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Abstract: A novel method of gene silencing with substantial therapeutic potential is RNA interference
(RNAi). Through the use of short RNA molecules like siRNAs and miRNAs, RNA interference (RNAi)
makes it possible to specifically downregulate genes linked to disease, opening up new treatment options
for complicated diseases, cancer, viral infections, and genetic abnormalities. Significant advancements
in clinical translation have been made in recent years with the regulatory approval of a number of RNAi-
based treatments. Despite these advancements, there are still significant obstacles to overcome,
especially in the areas of immune response, stability, off-target effects, and targeted delivery. Research is
still being done to extend therapeutic targets, improve safety profiles, and improve delivery platforms
such lipid nanoparticles and conjugates. In addition to discussing new technologies and ways to get over
current restrictions, this study looks at the clinical environment of RNAi treatments today and considers
how flexible RNAi may become in precision medicine in the future. In almost every human cell, the RNA
interference (RNA) pathway controls the stability and translation of mRNA. Although small double-
stranded RNA molecules are effective in causing RNAi silence of particular genes, there have been many
issues with their effectiveness and safety when used therapeutically. But a new era for the industry
began in August 2018 when the US Food and Drug

The first RNAi-based medication, ONPATTRO, has been approved by the administration. In this review,
we go over the major developments in RNAi drug design and development that led to this historic
accomplishment, the current status of the clinical pipeline, and potential future developments, such as
novel RNAi pathway agents that employ mechanisms other than posttranslational RNAi silencing.
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I. INTRODUCTION
One of the natural biological mechanisms for controlling gene expression is RNA interference (RNA i). RNA
interference (RNA 1) has emerged as a viable method for gene silencing in biomedical research and treatment since its
discovery. By facilitating the targeted breakdown of messenger RNA (mRNA), the process stops certain genes from
translating. Therapeutic uses for this specificity have garnered a lot of interest, especially in the treatment of cancer,
viral, and genetic disorders.

Overview of RNA i Mechanism:

Double-stranded RNA (ds RNA), which starts RNA interference (RNA 1), is broken down into small interfering RNAs
(si RNAs) of around 21-23 nucleotides by the enzyme Dicer. These siRNAs are part of the RNA-induced silencing
complex (RISC), which is guided to complementary mRNA targets by the guide strand. After that, the RISC cleaves
the mRNA, causing it to degrade and blocking the translation of proteins. (1). both short hairpin RNAs (siRNAs) and
microRNAs (mi RNAs), which have different routes and regulatory functions,can mediate RNA interference in
addition to siRNAs. (2).The Present Situation and Prospects of RNAi-Based Medicines Since regulatory bodies have
approved a number of RNAi medications, RNAi-based therapies have made great progress. Patisiran, for instance, was
the first sSiRNA therapy authorized by the FDA to treat hereditary transthyretin-mediated amy101d051s (3). Givosiran
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and Lumasiran are two other noteworthy medications that treat acute hepatic porphyria and primary hyperoxaluria type
1, respectively. (4). These developments have been made possible by better delivery methods that improve the stability,
targeting, and cellular uptake of RNAi molecules, such as lipid nanoparticles and GalNAc conjugates. RNAI therapies
continue to encounter obstacles such immunogenicity, off-target effects, and effective tissue-specific delivery despite
their achievements. Currently, research is concentrated on developing more effective delivery systems, enhancing
siRNA design for specificity, and broadening the therapeutic scope to cover malignancies and disorders of the central
nervous system. (5). Future developments also involve combining RNA interference (RNAi) with mRNA therapies and
CRISPR-Cas gene editing to provide a comprehensive precision medicine strategy. (6).

RNAIi Pathway

o]

i

g »

. D
Q. O/ | Long double stranded RNA (dsRNA) is processed
( \J in the nucleus by drosha (RNase enzyme). The

resulting shorter dsRNA is exported to the
cytoplasm, binds to dicer (RNase enzyme), and is
l cleaved into small fragments, called small
interfering RNAs (siRNAs) or microRNAs (miRNAs),
\J’- 21-25 base pair RNA strands.

