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Abstract

Respiratory viruses—including influenza, severe acute respiratory syndrome
coronavirus 2, and respiratory syncytial virus—remain major global health challenges,
contributing to substantial morbidity, mortality, and socioeconomic burden.
Although vaccines and antiviral agents, such as oseltamivir, ribavirin, and Paxlovid
(nirmatrelvir/ritonavir), have advanced disease management, their effectiveness
is often compromised by the rapid mutation of viruses, the emergence of drug-
resistant strains, and adverse toxicities. These limitations underscore the urgent need
for novel therapeutic strategies. Natural products have attracted growing attention
as promising antiviral candidates due to their remarkable structural diversity, multi-
target mechanisms, and generally favorable safety profiles. They can inhibit viral
entry, replication, and assembly while simultaneously modulating host immune and
inflammatory responses. In addition, natural compounds may act synergistically with
existing antivirals, enhancing efficacy and reducing the risk of resistance. Despite
ongoing challenges in pharmacokinetics, standardization, and clinical validation,
natural products represent a compelling frontier for the development of broad-
spectrum, safe, and effective antiviral therapeutics.

Keywords: Natural products; Respiratory viruses; Influenza; Severe acute respiratory
syndrome coronavirus 2; Antiviral therapy

1. Introduction

Respiratory viral infections represent a major global cause of acute respiratory illness,
hospitalizations, and mortality, posing a serious threat to human health and imposing
a substantial burden on healthcare systems. According to data from the World Health
Organization,' seasonal influenza alone accounts for an estimated 3-5 million severe
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cases and 290,000-650,000 deaths annually.? The emergence
of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) at the end of 2019 led to a rapid and
widespread pandemic (coronavirus disease 2019 [COVID-
19), resulting in over 700 million confirmed cases and
millions of deaths worldwide, with profound repercussions
for public health and the global economy.’ In addition to
influenza and SARS-CoV-2, other respiratory viruses such
as respiratory syncytial virus (RSV), human adenovirus
(HAdV), parainfluenza virus,and human metapneumovirus
are also prevalent, particularly among children, the elderly,
and immunocompromised individuals. These pathogens
are characterized by high transmissibility and the capacity
to cause recurrent infections.

Despite notable progress in vaccine development and
antiviral drug discovery in recent years, current antiviral
therapies continue to face substantial challenges. Small-
molecule agents targeting viral enzymes or structural
proteins—such as amantadine, oseltamivir, ribavirin, and
Paxlovid (nirmatrelvir/ritonavir)—are often undermined
by the rapid emergence of resistance mutations.* This
phenomenon is particularly evident in influenza and other
RNA viruses, where high genetic variability facilitates the
selection of escape variants; for example, according to the
Centers for Disease Control and Prevention,’ resistance to
amantadine in circulating influenza A strains increased
from 0.4% in 1994-1995 to over 12% in 2003-2004 and
has since become nearly universal.

Likewise, oseltamivir resistance has been reported
in up to 2% of treated patients and is associated
with a higher risk of clinical complications such as
pneumonia.® Moreover, several antivirals are associated
with significant adverse effects, including neurotoxicity,
hepatotoxicity, nephrotoxicity, and contraindications
during pregnancy, limiting their clinical applicability.” For
instance, oseltamivir therapy commonly causes nausea
(approximately 10%) and vomiting (approximately 9%) in
adults,® while high-dose ribavirin has been shown to induce
anemia (odds ratio: 3.0; 99% confidence interval = 1.5-6.1)
and hypomagnesemia (odds ratio: 21.0; 99% confidence
interval = 5.8-73) in SARS-CoV-2 patients.” Most existing
agents also exhibit narrow therapeutic windows and target
a single viral or host factor, rendering them insufficient
to address the multifaceted and dynamic pathogenesis of
viral infections. This limitation is especially pronounced
in severe cases involving concurrent viral replication,
immune dysregulation, and tissue damage, where more
comprehensive and stage-adaptive therapeutic strategies
are urgently needed.

Against this backdrop, natural compounds—a term
encompassing both isolated bioactive molecules and

complex extracts derived from plants, microorganisms, or
marine organisms—have emerged as a promising frontier
in the development of next-generation antiviral drugs.
Positioned at the intersection of traditional medicine and
modern pharmacology, these agents are characterized
by remarkable structural diversity, broad-spectrum
activity, low toxicity, and potent immunomodulatory
properties. They can intervene at multiple stages of the
viral life cycle—including attachment, membrane fusion,
replication, assembly, and release—while also modulating
host responses such as inflammation, antiviral immunity,
and oxidative stress. Moreover, natural compounds may
act synergistically with existing antiviral drugs to enhance
efficacy and reduce the emergence of resistance, providing
strategic advantages in the management of both established
viral infections and emergent pandemics.

In this context, this review aims to explore the
therapeutic potential of natural compounds against the
influenza virus, SARS-CoV-2, and other major respiratory
viruses. It provides a systematic overview of the biological
characteristics and pathogenic mechanisms of these
viruses, identifies key antiviral targets and molecular
pathways modulated by natural products, and highlights
representative compounds with experimentally validated
antiviral activities. It also examines the principal challenges
hindering the clinical translation of these natural agents
and discusses how emerging technologies such as high-
throughput screening, multi-omics approaches, and
computational modeling are advancing compound
discovery, mechanistic elucidation, and drug development.
Through this comprehensive analysis, we aim to inform
future strategies for the prevention and treatment of
respiratory viral infections and support the development
of natural products into broad-spectrum, efficacious, and
low-toxicity antiviral therapeutics.

2. Overview and pathogenic mechanisms of
major respiratory viruses

Respiratory viral infections are among the leading causes of
acute respiratory illness worldwide, particularly affecting
vulnerable populations such as infants, the elderly, and
individuals with underlying chronic conditions. In
these groups, infections often lead to severe pulmonary
complications and increased mortality. Among the diverse
array of respiratory viruses, influenza viruses, novel
coronaviruses, RSV, HAdVs, and human parainfluenza
viruses (HPIVs) represent the most prevalent and
clinically significant pathogens. Despite their differences
in genomic structure and replication strategies, these
viruses share several common features: a high degree
of host dependency for replication, robust mechanisms
for evading or modulating host immune responses, and
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efficient transmission dynamics. This section provides
a comprehensive examination of the structural and
biological properties of these major respiratory viruses,
their mechanisms of pathogenesis, and the host immune
responses they elicit, with the aim of elucidating the core
determinants of viral virulence and disease progression.

