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Abstract

Viruses are able to affect cellular organelles to increase the productivity of reproduction, 
maintain tire viability of visions and evade the antiviral immune response. Understanding 
the mechanisms and knowledge of the proteins involved in the interaction of viruses 
with cellular structures allows for a better understanding of the pathogenesis of the 
virus and is the basis for the creation of antiviral drugs. Mitochondria is an important 
strategic target for viruses, capturing which viruses are able to change cell metabolism, 
regulate the cell cycle and inhibit the antiviral immune response. Using the example of 
SARS-CoV-2, a model of the viral effect on the mitochondria is shown: SARS-CoV-2 
shifts metabolism to glycolysis and inhibits interferon production, which, as a result 
leads to increased inflammation, which is a characteristic feature of COVID-19. Based 
on the described model, we have discussed possible therapeutic strategies to combat 
COVID-19. 
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Introduction

Despite the significant progress of medicine in the fight against viral infections, the 
discovery of new emergent viruses poses a high threat to people around the world. 
The emergence and spread of SARS-CoV-2 in the human population have led to the 
development of the COVID-19 pandemic, which has been going on for more than 2 
years. During the first year of the pandemic, COVID-19 became the most common 
infectious disease, which infected more than 37 million people [1], and at the moment 
more than 342 million, of which more than 5.5 million deaths were recorded [2]. 
The difficulty in combating COVID-19 is due to several factors: Firstly, the high 
variability of the virus leads to the emergence of new, sometimes more pathogenic 
strains of SARS-CoV-2 [3]; secondly, the airborne transmission pathway is highly 
contagious, which contributes to the better spread of infection; thirdly, the peak viral 
load of SARS-CoV-2 occurs in the first days after the onset of the disease’s symptoms, 
which also contributes to the spread of the virus [4]; fourth, SARS-CoV-2 has complex 
pathogenesis peculiar only to it, many characteristics of which remain unknown, which 
complicates the treatment of COVID-19.

The mild form of COVID-19 can be transmitted in the form of a catarrhal disease 
characteristic of many respiratory viruses, the medium-severe and severe forms of 
COVID-19 are often associated with the occurrence of a cytokine storm, which 
is a strong self-reproducing inflammatory reaction that can lead to multiple organ 
failure and death [5]. Understanding the mechanisms underlying the development 
of cytokine storm in COVID-19 at the cellular and molecular level can help in the 
development of effective antiviral and anti-inflammatory drugs aimed, among other 
things, at the treatment of patients with severe COVID-19. Initiation of reactions 
leading to the development of inflammation begins at the level of interaction of SARS-
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CoV-2 proteins with proteins of cellular organelles, including 
mitochondrial proteins. This review explains how a virus can adjust 
the functioning of a cell to its needs by targeting mitochondria. 
Using the example of SARS-CoV-2, the model of this interaction 
leading to the development of inflammation has been shown, and 
therapeutic approaches for the treatment of COVID-19 have been 
also proposed based on this model.

Literature Review

Mitochondrial structure, function and homeostasis

Mitochondria play a crucial role in the production of metabolic 
energy in eukaryotic cells. They initiate the production of most of 
the useful energy released during the breakdown of carbohydrates 
and fatty acids. The resulting energy is accumulated in the form 
of ATP molecules, whose formation is the result of the oxidative 
phosphorylation process [6].

A feature of the mitochondrial structure is the presence of its own 
circular DNA molecule, which encodes tRNA, rRNA, and some 
mitochondrial proteins [7-9]. At the same time, mitochondria 
include both proteins encoded by their mitochondrial genome and 
proteins encoded by the nuclear genome and imported from the 
cytosol [6]. Mitochondria are two membrane organelles: They are 
composed of an Outer Membrane (OM) and an Inner Membrane 
(IM), which are separated by an intermembrane space. The inner 
membrane forms numerous folds (cristae) that limit the internal 
environment of the organelle, called the matrix [10,11].

