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Abstract

Context:Antisense oligonucleotides (antisense oligonucleotides (ASOs)) are emerging precision therapies that modulate RNA

expression and have shown promise for neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease,

amyotrophic lateral sclerosis, and Huntington’s disease.

Evidence Acquisition: This narrative review summarizes key ASO mechanisms of action, major disease-related targets,

delivery approaches, clinical progress, safety concerns, emerging technologies, approved ASO therapies, and ongoing clinical

development relevant to neurodegeneration.

Results: ASO-based therapies have shown increasing therapeutic potential across multiple neurodegenerative disorders,

driven by advances in molecular targeting, delivery strategies, and clinical development. However, key safety concerns and

translational barriers continue to limit their broader clinical application.

Conclusions: ASO-based therapy represents a promising precision-medicine approach for neurodegenerative diseases.

Further research should focus on overcoming translational barriers, improving delivery and safety, and advancing effective ASO

therapies toward wider clinical adoption.
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1. Context

Antisense therapies have revolutionized the treatment of
neurodegenerative diseases by enabling targeted

modulation of gene expression. These therapies use
antisense oligonucleotides (ASOs), which are short

nucleotide strands designed to bind specific RNA

sequences, thereby regulating pathogenic proteins or
correcting genetic mutations associated with

neurodegeneration. Unlike traditional treatments that
primarily manage symptoms, antisense therapies aim to

intervene at the molecular root of disease, offering the

potential for disease modification or slowed progression (1,
2).

Neurodegenerative diseases, such as Alzheimer’s

disease, Parkinson’s disease, amyotrophic lateral sclerosis

(ALS), and Huntington’s disease, involve progressive

neuronal loss, leading to debilitating motor, cognitive, and
sensory impairments. Despite extensive research, effective

curative treatments remain elusive, and current therapies

provide only symptomatic relief. The emergence of ASOs
has raised hope by enabling precision therapies that target

RNA transcripts, thereby directly affecting the molecular
pathways underlying these disorders (2, 3).

Recent research has demonstrated the clinical efficacy
of antisense treatments, as evidenced by the US Food and

Drug Administration (FDA) approval of ASOs for spinal
muscular atrophy (SMA), which has shown substantial

clinical advantages in increasing motor function and

patient survival, particularly when ASOs are administered
early in the clinical course. Ongoing clinical evaluation of

ASO treatment for ALS and other neurodegenerative
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disorders has also yielded encouraging findings, including

reductions in biomarkers indicative of neurodegeneration

with certain ASOs, as well as evidence of beneficial clinical
effects in treated patients. However, challenges to the

progress of ASO therapies remain, including the
development of technologies that enable efficient delivery

across the blood–brain barrier, identification of

appropriate target cell populations, and minimization of
off-target effects and long-term toxicities associated with

ASOs (3).

Advances in the nucleotides that constitute ASOs,

delivery technologies, and improved animal models for
ASO-based therapy development are accelerating progress

in the field. In addition, patient-derived cerebral organoids
and induced pluripotent stem cells provide new platforms

to better understand disease pathophysiology and develop

more personalized antisense treatment approaches.
Collectively, these advances in ASO technology are

addressing several current barriers to ASO therapy
development, such as inefficient ASO delivery and

interpatient variability in ASO response, thereby

supporting the translation of ASO therapeutics into
meaningful clinical options for a broad range of

neurodegenerative diseases (4).

Despite growing interest in ASO therapeutics, the

literature on neurodegenerative diseases remains
fragmented across disease-specific targets, delivery

technologies, and clinical trial updates. Existing reviews
often emphasize either general ASO biology or a single

disorder, whereas the rapid pace of new approvals,

biomarker findings, and delivery innovations has created a
need for an updated narrative synthesis focused

specifically on neurodegenerative diseases. Accordingly,
this review consolidates recent advances in ASO

mechanisms, target selection, delivery systems, clinical
outcomes, and safety challenges to provide an integrated

overview for readers working at the interface of

translational neuroscience and RNA therapeutics (1).
Literature relevant to antisense oligonucleotides and

neurodegenerative disease was identified from major peer-
reviewed publications, clinical trial reports, and regulatory

documents to support a narrative synthesis of current

developments and challenges.

2. Evidence Acquisition

This narrative review was developed through targeted
literature searches in PubMed/MEDLINE, Scopus, Web of

Science, and ClinicalTrials.gov, covering publications and

records from January 2010 through December 2025. Search
terms combined concepts related to antisense

oligonucleotides and neurodegeneration, including

“antisense oligonucleotide,” “neurodegeneration,”

“Alzheimer,” “Parkinson,” “ALS,” “Huntington,” “spinal

muscular atrophy,” “ASO therapy,” “intrathecal delivery,”
and “nanocarrier.” The search was limited to English-

language sources and included peer-reviewed articles,
clinical trials, and regulatory documents.

Eligible records were screened for relevance to
antisense oligonucleotide biology, therapeutic

development, delivery strategies, clinical evidence, safety,
and translational issues in neurodegenerative disease.

Conference abstracts without full text, non-English sources

without translation, and studies focused on non-ASO
therapeutic modalities were excluded. Reference lists of

key reviews and primary studies were also examined to
identify additional relevant sources.

Because this was a narrative review, study selection was
not based on a formal systematic review protocol or a

quantitative meta-analysis. Instead, the authors selected
references based on relevance, recency, and scientific

quality, with an emphasis on influential studies, emerging

clinical data, and regulatory guidance.

3. Results

3.1. Molecular Mechanisms of Antisense Therapies

Three classes of small RNA therapeutics with strong

potential as viable alternatives to traditional small-
molecule drugs include small interfering RNAs,

microRNAs (miRNAs), and ASOs belonging to the RNA
subclass. Unlike small-molecule drugs, small RNA

therapeutics can selectively bind and modulate the activity

of any desired target gene product, creating an
opportunity to develop new treatment strategies that are

both more therapeutically effective and broadly applicable
than conventional approaches (5). Synthetic ASO therapies

use Cloned Antisense Oligonucleotides to target specific

RNA sequences by base pairing with the corresponding
RNA strand. The two strands bind together, initiating a

series of reactions that alter gene expression at the RNA
level, enabling targeted treatment of diseases related to the

abnormal production or processing of a specific gene

product. ASOs may initiate changes in gene expression
through various mechanisms, such as degradation of the

target mRNA through RNase H activity, a protein present
in cells that recognizes RNA and reduces the amount of

toxic mRNA produced. ASOs may inhibit protein

expression, restore expression of beneficial isoforms, or
modulate alternative splicing of mRNA through

translation inhibition. The use of ASOs allows the precise
reduction of harmful proteins or enhancement of

beneficial proteins (6).
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The primary molecular mechanism utilized in ASO

therapies is the ability to recruit and activate RNase H.

RNase H is a naturally occurring protein that recognizes
RNA-related DNA molecules complementary to a specific

ASO and cleaves the RNA portion of the RNA:DNA hybrid
molecule. The use of ASOs that recruit RNase H is

particularly useful in diseases characterized by a toxic gain-

of-function protein due to mutations or changes in a
specific gene. Examples include mutant huntingtin in

patients with Huntington's disease and the SOD1 mutation
in certain patients with ALS (7, 8).

ASOs also function by modulating RNA splicing. They
can bind to regulatory elements and modulate mRNA

splicing by promoting exon inclusion in, or exon exclusion
from, the spliced mRNA. This splicing modulation can be

used to develop therapies for conditions in which an

improper splicing event leads to a faulty protein, such as
SMA, where ASOs can promote splicing of the SMN2 gene

to include exon 7, enabling further production of
functional SMN protein and restoring proper SMN protein

function in affected tissue. Therefore, fine-tuning

alternative splicing has expanded the potential
therapeutic options for ASOs beyond a gene knockdown

approach (9, 10) (Figure 1).

Figure 1. Schematic representation of antisense oligonucleotide
mechanisms of action, including RNase H-mediated degradation and
steric blockade.

ASOs can also sterically block and prevent the binding

of translation initiation factors or ribosomes, thereby
preventing protein synthesis without degrading RNA. This

provides another therapeutic option for situations in

which a temporary or partial decrease in the production of

a particular protein is required. In addition, ASOs can be

used to affect the activity level of microRNAs, thereby
influencing post-transcriptional gene regulation.

Collectively, these effects support the application of
antisense therapies across a broad range of

neurodegenerative diseases with high specificity and

precision, facilitating the development of new disease-
modifying therapies (2, 11, 12).

