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Abstract

Traditionally, referred to as the “Powerhouse of the Eukaryotic Cell”, mitochondria are
essential for host defense in addition to producing ATP. Through processes like mitochon-
drial antiviral signaling (MAVS), the generation of reactive oxygen species (ROS), and the
modification of inflammatory pathways, they respond to bacterial, fungal, viral, and para-
sitic infections while coordinating immune signaling, controlling cell death, and detecting
pathogens. Pathogens, on the other hand, have developed ways to interfere with or harm
mitochondrial function, which results in oxidative stress, cell death, altered metabolism,
and compromised immune signaling. This type of mitochondrial dysfunction impairs the
removal of infections and is linked to tissue damage, chronic inflammation, and long-term
health issues. The dual roles of mitochondria in infection are highlighted in this review,
which looks at both their defense mechanisms and the ways in which pathogens use them
to increase their chances of survival.
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1. Introduction

Mitochondria are key organelles taking part in one of the most important roles in
energy production [1]. These organelles are found in all eukaryotic cells and are responsible
for generating energy through oxidative phosphorylation, regulation of calcium levels,
as well as activation of apoptosis and cell death. They also contribute to the synthesis of
specific lipids such as cardiolipin and phosphatidylethanolamine, as well as heme; however
the bulk of phospholipid biosynthesis takes place in other organelles like the endoplasmic
reticulum [2]. For instance, recent research has shown that mitochondria and peroxisomes
interact functionally through vesicular exchange, metabolite shuttling, membrane contact
sites and shared redox management. In fact, peroxisomes may be able to affect immune
signaling thresholds, membrane lipid environments, and mitochondrial redox status as a
result of this crosstalk [2]. Moreover, mitochondria act as signaling platforms during stress
and infections where they help coordinate the cell’s response to stress whether internal
or external (including infections). This role activates the immune defenses and hence
determines the cell’s fate [3]. During infections, mitochondria shape the immune response
through generating Reactive Oxygen Species (ROS) that aids in eliminating pathogens,
activating Pattern Recognition Receptors (PRRs) that are essential for detecting microbial
components, serving as platforms for Mitochondrial Antiviral Signaling (MAVS) that are
responsible for triggering interferon responses to RNA viruses, and regulating cell death
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pathways (including apoptosis-programmed cell death) which assists in limiting pathogen
spread [4]. Peroxisomes frequently support these immune responses by contributing to ROS
production and antiviral defense, which reflects coordinated organelle crosstalk during
infection. It has been demonstrated that peroxisomal MAVS, in particular, triggers a quick,
interferon-independent antiviral response that enhances the slower, interferon-dependent
signaling from mitochondrial MAVS, thereby guaranteeing a strong and prompt innate
immune defense [5].

As for their genome, mitochondria possess their own genome which reflects bacterial
evolutionary origin. The endosymbiotic theory, which postulates that mitochondria evolved
from a symbiotic relationship between an ancestral alpha-proteobacterium and a primitive
eukaryotic cell, is strongly supported by mitochondrial DNA (mtDNA). Because one
cell lived inside another and eventually developed into a permanent organelle, this is
known as endosymbiosis [6]. Furthermore, the fact that mitochondria have their own
circular DNA and can proliferate despite the aid of the host cell, resembling bacterial
genomes in both structure and sequence, lends credence to this theory [7]. Although most
of the mitochondrial proteins are encoded by nuclear genes, a small number of respiratory
proteins and mitochondrial tRNAs are still encoded by the mitochondrial genome [8].
Mitochondrial biogenesis necessitates the coordination of gene expression from both nuclear
and mitochondrial sources and that’s in order to guarantee the proper assembly and
functionality of the wide set of proteins that make up the mitochondrial respiratory chain [9].
Although small amounts of proteins are encoded by the mtDNA, deficiencies or mutations
in this type of DNA lead to a variety of diseases. Such diseases do not adhere to Mendelian
inheritance patterns; rather, they are passed down through maternal lineage only and
exhibit varying degrees of severity in their expression [10]. This reflects the heteroplasmy
present within the mtDNA population, indicating that both wild-type and mutant mtDNA
coexist. These diseases frequently result in pathological alterations within tissues that
are significantly reliant on optimal mitochondrial performance, especially in oxidative
phosphorylation, and have a restricted capacity to boost glycolysis as a compensatory
response, which suggests a direct correlation between efficient energy generation and
mitochondprial functionality [11].