Each of the designated components plays different functional 
roles, with the matrix and IM being the most important working 
compartments of mitochondria [11]. Pyruvate, formed as a 
result of glucose oxidation, and fatty acids enter the matrix from 
the cytoplasm. Here, these metabolites enter the Krebs cycle, as 

occurs, as well as the reduction of the electron carriers NAD+ and 

molecules are transferred to IM, where, during the process of 
oxidative phosphorylation, the energy accumulated as a result of 
electron transfer reactions is converted into potential energy of the 
proton gradient, which triggers the work of ATP synthase, and, 
accordingly, the formation of ATP [6]. IM, unlike OM, is the 
practically impermeable membrane for ions and small molecules, 
which is an important condition for maintaining the proton 
gradient [6,11].

In addition to the fact that the main role of mitochondria 
is associated with obtaining energy as a result of cellular 
respiration, these organelles are also involved in many other 
physiological processes, such as programmed cell death, innate 
immunity, autophagy, redox signaling, calcium homeostasis, and 
reprogramming of stem cells [12,13]. To effectively perform the 

required functions, depending on the state and type of cells in which 
they are located, mitochondria undergo several processes: Fusion, 
division, transport, and mitophagy [14]. The processes of fusion 
and division regulate the number and size of mitochondria: When 
division from one larger organelle, two smaller ones are formed, 
while fusion, on the contrary, from two smaller mitochondria, one 
large one is formed [13]. Mitochondrial transport is necessary for 
the movement of mitochondria within the cell in the area where 
the greatest energy consumption occurs at the moment. This is 
especially relevant for highly polarized cells, for example, neurons, 
in which a high energy supply is required at the site of nerve 
impulse generation [15]. The process of mitophagy is the control 
of the quality of mitochondria the destruction of defective and old 
dysfunctional mitochondria, the accumulation of which may be 
one of the reasons for the development of various chronic diseases 
[16].

Involvement of cellular structures in the maintenance of the 
virus vital activity

The topic of this article is related to the effect of the virus on 
mitochondria, however, when viruses infect cells, they affect many 
other organelles, thus, trying to achieve the maximum exploitation 
of the infected cell. Understanding the mechanisms underlying the 
interaction of the virus with the cellular structures of the host is the 
key to the development of effective antiviral drugs.

Nucleus: The replication of many viruses depends on the host’s 
nuclear proteins; therefore, penetration into the cell nucleus is a 
prerequisite for the reproduction of such viruses [17]. Some of 
them, like the murine leukemia retrovirus, take advantage of the 
opportunity to penetrate the nucleus during the disintegration 
of the nuclear envelope during mitosis [18]. Another strategy for 
the virus penetration into the cell nucleus is a receptor-mediated 
interaction of the Nuclear Localization Signal (NLS) sequence, 
which was found in various viral proteins with the nuclear pore 
receptors-importins, as a result of which viral particles penetrate 
the nucleus. After successfully penetrating the nucleus, viruses 
begin to use various nuclear components, such as the nucleolus, 
to enhance their replication [17]. Nucleolin, fibrillarin, and 
B23 (nucleophosmin) are proteins of the nucleoli that perform 
several important functions for protein synthesis, such as the 
posttranscriptional process, ribosome assembly, and others [19]. 
There is evidence that nucleolar proteins are involved in the 
replication and translation of various viral proteins [17]. Also, 
some viruses, such as herpes simplex virus and adenovirus, were 
involved in the movement and destruction of nucleolar proteins. 
The likely reason for this strategy is the ability to suppress the 
synthesis of cellular proteins by inhibiting the production of 
ribosomes, in which the proteins of the nucleolus are directly 
involved. For other viruses, such as polioviruses and rhinoviruses, 

a result of which their complete oxidation to CO2  molecules 

FAD to NADH and FADH2 , respectively. Then these reduced 
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hydrolytic enzymes into the cytoplasm and subsequent cell death 
[30]. The destruction of lysosomes leading to cell death had also 
been shown for some other viruses, such as adenovirus, HIV, and 
human papillomavirus [31]. In addition to lysosomes, viruses 
can initiate the destruction of peroxisomes. This possibility was 
demonstrated on cell cultures A549 and HEK293T for West Nile 
virus and Dengue virus [32]. In the infected cells, a decrease in 
the concentration of catalase, which is an antioxidant enzyme, was 
noted, which led to inhibition of the triggering of the antiviral 
response. Additionally, it was discovered that viruses could exploit 
the metabolic function of peroxisomes: This is how rotavirus uses 
myristoyl-CoA, an intermediate product of (3-oxidation of fatty 
acids, to modify its own proteins VP2 and VP6 [33].

