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ABSTRACT: In the present era of the COVID-19 pandemic, viral infections
remain a major cause of morbidity and mortality worldwide. In this day and age,
viral infections are rampant and spreading rapidly. Among the most aggressive
viral infections are ebola, AIDS (acquired immunodeficiency syndrome),
influenza, and SARS (severe acute respiratory syndrome). Even though there are
few treatment options for viral diseases, most of the antiviral therapies are
ineffective owing to frequent mutations, the development of more aggressive
strains, drug resistance, and possible side effects. Traditionally, herbal remedies
have been used by healers, including for dietary and medicinal purposes. Many
clinical and scientific studies have demonstrated the therapeutic potential of
plant-derived natural compounds. Because of unsafe practices like blood
transfusions and organ transplants from infected patients, medical supply
contamination. Our antiviral therapies cannot achieve sterile immunity, and we
have yet to find a cure for these pernicious infections. Herbs have been shown to
improve therapeutic efficacy against a wide variety of viral diseases because of their high concentration of immunomodulatory
phytochemicals (both immunoinhibitory and anti-inflammatory). Combined with biotechnology, this folk medicine system can lead
to the development of novel antiviral drugs and therapies. In this Review, we will summarize some selected bioactive compounds
with probable mechanisms of their antiviral actions, focusing on the immunological axis of these compounds.
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■ INTRODUCTION
The immune system of the host plays a central role in the
maintenance of normal physiological and immunological
status. Any perturbation in the functioning of the immune
system may lead to numerous pathophysiological and
inflammatory disorders, for instance, viral infections, respira-
tory syndromes, and others.1 The immune system comprises a
complex network of white blood cells (lymphocytes,
monocytes, neutrophils, and macrophages) and specific
immunomodulatory chemical mediators (antibodies, proteins,
and cytokines) that systematically play a pivotal role in
mounting an appropriate resistance against a variety of
infections, including those caused by viruses. Subsequently, it
performs various interconnecting actions such as microbial
detection, inflammation, microbial clearance, cell or tissue
damage, death, as well as healing of wounds. Host immunity
serves as a defense system that restricts the insertion of various
pathogens and allows timely negotiation of immune cells with
these substances into the tissue of microbes or pathogens to
maintain the balance.2 Redox homeostasis in immune cells also
provides protection against various diseases. Consequently, the
failure in balance may lead to the development of immune-

mediated diseases such as metabolic syndrome, infections,
dermatitis, inflammatory bowel disease, and cancers. The ideal
immune responses mainly have three core components which
are recognition of the insertion of pathogens, phagocytosis
reaction, and sparing the issues of the individual.3 The human
body has immune responses which are classified as innate
immunity and adaptive immunity, which serve the specific
responses against pathogens and microorganisms. Innate
immunity, termed as the nonspecific immune system, is
responsible for the primary defense system which works
against numerous pathogens whereas the adaptive immunity,
termed as acquired or specific immune system, is produced
gradually and serves as the defensive action against the
infections.4 The occurrence of memory cells facilitates these
responses, as they detect the invasion of similar antigens. The
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lack of these long-term memory cells in innate immunity
provides incomplete protection against foreign pathogens.5

This innate immune system comprises complement, phag-
ocytic cells, acute phase proteins, and specific types of
receptors named toll-like receptors (TLRs). TLRs are the
integral part of the recognized receptor hierarchy, found in
plants as well as in vertebrate and invertebrate animals, which
have the ability to detect the preserved molecular configuration
associated with respective pathogens such as cell wall
components (bacterial lipopeptides, β-glucans, and lipopoly-
saccharides) of fungus and bacteria.6 TLRs as well as other
recognized receptors permit intrinsic cells to differentiate their
own cells from foreign cells, but in certain cases, they lack the
ability to recognize between non-self molecules. For instance,
the ability to respond against pathogenic and nonpathogenic
bacteria is distinctive.7 Often the affected cells generate
interferons (IF) that further induce a number of cellular
responses in order to cease the reproduction of the virus within
the cells as well as also promote the cell destruction mode of
cytotoxic T-lymphocytes and natural killer cells.8,9 The
acquired immune responses are powerful immune responses
that comprise long-term memory cells (T-cells and B-cells)
and other specific receptors. All pathogens are identified by the
signature antigen present in the cells.10 Moreover, these cells
have the ability to remember particular antigens and serve as
protection against various pathogens in the host.11,12 Despite
all of these vaccines and antiviral drugs, viruses take the lives of
a large population every year. In addition to various side
effects, the viruses also develop resistance to these drugs,
limiting their usefulness. The situation, therefore, calls for
breakthrough approaches to protect people from viral
infections in a cost-effective manner without side effects.

Classical antiviral therapy employing interferon and ribavirin
is effective against most viruses under in vitro settings;
however, their potency and effectiveness have remained limited
in patients. Approximately 90 different antiviral agents are
available today,13,14 and that are also for the treatment of
selected viral diseases, for instance, HIV (human immunode-
ficiency virus), herpes virus, hCMV (human cytomegalovirus),
VZV (varicella zoster virus), influenza virus, and the hepatitis
virus. Currently, there is no approved remedy for many types
of viruses, and vaccinations are available for only a handful of
viruses such as SARS-COV-2, hepatitis A virus, mumps, and
varicella.15 In addition, these agents are often costly and
ineffective due to viral resistance and can cause side effects.
With that in mind, naturally based pharmacotherapy may be a
proper alternative for treating viral diseases. Thus, it is
necessary to further examine the topic of antiviral phytochem-
icals, highlighting drug delivery applications in overcoming the
multiple biological barriers that exist for antiviral agents to
successfully reach their intended site(s) of action. The present
review focuses on the antiviral properties of herb extracts and
bioactive constituent isolates from medicinal plants and the
efforts to obtain their efficient delivery. Since there is no
approved drug to combat viral infections, natural therapy based
on bioactive plant molecules may be a better approach for the
treatment of viral diseases. Some new antiviral compounds are
currently undergoing either preclinical or clinical evaluation
and perspectives for finding new interesting antiviral drugs are
promising.16 In this Review, we focus on the current
knowledge of the antiviral properties of medicinal plants and
their immunological perspectives.

■ PLANT-DERIVED ANTIMICROBIALS IN THE
GLOBAL MARKET

The utilization of phytochemicals in technology is experiencing
a notable upward trajectory. Phytochemicals encompass a
diverse range of chemical compounds derived from plants,
which find application in several domains such as food
additives, cosmetic constituents, and medications. Natural
alternatives are frequently employed as substitutes for synthetic
chemicals due to their potential to cause less harm to both
human health and the environment. Medicines from plants are
used in various forms, such as capsules, tinctures (antiseptic),
infusions (wherein medication is administered through a
needle or catheter, usually intravenously), macerates, decoc-
tions, and many others. Much of the population in developing
countries relies on herbal therapeutics for primary health care.
The effective use of phytochemicals as an alternative to
modern medicine against various bacterial and viral diseases
has created the second largest therapeutic market at the global
level, as recognized by the WHO.17,18 Currently, researchers
are focusing on recognizing the specific groups of compounds
isolated from plants, such as flavonoids, lactones, glycosides,
alkaloids, etc., with their immunomodulatory effects.19,20

Phytomedicines are more effective than their synthetic
counterparts in terms of safety, cultural compatibility, and
acceptability in the treatment of chronic diseases.21

