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Abstract /l
The significant impact of viral infections on public health has underscored
the urgent need for effective antiviral treatments. Among macrolides,
azithromycin has gained attention for its broad-spectrum antiviral activity Article History
agalnst.several weII.-known viruses, .|ncll.Jd|ng SARS-CoV, Zika virus, Esg:;gg 13‘5‘2&?}%3%5
Ebola virus, Enteroviruses (EVs), Rhinoviruses (RVs), and Influenza A
virus. These viruses pose serious global health threats, necessitating the Keywords:
exploration of new therapeutic strategies. Notably, during the COVID-19 Antiviral Properties;
pandemic caused by SARS-CoV-2, azithromycin was extensively COVID-19;
investigated due to its potential antiviral and immune-modulating effects. Immune-Modulating Effects;
This review aims to provide a comprehensive analysis of the molecular Molecular Mechanisms;
mechanisms underlying azithromycin’s antiviral action, emphasizing its Viral Infections.
interference with viral replication, modulation of the hostimmune response,
and effects on cellular pathways crucial for viral infections. Additionally, the
review will examine the clinical applications of azithromycin in the treatment
of viral infections, with a particular focus on COVID-19. Furthermore, we will
discuss the structure-activity relationship of azithromycin, highlighting how
its molecular framework contributes to its antiviral efficacy. By integrating
mechanistic insights with clinical evidence, this review seeks to offer a
well-rounded perspective on azithromycin as a potential antiviral agent.
Introduction known as a capsid."® This genetic material serves

Viruses are microscopic infectious agents primarily  as the blueprint for viral replication and propagation.
composed of nucleic acids, which can be either DNA  Some viruses also possess an additional lipid
or RNA, encapsulated within a protective protein coat  envelope derived from the host cell membrane, which
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aids in their ability to infect new cells. Unlike cellular
organisms, viruses lack the machinery necessary
for independent metabolic activity and replication,
relying entirely on host cells to reproduce. Once inside
a suitable host, they hijack the cellular mechanisms
to synthesize viral components, assemble new virus
particles, and spread the infection.

The classification of viruses as living or non-living
entities remains a subject of scientific debate.
Unlike bacteria and other microorganisms, viruses
do not exhibit characteristics commonly associated
with life, such as metabolism or the ability to grow
independently. They exist in a dormant state outside
a host but become active once they infect a cell.
This dual nature has led to differing perspectives
on whether viruses should be considered living
organisms. While some scientists argue that viruses
are complex molecular machines rather than living
entities, others contend that their ability to evolve
and reproduce within a host suggests a form of life,
albeit one that is fundamentally different from cellular
life forms.

Regardless of how they are classified, the impact
of viruses on human health has been profound
and undeniable. Throughout history, viral infections
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have caused widespread disease outbreaks,
significantly affecting global populations. The
COVID-19 pandemic, which emerged in late 2019,
is a stark reminder of how rapidly viral infections
can spread, overwhelming healthcare systems and
disrupting economies worldwide. Similarly, past
outbreaks of highly lethal viruses, such as Ebola and
Severe Acute Respiratory Syndrome (SARS), have
demonstrated the devastating consequences of
emerging infectious diseases. Other viral ilinesses,
including seasonal influenza and Zika fever, continue
to pose persistent health threats, highlighting the
ongoing challenge of controlling and preventing
viral infections.

Given the substantial impact of viruses on human
health, scientific research remains focused on
understanding their mechanisms of infection,
developing effective treatments, and advancing
vaccine technology. The study of viral evolution
and host interactions is crucial for anticipating and
mitigating future outbreaks. While modern medicine
has made significant strides in combating viral
diseases through antiviral drugs and vaccines, the
unpredictable nature of viral mutations necessitates
continuous vigilance and innovation in the field of
virology.*”
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Fig. 1: The molecular framework of the parent macrolide erythromycin, along with its semisynthetic
derivatives, azithromycin (15-membered) and clarithromycin (14-membered), is depicted. Structural
modifications from the original molecule (black) are highlighted in blue and red.®

The COVID-19 pandemic, driven by the novel severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has claimed an estimated seven million
lives globally to date.® Furthermore, the Ebola
virus outbreak from 2013 to 2016 was particularly
devastating, leading to over 30,000 reported cases
and more than 11,000 deaths across ten countries. '

