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Abstract: Billions of years of co-evolution has made mitochondria central to the eukaryotic cell and
organism life playing the role of cellular power plants, as indeed they are involved in most, if not
all, important regulatory pathways. Neurological disorders depending on impaired mitochondrial
function or homeostasis can be caused by the misregulation of “endogenous players”, such as
nuclear or cytoplasmic regulators, which have been treated elsewhere. In this review, we focus on
how exogenous agents, i.e., viral pathogens, or unbalanced microbiota in the gut-brain axis can
also endanger mitochondrial dynamics in the central nervous system (CNS). Neurotropic viruses
such as Herpes, Rabies, West-Nile, and Polioviruses seem to hijack neuronal transport networks,
commandeering the proteins that mitochondria typically use to move along neurites. However,
several neurological complications are also associated to infections by pandemic viruses, such as
Influenza A virus and SARS-CoV-2 coronavirus, representing a relevant risk associated to seasonal
flu, coronavirus disease-19 (COVID-19) and “Long-COVID”. Emerging evidence is depicting the
gut microbiota as a source of signals, transmitted via sensory neurons innervating the gut, able to
influence brain structure and function, including cognitive functions. Therefore, the direct connection
between intestinal microbiota and mitochondrial functions might concur with the onset, progression,
and severity of CNS diseases.

Keywords: neurological disorder; neurotropic virus; Influenza A; SARS-CoV-2; coronavirus; COVID-19;
Long COVID; gut microbiota; Spike; Neuropilin; hemagglutinin; cognitive function

1. Introduction

The central nervous system (CNS) is known to be the most energy demanding system
in the human body. It is estimated that a single neuron requires approximately 4.7 billion
ATP molecules per second, even in its resting state [1]. Such a huge amount of energy
is required for the homeostasis of the membrane potential and for the release of neuro-
transmitters (and their recapture from the synaptic cleft) [1]. Therefore, mitochondria
are crucial for CNS functionality. However, despite having been considered for decades
as just “power plants” in eukaryotic cells, recent research on mitochondria proved these
organelles are involved in a much larger number of important regulatory processes at
cellular, tissue, organ, and organism level, which - when impaired - can determine a wide
plethora of diseases.

In the first special issue of a series focusing on mitochondria-related disorders of
the CNS, we focused on “endogenous players”, i.e., on events occurring from chromatin
remodeling and transcriptional control to post-transcriptional events, vesicle, and organelle
biogenesis, fusion, and subcellular trafficking, which - when impaired - can alter mitochon-
drial function and determine neurodevelopmental or neurodegenerative diseases [2]
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In this review, instead, we will illustrate how impaired mitochondrial function, re-
sulting in CNS diseases, may depend on “exogenous players” like viral pathogens and
an unbalancing of the microbiota in the gut-brain axis. All abbreviations used are listed
in Abbreviation section. Indeed, mitochondria can both be hijacked by pathogens for
intracellular replication and spreading by direct interaction with mitochondrial proteins,
and thus alter the fusion or fission of these organelles and be indirectly damaged via
oxidative/endoplasmic reticulum (ER) stress (Figure 1).
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Although mitochondria have been reported to play an antiviral role during viral
infection, several viruses can hijack them to infect different cells [3], including neurons.
Besides neurotropic viruses (such as herpes, rabies, West-Nile, and Polioviruses) other
viruses can occasionally infect CNS neurons, although they have different tissues/organs
as primary targets.

An example of a CNS disease caused by a non-neurotropic virus is the human im-
munodeficiency virus (HIV)-associated neurocognitive disorder (HAND), which comprises
of the impairment of multiple cognitive domains and is a leading cause of morbidity in
up to 50% of individuals living with HIV [4,5]. Among HIV proteins involved in HAND-
associated neurodegeneration, Tat (trans-activator of transcription) was found to induce
a [Ca2+] increase in cultured embryonic rat hippocampal neurons, with an effect on mi-
tochondria, mitochondrial reactive oxygen species (mtROS) accumulation, and induction
of neuronal apoptosis. Calcium increase is also mediated by HIV glycoproteins gp120
and gp160 [6].

Another non-neurotropic virus that can cause mitochondria-related CNS damage is
Human T-cell leukemia virus type 1 (HTLV-1), which is a retrovirus that, like HIV, has
another primary cell target and this, notwithstanding, can infect the brain and lead to spastic
paraparesis. HTLV-1 accessory protein p13II is responsible for changes in Ca2+ uptake and
retention, acting on mitochondrial permeability alteration, membrane potential-dependent
influx of K+ generation, mitochondrial matrix volume increasing, and fragmentation [7].

Patients infected by pandemic viruses such as Influenza A virus and SARS-CoV-2
coronavirus can also develop CNS disorders, of which some are seemingly mitochondria-
related, and they will be treated in next specific sections.

Among external cues, the gut microbiota is the source of a number of bioactive
metabolites [8] which shape the structure and function of brain regions involved in the
control of emotions, cognition, and physical activity [9,10]. Bacteria may signal to the brain
through multiple routes, including neural, metabolic, endocrine, and immune pathways. In
addition to direct sensing of bacteria by sensory neurons innervating the gut, a metabolic
communication with the brain occurs when bacterial metabolites become absorbed into
the portal vein, enter circulation, and may then reach CNS by crossing the blood-brain
barrier (BBB). Bacterial metabolites provide energy for eukaryotic cell metabolism [11], and
neuro and inflammatory modulators, but also mitochondrial toxins. In the second part of
this review, we will describe the so-called gut-brain axis (GBA) and discuss how the direct
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connection between intestinal microbiota and mitochondrial functions might concur with
the onset, progression, and severity of CNS diseases.