Other than mtDNA mutations or deficiencies, mitochondrial dysfunction can be
induced by several mechanisms. In fact, a variety of pathogens have the capacity to
disrupt mitochondrial function, thereby compromising host defenses, promoting their
own replication, or triggering the death of host cells [12]. As previously mentioned,
this dysfunction may present itself in several ways, including damage or degradation of
mtDNA, inhibition of enzymes within the Electron Transport Chain (ETC), which results
in reduced ATP production and an increase in ROS, direct targeting of mitochondrial
membranes or signaling proteins, and alterations in mitochondrial dynamics, such as
fission and fusion [13].

Importantly, different tissues have different mitochondrial responses. The dynamics,
immune signaling ability, metabolic activity, and gene expression of mitochondria vary
depending on the tissue. For example, immune cell mitochondria are specialized for rapid
ROS production and cytokine signaling, lung mitochondria are especially sensitive to oxida-
tive stress, and liver mitochondria have high metabolic flexibility. As a result, depending on
the tissue, pathogen-induced mitochondrial dysfunction may present differently, resulting
in a range of pathological outcomes and immune responses [14]. The significance of taking
tissue-specific mitochondrial features into account when examining infection biology and
host defense mechanisms has been emphasized more and more in recent studies [15].
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This review explores how mitochondria can be disrupted during bacterial, viral, fungal,
and parasitic infections, and how this disruption affects individuals, noting that responses
can vary across tissues.

2. Mitochondria Structure and Dynamics

Mitochondria, aerobic and anaerobic, are regarded as one of the major characteristics
of eukaryotic cells [16]. Mitochondria are composed of two separate membranes: the outer
membrane (OM) and the inner membrane (IM). Additionally, they contain two functionally
different compartments: the intermembrane space (IMS) and the matrix [17]. The OM
is characterized by a smooth, lipid-rich surface that incorporates ancestral beta-barrel
proteins, such as voltage-dependent anion-selective channels (VDACs) and porins, which
allow the passage of molecules with a size of up to 10 kDa through the membrane [18]. The
latter also has alpha-helical membrane proteins, mainly featuring a single transmembrane
domain, including MFF and MIRO, which serve as receptors for the mitochondrial division
dynamin and motility machinery, respectively. This highlights the significance of the OM
in regulating mitochondrial activity and facilitating cellular communication [18]. As for
the IMS, it is the most diminutive compartment, containing about 5% of the mitochondrial
proteome. Nevertheless, the IMS plays a vital role as it enables various pathways for protein
and lipid biogenesis, metal homeostasis, redox regulation, oxidative folding, apoptosis, and
the dynamics and structure of mitochondria [19]. The IM is the most protein-rich membrane
found in eukaryotic cells, exhibiting high impermeability and forming structures known as
cristae. It is acknowledged as the functional nucleus of the organelle, containing the ETC,
also referred to as the respiratory chain (RC), which includes respiratory enzyme complexes
(RCs; in humans, complexes I-IV) and a turbine-like ATP synthase apparatus (RC V)
that dimerizes to mold and facilitate the development of cristae [17]. The mitochondrial
matrix contains a multitude of biosynthetic reactions along with the mitochondrial genetic
system. It serves as the site for the tricarboxylic acid cycle (TCA), which oxidizes the carbon
backbones of nutrients into NADH- and FADH2- reducing equivalents. These equivalents
are utilized by the RCs to produce chemiosmotic energy for ATP synthesis, in addition
to being involved in various other biosynthetic pathways. This compartmentalization is
crucial for the proper functioning of both the organelle and the cell [19].

