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Abstract
Background Decline in mitochondrial function occurs with aging and may increase mortality. We discuss mitochondrial 
contribution to Covid-19 sepsis, specifically the complex interaction of innate immune function, viral replication, hyper-
inflammatory state, and HIF-α/Sirtuin pathways.
Methods Articles from PubMed/Medline searches were reviewed using the combination of terms “SARS-CoV-2, Covid-19, 
sepsis, mitochondria, aging, and immunometabolism”.
Results Evidence indicates that mitochondria in senescent cells may be dysfunctional and unable to keep up with hypermeta-
bolic demands associated with Covid-19 sepsis. Mitochondrial proteins may serve as damage-associated molecular pattern 
(DAMP) activating innate immunity. Disruption in normal oxidative phosphorylation pathways contributes to elevated 
ROS which activates sepsis cascade through HIF-α/Sirtuin pathway. Viral–mitochondrial interaction may be necessary for 
replication and increased viral load. Hypoxia and hyper-inflammatory state contribute to increased mortality associated 
with Covid-19 sepsis.
Conclusions Aging is associated with worse outcomes in sepsis. Modulating Sirtuin activity is emerging as therapeutic agent 
in sepsis. HIF-α, levels of mitochondrial DNA, and other mitochondrial DAMP molecules may also serve as useful biomarker 
and need to be investigated. These mechanisms should be explored specifically for Covid-19-related sepsis. Understanding 
newly discovered regulatory mechanisms may lead to the development of novel diagnostic and therapeutic targets.
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Introduction

Sepsis is defined as a life-threatening organ dysfunction 
caused by dysregulated host response to an infection [1]. 
Despite advances in antibiotic therapy and critical care 
management of sepsis, multi-organ failure with morbid-
ity and mortality continues to remain high. This is clearly 
demonstrated with the current Covid-19 pandemic where 
infection with SARS-CoV-2, corona virus-associated sepsis 
has led to a catastrophic increase in morbidity and mortal-
ity affecting people of all nations, ethnicities, sex and age 

groups [2]. Particularly effected are frail elderly populations, 
in densely populated community and nursing homes facili-
ties. The most common risk factors are elderly patients with 
multiple comorbidities such as cardiopulmonary diseases, 
diabetes, obesity, and hypertension. This current Covid 19 
pandemic crisis has established that our understanding of the 
pathophysiology of sepsis remains incomplete and further 
research is needed to fill these gaps.

Biochemical features unique to sepsis associated with 
the Covid-19 has established a state of acute inflamma-
tion with cytokine storm associated with destructive 
downstream effects manifested as profound persistent 
hypoxia, acidosis, hypercoagulability, and altered aerobic 
glycolytic metabolism (elevated LDH and lactic acidosis). 
The organs typically affected are lungs, kidneys, liver, 
heart, brain, and gastrointestinal tract. This is manifested 
as hypoxia with respiratory failure, renal failure requir-
ing hemodialysis, liver failure with elevated transami-
nases, heart failure with associated cardiomyopathy and 
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arrhythmias, encephalopathy, and enteric symptoms with 
diarrhea and mesenteric ischemia [3].

This brief review discusses the current developments in 
the Covid-19 pathogenesis and the possible role of mito-
chondria in the dynamics of sepsis. Excessive Covid-19 
virus-related sepsis and mortality may be due to decline 
in mitochondrial efficiency and respiratory chain functions 
with aging [4, 5]. Furthermore, recent evidence also indi-
cates that the virus may manipulate the mitochondria to 
maintain its life cycle. The resulting tissue hypoxia along 
with increased inflammation, viral load, and other base-
line risk factors contributes to an increased risk for severe 
sepsis. This association may explain for high mortality 
associated in elderly patients with rapid onset, profound, 
and resistant vital organ failure. Autopsies have confirmed 
hyper-inflammatory state with organ fibrosis particularly 
in cells with high metabolism and mitochondrial volume 
such as pneumocytes, cardiomyocytes, endothelial cells, 
hepatocytes, renal cells, and neurons.