Various traditional medicines from different ethnic medic-
inal plants, like Arctostaphylos uva-ursi and Vaccinium macro-
carpon, are used to get rid of urinary tract infections, while the
essential oils of some plants, such as Melissa of f icinalis, Allium
sativum, and Melaleuca alternifolia, are used against a variety of
pathogens infecting the respiratory tract, GI tract, urinary tract,
and skin.22 The therapeutic use of tea tree oil against acne and
other skin infections is a common example of natural
medicine.23,24

In 2001−2002, nearly one-quarter of the world’s best-selling
medicines were derived from ethnomedicinal plants:25

artemotil, an antimalarial drug synthesized from artemisinin
and isolated from Artemisia annua L.; galantamine, a natural
drug for the treatment of Alzheimer’s disease produced from
the plant Galanthus woronowii Losinsk; orfadin, a modified
form of mesotrione, a constituent of Callistemon citrinus Stapf.;
and tiotropium, an anticholinergic bronchodilator isolated
from Atropa belladonna, used for the treatment of chronic
obstructive pulmonary disease (COPD). These four drugs
represent the world economy related to ethnic medi-
cines.22,26−30

Nearly 70−80% of the world’s population essentially relies
on traditional ethnic medicines to cure and treat various
diseases.31 The market for Ayurvedic medicines is growing at
20% annually in developing countries like India.32 Growing
populations and inadequate control of western medicine are
the factors promoting the growth of traditional medicine in
various developing countries such as Kenya, Malawi, etc. The
population in developed countries such as Europe and North
America tends to use herbal medicines, so the market is
growing by 10−20% annually.33 Some medicines are extracted
directly from plants, while some natural compounds can also
be modified by methods of structural transformation.
Certainly, there are many more unidentified biochemical in
plants and that their potential biological actions are still to be
deciphered.34
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No other factor can outweigh the importance of medicinal
plants in people’s lives, as they contribute significantly to a
healthy life. In 1997, a study showed that 11 of the 25 best-
selling drugs were either extracted from medicinal plants or
were a modified version of the extracted compound, which was
worth US$ 17.5 billion.35 Taxol, a drug isolated from Taxus
baccata, had a market value of US$ 2.3 billion in 2000. In 1999,
the net value of herbal medicines in the world market was US$
19.4 billion, while in Europe it was US$ 6.7 billion, followed by
Asia, North America, and Japan, with net market values of US$
5.1 billion, US$ 4.0 billion, and US$ 2.2 billion, respectively.36

Although every single person on the planet takes advantage
of medicinal plants, it is the populations of developing
countries that are most closely associated with plants for
their health and income. Previous work found that only 15% of
synthetic medicines are consumed in developing countries,
indicating their dependence on natural remedies. The sale of
wild harvested material provides significant income to rural
populations.37 50−100% of families in the northern region and
25−50% of families in the central region of central Nepal
depend on income from medicinal plants.38,39 A compound
called rutin has antiviral properties against various influenza
viruses.40,41 Quercetin, a potent phytochemical, is effective
against a number of viruses such as poliovirus, Epstein−Barr
virus, HCV, HSV-1, rhinovirus, adenovirus, etc.42 The
utilization of phytochemicals in technology is experiencing a
noticeable upward trajectory. Phytochemicals refer to a class of
chemical compounds derived from plants, which find
application in diverse sectors, such as food additives, cosmetics,
and pharmaceuticals. Natural alternatives are frequently
employed as substitutes for synthetic chemicals due to their
potential to cause less harm to both human health and the
environment.

■ MECHANISTIC BASIS OF ACTION OF THE
PHYTOCHEMICALS USED FOR TREATING VIRAL
DISEASES

Different phytochemicals such as flavonoids, phenolic acids
and derivatives, alkaloids, and terpenoids are under study for
their use in developing novel antiviral drugs. High-level,
systematic clinical studies are still warranted to establish the
safety and efficacy of using these natural products in human
clinical trials in a wide range of patients. The structures of
major phyto-compounds with immune modulation potential
are shown in Figure 1.
Epigallocatechin Gallate (EGCG). Green tea catechins,

derived from the leaves of the Camellia sinensis plant, have
been studied extensively for their potential benefits.
Epicatechin (EC), epigallocatechin (EGC), epicatechin gallate
(ECG), and epigallocatechin gallate (EGCG) are the major
components of these polyphenolic compounds. The most
complex and important component of GTCs is EGCG, which
accounts for about 59% of the phenolic content of GTCs.
Previous research has shown that EGCG has important
antioxidant, anticancer, antimicrobial, neuroprotective, and
anti-infective properties and could be used to treat a number of
human diseases.43

In addition to these properties, EGCG has antiviral activity
against numerous viruses.44 Viral adsorption is affected by the
ability of EGCG to reduce endoplasmic and lysosomal
acidification, which, in turn, alters the integrity of viral
particles. Specifically, it binds to the conserved cavity domain
of nucleic acids, which in turn inhibits nucleic acid activity and
thus RNA synthesis in influenza A virus.45 In addition, EGCG
has been shown to bind to glycoproteins B and D of HSV and
prevent their infectivity. EGCG blocks the entry of
chikungunya virus (CHIKV) by competing for cellular
coreceptors such as heparan sulfate or sialic acid. EGCG was
also effective in inhibiting Zika virus by interacting with the
lipid envelope and preventing the virus from entering cells.46

Figure 1. Structures of plant-derived bioactive compounds and their possible mechanism of action for the prevention and treatment of viral
infections. The chemical structures were taken from Pubchem.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Review

https://doi.org/10.1021/acsptsci.3c00178
ACS Pharmacol. Transl. Sci. 2023, 6, 1600−1615

1602

https://pubs.acs.org/doi/10.1021/acsptsci.3c00178?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00178?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00178?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00178?fig=fig1&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Immune cells are equipped with a plethora of receptors that
act as messengers between the outside world and the cell’s own
activation mechanisms. To control the adhesion and
inflammatory processes of neutrophils, monocytes/macro-
phages, and mast cells, EGCG targets the retinoic-acid-
inducible gene (RIG-I) and the 67 kDa laminin receptors
(67LR). EGCG also blocks the T cell-induced pathway in
leukemic cells to inhibit the activity of zeta chain-associated
protein (ZAP-70).47 In the case of HIV/AIDS, EGCG stops
viral replication by blocking reverse transcriptase of HIV-1 and
reduces the binding of HIV viral DNA-integrase in human
peripheral blood cells by downregulating the expression of the
CD4 receptor. It also inhibits the serine protease activity of
hepatitis C virus.44 To control hepatitis B virus infection,
EGCG affected the ERK1/2 (extracellular signal-regulated
kinase 1/2) pathway and downregulated HNF4α (hepatocyte
nuclear factor 4α) in a dose-dependent manner. This
inhibition prevented the EBV lytic cycle from completing its
MEK/ERK1/2 and PI3−K/Akt signaling pathways. By
impairing the production of precore mRNA and DNA
replication intermediates, EGCG also prevented hepatitis B
virus (HBV) replication.46 Autophagy is an important means
for healthy cells to remove waste and keep their metabolism
going. EGCG can increase the acidity of lysosomes and
prevent HBV from causing incomplete autophagy. This
prevents HBV from making copies of its DNA.48 The
expression of genes responsible for antiviral responses is
regulated by the cytoprotective transcription factor Nrf2.
EGCG reduces viral entry and replication and act as an Nrf2

activator, resulting in increased expression of type 1
interferons.49 Min et al. demonstrated that T-cell proliferation
and the relative abundances of CD4 T cells, CD8 T cells, and
B-cell subsets, including marginal zone B cells and T1 and T2
transitional B-cells, were significantly suppressed by EGCG,
whereas the expression of CD4+ Foxp3+ regulatory T cells
(Tregs) and indoleamine2,3-dioxygenase (IDO) by CD11b+

dendritic cells (DC) was significantly increased by EGCG.50

Yang et al. demonstrated that intraperitoneal injection of
EGCG significantly increased the number of neutrophils and
monocytes/macrophages in the peritoneal cavity and periph-
eral blood of mice. Remarkably, EGCG did not directly induce
the migration of neutrophils and macrophages but induce the
migration of phagocytes in the presence of macrophages,
suggesting that EGCG-induced migration of phagocytes
depends on its immune-regulatory effects on macrophages.51

