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Abstract: The herpes simplex virus (HSV) is a double-stranded DNA human virus that causes
persistent infections with recurrent outbreaks. HSV exists in two forms: HSV-1, responsible for oral
herpes, and HSV-2, primarily causing genital herpes. Both types can lead to significant complications,
including neurological issues. Conventional treatment, involving acyclovir and its derivatives, faces
challenges due to drug resistance. This underscores the imperative for continual research and
development of new drugs, with a particular emphasis on exploring the potential of natural antivirals.
Flavonoids have demonstrated promise in combating various viruses, including those within the
herpesvirus family. This review, delving into recent studies, reveals the intricate mechanisms by
which flavonoids decode their antiviral capabilities against HSV. By disrupting key stages of the
viral life cycle, such as attachment to host cells, entry, DNA replication, latency, and reactivation,
flavonoids emerge as formidable contenders in the ongoing battle against HSV infections.

Keywords: antiviral properties; cellular pathways; drug resistance; flavonoids; herpes simplex virus;
host–virus interaction; HSV-1; HSV-2; HSV life cycle; natural antivirals; natural products

1. Introduction

The herpes simplex virus (HSV) is an infectious human pathogen categorized within
human herpesviruses as an alpha-herpesvirus. As a double-stranded DNA virus, it es-
tablishes a persistent infection in humans throughout their lifetime. HSV comprises two
distinct species, namely HSV-1 and HSV-2 [1,2]. HSV-1 primarily leads to oral herpes
through skin-to-skin contact and can also result in genital herpes through oral–genital
contact. Genital herpes is commonly caused by the sexually transmitted HSV-2 virus,
which can also infect the oral region [3,4]. Genital sores, often associated with HSV-2, can
heighten the risk of both transmitting and acquiring other sexually transmitted infections,
including the human immunodeficiency virus (HIV) [5,6]. Both types of HSV pose a risk of
herpes disease in newborns and infants, often resulting in severe outcomes and substantial
rates of mortality and morbidity [7].

From an epidemiological standpoint, the World Health Organization (WHO) approx-
imates that globally, 3.7 billion individuals are affected by HSV-1, while 491 million are
afflicted with HSV-2 [8]. HSV infection is predominantly contracted during childhood and
is commonly transmitted through direct contact with an infected individual. Symptoms
often go unnoticed, manifesting as asymptomatic viral shedding. Following the initial
outbreak, infected persons may experience prodromal signs such as skin tingling, itching,
or burning before the emergence of blisters. Given the persistent nature of HSV as a life-
long virus, multiple outbreaks can occur, with symptoms surfacing particularly when the
immune system is compromised [9–12].
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HSV is commonly managed with FDA-approved drugs, such as acyclovir and its
derivatives. These medications function by inhibiting HSV DNA polymerase, a key enzyme
in the replication process [13,14]. While effective in alleviating symptoms and shortening
outbreaks, their overuse has led to drug resistance, compromising the overall efficacy
of treatment. Additionally, HSV’s ability to establish latent infections in host cells adds
complexity to antiviral approaches [15,16]. In the realm of anti-HSV research, scientists are
actively seeking effective and natural remedies to counter HSV diseases. This quest has
propelled investigations into the potential of flavonoids, derived from plants, as promising
candidates [17,18].

Incorporating insights from recent studies, this review critically examines these com-
pounds, evaluating their effectiveness in targeting various stages of the HSV life cycle. The
ensuing comprehensive analysis within this review sheds light on their promising role in
the ongoing battle against HSV infections.

We conducted an intensive literature search utilizing major online databases, including
Web of Science Core Collection, Scopus, PubMed, SciFinder, ScienceDirect, Google Scholar,
and ClinicalTrials.gov. Our search strategy involved employing specific keywords related
to flavonoids with documented anti-HSV properties and elucidated mechanisms that target
the viral life cycle. The collected data were sourced from studies published during the
period spanning 2018 to 2023. To facilitate a thorough and nuanced evaluation and analysis,
we have integrated select studies published before 2018.