Mitochondrial function in health

Mitochondria is a vital organelle present in all cells except 
mature erythrocytes, with key cellular functions involv-
ing oxidative phosphorylation, ATP synthesis, intracellular 
calcium regulation, thermoregulation, regulation of ROS, 
lipid metabolism, iron metabolism, autophagy, apopto-
sis, and regulation of certain hormones such as cortisol, 
estrogen, and triiodothyronine [5–7]. Elderly patients with 
high proportion of senescent tissue and immune cells with 
suboptimal mitochondria may be especially susceptible 
and unable to keep up with the sudden hypermetabolic 
demands associated with sepsis [8]. Further mitochondria 
also have a role and are associated with cellular senes-
cence, chronic inflammation (inflammaging), decline in 
innate immunity, and the age-dependent decline in stem 
cell activity [9] (Fig. 1).

As people age, their cells accumulate replication errors 
and mutations in the mitochondrial DNA (mtDNA) [8]. Oxi-
dative damage to the cells by the reactive oxygen species 
(ROS) such as hydrogen peroxide  (H2O2), superoxides, and 
hydroxyl radicals also accumulate with aging. The mito-
chondrial respiratory chain is the source of these ROS and 
they also have the mechanism for elimination with enzymes 
that have scavenger functions, for example: superoxide dis-
mutase. Mitochondrial dysfunction is also associated with 
toxic exposures and chronic anoxic conditions [7]. With a 
higher proportion of senescent cells in the elderly, deficien-
cies in the respiratory chain functions may develop eventu-
ally and may be associated with a decline in mitochondrial 
respiratory efficiency [9].

Mitochondrial dysfunction in sepsis (Fig. 1)

Sepsis is an abnormal pathological state and consists of an 
initial acute hyper-inflammatory phase, to fight the infec-
tion followed by an immune-tolerant, hibernating phase 
to aid with recovery. Different metabolic processes and 
reprogramming unique to each phase have been described 
and play a role in the different, varied clinical manifes-
tations in the two phases. Hyper-inflammatory phase is 
characterized by increased aerobic glycolysis (Warburg 
effect). This phase occurs as the host tissues reacts, with 
the aim of ramping up energy production, activating 
the innate immune cells to increase its pathogen killing 
capacity and control the spread of the infection and defend 
against the invading microbes [5, 10–12]. The late hypo-
inflammatory, immune-tolerant phase is characterized by 
increased fatty acid oxidation in immune cells [10, 11]. 
A recent analysis of differential gene expression in the 
SARS-CoV-2 infected lung cell lines demonstrates upregu-
lation of genes involved in mitochondrial cytokine/inflam-
matory signaling and downregulation in the mitochondrial 
organization, respiration, and autophagy genes [13]. These 
findings provide evidence that mitochondrial disruption 
hinders an effective immune response, increases inflam-
mation, and severity in the Covid-19-related sepsis.

Metabolic and immune consequences, and release 
of DAMP (Fig. 1)

A key feature of early sepsis is hypoxia. At the cellular 
level, hypoxia correlates with a switch to aerobic (glyco-
lytic) respiration with alteration of normal oxidative phos-
phorylation and mitochondrial function due to reduced 
activity of complex I–IV and complex V of electron 
transport chain. There is increased oxygen consumption, 
elevated ATP production, and hyperglycemia. In addition, 
due to increased cell turnover, there is increased require-
ment for nucleotides and increase in pentose phosphate 
pathway [4, 5, 10, 12]. These altered metabolic path-
ways result in production of excessive cytoplasmic and 
mitochondrial ROS. Failure to clear the ROS by senes-
cent mitochondria may impair and damage mitochondrial 
structure, lipid membranes, biogenesis units, and alter the 
intact mitochondrial DNA [5, 14]. Other mitochondrial 
factors exacerbating and causing elevated ROS include 
altered lipid peroxidation, glutathione (GSH) depletion, 
and altered iron metabolism [15]. Loss of mitochondrial 
membrane integrity may release mtDNA in the systemic 
circulation. These circulating mtDNA fragments are also 
known as danger-associated molecular patterns (DAMP) 
and are similar to the pathogen associated molecular 
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patterns (PAMP) which are released by microbes and 
identified by pathogen recognition receptors (PRR) on 
the immune cells. Nakahira et al. in a prospective study of 
200 patients were first to demonstrate the association of 
elevated cell-free, plasma mtDNA levels with increased 
ICU-related mortality. They suggested mtDNA as a DAMP 
capable of propagating the inflammatory response seen 
in sepsis and other inflammatory conditions and a pre-
dictive biomarker for ICU-related mortality [16]. Other 
DAMP proteins associated with mitochondrial derange-
ment include mtROS, mt formyl peptides, Cytochrome C, 
cardiolipin, carbamoyl phosphate synthetase, heat shock 
proteins (HSP), and high-mobility group box proteins-1 
(HMBG-1) [5, 6, 17, 18] (Fig. 1).