These mechanistic differences should be interpreted

alongside delivery feasibility, because the optimal route

depends on whether the therapeutic goal is transcript
knockdown or splice correction (1, 8, 9, 10, 13, 14). RNase H-

mediated ASOs are particularly relevant for toxic gain-of-
function disorders, whereas splice-modulating ASOs are

better suited to diseases in which restoration of a

functional transcript is the key objective (7, 10). In both
cases, therapeutic success depends on whether sufficient

drug reaches the appropriate central nervous system (CNS)
compartment while limiting off-target exposure and

procedural burden.

3.2. Disease Targets in Neurodegeneration

Identifying specific molecular targets responsible for
neurodegenerative diseases is essential for the successful

application of ASOs. These molecular targets are generally

genetic mutations, abnormal RNA transcripts, or
pathogenic proteins that cause the disease (15). Using

genomic and transcriptomic technologies, researchers
have identified many compelling molecular targets that

ASOs can use to modify disease trajectories or alleviate

symptoms (14).

One major molecular target for ASOs in Alzheimer’s
disease (AD) is the amyloid precursor protein (APP) and its

protein product, amyloid-beta (Aβ), which forms plaques

associated with the disease. ASOs designed to decrease APP
production or alter APP splicing to reduce Aβ production

have been evaluated. The goal of these efforts is to reduce
amyloid burden in patients with AD to prevent or hinder

neuronal damage, thereby potentially modifying the

disease course in patients with AD (16).

Alpha-synuclein accumulates in the brains of
individuals with Parkinson’s disease and forms toxic

aggregates. Targeting the SNCA gene responsible for

producing alpha-synuclein using ASOs provides a method
to decrease alpha-synuclein production and reduce the

associated neurotoxic effects. Studies in early preclinical
models suggest a significant reduction in alpha-synuclein

aggregation and improved cellular health when alpha-

synuclein is suppressed with ASOs (17).

ALS is caused by variations in several genes, including
mutations in two key genes, SOD1 and HTT. Clinical trials
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are ongoing using ASO treatments to reverse the toxic

properties of mutated SOD1 protein. Preliminary findings

indicate that using these ASO treatments to block
expression of mutated SOD1 may reduce exposure to a

toxic protein that causes ALS and slow disease progression.
It has been hypothesized that targeting the repeat sections

(hexanucleotide repeats) of the C9orf72 gene through

antisense strategies will decrease the amount of aberrantly
expressed RNA and dipeptide repeat proteins expressed by

C9orf72. Accumulation of either of these two types of
proteins is a direct cause of neurodegeneration in familial

forms of ALS and frontotemporal dementias (18).

Huntington's disease, another neurodegenerative

disease, is caused by an increase in CAG repeats in the HTT
gene. When antisense therapies are used to inhibit the

mRNA carrying these CAG repeats, ASO treatments have

been shown, in preclinical studies, to be effective and safe
and to decrease production of mutant HTT and the

associated neurotoxic effects (19).

Research into ASO therapy development has progressed

substantially with the identification and validation of
specific targets across neurodegenerative diseases.

Furthermore, ongoing efforts to identify additional targets
will support the development of ASO therapies with higher

specificity for pathways associated with specific diseases.

Ultimately, this study will provide a basis for developing
therapies that modify disease characteristics associated

with the molecular pathology of a particular genetic
mutation (20).

The translational maturity of ASO strategies differs
substantially across neurodegenerative diseases. To avoid

conflating exploratory concepts with clinically established
therapies, the evidence is summarized below according to

development stage, with approved therapies, active clinical

candidates, and preclinical delivery approaches separated
explicitly (Table 1).

To facilitate comparison across disease areas, the

evidence is best interpreted by development stage rather

than by therapeutic promise alone. Nusinersen and
tofersen represent clinically validated ASO therapies,

whereas most other disease-specific approaches remain in
preclinical or early clinical development. Delivery

technologies such as nanoparticle systems, peptide

conjugates, and intranasal approaches should therefore be
presented as enabling platforms under investigation

rather than established clinical strategies.

3.3. Central Nervous System Delivery Strategies

One of the most significant barriers to developing
therapies for neurodegenerative diseases is the efficient

delivery of ASOs into the central nervous system. The
blood-brain barrier (BBB), which is highly selective in

allowing molecules to cross from the blood into the central

nervous system, limits access of nearly all ASOs to the

brain. Therefore, there is a strong need for delivery systems
that can be matched to disease anatomy and target

location, particularly those that allow direct injection into
the cerebrospinal fluid using intrathecal (IT) or

intracerebroventricular (ICV) routes. These methods allow

ASOs to reach therapeutically effective concentrations in
patients with neurodegenerative diseases by bypassing the

BBB; thus, ASOs enter deeper layers of both the brain and
spinal cord at a higher rate than ASOs introduced by

systemic administration (Figure 2) (13).

Figure 2. Overview of antisense oligonucleotide delivery routes to the
central nervous system and factors influencing biodistribution and
uptake.

Owing to the relative ease and success of IT delivery, IT

has become the preferred method of clinical delivery for
ASOs in neurodegenerative disease clinical trials. ASOs

delivered IT diffuse throughout the CSF and ultimately
penetrate brain and spinal cord tissues to interact directly

with target cells. The IT route has additional advantages,

including the requirement for lower doses than systemic
administration, thereby decreasing the potential for

systemic exposure and off-target effects associated with
ASOs. Nonetheless, challenges associated with IT delivery

remain, including limited distribution to deeper brain

regions and the invasiveness associated with repeated
lumbar punctures (24).

The choice between IT and ICV delivery should be

guided by disease anatomy and the primary clinical barrier

to access (13, 24, 34, 35, 44). In spinal-predominant diseases
such as SMA, IT delivery is especially appropriate because

the therapeutic target is closely linked to CSF-accessible
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Table 1. Comparative Overview of Antisense Oligonucleotide Strategies Across Major Neurodegenerative Diseases

Disease Areas Molecular Target(s)
ASO

Name/Candidate
Mechanism of

Action Development Stage
Key Clinical/Biomarker

Findings Major Limitations

Spinal
muscular
atrophy

SMN2 Nusinersen

Splice
modulation to

increase full-
length SMN

protein

Approved therapy

Nusinersen established proof of
clinical ASO efficacy and remains
the clearest example of disease-

modifying benefit in
neuromuscular disease (21, 22,

23).

Repeated intrathecal
administration, access
burden, and long-term

treatment logistics (13, 21,
22, 23, 24).

Amyotrophic
lateral sclerosis
(SOD1-ALS)

SOD1 Tofersen

RNase H-
mediated

knockdown of
mutant SOD1

transcript

Approved therapy

Tofersen lowered neurofilament
biomarkers and showed signals
of clinical stabilization in SOD1

ALS.

Heterogeneous genetics,
incomplete clinical

response, and uncertainty
about long-term

durability (25, 26, 27).

Alzheimer’s
disease

MAPT / tau BIIB080

Tau mRNA
suppression to

reduce tau
protein

production

Active clinical
candidate

Phase 1b data showed reductions
in CSF tau biomarkers, and Phase

2 CELIA is ongoing in early AD
(28, 29).

Clinical efficacy remains
unproven; optimal dosing,

long-term benefit, and
broader clinical impact
are still under study (28,

29).

ALS (FUS-ALS) FUS ION363
Transcript

silencing of
mutant FUS

Active clinical
candidate

Clinical development is
underway in the FUSION study

evaluating efficacy, safety,
pharmacokinetics, and

pharmacodynamics in FUS-ALS
(28).

Human efficacy data
remain limited, and

durability of benefit has
not yet been established

(28, 30).

ALS / FTD C9orf72 Investigational ASO
programs

Transcript
silencing / repeat-

targeting
approaches

Early-stage / preclinical

Early clinical programs have
been explored, but results have
been mixed and some studies

were stopped for lack of benefit.

No validated durable
efficacy; translational

uncertainty remains high
(30).

Huntington’s
disease

HTT Investigational
HTT-lowering ASOs

RNase H-
mediated

knockdown
Early-stage / preclinical

Preclinical studies support
mutant HTT lowering and target

engagement.

No broadly validated
clinical efficacy yet, and
durable benefit remains

unproven (31).

Parkinson’s
disease

SNCA
Investigational
SNCA-lowering

ASOs

Knockdown of
alpha-synuclein

Early-stage / preclinical

Early work suggests that
lowering alpha-synuclein may

reduce aggregation and improve
cellular stress phenotypes (32,

33).

No clinical validation,
uncertain target
optimality, and

translational uncertainty
(33).

