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The article examines the multifaceted mechanisms underlying the antiviral activity of flavonoids,
compounds widely distributed in the plant kingdom.

The aim of the work was to review literature data on mechanisms of antiviral activity of flavonoids.

Methods. Publications were selected based on the PubMed (https://pubmed.ncbi.nlm.nih.gov/)
databases published in 2015-2023. They include information on mechanisms of antiviral activity of
flavonoids.

Results. Beginning with an overview of flavonoid structures, the document navigates through the
intricate interactions between flavonoids and various stages of the viral life cycle. Drawing upon a
comprehensive analysis of in vitro and in vivo studies, the review highlights the diverse ways in which
flavonoids inhibit viral entry, replication, and release. Depending on their antiviral mechanisms,
flavonoids can serve as preventive inhibitors, therapeutic inhibitors, or indirect inhibitors by influencing
the immune system.

Conclusion. The synthesized information not only contributes to the advancement of antiviral
research but also lays the foundation for the development of novel therapeutic interventions against a

spectrum of viral infections.
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In the past few years, there has been
an increased focus on exploring natural
reservoirs of antioxidants. Flavonoids are
a diverse group of polyphenolic compounds
found in various plants and are known for
their wide range of biological activities and
health benefits [1, 2]. The flavonoids act at
different stages of viral infection, such as
viral entrance, replication and translation
of proteins. They play important roles in
plant biology, including pigmentation, UV
protection, and defense against pathogens
and herbivores [3].

Flavonoids are characterized by their
chemical structure, which consists of two
aromatic rings (A and B) connected by a three-
carbon bridge forming a heterocyclic ring
(C-ring). Depending on the substitution of
this basic structure, flavonoids can be further
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categorized into different classes, including
flavones, flavonols, flavanones, isoflavones,
anthocyanins, and flavanols (catechins and
proanthocyanidins) [4] (Table 1).

Flavonoids are crucial natural compounds
with the capacity to demonstrate antiviral
properties. Their importance in this context
liesin their capability to engage with viruses at
multiple stages of the viral life cycle, thereby
making them promising candidates for the
development of antiviral therapies [5].

Flavonoids have been demonstrated
to disrupt viral replication by specifically
targeting critical enzymes and essential
proteins involved in the replication process [6].
One notable example is their ability to inhibit
the function of viral polymerases, which play a
vital role in synthesizing viral genetic material.
This interference results in the disruption of
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Table 1. Common chemical structures of different flavonoid classes

Class Examples of compounds The common structure of some classes of flavonoids

Luteolin, tangeretin,

Flavones ’ :
apigenin
Flavonols Quercetin, kaempferol
Eriodictyol, blumeatin,
Flavanones - .
naringenin
o
Isoflavones Genistein, daidzein
Anthocyanins Cyanidin, delphinidin,

malvidin, peonidin

Structural formula of Catechin

Flavanols (catechins Catechin, epicatechin,

| oH oH
and . .
proanthocyanidins) epigallocatechin O O

Structural formula of Proanthocyanidins
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new virus particle production, consequently
restricting the infection’s spread.

Numerous flavonoids are renowned
for their potent antioxidant and anti-
inflammatory characteristics [7]. Viral
infections frequently induce oxidative stress
and inflammation within the host, which can
worsen the disease’s impact. Flavonoids have
the capacity to alleviate these effects, thereby
diminishing tissue damage and alleviating the
severity of symptoms linked to viral infections.

Flavonoids possess the ability to regulate
the immune response, bolstering the body’s
capacity to protect against viral infections
[6]. They have the potential to trigger the
generation of immune cells and cytokines,
crucial components of the antiviral immune
response. This immunomodulatory impact can
empower the host to mount a more efficient
defense against the virus.

Certain flavonoids have been identified
as effective blockers of viral attachment and
entry into host cells [8]. They can disrupt
viral attachment proteins or receptors on the
surface of host cells, thus impeding the virus
from entering and commencing the infection.