These endogenously derived DAMP molecules from 
senescent aged, disrupted mitochondria can activate the 

innate immune system similar to the PAMP molecules 
obtained from virus particles. The activation of the PRR 
(family of Toll-like receptors) results in the activation of 
immune cells consisting of neutrophils, macrophages, den-
dritic cells, and natural killer cells. Activated innate immu-
nity initiates the transcription of genes which lead to the 
production of signal molecules such as prostaglandins, 
pro-inflammatory cytokines, chemokines, and interleukins, 
and also activates the complement system, thus evoking the 
inflammatory cascade [16, 19].

DAMP have also shown to activate the (Nuclear factor 
kappa-light chain enhancer of B cell) NF-Kβ pathway, acti-
vation of inflammasommes, and (stimulator of interferon 
genes) STING pathways. These mechanisms exacerbate 
and compound tissue dysfunction involving cardiovas-
cular, immune, metabolic, endocrine, coagulation, and 

Fig. 1  Covid 19 virus and possible mitochondrial dynamics, complex 
interplay in immunometabolism. Dysfunctional mitochondrial oxida-
tive phosphorylation leads to accumulation of reactive oxygen species 
(ROS). There is activation of aerobic glycolysis, pentose phosphate 
pathway, and lactic acid formation, further increasing the ROS. This 
leads to mitochondrial membrane damage and release of DAMP fac-
tors. Mitochondria may also contribute to the formation of double-
membrane vesicle which is critical in corona virus life cycle. Innate 

immunity is activated with downstream hyper-inflammatory cascade. 
HIF-α/Sirtuin pathways  are also activated by cellular hypoxia and 
ROS and activate aerobic glycolysis and innate immune system. All 
these factors lead to multiple organ dysfunction and increase sepsis-
related mortality. TLR Toll-like receptor is a PRR, RIG 1 retinoic acid 
inducible is a cytosolic PRR, IL interleukins, TNF tumor necrosis fac-
tor, IFN interferons, NLRP3 NOD like receptor is a PRR
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thermoregulatory pathways, and are responsible for the sys-
temic effects and multi-organ failure [5, 16, 19–21]. Previ-
ous reports from septic patients and septic animal models 
indicate decrease in intact mtDNA and an increase in circu-
lating free mtDNA fragments [16, 18].

Role of HIF‑α/Sirtuins in sepsis (Fig. 1)

Recent investigations have highlighted mechanisms in 
acute inflammation and sepsis cascade by HIF-α (hypoxia-
inducible factor-Iα)–Sirtuins (silent mating type information 
regulator) signaling pathway [10, 11, 22]. Tissue hypoxia is 
a central feature of sepsis. There is upregulation of HIF-α 
signaling in tissue hypoxia. These signaling molecules and 
transcription factors are involved in both the hyper-inflam-
matory phase (elevated HIF-α/low Sirtuins) and the second 
immune-tolerant, recovery phase of sepsis (elevated Sir-
tuins/low HIF-α).

Sirtuins (types 1–7) are a highly conserved family of 
proteins known for their anti-inflammatory and anti-oxi-
dant properties. These proteins belong to the (nicotinamide 
adenine dinucleotide) NAD+ dependent class III histone 
deacetylase (HDAC) family of enzymes and different types 
are present in different compartments of cells such as cyto-
plasm, mitochondria, and nucleus. Sirtuins are (NAD+) 
energy sensors of a cell and are considered as guardians 
of homeostasis. Sirtuins type 3, 4, 5 are localized to the 
mitochondria [10, 11, 22] (Fig. 1). NAD+ levels decline 
with aging and are further reduced in chronically stressed 
cells such as patients with diabetes, hypertension, smokers, 
and obesity thereby reducing the activity of Sirtuin. These 
groups of patients have the highest risk for severe sepsis 
and mortality as currently observed in the Covid-19 pan-
demic [23]. Recent experiments on SARS-CoV-2 infected 
murine, human lung cell lines, and autopsy specimens sug-
gest upregulation of poly (ADP) ribose polymerase (PARP) 
family of genes which are involved in the consumption of 
NAD+. Overexpression of these PARP genes consume and 
depress the levels of NAD+ and are overexpressed in these 
cells [24]. Reduced activity and depletion of NAD+ further 
attenuate protective function of Sirtuin [23, 24].