Cepharanthine. Cepharanthine (CEP), an alkaloid iso-
lated from Stephania cepharantha that occurs in many other
Stephania species.52 This compound has been used in Japanese
medicine since 1951. It is an approved drug and is used to treat
a variety of diseases, including malaria, alopecia, and snakebite.
It has been shown to possess anti-inflammatory, antioxidant,
immunomodulation, antiparasitic, and antiviral activity against
HIV-1, HTLV, SARSCO, SARS-CoV-2, and hepatitis virus.
CEP suppresses nuclear factor kappa B (NF-κB) activation,
lipid peroxidation, nitric oxide production (NO), cytokine
production, and cyclooxygenase expression; all of which are
critical for viral replication and the inflammatory response.53 In
HIV-1, CEP causes inhibition of NF-κB to suppress the activity

Figure 2. Schematic graphic of virus life cycle (Transmission and replication) and inhibitory effects of natural compounds on probable targets
during viral infection. Virus enters the host cell by endocytosis and releases viral genome inside the cytoplasm. Polyphenols and alkaloids can
disturb attachment of viral surface proteins (glycoproteins or capsid proteins) to the cellular receptors of host cells for viral entry. Flavonoids and
terpenoids inhibit different phases of transcription, translation, and replication during viral infection. Abbreviations used TMPRSS2
(Transmembrane protease, serine 2), ACE-2 (angiotensin converting enzyme), and ICAM1 (Intercellular Adhesion Molecule).
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of the long-terminal repeat gene. NF-κB plays an important
role in the induction of HIV-1 gene expression. CEP indirectly
inhibits the HIV-1 replication in infected monocytes and
lymphocytes, and its attenuating effect is long-lasting because
NF-κB is the most potent factor for HIV-1 replication.54 This
drug also has the potential to treat virus-infected central
nervous system (CNS) cells by suppressing the production of
inflammatory cytokines because it can easily cross the blood-
brain barrier.55 In addition, CEP decreases plasma membrane
fluidity to impair HIV-1 entry in to the host cell.56 Studies have
shown that structural changes in CEP enhance antiviral activity
against HIV-1;57 this drug is also effective against hepatitis B in
both forms, i.e., wild type and lamivudine-resistant forms.58

Herpes zoster virus also cannot replicate in the presence of
CEP. In 2005, Zhang et al. demonstrated the inhibitory effect
of this drug against SARS-related coronaviruses.59 Other
studies demonstrated the binding of CEP drug to the target
protein of Ebola virus through molecular docking.60,61

Along with HIV-1, CEP is also effective against human T-
lymphotropic virus type 1 (HTLV-1) by inducing caspase-
dependent apoptosis in infected cells. HTLV-1 is responsible
for adult T-cell (ATL) leukemia, and NF-κB and activated
protein-1 (AP-1) are highly expressed in ATL cells. In addition
to the apoptosis effect, the inhibitory effect of CEP on NF-κB
also helps control the deleterious effect of HTLV-1.62−64 In
addition, CEP makes cancer cells more sensitive to antitumor
agents.65,66 Hepatitis B virus (HBV) growth is also controlled
by CEP. This drug inhibits viral DNA replication and antigen
production (HBeAg) in a dose-dependent manner. CEP also
downregulates the expression of Hsc70 mRNA synthesized by
host cells, thereby impairing HBV growth.58,67

SARS-CoV (severe acute respiratory syndrome-coronavi-
rus), as the name implies, severely affects the respiratory
system of humans.68 Researchers are continuously working to
find a vaccine or drug to treat respiratory illness caused by
SARS-CoV. CEP has proven to be a ray of hope, as it has
shown positive preclinical effects against SARS. Researchers
investigated the anti-SARS-CoV effect of CEP on VeroE6 cells
under in vitro conditions. A concentration of 10 μg/mL CEP
was sufficient to exhibit cytopathic effect against SARS-CoV.59

However, Zhang et al. had no idea of the mechanism behind
the cytopathic effect of CEP.

In another study, the researchers examined the effect of CEP
on the MRC-5 lung cell lines infected with human coronavirus
type OC43 (HCoV-OC43).69,70 Here, MRC-5 cells were
treated with CEP before viral infection, and no morphological
changes or cytotoxic effects on the cells were observed. CEP
inhibits RNA replication, viral protein expression, and
proinflammatory molecules to prevent an enhanced cytokine
response to viral infection. To investigate antiviral properties of
CEP against SARS-CoV-2, VeroE6/TMPRSS2 cells were
inoculated with the corresponding virus. CEP exhibits its
antiviral effect mainly by interfering with the entry of the virus
into the host cell by disrupting the binding of the virus to the
target cell (Figure 2).71 The antiviral effect of CEP is more
potent in combination with nelfinavir because both drugs
interfere with both entry and replication of SARS-CoV-2 into
the host cell in a cooperative manner.72

Fan et al. investigated the effect of CEP against 2019-nCoV-
related pangolin coronaviruses. The spike protein of 2019-
nCoV is 92.2% similar to the spike proteins of SARS-CoV-2.
Even at very low IC50 and CC50, i.e., 0.73 and 39.30 μmol/L,
CEP exhibits very dynamic and potent antiviral activity.

Treatment of infected cells with CEP decreases viral RNA yield
by 2.17- and 1.61-fold, respectively, in both the entry and post
entry phases compared with the infected cells without
treatment.70 Another study showed that CEP is effective
against SARS-CoV-2 because of its binding potential with NSP
multiple subunit complex (nonstructural proteins).73 This
multisubunit complex of NSP is very much crucial for
replication as well as transcription of SARS-CoV-2 (RNA
virus).74 Binding of CEP to the NSP machinery blocks the
formation of the relevant proteins synthesized by SARS-CoV-2.
The inhibitory effect of CEP against SARS-CoV-2 confirms its
therapeutic potential to target COVID-19.53 Uto et al.
demonstrated that CEP inhibited antigen uptake by DCs as
well as LPS-induced DC maturation. CEP also reduced
interleukin-6 and tumor necrosis factor-alpha production in
LPS-stimulated DCs. CEP-treated DCs were ineffective in
stimulating allogeneic T-cell proliferation and interferon
production.75

Kaempferol. Kaempferol (KPF) is a typical dietary
flavonoid with anti-inflammatory and antioxidant properties
and is found in a variety of fruits, vegetables, teas, soybeans,
and medicinal herbs. Several studies have described how KPF
intake reduces the risk of chronic diseases, especially cancer.
However, the molecular and cell-based mechanisms underlying
the action of KPF in the central nervous system are poorly
understood. KPF has shown versatile neuroprotective effects
by modulating several proinflammatory signaling pathways,
including nuclear factor kappa B (NF-κB), p38 mitogen-
activated protein kinases (p38MAPK), serine/threonine kinase
(AKT), and the β-catenin cascade.76 Because of its anti-
inflammatory properties, KPF has been shown to be beneficial
in the treatment of numerous acute and chronic inflammation
related diseases, including intervertebral disc degeneration and
colitis, as well as postmenopausal bone loss and acute lung
injury.77