Delivery
platforms

BBB-penetrating
peptides, LNPs,

polymeric
nanoparticles,

dendrimers,
intranasal routes

Delivery-enabling
platforms

Improve CNS
delivery rather

than directly
modifying

disease biology

Preclinical/exploratory

These approaches may improve
stability, uptake, and CNS

distribution of ASOs (13, 34, 35,
36, 37, 38, 39).

They are not established
therapies and still require

reproducible
manufacturing, safety, and
regulatory validation (39,

40, 41, 42, 43).

Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; ASO, antisense oligonucleotides; CNS, central nervous system; CSF,
cerebrospinal fluid; LNPs, lipid nanoparticles.

spinal motor neurons, and this route has already been

validated clinically by nusinersen (21, 22, 23). In contrast,
disorders with broader cortical or hippocampal

involvement, such as AD, may require strategies that

improve distribution beyond the spinal compartment,
including ICV delivery or BBB-targeted carrier systems (13,

16, 34, 35, 36, 44, 45). This anatomical matching is essential
because an otherwise effective ASO can still fail clinically if

it does not reach the relevant neuronal population in

sufficient amounts.

Advancements in delivery technology have prompted
the exploration of approaches to overcome many of these

barriers. New types of Phosphorothioate Backbones and 2′-
O-Methoxyethyl Groups developed through Chemical
Modifications to ASOs offer improved Stability, increased

cellular uptake, and enhanced distribution in the CNS.
Other methods for improving delivery and target

specificity involve combining peptides/nanoparticles with

ASOs to assist delivery across the BBB. Attachment of
blood-brain barrier-penetrating peptides (BPPs) to ASOs

enables CNS delivery following systemic intravenous

injection. This represents significant progress toward less
invasive and more patient-friendly therapies (36, 45).

Among the potential delivery methods currently under

study for ASO therapeutics is the intranasal pathway. With

this approach, ASOs can be delivered intranasally and
bypass the BBB via the olfactory and trigeminal nerve

pathways to access the brain. Laboratory studies indicate
that ASOs administered using this method can exhibit

therapeutic activity and favorable brain distribution,

representing an attractive alternative to invasive methods
such as spinal injection. Currently, only a limited number

of clinical trials have been conducted using intranasal ASO
delivery; however, several positive findings have emerged
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Figure 3. Nanoplatforms used to enhance antisense oligonucleotide delivery in neurodegenerative disease models (50-52).

from research on intranasal ASOs for treating
neurodegenerative diseases (37).

Overall, advances in ASO delivery to the CNS reflect
collaborative efforts to develop both invasive and

innovative noninvasive methods that maximize CNS
delivery while minimizing the risk of treatment-associated

adverse events (46). Continued development of ASO

delivery strategies will be critical for facilitating the
clinical use of antisense therapies in neurodegenerative

diseases by providing opportunities for improved efficacy,
adherence, and safety in a rapidly evolving therapeutic area

(47).

3.3.1. Nanoplatforms and Carrier Systems

Nanoplatforms are emerging as advanced delivery
platforms to address many issues associated with ASO

therapy for neurodegenerative diseases (Figure 3) (38). The

use of nanocarriers to extend ASO stability in the body
(biological barriers), increase cellular uptake, and facilitate

delivery through biological barriers (eg, blood-brain
barrier) is one way nanotechnology can improve the

efficacy and safety of ASO therapeutics compared with

more traditional methods, such as intrathecal injections
(13, 40), and research in this area has been an emerging

trend for many years. Lipid nanoparticles (LNPs) are

among the leading technologies used for ASO delivery.
LNPs consist of biodegradable lipids and are used to

encapsulate ASO molecules. Lipid nanoparticles protect
ASOs from enzymatic degradation and allow efficient

endosomal escape after cellular uptake. Research has

shown that LNPs exhibit high transfection efficiency in
neuronal cells and can be modified with targeting ligands

or surface coatings to facilitate delivery through the BBB.
The rapid success of lipid nanoparticles for delivering

mRNA-based vaccines has further propelled their

development for delivering ASOs to treat
neurodegenerative diseases (48, 49).

Polymeric nanoparticles also offer unique advantages

for ASO delivery. Polymeric nanoparticles composed of

biodegradable and biocompatible polymers, such as poly
(lactic-co-glycolic acid), allow controlled and sustained

release of ASOs to target tissues and can be functionalized
with peptides or antibodies to provide cell-type specificity.

Polymeric nanoparticles have been effective for delivering

ASOs to the CNS in preclinical models of

https://brieflands.com/journals/jjcmb/articles/169275


Mohebbi S et al. Brieflands

Jentashapir J Cell Mol Biol. 2026; 17(1): e169275 6

neurodegenerative diseases, improving therapeutic

outcomes and decreasing toxicity (53, 54).

Dendrimers are highly branched macromolecules

composed of repeating units at different degrees of
polymerization. Because of the large number of

polymerization units in each dendrimer molecule, they

can be used to deliver multiple ASOs or other drugs. The
use of dendrimers can increase the stability and specificity

of delivered drugs. Dendrimers are small enough to cross
the BBB, and their surfaces can be modified to enhance

delivery into brain cells and tissues. Studies have shown

that dendrimers used as carriers for ASOs can reduce the
amount of pathogenic RNA transcripts in preclinical

animal models of ALD and HLD. Therefore, dendrimers
may be valuable for providing personalized treatments for

patients with these disorders (55, 56).

Nanoparticles made from inorganic materials, such as

silica and gold, have become valuable tools for delivering
ASOs. These nanoparticles have properties that allow

decision-makers to visualize and control ASO delivery in

living organisms, serving both as a means of administering
a therapeutic drug and monitoring whether it is being

delivered. One major concern with nanoparticles is
ensuring that biocompatibility and clearance

characteristics are sufficiently optimized to prevent

chronic toxicity, particularly in the treatment of chronic
neurodegenerative diseases (57).

Although substantial advances have been made in

developing nanocarriers for ASO delivery, significant

challenges remain in large-scale manufacturing, ensuring
reproducibility, and obtaining regulatory approval.

Moreover, further research is needed to understand
immune responses to nanoparticles, accumulation at sites

of action, and off-target biodistribution. Continued

progress in nanotechnology will enable improved
nanocarrier design, ultimately contributing to safer and

more effective treatments targeting neurodegenerative
diseases (39, 42).

These platforms should therefore be viewed as delivery-
enabling technologies rather than clinically validated

therapeutic strategies. Their main value lies in improving
stability, CNS penetration, cellular uptake, and tissue

selectivity, especially when conventional IT delivery is

unlikely to provide adequate exposure to deeper or more
diffuse disease-relevant regions (34, 35, 38, 39, 40, 42, 47, 48,

49, 50, 52, 53, 54, 55, 56, 57). However, their translational use
will depend on whether they can demonstrate

reproducible manufacturing, acceptable safety, and clear

superiority over established routes in long-term
neurodegenerative disease settings (39, 41, 42, 43, 57).

3.4. Clinical Evidence Across Disease Areas

Recent clinical trials involving ASOs have achieved

important milestones in the treatment of

neurodegenerative diseases (Figure 4), resulting in the first
disease-modifying treatments for several previously

unmanageable disorders (58). The most prominent
example is nusinersen, an ASO that targets the survival

motor neuron 2 (SMN2) gene and was approved by the FDA

for the treatment of SMA. Nusinersen has improved motor
function and survival in infants with symptom onset or no

symptoms at the time of administration (21, 22). The FDA’s
approval was based on evidence from phase III studies

showing increased achievement of motor milestones and

reduced levels of neurodegenerative biomarkers (22, 23).

In ALS, ASOs are now in advanced development,
including tofersen, which targets the superoxide

dismutase 1 (SOD1) transcript and has received accelerated

FDA approval. Although the initial phase III study (6
months) did not achieve its primary endpoint

(improvement in the functional rating scale), extended
treatment demonstrated stabilization of disease

progression and improved respiratory and muscular

strength in many patients. Importantly, the study provided
evidence that treated patients also experienced decreases

in biomarkers, specifically neurofilament proteins, which
correlated with clinical improvement, supporting the

potential of ASOs to slow ALS progression (26, 59).

At present, several ASOs are in early clinical evaluation

targeting other genetic pathways that contribute to
neurodegenerative diseases (eg, C9orf72 expansions in

familial ALS and frontotemporal dementia) (14). Initial

trial results, however, have been mixed, with some studies
failing to meet prespecified efficacy endpoints or being

terminated because of a lack of observable clinical benefit.
In addition, this growing body of data continues to yield

valuable information regarding the mechanism(s) of
action of ASOs, optimization of ASO delivery for maximum

effectiveness, and the critical issue of stratifying patients

based on predicted chances of success with ASO treatment
(27).