RISC / m:\:x(«'
complex Q 4
By e O r
¢ d ¢ & <
. — — — -
X ¢ L ro«
cleaved mRNA

The siRNA or miRNA is RISC + siRNA or miRNA @ mMRNA s cleaved in a

recruited by the RISC bind to a complementary, specific site and then

complex, unwinds, and targeted messenger RNA degraded in the cell,

incorporates into a (MRNA). thereby disrupting

protein-RNA complex. protein synthesis of the
target gene,

[Figure number.1][RNA i Pathway]

Historical Context:

In molecular biology, the discovery of RNA interference (RNAi) signaled a paradigm shift. Even though the
phenomena of gene silencing in plants was first noticed in the 1990s, nothing was known about it at the time. Napoli et
al. discovered unanticipated gene suppression in 1990 while trying to increase petunia pigment production; this
phenomena was later dubbed "co-suppression.” (7). they were awarded the 2006 Nobel Prize in Physiology or
Medicine for this discovery, which laid the groundwork for the RNAi process. Their research demonstrated the
promise of RNA interference as a tool for gene regulation and offered the first mechanistic understanding of post-
transcriptional gene silencing via dsSRNA. Later studies revealed important elements of the RNAi pathway, such as the
RNAinduced silencing complex (RISC), Dicer, and Argonaute proteins, which provided insight into the molecular
mechanisms of RNAI.8). Therapeutic uses became possible in the early 2000s when it was demonstrated that
synthesized small interfering RNAs (siRNAs) could cause RNA interference (RNAi) in mammalian cells without
inducing an interferon response.(9).

Scope and Objective:
@ Scope

The scope of this review encompasses the molecular mechanisms of RNA interference (RNAi), the development of
RNAi-based therapeutics, and the current challenges and future
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Opportunities in the field. It aims to provide a comprehensive

Understanding of how RNAI has evolved from a gene-silencing
Phenomenon to a therapeutic strategy with clinical applications.

@ Objective

1. Summarize the biological underpinnings of RNAI, including its key molecular components and pathways.
2. Examine the progress of RNAi-based therapeutics from preclinical research to approved drugs.

3. Discuss delivery strategies, clinical outcomes, and regulatory milestones.

4. Highlight current limitations such as delivery barriers, off-target effects, and immune responses.

5. Explore future directions, including novel delivery systems, combination therapies, and integration with other
genetic tools like CRISPR.[3,4,10]

< Molecular Mechanisms of RNAi:

Mechanism of
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[Figure number.2][Types of RNA based therapeutic]
RNA interference (RNAI) is a conserved biological process in which small RNA molecules regulate gene expression
by promoting the
Degradation of target messenger RNA (mRNA) or by inhibiting translation. The process is mediated by two main types
of small RNAs: small interfering RNAs (siRNAs) and microRNAs (miRNAs), both of which play critical roles in post-
transcriptional gene regulation.
The RNAIi pathway begins with the presence of double-stranded RNA (dsRNA) in the cytoplasm. The RNase III
enzyme Dicer cleaves long dsSRNA or precursor miRNA (pre-miRNA) into small RNA duplexes of approximately 21—
25 nucleotides (11). These duplexes are then incorporated into the RNA-induced silencing complex (RISC), a multi-
protein complex that plays a central role in gene silencing.
Within RISC, one strand of the RNA duplex (the guide strand) is retained, while the other (the passenger strand) is
degraded. The guide strand directs RISC to a complementary target mRNA through base pairing (9). In the case of
siRNA, this binding leads to precise cleavage of the mRNA by the Argonaute (AGO) protein, particularly AGO2,
which has endonuclease activity (12). This cleavage results in mRNA degradation and subsequent gene silencing
.miRNAs, in contrast, are typically only partially complementary to their target mRNAs and often bind to sequences in
the 3' untranslated region (3' UTR). This usually results in translational repression and/or mRNA destabilization rather
than direct cleavage [2].The specificity and efficiency of RNAi make it a powerful tool for functional genomics and
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therapeutic applications. However, unintended off-target effects and activation of immune responses are challenges that
need careful management in therapeutic settings (13).