Flavonoids derived from food sources
also display significant anti-viral effects by
inhibiting the reverse transcriptase of various
retroviruses, including HIV. Research has
confirmed that extracts derived from hyssop
leaves, whichinclude tannicacidsand flavonoids,
effectively blocked the activity of reverse
transcriptase, prevented syncytium formation,
and reduced the expression of P17 and p24 HIV
antigens in HIV-infected cells. Furthermore,
recent preliminary studies have suggested that
flavonoids and polyphenolic compounds like
ferulic, gallic, and caffeic acids, ethyl gallate,
curcumin, and a-tocopheryl-succinyl-O-ethyl
ferulate can inhibit HIV replication by as much
as 80% and also safeguard against the depletion
of cellular glutathione [9].

e Flavonoids can interfere with viral
entry by disrupting the integrity of the viral
envelope.

e They can inhibit viral membrane fusion by
affecting the conformational changes required
for fusion.

e Flavonoids can disrupt the stability of
the viral capsid, rendering the virus non-
infectious.

e They can inhibit the activity of wviral
proteases, which are essential for viral
replication and entry.

e Flavonoids can inhibit endocytosis,
a process by which viruses enter host cells
through vesicular uptake.
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This mechanism plays a pivotal role in
thwarting the initial phases of viral infection.

Flavonoids have the capacity to diminish
the viral load in individuals who are infected,
a critical factor in managing the virus’s
transmission and enhancing clinical outcomes.
Reduced viral loads can result in milder
symptoms and a shorter duration of illness.

Many flavonoids demonstrate a broad-
spectrum antiviral capability, implying
that they may have the potential to be
effective against a diverse array of viruses,
encompassing both RNA and DNA viruses[10].
This adaptability renders them valuable in the
pursuit of antiviral treatment development.

Flavonoids are  typically regarded
as safe for consumption and exhibit low
toxicity, particularly when contrasted with
certain synthetic antiviral medications.
This characteristic renders them appealing
candidates for incorporation into antiviral
therapies, as they are less prone to induce
adverse side effects.

Owing to their various modes of action,
flavonoids have the potential to reduce the
emergence of antiviral resistance. When
treatments target multiple phases of a virus’s
life cycle simultaneously, viruses are less
inclined to develop resistance against them.

To highlight and understand all possible
mechanisms of flavonoid’s antiviral activity
this systematic review was made.

Materials and Methods

The systematic review methodology for
this article involves a structured approach to
identifying, selecting, and analyzing relevant
studies.

Search criteria was a research question
and relevant keywords and phrases related to
flavonoids, antiviral activity, synergies, and
combinationssuch as “flavonoids,” “antiviral,”
“mechanism,” and specific flavonoid names
(e.g., “quercetin,” “rutin,” “epigallocatechin
gallate”) etc.

Results and Discussion

Flavonoids have been  extensively
researched for their effectiveness against
a diverse array of DNA and RNA viruses.
Broadly, flavonoids employ multiple
mechanisms of action. Mechanisms by which
flavonoids can interfere with virus attachment
and entry into host cell are direct interaction
with viral receptors, inhibition of wviral
fusion, disruption of viral envelope integrity,
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modulation of host cell signaling, stimulation
of innate immune response, through anti-
inflammatory, immunomodulatory effects
and antioxidant activity, interference with
viral replication (Fig. 1).

Therefore, flavonoids can impede the
viruses by preventing their attachment and
entry into host cells, disrupt various stages of
viral replication processes, hinder translation
and polyprotein processing, thereby curtailing
the release of viruses for infecting other cells.
Various flavonoids have been discovered to
inhibit viruses through diverse mechanisms.
Depending on their antiviral mechanisms,
flavonoids can serve as preventive inhibitors,
therapeutic inhibitors, or indirect inhibitors
by influencing the immune system [11].

I. Direct Interaction with Viral Receptors

Flavonoids can bind directly to viral
receptors, blocking the attachment of the virus
to host cells. They have the capacity to bind
specifically to viral receptors on the surface of
viruses. These receptors are often proteins or
glycoproteins that viruses use to recognize and
attach to host cells. Flavonoids can form non-
covalent interactions, such as hydrogen bonds
or van der Waals forces, with these receptors,
effectively blocking their active sites.

1. Direct Binding to Viral Envelope Proteins
and Altering Envelope Protein Conformation:
Flavonoids can directly bind to viral envelope

-

Drugs

-

Direct Virucidal Activity

Anti-inflammatory Effects

Synergistic Effects with Antiviral

proteins, such as glycoproteins, spike proteins,
or hemagglutinins, which are responsible
for recognizing and attaching to host cell
receptors. Epigallocatechin-3-gallate inhibit
hepatitis C virus E2 envelope glycoprotein in
silico [12—14]. This interaction can interfere
with the ability of the viral protein to bind to
its cellular receptor, effectively blocking the
initial attachment step.