2. Neurotropic Viruses

Mitochondria can prevent the abnormal increase in cytoplasmic calcium concentration;
therefore, impaired mitochondrial transport into the presynaptic terminal is responsible
for neurotransmission dysregulation [12]. Neurotropic viruses can alter calcium intracel-
lular levels, as [Ca2+] activates fundamental pathways required for viral replication and
provides a persistent infection [13]. The ER is a target for the virus, due to its intracel-
lular calcium stores. Acting on ER channels, viruses make it possible for the release of
a higher amount of Ca2+ in the cytoplasm, which is then used by mitochondria to boost
ATP production to provide the higher energy cellular demands required for continuous
viral replication. Moreover, a decrease of calcium concentration in the Golgi apparatus and
ER fights the anti-viral response and the regulation of ER-[Ca2+] crosstalk may facilitate
or prevent apoptosis [13]. Viral infections of the brain often cause death of neurons and
astrocytes. Some neurotropic viruses, such as CHPV (Chandipura Virus) and JEV (Japanese
Encephalitis Virus), share common host proteins modulating pathogenesis, as revealed by
network analysis [14]. In this case, the DJ-1 protein is over-expressed in response to ROS
generation and is able to modulate the viral replication and interferon responses along with
low-density lipoprotein (LDL) receptor expression in neurons.

2.1. Poliovirus

Poliovirus (PV) is responsible for the destruction of motor neurons via apoptosis,
leading to paralytic poliomyelitis. PV is able to induce a [Ca2+] cyt increase. This event
takes place via inositol-1,4,5-triphosphate receptor (IP3R) and Ryanodine receptor (RyR)
channels [15], resulting in a drop in membrane potential. Calcium from the ER is accu-
mulated in the mitochondria through voltage-dependent anion channel-1 (VDAC), which
is located on the outer mitochondrial membrane (OMM), and the mitochondrial calcium
uniporter (MCU) that is located on the inner mitochondrial membrane (IMM). This results
in mitochondrial dysfunction, apoptosis, and improved virus spreading. On the contrary,
the non-structural protein 2B is responsible for the Ca2+ increase from extracellular sources,
decreasing at the same time the [Ca2+] ER and [Ca2+] Golgi. This way, the host cell apoptosis
is suppressed via the inhibition of caspase 3 activation, ensuring virus replication [16].

2.2. Herpes Virus

Herpes simplex virus (HSV) was found to increase [Ca2+] in neurons due to increased
firing. This affects the interaction of mitochondrial protein Miro-1 with kinesin-1, resulting
in the disruption of mitochondrial mobility and allowing viral spread. ND7/23 sensory
neurons infected by HSV exhibit a modulation of [Ca2+] by T-type voltage gated calcium
channels (VGCC) [17].

HSV-1 encephalitis (HSE) is the most common cause of viral encephalitis and a severe
disease with high morbidity and mortality. Post-mortem human HSE brains show a high
reduction in mitochondrial transcripts compared to controls, demonstrating that mitochon-
drial damage underlies the HSE phenotype, and this is confirmed in a primary human
astrocyte HSV-1 infection model [18]. It is noteworthy that the same decrease in the expres-
sion of many genes important for mitochondrial function, observed with HSV infection,
can also result in oxidative stress and neuronal damage leading to Alzheimer’s disease [19].

2.3. Rabies Virus

The Rabies virus (RABV) belongs to the lyssavirus genus of the Rhabdoviridae family
and is the etiological agent of rabies with severe neurological symptoms and 100% mor-
tality. RABV is able to induce apoptosis in vitro and in vivo. This virus carries a single
non-segmented negative strand RNA genome. Five genes are encoded: the nucleopro-
tein (N), phosphoprotein (M), matrix protein (M), glycoprotein (G), and the viral RNA
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polymerase (L). Protein M plays a role in apoptosis induction as it partially targets mi-
tochondria activating caspase-dependent and caspase-independent pathways at the late
stage of infection. In particular, caspase-9 and caspase-3 are activated in a time-dependent
manner, but not caspase-8. This phenomenon implies that the apoptosis induced by RABV
involves the mitochondrial intrinsic pathway. At the late stage of infection, mitochondrial
membrane potential is significantly dissipated, and the cytochrome c diffuses into the
cytoplasm from mitochondria. Moreover, infection by RABV elicits the expression of the
proapoptotic protein AIF, translocating into the nucleus of the infected cells [20]. RABV
infection also leads to m-calpain upregulation, providing a proof of altered [Ca2+] m uptake.
M-calpain cleaves Bid, activates calcineurin A, and stimulates killer kinases, thus leading
to the cell death [21].

2.4. West-Nile Virus

West Nile virus (WNV) is a single stranded RNA flavivirus and a member of the JEV
serocomplex. Even though WNV infections in humans most often result in mild illness,
0.5–1% of the patients may develop meningitis, encephalitis, acute flaccid paralysis, and
death due to neurotropic invasion of the CNS and neuronal apoptosis [22]. Apoptosis is
accompanied by the release of cytochrome c from the mitochondria and the formation
of apoptosomes [23]. Neuro-2a cells (neuronal cells) show typical apoptotic characteris-
tics when infected by WNV, e.g., Bax gene up-regulation [24]. Brain-derived T98G cells
can undergo both extrinsic and intrinsic apoptotic pathways upon WNV infection, and
Caspase-3-dependent neuronal death contributes to the pathogenesis of West Nile virus
encephalitis [25,26].