Studies of HD have similarly benefited from the
conclusive demonstration that ASOs can target and modify

disease-causing proteins/pathways associated with
neurodegeneration with an identifiable genetic source. As

in ALS, the developing body of clinical data on ASOs for
Huntington's disease continues to demonstrate the

potential for both direct therapeutic benefit and

meaningful safety improvements. Future clinical research
and development in other neurodegenerative diseases

using ASOs will build on information gained through
evaluation of Huntington's disease studies (31, 60).

Overall, the continued evolution of ASO clinical trials in
neurodegenerative diseases reflects substantial
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Figure 4. Timeline of key antisense oligonucleotide development milestones and clinical progress in neurodegenerative disease.

therapeutic progress while underscoring the practical
constraints that still limit broader implementation.

Regulatory approval of ASOs marks a major advance in the
therapeutic landscape, but the clinical value of these

agents remains strongly dependent on delivery route,

tissue access, and disease stage (20, 21, 23, 26, 27, 39, 43, 45,
59, 61). As patient selection, early-response prediction, and

route-specific optimization continue to improve, ASO
therapies may become increasingly tailored to specific

neurodegenerative conditions; however, real-world utility
will still be shaped by BBB penetration, dosing frequency,

and long-term tolerability.

3.5. Safety and Limitations

ASO therapy has strong therapeutic promise, but safety

remains a major barrier to broader clinical translation in
neurodegenerative disease. Toxicity may arise from non-

target effects, immune activation, and accumulation in off-
target tissues, particularly when chemical modifications

are introduced to improve stability and cellular uptake (3,

40, 62). These risks are especially important in chronic CNS
disorders, where treatment may continue for years and

cumulative exposure can affect tolerability and long-term
benefit (63, 64).

Preclinical safety evaluation should therefore include
careful assessment of biodistribution, organ-specific

toxicity, and exposure-response relationships. This is
essential because the therapeutic window may narrow as

dose and treatment duration increase, particularly for
therapies intended for prolonged use (65). In

neurodegenerative indications, route selection, repeat

dosing, and long-term monitoring should be considered
together rather than in isolation (1, 58).

CNS delivery introduces additional safety concerns

because ASOs can concentrate in the brain and spinal cord

after intrathecal or intracerebroventricular administration
(13). Although these routes improve target access, they may

also increase the risk of local inflammation, neuronal
injury, and off-target RNA modulation if exposure is

excessive or poorly controlled. Animal studies have

reported acute neurotoxic effects, including localized
inflammation and vacuolation, reinforcing the need for

dose optimization and neurological surveillance (13).

These concerns are compounded by the need for

repeated CNS dosing in many chronic neurodegenerative
settings. Repeated exposure may increase the likelihood of

cumulative toxicity over time, even when individual doses
appear acceptable. As a result, ASO development must

balance durable target engagement against the risk of

chronic adverse effects and procedure-related burden (13,
24, 66).
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Figure 5. Major safety and translational challenges associated with antisense oligonucleotide therapy.

Immunogenicity is another major limitation of ASO

therapy. Unmethylated CpG motifs and certain backbone
chemistries can activate Toll-like receptors and induce

cytokine release, systemic inflammation, hypersensitivity,

or anti-ASO antibody formation. These responses may
reduce tolerability and compromise therapeutic efficacy

(8, 43, 67).

Chemical modification can reduce immunogenicity,

but it may also introduce other safety concerns. Design
features that improve stability and cellular uptake may

increase the risk of pro-inflammatory or cytotoxic effects
under some conditions. Accordingly, sequence design and

backbone chemistry should be optimized together to

preserve efficacy while minimizing toxicity (36, 45, 68, 69).

Long-term toxicology remains uncertain, particularly
with respect to genotoxicity and carcinogenicity. Although

ASOs are generally considered less risky than many small

molecules, prolonged exposure could still theoretically

contribute to DNA damage or mutagenic effects (41).
Therefore, carcinogenicity and genotoxicity testing should

be completed before human use, especially for therapies

intended for continuous administration in chronic disease
(40, 70).

Defining the NOAEL and MTD is essential for

establishing an appropriate therapeutic window. These

parameters help identify a dose and schedule that
maximizes benefit while minimizing adverse effects.

Because many ASOs have a narrow therapeutic index,
individualized dosing and close monitoring are often

required during treatment (71, 72, 73).

Overall, the main limitations of ASO therapy include

off-target hybridization, variable CNS delivery, immune
activation, and uncertainty regarding long-term safety and

durability of benefit (Figure 5) (74). Advances in chemical
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design and high-throughput screening have improved

specificity and reduced some toxicities, but they have not

eliminated these risks entirely. Current FDA and EMA
guidance supports a cautious, mechanism-based

development pathway that emphasizes immune safety,
organ toxicity, and long-term tolerability before broad

clinical adoption (62, 75).

3.6. Future Directions and Emerging Technologies in Antisense
Therapeutics

Antisense oligonucleotides (ASOs) are being rapidly
developed through the integration of new technologies to

expand the range of treatable diseases and increase

effectiveness. One area of active discovery involves
designing ASOs that are delivered to lysosomes for

degradation (and thus, via a non-nuclear mechanism) to
target mRNA degradation, or via other non-RNase H-

mediated methods of mRNA degradation. The use of

bifunctional molecules enables direct transport of ASOs to
lysosomes, where cytoplasmic mRNA can be degraded

more efficiently with the bifunctional molecule than with
the original RNase H-based design. This method broadens

the range of targetable mRNAs and may improve

therapeutic efficacy and stability (73).

Currently, over 70 pharmaceutical companies are
working on more than 90 ASO candidates for various

diseases (eg, rare genetic diseases, neurological diseases,

oncology, and infectious diseases). In addition, ASOs
continue to be rapidly developed through collaboration

between industries and advances in nucleotide chemistry,
delivery platform technologies, and patient stratification

techniques. Ultimately, these discoveries have the

potential to make ASOs a cornerstone of personalized
medicine, enabling precisely targeted therapies based on

each patient’s profile (74, 76).

Antisense oligonucleotide (ASO) optimization can benefit

from rapid advances in machine learning and high-
throughput screening, which can enhance ASO design,

predict unintended targets, and improve target affinity
and specificity. These approaches can accelerate discovery

and shorten ASO development timelines, thereby

improving ASO safety. Research in ASO delivery
techniques, such as ASO-targeting ligands, nanoparticle

systems, and BBB-crossing carriers, is enabling ASOs to
target specific cells and tissues more effectively than

previous generations of ASOs, including the ability to

reach specific tissues in the CNS (77, 78, 79).

In addition to the aforementioned advances, emerging
regulatory frameworks and expedited approval pathways

are contributing to the future of antisense therapeutics.

Regulatory bodies are developing new processes in
response to the rapid pace of ASO clinical trials, and

approval designations such as Fast Track and Orphan Drug

are becoming more frequent as ASO trials continue to

increase. With the rise of these accelerated pathways, there
is increased impetus to develop innovative treatments for

rare and ultra-rare diseases via personalized therapeutics
based on an individual’s genomic makeup, establishing

new paradigms in precision medicine (75, 80).

In addition, ongoing research is focused on improving

the safety of ASOs and their accompanying chemical
modifications, as well as delivery methods, to ensure

minimal side effects while preserving overall efficacy (45).

Advances in biomarker and non-invasive technologies for
monitoring patient status allow real-time tracking of ASO

therapeutic effects and monitoring of dosage adjustments
and treatment plans. Collectively, these emerging

technologies may expand the therapeutic use of ASOs,

including for neurodegenerative diseases (25, 81).

4. Conclusions

ASO therapy has provided strong proof of concept for
precision intervention in selected neurodegenerative

settings, but translational success remains uneven across

diseases and delivery platforms. The therapeutic promise
of ASOs is greatest when the molecular mechanism,

anatomical target, and delivery route are aligned; however,
clinical implementation remains constrained by limited

BBB penetration, immunogenicity, local neurotoxicity, and

the need for repeated dosing in lifelong disorders.
Approved therapies provide the clearest validation of this

approach, whereas many other programs remain limited
by delivery barriers, short follow-up, biomarker-dominant

endpoints, and incomplete clinical confirmation. Future
progress will depend not only on improved chemistry and

targeting but also on better anatomical matching of

delivery routes to disease biology, longer and more
rigorous trials, and careful distinction between

therapeutic promise and demonstrated clinical utility.

