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Abstract
Foot-and-Mouth Disease (FMD) is a serious, extremely infectious virus that threatens
livestock and food security and has an effect on agricultural economy and animal health
worldwide. The shortcomings of current management measures, such as immunization,
emphasize the need for other approaches. Because it targets viral gene expression directly,
RNA interference (RNAI) has become a possible biotechnological therapy for FMD. Double-
stranded RNA is naturally broken down into tiny RNAs (such as siRNA/shRNA) that direct the
RNA-induced silencing complex (RISC) to complementary viral messenger RNA (mRNA),
causing translational repression or mRNA destruction. Viral protein synthesis and replication
are inhibited by this post-transcriptional silencing. Important FMDV genes, such VP1 (which
is necessary for cell entrance) and 3D Polymerase (which is involved in replication), are good
. . targets for RNA interference. Research has shown that VP1 significantly reduces viral
Article History replication both in vitro and in vivo (by 80-90%). To address issues including RNA
Received: 15/06/2025 degradation and inadequate cellular absorption, effective delivery methods are being
Accepted: 23/06/2025 investigated, such as lipid-based nanoparticles and adenovirus vectors. Notwithstanding
Published: 25/06/2025 encouraging outcomes, there are still issues, such as the delayed start of silence, the genetic
Vol = 2 Issue —6 diversity of the virus that can result in escape mutants, ineffective delivery, and possible off-
target consequences. Finding conserved targets to treat variability is being aided by
computational techniques. In the future, RNAi design will be improved (e.g., multiplex
IO)RRIRLR PN targeting), delivery methods will be improved, RNAi will be integrated with vaccination
15737927 tactics, and manufacturing and regulatory obstacles will be addressed. RNAi holds substantial
potential to revolutionize FMD management, but continued research and optimization are
essential.
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overview of FMD will be given in this introduction, along

Introduction with a discussion of its substantial effects on agriculture and
A serious threat to both agricultural economy and animal the economy [1]. The limits of the existing management
health worldwide is foot-and-mouth disease (FMD). An strategies will also be covered, and RNA interference (RNAI)
*Corresponding Author: Muhammad Sufyan @ [o)e) © Copyright 2025 GSAR Publishers All Rights Reserved

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License. Page 116



https://gsarpublishers.com/journal-gjavs-home/

GSAR Journal of Agriculture and Veterinary Sciences ISSN: 3048-9075 (Online)

will be presented as a viable alternative biotechnological
treatment option. Animals with cloven hooves are susceptible
to the extremely crippling viral illness known as foot-and-
mouth disease. It is regarded as a serious animal health issue
and one of the most dreaded viral illnesses of agricultural
animals [2]. It is an acute, febrifacient, and extremely
infectious disease. Domesticated ruminants, pigs, camels,
cattle, sheep, goats, and over 70 species of wild animals are
among the susceptible animals. The Foot-and-Mouth Disease
Virus (FMDV), the prototype member of the Aphthovirus
genus within the Picornaviridae family, is the cause of the
disease [3]. The icosahedral capsid of the non-enveloped
FMDV particle contains a single-stranded, positive-sense
RNA genome. The genome has between 7000 and 8500 base
pairs [4]. With seven serotypes (A, O, C, Asial, SAT1, SAT2,
and SAT3) and other subtypes, FMDV has a very diverse
antigenome. One of the virus's main traits is its great genetic
diversity. Fever, lameness, vesicles on the tongue, lips, and
feet, a reduction in milk output, and a decline in animal vigor
and fertility are some of the clinical symptoms that define
FMD [5]. One of the most significant new viral illnesses
affecting animals with cloven hooves is known to be FMD.
The World Organization for Animal Health (OIE) keeps an
eye on it since it is a disease that may spread quickly in
vulnerable animals. The illness is seen as a serious threat to
the worldwide livestock sector and results in large financial
losses [6]. Animal production and health are seriously
threatened by it, especially in underdeveloped nations where
financial losses are a big worry. In addition, it poses a
worldwide risk to food security and significantly harms the
cattle sector and its farmers financially [7]. According to
estimates, FMD costs the world economy about $10 billion a
year. Public awareness has grown considerably as a result of
outbreaks in nations free of FMD. For instance, the 2001
epidemic in the UK had severe economic repercussions,
affecting over 2000 farms and leading to the death of several
million animals [8]. It has also been noted that terrorist groups
or rogue governments may use the FMD agent to target the
$100 billion-a-year US cattle business. While disease
management methods and the high expense of control and
preventive initiatives are indirect repercussions of an FMD
outbreak, significant losses to agricultural productivity and
disruption of local economy are direct effects [9]. One of the
most important ways to prevent and control FMD infection is
by vaccination. In many nations or areas, vaccinations have
been successful in containing and eliminating the virus.
Animal mobility restrictions, immunization with chemically-
inactivated viruses, and the killing of diseased and afflicted
animals are common methods of disease management.
However, the effectiveness of traditional treatments especially
vaccination in stopping epidemics is limited [10]. RNA
interference, or RNAI, has become a viable alternative
technique to regulate virus reproduction and viral
transmission due to the shortcomings of traditional methods,
especially the difficulties caused by the virus's
unpredictability and the requirement for quick interventions
[11]. In eukaryotic cells, RNA interference (RNAI) is an
evolutionarily conserved process that controls post-