The impact of viruses on mitochondria and processes 
involving mitochondria

Changes in mitochondrial dynamics: As described above, 
mitochondria are dynamic cellular structures and for the proper 
functioning of the cell, equilibrium maintenance of the processes 
of fusion, division, mitochondrial transport, as well as mitophagy 
is required. Viruses can change the course of these processes 
to maintain their life cycle. Thus, it had been shown that the 
Hepatitis C Virus (HCV) was able to block cellular apoptosis 
for stable virus persistence through increased mitochondrial 
division and subsequent mitophagy [34]. The key target in these 
processes for HCV is the protein Drpl, which is directly involved 
in the mitochondrial division: HCV triggers the phosphorylation 
reaction of Drpl, which increases the activity of this protein [35]. 
Additionally, HCV can induce the expression of Parkin and PINK1, 
which are key enzymes that ensure the process of mitophagy [34]. 
For the classical swine fever virus, it had been shown that some 
of its proteins could cause degradation of mitochondrial fusion 
proteins: MFN1 and MFN2 [36]. Strengthening of mitochondrial 
division and mitophagy to ensure viral persistence had also been 
shown for hepatitis В virus [37]. On the other hand, viruses such 
as Dengue virus and SARS-CoV virus, on the contrary, inhibit 
the division of mitochondria and promote their fusion, which is 
associated with triggering eluding reactions from the host immune 
response [38,39].

Regulation of mitochondrial-mediated apoptosis: One of the 
important functions of mitochondria is the induction of internal 
apoptosis. After the apoptotic impulse occurs, the permeability of 
the outer mitochondrial membrane increases with the involvement 
of Bcl-2 protein channels, which leads to the release of apoptosis 
proteins (Cytochrome c and APAF1) into the cytoplasm. After the 
interaction of these apoptotic proteins, procaspase-9 is activated, 
which then cleaves caspase-3 and caspase-7, inducing further 
reactions leading to cell death [34]. As was briefly noted in the 
previous section, some viruses, such as HCV, can block cellular 

their proteins had been shown to block nuclear transport, which 
leads to the accumulation of nucleolin in the cytoplasm. Nucleolin 
interacts with a sequence of Internal Ribosome Entry Sites (IRES) 
located at the upper 5’-end of the viral genome to stimulate its 
translation [20]. On the other hand, an excess of nucleolin in the 
cytoplasm and its deficiency in the nucleus leads to inhibition of 
the transcription of cellular proteins, including those responsible 
for the antiviral response [21].

Endoplasmic reticulum: It was noticed that viral infection 
contributes to changes in the structure of the Endoplasmic 
Reticulum (ER) in various types of cells [22]. These changes in the 
ER structure are intended for the formation of viroplasm which 
is the site in the cytoplasm where the virus replicates and the viral 
particles are assembled. In the viroplasm, viral DNA and RNA 
are protected from the effects of cellular nucleases [23]. Viruses 
cause a change in the metabolism of fatty acids, which leads to 
a strong change in the morphology of the ER membranes. The 
final variant of such changes may be the formation of Double-
Membrane Vesicles (DMV), where the replication of RNA viruses 
is maintained [24]. An additional function of the ER in the life 
cycle of the virus consists of post-translational modifications of 
viral proteins. For inclusion in the virion and proper folding, some 
antigens undergo N-glycosylation in the ER [25]. In addition, 
it is considered that the degree of glycosylation can change the 
antigenicity of viral proteins [22].

Golgi apparatus: Like ER in viral infection, a modification of 
the Golgi apparatus structure is often observed, which is usually 
expressed in the form of fragmentation of an entire organelle 
into separate components [22]. An interesting modification was 
discovered upon infection of tobacco with the turnip mosaic virus: 
Infection with this virus caused the fusion of the ER, the Golgi 
apparatus, and chloroplasts [26]. Fragmented Golgi membrane 
compartments can form vesicles which are then used by RNA 
viruses as virosomes to replicate their genomes [27]. In addition, 
fragmentation of the Golgi apparatus leads to disruption of the 
export of external membrane proteins in the composition of 
vesicles, including МНС-I molecules, which, as a result, suppresses 
the antiviral immune response [28]. Additionally, viruses use the 
Golgi apparatus for various post-translational modifications of 
their proteins [22].