The rapid spread of SARS-CoV-2, which began in
late 2019, has triggered a global health crisis of
unprecedented scale, characterized by widespread
illness, significant loss of life, and profound disruptions
to societies and economies. In the early stages of the
COVID-19 pandemic, azithromycin (Figure 1) gained
attention as a potential treatment option due to its
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broad-spectrum antiviral properties."'? Previous
studies have demonstrated its effectiveness against
various RNAviruses, including SARS-CoV, Zika virus,
Ebola virus, Enteroviruses (EVs), Rhinoviruses (RVs),
and Influenza A virus. These viruses were selected
for review based on their global prevalence, severity
of outbreaks, and documented relevance to azithro-
mycin research. Each of these viruses has posed
significant public health challenges, and investigating
the potential therapeutic role of azithromycin
against them could contribute to the development
of improved antiviral strategies.

This review targets to critically assess the structural
characteristics of various RNA viruses, including
SARS-CoV-2, Ebola virus, Zika virus, Enteroviruses,
Rhinoviruses, and Influenza A virus.''¢ Furthermore,
it will evaluate the effects of Azithromycin against
these viral agents, exploring its potential as a
viable therapeutic strategy in the fight against viral
infections.''"-?” Understanding the interactions
between Azithromycin and these viruses may
provide valuable insights for developing effective
treatments and improving patient outcomes in the
context of viral diseases.'#8:1028

Antiviral Effects Against Enveloped Positive-
Sense RNA Viruses

SARS-CoV-2

Coronaviruses belong to the Beta-coronavirus genus
within the Coronavirinae subfamily of the Corona-
viridae family. This group includes three prominent
species: Severe Acute Respiratory Syndrome
Coronavirus (SARS-CoV), Middle East Respiratory
Syndrome Coronavirus (MERS-CoV), and the novel
Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2).23 These viruses are characterized
by a large, positive-sense RNA genome ranging
from 25 to 32 kb in length, containing at least six
small open reading frames with alternative frame
utilization.

Comparative genomic studies reveal that corona-
viruses encode four essential structural proteins:
spike glycoprotein (S), nucleocapsid (N), envelope
(E), and polyprotein (P). Among these, the interaction
of the SARS-CoV-2 spike glycoprotein with the host
cell membrane is crucial for viral infectivity and
pathogenesis. Structurally, the spike protein is a
trimeric assembly comprising two primary subunits.

The S2 subunits form the central helical stalk, while
the S1 subunit envelops the S2 structure. The S1
subunit is further divided into two domains: the
N-terminal domain (NTD) and the receptor-binding
domain (RBD), both of which play key roles in
mediating host cell entry and facilitating infection.?®

Effect of Azithromycin on SARS-CoV-2 Virus
Azithromycin has garnered considerable attention
for its dual role in combating SARS-CoV-2 infection
through antiviral and immunomodulatory mechani-
sms. 03234 One of the key factors contributing to the
infectivity of SARS-CoV-2 is the binding of its spike
protein to the angiotensin-converting enzyme 2
(ACEZ2) receptor on host cells. This interaction
facilitates viral entry into the host cell, initiating the
infection process. Computational modeling studies
suggest that Azithromycin may interfere with this
process by binding to the interface between the
spike protein and ACE2. By obstructing this crucial
interaction, Azithromycin could potentially reduce
viral attachment and entry, thereby limiting the
spread of the virus within the host system.

Another proposed mechanism by which Azithromycin
exerts its antiviral effects is through its interaction
with a viral cofactor that plays a critical role in SARS-
CoV-2 infectivity. The virus has been shown to utilize
host-cell gangliosides, such as GM1, to enhance its
attachment and fusion with the host cell membrane.
Azithromycin, due to its structural similarity to
ganglioside GM1, may act as a competitive inhibitor
by mimicking the host-cell ganglioside. This mimicry
allows Azithromycin to bind to the ganglioside-
binding domain of the spike protein, effectively
preventing the virus from interacting with GM1. This
disruption in viral-host interaction could significantly
impair the virus’s ability to establish infection and
propagate within the host.