2.5. Zika Virus

Zika virus infection can result in microcephaly in newborns, but serious neurological
complications can also concern adults. Indeed, Zika virus is able to cause cell death in
neural progenitor cells, astrocytes, and neurons. Studies in mice embryo brains showed
that primary neurons in the cortico-striatal region exhibit an increased expression of the
N-methyl-D-aspartate receptor (NMDAR) subunit GluN2B and a [Ca2+] increase [27].
Excess [Ca2+] ER released from the lumen is then taken up by the mitochondria, leading to
an increase in mtROS and the subsequent DNA damage [28].

The NS4B protein of Zika virus has been reported to recruit Bax to the mitochondria
and induce Bax conformational activation. The overexpressed NS4B was localized to the
mitochondria and induced cell apoptosis by activating the pro-apoptotic protein Bax [29].
Since astrocytes are targets of the Zika virus, iPSC-derived astrocytes were used as a
model system to investigate key mechanisms and fates involved in the neurotoxicity of the
virus, finding that Zika virus infection leads to mitochondrial failure, oxidative stress, and
DNA damage [30].

3. SARS-CoV-2

RNA viruses are commonly responsible for several known and emerging infections.
These viruses spread from animal reservoirs and are able to adapt to new hosts [31].
Among RNA viruses, coronaviruses (CoVs) can be divided into four genera: Alphacoro-
navirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus, of which the first
two only infect mammals (including human CoV) [32]. Human CoVs cause respiratory
infections that can result in quite varying morbidity, from very mild or asymptomatic
common cold, to severe pneumonia, acute respiratory distress syndrome (ARDS), and
even death [33]. Roughly twenty years ago, an outbreak of Severe Acute Respiratory
Syndrome coronavirus (SARS-CoV), followed by a geographically more limited outbreak
of Middle East Respiratory Syndrome (MERS) coronavirus, caused an aggregate death
toll of a few thousands patients worldwide [34], while, unfortunately, SARS-CoV-2, the
causative agent of the acute coronavirus disease 2019 (COVID-19), has become a pandemic
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since 2020, and has caused so far millions of deaths and more than half a billion infections
(https://www.worldometers.info/coronavirus/; accessed on 2 November 2022).

SARS-CoV-2 infection is able to disorganize the immune response, impairing and
delaying type I interferon (IFN-I) response, and sometimes eliciting a “storm” of proinflam-
matory cytokines, which in turn brings serious illness and eventually death [35].

Targeting of the IFN system is mediated by the interaction of CoV accessory proteins
with mitochondria anti-viral signaling (MAVS) adaptor molecules, e.g., SARS-CoV ORF3b
targets MAVS to inhibit IFN induction [36]. ORF9b from both SARS-CoV and SARS-CoV-2
target MAVS to reduce IFN production, showing a conserved mechanism [37–39].
SARS-CoV ORF3a protein can activate caspases 8 and 9, determining cytochrome c release
from the mitochondria and modulating the mitochondrial death pathway [40]. SARS-CoV-2
non-structural proteins (Nsp), e.g., Nsp2 and Nsp4, are also reported to interact with mito-
chondria [41], as well as Nsp13 [3]. Both SARS-CoV N and M proteins induce the release of
cytochrome c, mediating apoptosis [42,43]. In particular, the SARS-CoV-2 M protein is able
to impair viral RNA-induced MAVS through downstream components [44].

In addition to direct interaction with mitochondria, SARS-CoV-2 is able to impair the
homeostasis of these organelles by altering, via gastrointestinal infection, the crosstalk
between mitochondria and the gut microbiota [45]. Signaling in such crosstalk occurs by
means of endocrine, immune, and humoral links [46], that, when impaired, determine the
unbalancing of the gut-brain axis and subsequent CNS damage.

Apart from millions of deaths and morbidities mainly mediated by the well-known
damage to the respiratory system, COVID-19 created in infected people major neurologic
complications, which often persist after recovery [47]. SARS-CoV-2 presence in the CNS,
and especially in the brain, is confirmed by autopsies of patients [48]. COVID-19 pa-
tients may exhibit a wide plethora of neurologic symptoms, from mild such as headache,
confusion, and nausea, to more severe, like loss of consciousness, anosmia and ageusia
(loss of sense of smell and taste), Guillain–Barre syndrome (GBS), cerebral inflammation,
meningitis and encephalitis, strokes, and seizures [49].

Entry of SARS-CoV viruses into host cells occurs via clathrin-mediated endocytosis
(CME), and neuronal CME is similar to non-neuronal CME, although neuron-specific
isoforms of the adaptor complex proteins mediate synaptic endocytosis [50]. In addition
to major players such as the functional receptor angiotensin converting enzyme 2 (ACE2)
and transmembrane serine protease 2 (TMPRSS2), SARS-CoV-2 spreading in the CNS is
further favored by the binding of the coronavirus Spike protein to Neuropilin-1 [51], which
is transported into the cell following the retrograde pathway of the endosomal SNX-BAR
sorting complex promoting exit 1 [52].