2. A Brief Overview of the HSV Life Cycle

The HSV life cycle is a complex and dynamic process involving multiple stages. It
typically commences with viral attachment and entry into host cells, specifically epithelial
cells near mucous membranes or the skin [19–21]. This process is facilitated via viral
glycoproteins interacting with cell surface receptors. Once inside the host cell, the virus
releases its genetic material, consisting of double-stranded DNA, into the nucleus [22–24].
Subsequently, viral genes are transcribed and translated to produce new viral particles.
The assembly of these particles takes place in the host cell’s cytoplasm, and mature virions
are then transported to the cell membrane for release [25–27]. The virus can establish
both lytic and latent infections. In a lytic infection, new virions are produced, leading
to cell lysis and the release of viral progeny [28,29]. In contrast, during latent infection,
the virus establishes a presence in sensory neurons, where the viral genome persists
without active replication. Periodically, the virus may reactivate, leading to recurrent
infections and the shedding of infectious particles [30,31]. Reactivation of the virus often
occurs due to immunosuppression induced by various physiological and environmental
influences that adversely affect the immune system [32,33]. The HSV life cycle is tightly
regulated, involving intricate interactions between the virus and the cellular machinery of
the host [34,35]. The ability of HSV to switch between lytic (active replication) and latent
phases contributes to its persistence in the host. This complex life cycle provides multiple
potential targets for antiviral interventions aimed at disrupting viral entry, replication,
assembly, or release [36,37].

3. Bioactive Flavonoids: Nature’s Antiviral Arsenal

Plants synthesize flavonoids as secondary metabolites characterized by diverse chem-
ical structures and biological functionalities [38]. Belonging to the polyphenol class,
flavonoids represent a varied cohort of natural compounds ubiquitously distributed
throughout the plant kingdom, contributing to the chromatic spectrum observed in fruits,
vegetables, flowers, and beverages [39,40]. These compounds play a key role in plant
physiology and developmental processes, as well as in conferring resistance against mi-
crobial and viral infections, UV radiation, and various abiotic stresses [41–43]. Chemically,
flavonoids manifest as polyphenolic entities with a fundamental 15-carbon atom structure
(C6-C3-C6), encompassing distinct subclasses such as flavones, protoflavones, isoflavones,
flavanones, flavonols, flavanols (including catechins), anthocyanins/anthocyanidins, and
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chalcones [44,45]. The core flavonoid structure is shaped by the intricate interplay of hy-
droxylation, prenylation, and glycosylation. The abundance of these compounds in plants
fluctuates based on agricultural and environmental conditions, with extraction methods
further impacting the yielded amount [41,46].

Flavonoids have a rich history of contributing to human health through potent pharma-
cological actions, enhancing the immune system, and combating a variety of diseases [47].
Their formidable antiviral properties extend across both DNA and RNA viruses, employing
diverse mechanisms to impede the virus replication process and potentially prevent infec-
tions [48,49]. Flavonoids exhibit the capability to disrupt multiple steps in the life cycles
of various viruses and modulate the involved cellular pathways [50–52]. Based on these
antiviral mechanisms, flavonoids are categorized as preventative inhibitors, therapeutic
inhibitors, and immunomodulators [53].

4. Blocking HSV-1 Infection via Flavonoids

The promising advances in utilizing flavonoids against HSV-1 over the past five
years have been substantiated through a multitude of laboratory and animal investi-
gations. Among these studies, two methoxyflavones, namely 5,3′-dihydroxy-3,6,7,8,4′-
pentamethoxyflavone (PMF) and 5-hydroxy-3,6,7,3′,4′-pentamethoxyflavone (PMF-OH),
isolated from Marcetia taxifolia, were found to significantly inhibit HSV-1 activity by dimin-
ishing viral DNA replication [54].

Morusin, a prenylated flavone extracted from the young twig of Morus alba L. (Mori
ramulus), inhibits HSV-1 DNA replication by targeting the synthesis of HSV-1 glycoprotein
D (gD) and suppressing reactive oxygen species (ROS) induced by HSV-1. These dual
mechanisms highlight its potential as a promising antiviral agent [55].

In a related experiment involving Morus alba L., Čulenová and coworkers [56] iden-
tified three prenylated flavonoids: kuwanon C, kuwanon T (flavones), and kuwanon U
(flavanone). These compounds effectively impede HSV-1 multiplication, with molecular
docking suggesting interference with HSV-1 DNA polymerase. A preliminary structure–
activity relationship study features the potent efficacy of kuwanon T, attributed to its two
prenyl units.

Wogonin, an active flavone from Scutellaria baicalensis Georgi, demonstrates a potent
anti-HSV-1 effect in vitro. Its mechanisms include suppressing DNA replication, glycopro-
tein D (gD) mRNA transcription, and immediate-early (IE) gene expression [57].

In another research study using Scutellaria baicalensis Georgi, the flavone baicalein
has proven effective in blocking HSV-1 replication, including acyclovir-resistant strains.
Demonstrating efficacy in various models, it reduces viral loads, inflammation, and mor-
tality in mice. Its dual mechanism, encompassing both viral particle inactivation and
the inhibition of IκB kinase beta (IKK-β) phosphorylation, underscores its potential as a
promising antiviral candidate against HSV-1 and its resistant forms [58].