Hypoxic cells upregulate the transcription factor, HIFα 
[12, 20]. In general, stabilization of HIFα and an increase 
in its hyper-inflammatory activity occur with loss or dys-
functional protective action of the cellular Sirtuins. This 
has been demonstrated in the hyper-inflammatory stage of 
animal models of sepsis [10–12, 22].

During this initial hyper-inflammatory phase with associ-
ated tissue hypoxia, the PRR (Toll-like receptors) upregulate 
a number of proliferative pathways such as NF-ĸB, hyper 
activation of NLRP3 inflammasommes, mitogen-activated 
protein kinase (MAPK), and mammalian target of rapamycin 
(mTOR) that trigger the cytokine storm [23–25].

Along with increased proliferative activity and increased 
cell turn over, the accompanying aerobic glycolytic pathway 
and dysfunctional oxidative phosphorylation release ROS 
which results in downregulation of Sirtuins. Low Sirtuin 
activity itself promotes elevated ROS due to inefficient clear-
ance. Elevated ROS also downregulates prolyl hydroxylase 
(PHD). These enzymes inactivate HIF-α. Taken together, 
these factors stabilize HIF-α and prevent it from undergo-
ing ubiquitination by E3 ligases (von Hippel Lindau factor, 
VHL) for proteasomal degradation. Stabilized HIF-α trans-
locates to the nucleus and activates key genes upregulating 
glycolysis and production of pro-inflammatory cytokines 
and maintains the vicious cycle of a hyper-inflammatory 
state [10–12, 22]. Key HIF-α targets include glucose trans-
porter 1 (Glut1), hexokinase (HK), lactic dehydrogenase 
(LDH), pyruvate dehydrogenase kinase (PDHK), and cyclo-
oxygenase (COX-2). These enzymes shift metabolism away 
from oxidative phosphorylation and promoting glycolytic 
signature and further fueling anabolic pathways [10–12, 22] 
(Fig. 1).

During the second phase of sepsis, a hypo-metabolic state 
will ensue with decreased oxygen consumption, resumption 
of mitochondrial respiration, and ATP production. Major-
ity of the mortality associated with sepsis occurs during 
this phase. This hypo-metabolic state allows cells to enter 
an anti-inflammatory hibernating state allowing for slow 
recovery of cellular function. However, this cyto-protective, 
immunosuppressive state may also be detrimental to clear 
infections [10]. Moreover, secondary nosocomial infections 
may occur during this phase. For example: clostridium dif-
ficile infections, and secondary bacterial and candida infec-
tions. Often these infections are multidrug resistant and 
increase sepsis-related morality in the setting of the hypo-
inflammatory phase [10]. Biochemically, this phase is asso-
ciated with reduced activity of HIF-α and upregulation of 
Sirtuin activity. Sirtuins with their deacetylase function inac-
tivate NF-ĸB, HIF-α, high-mobility group box proteins-1 
(HMBG-1), and other DAMP molecules, thus decreasing 
the overall cytokine load [23–25]. Sirtuins also coordinate 
switch from glucose to fatty acid oxidation during this phase. 
The molecular mechanisms for this remain unclear [10, 11, 
14, 22, 25]. With cell recovery, mitochondrial biogenesis 
is initiated and there are upregulation of markers of mito-
chondrial biogenesis such as PAR gamma coactivator-1α 
(PGC-1α), Transcription factor A for mitochondria (TFAM), 
and nuclear respiratory factors (NRF-1) [9, 15, 23].

Mitochondria localization may be necessary 
for SARS‑CoV‑2 replication

SARS-COV-2 virus uses ACE2 receptor for cell entry and 
TMPRSS2 for spike protein (S protein) priming [26]. Vari-
ations of ACE 2 receptors in different ethnic populations 
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may play a role in the virulence and transmissibility of this 
virus [27].