Molecular docking simulations have suggested that binding to Neuropilin-1 of the
Spike protein by the most recent Omicron variant of SARS-CoV-2 is energetically more
favorable, at least in part providing a rationale for the higher infectivity of this variant [53].
In normal conditions, Neuropilin-1 is involved in the angiogenesis and development of
neuronal circuits [54]; moreover, this protein is able to modulate the cytokine profile by
influencing the Fas receptor-Fas ligand signaling, which in turn is involved in the virus’
entry into the cell [55]. When considering that the cytokine storm is a major determinant
in a severe outcome of COVID-19, it is noteworthy that Neuropilin-1 is both a functional
receptor for SARS-CoV-2 and a modulator of the cytokine profile, suggesting a molecular
rationale for neurological complications and a target for therapeutics [55]. Neuropilin-1 also
plays a pivotal role in the homeostasis of endothelial cells (ECs), promoting mitochondrial
function in ECs by interacting with the mitochondrial transporter ATP-binding cassette B8
to prevent iron accumulation and iron-induced oxidative stress [56]. Neuropilin-1 mediated
infection and damage of ECs also occurs at the BBB, representing the CNS entry route for
SARS-CoV-2 and subsequent neurological complications [57].

SARS-CoV-2 infection may result in long-term effects on immune processes within
the CNS by causing microglial dysfunction and after COVID-19 post-acute multi-organ
complications have been widely reported, altogether referred to as “Long COVID”. Long

https://www.worldometers.info/coronavirus/
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COVID also includes the so-called “brain fog”, consisting of serious and long-term impair-
ment of mental and cognitive performance. It has been proposed that, upon SARS-CoV-2
infection, selective mitochondrial targeting in CNS neurons affects cognitive processes to
induce ‘brain fog’ associated behavior that favors viral propagation in the population [58].

4. Influenza A Virus

Influenza A viruses infect not only the respiratory system, but also the CNS. These
viruses are able to infect avian and mammalian hosts, using their high mutation rate [59]
as a strategy to evade the immune response and/or perform a host jump or pathogenicity
shift. Indeed, mutations mediating changes in surface features such as hydropathy and
electrostatics of the two major antigens, hemagglutinin (HA) and neuraminidase (NA),
modulate the virus’ affinity to different hosts and cell types [60–62].

Encephalopathy, encephalitis, Reye’s syndrome, acute necrotizing encephalopathy,
and myelitis, as well as autoimmune conditions such as GBS, are influenza-associated
disorders [63,64]. Entry of these viruses into the CNS can occur via the olfactory, trigem-
inal, vagus, and sympathetic nerves, and possibly other cranial nerves [65]. Despite the
presence of the BBB, Influenza (and other) viruses can invade the brain. This can be
achieved via different mechanisms (e.g., paracellular, transcellular, and/or by a “Trojan
horse” pathway) [66]. Influenza A virus infection of astrocytes can impair neural turnover
of mitochondria as these cells are able to take up and degrade damaged mitochondria
secreted by neighboring neurons via trans-mitophagy [67], as well as to secrete functional
mitochondria for neurons to survive in harmful situations such as a stroke [68]. HA,
NA, matrix (M), and non-structural (NS) genes play an important role in determining
neurovirulence [69].

A neuroinvasive H5N1 Influenza virus emerged in Hong Kong in 1997 and HA was
found to play a central role in high lethality [70,71]. Severe human cases of zoonotic
infection by avian Influenza virus are often accompanied by neurological symptoms, and it
has been found that adaptive HA mutations allow the virus to infect mouse and human
brains via avian-like sialic acid receptors [72]. In hemagglutinin, mutations at its multi-
basic cleavage site (MBCS) [65] and/or at specific loops [73] have been associated with
the low-pathogenicity (LPAI) to high-pathogenicity (HPAI) shift. Indeed, mutations at
the MBCS also modulate the Influenza virus capacity to infect neuroblastoma-derived
SK-N-SH cells and U87-MG glial cells [65].

Mutations in the NA gene can determine enhanced pathogenicity and neurotropism
in a mouse adapted to the H10N7 Influenza virus [74]. Changes in the NS gene cause
alterations in the mRNA secondary structure to mask the 3′ splice site and correlate with
reduced splicing of the NS gene in neurovirulent strains [69].

Once neuronal cells are infected, a number of other Influenza A virus proteins can
counteract the hosts innate immunity and interact with mitochondria. Influenza A matrix
protein M2 is a homo-tetrameric integral membrane protein, showing proton channel
activity [75]. This protein is crucial in viral entry and synthesis of new viruses during
viral particle assembly and budding. M2 colocalizes and interacts with MAVS proteins in
mitochondria, inducing a positively regulated MAVS-mediated innate immunity. This viral
protein is able to anchor to mitochondria, promoting mitochondria fusion and increasing
their number. Influenza A virus infection modifies mitochondria morpho-dynamics, pro-
moting mitochondria hyper elongation by fission associated protein DRP1 re-localization
to the cytosol, enhancing a pro-fusion status [76]. Moreover, M2 protein is involved in the
production of ROS due to its proton channel activity, required for the activation of macroau-
tophagy/autophagy and enhancement of MAVS signaling pathway. M2 is able to trigger
extracellular Ca2+ influx-dependent ROS production, subsequently leading to the activation
of autophagy related 5 (ATG5) protein and the inhibition of AKT serine/threonine kinase
and of the mechanistic target of rapamycin (MTOR) kinase activity via class I phosphoinosi-
tide 3-kinase (PI3K)-AKT-MTOR signaling pathway, which then activates autophagy [75].
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Another viral protein, named PB1, is involved in the inhibition of the hosts innate
immune response [77]. PB1 is an essential factor of the Influenza A virus RNA polymerase
complex for viral transcription and replication. It acts as a negative regulator of virus—or
poly (I:C)—stimulating interferon induction and interacts with MAVS, destabilizing it.
This viral protein is able to enhance the degradation of MAVS by promoting a signaling
cascade. The pathway starts from the E3 ligase RNF5-mediated ubiquitination of MAVS,
then follows the recruiting of the selective autophagic receptor NBR1 to associate with, and
finally the delivering of the ubiquitinated MAVS to the autophagosomes for degradation
takes place. This way, the MAVS-mediated innate signaling pathway is abolished, leading
to the suppression of IFN-I induction and facilitation of virus replication.