The antiviral activity of kaempferol has been demonstrated
in vitro against influenza A viruses (H1N1 and H9N2) and
human immunodeficiency virus type 1 (HIV 1), and in vivo
against enterovirus type 71. Kaempferol has been reported to
have anti-JE virus activity and to reduce both the production of
the E protein of the virus and its mRNA genome.78

Treatment of infected MH-S cells with kaempferol inhibited
the production of reactive oxygen species (ROS), malondial-
dehyde, tumor necrosis factor alpha (TNF-α), interleukin-6,
and interleukin (IL)-1β expression by increasing the number of
activated macrophages; suppression of TNF-α mediates the
translocation of NF-κB p65 to the nucleus.77 Kaempferol
significantly reduced phosphorylation of IB-IκB-α and nuclear
factor-κB (NF-κB) p65, DNA binding activity of NF-κB p65,
and mitogen-activated protein kinases (MAPKs), and
upregulation of Toll like receptor 4.79

Kaempferol attenuated viral infection by inducing far
upstream element-binding proteins (FUBP) and hnRPs that
bind to the highly conserved 5′-UTR region of the virus. A
general alteration in the makeup of the trans-factors interfered
with IRES activity. Inhibition of translation and replication
resulted in reduced viral infection (Figure 2).80 Protein 3a
(U274), the largest accessory viral-channel-forming protein,
plays a critical role in the release of coronaviral particles from
the infected host cell. Kaempferol derivatives were found to be
potent inhibitors of the 3a channel.81

On DCs, kaempferol has an immunosuppressive effect.
Kaempferol inhibited DC maturation and decreased the level
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of production of cytokines and chemokines by LPS-stimulated
DCs. In addition, kaempferol inhibited the ability of LPS-
stimulated DCs to promote Ag-specific T-cell activation both
in vitro and in vivo.82

Andrographolide. Andrographolide is a diterpenoid
obtained from plants of the genus Andrographis paniculata
that has long been utilized in Chinese and Indian medicine. It
has been reported to have antibacterial, anti-inflammatory, and
anticancer properties. Most research has shown that it has anti-
inflammatory properties, and it has been used to treat
inflammation-related disorders such as ulcerative colitis.83 In
addition to its anti-inflammatory effect, this compound also
acts as immunomodulator via increasing the activity of
cytotoxic T cells, NK cells, phagocytotic process, and ADCC.
The immunomodulatory effect of andrographolide helps in
restricting the replication and pathogenesis of the viruses. The
increased proliferation of CTLs decrease the number of virus
infected cells as they are killed by CTLs.84 Andrographolide
exhibits antiviral activity against a number of viruses such as
influenza A virus, hepatitis B and C virus, EBV, HPV, HSV-1,
HIV, CHIKV, etc.

Researchers demonstrated that andrographolide interact
with viral proteins to inhibit their biological activity in many
strains of influenza virus named as H9N2, H5N1, and H1N1
(Figure 3).85

Andrographolide inhibits the RIG-1 like receptor (RLR)
signaling pathway induced by H1N1 virus in bronchial
epithelial cell.86 Infection with the hepatitis B virus activates
B and T cells. Hepatitis B virus targets the DCs, NK cells,
interferons, regulatory T cells.87,88 Various chemical or natural
compounds have been screened for the treatment of Hepatitis
B virus.89,90 Andrographolide exhibits activity against viruses
by inhibiting the expression of envelope antigens and DNA
replication (Figure 2).86

Hepatitis C virus mainly infects hepatocytes, B cells with
CD81 molecules.91 Host immune system produces IFNs
against the virus to inhibit its propagation. However, hepatitis
C virus has its own strategies to fight against the host defense
system, i.e., NS4B protein of this virus suppress the production
of IFNs by inhibiting the stimulator of IFN.92 That is why

antiviral drugs are required to limit the viral infection along
with the stimulation of host immune system. Andrographolide
increases the activity of heme oxygenase-1 (HO-1) which in
turn enhances the production of biliverdin by the liver cells.
Biliverdin inhibits the protease activity of NS3/4A protein
along with the enhanced expression of IFNs to suppress the
viral replication in the host cell. This diterpenoid also activates
p38 MAPK phosphorylation which results in activation of Nrf2
mediated HO-1 expression to inhibit the viral infection.93

Infection caused by HSV affects the activity and maturation
of DCs which reduces the function of CD8+ T cells against
HSV (Figure 3).94 Various approved drugs are available against
this virus, but mutations in the viral genome have developed
resistance against these drugs. Studies demonstrated that
andrographolide and its derivatives like neoandrographolides,
14-DDA inhibits the plaque formation by HSV-1 in Vero
cells,95 while DAD, IPAD, and another semisynthetic
compound of this diterpenoid inhibits ≤50% entry of virus
inside the host cell.96 Further studies demonstrated that IPAD
has no effect on the early stage of viral infection, while it shows
100% inhibition at post infection stage.

EBV directly weakens the immune system of the body as it
infects B cells, T cells, NK cells, and epithelial cells of salivary
gland along with smooth muscle cells. This virus is responsible
for many types of cancer like Burkitt’s lymphoma, gastric
carcinoma, Hodgkin’s lymphoma, as well as multiple sclerosis.
EBV restrict the differentiation of dendritic cells from
monocytes and also triggers apoptosis.97,98 Rta and Zta are
the two main transcription factors essential for the lytic cycle of
EBV. It becomes necessary to restrict the expression of these
transcription factors to control the viral infection. Studies
demonstrated the effect of andrographolide against EBV and
revealed the inhibition of BRLF1 and BZLF1 (genes encoding
Rta and Zta, respectively) in Burkitt’s lymphoma cell lines.99

HPV is also responsible for vaginal, cervical, penial, and
oropharyngeal cancers and cancer many other regions of the
body. To evade immune attack, the virus impedes the
differentiation of immune cells. The infection of HPV weakens
the cellular immune system and causes downregulation of
dendritic cells maturation and activation.100 Researchers

Figure 3. Major antiviral activities and immunological responses exhibited inside the host cell by phytocompound andrographolide to treat viral
infections.
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demonstrated that andrographolide exhibits anti-HPV activity
via inhibiting the expression of E6 oncogene and restoring the
activity of p53 protein in HPV16 pseudo virus infected cells.
This diterpenoid and its derivatives also prevent the binding of
virus to the host cells and prevents infection.

Infection caused by HIV is divided into three stages: In early
stage, it is termed as M-tropic as it mainly attacks the
macrophages along with DCs, monocytes, and microglial cells
having CD4 and CCR5. In the middle phase, the virus affects
the macrophages and T-cells and the infection is termed as
dual tropic. The stage of infection is T-tropic, as the virus
prefers to attack the T cells with CD4 and CXCR4. Chang et
al. studied the antiviral activity of andrographolide in H9 and
PBMCs of humans and revealed that succinyl derivative of
andrographolide prevents the attachment of HIV virions to
host cells along with disturbing the replication cycle of virus.101

Another study described that andrographolide intrudes the
dysregulation of signaling pathways triggered by the virus.