SARS-CoV-2 protein and human–protein interactions 
that connect multiple complex biological processes such as 
replication, protein trafficking, and ubiquitination have been 
observed. As a group SARS-CoV viruses produce accessory 
proteins called open reading frames (ORF) which interact 
with mitochondrial outer membrane receptors. One particu-
lar interaction involves ORF-9 interaction with mitochon-
drial antiviral signaling systems (MAVS, TOMM.70) [28]. 
MAVS is a mitochondrial import receptor and also func-
tions as cytoplasmic viral recognition receptor. ORF has 
shown to suppress MAVS activity, thus limiting the initial 
host cell, innate immune, interferon, and antiviral response 
[28–30]. Similar other SARS-CoV-2 virus non-structural 
protein (NSP4, NSP5, NSP7, and NSP8) interaction with 
human mitochondrial membranes and matrix functions has 
been demonstrated. These viral proteins have been demon-
strated to associate with RNA processing, electron transport 
and mitochondrial signaling, and trafficking proteins. Thus, 
viral–mitochondrial interactions may disrupt both the mem-
brane integrity and functional aspects of the mitochondria 
[28].

Once inside the cytoplasm, the SARS-CoV-2 virus has to 
replicate from a single-stranded RNA (ss RNA) through an 
intermediate double-stranded RNA (ds RNA). This predis-
poses the virus to the antagonism through their recognition 
by Toll-like receptors, RIG-1 receptors, and mitochondrial 
antiviral signaling systems (MAVS) and, thus, activation of 
innate immunity as described earlier. SARS-CoV-2 virus 
evades this detection by forming double-membrane vesicles 
(DMV) around its dsRNA, thus shielding it from detection. 
Viruses need intracellular organelles such as mitochondria 
and endoplasmic reticulum for their replication and dissemi-
nation [31, 32].

Based on computational machine learning models, it has 
recently been demonstrated by Wu et al. that the SARS-
CoV-2 RNA genome and all sub-genomic RNAs are 
enriched in the host mitochondrial matrix and nucleolus 
[33]. Open reading frame (ORF) from corona viral genome 
has been identified in the mitochondria. Based on these 
models, they predicted that mitochondrial residency may 
be required to the formation of double-membrane vesicles 
which is a critical in corona virus being able to replicate un-
abated by evading cellular defenses. In other words, the virus 
simply may hijack the mitochondria and use its machinery 
for its own replication and sustenance [33]. In doing so, it 
may damage the mt DNA and this may cause leakage of the 
mt DNA into the cytoplasm with then acts as a trigger for 
activation of innate immunity [34]. Previously, an associa-
tion between high mitochondrial viral RNA and decrease in 
mitochondrial functional integrity has been demonstrated 
with HIV RNA virus [35]. This hypothesis needs further 

validation with SARS-CoV-2. These findings suggest that 
mitochondrial involvement by the SARS-CoV-2 RNA virus 
may actually assist with virulence and transmissibility. 
Mechanisms by which the virus gains access into the mito-
chondria and cause dysfunction remain to be investigated.

Covid‑19 and biomarkers associated 
with high mortality in the elderly, Fig. 2

Several viral and host-related biomarkers are emerging to 
be critical in determining the severity of infection in Covid-
19 sepsis. The major question remains whether these bio-
markers perform consistently, can be tested and replicated 
uniformly, and can be validated by pooling of the currently 
available data.

As the current SARS-CoV-2 virus continues to spread 
in the USA and worldwide, high quantitative viral load 
emerges as a critical factor in epidemiology, and also to pre-
dict the clinical course in Covid-19 infection [36–40]. Key 
observations with current Covid-19 pandemic demonstrate 
a high mortality in elderly patients with sepsis. Increased 
quantitative viral load represents a high level of viral repli-
cation and is a surrogate marker for infectivity. This asso-
ciation may be related to its interaction and mitochondria 
dysfunction in the elderly. Previously, studies have attempted 
to ascertain an association between viral loads and increased 
severity with prolonged hospitalization on patients infected 
with influenza, rhino, and other respiratory virus [36, 37, 
40]. Real-time PCR assays (rRT-PCR) to detect respiratory 
viruses such as group 2 coronaviruses (HCoV-OC43 and 
HCoV-HKU1), and SARS associated coronavirus have dem-
onstrated that a high viral load measured on nasopharyngeal 
samples at the point of hospitalization was associated with 
longer length of stay in adult patients [36, 40]. Similar to 
recent literature on SARS-COV-2 virus, Covid-19 pandemic 
has suggested that higher viral load values from nasopharyn-
geal swabs remain a significant factor and are associated 
with prolonged virus shedding period and severe clinical 
outcomes [38, 39]. Elevated viral loads may be noted in 
both asymptomatic and symptomatic patients. This remains 
a cause of concern, as asymptomatic carriers may be silent 
spreaders in the population. Viral load may be a useful 
marker for both detecting super spreaders and also disease 
severity and prognosis in the symptomatic patients [38, 39].