< Key Components of the RNAi Pathway:
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[Figure number.3 key component]
A coordinated group of molecular elements known as RNA interference (RNAi) recognize, process, and use short RNA
molecules to cause gene silencing. These crucial elements are extremely conserved and necessary for the RNAi
mechanism to operate correctly.
1. Dicer:
Dicer is an RNase III family endonuclease responsible for cleaving long double-stranded RNA (dsRNA) and precursor
microRNAs
(pre-miRNAs) into 21-25 nucleotide small RNA duplexes (11). It plays a central role in generating both siRNAs and
miRNAs, serving as the entry point into the RNAi pathway.
2. RNA-Induced Silencing Complex (RISC):
One strand of the short RNA duplex, referred to as the guide strand, is incorporated by the multi protein effector
complex known as RISC in order to find complementary mRNA targets. The complementarity between the guide RNA
and its target determines whether the RISC promotes translational repression or mRNA cleavage to silence the gene.
(8).
3. Argonaute Proteins (AGO):
Among the core components of RISC are Argonaute proteins, particularly AGO2, which is the only Argonaute in
humans with endonuclease ("slicer") activity. AGO2 directly mediates the cleavage of target mRNA when perfect base
pairing is present (12). AGO proteins also play roles in miRNA-mediated repression and in recruiting other silencing
factors.
4. SiRNA and miRNA:
Dicer processes small interfering RNAs (siRNAs), which are usually exogenous or experimentally introduced double-
stranded RNAs. However, before loading into RISC, microRNAs (miRNAs) are endogenously generated and
processed via a multi-step route including Drosha (in the nucleus) and Dicer (in the cytoplasm). (2).
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5. Drosha-DGCRS8 Complex:

For primary microRNA transcripts (pri-miRNAs) to be processed in the nucleus into precursor miRNAs (pre-miRNAs),
which are subsequently exported to the cytoplasm for additional processing by Dicer, this complex is necessary. (14).

+ Development of RNAI based therapeutics:

The development of RNA interference (RNAI) into a therapeutic platform represents a major milestone in

Modern medicine, offering a strategy to silence disease-causing genes at the post-transcriptional level. Since its
discovery, efforts have focused on translating the RNAi mechanism into safe, specific, and effective treatments for
genetic, viral, and cancer-related diseases.

1. Early Challenges and Proof-of-Concept:

Initial studies demonstrated that synthetic small interfering RNAs (siRNAs) could induce gene silencing in mammalian
cells without triggering nonspecific immune responses, unlike long double-stranded RNA.

However, early therapeutic attempts faced major hurdles, particularly in delivery, stability, and off-target effects (15).
2. Advancements in Delivery Systems:

A range of formulations and vectors, including as viral vectors, conjugated ligands, and lipid nanoparticles (LNPs),
were created in order to get around delivery obstacles. The most effective platform was LNPs, which allowed siRNAs
to be delivered systemically and escape endosomally. The creation of N-acetylgalactosamine (GalNAc) conjugates,
which selectively target hepatocytes via asiloglycoprotein receptors and enable subcutaneous administration, was a
significant breakthrough. (16).

3. First RNAi Therapeutics Approved:

In 2018, Patisiran (Onpattro) became the first FDA-approved RNAi drug for the treatment of hereditary transthyretin-
mediated amyloidosis. It uses LNPs to deliver siRNA targeting transthyretin (TTR) mRNA in the liver.

Following this, Givosiran (for acute hepatic porphyria), Lumasiran (for primary hyperoxaluria type 1), and Inclisiran
(for hypercholesterolemia) were approved, with in clisiran marking a shift towards chronic disease management using
RNAI (17).