Lysosomes and peroxisomes: It is reported that viruses are able 
to use lysosomal enzymes to improve the replication process and 
the release of viral particles from the cell [29]. Additionally, there 
is a hypothesis that viruses use lysosomal enzymes to enhance 
glycolysis, which is the preferred method of obtaining energy in 
infected cells [22]. For the H5N1 influenza virus, it was shown 
that its enzyme neuraminidase caused deglycosylation of lysosomal 
membrane proteins, which led to the release of lysosomal 
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of the key links in this antiviral pathway, it serves as a good target 
for viral counteraction of the host immune response. Some viruses, 
such as HCV, HBV, and Newcastle disease virus, inhibit the action 
of MAVS by disrupting its conformational structure [34]. HCV 
NS3/4A protein can cleave MAVS at the Cys-508 position, which 
leads to the displacement of the N-terminal fragment of MAVS 
beyond the mitochondria, resulting in the loss of the enzymatic 
activity of MAVS [45]. HBx protein of HBV causes degradation 
of MAVS by ubiquitination at the Lys (136) position [46]. The 
Newcastle disease virus protein V also causes the cleavage of 
MAVS by recruiting ubiquitin ligase E3 RNF5 [47]. Another way 
of viral inhibition of the MAVS action is to block the binding of 
MAVS to RIG-1 and MDA5. A similar type of inhibition has been 
demonstrated for Dengue virus [48] and Zika virus [49]. The third 
way to inhibit the action of MAVS is to suppress the expression 
of MAVS by inducing microRNAs that inhibit the transcription 
of a given gene. An example of a virus using a similar strategy 
of suppressing immunity is the Vesicular Stomatitis Virus (VSV) 
[50].

Regulation of metabolism: Various viruses can alter the energy 
metabolism of cells to ensure better survival and reproducibility. 
The general rule that can be observed in viral infections is the 
shift of the energy metabolism of an infected cell from oxidative 
phosphorylation to glycolysis. During one cycle of glycolysis, 2 
ATP molecules are formed, which is significantly less energy 
production during oxidative, proceeds much faster than oxidative 
phosphorylation [34]. In conditions when the cell needs energy 
supply in the shortest possible time, glycolysis is the preferred 
option for obtaining it. The infected cell is forced to additionally 
work for the needs of the virus, which is why rapid reproduction 
of ATP is necessary. Using HCV as an example, it had been 
shown that viral proteins were able to inhibit the action of various 
components of the respiratory chain and increase the expression of 
glycolytic enzymes, such as glucokinase, hexokinase, and pyruvate 
kinase [34]. Glycolysis is not always the only dominant way of 
obtaining energy in cells infected with the virus. Thus, it was found 
that in HIV-infected lymphocytes, energy metabolism occurs in 
addition to glycolysis by glutaminolysis, as well as by oxidation of 
fatty acids [51].

Model of viral effect on mitochondria by the example of 
Sars-CoV-2

Coronavirus infection caused by SARS-CoV-2 is characterized 
by high morbidity and significant mortality. The pathogenesis of 
SARS-CoV-2 may be associated with the development of a strong 
inflammatory reaction, which can lead to serious damage to the 
lungs, as well as to their chronic pathology [44]. SARS-CoV-2 
enters alveolar epithelial cells through the ACE-2 receptor, which 
plays a dual role in the development of COVID-19: On the one 

apoptosis through a change in mitochondrial dynamics by 
activating mitophagy and mitochondrial division proteins. This 
strategy is aimed at increasing the yield of viral particles formed as 
a result of the life cycle of the virus, and can also be used for the 
persistence of the virus in the latent phase. Similarly, viruses do 
not allow the cell to self-destruct until they use their resources in 
full to generate maximum offspring. The reverse strategy is aimed 
at activating apoptosis by the virus. This mechanism determines 
the cytopathic effect of the virus-when the virus has used the 
cellular resources to the maximum and the cell can no longer 
serve as an effective factory for the production of new virions, 
the virus initiates cell destruction. Thus, nonstructural NS4A and 
NS4B proteins of HCV cause mitochondrial damage and, as a 
consequence, cytochrome c is released into the cytoplasm, which 
initiates the launch of internal apoptosis [40], [41]. Hepatitis 
В Virus (HBV) and Dengue virus can initiate mitochondrial 
apoptosis through interaction with the tumor suppressor protein 
p53, which leads to aggregation of mitochondria near the nucleus 
and their subsequent destruction [42,43]. Thus, viruses can have 
exactly opposite strategies for affecting cells depending on their 
main task. The opposite strategies described above are summarized 
in Table 1.