Footnotes

Artificial Intelligence (AI) Use Disclosure: Perplexity AI

was used to a limited extent for minor language editing of
the Abstract section.

Authors' Contribution: Study concept and design and

acquisition of data: S. M.; Analysis and interpretation of
data: S. M., M. G., and M. H.; Drafting of the manuscript: S.

M.; Critical revision of the manuscript for important

intellectual content: M. G. and M. H.; Statistical analysis:
Not applicable; Administrative, technical, and material

support: S. M., M. G., and M. H.; Study supervision: S. M.

https://brieflands.com/journals/jjcmb/articles/169275


Mohebbi S et al. Brieflands

Jentashapir J Cell Mol Biol. 2026; 17(1): e169275 10

Conflict of Interests Statement: The authors declared no

conflicts of interest.

Data Availability: The dataset presented in the study is
available on request from the corresponding author

during submission or after publication.

Funding/Support: No funding was received for this

study.

References

1. Bennett CF, Krainer AR, Cleveland DW. Antisense Oligonucleotide

Therapies for Neurodegenerative Diseases. Annu Rev Neurosci.

2019;42(Volume 42, 2019):385-406. [PubMed ID: 31283897]. [PubMed

Central ID: PMC7427431]. https://doi.org/10.1146/annurev-neuro-

070918-050501.

2. Romano R, Bucci C. Antisense therapy: a potential breakthrough in

the treatment of neurodegenerative diseases. Neural regeneration

research. 2024;19(5):1027-35. [PubMed ID: 37862205]. [PubMed Central

ID: PMC10749614]. https://doi.org/10.4103/1673-5374.385285.

3. Sumner CJ, Miller TM. The expanding application of antisense

oligonucleotides to neurodegenerative diseases. J Clin Invest.

2024;134(19). e186116. [PubMed ID: 39352381]. [PubMed Central ID:

PMC11444189]. https://doi.org/10.1172/JCI186116.

4. Lange J, Zhou H, McTague A. Cerebral Organoids and Antisense

Oligonucleotide Therapeutics: Challenges and Opportunities. Front

Mol Neurosci. 2022;15:941528.10. 3389/fnmol. 2022;15. 941528. [PubMed

ID: 35836547]. [PubMed Central ID: PMC9274522].

https://doi.org/10.3389/fnmol.2022.941528.

5. Bereczki Z, Benczik B, Balogh OM, Marton S, Puhl E, Pétervári M, et al.

Mitigating off-target effects of small RNAs: conventional approaches,

network theory and artificial intelligence. Br J Pharmacol.

2025;182(2):340-79. [PubMed ID: 39293936].

https://doi.org/10.1111/bph.17302.

6. Crooke ST, Witztum JL, Bennett CF, Baker BF. RNA-Targeted

Therapeutics. Cell Metab. 2018;27(4):714 - 39.10.1016/j. cmet.

2018;27(4):714-739. [PubMed ID: 29617640].

https://doi.org/10.1016/j.cmet.2018.03.004.

7. Bennett CF, Baker BF, Pham N, Swayze E, Geary RS. Pharmacology of

antisense drugs. Annual review of pharmacology and toxicology.

2017;57(1):81-105. [PubMed ID: 27732800].

https://doi.org/10.1146/annurev-pharmtox-010716-104846.

8. Lauffer MC, van Roon-Mom W, Aartsma-Rus A, Collaborative N.

Possibilities and limitations of antisense oligonucleotide therapies

for the treatment of monogenic disorders. Commun Med (Lond).

2024;4(1). 6. [PubMed ID: 38182878]. [PubMed Central ID:

PMC10770028]. https://doi.org/10.1038/s43856-023-00419-1.

9. Bao N, Wang Z, Fu J, Dong H, Jin Y. RNA structure in alternative

splicing regulation: from mechanism to therapy. Acta biochimica et

biophysica Sinica. 2024;57(1):3 - 21.10. 3724/abbs. 2024;57(1):3-21.

[PubMed ID: 39034824]. [PubMed Central ID: PMC11802352].

https://doi.org/10.3724/abbs.2024119.

10. Tao Y, Zhang Q, Wang H, Yang X, Mu H. Alternative splicing and

related RNA binding proteins in human health and disease. Signal

Transduct Target Ther. 2024;9(1). 26. [PubMed ID: 38302461]. [PubMed

Central ID: PMC10835012]. https://doi.org/10.1038/s41392-024-01734-2.

11. Ma S, Howden SA, Keane SC. Use of steric blocking antisense

oligonucleotides for the targeted inhibition of junction containing

precursor microRNAs. bioRxiv: the preprint server for biology. 2024.

[PubMed ID: 38645194]. [PubMed Central ID: PMC11030329].

https://doi.org/10.1101/2024.04.08.588531.

12. Ahlskog N, Svrzikapa N, Abuhamdah R, Kye M, Jad Y, Feng N, et al.

uORF-targeting steric block antisense oligonucleotides do not

reproducibly activate RNASEH1 expression. bioRxiv: the preprint server

for biology. 2024. https://doi.org/10.1101/2024.06.14.598998.

13. Yeoh YQ, Amin A, Cuic B, Tomas D, Turner BJ, Shabanpoor F. Efficient

systemic CNS delivery of a therapeutic antisense oligonucleotide

with a blood-brain barrier-penetrating ApoE-derived peptide.

Biomedicine & Pharmacotherapy. 2024;175:116737.10.1016/j. biopha.

2024;175. 116737. [PubMed ID: 38749176].

https://doi.org/10.1016/j.biopha.2024.116737.

14. Mansour HM, El-Khatib AS. Oligonucleotide-based therapeutics for

neurodegenerative disorders: Focus on antisense oligonucleotides.

European journal of pharmacology. 2025;998:177529. 10.1016/j. ejphar.

2025;998. 177529. [PubMed ID: 40118328].

https://doi.org/10.1016/j.ejphar.2025.177529.

15. Warren JD, Rohrer JD, Schott JM, Fox NC, Hardy J, Rossor MN.

Molecular nexopathies: a new paradigm of neurodegenerative

disease. Trends in neurosciences. 2013;36(10):561 - 9.10.1016/j. tins.

2013;36(10):561-569. [PubMed ID: 23876425]. [PubMed Central ID:

PMC3794159]. https://doi.org/10.1016/j.tins.2013.06.007.

16. Hung C, Fertan E, Livesey FJ, Klenerman D, Patani R. APP antisense

oligonucleotides reduce amyloid-beta aggregation and rescue

endolysosomal dysfunction in Alzheimer's disease. Brain: a journal of

neurology. 2024;147(7):2325-33. [PubMed ID: 38527856]. [PubMed

Central ID: PMC11224613]. https://doi.org/10.1093/brain/awae092.

17. Grosso Jasutkar H, Oh SE, Mouradian MM. Therapeutics in the

Pipeline Targeting alpha-Synuclein for Parkinson's Disease.

Pharmacol Rev. 2022;74(1):207-37. [PubMed ID: 35017177]. [PubMed

Central ID: PMC11034868].

https://doi.org/10.1124/pharmrev.120.000133.

18. Gittings LM, Sattler R. Recent advances in understanding

amyotrophic lateral sclerosis and emerging therapies. Faculty

reviews. 2020;9:12. [PubMed ID: 33659944]. [PubMed Central ID:

PMC7886072]. https://doi.org/10.12703/b/9-12.

19. Caron NS, Aly AEE, Findlay Black H, Martin DDO, Schmidt ME, Ko S, et

al. Systemic delivery of mutant huntingtin lowering antisense

oligonucleotides to the brain using apolipoprotein A-I nanodisks for

Huntington disease. J Control Release. 2024;367:27 - 44.10.1016/j.

jconrel. 2024;367:27-44. [PubMed ID: 38215984].

https://doi.org/10.1016/j.jconrel.2024.01.011.

20. Noh MY, Kwon HS, Kwon MS, Nahm M, Jin HK, Bae JS, et al.

Biomarkers and therapeutic strategies targeting microglia in

neurodegenerative diseases: current status and future directions.

Mol Neurodegener. 2025;20(1). 82. [PubMed ID: 40640892]. [PubMed

Central ID: PMC12247225]. https://doi.org/10.1186/s13024-025-00867-4.

21. Matesanz SE, Finkel RS. Real-world evidence on nusinersen

treatment of persons with SMA: a focused review. Journal of

neuromuscular diseases. 2026;13(2):190-206. [PubMed ID: 41137787].