2.1. Influenza virus

Influenza viruses, members of the Orthomyxoviridae
family, possess a segmented, single-stranded, negative-
sense RNA genome comprising eight distinct segments.'®!!
These segments encode both structural and non-structural
proteins critical for viral replication and pathogenesis,
including hemagglutinin (HA), neuraminidase (NA),
nucleoprotein (NP), and the RNA-dependent RNA
polymerase (RdRp) complex—comprising polymerase
basic (PB)-1, PB2, and polymerase acidic proteins'®!
(Figure 1). The HA protein facilitates viral entry by
specifically binding to sialic acid residues on the surface of
host epithelial cells, initiating attachment and membrane
fusion.? In contrast, NA plays a crucial role during viral
egress, cleaving sialic acid residues from the host cell
surface to enable efficient release and dissemination of
progeny virions.”” Due to their indispensable functions
in viral attachment and release, HA and NA have long
been established as major pharmacological targets. NA
inhibitors such as oseltamivir and zanamivir, as well
as emerging HA fusion-blocking agents derived from
flavonoids and polyphenols, exemplify how interference
with these surface glycoproteins can effectively suppress
viral propagation.

Upon entry into the host cell, the viral ribonucleoprotein
complexes (VRNPs) engage with host nuclear factors and
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are subsequently transported into the nucleus. Within
the nuclear compartment, the virus initiates mRNA
transcription by hijacking the host’s transcriptional
machinery through a mechanism known as cap-snatching.
The viral RdRp complex plays a central role in this
process' (Figure 2). However, due to intrinsic functional
limitations, the virus relies heavily on various host nuclear
proteins, including splicing factors and nuclear export
machinery, to complete its replication cycle. These host-
dependent pathways represent promising targets for
antiviral drug development, particularly for strategies
aimed at disrupting viral transcription, translation, and
intranuclear replication. Recent studies have revealed that
several natural products—such as alkaloids, terpenoids,
and phenolic acids—can inhibit RdRp activity or interfere
with the interaction between VRNPs and host cofactors,
thereby impeding viral genome replication and mRNA
synthesis. These findings highlight the potential of multi-
target natural agents to complement or overcome the
limitations of single-enzyme inhibitors.

Concurrently, host cells initiate antiviral defenses
upon recognizing viral RNA through pattern recognition
receptors such as retinoic acid-inducible gene I (RIG-I)
and toll-like receptor 7 (TLR7)." Activation of these
sensors leads to the induction of type I interferon (IFN)
signaling and the expression of a broad array of antiviral
effectors. Nevertheless, influenza viruses have evolved
sophisticated immune evasion strategies, primarily
mediated by the influenza-specific non-structural protein
1 (NS1). NS1 interacts with the E3 ubiquitin ligase,
tripartite motif-containing 25 (TRIM25), preventing
the ubiquitination and activation of RIG-I, thereby
suppressing IFN-f production.' In addition, NS1 binds to
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Figure 1. Structural diagram of the influenza virus. The figure illustrates the structural organization of the influenza virus. The viral envelope contains
two major surface glycoproteins—HA and NA—responsible for mediating host cell binding and viral release. Embedded within the membrane is the
ion channel protein M2, which regulates proton transport during viral uncoating and maturation. Beneath the lipid bilayer lies the M1, which provides
structural support and maintains virion integrity. Inside the virion, the segmented VRNA is coated with NPs, forming the genetic core essential for
replication and transcription. Image created by the authors using Adobe Illustrator version 29.3, Adobe Inc., United States of America.

Abbreviations: HA: Hemagglutinin; NA: Neuraminidase; NP: Nucleoprotein; NS: Non-structural protein; M: Matrix protein; PA: Polymerase acidic;
PB: Polymerase basic; VRNA: Viral RNA.
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Figure 2. The lifecycle and main structural components of the influenza A virus.

The virus binds to host receptors via HA and enters cells via endocytosis.

Acidification of the endosome activates the M2 ion channel, allowing proton influx and vRNP release into the cytoplasm. vRNPs are transported into
the nucleus for RNA transcription and replication through a cap-snatching mechanism. Viral mRNAs are exported for translation: HA, NA, and M2 are
synthesized in the endoplasmic reticulum, whereas internal proteins (e.g., NS1, NS2, M1, NP, PB1, PB2, and PA) are produced in ribosomes. Newly formed
vRNPs and viral proteins assemble at the plasma membrane, and mature virions bud from the cell to complete the replication cycle. Image created by the
authors using Adobe Illustrator version 29.3, Adobe Inc., United States of America.

Abbreviations: HA: Hemagglutinin; NA: Neuraminidase; NP: Nucleoprotein; NS: Non-structural protein; M: Matrix protein; PA: Polymerase acidic;

PB: Polymerase basic; vRNP: Viral ribonucleoprotein.

the host cleavage and polyadenylation specificity factor 30
(CPSF30), inhibiting host mRNA processing and reducing
the expression of antiviral genes."”

Another key immune antagonist is the PB1-F2 protein,
which targets host mitochondria to disrupt mitochondrial
antiviral signaling (MAVS)-mediated pathways, further
dampening innate antiviral responses.’® PB1-F2 also
contributes to the activation of the NLR family pyrin
domain-containing 3 (NLRP3) inflammasome, enhancing
local inflammatory responses that, paradoxically, may
facilitate viral replication by promoting tissue damage
and cellular turnover.” Targeting these viral proteins,
which modulate host immunity, has thus become an
emerging therapeutic strategy. Compounds capable of
restoring IFN signaling or inhibiting the NS1-TRIM25
interactions, such as polysaccharides, lignans, and plant-

derived flavones, have shown immunomodulatory and
antiviral activities, suggesting a dual mechanism of viral
suppression and host defense reinforcement. Through
this multifaceted interplay between immune suppression
and inflammatory modulation, influenza viruses achieve
a finely tuned balance between immune evasion and
replication efficiency, thereby enhancing their pathogenic
potential and transmission fitness.

The adaptive capacity of influenza viruses is exemplified
by the high variability of their surface antigens, particularly
HA and NA.* Through antigenic drift and antigenic
shift, influenza viruses undergo rapid genetic changes
that enable them to evade host immune surveillance.?
Antigenic drift arises from point mutations within the viral
genome, whereas antigenic shift results from reassortment
events between distinct influenza strains.?” These antigenic
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alterations not only facilitate interspecies transmission but
also pose significant challenges to the annual design of
influenza vaccines.! Moreover, they provide the molecular
basis for both seasonal epidemics and the emergence of
global pandemics.”® The continuous antigenic evolution
of HA and NA underscores the importance of developing
broad-spectrum antivirals that act on conserved viral
enzymes or host-dependent pathways. Natural products,
characterized by their structural diversity and multi-target
interactions, are particularly well-suited for this purpose,
offering a complementary pharmacological approach to
conventional single-target therapies.

