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Exaggerated oxidative stress and hyper-inflammation are essential features of oxidative/inflammatory diseases.
Simultaneously, both processes may be the cause or consequence of mitochondrial dysfunction, thus establishing
a vicious cycle among these three factors. However, several natural substances, including melatonin and
micronutrients, may prevent or attenuate mitochondrial damage and may preserve an optimal state of health by

managing the general oxidative and inflammatory status.
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| 1. Introduction

Mitochondrial dysfunction is associated with impaired immune and inflammatory responses. It has been suggested
that inflammation provoked by mitochondrial dysfunction is responsible for the explosive release of
proinflammatory cytokines W, contributing to multiple oxidative/inflammatory diseases, such as sepsis,
neurodegenerative pathologies, inflammatory bowel disease, cardiovascular and metabolic disorders, and
respiratory diseases, including complications and death by COVID-19 as one of the most relevant current
examples. The systemic hyper-inflammation usually observed in these pathologies is known as cytokine storm or

macrophage activation syndrome 2,

Notably, the preservation of mitochondrial health through healthy life habits, pharmacological agents, or nutritional
supplements provides significantly improved mitochondrial dynamic and activity, reducing inflammation and

oxidation stress I,

In this regard, it is known that melatonin and micronutrients are essential elements that are required by living
beings including humans in order to perform multiple metabolic and physiological functions for maintaining an
optimal state of health B4, Interestingly, both melatonin and many of these micronutrients exert several of their

actions at the mitochondrial level 2!,

| 2. Mitochondrion: Function, Dynamics, and Dysfunction
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Mitochondria are cellular organelles that perform numerous essential functions that ensure homeostasis. They play
a crucial role in energy metabolism by synthesizing adenosine triphosphate (ATP) through oxidative
phosphorylation. Both glucose and fatty acids metabolites enter the tricarboxylic acid (TCA) cycle to produce ATP
(6], Mitochondria also participate in the regulation of cell calcium homeostasis, apoptosis, and they are an important
source of reactive oxygen species (ROS). Mitochondrial ATP generation depends on the transfer of electrons along
the transport chain (ETC), which is coupled to proton transport across the inner mitochondrial membrane,
establishing an electrochemical gradient that is capable of driving ATP synthesis. Mitochondria are dynamic
organelles that change their morphology in response to physiological and pathological stimuli, which also affect
their functions. Mitochondrial dynamics comprises several processes: mitochondrial biogenesis, fusion, fission, and
mitophagy . A number of pathological situations including cardiovascular, metabolic, and inflammatory diseases
are associated with mitochondrial dysfunction. Aberrant mitochondrial physiology appears to be the result of
energetics and/or dynamics alterations. Disturbances of mitochondrial ETC not only lead to reduced ATP
production but to modifications of mitochondrial morphology [&. In turn, an imbalance in mitochondrial dynamics
decreases the efficiency of mitochondrial energy production B2, Finally, mitochondrial dysfunction is considered
the main source of ROS in cells, and it contributes to the development and progression of many pathologies,

including inflammation (Eigure 1) 29,

Mitochondrial
Dysfunction

4 S

Altered ETC  «

tﬂiﬂg&n!sis
Fusion

} ATP tFission
} Mitophagy

t ros

T

Oxidation
- Proteins
- Lipids
= mtDONA

NLRP3 / DAMPs / PAMPs

Inflammasome

I

Innate Immune System
Activation

INFLAMMATION

Figure 1. Cytokine storm: link between inflammation and mitochondrial dysfunction. ETC: electrons transport
chain; ROS: reactive oxygen species; NLRP3: NOD-, LRR- and pyrin domain-containing 3; DAMPS/PAMPS:
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damage/pathogen-associated molecular patterns.

| 3. Inflammation and Mitochondrial Dysfunction

Inflammation is a complex, protective response of the body to infections and tissue damage. The inflammatory
response includes activation of the immune system to repair damaged tissue and defend against pathogens
through the secretion of specific mediators. However, when inflammation persists, it produces tissue damage in

many diseases.