Regarding mitochondrial dynamics, there are two opposing processes (fission and
fusion) that play a very important role in the maintenance of both mitochondrial and cellular
homeostasis. Mitochondrial fission helps in the separation of damaged mitochondria,
which are then eliminated through mitophagy—a selective type of autophagy that is crucial
for maintaining quality control. However, excessive or uncontrolled fission can result
in mitochondrial fragmentation, which may initiate apoptosis and play a role in several
diseases including neurodegeneration and cancer [20]. In contrast, mitochondrial fusion
facilitates the blending of mitochondrial contents, which aids in preserving the integrity
of mtDNA, compensating for localized damage, and optimizing ATP production, thus
improving cellular resilience in the face of metabolic and oxidative stress [21]. Hence, a
fine balance between fission and fusion is extremely essential for mitochondrial function.
Any disruption in these two processes can increase the risk of developing diseases such as
Parkinson’s disease, Alzheimer’s disease, and cardiomyopathies [22-24].

These dynamic processes are controlled by certain proteins. Fusion is facilitated by
mitofusin 1 (MFN1) and mitofusin 2 (MFN2) located on the outer mitochondrial membrane,
as well as optic atrophy 1 (OPA1) found on the inner membrane. These GTPase proteins
allow for membrane tethering and fusion, thereby enhancing mitochondrial networking,
bioenergetic efficiency, and resistance to apoptosis [25,26]. On the contrary, fission is mainly
driven by dynamin-related protein 1 (DRP1) which is a cytosolic GTPase that is recruited
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to the mitochondria with the help of adaptor proteins including FIS1, MFE, and MiD49/51.
Once there, they all together form ring-like structures that constrict and separate the
mitochondpria [27,28]. The insurance of these proteins’ proper regulation indicates good
mitochondprial quality control, distribution during cell division, as well as adaptation to
metabolic demands. Unfortunately, any dysfunction in these proteins can be associated
with a lot of disorders which may include metabolic diseases, neurodegeneration, and
cancer [29].

Mitochondrial dynamics possess a significant responsiveness to pathogenic stress and
are essential in host-pathogen interactions throughout infections. Many bacterial and viral
pathogens intentionally alter mitochondrial fission and fusion processes to escape immune
responses, influence host cell death, or establish advantageous intracellular conditions [30].
Upon infection, an increase in mitochondrial fission is usually noted. The latter is driven
by the activation and recruitment of DRP1 which results in mitochondrial fragmentation.
This process enhances mitophagy, reduces MAVS, and may hinder immune responses [31].
For example, viruses like hepatitis C virus (HCV) and influenza A trigger DRP1-mediated
fission to suppress interferon production and enhance viral replication [32,33]. Conversely,
certain pathogens such as Mycobacterium tuberculosis and Listeria monocytogenes can interfere
with fusion machinery (MFN2 and OPA1), leading to mitochondrial stress and influencing
apoptosis [34,35]. Such changes can be a cause of metabolic reprogramming of the immune
cells, more importantly macrophages, which shifts them to altering cytokine production [36].
Therefore, the dynamic restructuring of mitochondria in response to infection is not only a
result of stress; it is also a calculated approach employed by both the host and the pathogen
to affect immune responses and determine cell fate.