2.2, SARS-CoV-2

SARS-CoV-2, a member of the Betacoronavirus genus
within the Coronaviridae family, is an enveloped,
positive-sense  single-stranded RNA virus with a
genome of approximately 29.9 kb.*> It encodes multiple
structural proteins—including spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins—as well
as 16 non-structural proteins (NSP1-NSP16, specific
to SARS-CoV-2) and a series of accessory proteins such
as open reading frame (ORF)-3A, ORF6, ORF7A, and
ORF9B.”* These viral components collectively orchestrate
the replication cycle and modulate host-virus interactions
at various stages of infection* (Figure 3).

The S protein of SARS-CoV-2 is the critical mediator
of viral entry into host cells and consists of two functional
subunits: S1 and S2.% The SI subunit is responsible for
recognizing and binding to the angiotensin-converting
enzyme 2 (ACE2) receptor on the host cell surface,
whereas the S2 subunit contains the fusion peptide and
transmembrane domain, facilitating the fusion of viral
and cellular membranes.® Viral entry depends on the

Spike @D Envelope
= Membrane @  Lipid
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Figure 3. Structural diagram of severe acute respiratory syndrome
coronavirus 2 particle, illustrating its key structural components. The
virion is enveloped by a lipid bilayer embedded with spike S glycoproteins,
membrane proteins, and envelope proteins. Inside the envelope lies the
nucleocapsid, which encapsulates the single-stranded positive-sense
RNA genome. These structural elements collectively support viral entry,
assembly, and release, forming the molecular basis for host recognition
and infection. Image created by the authors using Adobe Illustrator
version 29.3, Adobe Inc., United States of America.

proteolytic activation of the S protein by host cell surface
serine proteases such as transmembrane serine protease 2
(TMPRSS2), or by endosomal cathepsin L. Upon cleavage,
the S2 fusion peptide is exposed and inserts into the host
membrane, initiating membrane fusion and enabling
the release of viral RNA into the cytoplasm.” Since the S
protein and its associated host proteases are indispensable
for viral entry, they constitute central pharmacological
targets in anti-SARS-CoV-2 therapy. Studies have shown
that certain polyphenols and flavonoids can effectively
interfere with the S-ACE2 interaction or suppress
TMPRSS2 activity, thereby inhibiting viral attachment and
membrane fusion. These multi-target interactions provide
a mechanistic foundation for the broad-spectrum antiviral
potential of phytochemicals.

Following RNA release, the virus induces extensive
remodeling of the host endoplasmic reticulum to generate
double-membrane vesicles, which serve as specialized
compartments for viral replication.® The viral NSP12
protein functions as the core RdRp and assembles with
cofactors NSP7 and NSP8 to form the replication—
transcription complex.” This complex synthesizes negative-
sense RNA intermediates and generates a nested set of
subgenomic mRNAs, supporting both genomic replication
and structural protein translation, and ultimately driving
the assembly of progeny virions.*

Moreover, SARS-CoV-2 employs multiple immune
evasion strategies that effectively suppress the hosts
innate immune response and interfere with IFN signaling
pathways, thereby gainingareplicative advantage during the
early stages of infection. The viral NSP1 protein binds to the
40S ribosomal subunit, inhibiting host mRNA translation
and effectively suppressing host protein synthesis.”
ORF6 disrupts the nuclear pore complex, preventing the
nuclear translocation of signal transducer and activator of
transcription (STAT)-1 and STAT2, and thereby inhibiting
IFN-stimulated gene (ISG) transcription.® Meanwhile,
ORF9B localizes to the mitochondrial outer membrane and
destabilizes the MAVS-translocase of outer mitochondrial
membrane 70 complex, suppressing RIG-I-like receptor
signaling.”” These coordinated actions collectively impair
the induction of type I IFNs and reduce downstream ISG
expression, attenuating the host’s early antiviral defenses.”

In severe cases of COVID-19, a dual pattern of immune
dysregulation and hyperinflammation is frequently
observed. On one hand, patients exhibit profound
immunosuppression, characterized by lymphopenia, along
with elevated expression of exhaustion markers such as
programmed cell death protein 1 (PD-1) and lymphocyte-
activation gene 3 (LAG-3).”® On the other hand, persistent
elevation of pro-inflammatory cytokines—including
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interleukin (IL)-6, tumor necrosis factor (TNF)-c, and
C-X-C motif chemokine ligand 10—drives the onset of a
cytokine storm.” This exaggerated inflammatory response
contributes to widespread tissue injury, promoting
alveolar epithelial apoptosis, vascular endothelial barrier
disruption, capillary leakage, and ultimately, multi-organ
failure.

The imbalance between impaired antiviral immunity
and uncontrolled inflammation exacerbates tissue
pathology, facilitating secondary bacterial infections
and the development of long-term sequelae. This
complex immunopathology underscores the need for
therapeutic agents that can modulate both antiviral
and anti-inflammatory effects. Natural products
such as curcuminoids, stilbenes, and flavonoids have
demonstrated the ability to suppress key inflammatory
mediators, including nuclear factor «x-light-chain-
enhancer of activated B cells (NF-kB), IL-6, and TNF-c,
while simultaneously promoting antiviral defenses. Such
dual-action mechanisms position these compounds as
valuable candidates for mitigating cytokine storms and
improving clinical outcomes in severe COVID-19.

Collectively, the mechanistic insights into SARS-CoV-2
pathogenesis provide a framework for identifying
pharmacological targets across multiple viral and host
pathways. Natural compounds, with their capacity to
inhibit viral entry, replication, and immune evasion
while modulating inflammatory cascades, offer a holistic
therapeutic paradigm that aligns with the multifactorial
nature of COVID-19 pathology.

2.3. Other respiratory viruses
2.3.1.RSV

RSV is a member of the Paramyxoviridae family and is
the most common cause of severe lower respiratory tract
infections in infants and young children.*® The infection
process begins with RSV binding to host cell surface
receptors, such as C-X3-C motif receptor 1, through its
surface glycoprotein G.*' Subsequently, the viral fusion (F)
protein mediates the fusion of the viral envelope with the
host cell membrane, allowing the viral genome to enter the
cytoplasm and initiate replication.’”> A key feature of RSV
infection is the induction of cell-to-cell fusion, forming
multinucleated syncytia.*® This phenomenon not only
facilitates viral spread within local tissue but also enhances
the production and release of viral particles, contributing
to its virulence. Since both the G and F glycoproteins
are indispensable for viral attachment and membrane
fusion, they represent central pharmacological targets for
antiviral intervention. Several plant-derived compounds—
particularly certain flavonoids, curcuminoids, and

stilbenes—have demonstrated inhibitory effects on RSV F
protein-mediated membrane fusion, effectively inhibiting
viral entry and syncytium formation. These findings
highlight the potential of such natural products to disrupt
early stages of RSV infection through multi-targeted
interference.