Vitexin, a bioactive flavone from Erythrina speciosa, displays anti-HSV-1 activity by
targeting the HSV-1 DNA polymerase, as revealed in laboratory tests and molecular docking
analysis [59].

Luteolin, a natural flavone, efficiently combats drug-resistant strains and hinders
early HSV-1 infection, showcasing potent antiviral properties. In both in vitro and in vivo
experiments, it proved highly effective against herpes encephalitis (HSE). By activating the
cyclic guanosine monophosphate–adenosine monophosphate synthase (cGAS)/stimulator
of the interferon gene (STING) pathway, luteolin enhances interferon production, thereby
impeding HSV-1 post-entry. Its dual impact involves blocking viral entry and bolstering
the immune response [60].

Amentoflavone, a biflavonoid identified in Ginkgo biloba L., Biophytum sensitivum, and
various Garcinia species, showcases robust antiviral efficacy against a spectrum of HSV-1
strains, including those exhibiting resistance. It adeptly disrupts the initial phases of HSV-1
infection through multifaceted mechanisms of action [61].
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In a thorough investigation, myricetin, a dietary flavonol inherent in diverse vegetables
and fruits, demonstrated significant antiviral capability against HSV-1 through multiple
molecular mechanisms [62].

Yarmolinsky and colleagues [63] successfully isolated two flavonols, namely quercetin
3-O-rutinoside and quercetin 3-O-arabinoside, from Phlomis viscosa Poiret. Both compounds
exhibit suppressive effects on HSV-1 infection, effectively restraining viral replication by
diminishing the formation of viral plaques.

In another study, quercetin 3-O-rutinoside and kaempferol 3-O-rutinoside, both
flavonols derived from Lespedeza bicolor, displayed their ability to combat HSV-1 through
virucidal effects. Additionally, they induced efficacy in blocking viral infection by hamper-
ing the replication of viral DNA [64].

Another research team explored kaempferol-3-O-rhamnoside’s potential in treating
HSE through a cell culture and mouse model. Their findings indicate that this flavonol
reduces inflammation, inhibits viral-induced brain injury, and alleviates brain tissue dam-
age in mice. It emerges as a promising therapeutic candidate for HSV-1-induced brain
injury [65].

The flavonol isorhamnetin, present in Ginkgo biloba, significantly disrupted the initial
infection of HSV-1 by hindering viral DNA replication [66].

Dihydromyricetin, alternatively recognized as ampelopsin, is a dihydroflavonol de-
rived from Ampelopsis grossedentata. It effectively suppresses HSV-1 through diverse path-
ways, as supported by virological and biochemical analyses [67].

Biochanin A (BCA), an isoflavone extracted from Trifolium pratense L., displays signifi-
cant anti-HSV-1 efficacy by inhibiting viral replication in vitro. In mouse models mimicking
herpes simplex keratitis (HSK), the administration of BCA through eye drops not only
reduces ocular lesions but also effectively suppresses HSV-1. These observations emphasize
the potential therapeutic utility of BCA in the context of HSK treatment [68].

In an experiment exploring the impact of temperature on treating HSV-1 infection,
the main catechin in Camellia sinensis, epigallocatechin gallate (EGCG), showed notable
suppression of HSV-1 virions between 25 and 37 ◦C. While the study refrained from
specifying the precise mechanism of action, the authors proposed that EGCG might disrupt
various steps in the HSV-1 life cycle, drawing on prior research [69]. Meanwhile, a different
research group studied EGCG’s effects on HSV-1 infection in oral epithelial cells, revealing
confirmed mechanisms of action [70].

Wang et al. [71] illuminated the inhibitory potency of isoliquiritigenin, a chalcone-type
compound, against HSV-1 replication. They revealed that the antiviral mechanism linked
to isoliquiritigenin correlates with its agonistic impact on nuclear factor erythroid 2-related
factor 2 (NRF2).

Vicente and colleagues [72] explored how cyanidin, an anthocyanin-type substance
found in various berries, actively hinders HSV-1. They observed that this compound
impedes viral adsorption and DNA replication, thereby blocking viral infection.

The anthocyanin delphinidin-3-glucoside chloride, also known as myrtillin, found in
Ribes nigrum L. and Vaccinium myrtillus L., demonstrates anti-infectivity properties against
HSV-1 by targeting viral DNA replication [73].

In a dual in vitro and in vivo study, the total flavonoids obtained from Robinia pseu-
doacacia cv. idaho impeded viral DNA replication in vitro, showing significant anti-HSV-1
activity. Additionally, researchers observed no adverse effects during the in vivo phase,
affirming the safety of its potential practical applications [74].