Flavonoids can induce structural changes
in viral envelope proteins.

Such compounds as flavonols (quercetin,
kaempferol), flavones (apigenin, nobiletin),
isoflavones (genistein), flavanones (narin-
genin), gingerols (6-gingerol, 8-gingerol),
polyphenols (resveratrol), and catechins
(epigallocatechin gallate, EGCG) were studied
against E protein of the SARS CoV-1 with
patch-clamp electrophysiology and a cell
viability assay [15]. EGCG showing the highest
inhibitory activity.

In another study [16] among different
studied flavonoids (baicalein, fisetin,
hesperetin, naringenin/ naringin, quercetin
and rutin) that possess anti dengue activity
only quercetin can interrupt the fusion
process of virus by inhibiting the hinge region
movement and by blocking the conformational
rearrangement in envelope protein in silico.

This structural disruption can hinder the
proper conformation of viral proteins required
for attachment to host cells. As a result, the

Flavonoids can directly inactivate viruses
_ by disrupting their lipid envelopes or
capsid proteins.

attaching to host cell receptors, thus

Flavonoids can prevent viruses from
blocking viral entry.

Flavonoids can interfere with viral RNA or

Inhibition of Viral Replication DNA replication, inhibiting viral particle

MECHANISMS OF ANTIVIRAL § Modulation of Host Immune
ACTIVITY OF FLAVONOIDS Response

production.

Flavonoids can enhance the immune
| system's response toviral infections,
| boosting antiviral defenses.

caused byviral infections, alleviating

Flavonoids can reduce inflammation
symptoms and preventing tissue damage.

Flavonoids can scavenge free radicals
produced during viral infections,
protecting cells from oxidative stress.

antiviral medications when used in

Flavonoids can enhance the efficacy of
combination,

Fig. 1. Common schema for mechanisms of antiviral activity of flavonoids
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virus may lose its ability to recognize and bind
to cellular receptors effectively.

2. Inhibition of Fusion Peptides: Some
flavonoids can interact with fusion peptides
present in viral envelope proteins [17]. These
peptides play a crucial role in facilitating the
fusion of the viral envelope with the host cell
membrane [18]. Flavonoids can interfere with
this fusion process by binding to or blocking
the fusion peptides. This physical interaction
hinders the initial step of wviral entry,
preventing infection.

Summarized aspects of mechanisms of
interaction between flavonoids and virus are
described in [13] and represented in Fig. 2.

II. Inhibition of Viral Fusion

Several flavonoids have shown promising
effects in inhibiting viral entry by interfering
with the attachment and fusion processes

1. Viral cell attachment

Cell surface receptors

2. Viral cell entry | Using flavonoids as inhibitors

6. Replication of viral RNA/DNA

[10, 19]. While the effectiveness of specific
flavonoids may vary depending on the virus
and host cell type, here are some examples of
flavonoids that have demonstrated antiviral
properties in inhibiting viral entry:

Quercetin inhibits the attachment of
influenza A virus to host cells by interfering
with the interaction between viral envelope
proteins and host cell receptors [20, 21]. It
can also inhibit viral entry by preventing the
fusion of the viral envelope with the host cell
membrane [22].

Epigallocatechin-3-O-gallate has been
shown to block the binding of wvarious
types of enveloped DNA, (+)-RNA, and (-)-
RNA viral attachment proteins to host cell
receptors [14, 23-25]. It can also inhibit
viral entry by interfering with the fusion
process between the viral envelope and the
host cell membrane.

9. Virus release

8. Production of virus  e—

N

3. Uncoating of a viral cell

4. Processing of viral polyproteins

5. Translation within a viral cell

7. Viral cell assembly

Fig. 2. The mechanism of interaction between flavonoids and virus
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Baicalin interferes with dengue virus
attachment by inhibiting the binding of viral
glycoproteins to host cell receptors [24, 26].

Rutin, apigenin and luteolin can block viral
attachment by interfering with the interaction
between HIV-1 viral glycoproteins and host
cell receptors [27—31]. It can also inhibit viral
entry by disrupting the fusion process between
the viral envelope and the host cell membrane.

It’s important to note that while these
flavonoids have shown promise in laboratory
studies for their antiviral effects, their
effectiveness can vary depending on the
specific virus, the concentration of flavonoids
used, and the experimental conditions.