Non-covalent interactions play a crucial role in
stabilizing drug-receptor binding, and they may
contribute significantly to Azithromycin’s inhibitory
potential against SARS-CoV-2. Intermolecular forces
such as hydrogen bonding, van der Waals
interactions, and electrostatic interactions influence
the strength and specificity of drug binding to
viral targets. These forces help in maintaining the
stability of the drug-spike protein complex, thereby
enhancing Azithromycin’s ability to interfere with viral



KUMAR et al., Orient. J. Phys. Sciences, Vol. 10 (1) 12-25 (2025) 15

attachment and entry. The precise nature of these
interactions can be further explored through molecular
docking and molecular dynamics simulations,
providing insights into the structural and energetic
aspects of Azithromycin’s binding affinity toward
viral components.

Beyond its direct antiviral activity, Azithromycin
also exhibits immunomodulatory properties that
may contribute to its therapeutic potential against
COVID-19. It has been observed to reduce excessive
inflammatory responses by modulating cytokine
production, which is particularly important in severe
cases of COVID-19 where an overactive immune
response, known as a cytokine storm, can lead to
complications such as acute respiratory distress
syndrome (ARDS). By dampening inflammation
and supporting immune homeostasis, Azithromycin
may offer additional benefits beyond viral inhibition.

Overall, Azithromycin’s multifaceted mechanisms,
including its potential to disrupt viral entry, interfere
with host-cell interactions, and stabilize inhibitory

drug-receptor complexes through non-covalent
interactions, highlight its significance as a potential
therapeutic agent against SARS-CoV-2. However,
further clinical investigations and in-depth mechani-
stic studies are required to validate these computati-
onal predictions and establish the efficacy of
Azithromycin in the treatment of COVID-19.2:35-46

Zika Virus

The Zika virus (Figure 2) is a positive-sense, single-
stranded RNA virus enveloped within the Flaviviridae
family and classified under the Flavivirus genus, which
includes 53 recognized species.®'® These species
are further categorized into three main groups: non-
vector, tick-borne, and mosquito-borne viruses. In
recent years, members of the Flaviviridae family
have been linked to numerous global public health
crises, including Japanese encephalitis virus (JEV),
Dengue virus (DENV), Yellow fever virus (YFV), West
Nile virus (WNV), and Zika virus itself, all of which
pose significant challenges to healthcare systems
worldwide.

Fig. 2: The structural details of the Zika virus at a resolution
of 3.1 A as represented by the Protein Data Bank entry 6CO8.

The Zika virus genome comprises a single-stranded
RNAapproximately 10.8 kilobases in length, classified
as positive-sense due to its capability to directly serve
as a template for protein synthesis. The viral genome
features a continuous open reading frame spanning
roughly 10 kilobases, encoding all the necessary
proteins for its replication and pathogenicity.

Effect of Azithromycin on Zika Virus

In recent years, the Zika virus has drawn heightened
attention, yet despite its significantimpact, no effective
vaccines or therapeutic options have been developedto
date. However, Azithromycin, a widely used antibiotic,
has shown promising potential in inhibiting Zika virus
infection in vitro.'5474 Azithromycin induces a spectrum
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of critical immunological responses in host cells.
Among these, it significantly upregulates the
production of key antiviral proteins, specifically type
land type lllinterferons (IFNs). Additionally, it activates
interferon-stimulated genes (ISGs), which are down-
stream mediators of the antiviral response regulated
by these interferons. During Zika virus infection, host
cells initiate the activation of pattern recognition
receptors (PRRs), including retinoic acid-inducible
gene | (RIG-1) as well as melanoma differentiation-
associated gene 5 (MDAS5), to detect viral components.
Azithromycin enhances the expression of these
receptors in response to infection. Furthermore,
it modulates the immune response by altering
phosphorylation patterns of key signaling proteins.
Notably, Azithromycin increases the phosphorylation
of interferon regulatory factor 3 (IRF3) as well as TANK-
binding kinase 1 (TBK1), with the increases TBK1
phosphorylation occurring independently of IRF3

phosphorylation. This coordinated sequence of
immunomodulatory actions highlights Azithromycin's
ability to effectively regulate the host immune
response, thereby limiting Zika virus replication and
infection. These findings underscore its potential as
a valuable therapeutic candidate against Zika virus.