[PubMed Central ID: PMC13141852].

https://doi.org/10.1177/22143602251385045.

22. Neil EE, Bisaccia EK. Nusinersen: A Novel Antisense Oligonucleotide

for the Treatment of Spinal Muscular Atrophy. The journal of pediatric

pharmacology and therapeutics: JPPT: the official journal of PPAG.

2019;24(3):194-203. [PubMed ID: 31093018]. [PubMed Central ID:

PMC6510522]. https://doi.org/10.5863/1551-6776-24.3.194.

23. Edinoff AN, Nguyen LH, Odisho AS, Maxey BS, Pruitt JW, Girma B, et al.

The Antisense Oligonucleotide Nusinersen for Treatment of Spinal

Muscular Atrophy. Orthopedic reviews. 2021;13(2):24934. [PubMed ID:

34745470]. [PubMed Central ID: PMC8567776].

https://doi.org/10.52965/001c.24934.

24. Mazur C, Powers B, Zasadny K, Sullivan JM, Dimant H, Kamme F, et al.

Brain pharmacology of intrathecal antisense oligonucleotides

revealed through multimodal imaging. JCI insight. 2019;4(20).

https://brieflands.com/journals/jjcmb/articles/169275
http://www.ncbi.nlm.nih.gov/pubmed/31283897
https://www.ncbi.nlm.nih.gov/pmc/PMC7427431
https://doi.org/10.1146/annurev-neuro-070918-050501
https://doi.org/10.1146/annurev-neuro-070918-050501
http://www.ncbi.nlm.nih.gov/pubmed/37862205
https://www.ncbi.nlm.nih.gov/pmc/PMC10749614
https://doi.org/10.4103/1673-5374.385285
http://www.ncbi.nlm.nih.gov/pubmed/39352381
https://www.ncbi.nlm.nih.gov/pmc/PMC11444189
https://doi.org/10.1172/JCI186116
http://www.ncbi.nlm.nih.gov/pubmed/35836547
https://www.ncbi.nlm.nih.gov/pmc/PMC9274522
https://doi.org/10.3389/fnmol.2022.941528
http://www.ncbi.nlm.nih.gov/pubmed/39293936
https://doi.org/10.1111/bph.17302
http://www.ncbi.nlm.nih.gov/pubmed/29617640
https://doi.org/10.1016/j.cmet.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27732800
https://doi.org/10.1146/annurev-pharmtox-010716-104846
http://www.ncbi.nlm.nih.gov/pubmed/38182878
https://www.ncbi.nlm.nih.gov/pmc/PMC10770028
https://doi.org/10.1038/s43856-023-00419-1
http://www.ncbi.nlm.nih.gov/pubmed/39034824
https://www.ncbi.nlm.nih.gov/pmc/PMC11802352
https://doi.org/10.3724/abbs.2024119
http://www.ncbi.nlm.nih.gov/pubmed/38302461
https://www.ncbi.nlm.nih.gov/pmc/PMC10835012
https://doi.org/10.1038/s41392-024-01734-2
http://www.ncbi.nlm.nih.gov/pubmed/38645194
https://www.ncbi.nlm.nih.gov/pmc/PMC11030329
https://doi.org/10.1101/2024.04.08.588531
https://doi.org/10.1101/2024.06.14.598998
http://www.ncbi.nlm.nih.gov/pubmed/38749176
https://doi.org/10.1016/j.biopha.2024.116737
http://www.ncbi.nlm.nih.gov/pubmed/40118328
https://doi.org/10.1016/j.ejphar.2025.177529
http://www.ncbi.nlm.nih.gov/pubmed/23876425
https://www.ncbi.nlm.nih.gov/pmc/PMC3794159
https://doi.org/10.1016/j.tins.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/38527856
https://www.ncbi.nlm.nih.gov/pmc/PMC11224613
https://doi.org/10.1093/brain/awae092
http://www.ncbi.nlm.nih.gov/pubmed/35017177
https://www.ncbi.nlm.nih.gov/pmc/PMC11034868
https://doi.org/10.1124/pharmrev.120.000133
http://www.ncbi.nlm.nih.gov/pubmed/33659944
https://www.ncbi.nlm.nih.gov/pmc/PMC7886072
https://doi.org/10.12703/b/9-12
http://www.ncbi.nlm.nih.gov/pubmed/38215984
https://doi.org/10.1016/j.jconrel.2024.01.011
http://www.ncbi.nlm.nih.gov/pubmed/40640892
https://www.ncbi.nlm.nih.gov/pmc/PMC12247225
https://doi.org/10.1186/s13024-025-00867-4
http://www.ncbi.nlm.nih.gov/pubmed/41137787
https://www.ncbi.nlm.nih.gov/pmc/PMC13141852
https://doi.org/10.1177/22143602251385045
http://www.ncbi.nlm.nih.gov/pubmed/31093018
https://www.ncbi.nlm.nih.gov/pmc/PMC6510522
https://doi.org/10.5863/1551-6776-24.3.194
http://www.ncbi.nlm.nih.gov/pubmed/34745470
https://www.ncbi.nlm.nih.gov/pmc/PMC8567776
https://doi.org/10.52965/001c.24934


Mohebbi S et al. Brieflands

11 Jentashapir J Cell Mol Biol. 2026; 17(1): e169275

e129240. [PubMed ID: 31619586]. [PubMed Central ID: PMC6824309].

https://doi.org/10.1172/jci.insight.129240.

25. Hemdan M, Ali MA, Doghish AS, Mageed SSA, Elazab IM, Khalil MM, et

al. Innovations in Biosensor Technologies for Healthcare Diagnostics

and Therapeutic Drug Monitoring: Applications, Recent Progress,

and Future Research Challenges. Sensors (Basel, Switzerland).

2024;24(16):5143. [PubMed ID: 39204840]. [PubMed Central ID:

PMC11360123]. https://doi.org/10.3390/s24165143.

26. Miller T, Cudkowicz M, Shaw PJ, Andersen PM, Atassi N, Bucelli RC, et

al. Phase 1 - 2 Trial of Antisense Oligonucleotide Tofersen for SOD1

ALS. The New England journal of medicine. 2020;383(2):109-19. [PubMed

ID: 32640130]. https://doi.org/10.1056/NEJMoa2003715.

27. Cantara S, Simoncelli G, Ricci C. Antisense Oligonucleotides (ASOs) in

Motor Neuron Diseases: A Road to Cure in Light and Shade.

International journal of molecular sciences. 2024;25(9):4809. [PubMed

ID: 38732027]. [PubMed Central ID: PMC11083842].

https://doi.org/10.3390/ijms25094809.

28. Edwards AL, Collins JA, Junge C, Kordasiewicz H, Mignon L, Wu S, et

al. Exploratory Tau Biomarker Results From a Multiple Ascending-

Dose Study of BIIB080 in Alzheimer Disease: A Randomized Clinical

Trial. JAMA neurology. 2023;80(12):1344 - 52.10. 1001/jamaneurol.

2023;80(12):1344-1352. [PubMed ID: 37902726]. [PubMed Central ID:

PMC10616768]. https://doi.org/10.1001/jamaneurol.2023.3861.

29. Ziogas N, Mummery CJ, Rovira MB, Cummings JL, Fox NC, Hansson O,

et al. Design of a Phase 2, Randomized, Double‐Blind, Placebo‐
Controlled, Parallel‐Group Study to Assess the Efficacy, Safety, and

Tolerability of BIIB080 in Subjects with Mild Cognitive Impairment

Due to Alzheimer's Disease or Mild Alzheimer's Disease Dementia.

Alzheimer's & Dementia. 2023;19(S21). e077322.

https://doi.org/10.1002/alz.077322.

30. McEachin ZT, Chung M, Stratton SA, Han C, Kim WJ, Sheth U, et al.

Molecular impact of antisense oligonucleotide therapy in C9orf72-

associated ALS. Cell. 2025;188(23):6424 - 35.e17.10.1016/j. cell.

2025;188(23):6424-6435.e17. [PubMed ID: 40865525]. [PubMed Central

ID: PMC13054592]. https://doi.org/10.1016/j.cell.2025.07.045.

31. Rook ME, Southwell AL. Antisense Oligonucleotide Therapy: From

Design to the Huntington Disease Clinic. BioDrugs: clinical

immunotherapeutics, biopharmaceuticals and gene therapy.

2022;36(2):105-19. [PubMed ID: 35254632]. [PubMed Central ID:

PMC8899000]. https://doi.org/10.1007/s40259-022-00519-9.