3. Signaling in Homeostasis and Stress

Apart from generating energy, mitochondria act as key cellular stress sensors and
responders, integrating into the cellular signaling networks that decide whether a cell
will survive, repair, or undergo apoptosis. They are particularly well suited to respond
to perturbations in a cell’s balance, including oxidative stress, DNA injuries, calcium
overload, or even lack of nutrients, and respond accordingly [37]. One of the primary
methods by which this occurs is through the generation of ROS during the process of
oxidative phosphorylation. Moderate levels of ROS can trigger adaptive responses, while
excess ROS can result in mitochondrial damage, depolarized membranes, and activation of
stress pathways such as the mitochondrial UPR (mTOR) [38]. Additionally, mitochondria
control the buffering of calcium within cells, and calcium dysregulation caused by stress
may trigger the opening of the mitochondrial permeability transition pore (mPTP), which
can result in necrosis or apoptosis [39]. Moreover, mitochondria host key components of
innate immune signaling, including MAVS, which, upon viral detection, triggers type I
interferon responses [40]. When mitochondria are subjected to prolonged or extreme stress,
they release cytochrome ¢ and other pro-apoptotic factors into the cytosol, which triggers
caspase cascades and initiates apoptosis [41]. Hence, mitochondria can detect both internal
and external stressors, while also coordinating downstream signaling pathways to either
restore equilibrium or remove damaged cells.

The production of ROS, which are natural byproducts of the ETC during oxidative
phosphorylation, is a key aspect of mitochondrial function under both normal and stressful
conditions. Although electrons are transferred along ETC complexes I-IV to produce ATP,
only a small amount of electrons leak, especially from complexes I and III, where they
react with molecular oxygen to form superoxide anion (O?~), the main ROS in the mito-
chondria [42]. Mitochondrial superoxide dismutase (SOD2) quickly converts superoxide
into hydrogen peroxide (H;O;), a comparatively stable molecule that can diffuse into the
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cytosol and function as a second messenger in redox signaling. ROS have significant sig-
naling functions at the physiological level, influencing pathways related to inflammation,
metabolism, and hypoxia adaptation by modulating transcription factors like NRF2, NF-«B,
and HIF-1« [43]. However, oxidative stress results when ROS production surpasses the
capacity of antioxidant systems (such as glutathione and peroxiredoxins), harming proteins,
lipids, and DNA. DNA includes mtDNA, which is particularly susceptible because of its
proximity to ETC. Additionally, oxidized mtDNA fragments can enter the cytosol and
trigger innate immune sensors such as cGAS-STING, which connect inflammation and
autoimmune reactions to mitochondrial dysfunction [44]. As a result, mitochondrial ROS
and ETC byproducts possess a dual role necessary for redox signaling and stress adaptation,
but when they are dysregulated, they may be cytotoxic.

By activating transcription factors involved in immune regulation and antioxidant
defense, mitochondrial ROS play a key role in modulating cellular responses to stress at
moderate levels. A major regulator of inflammation and innate immunity, NF-«B (nuclear
factor kappa-light-chain-enhancer of activated B cells) is involved in one important path-
way. By altering redox-sensitive cysteine residues on elements of the IkB kinase (IKK)
complex, ROS can activate NF-«B. This causes IkBx, the NF-«kB inhibitor, to become phos-
phorylated and degraded. As a result, NF-«B is able to move into the nucleus and stimulate
the production of immune modulators, adhesion molecules, and pro-inflammatory cy-
tokines like IL-6 and TNF-« [45]. At the same time, a unique redox-sensitive mechanism
activates NRF2 (nuclear factor erythroid 2-related factor 2). KEAP1, a sensor protein that
targets NRF2 for ubiquitination and degradation, sequesters NRF2 in the cytoplasm under
homeostatic conditions. Critical cysteine residues on KEAP1 undergo oxidation when ROS
levels rise, resulting in conformational changes that stop NRF2 degradation [46]. Stabilized
NRF2 builds up and moves into the nucleus, where it attaches itself to antioxidant re-
sponse elements (ARE) in DNA and triggers genes related to the production of glutathione,
detoxification enzymes (like NQO1), and ROS scavenging systems [47]. ROS function as
molecular switches that trigger both pro-inflammatory and cytoprotective responses via
these parallel pathways, giving cells the ability to precisely control how they respond to
stress and infection. Upon cellular stress, mitochondria participate actively in immune
and death pathways in addition to producing reactive signals. The release of mtDNA into
the cytosol or extracellular space is one important stress response. Because of its bacterial
ancestry and unmethylated CpG motifs, oxidized mtDNA is known to be a DAMP. It
triggers type I interferon responses, or TLR9, which promote inflammation, by activating
innate immune pathways like the cGAS-STING axis [44,48].