Table 1: The opposite viral strategies for influence on 
mitochondrial dynamics and cell apoptosis.

Parameter Mitochondrial dynamics Cell apoptosis

The result of 
the impact

Increased 
mitochondrial 

fission and 
mitophagy

Increased 
mitochondrial 

fusion, 
decreased 

fission

Activation of 
apoptosis

Inhibition of 
apoptosis

Viral aim Inhibition of 
apoptosis

Escaping 
the immune 

response

Exhaustion 
of cellular 
resources

Virion 
production 

growth

Being in the 
latent phase

Modulation of the antiviral immune response: Mitochondrial 
proteins are known to be involved in the activation of the innate 
antiviral response. Initiation of this response occurs when RIG-
I-Like Receptors (RLRs), which in addition to RIG-I include 
MDA5 and LGP2, bind to RNA molecules of RNA viruses during 
their replication [44]. After binding to viral nucleic acid, RLRs 
undergo conformational changes, which lead to the exposure 
of the caspase activation domain CARD, which interacts with 
the CARD domain of the Mitochondrial Antiviral Signaling 
protein (MAVS) [44]. The MAVS protein is located on the outer 
membrane of mitochondria and can enter into further reactions 
with a large number of proteins, which eventually lead to the 
activation of transcription of interferons and proinflammatory 
cytokines [44]. Viruses in the course of evolution have developed 
several mechanisms that counteract the RLR signaling pathway to 
evade the host’s immune response. Since the MAVS protein is one 
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hand, it is a receptor that allows SARS-CoV-2 to enter the cell, and 
on the other hand, ACE-2 prevents severe course of COVID-19 
[52], in particular, ACE-2 stimulates the production of type IIFN, 
an antiviral agent [53]. The direct function of ACE-2 is associated 
with the suppression of the renin-angiotensin system action by 
converting angiotensin II to angiotensin (1-7) [54]. It is noted 
that during COVID-19, SARS-CoV-2 causes suppression of ACE-
2 expression, which leads to the accumulation of angiotensin II, 
which initiates vasoconstriction, thrombus formation, reduces the 
rate of alveolar fluid clearance, and also increases the transcription 
of IL6 (a pro-inflammatory cytokine), which leads to increased 
inflammation in the lungs [54]. Alveolar macrophages and 
pneumocytes secrete pro-inflammatory cytokines that increase 
the expression of Cell Adhesion Molecules (CAMs), which 
increase the permeability of the lung endothelium, leading to viral 
dissemination and infiltration of neutrophils and inflammatory 
monocytes. Cytokines stimulate the production of new leukocytes, 
which migrate to the lungs and further increase inflammation, 
which can lead to a cytokine storm [55].

The impact of SARS-CoV-2 on mitochondria consists of two 
processes: Metabolic reprogramming of the infected cell and 
inhibition of the antiviral immune response. The model of the 
SARS-CoV-2 pathogenesis involving mitochondria is shown in 
Figure 1.  

Like many viruses, SARS-CoV-2 shifts energy metabolism from 
oxidative phosphorylation to glycolysis, probably by affecting the 
expression or activity of glycolytic enzymes and enzymes of the 
mitochondrial respiratory chain [56]. In addition, macrophages, 
getting into the focus of inflammation in the lungs, where the level 
of oxygen is much lower than in the surrounding tissues, are forced 
to obtain energy by using less oxygen. SARS-CoV-2 proteins 
can interact with subunits of the respiratory chain complexes, 
inhibiting their action, which leads to mitochondrial dysfunction, 

which causes electron leakage from the electron transport chain 
and subsequent accumulation of excess Reactive Oxygen Species 
(ROS) [57]. ROS increase the expression of Hypoxia-Inducible 
Factor-la (HIF-la), which in turn induces transcription of the 
pro-inflammatory cytokine IL-ip and further enhances glycolysis 
[57]. The resulting ROS can additionally pose a direct threat to 
mitochondria: By destroying macromolecules, ROS contribute to 
the formation of defective mitochondria, which release molecular 
structures-DAMP (Damage Association Molecular Patterns) 
into the cytoplasm, which helps maintain the inflammatory 
response. Possible inhibition of mitophagy under the influence 
of SARS-CoV-2 also contributes to the development of the 
inflammatory response [58]. SARS-CoV-2 is also able to affect 
the angiotensin-aldosterone system through mitochondria since 
the ACE2 receptor is also located on the surface of mitochondria. 
By inhibiting the action of ACE2, SARS-CoV-2 activates the 
production of angiotensin II, which leads to the activation of the 
NLRP3 inflammasome and pyroptosis, followed by an increase in 
inflammation [58].