transcriptional silencing of sequence-specific genes. Double-
stranded RNA (dsRNA) initiates it, and the RNA-induced
silencing complex (RISC) causes complementary messenger
RNA (mRNA) to degrade. It is assumed that RNA
interference (RNAI) protects against viruses [12]. The
traditional methods for controlling significant animal diseases
may be enhanced and supplemented by RNA interference
(RNAI) technology because of its great specificity and speed.
Another strategy for limiting FMDV transmission has been
shown to be the application of RNAi-based techniques [13].
Small RNA molecules, including short interfering RNAs
(siRNAs), microRNAs (miRNAs), and short hairpin RNAs
(ShRNAS), have been investigated in a number of studies for
their ability to prevent FMDV replication in vitro and in vivo.
This biotechnological approach, with its direct effect on the
FMDV genome and potential for targeting conserved viral
regions, offers a new avenue for developing effective
inhibitors and therapies against foot-and-mouth disease [14].

Mechanism of RNA Interference in FMD

Treatment

A naturally occurring biological phenomenon known as RNA
interference occurs when tiny non-coding RNA molecules
post-transcriptionally suppress gene expression. This is
accomplished either by blocking translation or by breaking
down corresponding messenger RNA (mRNA). Designing
short hairpin RNAs (shRNAs) and small interfering RNAs
(SiRNAs) that selectively target important viral genes
involved in FMDV replication is the main strategy for the
antiviral use of RNA interference (RNAi) in FMD [15].
Double-stranded RNA (dsRNA) is introduced into the cell to
start RNA interference. After being absorbed by cells, dSRNA
is broken down into tiny RNA pieces that are between 21 and
23 nucleotides long by an enzyme called Dicer. The RNA-
induced silencing complex (RISC), which causes gene
silencing by directing the complex to complementary viral
mRNA sequences and causing their destruction or
translational repression, then incorporates these pieces [16].
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Figure 1: This figure depicts the molecular pathway of RNA
interference triggered in response to viral RNA. It shows the
formation of primary (pri-miRNA) and precursor (pre-
miRNA) microRNAs in the nucleus, their transport to the
cytoplasm, and the interaction of short hairpin RNA (shRNA)
and viral single-stranded RNA (ssRNA) with the RNAI
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machinery. The viral RNA serves both as a trigger and target
of RNA interference, ultimately reducing viral replication
through the silencing of viral genes [17].

Sequence Specificity: RNAi-induced silencing is a very
particular technique for silencing viral genes since it relies on
the exact base matching between the short RNA and the target
Mrna [18].

Regulation of Posttranscription: RNA interference (RNAI)
stops the production of viral proteins necessary for virus
entry, replication, and assembly by targeting viral mRNAs.
Because FMDV genes are conserved across different
serotypes, they have been found to be appropriate RNA
interference targets in many studies [19].

VP1: A structural protein necessary for viral attachment to
host cells is encoded by the VPl gene. Numerous
investigations have shown that siRNA targeting of VP1
reduces viral multiplication by 80-90% in vitro and in vivo
[20].

Silencing 3D Polymerase, which is involved in viral genome
replication, can prevent the production of viral RNA and
hence restrict the spread of the virus. Additional targets that
are crucial to the viral life cycle are VP4 and 2B [21]. In cell
culture models, it has been demonstrated that the synergistic
silencing of many viral genes increases the inhibitory effects
on viral replication. Key viral targets for RNA interference in
FMD treatment are compiled in the table below:

Viral Function RNAI Impact

Target

Gene

VP1 Structural protein, | 80-90% reduction
mediates cell in viral replication
entry [22].

3D RNA-dependent Inhibits viral

Polymerase | RNA polymerase | replication [23].

VP4 Structural protein | Contributes to viral
inhibition [24].

2B Nonstructural Blocks viral
protein replication [25].

Table 1: Key FMDV genes targeted by RNAi-based
therapeutics [26].