In an in vivo experiment, the administration of total flavonoids from Ixeris sonchifolia
(Bae.) Hance to mice with HSK significantly improved corneal lesions, reduced infection,
and increased survival rates, underscoring its therapeutic potential [75].

To sum up, the examined flavonoids, as discussed above, play a crucial role in in-
teracting with different phases of the HSV-1 life cycle. They obstruct viral attachment,
entry into target cells, DNA replication, and the expression of various viral genes and
proteins. Consequently, they impede the virus’s capacity to infect, concurrently influencing
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essential cellular pathways integral to the viral life cycle. Table 1 details the anti-HSV-1
activities and mechanisms of flavonoids, complemented by Figure 1, which elucidates their
chemical structures.

Table 1. Flavonoids and their mechanisms in combatting the HSV-1 life cycle.

Compound, Chemical
Classification, Concentration/Dose,

and Source

Study Type, Strain, and
Cell/Animal Models

Mechanisms of Action
(Inhibition) Reference

PMF and PMF-OH.
Flavones.

EC50 = 6.8 and 5.9 µM, respectively.
Marcetia taxifolia.

In vitro.
HSV-1.

Vero cells.
DNA replication. [54]

Morusin.
Prenylated flavone.

20 µM.
Morus alba L.

In vitro.
HSV-1.

Vero cells.

DNA replication.
gD expression.

HSV-1-induced ROS.
[55]

Kuwanon C and kuwanon T (prenylated
flavones) and kuwanon U

(prenylated flavanone).
IC50 = 0.91, 0.64, and 1.93 µg/mL,

respectively.
Morus alba L.

In vitro and in silico.
HSV-1.

Vero cells.

DNA replication (in vitro).
DNA polymerase (in silico). [56]

Wogonin.
Flavone.

Various concentrations in µM.
Scutellaria baicalensis Georgi.

In vitro.
HSV-1.

Vero cells.

DNA replication.
IE genes expressions and
gD mRNA transcription.

[57]

Baicalein.
Flavone.

Different concentrations in µM (in vitro).
200 mg/kg/day (in vivo).

Scutellaria baicalensis Georgi.

In vitro and in vivo.
HSV-1 and HSV-1 ACV-resistant strains.

Vero and HaCat cells.
BALB/c mice.

DNA replication, viral particles,
IKK-β, and NF-κB (in vitro).
Viral loads, inflammation,

and mortality (in vivo).

[58]

Vitexin.
Flavone.

EC50 = 18 µg/mL.
Erythrina speciosa.

In vitro and in silico.
HSV-1 (clinical strain).

Vero cells.

DNA replication (in vitro).
Viral DNA polymerase (in silico). [59]

Luteolin.
Flavone.

Different concentrations in µM (in vitro).
50 mg/kg (in vivo).

Various fruits, vegetables,
and medicinal plants.

In vitro and in vivo.
HSV-1 and HSV-1 ACV-resistant strains.

HaCaT, BV2, and Vero cells.
HSE mouse models.

Viral entry and DNA replication
(in vitro).

Viral post-entry by activating the
cGAS-STING

pathway and IFN (in vivo).

[60]

Amentoflavone.
Biflavonoid.

EC50 values (22.1 to 25.7 µM).
Ginkgo biloba L., Biophytum sensitivum,

and Garcinia species.

In vitro.
HSV-1 (F strain) and ACV-resistant strains

(HSV-1/106, HSV-1/153, and HSV-1/Blue).

DNA replication.
UL54, UL52, and UL27

expressions.
ICP0 expression.

Nuclear import of HSV-1.

[61]

Myricetin.
Flavonol.

(2.2–40 µM; in vitro) and
(2.5 and 5 mg/kg; in vivo).

Various vegetables and fruits.

In vitro and in vivo.
HSV-1.

Vero, HeLa, and
Hep-2 cells.

BALB/c mice.

Virus adsorption, membrane
fusion,

DNA replication, and gD
synthesis (in vitro).

Cellular EGFR/PI3K/Akt
pathway (in vitro).

Virus titers and DNA replication
(in vivo).

[62]

Quercetin 3-O-rutinoside and
quercetin 3-O-arabinoside.

Flavonols.
2 µM and IC50 = 8.6 µM.

Phlomis viscosa Poiret and
Lespedeza bicolor.

In vitro.
HSV-1 (KOS- and ACV-resistant strains)

Vero cells.

Plaque formation.
DNA replication.
Virucidal effect.