Many reports have shown the association between the inflammatory process and mitochondrial dysfunction.
Inflammation promotes mitochondrial dysfunction, and dysfunctional mitochondrion participates in the
pathogenesis of inflammation via several mechanisms, which may establish a vicious circle of recurrent
inflammation 1. The development and progression of several inflammatory disorders are accompanied by
mitochondrial dysfunction and enhanced ROS production 12, Both acute and chronic inflammatory diseases are
characterized by the exaggerated generation of oxygen-based reactive species, which produce damage in
mitochondrial proteins, lipids, and mitochondrial DNA (mtDNA) (Eigure 1). These alterations negatively influence
normal mitochondrial function and dynamics 131, Inducible nitric oxide synthase (iINOS) activity is also elevated in
the mitochondria during inflammation, leading to enhanced mitochondrial NO production and reactive nitrogen
species (RNS). Both ROS and RNS reduce respiratory chain activity and ATP production, produce mtDNA

alterations, and finally lead to cell damage and death [141115],

3.1. Inflammation Alters Mitochondrial Energetics

Inflammatory mediators can also alter activities of the TCA cycle. TNF-a and IL-1 reduce pyruvate dehydrogenase
(PDH) activity, together with a concomitant reduction of complex | and Il activities 8. A reduction of PDH activity
by inflammatory cytokines has been shown in several cell types such as cardiomyocites, hepatic and skeletal
muscle cells, and in cells exposed to septic stimuli 7. Reduced PDH activity worsens mitochondrial dysfunction,
because less acetyl-coenzyme A is produced. Furthermore, this situation reduces the ability of mitochondria to
produce melatonin intrinsically, and consequently, it also worsens inflammatory processes 18131 Melatonin is a
powerful anti-inflammatory agent, and its loss at the mitochondrial level would certainly exaggerate the
inflammatory response. Alpha-ketoglutarate dehydrogenase (KGDH) is a rate-limiting enzyme in the TCA cycle,
and it is a key element for the mitochondrial ETC 29 Reduced KGDH activity has been observed during

inflammatory conditions including inflamed neural tissue in Alzheimer’s disease 21,

During oxidative phosphorylation (OXPHOS), NADH generated by the TCA cycle is oxidized and provides
electrons to the ETC. A reduced expression of genes encoding subunits of complexes | to IV and ATP synthase
has been observed in several pathological inflammatory situations. Acute systemic inflammation induced by
intravenous lipopolysaccharide (LPS) administration exerts inhibitory effects on OXPHOS [22. ETC complexes 1, II,
and IV mRNA and protein levels were down-regulated in muscle and liver cells incubated with LPS 23], Systemic

LPS administration in rodents leads to a TLR4-mediated burst of pro-inflammatory cytokines, which alter
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mitochondrial energy production. Recent studies showed that TNF-a was able to reduce activity of complex I, lll,
and 1V, leading to decreased ATP production 24, TNF-a also alters mitochondrial biogenesis regulation in various
cell types and tissues through the reduction of peroxisome proliferator-activated receptor-y coactivator 1a (PGC-

1a) expression 23],
3.2. Inflammation Alters Mitochondrial Dynamics and Cell Death Pathways

There are many studies of the deleterious effects of inflammatory agents on mitochondrial dynamics. It has been
reported that TNF-a induces mitochondrial dysfunction and altered morphology with small condensed mitochondria
in adipocytes (28], This effect may be related to the increased expression of fission protein Fisl and the reduced
expression of fusion protein Opal. Decreased expression of Opal also led to mitochondrial fragmentation 7,
Moreover, IL1-3 was able to induce mitochondrial fragmentation and respiration impairment through the fission
protein Drpl in astrocytes. IL-6 is also involved in the lowered expression of peroxisome proliferator-activated
receptor-y coactivator 1a (PGC-1a) and fusion proteins Mfnl and 2 during the initial stages of cachexia 28], Finally,
other reports also support the interplay between inflammation and mitophagy, leading to apoptosis and cell death
(Eigure 1) 291,