Similar to influenza and SARS-CoV-2, RSV possesses
potent immune evasion mechanisms.*® It can delay
the host's immune response, allowing sustained viral
replication before the immune system mounts a full
antiviral defense.” Specifically, RSV uses its non-structural
proteins, NS1 and NS2, to inhibit the activation of IFN
regulatory factor (IRF)-3 and IRF7, thereby suppressing
IEN-I production.* This suppression prolongs the
replication cycle, allowing the virus to persist and spread
within the respiratory epithelium. Therapeutic agents
capable of restoring IFN signaling or enhancing IRF
activation may therefore offer a dual benefit, providing
both antiviral and immunomodulatory effects. Specific
flavonoids and triterpenoids have been reported to
upregulate IFN-stimulated gene expression or stabilize
RIG-I signaling pathways, thereby limiting RSV replication
and improving host antiviral defenses. This dual antiviral
and anti-inflammatory potential provides a promising
pharmacological basis for managing RSV-induced
respiratory pathology.

RSV infection is typically characterized by a Th2-
skewed immune response, marked by an overproduction
of cytokines such as IL-4 and IL-13.** While these
cytokines play essential roles in immune defense, their
excessive secretion in RSV infections exacerbates airway
hyperreactivity, mucus secretion, and smooth muscle
contraction.’®* These effects worsen symptoms such as
wheezing and airway obstruction, contributing to the
pathogenesis of bronchiolitis and pneumonia.”** Hence,
therapeutic strategies targeting RSV should not only focus
on suppressing viral replication but also on rebalancing the
dysregulated immune response.

Taken together, RSV pathogenesis involves a delicate
interplay between viral replication, immune evasion,
and host inflammatory responses. Understanding these
processes has significant pharmacological implications:
Natural compounds capable of concurrently targeting viral
entry, replication, and immune modulation may serve as
valuable leads for developing next-generation therapeutics
against RSV.

2.3.2. HAdV

HAdV is a non-enveloped, double-stranded DNA virus
with a broad host range and a complex pathogenic
mechanism. The virus enters host cells through interactions
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between its fiber protein and cell surface receptors, such
as the coxsackievirus and adenovirus receptor or class
of differentiation (CD) 46.” Upon receptor binding, the
virus is internalized by receptor-mediated endocytosis and
processed within the acidic environment of endosomes.*
The viral genome is then transported through the nuclear
pore complex, where it is released into the host cell nucleus,
initiating transcription and replication.”

The early genes of HAdV, such as EIA and EIB, play
crucial regulatory roles within the host cell.” E1A interacts
with host cell cycle regulatory factors to promote cell cycle
progression, particularly driving the host cell into the S
phase, thus providing a favorable environment for viral
genome replication.” Meanwhile, the E1B protein inhibits
apoptotic pathways, extending the survival time of infected
cells and allowing for prolonged viral replication.*’ This
ability to delay cell apoptosis enables the virus to continue
replicating and spreading efficiently, thereby preventing
premature host cell death.

Moreover, HAdV employs multiple strategies to evade
host immune surveillance, thereby enhancing its ability to
persistand replicate within the host. The virus downregulates
the expression of major histocompatibility complex
class I molecules on the surface of infected cells, thereby
reducing the likelihood of recognition and destruction by
cytotoxic T cells.*>* In addition, HAdV interferes with the
maturation process of dendritic cells, impairing their ability
to activate T cells and weakening the adaptive immune
response.” These immune evasion mechanisms enable
HAJV to effectively spread in immunocompromised hosts,
making it a common opportunistic pathogen in patients
undergoing organ transplantation, chemotherapy, or other
immunosuppressive treatments. In these individuals,
HAJV infection can lead to severe clinical consequences,
including life-threatening respiratory and systemic diseases.

Recent studies have also shown that several natural
products, including flavonoids, terpenoids, and alkaloids,
can modulate these molecular pathways, offering a
foundation for future antiviral exploration. Integrating
such pharmacological insights into the understanding of
HAAJV biology may thus facilitate the development of more
targeted and less toxic therapeutic strategies.

2.3.3. HPIVY

HPIVs, members of the Paramyxoviridae family, are
significant respiratory pathogens, with HPIV-1 and HPIV-3
being the most prevalent and clinically relevant types.
These viruses primarily cause upper and lower respiratory
tract infections in children.* HPIV pathogenesis is largely
driven by its surface glycoproteins. The G protein mediates
viral attachment by binding to receptors on the host

cell surface, facilitating initial viral entry.** The HA-NA
protein contributes to this process by promoting viral
attachment and exhibiting NA activity, which removes
sialylated glycoconjugates from the host cell surface,
thereby enhancing viral release and dissemination.* The
F protein plays a pivotal role in membrane fusion between
the viral envelope and host cell membrane, a critical step
that enables the delivery of viral genetic material into the
host cell to initiate replication.*

During HPIV infection, the virus interacts with host
cell signaling pathways, particularly the NF-xB and
mitogen-activated protein kinase (MAPK) pathways.”
Activation of these pathways results in the production
of pro-inflammatory cytokines and chemokines, with
notable upregulation of IL-8 and C-C motif chemokine
ligand 2, which attract neutrophils to the site of infection
and increase airway mucus secretion.” This inflammatory
response in airway epithelial cells is responsible for the
hallmark clinical symptoms of HPIV infection, including
wheezing and laryngitis.”” These symptoms not only reflect
the host’s immune response but also exacerbate respiratory
pathology.”

Excessive inflammation may lead to airway
hyperreactivity, mucus plugging, and further structural
damage to the airways, creating a vicious cycle that prolongs
the disease course.” Moreover, HPIV replication requires
a coordinated interaction between viral polymerase
complex components and host chaperone proteins such
as HSP70 and HSP90, which assist in the proper folding
of viral proteins.”® These host factors have emerged
as promising antiviral targets, as their inhibition can
suppress viral replication without directly targeting viral
enzymes, thereby reducing the likelihood of resistance.
Natural compounds and small-molecule inhibitors that
disrupt these virus—host interactions are under increasing
investigation. Certain stilbenes and curcuminoids have
been demonstrated to block such virus-host interactions
by suppressing NF-kB activation and alleviating oxidative
stress, with related mechanistic investigations currently
undergoing in-depth exploration.

Although respiratory viruses differ in their structural
and biological characteristics, as well as their pathogenic
mechanisms, they all share the ability to rely on host
cell factors, modulate innate immune responses, and
evade adaptive immune surveillance. These mechanisms
enable eflicient viral replication and contribute to the
inflammatory and pathological responses that characterize
viral infections. Understanding these key molecular
mechanisms is essential not only for the development of
antiviral natural products but also for optimizing vaccines
and developing novel immune intervention strategies.
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Despite differences in genome composition and
replication strategies, respiratory viruses such as influenza
virus, parainfluenza virus, and coronaviruses share
several conserved steps during infection, including viral
attachment to host receptors, endocytic uptake, genome
replication, and virion assembly. These common processes
provide potential intervention points for broad-spectrum
antiviral strategies. Increasing evidence suggests that
various natural compounds interfere with these conserved
viral and host functions. Flavonoids such as quercetin
and epigallocatechin gallate (EGCG) have been shown
to disrupt viral binding and membrane fusion, thereby
preventing entry into host cells.*** Similarly, compounds
such as baicalin and hesperidin modulate host immune
pathways, including NF-xB and IRF3 signaling, attenuating
excessive inflammation and inhibiting viral replication.”!
By targeting multiple conserved mechanisms, natural
products offer promising potential as adjunct or broad-
spectrum antiviral agents.