[63,64]
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Table 1. Cont.

Compound, Chemical
Classification, Concentration/Dose,

and Source

Study Type, Strain, and
Cell/Animal Models

Mechanisms of Action
(Inhibition) Reference

Kaempferol 3-O-rutinoside.
Flavonol.

IC50 = 12.2 µM.
Lespedeza bicolor.

In vitro.
HSV-1.

Vero cells.

DNA replication.
Virucidal effect. [64]

Kaempferol-3-O-rhamnoside.
Flavonol.

Various concentrations in µM (in vitro).
Brain, liver, blood, and muscle samples
with diverse treatments in µM (in vivo).

Various medicinal herbs.

In vitro and in vivo.
HSV-1.

Vero cells.
HSE mouse models.

Viral infection (in vitro).
Viral-induced brain injury in
HSE animal models (in vivo).

[65]

Isorhamnetin.
Flavonol.

IC50 = 8.37 µg/mL.
Ginkgo biloba.

In vitro.
HSV-1.

A549 cell.

Initial infection.
DNA replication. [66]

Dihydromyricetin (ampelopsin).
Dihydroflavonol.
EC50 = 12.56 µM.

16–32 µM (gene expressions)
Ampelopsis grossedentata.

In vitro.
HSV-1.

Vero cells.

Plaque formation and progeny
virus production.
DNA replication.

IE genes (ICP4 and ICP22), early genes (ICP8
and UL42), and late genes (gB and VP1/2).

mRNA-TLR9.
NF-κB and TNFα pathways.

[67]

Biochanin A.
Isoflavone.

50 to 150 µM.
Trifolium pratense L.

In vitro and in vivo.
HSV-1.

Vero and HCECs cells.
Male C57BL/6 mice

DNA replication (in vitro).
IE, E, and L genes (in vitro).

Apoptosis of the corneal epithelium of
HSK-infected mice (in vivo).

[68]

Epigallocatechin gallate
Flavanol (catechin).

1–2 µM at 25–37 ◦C and 25 µg/mL.
Camellia sinensis.

In vitro.
HSV-1.

Vero and oral epithelial cells.

DNA replication in the viral entry phase.
Viral particles.

IE and ICP0 expressions.
[69,70]

Isoliquiritigenin.
Chalcone.

25 and 50 µM.
Glycyrrhiza uralensis.

In vitro.
HSV-1.

A549 cells.

DNA replication via a mechanism that links
with its NRF2 agonistic action. [71]

Cyanidin.
Anthocyanin.

EC50 = 4.6 µg/mL.
Various types of berries.

In vitro.
HSV-1 ACV-resistant strain.

HCLE cells.

Viral adsorption.
DNA replication. [72]

Delphinidin-3-glucoside chloride
(myrtillin).

Anthocyanin.
150 µg/mL.

In vitro.
HSV-1.

Vero cells.
DNA replication. [73]

Total flavonoids.
0.46 g/mL (in vitro).

0.3 g/day/4 weeks (in vivo).
Robinia pseudoacacia cv. Idaho.

In vitro and in vivo.
HSV-1.

Vero cells.
Wistar rats.

DNA replication. [74]

Total flavonoids.
50, 100, and 200 mg/kg

(twice a day for 14 days).
Ixeris Sonchifolia (Bae.) Hance.

In vivo.
HSV-1.

HSK-BALB/c mice.

Viral infection.
IL-4 levels in the serum of mice. [75]

Abbreviations: ACV, acyclovir; A549 cells, human alveolar type II epithelial cells; Akt, protein kinase B; BV2
cells, mouse microglia cells; cGAS, cyclic guanosine monophosphate–adenosine monophosphate synthase; DNA,
deoxyribonucleic acid; EGFR, epidermal growth factor receptor; EC50, 50% effective concentration; gB, glycopro-
tein B; gD, glycoprotein D; HaCat cells, human keratinocytes cells HCECs, human corneal epithelial cells; HCLE
cells, human corneal-limbal epithelial cells; HSK, herpes simplex keratitis; HSV-1, herpes simplex virus type 1;
HSE, herpes simplex virus encephalitis; IC50, 50% inhibitory concentration; IE genes, immediate-early genes; ICP,
infected cell protein; IKK-β, IκB kinase beta; IL-4, interleukin-4; IFN, interferon; KOS, an acyclovir-susceptible
strain; L, late gene; mRNA, messenger ribonucleic acid; NF-κB, nuclear factor-κB; NRF2, nuclear factor erythroid
2-related factor 2; PI3K, phosphoinositide-3-kinase; PMF, 5,3′-dihydroxy-3,6,7,8,4′-pentamethoxyflavone; PMF-
OH, 5-hydroxy-3,6,7,3′,4′-pentamethoxyflavone; ROS, reactive oxygen species; STING, stimulator of interferon
gene; TLR9, Toll-like receptor 9; TNFα, tumor necrosis factor-α; UL27, late gene; UL52, early gene; UL54, viral
immediate early gene; and Vero cells, African green monkey kidney cells.
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5. Blocking HSV-2 Infection via Flavonoids