In addition to PB1, PB2 can also interact with mitochondria. More specifically, PB2 is
imported into the mitochondrial matrix [78]. Like PB1, PB2 is able to inhibit IFN expression
by associating with MAVS, which acts downstream of retinoic acid-inducible gene-I (RIG-I)
and cellular RNA receptor MDA-5 in the IFN induction pathway. Its import into the
mitochondrial matrix is ensured by residue 9 of PB2, which typically is asparagine or
threonine. Intriguingly, the RIG-I signaling pathway has been found to contain the targets
of COVID-19-related long non-coding RNAs [79].

Mitochondrial damage after Influenza A pulmonary infection can lead to adverse
cardiac events as viral particles can persist in the heart after lung clearance, altering
mitochondrial function and promoting cell death without active replication and IFN re-
sponses [80]. Influenza infection in cardiomyocytes showed changes to mitochondrial
function, increased oxidative stress, and cellular toxicity. Apoptosis can be achieved also
via Bcl-2 antagonist of cell death (BAD)-mediated mitochondrial dysregulation [81]. BAD
is a cell death regulator, crucial in the intrinsic pathway of apoptosis, occurring thanks
to the dysregulation of the OMM permeabilization due to the change of mitochondrial
membrane potential [82] and the subsequent release of apoptogenic factors. In this scenario,
the viral NS1 protein interacts with Akt, which results in enhanced Akt activity. BAD S136
phosphorylation takes place via PI3K signaling pathway.

5. Unbalancing of the Gut-Brain Axis

The CNS and the human gastrointestinal (GI) tract communicate through the en-
teric nervous system and the gut-brain axis (GBA). Such communication of the GBA is
bi-directional and involves neuronal, endocrine, and immunological mechanisms, and also
includes the peripheral nervous system. The interplay between GBA and intestinal micro-
biota may play an important role in brain development and homeostasis. Neurons are par-
ticularly enriched in mitochondria to satisfy their huge energy demand. Consequently, the
maintenance of mitochondria homeostasis is fundamental to physiological differentiation,
connectivity, and functionality of neural cells (Figure 2). Recently, an interesting evolution-
ary perspective has pointed to the possibility that mitochondria could be at the crossroad
between brain and gut microbiota, thus favoring their bi-directional communications [83].

The microbiota in mammals is a highly enriched community of prokaryotes, fungi,
and viruses that participate in their physiology [84]. Microbiota is spread over different
barrier surfaces and anatomical niches, but here we will focus on the gut and resident
bacteria. The bacterial community of gut microbiota includes symbionts, commensals, and
pathogens, and its composition is highly dynamic and sensitive to lifecycle, environmental,
immune, and diet. Accordingly, different bacterial products could in turn either modulate
host physiology (metabolism, immune system, and gene expression) or induce pathogenic
effects [85,86]. The imbalance in the gut microbial community, due to the gain or loss
of community members or changes in the relative abundance of microbes, is defined
as dysbiosis. Disruption to the microbiota might be associated with conditions, stress—
physical and psychological—or results from antibiotic therapies. Pediatrics and progressive
neurodevelopmental disorders (NDDs) are related to dysbiosis, including an increased load
of pathogens and opportunistic microbes. Particularly, antibiotics administered throughout
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the first 18 months of life might influence the development of a child’s nervous system and
contribute to NDDs by creating microbiota imbalances [87].

The gut microbiota can also influence brain function and behavior by signaling through
the immune system, both peripherally and in the CNS. For instance, the gut microbiota
affects circulating levels of pro- and anti-inflammatory cytokines, which can act on corre-
sponding receptors in the brain endothelium, microglia, astrocytes, and neurons. Bacterial
metabolites also strongly influence the innate immune functionality of microglia, the
resident myeloid immune cells in the brain, by modulating its maturation and activa-
tion. Microglia play critical roles in synapse pruning, clearance of apoptotic bodies, and
signaling to neurons in the brain in health and neurological diseases. Of note, chronic
neuroinflammation has been documented in many progressive brain disorders either with
multifactorial (e.g., Alzheimer Disease [88], Parkinson disease [89], and autism spectrum
disorders (ASD) [90]) or monogenic origin (e.g., Rett syndrome (RTT) [91]).
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Figure 2. Schematic model of the gut microbiota-brain axis interplay. The crosstalk between gut
microbiota and mitochondria is involved in many CNS disorders, as reported in the right-upper
panel. Microbial modulators are listed in right-lower panel. Left figure: Neurotransmitters and their
precursors, as well as metabolites, produced directly by the gut microbiota and/or through dietary
metabolism can cross the gut-blood barrier and enter the bloodstream. Some of them can cross
the blood–brain barrier to directly affect brain functions (microglia maturation, neuroinflammation,
and motor and cognitive functions). In addition, gut microbiota-modulated changes in neurotrans-
mitter/precursor synthesis may also lead to alterations in sensory signals transmitted to the brain
through the enteric and vagus nerves. Finally, the microbiota metabolites also affect the hosts energy
metabolism, homeostasis, and gene expression by influencing the in situ mitochondria of the gut
epithelium and distal mitochondria of the brain cells. Created with BioRender.com (accessed on
2 November 2022).