RNA interference (RNAI) has been shown to drastically limit
FMDV replication. When BHK-21 cells are transfected with
RNAI constructs, for example, it has been demonstrated that
the cells become resistant to FMDV infection when exposed
to infectious dosages. Furthermore, the effects of RNA
interference are not temporary; they can last for nearly 48
hours after infection, demonstrating the effectiveness of this
antiviral strategy [27]. The RNAIi machinery lowers the viral
burden in infected animals by limiting genomic replication
and decreasing viral protein synthesis. The RNAI process in

an FMDV-infected cell is depicted schematically in Figure 2,
which is shown below.

Double-stranded RNA (dsRNA)
Dicer cleaves dsRNA into siRNA

Incorporation into RISC

Degradation or translational inhibition
of viral mMRNA

Reduced viral protein synthesis

Inhibition of viral replication

Outcome: Decreased viral load

The flowchart above provides a clear
representation of how the RNAI pathway leads
to the silencing of viral gene expression,
thereby mitigating FMDV replication.

Figure 2: The flowchart above provides a clear
representation of how the RNAI pathway leads to the
silencing of viral gene expression, thereby mitigating FMDV
replication [28].

RNAi  Delivery

Management

For treatment to be effective, RNAIi constructs must be
delivered into target cells efficiently. The delivery systems
need to get past obstacles such endosomal trapping, low
cellular uptake, and nuclease destruction. To improve the
transport of RNAIi molecules, current research has
investigated a number of novel viral and non-viral vectors
[29]. Using adenovirus vectors is one of the most promising
methods for delivering RNA interference. In animal models,
adenovirus-mediated RNA interference has been effectively
used to target FMDV genes. For instance, it has been
demonstrated that recombinant adenovirus type 5 constructs
that express shRNAs that target either the structural protein
VP1 or the polymerase 3D protect pig cells and dramatically
lower FMDV infection in vivo [30]. Pretreatment with these
adenoviral vectors decreased the occurrence of clinical signs
linked to FMD, such as vesicle development on the foot, in
guinea pig and swine models. This technique makes use of
adenovirus vectors' high transduction efficiency to guarantee
that a significant quantity of RNAI construct enters the target
cells [31]. The transport of SiRNA has also been extensively
studied using lipid-based delivery vehicles, such as
lipoplexes. These systems have the ability to shield siRNA
molecules from nuclease breakdown and promote
endocytosis, which allows for cellular absorption. The escape
of siRNA from endosomes is still a significant obstacle,
though, since research indicates that fewer than 1% of siRNA
makes it to the cytoplasm [32]. Additional methods for
enhancing the pharmacokinetics and biodistribution of RNA
interference agents are offered by nanoparticles, which
include inorganic and polymer-based carriers. Despite these
developments, issues like triggering inflammation and cell

Systems for FMD
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death still require careful adjustment. Commensal bacteria
have been investigated recently as a potential delivery system
for symbiont-mediated RNA interference [33]. This method
delivers RNAIi constructs using naturally existing
microorganisms, which may improve selectivity and lessen
side effects. PEGylation is another chemical modification that
has been used to stabilize siRNA molecules. By shielding
siRNA from phosphatase and nuclease degradation, these
changes increase serum stability and lessen off-target effects
[34]. The main delivery methods for RNAi-based FMD
treatments, together with their benefits and drawbacks, are
compiled in the following table:

Nanoparticles

enhances cellular
uptake

Delivery Advantages Limitations

System

Adenovirus- High Potential

Mediated transduction immunogenicity;

Delivery efficiency; limited payload
effective in vivo | capacity [35]

Lipid-Based Protects SiRNA; Low endosomal

escape rates
(<1% efficiently
released) [36]

Symbiont- Natural and Limited data in

Mediated potentially less field application;

Delivery immunogenic scalability issues
[37]

Chemical Improved serum | May affect

Modifications stability; reduced | RNAI

(PEGylation) off-target effects | efficiency;
complex

formulation [38]

Table 2: Comparison of RNAI Delivery Systems for FMD
Therapeutics.