In the last five years, there has been limited progress in investigating flavonoids in the
context of HSV-2. Nevertheless, there is a clear emphasis on conducting experiments to
delve into the mechanisms of action, reflecting a concentrated effort to understand how
flavonoids may interact with the HSV-2 life cycle. In a laboratory setting, the flavone
wogonin from Scutellaria baicalensis demonstrated significant inhibition of HSV-2 entry into
Vero cells during the post-entry stage, resulting in a notable reduction in viral replication.
Its mode of action has been clarified as targeting IE genes and gD expressions, as well as
regulating cellular NF-κB and JNK/p38 MAPK pathways [57].
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Flavones, specifically apigenin and luteolin, extracted from Arisaema tortuosum, were
identified as inhibitors of HSV-2 replication, showing a reduction in viral progeny produc-
tion [76].

The anti-HSV-2 activity of the flavonol myricetin was revealed through mechanisms
targeting virus adsorption, membrane fusion, and DNA replication. Additionally, it affects
several cellular pathways [62].

Isorhamnetin, a flavonol derived from Ginkgo biloba, markedly inactivated the primary
infection of HSV-2 by inhibiting the replication of viral DNA [66].

The flavanone kuwanon E, extracted from Morus alba, exhibits the capacity to suppress
HSV-2 replication in infected Vero cells. This antiviral effect is attributed to its interaction
with the HSV-2 protease, as predicted with a molecular docking approach. Furthermore, a
structure–activity relationship study associates its activity with the presence of a hydroxyl
group at C-4′ [56].

Stamos et al. [77] revealed the antiherpetic efficacy of EGCG, derived from Camellia
sinensis, against HSV-2. This compound impressively inhibits viral replication (99.9%
inhibition), effectively impeding HSV-2 attachment to Vero cells by hindering glycoprotein
D expression.

To recapitulate, flavonoids such as wogonin, apigenin, luteolin, myricetin, isorham-
netin, and kuwanon E exert notable anti-HSV-2 effects by targeting multiple stages of the
viral life cycle and different cellular pathways. Additionally, EGCG stands out for its strik-
ing inhibition of HSV-2 replication. These findings emphasize the diverse and promising
potential of flavonoids as effective anti-HSV-2 agents, acting through multifaceted mecha-
nisms that involve interference with viral processes and modulation of cellular pathways.
Table 2 outlines the anti-HSV-2 mechanisms of flavonoids, while Figure 2 highlights their
respective chemical structures.

Table 2. Flavonoids and their mechanisms in targeting the HSV-2 life cycle.

Compound, Chemical
Classification, Concentration/Dose,

and Source

Study Type, Strain, and
Cell/Animal Models

Mechanisms of Action
(Inhibition) Reference

Wogonin.
Flavone.

Various concentrations in µM.
Scutellaria baicalensis Georgi.

In vitro.
HSV-2.

Vero and HEC-1-A cells.

DNA replication.
Viral protein synthesis.

HSV-2 virions.
IE and gD expressions.
mRNA transcription.

Cellular NF-κB and JNK/p38 MAPK pathways.

[57]

Apigenin and luteolin.
Flavones.

EC50 = 0.05 and 0.41 µg/mL, respectively.
Arisaema tortuosum.

In vitro.
HSV-2 and ACV-resistant HSV-2.

Vero cells.

DNA replication.
Viral progeny production.
Cell-to-cell virus spread.

[76]

Myricetin.
Flavonol.

2.2–40 µM.
Various vegetables and fruits.

In vitro and in silico.
HSV-2.

Vero, HeLa, and
Hep-2 cells.

Virus adsorption, membrane fusion,
and DNA replication (in vitro).

Cellular EGFR/PI3K/Akt pathway.
HSV-2 gD (in silico).

[62]

Isorhamnetin.
Flavonol.

IC50 = 7.08 µg/mL.
Ginkgo biloba.

In vitro.
HSV-2.

A549 cell.

Primary infection.
DNA replication. [66]

Kuwanon E.
Prenylated flavanone.
EC50 = 1.61 µg/mL.

Morus alba L.

In vitro and in silico.
HSV-2.