5.1. Gut Bacterial Modulation of Mitochondrial Homeostatic Function

Strikingly, neuroinflammation is also associated with oxidative stress and mitochon-
dria dysfunction, particularly through ROS production, highlighting the complex conver-
gence of molecular mechanisms and organelles involved. On the other hand, changes in
mitochondrial redox homeostasis have been shown to modulate intestinal barrier function
and mucosal immune responses, and thus contribute to regulating the gut microbiota.

BioRender.com
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Furthermore, genetic variants within the mitochondrial genome could affect mitochondrial
function and, in turn, the intestinal microbiota composition and activity.

Current high-throughput sequencing technologies and metabolomic approaches are
providing new important information about the composition and functionality of the
gut microbiome [92]. Of note, recent evidence revealed that the bi-directional interaction
between neural mitochondria and microbiota overcomes oxidative stress.

For example, the gut microbiota has been shown to regulate key transcriptional co-
activators, transcription factors, and enzymes involved in mitochondrial biogenesis, such
as PGC-1α, sirtuin 1 (SIRT1), and AMPK; other metabolites might influence energy produc-
tion and epigenetic signatures [93,94]. Bacteria-derived molecules encompass lipopolysac-
charides, peptidoglycans, short-chain fatty acids (SCFA), secondary bile acids [95,96],
folate [97], vitamin K2 [98], lactate [99], neurotransmitters such as choline, dopamine,
noradrenaline, serotonin, and GABA [85], and gaseous molecules [100].

SCFAs, including acetate, propionate (PPA), and butyrate, result from the fermen-
tation of non-digestible dietary fibers, carbohydrates, and some proteins, and represent
powerful mitochondrial regulators. Following absorption into the circulation [101,102],
SCFAs affect the hosts energy metabolism [103] and homeostasis by acting on G-protein
coupled receptors (GPCRs). Apart from being used as bacterial energy substrates in the
intestine, SCFAs regulate fatty acid and glucose metabolism through an AMPK-PGC-1α
-dependent mechanism and are also capable of increasing mitochondrial bioenergetics and
biogenesis [104,105]. SCFAs are also reported to regulate inflammation, by stimulating the
maturation of microglia, inhibiting autophagy and TNFα-mediated immune responses,
and targeting inflammasomes such as NLRP3 [106]. Among SCFAs produced by the gut,
microbiota butyrate acts as a potent histone deacetylase (HDAC) inhibitor. Interestingly,
acetylated proteins of mitochondria which participate in oxidative phosphorylation and tri-
carboxylic acid cycle have recently been proposed as key molecules by which gut microbiota
might regulate brain function and behavioral phenotypes [107].

Bacterial methyl metabolites, including betaine, homocysteine, dimethylglycine, and
methionine, link host lipid accumulation with environmental methionine availability.
Prokaryotic supply of lactate can concur to SIRT1 deacetylase upregulation in the hippocam-
pus, leading to brain-derived neurotrophic factor (BDNF) expression [108] that modulates
neural plasticity. Moreover, SIRT1 is a sensor of the cytosolic ratio of NAD(+)/NADH
which is altered by glucose deprivation and metabolic changes associated with caloric
restriction [109].

Microbiota metabolites thus provide a mechanism of epigenetic crosstalk between the
nucleus and mitochondria. Accordingly, microbiota can regulate the methylation of nuclear
and mitochondrial DNA and the transcriptome of the host. Germ-free mice enabled the
dissection of microbiota-dependent and independent sex- and time-dependent processes
during postnatal development acting to shape DNA methylation and transcriptome signa-
tures of intestinal epithelial cells [110] and microglia. In particular, differentiation phases of
microglia correspond to microbiota-dependent transcriptomic signatures and chromatin
accessibility landscapes, which can diverge in adult males and females. Similarly, SIRT1 can
modulate chromatin function through deacetylation of histones and can promote alterations
in the methylation of histones and DNA, leading to transcriptional regulation [111].

5.2. Microbiota and GBA Interplay in Mitochondria-Related CNS Disorders

Gut dysbiosis may influence the severity of brain disorders with unpredictable con-
sequences on phenotypic heterogeneity in patients carrying roughly the same genetic
background. Specific bacterial signatures were found in many conditions, leading to the
hypothesis that microbiota changes could trigger or exacerbate neurological features.

Indeed, gastrointestinal comorbidities have been found in many neurological diseases,
as exemplified by ASD [112], as well as by chromatinopathies like RTT [113] and Rubinstein-
Taybi syndrome [114]. Interestingly, those conditions have been also associated with
mitochondrial dysfunction [2,115].
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Patients with ASD show specific metabolic features, such as carnitine deficiency and
altered lactate/pyruvate ratios [116]. Carnitine enables the transport of fatty acids into mito-
chondria for β-oxidation and energy production [117]. In fecal samples from patients with
ASDs PPA is overrepresented and, accordingly, PPA treated rats show many ASD-related
symptoms, such as neuroinflammation, increased oxidative stress, intracellular acidifica-
tion, and altered brain phospholipid/acylcarnitine profiles, contributing to mitochondrial
impairments [116].