4. Expanding Clinical Pipeline:

To overcome delivery challenges, a variety of formulations and vectors were developed, such as conjugated ligands,
lipid nanoparticles (LNPs), and viral vectors. LNPs were the most successful platform because they made it possible
for siRNAs to be given systemically and escape endosomally. An important development was the development of N-
acetylgalactosamine (GalNAc) conjugates, which allow subcutaneous injection and specifically target hepatocytes via
asiloglycoprotein receptors.

5. Regulatory and Commercial Milestones:

The FDA and EMA have given RNAI therapies classifications such Orphan Drug, Fast Track, and Breakthrough
Therapy, indicating their potential to cure critical and uncommon illnesses.

Development has been further expedited by strategic partnerships and investments. (18).

+¢ Clinical applications and approved RNAi therapeutic :

With numerous medications approved for clinical usage and even more in the works, RNA interference (RNAi) has
transformed from a potent gene-silencing tool into a recognized therapeutic platform. Although future applications
seek to address illnesses in other organs, these therapies primarily target genes expressed in the liver.

1. Approved RNAI Therapeutics:

The majority of RNA interference (RNAi) medications that have been licensed so far target hepatic disorders and
employ siRNA, utilizing lipid nanoparticles (LNPs) or GalNAc conjugation for effective delivery. a. Patisiran
(Onpattro) Indication: Hereditary

Transthyretin-mediated (hA TTR) amyloidosis with polyneuropathy

Mechanism: LNP-formulated siRNA targeting transthyretin (TTR) mRNA in the liver

Approval: FDA (2018), EMA (2018)

Outcome: Reduced serum TTR levels and improved neurological symptoms
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b. Givosiran (Givlaari)

Indication: Acute hepatic porphyria (AHP)

Mechanism: GalNAc-conjugated siRNA targeting aminolevulinic acid synthase 1 (ALAS1)

Approval: FDA (2019), EMA (2020)

Outcome: Significant reduction in AHP attacks and toxic metabolite accumulation c. Lumasiran (Oxlumo)
Indication: Primary hyperoxaluria type 1 (PH1)

Mechanism: GalNAc-siRNA targeting glycolate oxidase (GO), reducing oxalate production

Approval: FDA (2020), EMA (2020)

Outcome: Lowered urinary oxalate levels, reducing kidney stone risk (19)

d. Inclisiran (Leqvio)

Indication: Hypercholesterolemia and atherosclerotic cardiovascular disease

Mechanism: GalNAc-siRNA targeting PCSK9 mRNA

Approval: EMA (2020), FDA (2021)

Outcome: Sustained LDL cholesterol reduction with twice-yearly dosing (20)

e. Vutrisiran ( Amvuttra)

Indication: h ATTR amyloidosis (alternative to Patisiran)

Mechanism: Subcutaneously delivered GaINAc-siRNA targeting TTR

Approval: FDA (2022), EMA (2022)

Outcome: Similar efficacy to Patisiran with more convenient administration (21)

2. Clinical Pipeline and Emerging Applications:

Many RNAI candidates are undergoing clinical trials for a range of illnesses in addition to authorized medications:
1. Chronic hepatitis B: siRNA

Drugs like JINJ-3989 and VIR-2218 are being tested to lower the antigen load and silence viral transcripts. (22).

2. Liver cancers and fibrosis: RNA interference is being investigated to alter fibrosis pathways

(such as TGF-B, CTGF).

3. Ophthalmology: Drugs based on RNA interference are being investigated for diabetic retinopathy and macular
degeneration.

4. Neurological diseases: Trials for conditions including Huntington's and ALS are being fueled by improvements in
delivery across the blood-brain barrier.

< Challenges in RNAI therapeutics:

Off-Target Effects:

The possibility of off-target effects, which can result in unintentional gene silence and detrimental biological results, is
a significant obstacle in the development and practical use of RNA interference (RNAi) therapies. These consequences
arise from the unintentional down regulation caused by the RNA-induced silencing complex (RISC) attaching to partly
complementary regions in non-target mRNAs. The seed region of the siRNA (nucleotides 2—8 from the 5’ end) is
largely responsible for off-target effects. It can imitate the process of microRNAs and silence genes with comparable
sequences in their 3' untranslated regions.(23). Widespread alterations in gene expression could result from this
phenomena, which would raise questions regarding safety, particularly in long-term therapy. Furthermore, excessive
siRNA concentrations have the potential to overwhelm the body's RNAi machinery, disrupting normal miRNA
processing and producing unexpected outcomes. (24). To improve selectivity and decrease off-target interactions,
chemical modifications such 2'-O-methyl or locked nucleic acid (LNA) alterations have been used. (25).