Vero cells.

DNA replication (in vitro).
HSV-2 protease (in silico). [56]

Epigallocatechin gallate.
Flavanol (catechin).

75 µM (99.9% inhibition).
Camellia sinensis.

In vitro.
HSV-2.

Vero cells.

Viral attachment.
DNA replication.
gD expression.

[77]

Abbreviations: ACV, acyclovir; Akt, protein kinase B; DNA, deoxyribonucleic acid; EC50, 50% effective concen-
tration; EGFR, epidermal growth factor receptor; gD, glycoprotein D; HEC-1-A cells, human endometrial cells;
HSV-2, herpes simplex virus type 2; IC50, 50% inhibitory concentration; IE genes, immediate-early genes; IL-4,
interleukin-4; JNK, c-Jun N-terminal kinase; mRNA, messenger ribonucleic acid; NF-κB, nuclear factor-κB; p38
MAPK, p38 mitogen-activated protein kinase; PI3K, phosphoinositide-3-kinase; and Vero cells, African green
monkey kidney cells.
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6. Flavonoid-Enhanced Approaches to Elevate HSV Therapy
6.1. Nanoparticles and Gel-Formulation-Based Strategies

Incorporating flavonoids into nanoparticles enhances drug delivery to HSV-affected
cells by improving stability and bioavailability [78,79]. The nanoparticles boost drug
solubility, prolong circulation time, and target specific cells, ensuring a focused approach
that minimizes potential side effects in treating HSV diseases [80,81]. Elste et al. [82]
conducted a study illustrating the potent antiviral capacity of plant cell-engineered gold
nanoparticles conjugated with quercetin (pAuNPsQ) against HSV-1. These formulated
nanoparticles effectively inhibit HSV-1 entry and replication through various mechanisms.
Remarkably, pAuNPsQ shows promising outcomes in both pre-treating target cells and
inducing virus neutralization. These findings underscore the potential of modifying plant
cell-based nanomaterials with quercetin to develop cutting-edge antiviral formulations.

Another investigation explores EGCG-modified silver nanoparticles (EGCG-AgNPs)
as a potential therapeutic intervention for herpes infections. These modified nanoparticles
exhibit enhanced inhibition of the attachment and entry of both HSV-1 and HSV-2 in human
keratinocytes compared to EGCG alone. In mouse models, EGCG-AgNPs significantly
reduce virus titers and elicit a robust immune response in mucosal tissues, characterized by
increased cell infiltration and elevated expression of key immune markers. These outcomes
suggest EGCG-AgNPs as a promising dual-functioning antiviral intervention for mucosal
applications [83].

Caldas Dos Santos et al. [84] harnessed C-glycosylflavonoids from Cecropia glaziovii,
encapsulating them in PLGA nanoparticles. This formulation achieved 100% inhibition
of HSV-1 replication with an IC50 value of 8.2 µg/mL, exhibiting no cytotoxicity on Vero
cells. The study indicates the promising application of this preparation for effective HSV-1
infection therapy.

Gel-formulated polyphenols, including flavonoids, offer enhanced stability and con-
trolled release, optimizing the delivery of antiviral compounds for the effective and tar-
geted treatment of HSV infectivity [85]. Building on these advantages, an investigation
into quercetin-loaded gels for treating HSV-1 revealed encouraging results. The poloxamer-
based gel showed promise by efficiently restraining quercetin diffusion, exhibiting higher
stability, and demonstrating a prolonged virucidal impact against the virus. These findings
feature the potential of quercetin in a poloxamer-based gel as a favorable and precise
treatment option for HSV-1 infection [85].

In the research conducted by Dickinson et al. [86], the PTV80 hand gel prototype,
featuring EGCG-palmitate (EC16), revealed an efficacy exceeding 99.9% in reducing HSV-1
infectivity within a 60 s timeframe. These results highlight a robust and rapid virucidal
effect against the virus, supporting the potential application of the hand gel in hand hygiene
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products to mitigate and manage outbreaks associated with this virus. The formulation’s
non-toxic properties, as identified in the study, further enhance its suitability for widespread
use in promoting hand hygiene and preventing infection transmission.