Early determination of quantitative viral load also has 
other therapeutic benefits, such as early implementation of 
convalescent plasma, antiviral, and corticosteroids. Conva-
lescent plasma from donors who recovered from Covid-19 
infection could potentially improve the clinical outcomes by 
decreasing the severity in Covid-19 cases [41, 42].

A persistently elevated viral load may thus be associated 
with worse metabolic and mitochondrial dysfunction with 
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a prolonged hyper-inflammatory phase as described earlier. 
This hypothesis may explain the clinical variation observed 
with Covid-19 patients worldwide, i.e., higher mortality in 
elderly, especially in a close knit population such as nursing 
homes suggestive of mitochondrial dysfunction associated 
with high viral load (Fig. 2). Further epidemiological studies 
and assays on Covid-19 viral loads are needed to confirm 
this hypothesis.

Other host-related biomarkers which are consistently 
observed and correlated in various populations across the 
world from the current pandemic are elevated levels of 
d-dimer, IL-6 concentration, and lymphopenia. These por-
tend severity of the inflammation and correlate with poor 
prognosis and increased mortality [41, 43, 44].

Future directions: potential 
mitochondrial‑related diagnostic 
biomarkers and therapeutic targets

The role HIF-α, as a biomarker, for severity in sepsis is 
unclear and continues to be investigated [10–12, 25]. Sep-
sis is dynamic process and the levels of HIF-α may vary 
depending on the phase of the disease and also with the dif-
ferent pathogens [12]. A previous study demonstrated that 
HIF-1 RNA expression was noted to be elevated in septic 
patients, but no difference was noted in survivors and non-
survivors [45]. A clinical trial (NCT02163473) investigat-
ing HIF-α as a potential biomarker has been completed and 
results are awaited.

Fig. 2  Venn diagram: depicting the risk for severe sepsis and 
increased mortality in Covid-19 pandemic. A combination of: (a) 
elderly patients with comorbidities living in close knit communities 
and densely populated areas, (b) associated mitochondrial dysfunc-

tion, and risk factors such as diabetes, hypertension, lung diseases, 
and activation of innate immunity, and (c) an increased viral load; all 
together set a perfect storm for increased viral shedding and transmis-
sibility with risk for severe sepsis and high mortality
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Levels of mt DNA and other mt DAMP molecules may 
also serve as useful biomarker and need to be investigated in 
the context of SARS-CoV-2 infection [6, 9, 16, 17, 19]. As 
described earlier, mtDNA may serve as a DAMP capable of 
propagating the inflammatory response seen in sepsis and a 
predictive biomarker for ICU-related mortality [16]. Recent 
evidence in rodent models has demonstrated that neutral-
izing mtDNA with the nucleic acid scavengers such as 
hexadimethrine bromide (HDMBr) could reduce the sever-
ity of multi-organ dysfunction and may improve survival 
[46]. These mechanisms should be explored specifically for 
Covid-19-related sepsis.

Modulating Sirtuin activity levels and thus mitochon-
drial bioenergetics with activating and inhibiting agents are 
emerging as therapeutic agents in experimental models of 
sepsis [10, 11]. However, it has to be timed correctly in spe-
cific phases of sepsis to have beneficial effects. Drugs that 
can increase the NAD+ levels and thus elevate the levels of 
the Sirtuin in the hyper-inflammatory stage of sepsis may 
be used to attenuate the cytokine storm and may improve 
survival. Previously, experiments on rodents have demon-
strated that NAD+ boosters attenuated the NF-ĸB activity 
and improved endothelial function and decreased microvas-
cular inflammation [47]. Sirtuin activating agents such as 
resveratrol (a naturally occurring stilbenoid), NAD+ precur-
sors such as nicotinamide riboside (NR) and nicotinamide 
mononucleotide (NMN), and enzymes that regulate NAD+ 
levels such as CD38, CD157, and NAMPT have all been 
studied in experiments and demonstrated to increase Sirtuin 
activity [11, 47, 48].