32. Caramiello AM, Pirota V. Novel Therapeutic Horizons: SNCA

Targeting in Parkinson's Disease. Biomolecules. 2024;14(8):949.

[PubMed ID: 39199337]. [PubMed Central ID: PMC11352499].

https://doi.org/10.3390/biom14080949.

33. Cole TA, Zhao H, Collier TJ, Sandoval I, Sortwell CE, Steece-Collier K, et

al. α-Synuclein antisense oligonucleotides as a disease-modifying

therapy for Parkinson's disease. JCI insight. 2021;6(5). e135633.

[PubMed ID: 33682798]. [PubMed Central ID: PMC8021121].

https://doi.org/10.1172/jci.insight.135633.

34. Mendonça MCP, Kont A, Aburto MR, Cryan JF, O’Driscoll CM. Advances

in the Design of (Nano)Formulations for Delivery of Antisense

Oligonucleotides and Small Interfering RNA: Focus on the Central

Nervous System. Mol Pharm. 2021;18(4):1491-506. [PubMed ID:

33734715]. [PubMed Central ID: PMC8824433].

https://doi.org/10.1021/acs.molpharmaceut.0c01238.

35. Sharma S, Tomar M. Brain Targeted Nanocarriers: A Revolutionary

Approach for Treating Neurodegenerative Disorders. EJPPS. 2025;303.

https://doi.org/10.37521/ejpps30305.

36. Shen W, De Hoyos CL, Migawa MT, Vickers TA, Sun H, Low A, et al.

Chemical modification of PS-ASO therapeutics reduces cellular

protein-binding and improves the therapeutic index. Nat Biotechnol.

2019;37(6):640-50. [PubMed ID: 31036929].

https://doi.org/10.1038/s41587-019-0106-2.

37. Qiu Y, Huang S, Peng L, Yang L, Zhang G, Liu T, et al. The Nasal-Brain

Drug Delivery Route: Mechanisms and Applications to Central

Nervous System Diseases. MedComm. 2025;6(6). e70213. [PubMed ID:

40487748]. [PubMed Central ID: PMC12141948].

https://doi.org/10.1002/mco2.70213.

38. Wu X, Shu Y, Zheng Y, Zhang P, Cong H, Zou Y, et al. Recent Advances

in Nanomedicine: Cutting-Edge Research on Nano-PROTAC Delivery

Systems for Cancer Therapy. Pharmaceutics. 2025;17(8):1037. [PubMed

ID: 40871058]. [PubMed Central ID: PMC12389584].

https://doi.org/10.3390/pharmaceutics17081037.

39. Tian H, Zhang T, Qin S, Huang Z, Zhou L, Shi J, et al. Enhancing the

therapeutic efficacy of nanoparticles for cancer treatment using

versatile targeted strategies. J Hematol Oncol. 2022;15(1). 132. [PubMed

ID: 36096856]. [PubMed Central ID: PMC9469622].

https://doi.org/10.1186/s13045-022-01320-5.

40. Gagliardi M, Ashizawa AT. The Challenges and Strategies of Antisense

Oligonucleotide Drug Delivery. Biomedicines. 2021;9(4):433. [PubMed

ID: 33923688]. [PubMed Central ID: PMC8072990].

https://doi.org/10.3390/biomedicines9040433.

41. Alhamadani F, Zhang K, Parikh R, Wu H, Rasmussen TP, Bahal R, et al.

Adverse Drug Reactions and Toxicity of the Food and Drug

Administration-Approved Antisense Oligonucleotide Drugs. Drug

metabolism and disposition: the biological fate of chemicals.

2022;50(6):879-87. [PubMed ID: 35221289]. [PubMed Central ID:

PMC11022857]. https://doi.org/10.1124/dmd.121.000418.

42. Rahman MA, Jalouli M, Bhajan SK, Al-Zharani M, Harrath AH. A

Comprehensive Review of Nanoparticle-Based Drug Delivery for

Modulating PI3K/AKT/mTOR-Mediated Autophagy in Cancer.

International journal of molecular sciences. 2025;26(5):1868. [PubMed

ID: 40076496]. [PubMed Central ID: PMC11899884].

https://doi.org/10.3390/ijms26051868.

43. Goyenvalle A, Jimenez-Mallebrera C, van Roon W, Sewing S, Krieg AM,

Arechavala-Gomeza V, et al. Considerations in the Preclinical

Assessment of the Safety of Antisense Oligonucleotides. Nucleic acid

therapeutics. 2023;33(1):1 - 16.10. 1089/nat. 2022;33(1):1-16. [PubMed ID:

36579950]. [PubMed Central ID: PMC9940817].

https://doi.org/10.1089/nat.2022.0061.

44. Zhang X, Fu M, Wang Y, Wu T. Strategies for delivering drugs across

the blood-brain barrier for the treatment of neurodegenerative

diseases. Frontiers in drug delivery. 2025;5:1644633.10. 3389/fddev.

2025;5. 1644633. [PubMed ID: 40933610]. [PubMed Central ID:

PMC12417466]. https://doi.org/10.3389/fddev.2025.1644633.

45. McLaughlin L. Biotechnologyreviews. 2025, [cited 2026 Aug 24].

Antisense Oligonucleotides - Chemical Modification of ASOs.

Available from: https://www.biotechnologyreviews.com/p/antisense-

oligonucleotides-chemical.

46. Dhuri K, Bechtold C, Quijano E, Pham H, Gupta A, Vikram A, et al.

Antisense Oligonucleotides: An Emerging Area in Drug Discovery

and Development. Journal of clinical medicine. 2020;9(6):2004.

[PubMed ID: 32604776]. [PubMed Central ID: PMC7355792].

https://doi.org/10.3390/jcm9062004.

47. Kumar P, Goel A, Dash B, Rishishwar P, S J, Vivekanand Suryawanshi

M, et al. Innovations in Drug Delivery Systems for Biologics:

Enhancing Stability and Targeted Delivery for Next-Generation

Therapeutics. Zhongguo ying yong sheng li xue za zhi = Zhongguo

yingyong shenglixue zazhi = Chinese journal of applied physiology.

2025;41:e20250001.10.62958/j. cjap. 2025;41:e20250001. [PubMed ID:

39748757]. https://doi.org/10.62958/j.cjap.2025.001.

48. Byrnes AE, Dominguez SL, Yen CW, Laufer BI, Foreman O, Reichelt M,

et al. Lipid nanoparticle delivery limits antisense oligonucleotide

activity and cellular distribution in the brain after

intracerebroventricular injection. Mol Ther Nucleic Acids.

2023;32:773 - 93.10.1016/j. omtn. 2023;32:773-793. [PubMed ID: 37346977].