II1. Disruption of Viral Envelope Integrity

Disruption of viral envelope integrity
is yet another mechanism through which
flavonoids can exert their antiviral effects
as it was described for rotavirus for catechin
isomers and proanthocyanidins in [32]. Many
viruses rely on their outer lipid envelope
for protection. This interference can lead
to changes in the fluidity, organization, or
structural integrity of the lipid membrane,
making it more vulnerable to damage.

IV. Modulation of Host Cell Signaling

1. Competitive Binding: Flavonoids can
compete with viral particles for binding to host
cell receptors. By occupying these receptors,
flavonoids effectively block the attachment
of the virus to host cells. This competitive
binding is particularly relevant for viruses
that require specific receptors to enter host
cells.

2. Modulation of Receptor Expression: Some
flavonoids can modulate the expression of host
cell receptors involved in viral attachment and
entry. For example, they may downregulate
the expression of these receptors, making it
more challenging for viruses to find and attach
to host cells.

3. Alteration of Receptor Properties:
Flavonoids may affect the physical properties
of host cell receptors, such as changes in
receptor conformation or charge. These
alterations can make it more difficult for viral
attachment proteins to bind to the receptors
effectively.

4. Inhibition of Signaling Pathways:
Flavonoids can interfere with host cell
signaling pathways involved in the regulation
of receptor expression and viral entry. By
modulating these pathways, flavonoids
can reduce the susceptibility of host cells
to viral attachment and entry. through the

activation of specific kinases or transcription
factors that are required for viral replication.
By disrupting these signaling pathways,
flavonoids can impede viral multiplication. For
example, luteolin can interfere with various
cell signaling pathways — it may inhibit the
PISK/Akt/mTOR pathway, which is involved
in cell survival and proliferation [21].

Flavonoids can modulate signaling
pathways that control the balance between
pro-apoptotic and anti-apoptotic factors.
For instance, they may activate stress-
activated protein kinases, such as JNK (c-Jun
N-terminal kinase) or p38 MAPK (mitogen-
activated protein kinase), which can promote
pro-apoptotic signals.

5. Strengthening the Host Immune
Response: Flavonoids with immunomodulatory
properties can enhance the host immune
response. A robust immune response can
reduce the viral load and the likelihood of
successful viral attachment and entry into
host cells [33].

It’s important to note that the specific
interactionsbetween flavonoids, viral envelope
proteins, and host cell receptors can vary
depending on the flavonoid compound and the
virus in question. Additionally, the efficacy
of flavonoids as antiviral agents may be
influenced by factors such as the concentration
of flavonoids, the timing of treatment, and the
viral strain’s characteristics.

V. Stimulation of Innate Immune
Response

Flavonoids can influence the host’s
immune system to combat viral infections
through various mechanisms [34]. Their
immunomodulatory properties make them
valuable in enhancing the body’s ability to
defend against viruses.

This mechanism is carried out through the
stimulation of cytokine production (flavonoids
can promote the release of interferons (IFNs),
which have antiviral properties and help the
immune system combat viral infections);
enhancement of antigen  presentation
(flavonoids can improve antigen presentation
by antigen-presenting cells (APCs) such as
dendritic cells. This facilitates the recognition
of viral antigens by immune cells like T cells,
leading to a more robust immune response).

Other aspects of this action are activation
of natural killer (NK) cells; modulation of
T cell responses (flavonoids can influence
T cell responses, including the activation
and proliferation of cytotoxic T cells (CTLs)
that directly target infected cells [35]. This
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helps eliminate virus-infected cells from the
body); regulation of inflammatory responses;
protection of immune cells from damage
caused by oxidative stress, which is often
elevated during viral infections; enhancement
of humoral immunity; modulation of
inflammatory signaling pathways (flavonoids
can interfere = with  pro-inflammatory
signaling pathways, such as nuclear factor-
kappa B (NF-kB), which are often activated
during viral infections), that contribute to
a balanced immune response; reduction of
immunosuppression and enhancement of
mucosal immunity.

Found in green tea, EGCG exhibits
immunomodulatory properties by enhancing
the activity of NK cells and promoting the
production of interferons [36]. It can also
suppress the production of pro-inflammatory
cytokines, helping to control excessive
inflammation during viral infections.

Baicalin, derived from  Scutellaria
baicalensis (Chinese skullcap), has
demonstrated immunomodulatory effects
by enhancing the phagocytic activity of
macrophages and increasing the production
of pro-inflammatory cytokines, such as
interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-a), which are important for
antiviral responses [37, 38, 39].