The meticulous design of siRNA sequences, in silico prediction tools, and high-throughput screening assays to find and
remove problematic sequences prior to clinical development are some strategies to reduce off-target effects. (26).
Enhancing tissue selectivity and reducing systemic exposure are other benefits of ongoing delivery method and
targeting mechanism improvement.
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Immune Activation:

The possibility of immune system activation, which might result in inflammatory reactions or unfavorable outcomes, is
a crucial factor to take into account while developing RNAI therapies clinically. Synthetic siRNAs have the potential
to inadvertently activate the innate immune system, especially through pattern recognition receptors such protein kinase
R (PKR), RIG-I-like receptors, and Toll-like receptors (TLRs). (27).

Immune cell endosomes contain TLR7 and TLRS, which are especially sensitive to short doublestranded or single-
stranded RNAs. When these receptors are activated, proinflammatory cytokines like interferon-alpha and TNF-alpha
are produced. (28). both in vitro and in vivo observations of this reaction have been made, particularly when the siRNA
contains unmodified or specific sequence patterns. (29).

< Advances in delivery technologies :

Nanoparticle Systems:

One of the biggest obstacles in the development of new treatments is the efficient delivery of RNAi molecules to the
intended tissues. One of the most promising approaches to get beyond biological barriers, shield RNA from
deterioration, and improve cellular uptake is the use of delivery systems based on nanoparticles. Tissue-specific
targeting and improved pharmacokinetics are made possible by these systems' ability to encapsulate or complex with
siRNA. The most cutting-edge therapeutic delivery systems for RNA interference are lipid nanoparticles (LNPs).
They include polyethylene glycol (PEG)-lipid conjugates, phospholipids, cholesterol, and ionizable lipids, which aid in
endosomal escape and shield siRNA from serum nucleases.(30). FDA-approved medications like patisiran, which treats
hereditary transthyretinmediated amyloidosis, contain LNPs. Apart from LNPs, preclinical research has demonstrated
the potential of additional nanoparticle types for RNAi administration, including polymeric nanoparticles, dendrimers,
inorganic nanoparticles (such as those based on gold or silica), and exosomes.(31). To improve selectivity and
therapeutic results, these platforms can be modified for controlled release, surface modification with ligands (such as
GalNAc, antibodies), and codelivery of several therapeutic agents. (32).

Targeted Delivery Approaches:

One of the biggest obstacles to the clinical use of RNAi-based treatments is still ensuring efficient and targeted
delivery. Advanced delivery strategies have been developed to improve the stability, cellular internalization, and target
specificity of naked siRNAs due to their low cellular absorption and fast bloodstream degradation. One of the most
widely used delivery systems is lipid nanoparticles (LNPs), especially for liver-targeted RNA interference treatments.
Following cellular uptake, LNPs wrap siRNA molecules, shield them from nucleases, and enable endosomal escape.
An LNP-based delivery system is used by the FDA-approved medication patisiran, which targets transthyretin (TTR)
for familial ATTR amyloidosis. = Another significant development is the conjugation of GalNAc (N-
acetylgalactosamine), which targets the asialoglycoprotein receptor to transport the drug to hepatocytes in a very
effective and receptormediated manner. This approach has led to the development of drugs such as givosiran and
inclisiran [33].

Targeted delivery is still more complicated outside of the liver. For tissue-specific delivery to cancers and other
organs, researchers are investigating aptamer conjugates, antibody-siRNA conjugates (ARCs), and peptide-based
vectors. [34]. additionally, exosomes and other extracellular vesicles are being studied as natural, biocompatible
carriers capable of transferring RNA molecules across biological barriers [35].