RTT is caused by mutations in the methyl CpG binding protein 2 (MECP2) gene,
codifying a reader of DNA methylation. RTT is the most prevalent monogenic neurode-
velopmental disorder in females and mitochondrial/metabolic dysfunctions, as well as
neuroinflammation have been reported in affected patients [118,119]. Accordingly, two
studies have demonstrated that patients with RTT have an altered gut microbial commu-
nity compared to healthy controls [120,121]. In addition, in a representative female mouse
model of RTT, mutants had higher fecal levels of butyrate, iso-valerate, and propionate
than wild-type females. Genotype-related differences are not shared by age-matched male
mutant mice and occur prior to the onset of neuromotor phenotypes, suggesting that gut
dysbiosis might be the earliest phenotypic manifestation of RTT and play a role in disease
pathology [91].

The Rubinstein-Taybi syndromes (RSTS1, MIM #180849, and RSTS2 MIM #613684) are
severe neurodevelopmental disorders caused by pathogenic variants in the genes encoding
the histone acetyltransferases CBP and p300, respectively. Pharmacological therapy with
HDAC inhibitors was shown to attenuate chromatin impairment, improving the clinical
phenotype. By analyzing the overall composition of bacterial metabolites from commensal
gut microbiota, RSTS patients compared to healthy siblings showed significant depletion
in butyrate [122]. Accordingly, ameliorative effects of butyrate, relative to other HDAC
inhibitors, have been reported in both in vitro and in vivo models of RSTS.

Growth retardation, developmental delay, coarse facies, and early death (GDFD,
MIM #612938) is an autosomal recessive multiple congenital syndrome characterized by
severe psychomotor retardation, poor overall growth, and dysmorphic facial features [123].
GDFD is caused by mutations in the fat mass and obesity-associated gene (FTO) that
encodes for an mRNA demethylase [124]. By comparing hypothalamic Fto levels, germ-
free mice displayed lower Fto expression than conventionally raised (Conv) mice. Notably,
hypothalamic Fto expression is recovered to Conv levels by the restoration of the gut
microbiota in germ-free mice. Fto deficient mice harbor a specific gut bacterial signature.
Critically, behavioral alterations of female mutant mice are mediated by a shift in gut
microbiota, as such changes can be partially attenuated using antibiotics [125].

Mutations in Host Cell Factor C1 (HCFC1) transcription factor cause Methylmalonic
aciduria and homocystinuria (MIM #309541, also known as Mental retardation, X-linked
3), an X-linked recessive metabolic disorder characterized since early infancy by severe
delayed psychomotor development. HCFC1 pathogenic variants are linked to inborn errors
of cobalamin (vitamin B12) metabolism [126]. Defective HCFC1 affects the expression of
MMACHC, the intracellular cobalamin transporter, thus impairing the reduction of cobal-
amin into the two bioactive forms that function as co-factors for both cytosolic methionine
synthesis and mitochondrial β-oxidation of dietary odd-chain fatty acids [127].

6. Conclusions

After decades in which mitochondria have been considered important organelles, be-
ing essential for cellular energy metabolism, emerging evidence has progressively demon-
strated they are central to many regulatory pathways in animal and human cell types,
tissue, and organ districts, including of course neural cells and the CNS.

Subsequently, when mitochondrial function(s) and homeostasis are impaired, several
complications and disorders may occur, ranging from mild traits to severe morbidity and
even death.
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Mitochondria-related CNS disorders can depend on either endogenous or exogenous
players, and the formers—specifically at the nuclear and cytoplasmic machinery levels—
have already been treated in a review published in the first special issue of this series [2].
This review, instead, focuses on microbial, exogenous players, i.e., on viral pathogens
that are causative for mitochondria-related CNS disorders, and on how an imbalanced
microbiota can result in disorders as well because of altered signaling along the gut-
brain axis.

Mitochondria are known to play several roles in viral infections, excellently depicted
in [128]. An excellent review on how a viral infection can modulate mitochondrial functions
has been recently published [3]. When focusing on the CNS, it becomes evident that
strategies followed by sensu stricto neurotropic viruses can be shared with viruses infecting
other cell types, while pandemic viruses, such as seasonal or zoonotic Influenza A viruses
and SARS-CoV coronaviruses, can use functional receptors common to neuronal and non-
neuronal cell types, such as, e.g., sialic acid or ACE-2, additionally interacting with proteins
enriched in the nervous system, such as e.g., Neuropilin-1 [51,72].

Neurological disorders caused by infection with neurotropic viruses like Poliovirus,
Herpes simplex, Rabies virus, Zika, and West-Nile viruses are often severe or even lethal,
resulting in a wide spectrum of phenotypes including meningitis, encephalitis, paralysis,
or newborn microcephaly [15,18,21,22,25–27], while neurological problems caused by In-
fluenza A viruses [63,64] strongly vary, depending on the pathogenicity of the strain and
co-morbidities [70,71].

More and more evidence is emerging about neurological complications in the wide
sample of individuals infected worldwide because of the recent SARS-CoV-2 outbreak
and ongoing pandemics. Indeed, the so-called COVID-19 has been mainly considered
so far as a respiratory disease with immune system complications, while “Long COVID”
clinical symptoms are often related to neurological disorders, including cognitive and
behavioral impairment. Much research has focused so far on the interaction between
the coronavirus Spike protein and ACE-2 as the main functional receptor, but a very
important and possibly neglected role for Neuropilin-1 is emerging, and its connections
with mitochondrial dynamics in determining neurological complications in COVID-19
and Long COVID open the route to further basic research, as well as to design of new
therapeutic strategies [55–57].