3. Antiviral activity and mechanisms of
natural products

Over the past decade, natural products have demonstrated
significant potential in the prevention and treatment
of respiratory viral infections, gradually emerging as a
crucial research and therapeutic avenue following vaccines
and small-molecule targeted drugs. Natural compounds
are characterized by high structural diversity and often
exert their effects through a multi-target, multi-pathway
synergistic approach.”” They can directly inhibit viral
replication while also modulating the host immune
response, enabling a dual regulation of the virus-host
interaction.”> This complex mechanism provides both a
theoretical foundation and practical potential for their
application against a range of respiratory viruses. The
majority of reported bioactive natural products are derived
from traditional herbal medicines, plant extracts, or
microbial metabolites, encompassing various structural
categories such as flavonoids, polyphenols, alkaloids,
terpenes, and polysaccharides.”® Their intervention
primarily focuses on key stages of the viral life cycle and
the regulation of the host immune system’s inflammatory
pathways.*

Natural products exert inhibitory effects at multiple
stages of the viral life cycle. Viral entry into host cells
typically relies on the specific interaction between viral
surface glycoproteins and host cell receptors.® For
example, the influenza virus uses HA to bind sialic acid,
whereas SARS-CoV-2 utilizes the S protein to bind ACE2,
facilitated by TMPRSS2-mediated cleavage for membrane
fusion.” Some natural compounds can form non-covalent,
stable complexes with the receptor-binding regions of

viral glycoproteins, blocking their interaction with host
receptors and preventing viral entry.* In vitro studies have
demonstrated that specific polyphenols and flavonoids
derived from tea leaves can effectively inhibit the entry or
infectivity of SARS-CoV-2. For example, EGCG inhibits
S-ACE?2 interaction and suppresses both pseudovirus and
live virus infection in cell culture;*” theaflavin derivatives
significantly inactivate SARS-CoV-2 and reduce receptor-
binding domain-ACE2 binding in vitro;®® and quercetin
has been shown to inhibit SARS-CoV-2 replication and
syncytium formation in cellular models.”® In addition,
certain compounds may interfere with viral invasion by
inhibiting the expression of host surface receptors or by
upregulating their soluble forms, which competitively bind
viral particles.

Once the virus has entered the host cell and begins
replication, natural products can intervene in viral RNA or
DNA synthesis, protein translation, and virion assembly.
For negative-sense RNA viruses such as influenza and RSV,
replication depends on the viral RdRp, a complex enzyme
comprising multiple subunits such as PB1, PB2, and PA, all
of which are potential targets for inhibition.®” Studies have
shown that quercetin can directly bind to the cap-binding
site of the PB2 subunit, inhibiting the “cap-snatching” process
and suppressing the initiation of viral mRNA transcription.®!
In SARS-CoV-2, NSPI12 serves as the core RdRp enzyme,
and its active site is highly conserved, making it a major
binding target for several clinical drugs (e.g., remdesivir) and
candidate natural products (e.g., hesperidin).*

Recent biochemical and cell-based studies have
provided more direct evidence supporting the inhibitory
potential of natural polyphenols and gallic acid derivatives
against key non-structural proteins of SARS-CoV-2.
Enzymatic assays have demonstrated that EGCG,
theaflavin, and related compounds inhibit the activity
of the main protease (3C-like protease) and papain-like
protease in vitro, with measurable half-maximal inhibitory
concentration (IC,)) values in the low micromolar
range.”*** Moreover, cell-based infection assays have
shown that EGCG and theaflavin-3-gallate can suppress
SARS-CoV-2 replication and pseudovirus entry into lung
epithelial cells, further confirming their antiviral effects
beyond molecular docking predictions.®>* Other studies
have further confirmed that flavonoids such as myricetin
can inhibit the ATPase and helicase activities of NSP13,
thereby interfering with viral replication.® Baicalein has
also been reported to inhibit SARS-CoV-2 replication
by targeting viral enzymes, including NSP13.9 Although
computational predictions indicate potential inhibitory
effects of some polyphenolic and alkaloid compounds on
NSP12 (RdRp) and NSP14 (exonuclease), these findings
still require further experimental validation (Figure 4).
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Figure 4. The role of several natural products in the lifecycle of respiratory viruses. Schematic representation of natural compounds targeting different
stages of the viral life cycle, including viral binding, endocytosis, nuclear import, replication and translation, assembly, and budding. Representative
natural compounds—such as epigallocatechin, quercetin, theaflavin, myricetin, baicalein, and hesperidin—are shown to interfere with these key steps
by inhibiting viral entry, replication, and release. Image created by the authors using Adobe Illustrator version 29.3, Adobe Inc. United States of America.

In addition to directly targeting the virus, an increasing
body of research focuses on the indirect antiviral effects
of natural products through the modulation of the host’s
immune response. Following respiratory viral infections,
host cells produce type I IFN via the RIG-I/melanoma
differentiation-associated ~ protein ~ 5-TANK-binding
kinase-IRF3 pathway, inducing the expression of ISGs
and establishing an antiviral state.®® However, most viruses
have evolved mechanisms to evade this immune response
by encoding inhibitory factors, such as influenza-specific
NS1, ORF6, and SARS-CoV-2-specific NSP1, that interfere
with this pathway® As a result, enhancing host IFN
signaling has become another key focus of natural product
action. For example, in the influenza A virus mouse model,
baicalin has been confirmed in vivo to enhance RIG-I-
mediated signaling by downregulating microRNA-146a,
thereby promoting type I IFN production and significantly

suppressing viral replication.”” Lignans from Schisandra
chinensis have been shown primarily in vitro to activate
RIG-I and upregulate ISG15 expression in RSV-infected
epithelial cells, suggesting a potential yet unvalidated
mechanism in animal systems.”! Moreover, several
flavonoid and coumarin derivatives have been reported to
restore Janus kinase (JAK)-STAT signaling by enhancing
STAT1/2 phosphorylation, though these findings are
mostly derived from cell-based mechanistic studies rather
than pre-clinical models’ (Figure 5).

Viral infections are often accompanied by extensive
inflammatory responses, especially in cases such as
SARS-CoV-2, where immune imbalance is characterized
by elevated levels of pro-inflammatory cytokines (e.g., IL-6,
TNF-a, and monocyte chemoattractant protein-1), leading
to tissue damage and immune exhaustion.” Several
natural compounds exhibit significant anti-inflammatory
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Adobe Inc., United States of America.

