million children,
adolescents, and adults. Lancet. 2017;390(10113):2627–42.

285. Wallace DC. Bioenergetics in human evolution and disease: implications for
the origins of biological complexity and the missing genetic variation of
common diseases. Philos Trans R Soc Lond B Biol Sci. 2013;368(1622):
20120267.

286. Dyer O. Covid-19: Black people and other minorities are hardest hit in US.
BMJ. 2020;369:m1483.

287. Salameh Y, Bejaoui Y, El Hajj N. DNA Methylation Biomarkers in Aging and
Age-Related Diseases. Front Genet. 2020;11:171.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Nunn et al. Immunity & Ageing           (2020) 17:33 Page 21 of 21

https://doi.org/10.1111/joim.13149

	Abstract
	Introduction
	Mitochondrial function in inflammaging and immunosenescence
	Does SARS-CoV-2 modulate mitochondrial function, either indirectly or directly, and if so, in what cells?
	What are the SARS-CoV-2 receptors and where are they found?
	Do SARS viruses code for proteins that target mitochondria?
	SARS-Cov-2 may enhance aerobic glycolysis to favour replication
	SARS-CoV-2 could lead to mitochondrial stress

	The immune system, hormesis and mitochondria
	A robust mitochondrial system and effective immune system may rely on hormesis
	What can bats tell us?
	Humans, hormesis, exercise and the immune system
	Mitochondrial reserve and redox
	Ageing, immune system reserve and immunosenescence

	Mitochondrial function and therapeutic strategy
	Repurposing drugs
	Anti-oxidants and natural products
	Vaccination

	Implications of SARs-CoV-2 modulation of mitochondrial function
	Does mitochondrial function explain why morbidity may be greater among men than women?
	Pollution, mitochondria and severity
	The renin-angiotensin-aldosterone system (RAAS) and mitochondrial function
	Hypoxic-ischaemic reperfusion injury and oxygen
	Phytochemical viral protease inhibitors and mitochondria
	Long term effects – “long covid”

	Can we test the hypothesis that mitochondrial health&thinsp;=&thinsp;immune health and enhanced resistance to the virus?
	Direct evidence that SARs-CoV-2 modulates mitochondrial function
	Lifestyle and mitochondrial function
	Inherited mitochondrial dysfunction
	Markers of mitochondrial health in the blood
	Epigenetic age and mitochondrial function

	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