VI. Anti-Inflammatory Effects

Flavonoids possess anti-inflammatory
properties that can help regulate excessive
inflammation during viral infections. By
reducing inflammation, flavonoids can
alleviate symptoms and limit tissue damage
[40].

Flavonoids can inhibit the production
and release of pro-inflammatory mediators,
such as cytokines (e.g., interleukin-1 beta,
interleukin-6, tumor necrosis factor-alpha),
chemokines, and prostaglandins. By reducing
the levels of these inflammatory molecules,
flavonoids dampen the overall inflammatory
response triggered by viral infections [41, 42].

Flavonoids can interfere with signaling
pathways involved in inflammation. For
example, they may inhibit the activation
of nuclear factor-kappa B (NF-xB), a key
transcription factor that promotes the
expression of pro-inflammatory genes. By
blocking NF-«B activation, flavonoids reduce
the production of inflammatory cytokines [34].

Quercetin is a widely studied flavonoid
found in various foods such as apples,
onions, and citrus fruits. It possesses strong
antioxidant properties and has been shown to

40

inhibit the production of pro-inflammatory
cytokines, making it a potent anti-
inflammatory agent in [43—45].

VII. Interference with Viral Replication

Flavonoids can impact viral replication
and multiplication within host cells through
various mechanisms. Their ability to interfere
with different stages of the viral life cycle
makes them valuable candidates for controlling
viral infections. Here’s an exploration of how
flavonoids can affect viral replication and
multiplication:

1. Inhibition of Viral Enzymes: Many
flavonoids have been shown to inhibit key viral
enzymes involved in replication. For example,
flavonoids can inhibit viral RNA polymerases
or reverse transcriptases, essential for
the replication of RNA and retroviruses,
respectively. By blocking these enzymes,
flavonoids can significantly reduce viral
genome replication, hindering the production
of new virus particles. In [46, 47] quercetin
potently inhibits Enterovirus 71 and porcine
epidemic diarrhea virus activity 3C protease
activity, thereby blocking its replication.
Proanthocyanidins from blueberry has strong
antiviral activity against hepatitis C virus
(HCV) and human T-lymphocytic leukemia
virus type 1 (HTLV-1) via inhibition of
ACE2 and viral 3CLpro (3-chymotrypsin-
like) enzymes [48]. Herbacetin, rhoifolin and
pectolinarin in the study [49] demonstrated
inhibitory activity against SARS-CoV 3C-like
protease.

2. Interference with Viral Protein
Synthesis: Flavonoids may also interfere with
the synthesis of viral proteins, which are
crucial for the assembly of new virus particles.
By inhibiting wviral protein synthesis,
flavonoids can disrupt the virus’s ability
to replicate and multiply within host cells.
Myricetin demonstrated both in vitro and in
vivo blocking HSV infection through direct
interaction with virus gD protein [50, 51].

Disruption of RNA/DNA replication -
flavonoid-mediated inhibition of viral enzymes
and RNA/DNA replication represents a
multifaceted approach to disrupting the viral
life cycle.

+ Interference with Nucleotide Incorpo-
ration: Flavonoids can interfere with the
incorporation of nucleotides into the growing
viral RNA or DNA strand [52]. By competing
with nucleotides for binding to the wviral
polymerase or by modifying the structure
of nucleotides, flavonoids can disrupt the
elongation of the viral genome, preventing the
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formation of complete viral genetic material.

- Template Strand Destabilization: Flavo-
noids can destabilize the template RNA
or DNA strand that serves as a blueprint
for viral genome replication, for example
against SARS-CoV-2 targets [563, 54]. This
destabilization can make it more challenging
for viral polymerases to use the template for
accurate replication, leading to errors in the
newly synthesized genetic material.

« RNA/DNA Cleavage: Some flavonoids
possess the ability to cleave RNA or DNA
molecules [55, 56]. By inducing breaks in
the viral genome, flavonoids can introduce
mutations and inhibit proper replication. This
can lead to the production of nonfunctional
viral genetic material.

+ Inhibition of Helicases: Helicase enzymes
are essential for unwinding the viral genome
during replication. Flavonoids can inhibit
helicase activity, preventing the separation
of the DNA or RNA strands required for
replication. Authors [57] report for the first
time myricetin, quercetin, kaempferol and
licoflavone C as selective inhibitors of SARS-
CoV-2 npsl3 helicase with low micromolar
activity in both in silico and in vitro.