Antiviral Effects Against Enveloped Negative-
Sense Rna Viruses

Ebola Virus

Ebola virus, one of the deadliest pathogens known to
humanity, has been at the forefront of global health
crises due to its high mortality rates and devastating
outbreaks.®% Emerging primarily in sub-Saharan
Africa, this virus poses a significant challenge to
healthcare systems, with its rapid transmission and
severe clinical manifestations.5 Ebola virus belongs
to the Filoviridae family and the Mononegavirales
order, classifying it as an enveloped, negative-sense
RNAVvirus. Itis morphologically distinct, characterized
by its elongated, filamentous structure. The Ebolavirus
genus includes five recognized species: Sudan
ebolavirus (SUDV), Bundibugyo ebolavirus (BDBV),
Reston virus (RESTV) including Ebola virus (EBOV,
previously Zaire ebolavirus), and Tai Forest ebolavirus
(TAFV, formerly Cote d'lvoire ebolavirus). Closely
related to the Marburg virus, the Ebola virus is
distinguished by its slender filamentous form,
measuring approximately 80 nm in diameter and
extending up to 14 ym in length. This unique
morphology, combined with its genomic structure,

underpins its virulence and ability to evade immune
responses, making it a focus of intensive research
for vaccine and therapeutic development.

Fig. 3: The crystal structure of the Ebola virus
glycoprotein as documented in the RCSB
Protein Data Bank under the entry 5JQ3.

Effect of Azithromycin on Ebola Virus

Ebola virus remains a formidable challenge in global
public health, with limited therapeutic options available
to counter its high mortality and severe pathogen-
esis.%7® The quest for effective antiviral agents
has led to the investigation of repurposed drugs,
including Azithromycin, which is widely used as
an antibiotic.” Despite its established role in
treating bacterial infections, Azithromycin has
shown potential antiviral activity, including against
the Ebola virus, although its efficacy in vivo has
produced inconsistent outcomes. In vitro studies
have demonstrated Azithromycin’s ability to inhibit
Ebola virus replication is primarily attributed to
its modulation of the systemic antiviral response
through the interferon (IFN) signaling pathway.'?7°
For example, promising results in cell culture models
indicate its preventive effects against Ebola virus.
In small animal studies, Azithromycin dosed at
100 mg/kg twice daily improved survival rates in
mice to 60%, compared to 20% in control groups
(P = 0.02). However, subsequent repetitions of the
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same experimental conditions failed to replicate
statistically significant outcomes. Similarly, a regimen
of 210 mg/kg oral Azithromycin administered once
daily showed no survival benefits, and testing various
doses in guinea pigs did not yield favorable results.

Interestingly, synergistic drug combinations have
demonstrated enhanced efficacy against the
Ebola virus. A three-drug combination significantly
amplified antiviral activity in vitro and showed clinical
relevance. Notably, co-administration of chloroquine
and maprotiline increased Azithromycin's antiviral
potency against Ebola virus by fivefold. Further
combinatorial screening using pseudovirion and
mini-genome replicon systems identified Azithro-
mycin among other drugs with some activity against
the Ebola virus. Mechanistic studies have linked
Azithromycin's inhibitory effects to its cationic
amphiphilic structure, which disrupts the homeo-
stasis of late endosomal vesicles, a mechanism
comparable to tamoxifen. Additionally, it is believed
that Azithromycin interferes with phospholipid
metabolism and disrupts late endosome/lysosome
(LE/Lys) calcium homeostasis, further impeding
Ebola virus infection. While Azithromycin shows
promise in preclinical settings, the variability in animal
model results and its dependence on combinatorial
strategies highlight the need for further investigation
to fully understand its antiviral potential and optimize
its application against the Ebola virus.

Influenza A Virus

Influenza remains a significant global public health
issue due to its capacity to cause widespread
epidemics and pandemics, particularly during
seasonal outbreaks. The disease imposes a consider-
able burden on healthcare systems, primarily because
of its high transmissibility and potential to cause
severe respiratory complications. Influenza viruses,
part of the Orthomyxoviridae family, are enveloped,
negative-sense RNA viruses consisting of eight
segmented RNA molecules. Their rapid mutation
and ability to develop resistance to conventional
treatments highlight the critical need for effective
antiviral strategies to mitigate their impact.28! Each
segment encodes a specific protein, playing a vital
role in viral replication, functionality, and assembly.
Influenza viruses are categorized into three main

types: A, B, and C. Influenza A is the principal
driver of pandemics, while types B and C are more
commonly associated with localized epidemics.