6.2. Physical Properties Targeting Approach

The regulation of herpesvirus infection is intricately tied to its molecular and physical
properties. HSV medications, including acyclovir and its analogs, primarily target the
molecular aspects of the virus, specifically focusing on viral proteins such as DNA poly-
merase [87,88]. Researchers have unveiled an innovative treatment targeting the physical
properties of the HSV. This cutting-edge biophysical strategy adeptly mitigates the virus’s
genome pressure, ensuring efficacy without compromising host cells. Functioning at an
internal pressure of 20 atmospheres, the herpesvirus rapidly delivers genetic materials
into the host cell nucleus upon entry. By finely adjusting this viral pressure, scientists
have successfully hindered the virus’s propagation to other cells, thereby amplifying the
effectiveness of antiherpetic drugs [89]. Considering this breakthrough, the synergistic
potential between this strategy and anti-HSV drugs, including flavonoids, not only opens
new possibilities for addressing HSV infections but also paves the way for a more nuanced
understanding of antiviral approaches.

6.3. Combination Therapies

In recent years, scientific inquiry into the antiviral potential of flavonoids has ex-
panded, shedding light on their synergistic effects when combined with conventional
antiviral drugs. These combination therapies hold significant promise for enhancing ef-
ficacy and addressing some of the challenges associated with treating HSV infections,
including drug resistance [48,90]. Wu and colleagues [70] investigated the combined im-
pact of EGCG at 25 µg/mL and acyclovir at 50 µg/mL on HSV-1 infection in oral epithelial
cells. Their findings revealed a significant inhibitory effect on HSV-1 replication, leading to
a reduction in intracellular viral DNA at 20 h post-infection. Furthermore, the combined
treatment repressed the expression of viral proteins ICP5 and gD, highlighting its potent
antiviral efficacy. In a related study, the combined effects of wogonin and acyclovir in
combating HSV-2 were explored using an in-cell western assay. The results indicated a
moderate synergism (combination index (CI) = 0.8), suggesting that the combination could
offer enhanced therapeutic benefits for HSV-2 treatment [57].

7. Clinical Studies

Over the last five years, challenges in studying flavonoids in clinical trials have been
acknowledged, primarily due to constraints associated with conducting comprehensive
investigations. However, a recent trial involving 68 individuals with oral herpes revealed
promising results for the herbal blend Gene-Eden-VIR/Novirin. Enriched with quercetin
(100 mg), the blend was administered daily for 2 to 36 months alongside standard protocols,
significantly reducing the frequency and duration of outbreaks. Notably, it proved safer
and more effective than traditional acyclovir and valacyclovir approaches [91].

In a preceding clinical study, the utilization of Gene-Eden-VIR/Novirin, containing
100 mg of quercetin, effectively diminished genital herpes infections in 90.8% of 139 partici-
pants over 2–48 months. The product exhibited superior efficacy and safety compared to
standard antiviral drugs (acyclovir, valacyclovir, and famciclovir). These findings affirm
that the product presents a favorable and well-tolerated choice for addressing genital her-
pes outbreaks, outperforming conventional treatments in clinical efficacy [92]. Moreover,
this herbal product consistently showcased efficacy in curing both severe and mild cases
of genital herpes infections, validated by a clinical study with an 87% success rate among
137 participants over 2–48 months [93].
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8. Conclusions, Challenges, and Future Prospects

In conclusion, this review points out the robust potential of flavonoids as anti-HSV
agents, emphasizing their antiviral efficacy across various stages of the viral life cycle.
A synergy of in vitro, in vivo, and computational studies adds depth to the evidence
supporting flavonoids’ multifaceted anti-HSV mechanism. By disrupting key molecular
processes crucial for HSV propagation, flavonoids exhibit versatility in interfering with viral
attachment, penetration, and replication. Additionally, they engage with critical cellular
pathways integral to the viral life cycle, simultaneously boosting the immune system.
Furthermore, their diverse structures, combined with the selective targeting of specific
viral genes and proteins, position them as a prospective foundation for the development of
novel anti-HSV drugs. This review also features strategies involving flavonoids to enhance
HSV treatment.

However, the journey from promising research to mainstream anti-HSV treatments
encounters intricate challenges. Limited bioavailability, attributed to issues such as poor
solubility and rapid metabolism, complicates their efficacy. Achieving specificity to target
HSV strains without adversely affecting host cells requires careful molecular design. Formu-
lating flavonoids into stable delivery systems remains challenging, demanding innovations
for enhanced solubility and controlled release. The structural complexity of flavonoids
poses hurdles in synthesis and large-scale production, accompanied by cost implications.
Concerns about viral resistance and the evolving HSV strains necessitate ongoing research.
To overcome these challenges, future research should focus on improving bioavailability
through novel delivery systems, conducting comprehensive structure-activity relation-
ship studies, exploring combination therapies, and advancing genomic and proteomic
approaches. Additionally, rigorous clinical trials and translational research are essential
for bridging the gap between preclinical promise and practical applications, establishing
flavonoids as a viable antiviral therapeutic option.
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