The observed increase in the inflammatory immune response in 
severe forms of COVID-19 is combined with the weak T-cell 
response, which is one of the main driving forces of antiviral 
immunity [58]. In infected cells, SARS-CoV-2 suppresses the 
triggering of the interferon response, which is initiated through 
the mitochondrial signaling protein MAVS [58]. In addition to 
suppressing the spread of the virus in the population of nearby 
cells and launching an adaptive immune response, IFNI also has an 
anti-inflammatory effect by blocking the production of IL-1 [59]. 
It was found that some SARS-CoV-2 proteins were able to interact 
with MAVS, blocking the induction of type I interferon [57]. 
And for the SARS-CoV-2 ORF9b protein, which is the MAVS 
receptor and is also involved in the activation of interferon, had 
been shown the possibility of binding to the mitochondrial protein 
TOM70 [60]. Thus, the mitochondria are an important target of 
SARS-CoV-2, by acting on which it changes the cell metabolism, 
and also inhibits the antiviral interferon response, and induces an 
inflammatory response. 

Discussion 

The main groups of drugs from COVID-19 are aimed either at 
reducing the inflammatory response or having a direct antiviral 
effect. The therapeutic strategy aimed at developing drugs that are 
directed at protecting mitochondrial functions from the effects of 
SARS-CoV-2 is a promising direction because it assumes that the 
created drugs will have a double effect: To enhance the antiviral 
immune response and inhibit the development of inflammation. 
An additional advantage is a possibility of using these potential 
drugs in the early stages of viral infection, which can help prevent 
the development of moderate and severe forms of COVID-19. 

Figure 1: The model of the SARS-CoV-2 pathogenesis involving mitochondria.
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This also does not cancel the use of such drugs in patients with 
severe inflammation that has already developed, which can be 
reduced by their administration. One potential therapeutic 
strategy is to enhance the activity of the MAVS signaling protein. 
So, it was shown that O-GlcNAcylation MAVS led to enhanced 
innate antiviral response against RNA viruses [61]. D-glucosamine 
here has been considered a potential drug substance [61]. Another 
MAVS-related approach relies on restoring MAVS levels in 
infected Sars-CoV-2 cells by administration of mesenchymal stem 
cells expressing elevated levels of the given protein [62]. Another 
possible strategy is the inhibition of the glycolytic pathway, which, 
as noted earlier, increases coronavirus infection. Studies [63,64] 
have shown that administration of 2-deoxy-d-glucose, which is a 
proven inhibitor of glycolysis, inhibited the spread of Sars-CoV-2 
in cell culture. It also makes sense to consider other signaling 
targets of the interferon pathway in addition to MAVS to select 
potential therapeutic compounds that activate their action or 
block their binding to SARS-CoV-2 proteins. Since, in addition to 
glycolysis, infected cells can also use glutaminolysis [65], enzymes 
and substrates involved in this process can also be considered 
potential targets in COVID-19 therapy.

Conclusion

The mitochondrion is an important cellular target for viruses, 
targeting which they can regulate mitosis and apoptosis, affect the 
metabolic pathways of the cell and trigger an immune response. 
SARS-CoV-2, acting on mitochondria, shifts energy metabolism 
from oxidative phosphorylation to glycolysis and also inhibits 
the production of interferon, which leads to the development of 
a strong inflammatory reaction characteristic of COVID-19. As 
potential therapeutic strategies aimed at preventing negative effects 
after interaction of SARS-CoV-2 with mitochondria, approaches 
have been proposed that increase the activity or expression of 
MAVS-mitochondrial antiviral protein, as well as alter pathological 
metabolism by inhibiting glycolysis by introducing inhibitory 
substrates.
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