Current Research

Computational Approaches

Our knowledge of RNAI in relation to FMD treatment has
greatly increased as a result of recent research. The thorough
assessment of RNAI's ability to contain FMD epidemics is
aided by insights from both empirical studies and computer
analysis. The strong antiviral properties of RNA interference
against FMDV are demonstrated by empirical data from many
research teams. RNAI constructs that target VP1 have been
shown in experiments on BHK-21 cells to reduce FMDV
replication by 80-90% [39]. The great specificity and efficacy
of RNAi-mediated gene silencing are confirmed by the
transfected cells' strong resistance to infectious dosages.
Results from in vivo research utilizing guinea pig and swine
models have been promising. With notable reductions in viral
titers and elevated survival rates in treated animals,
adenovirus-based vectors expressing RNAI constructs, for
example, produced the best protection rates when given both
before and after FMDV infection [40]. These experiments'
success offers a solid basis for RNA interference's possible
use in cattle. Computational techniques have been used to find

Insights and

conserved target areas within the viral genome because of the
great genetic heterogeneity of FMDV [41]. Several host
miRNAs that may target FMDV sequences have been
identified by computational investigations employing miRNA
target prediction techniques. For instance: 12 mature host
miRNAs with 284 targets spanning 98 FMDV sequences were
found through computational study, indicating that host-
derived miRNAs may target viral transcripts to provide
additional antiviral effects [42]. Eight probable targetable
areas in the FMDV genome have been identified by further
study. These regions are very different from the host genome,
which makes them perfect candidates for artificial siRNA
treatments. Furthermore, the toolset for RNAI intervention in
FMD treatment was expanded when 16 simulated nucleotide
sequences that had over 90% similarity to mature miRNAs
were shown to be prospective RNAI agents against FMDV
[43]. By reducing off-target effects on the host's genome and
guaranteeing that targets are conserved across different
FMDV serotypes, these computational insights aid in the
improvement of RNAi molecule design. Optimizing RNAI
techniques requires the combination of computational
predictions and experimental data [44]. A suggested
methodology combines in vitro and in vivo validation
investigations with in silico target discovery, as shown in
Figure 3.

1 6 7

COLLECTION OF
FMDV GENOMIC
SEQUENCES

ASSESSMENT OF
ANTIVIRAL
FICACY

2 5 8

COMPUTATIONAL IN VITRO OPTIMIZATION OF
ANALYSIS & MIRNA VALIDATION (CELL RNAI THERAPEUTIC
TARGET PREDIGTION CULTURE ASSAYS) STRATEGY

3 4

IDENTIFICATION
OF CONSERVED IN ¥IVO VALIDATION

TARGET REGIONS T (ANIMAL MODELS)

Figure 3: This flowchart underscores the necessity of
iterative testing and optimization to develop clinically
relevant RNAI therapeutics for FMD.

Challenges in RNAI Applications for FMD

Even with encouraging developments, a number of obstacles
still need to be overcome before RNAI treatment may be
widely used in clinical settings for FMD. These problems are
complex and span the fields of biology, technology, and
regulation. The delay in the beginning of silencing is a notable
drawback of RNAi-mediated FMD therapy [45]. According to
studies, it takes around 24 to 48 hours for the effects of RNA
interference to become noticeable enough to stop the spread
of viruses. For fast-moving viral illnesses like FMD, where
the virus may spread more quickly than the inhibitory effects
can be demonstrated, this time lag might be very significant.
High genetic diversity and the establishment of many
serotypes are characteristics of FMDV [46]. Because even
minor alterations in the target regions might make RNAI
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molecules less effective or useless altogether, this intrinsic
unpredictability presents a serious problem for RNAI
treatment. By altering the sequences that sSiRNAs or shRNAs
target, the virus may become resistant to RNA interference
and select escape forms [47]. Combinatorial strategies that
target several conserved areas of the viral genome are required
to get beyond these barriers, but also complicate the creation
and administration of RNAI constructs. The plasma and
tissues contain nucleases that may break down RNA
molecules [48]. A significant portion of RNAi molecules are
held in the endosomal compartments during cellular
absorption, which limits their availability in the cytoplasm,
where RISC assembly takes place. Unintentional innate
immune system activation can cause inflammation and off-
target consequences, which might complicate the overall
treatment profile [49].

Effects Off-Target and Cytotoxicity: Despite RNAI's
excellent specificity, off-target gene silencing is still a worry.
Unintentional gene silencing may result from partial sequence
complementarity between the siRNA/shRNA and non-target
mMRNAs [50]. At larger dosages, the delivery vehicles
especially chemical carriers and viral vectors may cause
cytotoxic consequences, therefore careful dose optimization
and thorough safety evaluation are required.

A number of industrial and regulatory obstacles need to be
addressed from a translational standpoint. Robust and
repeatable manufacturing procedures are necessary to produce
RNAI molecules and their carriers at a scale that satisfies
clinical and field demands [51]. Standardized procedures are
required to assess the safety, effectiveness, and long-term
effects of RNAi-based medicines, as they constitute a novel
class of pharmaceuticals and regulatory standards are still
developing. The availability of RNAi-based treatments in
areas most impacted by FMD, especially in poor nations, may
be restricted by high production costs [52].