Chikungunya virus (CHIKV) enters in human body through
the saliva of Aedes mosquitoes and initiates replication in
epithelial, endothelial, macrophages, fibroblast, and other cells
of the body.102 Research study revealed that andrographolide
reduces the copy number of RNA and as a result affects the
protein expression in HepG2 and BHK-21 cells.103 Androg-
rapholide also affects the post entry step of virus along with
genome replication. However, andrographolide is a cost-
effective antiviral drug but further research is required to
identify the target points in the virus to control the
infections.104 Lee et al. demonstrated that andrographolide
treatment reduces hepatic neutrophil/macrophage infiltration,
local inflammation, and liver damage in thioacetamide-induced
mouse hepatic fibrosis.105 Rajanna et al. has shown that
standardized A. paniculata extract (SAPE) increased T cells
and T helper cells and significantly increased IFN-γ, IL-4, and
decreased IL-2 at day 30 in healthy adults.106 It has also been
reported that andrographolide can suppress humoral and
cellular adaptive immune responses. In vitro, this molecule
inhibited T cell proliferation and cytokine release in response
to allogenic stimulation. Furthermore, it impaired DC
maturation, antigen presentation ability, and thus inhibited T
cell activation.107

Tannic Acid. Tannic acid is the most abundant gallo-tannin
in gallnuts and other plant sources. Tannic acid has been
shown to play an important role in tuning numerous
oncological signaling pathways including JAK/STAT, RAS/
RAF/mTOR, TGF-1/TGF-1R, VEGF/VEGFR, and
CXCL12/CXCR4 axes. Tannic acid has been shown in the
literature to have synergistic anticancer effects and to improve
chemosensitivity in numerous resistant cases when combined
with other conventional chemotherapeutic agents.108

Tannins and plant-derived polyphenols also possess anti-
inflammatory and antiviral properties by interfering with the
adsorption of viruses to the cell membrane.109 Studies
demonstrated that tannins interact with the glycoproteins of
HSV-1 and obstruct the virus attachment, entry, and spread.110

In addition to HSV-1, tannic acid is also effective against many
other viruses, such as noroviruses, influenza A viruses, and
papillomaviruses.111,112 EGCG, punicalagin, and chebulagic
acid are other forms of tannin with a wide range of antiviral
properties against HIV, HSV-2, HCMV, HCV, DENV, MV,
RSV, etc.113,114 HSV-2 is one of the most common genital
ulcerative diseases because it disintegrates the vaginal mucosa.
The destroyed vaginal mucosa increases the risk of contracting

other STDs, such as HIV-1.115,116 Nucleoside analogues like
ACV, FAM, and VCV target the DNA polymerase of HSV-2
and are therefore beneficial in the treatment of HSV-2
infections.117,118 However, these nucleoside analogs are unable
to treat latent infections caused by the virus. To date, there is
no vaccine against this virus. The present situation demands
the development of an effective antivirus to prevent its spread
and infection. Along with that, the antiviral agent should not be
toxic to the skin or epithelial tissue.

AgNPs are silver nanoparticles with a myriad of antimicro-
bial, anti-inflammatory, and immunomodulatory properties.
AgNPs are used as ligands for numerous phytochemicals to
reach the site of action and reduce the level of formation of
contaminants. A number of researchers have used AgNPs
against many viruses like HIV-1, HSV-1, hepatitis B, and
influenza virus.119,120 AgNPs synthesized with tannic acid (TA-
AgNPs) block the attachment and entry of viruses into the cell
and induce the production of antiviral cytokines and
chemokines (Figure 2). Along with that, TA-AgNPs also
stimulate the maturation of DCs and the expression of TLR9
in vitro. TA-AgNPs increase the expression of MHC II and
CD86, whereas they decrease the expression of CD80 on DCs
when preincubated with HSV-2.121

TA-AgNPs are more effective against viruses compared with
tannic acid alone. The size of silver nanoparticles determines
the antiviral properties of TA-AgNPs, with a size of 20−40 nm
being the most effective without toxic or proinflammatory
effects on cells.122 TA-AgNPs help in the presentation of the
viral antigen to the cytotoxic T cells and memory T cells in
lymph nodes. Treatment with TA-AgNPs in the early stages of
infection with HSV-2 induces the strong expression of
chemokine CXCL17. Studies have shown that the CXCL17/
CXCR8 chemokine pathway contributes to the enhancement
of vaginal mucosa immunity by inducing the mobilization of
CD8+ effector and memory T cells to the site of infection.123

The nontoxic and protective TA-AgNPs strengthen the
defense system by developing a virus-specific cellular and
humoral response. Feduska et al. demonstrated that a subset of
TA-based microcapsules can suppress DC responses, as
evidenced by a significant decrease in the mRNA of the pro-
inflammatory cytokines TNF-α and IL12, as well as the
chemokine CXCL10 and a significant decrease in the secreted
pro-inflammatory cytokine IL-12p70.124 In contrast, Orlowski
et al. have shown that silver and gold nanoparticles modified
with tannic acid act as potential stimulators of dendritic cells
because tannic acid nanoparticles help overcome virus-induced
DC inhibition by upregulating the expression of MHC II and
CD86 and downregulating the expression of CD80.125 Tannic
acid is a dopamine D2L receptor agonist, and treatment with
TA decreased IFN-γ secretion and increased IL-10 secretion in
CD3/CD28-stimulated splenocytes.126

■ MEDICINAL PLANTS USED THE MOST
TRADITIONALLY IN INDIA AND CHINA DURING
PANDEMIC SITUATION

Ginger. Ginger (Zingiber of f icinale), a well-known herba-
ceous plant, originated in India and is now widely cultivated in
humid tropical areas. It has been used for centuries as a spice
and as a medicinal plant. The plant is known for its
antimicrobial, antifungal, antibacterial, antiviral, anti-inflamma-
tory, and other effective properties. Various phytochemical
compounds, such as polyphenols and flavonoids, are
responsible for the medicinal properties of this plant;127
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Ahkam et al. investigated the antiviral activity of bioactive
constituents of ginger such as gingerenone A, geraniol-
zingerone, shogaol, etc. against SARS-CoV-2. The study
showed that gingerol, shogaol, zingerone, zingiberene, geraniol,
and zingiberenol possess good antiviral properties and reduce
the cytotoxic effect of SARS-CoV-2. Spike protein (S protein)
and main protease (MPro) are the most vital components of
SARS-CoV-2 to facilitate its entry into the host cell. The active
components of ginger, such as geraniol, gingerol, shogaol,
zingiberenol, zingerone, and zingiberene, inhibit the catalytic
activity of MPro and thus indirectly affect the replication of
virus. On the other hand, geraniol, shogaol, zingiberenol,
zingerone, and zingiberene bind to the S Protein of virus to
restrict the binding of the S Protein to the ACE2 receptor
present on the host cell, indicating the antiviral potential of
ginger.128

Camero et al. studied the antiviral effect of ginger essential
oils (GEOs) against Caprine α-herpesvirus 1 (CpHV-1) in
vitro.129 The researchers observed nearly 100% inactivation of
cell-free CpHV-1, indicating the virucidal activity of GEO.
Basically, GEO causes the disintegration of the viral envelope
along with other structures essential for the adsorption and
entry of viruses inside the cell. However, GEO had not
exhibited virucidal activity in the pre- and postinfected cells.130

Chang et al. demonstrated the antiviral activity of fresh ginger
on Hep2 and A549 cells infected with the human respiratory
syncytial virus (HRSV). Fresh ginger (300 mg/mL) reduced
nearly 70% of the infection caused by HRSV on both cell lines.
Dried ginger exhibited only 20% protection against plaque
formation by the virus in Hep-2 cells. Fresh ginger constrains
the attachment and internalization of HRSV to the host cell.131