Abbreviations: IFN: Interferon; IKK: IkB kinase; IRF3: Interferon regulatory factor 3; MAVS: Mitochondrial antiviral signaling; miR-146a: MicroRNA-146a;
NF-xB: Nuclear factor k-light-chain-enhancer of activated B cells; RIG-I: Retinoic acid-inducible gene I; TBK1: TANK-binding kinase 1; VRNA: Viral RNA.

properties by inhibiting NF-kB and NLRP3 inflammasome
signaling pathways, downregulating the expression of pro-
inflammatory cytokines, and alleviating virus-induced
pathological inflammation. For instance, ginkgolide B and
resveratrol can significantly reduce IL-1f and TNF-at levels
in the airways following viral infection, thereby improving
lung tissue damage.”™

In addition, compounds such as paeonol and apigenin
can inhibit MAPK activation induced by oxidative stress,
thereby mitigating the oxidative-damage environment
created during viral infection and providing favorable
conditions for cellular repair” It is noteworthy that
certain natural products possess both antiviral and
immune-regulatory properties, making them particularly
suitable for respiratory viruses that have evolved immune
evasion mechanisms. In the context of T-cell dysfunction
and exhaustion, natural compounds that can restore
T-cell proliferation or inhibit the expression of immune
checkpoint proteins, such as PD-1 or LAG-3, offer potential

therapeutic strategies for clearing viral reservoirs and
enhancing vaccine responses.” Preliminary studies have
shown that curcumin can enhance CD8* T-cell activity in
influenza models, and the combination of quercetin and
EGCG can boost local immunoglobulin A antibody levels
in mucosal tissues, suggesting that natural products also
exert a positive regulatory effect on acquired immunity”
(Figure 6).

Opverall, natural products demonstrate a rich array of
intervention targets, complex mechanisms, and multi-
layered synergistic effects in antiviral therapy. These
compounds can directly suppress critical nodes in the viral
life cycle while also exerting indirect control through the
modulation of host signaling pathways, the alleviation
of inflammatory environments, and the remodeling of
the immune microenvironment (Table 1). As molecular
pharmacology and systems biology continue to advance,
the antiviral mechanisms of an increasing number of
natural compounds are being elucidated, providing a solid
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are indicated at specific nodes, suggesting their potential to modulate these signaling pathways. Image created by the authors using Adobe Illustrator

version 29.3, Adobe Inc., United States of America.

Abbreviations: ACE2: Angiotensin-converting enzyme 2; IFN: Interferon; IL: Interleukin; IRF: Interferon regulatory factor; MAPK: Mitogen-activated
protein kinase; MDA5: Melanoma differentiation-associated protein 5; NF-kB: Nuclear factor k-light-chain-enhancer of activated B cells; NK: Natural
killer; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; RIG-I: Retinoic acid-inducible gene I; TLR: Toll-like receptor; TMPRSS2:
Transmembrane serine protease 2; TNF: Tumor necrosis factor; TRIF: TIR-domain-containing adapter-inducing interferon-f.

foundation for the development of novel broad-spectrum
antiviral drugs. Future research should focus on structural
optimization, improvements in pharmacokinetics, and
the potential for combination therapies with vaccines or
existing antiviral agents, thereby offering new solutions to
combat the ongoing threat posed by various respiratory
viruses.

4. Challenges and prospects of antiviral
research on natural products

Natural products hold considerable promise in antiviral
drug development; however, their translation from basic
research to clinical application remains hindered by
multiple challenges. These include unclear mechanisms
of action, suboptimal pharmacokinetic profiles, low
bioavailability, ~difficulties in standardizing active
constituents, and a lack of large-scale clinical validation.
Addressing how to advance the therapeutic development
of natural products for respiratory virus prevention and

treatment in a scientific, eflicient, and systematic manner
has become a central focus in the field.

4.1. Complex targeting and limitations in
mechanistic research

Natural products exhibit broad antiviral potential
owing to their intrinsic multi-target and multi-pathway
characteristics. However, this same complexity often
obscures their precise mechanisms of action and limits
the reproducibility of experimental results. As mentioned
above, although many studies have demonstrated the
antiviral activity of plant-derived compounds through
molecular docking or in vitro assays, the direct molecular
targets and downstream signaling cascades responsible for
these effects remain underexplored.

Recent advances in experimental and computational
tools now offer new opportunities to address these gaps.
Integrating chemical proteomics, cellular thermal shift
assays, clustered regularly interspaced short palindromic
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Table 1. Experimental evidence levels of antiviral natural
compounds

Natural compound Virus target/model Level of
evidence

Baicalein/baicalin SARS-CoV-2: NSP12; influenza: I
IFN pathway

Curcumin Influenza: T-cell activation I

Ginkgolide B NF-«B/IL-1B/TNF-a I

Quercetin Influenza: PB2; SARS-CoV-2 I-11
replication

Resveratrol RSV/SARS-CoV-2 I-1I
anti-inflammatory

Epigallocatechin gallate  SARS-CoV-2: Spike protein- II
ACE2, 3CLpro, PLpro

Theaflavin/ SARS-CoV-2 RBD-ACE2 1I

theaflavin-3-gallate binding, 3CLpro

Myricetin SARS-CoV-2 NSP13 helicase 1I

Lignans RSV/RIG-I activation I

(Schisandra chinensis)

Paeonol MAPK pathway III

Apigenin MAPK pathway I

Hesperidin SARS-CoV-2 RdRp (NSP12) v

Polyphenolic and alkaloid SARS-CoV-2 NSP12/NSP14 vV

compounds (general)

Notes: Evidence grading criteria: Level I (high evidence): confirmed

in vivo efficacy in validated animal models and/or supported by early
clinical data with mechanistic insights; level I (moderate evidence):
Demonstrated antiviral or immunomodulatory effects in cell-based
assays or enzyme inhibition experiments, with quantitative data

(e.g., IC,, EC,)); level III (preliminary evidence): Mechanistic indication
from biochemical or target-based assays without cellular confirmation;
and level IV (computational evidence): Predicted interactions or
binding activity derived solely from in silico modeling, molecular
docking, or virtual screening, lacking experimental validation.
Abbreviations: 3CLpro: 3C-like protease; ACE2: Angiotensin-converting
enzyme 2; IFN: Interferon; IL: Interleukin; MAPK: Mitogen—activated
protein kinase; NF-kB: Nuclear factor k-light-chain-enhancer of
activated B cells; NSP: Non-structural protein; PB2: Polymerase

basic 2; PLpro: Papain-like protease; RBD: Receptor-binding

domain; RdRp: RNA-dependent RNA polymerase; RIG-I:

Retinoic acid-inducible gene I; RSV: Respiratory syncytial virus;
SARS-CoV-2: Severe acute respiratory syndrome corona virus 2;

TNEF: Tumor necrosis factor.

repeats-based target screening, and multi-omics approaches
can help systematically identify direct binding partners
and clarify the “compound-target-pathway-phenotype”
network of antiviral natural products.”® Likewise, the
combination of structural biology and biochemical
validation can provide high-resolution evidence of specific
target engagement, thereby strengthening the mechanistic
credibility beyond preliminary docking or expression
analyses. Future research should therefore emphasize
mechanistic depth over breadth, focusing on a few

representative compounds with proven antiviral efficacy
in cell and animal models. Such work will refine the
mechanistic framework of natural product pharmacology
and accelerate translation from molecular discovery to
clinically actionable antivirals.