< Emerging Applications of RNAi Oncology:

RNA interference (RNAI) is a potent biological process that silences gene expression at the posttranscriptional level. Its
therapeutic potential in oncology is significant due to its specificity in targeting oncogenes and cancer-related
pathways.

Copyright to IJARSCT
www.ijarsct.co.in

DOI: 10.48175/IJARSCT-32089 658

| 2581-9429 |1
R\ 1JARSCT /3
& <




({ IJARSCT

xx International Journal of Advanced Research in Science, Communication and Technology
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal FiEp 00}
ISSN: 2581-9429 Volume 6, Issue 6, March 2026 Impact Factor: 8.2

1. Targeting Oncogenes:

RNAI can specifically knock down the expression of mutated or overexpressed oncogenes such as KRAS, BCL2, and
MYC. This selective silencing allows researchers to study gene function and develop gene-specific cancer therapies.

2. Overcoming Drug Resistance:

RNAI has shown promise in sensitizing tumors to chemotherapeutic agents. For example, silencing genes involved in
drug resistance, such as MDR1 or ABCBI, can restore chemotherapy effectiveness.

3. Immunotherapy Enhancement:

RNAI is being explored to modulate immune checkpoint pathways. By silencing PD-L1 or other immune-suppressive
genes in tumor cells, RNAi can enhance T-cell responses and improve the efficacy of immunotherapies.

4. Nanoparticle-Mediated Delivery:

Recent advances in delivery systems, particularly lipid nanoparticles (LNPs), have enhanced the clinical viability of
RNAI therapies. LNP-based RNAi formulations are now being used in clinical trials for targeting solid tumors.

5. Clinical Trials and FDA Approval:

The success of patisiran (for amyloidosis) has paved the way for RNAi therapeutics in oncology. Several candidates,
like siRNA-based agents targeting VEGF or EphA2, are under investigation in clinical trials for cancers such as ovarian
and liver cancer.[36]

Infectious Diseases:

RNA interference (RNAi) has emerged as a powerful tool to combat infectious diseases by silencing viral and bacterial
genes essential for replication, survival, or pathogenesis. It holds promise for both therapeutic and diagnostic
applications.

1. Antiviral Therapy:

RNAI has shown strong efficacy against viruses such as HIV, hepatitis B and C, influenza, and more recently, SARS-
CoV-2. By targeting viral RNA or host factors crucial for viral replication, RNAi can inhibit infection at the molecular
level.

2. HIV and Hepatitis:

SiRNAs have been created to target host receptors like CCR5 as well as important HIV genes including gag, pol, and
tat. In clinical trials, siRNA therapies like JNJ-3989 have demonstrated strong HBV DNA decrease in hepatitis B.

3. SARS-CoV-2 (COVID-19):

Several preclinical studies demonstrated that siRNAs targeting the viral spike or RNA-dependent RNA polymerase
(RdRp) genes could significantly reduce viral replication. Delivery systems though less explored, RNAi has potential in
targeting antibiotic-resistant bacterial genes or virulence factors, especially in intracellular pathogens like
Mycobacterium tuberculosis.

4. Diagnostics and Functional Genomics:

RNAI is also used to identify host-pathogen interactions and essential genes in pathogens, enabling the discovery of
novel drug targets and vaccine candidate.[37]

Genetic Disorders:

RNA interference (RNAi) offers a highly specific approach to down regulate the expression of disease-causing genes,
particularly in monogenic disorders. The clinical utility of RNAI is expanding, with several therapies in clinical trials or
approved for genetic diseases.

1. Transthyretin Amyloidosis (hATTR):

The first FDA-approved RNAI therapeutic, patisiran, treats hereditary transthyretin-mediated amyloidosis by silencing
the TTR gene, reducing toxic protein accumulation and improving neurological function. 2. Hypercholesterolemia:
Inclisiran, asiRNA drug, targets PCSK9, a gene that regulates cholesterol metabolism. By silencing PCSK9, it lowers
LDL cholesterol levels in patients with familial hypercholesterolemia and atherosclerotic cardiovascular disease.
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3. Alpha-1 Antitrypsin Deficiency:

Through gene replacement techniques, RNA interference (RNAI) is being investigated to decrease the synthesis of the
mutant SERPINA1 protein that damages the liver while permitting the production of functional proteins.