+ Impairment of Nucleotide Synthesis:
Flavonoids can affect the host cell’s ability
to synthesize nucleotides, which are essential
building blocks for viral RNA and DNA
replication as it is described for human T
cell leukemia virus by the plant flavonoid
baicalin [58]. By disrupting nucleotide
biosynthesis, flavonoids limit the availability
of raw materials required for viral genome
replication.

These mechanisms not only hinder the
synthesis of viral genetic material but can also
introduce errors and mutations into the viral
genome, further compromising the virus’s
ability to replicate effectively.

4. Induction of Host Antiviral Responses
and Reduction of Oxidative Stress: Some
flavonoids can stimulate the host’s innate
antiviral responses. They can promote the
production of antiviral cytokines, such as
interferons, and activate immune cells like
natural killer (NK) cells. These responses
can limit viral replication and the spread of
infection.

Viral replication often generates oxidative
stress in host cells. Flavonoids, known for
their antioxidant properties, can help mitigate
this stress by scavenging reactive oxygen
species (ROS). Lowering oxidative stress can
indirectly hinder viral replication, as viruses
may exploit ROS for their own replication.

5. Preventing Viral Assembly and Budding:
Some flavonoids can interfere with the
assembly and budding of new virus particles
from host cells. By inhibiting the interaction
between viral structural proteins and host cell
membranes, flavonoids can block the release of
virions, reducing viral replication and spread.

6. Modulation of Cellular Microenviron-
ment: Flavonoids can modify the cellular
microenvironment, making it less conducive
to viral replication. For example, they may
alter the pH within endosomes or lysosomes,
which can hinder the release and processing of
viral components.

7. Impairment of Viral Protein Transport
and Decreased Viral Entry and Attachment:
Flavonoids can interfere with the transport of
viral proteins within host cells. This disruption
can prevent the proper assembly of new virus
particles and reduce viral multiplication.

Flavonoids can also impact viral replication
by reducing viral entry and attachment, as
discussed in previous responses. By blocking
these early stages of infection, they limit
the number of cells that become infected and
reduce the potential for viral multiplication.

VIII. Antioxidant Activity

Almost all polyphenolic compounds and
flavonoids among them posseses antioxidant
activity because of the presence of phenolic
hydroxyl radicals.

Flavonoids can act as scavengers of
reactive oxygen species, such as superoxide
radicals (O, - -), hydroxyl radicals (- OH), and
hydrogen peroxide (H;0,). They neutralize
these harmful molecules, preventing oxidative
damage to cellular components. Flavonoids
can chelate metal ions like iron and copper,
which can participate in the generation of
ROS through Fenton reactions. By binding to
these ions, flavonoids reduce their ability to
catalyze oxidative reactions [59]. Flavonoids
can upregulate the activity of endogenous
antioxidant enzymes, such as superoxide
dismutase (SOD), catalase, and glutathione
peroxidase. These enzymes help detoxify ROS
and maintain cellular redox balance. Some
flavonoids have the capacity to regenerate
other antioxidants like vitamin C and vitamin
E, which further enhances the cellular defense
against oxidative stress [60].

But it is not only antioxidant properties of
flavonoids are responsible for this mechanism.
Rutin is known for its antioxidant properties,
which help reduce oxidative stress and
inflammation [61]. During viral infections,
the virus can induce oxidative stress within
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host cells. Viral replication processes and host
immune responses can generate ROS, leading
to oxidative damage to cellular structures.
And rutin’s antioxidant activity may protect
cells from damage caused by free radicals.

Viral-induced oxidative stress can result
in DNA damage, protein oxidation, and
lipid peroxidation. These effects can impair
cell function and promote viral replication.
Flavonoids, by acting as antioxidants, can
protect cellular components from oxidative
damage. They scavenge ROS and reduce the
oxidative burden on DNA, proteins, and lipids.
Flavonoids’ anti-inflammatory properties can
help mitigate the oxidative stress associated
with viral infections. By suppressing
inflammation, they indirectly reduce ROS
production. This group of biologically active
substances canboost the activity of endogenous
antioxidant enzymes, reinforcing the cell’s
ability to neutralize ROS generated during
viral infections.