4.2. Low bioavailability and poor pharmacokinetic
properties

Many natural compounds are characterized by structural
complexity and an inherent polarity—either hydrophilic
or lipophilic—resulting in poor absorption, short plasma
half-life, and low bioavailability in vivo. For instance,
EGCG is prone to oxidative degradation and methylation
in the gastrointestinal tract, making it difficult to maintain
therapeutically relevant plasma concentrations.” Similarly,
flavonoids are often rapidly eliminated by hepatic metabolic
enzymes, leading to diminished pharmacological effects.®

To overcome these limitations, various strategies
have been employed to optimize the pharmacokinetic
properties of natural compounds. These include the
development of nanoparticle-based delivery systems
(e.g., solid lipid nanoparticles and poly[lactic-co-glycolic
acid] microspheres), salt modification, prodrug approaches,
liposomal encapsulation, and structural derivatization.
In addition, comprehensive studies on tissue distribution
and quantification of compound levels in viral target
sites are essential to evaluate their biodistribution in the
lungs, airways, and immune-related organs—critical for
enhancing therapeutic outcomes.

4.3. Complex composition and inconsistent quality
standards

Traditional Chinese medicine (TCM) and plant extracts,
as major sources of natural products, often face challenges
such as complex compositions, significant source
variability, and batch-to-batch inconsistency. These issues
severely hinder the clinical application of these products.
The lack of well-defined active monomeric components,
coupled with the considerable fluctuations in the content
of active compounds and unstable extraction processes,
presents critical bottlenecks in the development of natural
product-based formulations.*?

To address these challenges, the extraction phase must
focus on purifying effective compounds and establishing
comprehensive active tracking and evaluation systems to
ensure the stability of therapeutic substances.® In addition,
multi-omics technologies, such as metabolomics and
proteomics, should be employed to accurately identify and
verify key active pharmaceutical ingredients.** Moreover,
to meet international regulatory requirements and facilitate
the global clinical transformation of natural products,
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establishing unified international quality standards
and strictly adhering to Good Manufacturing Practices
production guidelines are critical steps. These measures
will ensure that TCM and plant extracts are developed with
higher quality assurance, enabling their successful global
application in antiviral drug development and clinical
treatments.

4.4, Lack of systematic in vivo validation and clinical
evidence

Currently, most progress in antiviral research involving
natural products remains at the cellular level or in small
animal models, with clinical evidence still relatively scarce.
For instance, compounds such as baicalin, quercetin, and
EGCG have demonstrated promising antiviral activity
against influenza and SARS-CoV-2 in vitro and in mouse
models, yet no phase II or III clinical trials have confirmed
their efficacy or safety in human subjects.’”*% In
infection models for respiratory viruses such as influenza
and SARS-CoV-2, researchers often face challenges such
as short time windows, difficulty in controlling viral
loads, and unstable symptom phenotypes. These issues
complicate the evaluation systems for natural products in
in vivo studies.

In addition, current clinical observations, such as small-
scale studies on Lianhua Qingwen and Shuanghuanglian
formulations, remain limited by single-center designs
and lack randomized, double-blind validation, making it
difficult to draw generalizable conclusions.** Particularly
during the acute phase of viral infections, fluctuations
in symptom severity and viral loads can impact the
reproducibility and reliability of study results. Moreover,
natural products are generally not single-target drugs
and may exert bidirectional regulatory effects at different
pathological stages, such as during the viral replication
phase and the immune storm phase. This complexity adds
an additional layer of challenge to animal experimental
design. In the viral replication phase, natural products may
primarily act by inhibiting viral activity, while during the
immune storm phase, they may regulate immune responses
to exert anti-inflammatory or immunomodulatory effects.
Thus, experimental designs need to carefully distinguish
the roles of natural products across various pathological
states.

Future research should not only develop animal and
in vitro models that better replicate human pathological
processes, such as human ACE2 transgenic mouse models,
humanized peripheral blood mononuclear cell models,
and organoid systems, but also prioritize bridging pre-
clinical findings with well-structured clinical evaluations.
These models would provide more accurate simulations of
human immune responses and viral infection dynamics.

In addition, the establishment of multicenter,
randomized controlled clinical trials is urgently needed to
provide robust evidence for the therapeutic efficacy and
safety of natural products in respiratory viral infections.
Such efforts will provide the scientific basis needed
for their clinical application, address the current lack
of clinical evidence, and facilitate their broader use in
antiviral therapies.

5. Emerging technological platforms and
future prospects for natural antiviral drug
research

Natural products remain an invaluable reservoir for
antiviral drug discovery, characterized by their structural
diversity and multi-target activity. However, their clinical
translation has long been hampered by limited resources,
complex compositions, and insufficient mechanistic
understanding. In recent years, the integration of artificial
intelligence (AI), multi-omics analysis, synthetic biology,
and advanced delivery systems has driven a paradigm shift
from traditional empirical screening to mechanism-guided
and technology-empowered drug discovery, significantly
enhancing the efficiency, accuracy, and translational
potential of natural antiviral agents.

5.1. Al-driven drug discovery and structural
optimization

AT has revolutionized the exploration of natural products
by enabling large-scale virtual screening, target prediction,
and the optimization of lead compounds. Through deep
learning-based molecular docking and multi-task learning
frameworks, AI can identify compounds with strong
binding affinity to critical viral targets—such as RdRp, S
protein, and PB2 subunits—across multiple viral strains.®
These approaches facilitate the rapid discovery of broad-
spectrum antiviral leads.

In addition, Al-assisted structure-activity relationship
modeling and generative algorithms enable the automated
design of derivatives based on active cores, optimizing
pharmacokinetic and toxicity profiles while retaining
antiviral potency.” Combined with advanced structure-
prediction tools such as AlphaFold2, AI provides a precise
understanding of molecular recognition and supports the
rational optimization of natural scaffolds into clinically
viable drugs.”*?