4. Huntington’s Disease:

In order to selectively target mutant HTT mRNA and lower the expression of the toxic huntingtin protein that causes
neuronal degeneration, siRNAs and shRNAs are being developed.

5. Other Genetic Disorders:

The use of RNA interference (RNAi) in disorders such as dominantly inherited retinal dystrophies, thalassemias (by
inhibiting fetal hemoglobin repressors), and spinocerebellar ataxias is still being studied.[3,38]

< Future Directions: Next-Generation RNAi Molecules:

The future of RNAi-based therapeutics is closely tied to the development of next-generation RNAi molecules that offer
improved potency, specificity, stability, and delivery profiles. These novel constructs are designed to overcome key
limitations of first-generation small interfering RNAs (siRNAs), such as degradation by nucleases, off-target effects,
and inefficient cellular uptake.

Chemically modified siRNAs are at the forefront of this innovation. Modifications such as 2'-Omethyl (2'-OMe), 2'-
fluoro (2'-F), and phosphorothioate linkages enhance nuclease resistance and reduce immunogenicity while maintaining
silencing efficiency [39]. Another promising advancement is the use of Dicer-substrate siRNAs (DsiRNAs), which are
longer than conventional siRNAs and show enhanced potency and duration of action due to more efficient processing
by Dicer [40].

Self-delivering RNAi molecules (sd-RNAs) represent a significant step forward by combining siRNA and delivery
moieties into a single molecule, eliminating the need for complex delivery systems [41]. Additionally, small hairpin
RNAs (shRNAs) and artificial microRNAs (am iRNAs) expressed from DNA vectors are being developed for long-
term gene silencing, which may be particularly beneficial in treating chronic diseases [42].

Efforts are also underway to create tissue-specific RNAI therapeutics using ligand-conjugated siRNAs. For instance, N-
acetylgalactosamine (GalNAc) conjugates have shown great success in targeting hepatocytes and have been integral to
the approval of multiple RNAi-based drugs [43]. As the field develops, creating programmable RNAi constructs or
combining CRISPR technologies with RNAi may increase treatment options and improve gene regulation techniques.
With the help of continuing clinical research and the development of these next-generation agents, RNA interference
(RNAI) is positioned as a key modality in the future of precision medicine.

Advancements in Delivery:

One of the biggest obstacles to the clinical use of RNAI therapies is still effective delivery. The stability, specificity,
and bioavailability of RNAi compounds have been greatly improved by recent developments in delivery technology,
which has made it easier for them to go from bench to bedside. The creation of lipid nanoparticle (LNP) formulations,
which encapsulate siRNAs and shield them from enzymatic breakdown while encouraging cellular absorption via
endocytosis, has been one of the most significant discoveries. FDA-approved RNAi medications like patisiran, the first
siRNA therapy authorized for hereditary transthyretin-mediated amyloidosis, have been made possible in large part by
NPs. Improved tissue targeting and decreased toxicity have resulted from ongoing LNP composition refining, which
includes ionizable lipids and PEGylation. [44].

Another significant advancement is the use of ligand-targeted conjugates, particularly Nacetylgalactosamine (GalNAc)
conjugation, which enables efficient and receptor-mediated delivery of siRNAs specifically to hepatocytes through
asialoglycoprotein receptors. GaNAcsiRNA conjugates allow for subcutaneous administration with improved patient
compliance and have been key to the success of second-generation RNAi drugs such as givosiran and inclisiran.
Alternative delivery systems such as exosomes, aptamer-siRNA chimeras, and polymeric nanoparticles are under active
investigation. Exosome-based delivery leverages the natural biocompatibility and cell-targeting capabilities of
extracellular vesicles, offering a promising platform for non-immunogenic RNAi delivery [45]. Additionally,
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biodegradable polymer carriers like PLGA (poly lactic-co-glycolic acid)) and cell-penetrating peptides (CPPs) are
being investigated to improve endosomal escape and extend circulation time. [46].