Some studies [565, 62] suggest that
flavonoids may directly inhibit viral
replication by disrupting the redox balance
required for efficient

IX. Induction of Cell Death

Flavonoid-induced apoptosis is a
mechanism by which certain flavonoid
compounds can trigger programmed cell death
in virus-infected cells. Apoptosis is a tightly
regulated and controlled process that plays a
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critical role in the body’s defense against viral
infections [63].

Flavonoid-induced apoptosis works
to eliminate virus-infected cells through
recognition of virus-infected cells, activation of
apoptotic pathways, inhibition of anti-apoptotic
proteins such as Becl-2 and Bcel-xL, release of
pro-apoptotic factors, such as cytochrome c,
from the mitochondria into the cytoplasm,
activation of caspases (they cleave and
activate downstream effector proteins), DNA
fragmentation and cell shrinkage, formation of
apoptotic bodies with its further phagocytosis
and as a result limiting viral spread (Fig. 3).

Further research is needed to understand
the precise mechanisms of flavonoid-induced
apoptosis and its potential applications in
antiviral therapies.

X. Synergistic Effects with Antiviral Drugs

The combination of flavonoids with
conventional antiviral agents can offer several
potential benefits in the management of viral
infections [64]. While flavonoids alone may
not replace conventional antiviral drugs, they
can complement these agents in several ways:

— Enhanced Antiviral Activity: Combining
flavonoids with conventional antiviral agents
may enhance their overall antiviral activity.
Flavonoids can target different stages of the
viral life cycle, potentially inhibiting wviral
replication through mechanisms that differ
from those of conventional antivirals.

. -

:

ingun il
cleavage of cellular components

. Elimination of Virus-Infected Cell

apoptosis e
structural changes +——

|
.’9 Caspase Activation

.. Apoptotic Bodies

|

Phagocytosis by immune cells

Fig. 3. Flavonoids’ potential in reducing viral spread through programmed cell death
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— Reduced Antiviral Resistance: The use
of combination therapy with flavonoids and
conventional antiviral drugs can reduce the
likelihood of antiviral resistance. Viruses that
develop resistance to one type of drug may
still be vulnerable to inhibition by flavonoids,
providing an alternative means of control.

— Broad-Spectrum Antiviral Activity:
Flavonoids often exhibit broad-spectrum
antiviral activity, meaning they can be
effective against multiple types of viruses.
This versatility is valuable when dealing with
viral infections for which specific antiviral
drugs may not be available.

— Immunomodulation: Flavonoids can
modulate the immune response, helping to
strike a balance between viral suppression and
preventing excessive inflammation [65]. This
can be especially important in cases where the
immune response itself contributes to tissue
damage and disease severity.

— Reduction of Drug Toxicity: Some
conventional antiviral drugs can have side
effects or toxicity concerns. Flavonoids, being
natural compounds found in many foods, are
generally considered safe and may help reduce
the overall toxicity of antiviral treatments
when used in combination.

— Antioxidant and Anti-Inflammatory
Effects: Viral infections often induce oxidative
stress and inflammation. Flavonoids’
antioxidant and anti-inflammatory properties
can help mitigate these effects, improving
the overall health of the host and potentially
reducing disease severity [66].

— Support for the Immune System:
Flavonoids can support the immune system,
enhancing its ability tocombat viral infections.
This can include the activation of immune cells,
the regulation of cytokine production, and the
reduction of immunosuppression induced by
some viruses.

— Potential Synergistic Effects: In some
cases, flavonoids and conventional antiviral
agents may have synergistic effects, meaning
their combined action is more effective than
the sum of their individual effects. This
synergy can lead to improved viral control.

— Reduced Reliance on High Drug Doses:
Using flavonoids in combination with antiviral
agents may allow for the use of lower doses of
the conventional drugs. This can help reduce
the risk of side effects associated with high
drug doses.

The effectiveness of combination therapy
with flavonoids and conventional antiviral
agents may vary depending on the specific
flavonoid compounds, the viral strain, and

the stage of infection. Clinical studies and
trials are necessary to determine the optimal
combinations and dosages for specific
viral infections. Additionally, healthcare
professionals should be consulted when
considering the use of such combinations to
ensure safety and efficacy.

Conclusions

The antiviral activity of flavonoids
involves multiple mechanisms:

Inhibition of Viral Entry: Flavonoids may
interfere with viral attachment to host cells,
preventing successful entry.

Disruption of Viral Envelope: Some
flavonoids can destabilize viral envelopes,
compromising the integrity of the wviral
structure.