5.2. Multi-omics integration and mechanistic
elucidation

Modern multi-omics technologies—including
transcriptomics, proteomics, and metabolomics—offer
system-level insights into the antiviral mechanisms of
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natural products.”” Techniques such as drug affinity
responsive target stability, cellular thermal shift assays, and
tandem mass tag labeling help identify direct molecular
targets, whereas transcriptomic and pathway enrichment
analyses reveal how these compounds regulate key antiviral
signaling cascades (e.g., RIG-I, NF-xB, JAK-STAT).**%

Furthermore, metabolomic profiling has revealed
the capacity of natural products to reprogram host
metabolic pathways—such as glycolysis, lipid metabolism,
and glutamine metabolism—thereby restraining viral
replication and modulating immune responses. Integrating
multi-omics datasets with Al-based network analysis
enables the construction of compound-target-pathway-
phenotype networks, providing mechanistic clarity and a
theoretical foundation for precision interventions.*

However, multi-omics approaches also face notable
limitations. Technicalvariations,suchasbatcheffects, platform
bias, and inconsistent normalization, can distort biological
interpretation and lead to false-positive associations.”
Integrating multi-layer omics data poses additional
computational challenges, where noise accumulation may
mask true antiviral mechanisms. Importantly, reproducibility
remains a concern due to the limited use of standardized
pipelines and the lack of independent validation cohorts.
Future studies should adopt unified preprocessing standards,
robust statistical frameworks, and external validation to
ensure reliable and reproducible mechanistic conclusions.

5.3. Synthetic biology, metabolic engineering, and
scalable production

The low yield and complex extraction of natural products
have long constrained their translational use. Synthetic
biology now provides sustainable solutions through
microbial chassis engineering (e.g., Escherichia coli,
Saccharomyces cerevisiae, and Streptomyces), enabling
heterologous biosynthesis of active molecules such as
quercetin, curcumin, and ursolic acid.”®*

By reprogramming metabolic flux and modular enzyme
pathways, microbial “cell factories” can dramatically
increase yields and purity.'” Moreover, semi-synthetic
modification and enzyme-catalyzed derivatization based
on natural scaffolds offer avenues for structural innovation,
enhancing pharmacological stability, targeting, and clinical
applicability.'>%? Together, these technologies build the
molecular and industrial foundation for scalable natural
antiviral production.

5.4. Advanced drug delivery systems and
translational models

Innovations in drug delivery are equally critical for clinical
success. Localized delivery routes—such as pulmonary

inhalation or intranasal administration—enhance drug
concentration at infection sites, improve bioavailability,
and reduce systemic toxicity.'”® Emerging nanocarriers
and targeted delivery systems further enable precise
distribution to infected tissues.'*

Parallel advances in organoid and lung-on-a-chip
technologies now simulate physiological infection
microenvironments, allowing for accurate evaluation of
antiviral efficacy, immune modulation, and toxicity.!*1%
These next-generation models offer a realistic and ethical
alternative to animal testing, serving as essential platforms
that bridge basic research and clinical translation.

5.5. Integration, regulation, and future directions

The convergence of these emerging technologies marks
a new era for natural antiviral drug development—one
driven by data integration, mechanistic precision, and
translational feasibility. Future progress will rely on
multidisciplinary collaboration among pharmacology,
structural biology, immunology, and computational
science.

Equally important is the establishment of standardized
and ethically grounded regulatory frameworks to facilitate
the transition of natural products from traditional
“functional foods” to modern therapeutic drugs. From
an ethical and regulatory perspective, the development
of natural products requires adherence to rigorous
research standards comparable to those of registered
pharmaceuticals. TCM and other ethnobotanical systems
often rely on historical evidence and empirical efficacy,
which differ from the standardized evaluation pathways
of modern drug registration. Therefore, integrating
traditional knowledge with evidence-based pharmacology
should be guided by transparent ethical principles,
scientific validation, and international harmonization
of regulatory criteria. Establishing clear frameworks for
safety testing, quality control, pharmacopeia standards,
approval pathways, and intellectual property protection
will not only ensure research integrity but also promote the
responsible and sustainable use of natural resources.

Combination therapies that integrate natural
compounds with antiviral agents or vaccines, based on
multi-target synergistic mechanisms, also hold promise for
enhancing efficacy, mitigating resistance, and improving
host immune responses.

6. Key future research directions

Key areas for future investigation include:

(i)  Mechanistic elucidation: Utilize multi-omics and
systems biology approaches to identify precise
molecular targets and pathways
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(i)  Pharmacokinetic optimization: Improve
bioavailability and tissue targeting through
innovative formulation and delivery strategies

(iii) ~Standardization and quality control: Develop global
standards for the identification, quantification, and
efficacy assessment of active compounds

(iv)  Clinical translation: Conduct multicenter, randomized
controlled trials and employ advanced disease models
to validate safety and therapeutic efficacy

(v)  Technological integration: Leverage Al and
synthetic biology to accelerate compound discovery
and enable rational structural optimization.

7. Conclusion

Respiratory viral infections, particularly recurrent
outbreaks of influenza and novel coronavirus, remain
significant global public health challenges. Current antiviral
strategies face limitations in efficacy, resistance, and safety.
In this context, natural products—with their structural
diversity, multiple targets, and low toxicity—have gained
increasing attention in antiviral drug discovery.

This review summarizes the antiviral potential of
natural products against influenza viruses, SARS-CoV-2,
and other respiratory pathogens, emphasizing their
regulatory roles in viral replication, immune modulation,
and inflammation. However, their clinical translation is
still hindered by unclear mechanisms, low bioavailability,
and insufficient large-scale clinical validation.

To advance translation, it is crucial to establish clear
mechanistic links and validated pharmacological pathways
that connect pre-clinical findings to clinical outcomes.
First, integrating multi-omics technologies and molecular
modeling can systematically clarify the interactions
between natural compounds, targets, and signaling
pathways, providing a mechanistic basis for precision
antiviral interventions.

Second, integrating nanoparticle-based delivery,
structural optimization, and synthetic biology can
improve stability, bioavailability, and target specificity,
creating a bridge between discovery and clinical
application. Third, standardized criteria for compound
identification, quality control, and bioactivity assessment
are needed to support pharmaceutical development and
regulatory approval. Fourth, advanced in vitro models—
such as organoids and lung-on-a-chip systems—alongside
multicenter clinical studies, will enhance translational
reliability and evidence-based validation. In addition,
ensuring a rational balance between efficacy and safety
through systematic toxicological validation will be
critical for the successful clinical development of natural
product-based antivirals.

Looking ahead, interdisciplinary integration among
Al, systems biology, and immunoregulation will accelerate
the discovery and evaluation of antiviral natural products.
In conclusion, natural products may represent a valuable
source for the development of broad-spectrum and
low-toxicity antiviral agents. However, their successful
translation into clinical use requires continued efforts
to integrate mechanistic understanding, technological
innovation, systematic toxicological evaluation, and
rigorous clinical validation. Strengthening these aspects
will help clarify their therapeutic value and practical
feasibility in combating respiratory viral diseases.
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