Future Directions in RNAi-Based FMD
Therapies

Notwithstanding the significant obstacles, there are
encouraging prospects for further study and clinical use of
RNA interference in the treatment of FMD. The goal of
ongoing research is to improve delivery methods, combine
RNAI with current immunization approaches, and improve
RNAI design creating RNA interference molecules that target
several conserved areas of FMDV at once in order to reduce
the possibility of escape mutants and improve overall antiviral
effectiveness [53]. More durable and effective RNAI
responses may result from engineering amiRs to resemble the
structure and function of endogenous miRNAs. According to
recent research, amiRs can specifically silence reporter genes
that are coupled to FMDV sequences [54]. Finding the best
target sequences within the FMDV genome will continue to
require the use of sophisticated bioinformatics techniques and
target prediction algorithms. Finding strong RNAI candidates
will be made easier with continued integration of
computational data and experimental validation [55].
Considerable advancements in delivery technology are

necessary to translate RNA interference into clinical practice.
Future research should concentrate on creating nanoparticles
that effectively escape endosomal compartments while also
shielding RNAi molecules from destruction [56].
Biocompatible carriers with improved tissue penetration
capabilities might be produced by advances in material
science. Adenovirus-based vectors have showed promise, but
more changes are needed to improve target selectivity and
decrease immunogenicity. Viral vectors and chemical
alterations may work in concert to maximize the advantages
of each strategy [57]. Investigating commensal bacteria's
potential as delivery systems might result in a less
immunogenic and more natural way to distribute RNAI
creations. Given its potential for use in integrated pest
management strategies, this topic merits more research [58].
There is a lot of interest in combination therapy techniques
because of the shortcomings of conventional immunization
strategies:

Use of Adjuvants: RNAi-based therapies may be useful
adjuvants for vaccines, improving the immune system as a
whole and directly lowering virus replication [59]. By
eradicating the virus and creating a strong immune memory,
RNA interference (RNAI) in combination with traditional
vaccinations may provide twofold protection [60].

Sequential Therapy: RNAI constructs might be administered
as a preventative intervention before or after exposure as part
of current vaccination regimens to provide rapid antiviral
effects and then long-lasting vaccine-induced immunity [61].

To confirm the safety and effectiveness of RNAI therapies,
extensive research in animal models is required. Regulatory
agencies will find it easier to assess these innovative
treatments if preclinical procedures are standardized [62]. A
roadmap for comparable research in veterinary medicine is
provided by encouraging outcomes from early-phase clinical
trials in other RNAi-based medicines, such as those in cancer
[63]. Gaining knowledge from these experiences will hasten
the regulatory approval procedure for FMD treatments based
on RNA interference. The economic viability of RNAI
therapeutics will depend on developments in large-scale
synthesis and formulation, especially in areas where FMD is
endemic and resources may be few [64].

Conclusion

RNA interference, which targets viral gene expression
selectively, offers a revolutionary method of managing foot-
and-mouth disease. The combined data from in vitro and in
vivo investigations highlights RNAI's strong antiviral
properties against important FMDV genes including VP1, 3D,
VP4, and 2B. Advances in vector design and computer target
prediction provide promising answers despite major obstacles,
including the delayed initiation of RNA interference effects,
the generation of escape mutants, delivery inefficiencies, and
possible off-target effects. Through the integration of sSiRNA
into RISC, RNAI causes gene silence, which results in the
destruction of viral mRNA and the prevention of viral
replication. Viral replication has been significantly reduced in
both cell culture and animal models as a result of RNA
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interference's successful targeting of conserved regions within
FMDV, including VP1 and 3D. While lipid-based
nanoparticles and symbiont-mediated methods are still being
researched, adenovirus-mediated delivery systems have
shown efficacy in attaining effective transduction. To ensure
both effectiveness and specificity in RNAI design, conserved
RNAI target sites must be identified using bioinformatics and
computational modeling. Temporal delays, viral genetic
diversity, transport hurdles, and possible off-target effects all
reduce the effectiveness of RNA interference and call for
more testing and validation. Translating RNAI research into
practical applications requires a focus on multiplex RNAI
techniques, improved delivery systems, integration with
traditional immunization, and shortened regulatory routes. To
sum up, RNA interference has a lot of potential as a cutting-
edge, focused, and successful treatment approach for
managing FMD. Overcoming current obstacles requires
sustained work to enhance delivery methods, optimize RNAI
design, and combine computational insights with
experimental validations. RNAi-based treatments have the
potential to transform FMD management with more study and
clinical development, ultimately lowering financial losses and
enhancing cattle health globally.
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