Similarly, reducing the Sirtuin activity with inhibitors 
(EX-527) during the second hypo-inflammatory stages 
may reverse the hibernating endothelium and vasculature, 
improve neutrophilic function, clear the debris, aid with 
effective oxidative phosphorylation and mitochondrial bio-
genesis, and healing, and may improve survival [11, 49].

There have been recent developments and interest in 
molecules which can target chronic inflammation associ-
ated with aging, obesity, and metabolic syndrome known as 
inflammaging. These molecules are also labelled as gero-
protectors [23]. Some of these molecules may have favora-
ble effects in prophylaxis and adjuvant therapies in sepsis, 
and are worth mentioning briefly. It should be emphasized 
that these are empirical therapies which have not been 
confirmed in human trials on Covid-19 sepsis. Mamma-
lian target of rapamycin (mTOR) signaling pathways have 
demonstrated to control immune functions such as antigen 
presentation, activation, and cytokine production. Modulat-
ing mTOR activity with its inhibitor rapamycin has shown 
some improvement in the immune functions in the elderly 
[23]. Similarly, metformin in addition to its antiglycemic 
and favorable effects in metabolic syndrome also lowers 
AMPK activity and inhibits mTOR pathway. Metformin 

may improve metabolic derangements, improve mitochon-
drial function, and decrease cytokine production [23, 48]. 
NAD+ boosters such as resveratrol, a naturally occurring 
polyphenol, found in red grapes and blueberries, activate 
Sirtuin activity and attenuate the NF-ĸB activity, improve 
endothelial function, and decrease microvascular inflamma-
tion [47].

Disrupted circadian rhythms, and increased gut perme-
ability with associated intestinal dysbiosis occur in sepsis. 
Melatonin and probiotics, molecules with anti-inflammatory 
and anti-oxidant activity, may improve mitochondrial bioen-
ergetics and survival in sepsis [50].

Conclusion

Covid-19 has shed light on the vulnerability of the aging 
population to pandemics and global challenges of new dis-
eases. Developing therapies and vaccines requires a compre-
hensive and deep understanding of pathogenesis and molec-
ular mechanisms of these emerging viruses. Mitochondrial 
dysfunction continues to be explored as the cause for the 
excess mortality associated with this virus. We have high-
lighted a few mechanisms by which the virus–mitochondrial 
interactions may play a role in viral replication, modulating 
innate immunity, hyper-inflammatory state, and end organ 
damage.

Based on the emerging evidence, it is suggestive that the 
mitochondrial dysfunction may be the primary event. Inter-
actions of the SARS-CoV-2 virus proteins such as ORF and 
NSP proteins with host cell mitochondrial proteins lead to 
loss of membrane integrity and also cause dysfunction in the 
bioenergetics of the mitochondria. What follows is a second-
ary damaging event with the release of mt DNA, elevated 
ROS; loss of MAVS associated protective, antiviral inter-
feron production, activation of the NF-Kβ pathway, inflam-
masommes, and innate immunity with hyper-inflammatory 
state and cytokine storm.

Mitochondrial mechanisms may explain and is reflected 
in the particular susceptibility of the elderly population with 
comorbidities. These patients have dysfunctional, senescent 
cells, and mitochondria. Involvement of the virus may cre-
ate an imbalance that is difficult to overcome with resulting 
excess mortality. Infected younger patients in physiologi-
cally good health may escape this devastation due to healthy 
tissues and adequate mitochondrial dynamics. Furthermore, 
it becomes apparent that mitochondria may be necessary 
for the virus to replicate (formation of double-membrane 
vesicles) and propagate its life cycle.

In conclusion, the relevance of mitochondrial dysfunc-
tion in pathogenesis of multi-organ failure associated with 
Covid-19 sepsis continues to be under active investigation. 
Many questions remain unanswered. The current Covid-19 
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pandemic exposed our gaps in the knowledge of sepsis and 
hopefully reinvigorated the scientific community. Further 
research is urgently required to shed light and elucidate 
mechanisms in Covid-19 sepsis. Understanding these regu-
latory mechanisms may lead to development of novel diag-
nostic and therapeutic targets to combat any future pandemic 
crisis.
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