3.3. Mitochondrial Dysfunction Promotes Inflammation

As previously mentioned, inflammation and mitochondrial dysfunction have mutually destructive actions and induce
a vicious cycle of function deterioration. Structural and functional alterations of mitochondria can stimulate the
production of inflammatory mediators, which in turn can further impair mitochondrial function. It has been shown
that ROS are able to promote inflammation through NLRP3 (NOD-, LRR- and pyrin domain-containing 3)
inflammasome B9, Furthermore, mitochondria are considered the main activators of the NLRP3 inflammasome,
and they play a crucial role in the control of innate immunity and in the inflammatory response. In fact,
interrelationships between mtDNA and NLRP3-inflammasome activation support the involvement of the innate
immune pathways in disease coursing with mitochondrial dysfunction 1. The NLRP3 inflammasome acts as a
sensor of mitochondrial dysfunction. Activation of this complex leads to the production of IL1[3, which in turn causes
loss of mitochondrial membrane potential, reduction of ATP levels, and ROS generation. These findings support the
notion that cytokines can produce mitochondrial dysfunction, leading to a vicious degenerative cycle (1. Another
mechanism by which dysfunctional mitochondria evoke inflammatory responses involves the release of damage-
associated molecular patterns (DAMPSs) into the cytoplasm. DAMPs are macromolecules that are able to induce
local inflammatory responses during infections or stress 22, Due to similarities to bacterial DNA, altered mtDNA
can be considered as a DAMP. Moreover, mtDNA is involved in the innate immune response, and thus, specific
inflammatory pathologies are directly related to mtDNA alterations [8l. Under normal conditions, defective
mitochondrial mtDNA are degraded and eliminated by mitophagy. However, when mitochondrial damage is

elevated, mtDNA cannot be effectively eliminated, and it can activate NLRP3 inflammasome-dependent pathways
(34],
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Activation the TLR-9 pathway is another mechanism by which mtDNA exerts inflammatory responses with the
subsequent generation of nitric oxide and TNF-a B2, |t is important to note that normal mitochondria in the
presence of TNF-a activate macrophages and cytokine production. Thus, it could be concluded that damaged
mitochondria elicit exaggerated inflammatory responses through ROS production and the release of DAMPs,

leading to a deleterious vicious cycle (Figure 1).

4. Relevance of Mitochondrial Dysfunction in the
Pathogenesis of Inflammation in Sepsis and COVID-19

Sepsis is a generalized state of inflammation with an initial acute hyperinflammatory phase as a response to
infection followed by a hypoinflammatory phase, which is immune-tolerant 28, Several metabolic processes are re-
programmed in each phase, and they play differential roles in the pathophysiological manifestations of the two
phases. The hyperinflammatory phase is characterized by increased aerobic glycolysis capacity and oxygen
consumption for ETC in many cell types, including monocytes. Activation of the respiratory rate and energy
production are essential for the promotion of cytokine production and phagocytosis, which are key elements in host
defense mechanisms B2, This initial phase consists in the reaction of host tissues to enhance energy production in
order to increase pathogen-killing capacity of the innate immune cells and attempt to control the spread of the
infection (28],

The late hypoinflammatory, immune-tolerant phase is characterized by increased OXPHOS in immune cells 32,
During the second phase of sepsis, mitochondrial respiration and ATP production are partially restored. This
hypometabolic state is cytoprotective and immunosuppressive, but it actually impairs recovery and infection control
(38 This phase is associated with a decrease in the cytokine storm and with restoration of sirtuin activity. Sirtuins
type 3, 4, and 5 are localized in the mitochondria and are known for their anti-inflammatory and anti-oxidant
properties. Increased sirtuin activity promotes OXPHOS and reduces glycolysis 3889 Thus, the mitochondrial
biogenesis mediators PGC-1a, mitochondrial transcription factor A (TFAM), and nuclear respiratory factor 1 (NRF-
1) are upregulated in the second phase of sepsis 2%, As previously mentioned, the release of large amounts of
cytokines and chemokines by immune cells produces a sustained systemic inflammatory response that causes the
acute respiratory distress syndrome in COVID-19 patients. Indeed, the patients with severe respiratory infection
present higher levels of the cytokines than patients with less severe symptoms “. Mitochondria seem to be
involved in the cytokine storm caused by SARS-CoV-2. A recent analysis of gene expression in the SARS-CoV-2
infected lung cell lines demonstrated an upregulation of genes involved in mitochondrial cytokine signaling and
downregulation in the mitochondrial organization, respiration, and autophagy genes [“2. Finally, during the
hyperinflammatory phase of COVID-19-related sepsis, immune cells adapt their metabolism, favoring glycolysis
over OXPHOS for ATP production. These metabolic changes enhance macrophage phagocytic action and the
further synthesis of cytokines and chemokines in a kind of self-perpetuating cycle 3l Collectively, all these findings
provide evidence that mitochondrial dysfunction impairs immune response as well as increases inflammation and
severity in the COVID-19-related sepsis. It should be mentioned that OXPHOS and TCA cycle inhibition in

mitochondria reduce the synthesis of certain molecules, including melatonin. This supports the use and benefits of
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melatonin as potential adjuvant treatment strategy to reduce the severity of the COVID-19 3!, This aspect will be

discussed later in this report.
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