The dual protective and pathological roles of ROS in infection are illustrated by recent
studies showing that dysregulated mitochondrial ROS during viral infections like SARS-
CoV-2 not only increase inflammatory signaling and tissue damage but, when appropriately
controlled, can also improve antiviral defenses [49]. Additionally, it has been demonstrated
that improving pathogen clearance through pharmacological or genetic modulation of
mitochondrial ROS highlights the potential for therapeutic intervention [50].

At the same time, mitochondria are key players in controlling intrinsic apoptosis.
Cytochrome c is released into the cytosol when pro-apoptotic BCL-2 family proteins (such
as BAX and BAK) permeabilize the outer mitochondrial membrane in response to extreme
or irreversible stress. The apoptosome is created when cytochrome c binds procaspase-9 and
apoptotic protease-activating factor 1 (Apaf-1). This triggers caspase-9 and downstream
executioner caspases, such as caspase-3, resulting in programmed cell death [41]. Calcium
(Ca?*) and mitochondrial membrane potential (A¥m) homeostasis tightly control these
death signals. Stress can cause the mPTP to open and depolarize, which indicates a loss
of A¥m. Moreover, excessive Ca?" influx into mitochondria, which is frequently brought
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on by oxidative damage or ER stress, can increase ROS production and encourage mPTP
opening, which can result in cell death, rupture, and swelling [51]. Collectively, these
incidents demonstrate the crucial function of mitochondria as integrators of stress signals,
able to trigger apoptosis, metabolic adaptation, or immune activation based on the intensity
of the insult.

4. MAVS and Anti-Viral Signaling

Through the action of MAVS protein, mitochondria serve as key sites for innate im-
mune responses to viral infections. When viral RNA is detected, MAVS, a crucial adaptor
protein found on the outer mitochondrial membrane, coordinates downstream signaling.
Cytosolic PRRs like retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-
associated protein 5 (MDADS) pick up viral double-stranded or triphosphorylated RNA
when an RNA virus infects a host. These sensors change their conformation and commu-
nicate with MAVS through CARD-CARD (caspase activation and recruitment domain)
interactions [52]. On the mitochondrial surface, activated MAVS forms sizable prion-like
aggregates that attract and activate downstream kinases such as IKKe and TBK1. Type
I interferons (IFN-«/3) and pro-inflammatory cytokines are transcriptionally activated
when these kinases phosphorylate the NF-kB pathway and interferon regulatory factors
IRF3 and IRF7, causing their nuclear translocation [53]. By increasing interferon-stimulated
genes (ISGs), improving viral clearance, and triggering the immune system, this starts an
antiviral state in infected and nearby cells. Yet a lot of viruses have developed defenses
against MAVS signaling (Figure 1). The NS3/4A protease, for instance, is expressed by the
HCYV and cleaves MAVS from the mitochondrial membrane, thereby silencing the path-
way [54]. The Influenza A virus uses the NS1 protein to inhibit RIG-I activation and MAVS
downstream signaling [55], whereas SARS-CoV-2 encodes multiple proteins (like ORF9b)
that target MAVS or upstream sensors to reduce interferon production [56]. Recent research
additionally demonstrates that SARS-CoV-2 and other emerging RNA viruses suppress
MAVS, which leads to excessive ROS production and tissue damage in addition to viral
persistence. This shows how mitochondrial antiviral signaling can have both protective and
pathological effects [57,58]. Furthermore, it has been demonstrated that pharmacologically
activating MAVS or stabilizing its mitochondrial aggregates improves viral clearance and
interferon responses, highlighting its potential as a therapeutic target [59,60].

NS3/4a /
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RIG | MAVS
NS‘I
": _— proteln
Influenza A
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/
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SARS-CoV-2

Mitochondria

Figure 1. Mechanisms of MAVS inhibition by HCV, Influenza A, and SARS-CoV-2.