In the context of CNS disorders, mitochondria bioenergetics and biogenesis might
constitute a disease-biomarker to be assessed in therapies aimed at recovering neurological
and behavioral impairments, through the reversion of the alteration in the gut microbiota.
Mounting evidence suggests that the gut microbiota belongs to an intricate network that
may concur to shape brain development and physiology. Nevertheless, more extensive
studies are required to better characterize gut resident prokaryotes, both in healthy and
pathological conditions. To that end, animal models of human brain pathologies con-
stitute an invaluable system to perform omics-based longitudinal studies in controlled
experimental conditions (i.e., with a genetic background, diet, and antibiotics treatment).
Combinations of metagenomic (including epigenetics), metabolomic, and meta transcrip-
tomic approaches might shed light on microbial composition and metabolites produced,
and their molecular relationship with brain wellness. Effects on the GBA may be even
ascribed to diet [129]. Accordingly, the identification of neuroactive molecules and whole
signaling pathways involved within the GBA may help to better define the host-bacteria
interaction, while exploring their translation outcomes.

From the therapeutic perspective, the gut-brain axis implies that microbiota can be
targeted to improve neurological and neurodegenerative disorders and, vice versa, that
treatments addressing neurological dysfunctions might impact the microbiota composi-
tion [130]. Current treatment protocols for both NDD and GI disorders may positively or
adversely affect the composition of intestinal microbiota with a diverse impact on therapeu-
tic outcome(s) [131]. Indeed, the gut microbiota can modify drug metabolism, and thereby
impact drug efficacy and toxicity [132].
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Genes responsible for neurodevelopmental disorders with multisystem phenotypes,
even if mostly abundant in the brain, might fill relevant functions also in different body
tissues. Nevertheless, the detrimental effects on CNS development and functions might
mask the impact of inborn mutations outside the brain. While conditional null alleles
enable the dissection of their function outside the CNS in mouse models, the investigations
in humans can only rely on 3D cultures (organoids, organotypic, and bioprinted). In this
regard, cancer-associated somatic mutations in NDD-associated genes can uncover spe-
cific tissue functions entailing systemic defects/comorbidities. As an example, the Glaass
syndrome-associated gene SATB2 is selectively expressed in glandular cells of the lower
gastrointestinal tract where it plays a vital role in maintaining intestinal homeostasis [133].
In intestinal epithelial-specific null mice with induced colitis, SATB2 deficiency promotes
the disease development and colitis-associated colorectal cancer by influencing the intesti-
nal luminal environment and gut flora (composition and infiltration) [134]. In mice and in
human colonic organoids, SATB2 acts as a crucial determinant of mouse and human colonic
stem cell fate [135]. Thus, studies of intestinal carcinoma, together with dietetic regimen
and therapies of affected patients, may have beneficial readouts in CNS disorders with gut
dysbiosis. Thus, from oncological research, we can gain new insight into pathological mech-
anisms and disease biomarkers for multisystemic disorders. Moreover, novel cancer-related
therapeutics (e.g., Aptamer-linked small-interfering RNA Chimeras, Antisense Modified
Oligonucleotides, or PROTAC) can also be reshaped for CNS disorders. Lastly, within the
frame of precision medicine, the definition of personalized dietary programs would gain
beneficial readouts in CNS disorders with gut dysbiosis and or metabolism unbalance.
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Abbreviations

ACE-2 angiotensin converting enzyme 2
ARDS acute respiratory distress syndrome
ASD autism spectrum disorders
ATG5 autophagy related 5
BAD Bcl-2 antagonist of cell death
BBB brain blood barrier
BDNF brain-derived neurotrophic factor
[Ca2+] calcium concentration
CHPV Chandipura Virus
CME clathrin-mediated endocytosis
CNS central nervous system
CoV Coronavirus
COVID-19 coronavirus disease 2019
EC endothelial cell
ER endoplasmic reticulum
FTO fat mass and obesity-associated gene
GBA gut-brain axis
GBS Guillain-Barre syndrome
GDFD Growth retardation, developmental delay, coarse facies, and early death
GPCR G-protein coupled receptor
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HA hemagglutinin
HAND HIV-associated neurocognitive disorders
HCFC1 Host Cell Factor C1
HDAC histone deacetylase
HIV human immunodeficiency virus
HSE HSV-1 encephalitis
HSV Herpes simplex virus
cyt cytoplasmic
HTLV-1 Human T-cell leukemia virus type 1
IFN-I type I interferon
IP3R inositol-1,4,5-triphosphate receptor
JEV Japanese encephalitis virus
LDL low-density lipoprotein
MAVS mitochondria anti-viral signaling
MCU mitochondrial calcium uniporter
MERS Middle East Respiratory Syndrome
mt mitochondrial
NA neuraminidase
NDD neurodevelopmental disorder
NMDAR N-methyl-D-aspartate receptor
Nsp non-structural protein
OMM outer mitochondrial membrane
PI3K phosphoinositide 3-kinase
PPA propionate
PV Poliovirus
RABV Rabies virus
RIG-I retinoic acid-inducible gene-I
ROS reactive oxygen species
RSTS1 Rubinstein-Taybi syndromes
RTT Rett syndrome
RyR Ryanodine receptor
SARS Severe Acute Respiratory Syndrome
SCFA short-chain fatty acid
SIRT1 sirtuin 1
Tat trans-activator of transcription
TMPRSS2 transmembrane serine protease 2
VDAC voltage-dependent anion channel
VGCC voltage gated calcium channel
WNV West Nile virus
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