Interference with Viral Replication:
Flavonoids might target various stages of the
viral replication cycle, inhibiting synthesis of
viral components.

Modulation of Host Immune Response:
Flavonoids may enhance the host immune
system, aiding in the recognition and
elimination of infected cells.

Antioxidant Effects: The antioxidant
properties of flavonoids could contribute to
their antiviral activity by reducing oxidative
stress associated with viral infections.

Flavonoids such as quercetin, kaemferol,
myricetin, catechin, and epigallocatechin
gallate have been found to block the
attachment of viruses [14, 45, 67, 68]. On the
other hand, flavonoids including luteolin,
apigenin, naringenin [69], hesperidin [70], and
chrysoriol have been identified as inhibitors
of wviral replication. Certain combinations
of these flavonoids, such as quercetin with
luteolin or kaemferol with apigenin, have
shown potential synergistic effects. However,
the most effective combination of flavonoids
will vary depending on the type of virus, the
host cell, and other factors. Flavonoids also
offer additional health benefits, including
antioxidant, anti-inflammatory, and anti-
cancer properties. Due to these properties,
flavonoids hold promise as natural antiviral
agents and may be considered for the
development of antiviral drugs.

In conclusion, the diverse mechanisms by
whichflavonoidsactagainstvirusesmakethema
promising class of antiviral agents. Their ability
to target different stages of the viral life cycle,
coupled with potential immunomodulatory
effects, highlights the potential of flavonoids
in the development of novel antiviral therapies.
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However, it’s essential to note that further
research and clinical studies are needed to fully
understand their efficacy and safety in specific
viral infections.
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¥ crarTi posriamaioThbecsa 6araTorpaHHi MexaHi3Mu, 1110 JIeXKaTh B OCHOBI ITPOTUBipyCHOI aKTUBHOCTI
(G1aBOHOIZIIB — CIOJIYK, IMTUPOKO IIOIITUPEHUX Yy ITAPUHI POCIIH.

Mema. Orasan faHUX JIiTepaTypHu 100 MeXaHidMy IpoTuBipycHoi aii ¢raBoHOITIB.

Memoodu. Ily6aikarii Bigzbupanucsa Ha ocHOBi 6as ganux PubMed (https://pubmed.ncbi.nlm.nih.
gov/), onybuikoBarux y 2015—2023 poxax. Boru micTaTs iH(opMaIito mpo MexaHisMu IPOTUBipyCHOT
Iii hraBOoHOIAIB.

Pesyavmamu. IlounHaroum 3 OTJIALY CTPYKTYD (DJIAaBOHOIAIB, ¥ JOKYMEHTI 0OTOBOPIOETHCS CKJIALHA
B3aEMOJiA MixK (praBoHOIZaMM Ta PiSHUMM CTaLiAMM JKUTTEBOro HUKJIY Bipycy. Comparoumnch Ha
KOMILIeKCHUU aHaJi3 TOCIiKeHb in vitro Ta in vivo, BUCBITIIOIOTHCA Pi3HOMAHITHI cmoco0u, SKUMU
(Jy1aBOHOIAM NPUTHIUYIOTP HNPOHUKHEHHS, PO3MHOMEHHsS Ta BUBIJIbHEHHS Bipycy. 3ajieKHO Bin
iXHIX aHTUBipyCHUX MeXaHi3MiB, (PIaBOHOIAM MOXKYTH COYTyBaTH MpodilaKTUUYHUMHU iHTiGiTOpamMu,
TepaneBTUYHUMH iHTi6iTopaMu a60 HeIpPAMUMY iHTi6iTOpaMu, BIJINBAIOUN Ha iIMYHHY CHCTEMY.

Bucnosokx. CuHTe30BaHa iH(popMaIlisg He TiTbKY CIIPUAE PO3BUTKY aHTUBIPYCHUX HOCIIIKEHb, aJjie
11 3aKJIaJla€ OCHOBY MIJIA PO3POOJIEHHSA HOBUX TePaleBTUUYHNX METO/IiB MOM0JaHHA BipyCHUX iH(QEeKITii.

Kntouwosi cnosa: hpaaBoHOIM; MPOTUBIpyCHA aKTUBHICTBH; BipycHa iH(peKIid; 0i0aKTUBHI CIOJIYyKH;
B3aEMOIiA Xa3AIH-30yIHUK.
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