Clin. Bioenerg. 2025,1, 8

7 of 14

Depending on the pathogen and tissue context, these mitochondrial changes have
different functional effects. Changes in the mitochondria brought on by viruses can have
both beneficial and harmful effects: Initially supporting antiviral defenses, MAVS and
ROS signaling are frequently manipulated to support viral replication [61]. Although mild
mitochondrial stress responses may momentarily activate protective signaling, the majority
of bacterial effects are pathological, compromising host bioenergetics and impairing im-
mune defenses [62]. Moreover, even if certain ROS-mediated reactions may momentarily
strengthen host defense, parasitic mitochondrial effects are typically pathological, promot-
ing tissue damage and aiding parasite survival [63]. Though restricted stress responses in
some cells can support protective signaling, fungal-induced mitochondrial dysfunction is
primarily pathological, impairing host energy metabolism and immune responses. Together,
these distinctions highlight the importance of tissue-specific mitochondrial responses and
their functional outcomes in shaping infection biology [64].

The evolutionary arms race at the mitochondrial interface, where MAVS is essential
for identifying infection and starting host defense, is exemplified by these viral tactics.

5. Infection-Induced Mitochondrial Dysfunction

A common tactic used by a variety of pathogens to evade host defenses and increase
their persistence is infection-induced mitochondrial dysfunction (Figure 2). By triggering
fission, inhibiting oxidative phosphorylation, and encouraging mitophagy, viral pathogens
like influenza A, hepatitis C virus, and SARS-CoV-2 alter mitochondrial dynamics [35]. This
results in a reduction in MAVS-mediated antiviral signaling, an excess of ROS, and mtDNA
leakage, which feeds inflammatory cascades [61]. Similarly, bacterial pathogens such as
Helicobacter pylori, Salmonella enterica, and Listeria monocytogenes release effectors
that interfere with host apoptosis pathways, fragment mitochondria, and alter membrane
potential in order to improve intracellular survival [65]. Importantly, new research on
viral infections has shown that the degree and type of these mitochondrial disruptions
can vary among tissues and cell types [58], highlighting the importance of tissue-specific
mitochondrial responses in determining infection outcomes. In addition to targeting
mitochondria to alter host metabolism and immune signaling, parasitic infections like
Toxoplasma gondii and Plasmodium falciparum also cause mitochondrial stress and ROS
production, which in turn triggers the activation of the inflammasome [66]. As for fungal
infections, to promote fungal invasion and elude immune responses, fungi like Candida
albicans also cause oxidative stress and mitochondrial dysfunction in host cells. They also
interfere with ATP synthesis and alter apoptosis [67]. Together, these changes impair host
bioenergetics, cause DAMPs to be released, and influence immune responses, emphasizing
mitochondria as a key player in infection-driven pathology [68]. An overview of the
pathogen-specific mitochondrial alterations, along with their associated host outcomes,
tissue/ cell context, and functional outcomes, is presented in Table 1.
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Table 1. Infection induced mitochondrial dysfunction.
Tissue/ Mitochondrial . Functional
Pathogen Type Pathogen Cell Type Target/Effect Mechanism/Outcome Outcome References
- DRP1-mediated
o Increased mitochondrial fission fragmentation .
Influenza A Epithelial cells Inhibition of MAVS signaling . NS1 protein blocks anti-viral Pathological [29,50]
signaling, aiding replication
Cleavage of MAVS NS3/4A protease cleaves MAVS

Viral Hepatitis C Virus Altered membrane potential leading to: .