The use of macrolide antibiotics as therapeutic
agents for respiratory viral infections has garnered
attention due to their well-established anti-
inflammatory and immune-modulatory properties.
These drugs offer potential benefits beyond their
antimicrobial effects, particularly in addressing the
immune dysregulation caused by viral infections.
The severity of influenza-related complications
is closely tied to an aberrant cytokine response,
which contributes to a cascade of severe clinical
outcomes, including acute bronchopneumonia,
pulmonary edema, alveolar hemorrhage, reactive
hemophagocytosis, and acute respiratory distress
syndrome (ARDS). In this context, the exploration
of macrolides as adjunctive therapies is an intriguing
avenue of research. By modulating the host immune
response and mitigating excessive inflammation,
macrolides may offer a dual-action approach:
suppressing bacterial co-infections commonly
associated with influenza and alleviating virus-induced
immunopathology. Further studies are necessary
to validate the efficacy of macrolides in influenza
treatment and to elucidate their mechanisms in
immune modulation during viral infections.

Effect of Azithromycin on Influenza A Virus
Macrolides have emerged as versatile agents with
therapeutic potential extending beyond their well-
documented antibacterial properties. Their ability
to modulate immune responses and directly impact
viral replication processes has garnered increasing
interest, particularly in the context of influenza and
other viral infections. Understanding the multifaceted
mechanisms through which macrolides exert their
effects could pave the way for innovative therapeutic
approaches to combat respiratory viral diseases.
Extensive research indicates that macrolides can
mitigate virus-induced exacerbations, suppress the
progression of inflammatory cascades, and reduce
the excessive cytokine release often associated with
severe viral infections. This cytokine modulation
helps alleviate the hyperinflammatory state, which
is a hallmark of severe clinical outcomes like acute
respiratory distress syndrome (ARDS).80:82
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Fig. 4: Schematic diagram of Inmunomodulatory behavior shown by azithromycin.?

In addition to their immunomodulatory effects,
macrolides influence the functional dynamics
of phagocytes, the immune cells pivotal in host
defense. A schematic representation of the
immunomodulatory effects of azithromycin is
presented in Figure 2. They can modulate phagocytic
activity, oxidative burst, cytokine secretion, bacterial
clearance, and chemotaxis. By optimizing these
cellular processes, macrolides enhance the
host's ability to control infections effectively while
minimizing collateral tissue damage caused by
excessive inflammation. Notably, macrolides may
also interfere with the replication cycle of influenza
viruses, thereby reducing viral production within
infected cells. This antiviral effect is thought to be
mediated by inhibiting the intracellular proteolysis
of the hemagglutinin precursor HAQ, a critical step
in the virus's replication and infectivity. By targeting
this essential mechanism, macrolides disrupt the
maturation of viral particles, potentially limiting the
spread of infection. The dual role of macrolides
in modulating the immune response and directly
impacting viral replication underscores their
potential as valuable therapeutic agents. Further
investigations are warranted to explore their efficacy
in clinical settings, optimize dosing strategies, and
fully elucidate their antiviral mechanisms. Such efforts
could significantly enhance the treatment landscape
for influenza and other respiratory viral infections.

Antiviral Effects against Non-Enveloped Positive-
Sense RNA Viruses

Enterovirus and Rhinoviruses

Enteroviruses (EVs) and Rhinoviruses (RVs) are
among the most clinically significant members of the
Picornaviridae family, causing widespread and
diverse health challenges across all age groups.®8¢
These viruses are associated with a broad spectrum
of diseases, ranging from mild respiratory infections to
life-threatening conditions, underscoring their public
health relevance. Their ability to cause both acute
and chronic illnesses highlights the necessity for
continued research into their virology, pathogenesis,
and potential therapeutic strategies. EVs and RVs are
small, non-enveloped, positive-sense RNA viruses
with a genome size of approximately 7.2—7.5 kb.®"
Despite their relatively simple structure, they are
responsible for a range of illnesses, including
poliomyelitis, hand-foot-mouth disease, severe
bronchiolitis, encephalitis, meningitis, pneumonia,
and even cardiac conditions such as myocarditis.
The genetic material of these viruses is encapsulated
within an icosahedral capsid with a diameter of about
30 nm, providing protection and facilitating host cell
invasion. The viral genome is composed of a single,
continuous RNA strand that encodes a polyprotein.
This polyprotein is subsequently cleaved into 11
functional proteins by virus-specific proteases,
which are critical for the viral replication cycle
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and assembly. These proteins include structural
components that form the capsid and non-structural
proteins essential for RNA replication and host cell
manipulation.