By increasing the number of disorders that can be treated, decreasing the frequency of dosage, and enhancing the
therapeutic index, these delivery improvements taken together are changing the landscape of RNAi therapy.

Global Impact:

Since they provide promising treatments for diseases that were previously incurable and address important unmet
medical needs, RNA interference (RNAi) medicines have had a significant impact on the medical landscape worldwide.
Since traditional treatments for cancer, infectious diseases, and uncommon genetic abnormalities have frequently been
insufficient or unsuccessful, the development of RNA interference (RNAi) technology has proven very beneficial in
these areas. RNA interference (RNAi) has opened up a new treatment option for rare genetic illnesses, including acute
hepatic porphyria and hereditary transthyretin amyloidosis (hATTR). By inhibiting the transthyretin gene and lowering
the accumulation of harmful proteins in the body, Patisiran, the first FDA-approved RNA interference medication, is a
historic accomplishment that can change the lives of people with hATTR. [47]. Additional RNAi-based treatments that
target a variety of genetic alterations have been made possible by this breakthrough. As an illustration of RNAi's
capacity to treat inherited metabolic illnesses worldwide, givosiran and lumasiran are RNAI therapies that target the
liver enzymes implicated in porphyria and primary hyperoxaluria, respectively.[48].

In the fight against infectious diseases, RNAi-based approaches are being developed for both prophylactic and
therapeutic purposes. During the COVID-19 pandemic, RNAi was explored as a potential strategy to inhibit viral
replication, with promising preclinical data indicating that siRNAs could effectively target key viral genes [49].
Furthermore, because RNA interference (RNAi) may target the genetic material of pathogens, it has sparked interest in
treating diseases like hepatitis, HIV, and the Zika virus, which continue to be major global health concerns. The
potential of RNA interference to combat cancer is another example of its worldwide influence.

RNAi-based medicines are being researched to suppress tumor growth and improve the effectiveness of current cancer
treatments by silencing oncogenes. Targeting particular genes implicated in the development of cancer holds hope for
customized medicine by lowering the adverse effects usually connected to traditional cancer treatments. [50].

The success of RNALI therapies has sparked interest in research around the world, especially in nations like China, the
US, and the EU that have thriving biotechnology industries. In addition to treating rare and orphan diseases, the broad
use of RNAi technology will have significant public health ramifications by offering a novel class of therapies that can
be tailored to treat a range of illnesses in a variety of demographics.

II. CONCLUSION
RNAi-based therapeutics have transitioned from a groundbreaking discovery in gene regulation to a clinically validated
modality with substantial global impact. The approval of drugs such as patisiran, givosiran, and inclisiran has
demonstrated the clinical feasibility and therapeutic potential of RNAIi in treating genetic and metabolic disorders,
particularly those involving the liver. Innovations in chemical modification, delivery platforms, and tissue-specific
targeting have significantly improved the stability, specificity, and safety of RNAi molecules, addressing many of the
challenges that initially limited their clinical application [51].
Looking forward, the development of next-generation RNAi constructs—including Dicersubstrate siRNAs, self-
delivering RNAi molecules, and ligand-conjugated systems—holds promise for expanding the therapeutic reach of
RNAI into areas such as oncology, infectious disease, and chronic conditions. Additionally, emerging delivery
technologies such as GalNAc conjugation and lipid nanoparticles have laid the foundation for more efficient and
patientfriendly drug formulations.
While hurdles such as off-target effects, immune responses, and delivery to non-hepatic tissues persist, continued
advancements in molecular design and delivery science are expected to overcome these limitations. RNAI therapeutics
are poised to become a cornerstone of precision medicine, offering tailored, gene-specific interventions with the
potential to transform the treatment landscape for numerous diseases worldwide.[52]
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