(HCV) Hepatocytes Increased ROS production - Impairing antiviral signaling Pathological 491
- Promoting chronic infection
Lun Su'ppression' of MAYS a'nd TOM70  ORF9b protein blocks MAVS
SARS-CoV-2 o ithelialgce s %\/Iltoc.hondl‘la1 respiration signaling which reduces interferon ~ Pathological [51]
P impairment production

Listeria Mitochondrial fragmentation and  Ljsteriolysin O induces .
monocytogenes Macrophages depolarization fragmentation and apoptosis Pathological [56]

. . Epithelial cells, Induction of mitochondrial fission  Alters innate immunity and .
Bacterial Salmonella enterica macrophages and dysfunction supports intracellular survival Pathological [21]

Mitochondrial swelling VacA toxin tri o

Helicobacter pylori Gastric epithelial cells Membrane potential loss acA toxin triggers apoptosis in Pathological [57]

Cytochrome c release

gastric cells
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Table 1. Cont.
Tissue/ Mitochondrial . Functional
Pathogen Type Pathogen Cell Type Target/Effect Mechanism/Outcome Outcome References
- Supports parasite survival
Modulation of mitochondrial =~ - In'terfere WiFh )
Toxoplasma gondii Various host cells metabolism and dynamics mitochondrial dynamics Pathological [58]
and immune signaling
Parasitic pathways
Plasmodium Modulation of host manifestations throvgh
. RBCs, hepatocytes mitochondrial function L & Pathological [59]
falciparum oxidative damage and
metabolic stress
Induction of mitochondrial ) ) )
. o dysfunction and oxidative il ASSIStS fungali invasion and
Fungal Car}dlda Eplthellal and stress in host cells immune evasion Pathological [60]
albicans immune cells - Modulates apoptosis

Disrupts ATP production and
modulating apoptosis
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Figure 2. Pathogen-induced mitochondrial dysfunction.

6. Consequences on Host Physiology

Mitochondrial disruption can harm the host physiology in many ways. One of those
ways might be through reduced ATP synthesis. When the electron transport chain and the
mitochondrial membrane are damaged, oxidative phosphorylation is weakened, which
results in a lack of energy. Host defense and tissue repair are hampered by this lack of
energy, which impacts cellular functions, especially in tissues with high energy demands
like muscles, neurons, and immune cells [21].

Also, host physiology can be harmed through increased ROS production. Uncontrolled
damage to mitochondria results in increased ROS production, even though moderate levels
of ROS function as signaling molecules. Overproduction of ROS causes oxidative stress,
which damages proteins, lipids, and DNA, exacerbating cellular damage and inflamma-
tion [40]. mtDNA leakage: Mitochondrial membrane permeabilization allows mtDNA to
escape into the cytosol or extracellular space, where it acts as a DAMP. These triggers acti-
vate innate immune sensors such as cGAS-STING and TLR9, provoking type I interferon
responses and inflammatory cascades that can amplify tissue damage [41]. Another method
is known as Cytokine storms; Excessive DAMP release and uncontrolled mitochondrial
signals can cause a “cytokine storm,” which is a severe form of systemic inflammation.
Significant tissue damage, organ failure, and increased mortality rates are the outcomes of
this hyperinflammatory state, which is seen in severe viral infections like COVID-19 and
influenza [61]. Lastly, damage to the host can be achieved through chronic infection and
mitochondrial fatigue. Immune cell metabolism and function are hampered by persistent
mitochondrial stress and dysfunction, which is known as “mitochondrial exhaustion”.
This disorder impairs the removal of pathogens, which leads to persistent infections and
associated pathological conditions like cancer, neurodegeneration, or fibrosis [33].

7. Conclusions

As a conclusion, in addition to being essential cellular powerhouses, mitochondria
also play a crucial role in immune signaling, stress adaptation, and programmed cell
death regulation. They serve as vital sentinels during infections, identifying pathogens
and coordinating inflammatory and antiviral reactions, but various pathogens also take
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advantage of or damage them to increase microbial survival. Significant effects on host
physiology result from this reciprocal interaction, such as immune dysregulation, excessive
oxidative stress, metabolic disruption, and the advancement of chronic diseases. Gaining
a better understanding of these intricate host-pathogen-mitochondria interactions will
be essential for creating innovative treatment plans that protect mitochondrial integrity;,
boost host defense, and lessen infection-related disease. In the end, focusing on mito-
chondrial pathways presents a promising avenue for upcoming immunomodulatory and
anti-infective treatments.
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