Gingerols are the major active components of fresh ginger
compared to dried ginger. Fresh ginger also encourages
epithelial cells to secret IFN-β and inhibits the production of
prostaglandins and inflammatory cytokines, which all help to
prevent viral replication.132 Kaushik et al. demonstrated the
excellent antiviral effect of ginger against CHIKV.133 Different
extracts of ginger exhibit inhibitory effects against a number of
viruses like H1NI influenza virus, rhino virus, HIV-1, rotavirus,
etc.134 In vitro, ginger volatile oil suppressed T lymphocyte
proliferation and lowered total T lymphocytes and T helper
cells in a concentration-dependent manner, but it increased the
percentage of T suppressor cells to total T lymphocytes in
mice. Its anti-inflammatory effects suggest that it could help
with a variety of clinical disorders, including chronic
inflammation and autoimmune diseases.135 Tripathi et al.
showed that ginger extract inhibits macrophage activation by
downregulating the expression of B7.1, B7.2, and MHC class II
molecules, as well as function by decreasing the production of
IL-12, TNF-α, IL-1 (proinflammatory cytokines) and
RANTES, MCP-1 (proinflammatory chemokines) in LPS-
activated macrophages.136

Ginseng. Ginseng is an herb plant traditionally used in
China to reduce tiredness and boost the immune system.
Ginseng’s antioxidative and anticancer benefits, as well as its
impact on enhancing immunity, energy, and sexuality, and
treating cardiovascular diseases, diabetes mellitus, and neuro-
logical diseases, have been explored in both basic and clinical
studies during the last few decades.137 Fatty acids, peptides,
polysaccharides, polyacetylenic alcohols, and ginsenosides of
this plant exhibit biological and medicinal properties.138,139 A
number of studies have provided evidence about the antiviral
properties of ginseng. McElhaney et al. demonstrated the

activity of CVT-E002 ginseng extract against influenza virus for
the prevention of acute respiratory problems. Studies revealed
that an aqueous extract of this plant improved resistance
against influenza and RSV infections, suggesting the safe and
effective role of ginseng.140 Administration of ginseng
polysaccharide prior to infection with influenza virus increases
the chances of survival in experimental animals subjected to
viral infection.141−143 The production of IL-6 as well as the
viral titer were low in the experimental animals treated with
virus and ginseng polysaccharide at the same time.143,144

Ginseng aqueous extract enhances the production of IFN-α,
INF-γ, and macrophage activity to strengthen the defense
mechanism against influenza virus.145 In addition to influenza
treatment, Rg1 and Rb1 ginsenosides of ginseng are effective
against many other viruses like hepatitis A, murine norovirus,
and feline calcivirus.146 Rg1 enhances the proliferation of
lymphocytes to fight against norovirus and feline calovirus
(Figure 4).147

Red ginseng extract (RGE) works against the RSV infection
to improve cell survival, as it partially inhibits the replication of
the viral DNA and alters the production of cytokines along
with increased migration of immune cells. RGE has been
shown in studies to inhibit the production of RSV-induced
TNF-α and viral replication in human epithelial cells.
Intranasal administration of RGE prior to infection prevents
to weight loss and enhances the level of IFN-γ in BAL cells of
respiratory system upon infection of mice with RSV.148

Another study described the oral administration of RGE and
suggested that RGE reduces the viral load and activates
dendritic cells to increase IFN-γ production in response to viral
infection.141

The aqueous extract of ginseng improves NK cell activity as
well as antibody-dependent cell cytotoxicity in AIDS patients
to lyse HIV-infected cells in order to reduce the HIV

Figure 4. Impact on viral infections and immune-modulation
mechanism shown by medicinal plant ginseng and its derivatives
(Rg1, Rb1, Rh1, Re, Rf, and Rg2) in in vitro and in vivo experiments.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Review

https://doi.org/10.1021/acsptsci.3c00178
ACS Pharmacol. Transl. Sci. 2023, 6, 1600−1615

1607

https://pubs.acs.org/doi/10.1021/acsptsci.3c00178?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00178?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00178?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00178?fig=fig4&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


progression.149 Study performed by Cho et al. on HIV
infection demonstrated that ginseng enhances the production
CD4+ and CD8+ T cells along with gain in body weight while it
reduces CD8+ solubilized antigens.150 Rh1 and Rb1 ginseno-
sides proved beneficial in eliminating infected macrophages. In
D3 transduced macrophages, Rh1 inhibits the phosphorylation
of pyruvate dehydrogenase lipoamide kinase isozyme 1,
whereas Rb1 inhibits the protein kinase B pathway.151,152

Numerous studies have demonstrated that taking ginseng has
varied effects on immune cells while controlling them
simultaneously. Each type of immune cell, such as macro-
phages, natural killer cells, dendritic cells, T cells, and B cells, is
controlled by ginseng.153

Licorice. Licorice, extracted from the roots of Glycyrrhiza
glabra and often used in ancient Siddha medicine, is one of the
most beneficial medicinal plants commonly used in industries
associated with the food and pharmaceutical sectors.154,155

Licorice is used in traditional medicine to treat coughs,
arthritis, epilepsy, ulcers, inflammation, and digestive problems.
Approximately 300 flavonoids and 20 triterpenoids are present
in licorice. The two primary triterpenoids that prevent virus
replication and gene expression are glycyrrhizin (GL) and 18-
glycyrrhetinic acid, hence controlling the progression of
viruses. These two compounds increase the proliferation of
lymphocytes and suppress the apoptotic process in the host
cell to fight against the virus. Both the compounds affect the
adsorption and penetration of the virus into the host cells to
control the infection.156,157

Sekizawa et al. demonstrated that GL treatment activates
immune cells against virus in HSV-1-infected mice, while
another study revealed that glycyrrhizic acid (GA) has the
ability to terminate the infection caused by Kaposi sarcoma-
associated herpes virus (KSHV) at the latent stage.158,159 GA
promotes apoptosis in virus-infected cells by decreasing the
expression of the nuclear antigen in B lymphocytes, which is
associated with the latent period of the virus. Cinatl et al.
investigated the role of GL in the prevention of acute
respiratory syndrome.156 GL has the ability to inhibit the
signaling pathways of protein kinase C, casein kinase II,
activator protein 1, and NF-κB. GL and 18β-glycyrrhetinic acid
induce the expression of nitric oxide synthase in macrophages
to enhance the production of nitric oxide. Various studies also
described the role of GL in treating HIV-1 patients as it
enhances the production of chemokines.160,161

The Japanese have been using intravenous GL against the
hepatitis C virus for more than 20 years. This compound
reduces the concentration of serum aminotransferases and also
significantly improves the histology of the liver, which has high
therapeutic uses.162 Intravenous administration of GL proved
beneficial against autoimmune hepatitis.163 Along with
restricting the replication of the H5N1 influenza virus, the
compound also controls the infection caused by porcine
epidemic diarrhea virus (PEDV) by inhibiting the entry and
replication of the virus in Vero cells.164,165

Along with HSV, GL also shows interesting inhibitory
activity against SARS-CoV, the common enemy of the world,
causing COVID-19. The amphiphilic nature and membrane
crossing potential of GL promote the antiviral properties of
this compound. The researchers studied the antiviral activity of
GL against SARS-CoV and observed the inhibitory action of
GL on the viral replication process, along with the adsorption
and penetration in Vero cells. Dosing of GL during and after
the adsorption period of the virus provides better results

against the virus. For its antiviral properties, GL alters the
casein kinase II and PKC signaling pathways as well as
transcription factors such as NF-κB and AP-1. As mentioned
earlier, the ACE2 receptor is highly essential for the entry of
SARS-CoV-2 in the host cell, and thus, the binding of GL to
ACE2 blocks the binding site of virus and controls the SARS-
CoV-2 entry.166