Notably, the simple yet efficient genetic organization
of EVs and RVs allows for rapid replication and
adaptability, contributing to their ability to cause
outbreaks and persistent infections. Advances in
molecular biology have shed light on their replication
mechanisms, which rely heavily on the host cell's
machinery. This dependency offers potential targets
for antiviral intervention, such as inhibitors of viral
proteases or capsid-binding molecules that disrupt
the attachment and entry processes. Understanding
the virology and pathogenic mechanisms of EVs and
RVs is crucial for developing effective prevention
and treatment strategies. Research focusing on
their molecular biology, immune evasion tactics, and
host-virus interactions will be pivotal in combating
the diseases caused by these viruses.

Effects of Azithromycin against Enterovirus and
Rhinoviruses

Azithromycin, a widely used macrolide antibiotic,
has emerged as a promising antiviral agent against
Enteroviruses, including EnterovirusA71 (EV-A71)and
Rhinoviruses.?488%9% Research indicates that
macrolides possess immunomodulatory properties,
which may enhance host defenses against viral
infections while simultaneously exerting direct antiviral
effects. As a result, there is increasing interest in
exploring the therapeutic potential of Azithromycin
in treating viral infections, particularly those caused
by Enteroviruses and Rhinoviruses.

Studies involving animal models have demonstrated
that Azithromycin has a more potent antiviral effect
than spiramycin (SPM) when addressing infections
caused by EV-A71.4” Notably, in a murine model of
severe EV-A71 infection, treatment with Azithromycin
resulted in a significant reduction in disease severity
and markedly improved survival rates. These
findings highlight Azithromycin's potential as a viable
therapeutic option for conditions associated with EV-
A71, such as hand-foot-mouth disease. The ability
of Azithromycin to alleviate symptoms and enhance
survival in severe viral infections underscores its
importance in the ongoing search for effective antiviral

therapies. Further research is essential to fully
elucidate the mechanisms underlying Azithromycin's
antiviral effects and to assess its efficacy in clinical
settings for patients suffering from enteroviral infections.
By expanding our understanding of its therapeutic
potential, Azithromycin may contribute to more
effective management strategies for viral diseases,
improving outcomes for affected individuals.

Conclusion

The frequency and severity of global viral outbreaks
are escalating, presenting significant public health
and economic challenges. The COVID-19 pandemic
exemplifies how rapidly a virus can evolve into a
global crisis, spurring an urgent need for effective
antiviral therapeutics. A cornerstone of antiviral drug
development lies in understanding viral structures
and the molecular interactions of drugs with these
pathogens.

This review explores the structural characteristics
of various RNA viruses and evaluates the antiviral
effects of azithromycin. Although azithromycin gained
substantial attention as a potential treatment for
COVID-19, the World Health Organization’s recent
recommendation against its use for SARS-CoV-2
underscores the dynamic nature ofits clinical relevance.
Beyond COVID-19, in vitro studies have demonstrated
azithromycin's efficacy in inhibiting Zika virus infection
and Ebola virus activity, highlighting its broad-spectrum
antiviral potential.

Intriguingly, emerging research suggests azithromycin
may possess anti-cancer properties, opening new
avenues for exploration in the scientific community.
However, its antiviral effects against DNA viruses
remain underexplored, suggesting a promising
direction for future investigations. Moreover, the
potential interactions—whether synergistic or
antagonistic—of azithromycin with other antiviral
agents warrant deeper examination.

Azithromycin's diverse biological activities present a
fertile ground for research, encompassing not only
antiviral strategies but also broader biomedical
applications. As the threat of viral epidemics persists,
continued exploration of this macrolide's mechanisms
and applications is essential for advancing therapeutic
innovation.
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