Epithelial cells of esophagus, enterocytes of small intestine,
and colon cells express the ACE2 receptor in abundance,167,168

indicating a suitable entry point for SARS-CoV-2. On the basis
of various studies, researchers proposed that GL and GA
provide double protection to the enterocytes, first through oral
ingestion and second through enterohepatic cycling. However,
airborne transmission of SARS-CoV-2 is the primary route of
infection. That is why the protection of respiratory cells from
viral entry is the most preventive measure against infection. In
the respiratory system, the ACE2 receptor is highly expressed
by the nasal epithelial cells, facilitating the smooth entry of
viruses.169 The higher expression of ACE2 in nasal and oral
epithelial cells suggests the topical utilization of GL against the
SARS-CoV-2 infection. The saponin and amphiphilic nature of
GL enhances its ability to modify virus lipid bilayer.170,171

Clinical trials of GL should be conducted against SARS-CoV-2
to determine its efficacy and safety. Various studies
demonstrated that GL also exhibits anti-HIV activity via
inhibiting viral replication, interrupting the binding of the virus
to the host cell, and inducing the expression of IFN.172,173 In
addition to anti-HIV activity, GL also affects infections caused
by the Epstein−Barr virus, cytomegalovirus, hepatitis C virus
(HCV), and HSV-1.159

Ashfaq et al. investigated the toxicological effect of GL in
HCV-infected Huh-7 and CHO cell lines and discovered that
GL affects HCV activity in a dose-dependent manner, i.e., at 13
μg concentration, it reduces HCV infection by 50%, while at
40 μg concentration, it inhibits HCV by nearly 85%.174 GL
basically inhibits the expression of HCV core genes via
stimulation of the IFN pathway. The compound also reduces
membrane fluidity along with the upregulation of the Cox2
pathway to exhibit an antiviral effect. Wolkerstorfer et al.
reported the antiviral activity of GL against the Influenza A
virus (IAV) infecting human lung cells and observed that this
saponin compound directly affects the binding of virus to the
host cell along with immune modulation. GL has virustatic but
not virucidal activity against IVA, and higher concentration is
required for the antiviral effect.175 Guo et al. demonstrated that
the two ingredients of licorice extract, isoliquiritigenin and
naringenin, boosted Treg cell induction both in vitro and in
vivo, as well as enhanced their immunological suppression.176

In another study, licorice polysaccharides were found to
improve mice immunological state by increasing blood
leukocyte count, spleen weight, and T lymphocyte population
in CT26 tumor-bearing mice.177

■ PHYTOCHEMICALS-MEDIATED SIGNALING
PATHWAYS

Previous research has demonstrated that immunomodulators
and antioxidant compounds possess the ability to regulate the
signal transduction pathways that are essential for cellular
responses, such as inflammation, survival, cellular proliferation,
and cell death, all of which can be influenced by oxidative
stress.178,179 One illustration of this phenomenon involves the
modulation of nuclear factor-erythroid-2-related factor-2
(Nrf2) by antioxidants. This modulation leads to the activation
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of several Nrf2 target gene candidates, such as Nrf2, SLC48A1,
SLC7A11, p62, HO-1, and Bcl-2 genes. These genes play a
crucial role in regulating antioxidant defense and autopha-
gy.180,181 Moreover, the promotion of the intracellular cyclic
AMP (cAMP) second messenger pathway can occur through
the inhibition of phosphodiesterases (PDE), which may be
facilitated by antioxidant activity.182 Hence, the activation of
the cAMP response element-binding protein (CREB) leads to
the targeting of specific genes and the AMP-activated protein
kinase (AMPK) pathway. This system serves as a crucial
regulator of autophagy and is also implicated in the control of
the Nrf2 pathway.183−185 In summary, the immune-enhancing
properties of antioxidants derived from honey encompass more
than just stimulating the multiplication and activation of
lymphocytes and suppressing the synthesis of pro-inflamma-
tory cytokines. Additionally, these antioxidants have the ability
to initiate autophagy mechanisms. Therefore, the promotion of
these three immune responses may potentially contribute to
the mitigation of the effects of COVID-19.

■ CHALLENGES IN PHYTOCHEMICALS-BASED
DRUG DELIVERY SYSTEMS

Introducing pharmaceutical nanotechnology into the field of
natural medicine is useful and promising. New strategies for
the delivery of poorly soluble phytochemicals and plant
extracts allow improved pharmacokinetic and clinical out-
comes.186,187 Commonly used approached such as phyto-
somes, nanoparticles, hydrogels, microspheres, transferosomes
and ethosomes, self-microemulsifying drug delivery systems
(SMEDDS), and self-nanoemulsifying drug delivery systems
(SNEDDS) have been applied for the delivery of antiviral plant
agents GR.188,189 These antiviral technologies may be preferred
over older phytochemical drug formulations due to enhanced

solubility and oral absorption, systemic bioavailability, safety,
delayed metabolism, and better overall antiviral activity.190

However, there is a limited body of literature on the subject
of antiviral herbal medication delivery. Therefore, our objective
is to provide a number of successful endeavors aimed at
enhancing the administration of phytodrugs that possess
established antiviral properties.

■ CONCLUSION
Viruses have several strategies to invade. Each virus, in fact
each strain, has its unique characteristics and biochemical
configuration of surface molecules, which work on the
principle of lock and key enabling viruses enter into hosts by
accurately fitting the molecules on their surfaces of target
cells.191,192 Since viruses and hosts’ cells make intimate
connections during pathogenesis, blockage of such association
could render an antiviral state. As already introduced in the
“Introduction” section, antiviral therapies are limited in both
number and efficacy with possible development of drug-
resistance as well. Moreover, associated cytotoxicity and side-
effects are enormous, and as such, it is an obvious need of the
time to design and develop some novel, safe, and effective
antiviral therapies that target and inhibit the viral enzymes or
its replication without affecting the host cells.193,194

Further research on the mechanisms by which phytochem-
icals exhibit their antiviral effect will allow the development of
successful target-specific drug delivery systems. At the
moment, we cannot ensure that the plant phytochemicals
directly reach viruses or the correct structures inside cells.
Ideally, we would have smart pharmaceutical nanotechnologies
and targeting strategies that can avoid cellular defenses,
transport drugs to targeted intracellular sites, and release the
drugs in response to specific molecular signals.

Figure 5. Conclusive multiple mechanisms of medicinal plants and derived compounds to treat different viral infections: interrupting viral host cell
binding; inhibiting viral genome replication; stimulates the production of IFN-γ; increasing migration of immune cells; activating Th1 and Th2
response.
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In this review, we summarized the selected compounds
representing a different class of phytochemicals and the most
commonly used medicinal plants in traditional systems of
medicine. The review supports the notion that phytochemicals
such as alkaloids, flavanols, phenols, and terpenoids have
significant antiviral and immune modulatory roles and target
key proteins and pathways to exert antiviral actions and attain
immunity against viruses (Figure 5).

Indeed, it appears that there is an increasing inclination
among clinicians and medical professionals to prefer or
juxtapose to the conventional therapies preventive or curative
adjuvant therapies based on bioactive nutraceuticals extracted
from plants. It is probable that more research toward thorough
identification and characterization will be undertaken in the
coming decades; wherever possible, most of the diseases will
be tackled more “naturally” through introduction of emerging
concept of nutrition science and clinical nutrition alongside
personalized treatments. Besides, development of new antiviral
therapies and regimens, public health measures, and prophy-
lactic vaccines are of great importance, by which society
controls the spread of viral infections.
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(76) Silva dos Santos, J.; Gonçalves Cirino, J. P.; de Oliveira

Carvalho, P.; Ortega, M. M. The Pharmacological Action of
Kaempferol in Central Nervous System Diseases: A Review. Front.
Pharmacol. 2021, 11, No. 565700.
(77) Ren, J. I. E.; Lu, Y.; Qian, Y.; Chen, B.; Wu, T. A. O.; Ji, G.

Recent Progress Regarding Kaempferol for the Treatment of Various
Diseases. Exp. Ther. Med. 2019, 18 (4), 2759−2776.
(78) Care, C.; Sornjai, W.; Jaratsittisin, J.; Hitakarun, A.; Wikan, N.;

Triwitayakorn, K.; Smith, D. R. Discordant Activity of Kaempferol
towards Dengue Virus and Japanese Encephalitis Virus. Molecules
2020, 25 (5), 1246.
(79) Zhang, R.; Ai, X.; Duan, Y.; Xue, M.; He, W.; Wang, C.; Xu, T.;

Xu, M.; Liu, B.; Li, C.; et al. Kaempferol Ameliorates H9N2 Swine
Influenza Virus-Induced Acute Lung Injury by Inactivation of TLR4/
MyD88-Mediated NF-ΚB and MAPK Signaling Pathways. Biomed.
Pharmacother. 2017, 89, 660−672.
(80) Tsai, F. J.; Lin, C. W.; Lai, C. C.; Lan, Y. C.; Lai, C. H.; Hung,

C. H.; Hsueh, K. C.; Lin, T. H.; Chang, H. C.; Wan, L.; Sheu, J. J. C.;
Lin, Y. J. Kaempferol Inhibits Enterovirus 71 Replication and Internal
Ribosome Entry Site (IRES) Activity through FUBP and HNRP
Proteins. Food Chem. 2011, 128 (2), 312−322.
(81) Schwarz, S.; Sauter, D.; Wang, K.; Zhang, R.; Sun, B.; Karioti,

A.; Bilia, A. R.; Efferth, T.; Schwarz, W. Kaempferol Derivatives as
Antiviral Drugs against the 3a Channel Protein of Coronavirus. Planta
Med. 2014, 80, 177−182.
(82) Sacks, D.; Baxter, B.; Campbell, B. C. V; Carpenter, J. S.;

Cognard, C.; Dippel, D.; Eesa, M.; Fischer, U.; Hausegger, K.; et al.
Multisociety Consensus Quality Improvement Revised Consensus
Statement for Endovascular Therapy of Acute Ischemic Stroke. Int. J.
Stroke. 2018, 13 (6), 612−632.

(83) Vetvicka, V.; Vannucci, L. Biological Properties of Androgra-
pholide, an Active Ingredient of Andrographis Paniculata: A Narrative
Review. J. Transl. Med. 2021, 9 (14), 1186.
(84) Sheeja, K.; Kuttan, G. Activation of Cytotoxic T Lymphocyte

Responses and Attenuation of Tumor Growth in Vivo by
Andrographis Paniculata Extract and Andrographolide. Immunophar-
macol. Immunotoxicol. 2007, 29 (1), 81−93.
(85) Chen, J.-X.; Xue, H.-J.; Ye, W.-C.; Fang, B.-H.; Liu, Y.-H.;

Yuan, S.-H.; Yu, P.; Wang, Y.-Q. Activity of Andrographolide and Its
Derivatives against Influenza Virus in Vivo and in Vitro. Biol. Pharm.
Bull. 2009, 32 (8), 1385−1391.
(86) Yu, B.; Dai, C.; Jiang, Z.; Li, E.; Chen, C.; Wu, X.; Chen, J.; Liu,

Q.; Zhao, C.; He, J.; et al. Andrographolide as an Anti-H1N1 Drug
and the Mechanism Related to Retinoic Acid-Inducible Gene-I-like
Receptors Signaling Pathway. Chin. J. Integr. Med. 2014, 20 (7), 540−
545.
(87) Busca, A.; Kumar, A. Innate Immune Responses in Hepatitis B

Virus (HBV) Infection. Virol. J. 2014, 11 (1), 22.
(88) Stoop, J. N.; van der Molen, R. G.; Baan, C. C.; van der Laan, L.

J. W.; Kuipers, E. J.; Kusters, J. G.; Janssen, H. L. A. Regulatory T
Cells Contribute to the Impaired Immune Response in Patients with
Chronic Hepatitis B Virus Infection. Hepatology 2005, 41 (4), 771−
778.
(89) Huang, Q.; Zhang, S.; Huang, R.; Wei, L.; Chen, Y.; Lv, S.;

Liang, C.; Tan, S.; liang, S.; Zhuo, L.; et al. Isolation and Identification
of an Anti-Hepatitis B Virus Compound from Hydrocotyle
Sibthorpioides Lam. J. Ethnopharmacol. 2013, 150 (2), 568−575.
(90) Chen, Y.; Zhu, J. Anti-HBV Effect of Individual Traditional C

Hinese Herbal Medicine in Vitro and in Vivo: An Analytic Review. J.
Viral Hepat. 2013, 20 (7), 445−452.
(91) Ito, M.; Kusunoki, H.; Mizuochi, T. Peripheral B Cells as

Reservoirs for Persistent HCV Infection. Front. Microbiol. 2011, 2,
177.
(92) Yi, G.; Wen, Y.; Shu, C.; Konan, K. V.; Han, Q.; Li, P.; Kao, C.

C. Hepatitis C Virus NS4B Can Suppress STING Accumulation to
Evade Innate Immune Responses. J. Virol. 2016, 90 (1), 254−265.
(93) Chandramohan, V.; Kaphle, A.; Chekuri, M.; Gangarudraiah,

S.; Bychapur Siddaiah, G. Evaluating Andrographolide as a Potent
Inhibitor of NS3−4A Protease and Its Drug-Resistant Mutants Using
in Silico Approaches. Adv. Virol. 2015, 2015, 1.
(94) Chentoufi, A. A.; Dervillez, X.; Dasgupta, G.; Nguyen, C.;

Kabbara, K. W.; Jiang, X.; Nesburn, A. B.; Wechsler, S. L.;
BenMohamed, L. The Herpes Simplex Virus Type 1 Latency-
Associated Transcript Inhibits Phenotypic and Functional Maturation
of Dendritic Cells. Viral Immunol. 2012, 25 (3), 204−215.
(95) Wiart, C.; Kumar, K.; Yusof, M. Y.; Hamimah, H.; Fauzi, Z. M.;

Sulaiman, M. Antiviral Properties of Ent-labdene Diterpenes of
Andrographis Paniculata Nees, Inhibitors of Herpes Simplex Virus
Type 1. Phytother. Res. 2005, 19 (12), 1069−1070.
(96) Seubsasana, S.; Pientong, C.; Ekalaksananan, T.; Thongchai, S.;

Aromdee, C. A Potential Andrographolide Analogue against the
Replication of Herpes Simplex Virus Type 1 in Vero Cells. Med.
Chem. 2011, 7 (3), 237−244.
(97) Rancan, C.; Schirrmann, L.; Hüls, C.; Zeidler, R.; Moosmann,
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