https://brieflands.com/journals/jjcmb/articles/169275
http://www.ncbi.nlm.nih.gov/pubmed/31619586
https://www.ncbi.nlm.nih.gov/pmc/PMC6824309
https://doi.org/10.1172/jci.insight.129240
http://www.ncbi.nlm.nih.gov/pubmed/39204840
https://www.ncbi.nlm.nih.gov/pmc/PMC11360123
https://doi.org/10.3390/s24165143
http://www.ncbi.nlm.nih.gov/pubmed/32640130
https://doi.org/10.1056/NEJMoa2003715
http://www.ncbi.nlm.nih.gov/pubmed/38732027
https://www.ncbi.nlm.nih.gov/pmc/PMC11083842
https://doi.org/10.3390/ijms25094809
http://www.ncbi.nlm.nih.gov/pubmed/37902726
https://www.ncbi.nlm.nih.gov/pmc/PMC10616768
https://doi.org/10.1001/jamaneurol.2023.3861
https://doi.org/10.1002/alz.077322
http://www.ncbi.nlm.nih.gov/pubmed/40865525
https://www.ncbi.nlm.nih.gov/pmc/PMC13054592
https://doi.org/10.1016/j.cell.2025.07.045
http://www.ncbi.nlm.nih.gov/pubmed/35254632
https://www.ncbi.nlm.nih.gov/pmc/PMC8899000
https://doi.org/10.1007/s40259-022-00519-9
http://www.ncbi.nlm.nih.gov/pubmed/39199337
https://www.ncbi.nlm.nih.gov/pmc/PMC11352499
https://doi.org/10.3390/biom14080949
http://www.ncbi.nlm.nih.gov/pubmed/33682798
https://www.ncbi.nlm.nih.gov/pmc/PMC8021121
https://doi.org/10.1172/jci.insight.135633
http://www.ncbi.nlm.nih.gov/pubmed/33734715
https://www.ncbi.nlm.nih.gov/pmc/PMC8824433
https://doi.org/10.1021/acs.molpharmaceut.0c01238
https://doi.org/10.37521/ejpps30305
http://www.ncbi.nlm.nih.gov/pubmed/31036929
https://doi.org/10.1038/s41587-019-0106-2
http://www.ncbi.nlm.nih.gov/pubmed/40487748
https://www.ncbi.nlm.nih.gov/pmc/PMC12141948
https://doi.org/10.1002/mco2.70213
http://www.ncbi.nlm.nih.gov/pubmed/40871058
https://www.ncbi.nlm.nih.gov/pmc/PMC12389584
https://doi.org/10.3390/pharmaceutics17081037
http://www.ncbi.nlm.nih.gov/pubmed/36096856
https://www.ncbi.nlm.nih.gov/pmc/PMC9469622
https://doi.org/10.1186/s13045-022-01320-5
http://www.ncbi.nlm.nih.gov/pubmed/33923688
https://www.ncbi.nlm.nih.gov/pmc/PMC8072990
https://doi.org/10.3390/biomedicines9040433
http://www.ncbi.nlm.nih.gov/pubmed/35221289
https://www.ncbi.nlm.nih.gov/pmc/PMC11022857
https://doi.org/10.1124/dmd.121.000418
http://www.ncbi.nlm.nih.gov/pubmed/40076496
https://www.ncbi.nlm.nih.gov/pmc/PMC11899884
https://doi.org/10.3390/ijms26051868
http://www.ncbi.nlm.nih.gov/pubmed/36579950
https://www.ncbi.nlm.nih.gov/pmc/PMC9940817
https://doi.org/10.1089/nat.2022.0061
http://www.ncbi.nlm.nih.gov/pubmed/40933610
https://www.ncbi.nlm.nih.gov/pmc/PMC12417466
https://doi.org/10.3389/fddev.2025.1644633
https://www.biotechnologyreviews.com/p/antisense-oligonucleotides-chemical
https://www.biotechnologyreviews.com/p/antisense-oligonucleotides-chemical
http://www.ncbi.nlm.nih.gov/pubmed/32604776
https://www.ncbi.nlm.nih.gov/pmc/PMC7355792
https://doi.org/10.3390/jcm9062004
http://www.ncbi.nlm.nih.gov/pubmed/39748757
https://doi.org/10.62958/j.cjap.2025.001
http://www.ncbi.nlm.nih.gov/pubmed/37346977


Mohebbi S et al. Brieflands

Jentashapir J Cell Mol Biol. 2026; 17(1): e169275 12

[PubMed Central ID: PMC10280097].

https://doi.org/10.1016/j.omtn.2023.05.005.

49. Yang L, Ma F, Liu F, Chen J, Zhao X, Xu Q. Efficient Delivery of

Antisense Oligonucleotides Using Bioreducible Lipid Nanoparticles

in vitro and in vivo. Mol Ther Nucleic Acids. 2020;19:1357 - 67.10.1016/j.

omtn. 2020;19:1357-1367. [PubMed ID: 32160706]. [PubMed Central ID:

PMC7036716]. https://doi.org/10.1016/j.omtn.2020.01.018.

50. Asefy Z, Hoseinnejhad S, Ceferov Z. Nanoparticles approaches in

neurodegenerative diseases diagnosis and treatment. Neurological

sciences: official journal of the Italian Neurological Society and of the

Italian Society of Clinical Neurophysiology. 2021;42(7):2653-60. [PubMed

ID: 33846881]. https://doi.org/10.1007/s10072-021-05234-x.

51. Kumar V, Sharma S, Singh A. Nanoparticles: a new frontier in

neurodegenerative disease therapy. Front Med Technol.

2025;7:1654003.10. 3389/fmedt. 2025;7. 1654003. [PubMed ID: 41356731].

[PubMed Central ID: PMC12675484].

https://doi.org/10.3389/fmedt.2025.1654003.

52. Gao L, Wang J, Bi Y. Nanotechnology for Neurodegenerative Diseases:

Recent Progress in Brain-Targeted Delivery, Stimuli-Responsive

Platforms, and Organelle-Specific Therapeutics. International journal

of nanomedicine. 2025;20:11015-44. [PubMed ID: 40949612]. [PubMed

Central ID: PMC12433253]. https://doi.org/10.2147/ijn.s549893.

53. Chenxi Z, Hemmat A, Thi NH, Afrand M. Nanoparticle-enhanced drug

delivery systems: An up-to-date review. Journal of Molecular Liquids.

2025;424:126999.10.1016/j. molliq. 2025;424. 126999.

https://doi.org/10.1016/j.molliq.2025.126999.

54. Zielińska A, Carreiró F, Oliveira AM, Neves A, Pires B, Venkatesh DN, et

al. Polymeric Nanoparticles: Production, Characterization,

Toxicology and Ecotoxicology. Molecules (Basel, Switzerland).

2020;25(16):3731. [PubMed ID: 32824172]. [PubMed Central ID:

PMC7464532]. https://doi.org/10.3390/molecules25163731.

55. Alamos-Musre S, Beltrán-Chacana D, Moyano J, Márquez-Miranda V,

Duarte Y, Miranda-Rojas S, et al. From Structure to Function: The

Promise of PAMAM Dendrimers in Biomedical Applications.

Pharmaceutics. 2025;17(7):927. [PubMed ID: 40733135]. [PubMed

Central ID: PMC12299782].

https://doi.org/10.3390/pharmaceutics17070927.

56. Sarode RJ, Mahajan HS. Dendrimers for drug delivery: An overview of

its classes, synthesis, and applications. Journal of Drug Delivery

Science and Technology. 2024;98:105896.10.1016/j. jddst. 2024;98.

105896. https://doi.org/10.1016/j.jddst.2024.105896.

57. Alshammari BH, Lashin MMA, Mahmood MA, Al-Mubaddel FS, Ilyas N,

Rahman N, et al. Organic and inorganic nanomaterials: fabrication,

properties and applications. RSC advances. 2023;13(20):13735-85.

[PubMed ID: 37152571]. [PubMed Central ID: PMC10162010].

https://doi.org/10.1039/d3ra01421e.

58. Dudzisz K, Wandzik I. Antisense oligonucleotides: A promising

advancement in neurodegenerative disease treatment. European

journal of pharmacology. 2025;999:177644.10.1016/j. ejphar. 2025;999.

177644. [PubMed ID: 40287045].

https://doi.org/10.1016/j.ejphar.2025.177644.

59. Hamad AA, Alkhawaldeh IM, Nashwan AJ, Meshref M, Imam Y.

Tofersen for SOD1 amyotrophic lateral sclerosis: a systematic review

and meta-analysis. Neurological sciences: official journal of the Italian

Neurological Society and of the Italian Society of Clinical

Neurophysiology. 2025;46(5):1977-85. [PubMed ID: 39820998]. [PubMed

Central ID: PMC12003547]. https://doi.org/10.1007/s10072-025-07994-2.

60. Leavitt BR. Chapter 24 - Current clinical trials of new therapeutic agents

for Huntington's disease. Huntington's Disease: Academic Press; 2024.

p. 571-589. https://doi.org/10.1016/B978-0-323-95672-7.00015-7.

61. DeVos SL, Miller TM. Antisense oligonucleotides: treating

neurodegeneration at the level of RNA. Neurotherapeutics.

2013;10(3):486-97. [PubMed ID: 23686823]. [PubMed Central ID:

PMC3701770]. https://doi.org/10.1007/s13311-013-0194-5.

62. Crooke ST, Vickers TA, Liang XH. Phosphorothioate modified

oligonucleotide-protein interactions. Nucleic Acids Res.

2020;48(10):5235-53. [PubMed ID: 32356888]. [PubMed Central ID:

PMC7261153]. https://doi.org/10.1093/nar/gkaa299.

63. Kuroda T, Yoshioka K, Mon SSL, Katsuyama M, Sato K, Isogai E, et al.

Unraveling and controlling late-onset neurotoxicity of antisense

oligonucleotides through strategic chemical modifications. Mol

Ther Nucleic Acids. 2025;36(4):102692.10.1016/j. omtn. 2025;36(4).

102692. [PubMed ID: 41467114]. [PubMed Central ID: PMC12744863].

https://doi.org/10.1016/j.omtn.2025.102692.

64. Bhati V, Prasad S, Kabra A. RNA-based therapies for

neurodegenerative disease: Targeting molecular mechanisms for

disease modification. Mol Cell Neurosci. 2025;133:104010.10.1016/j.

mcn. 2025;133. 104010. [PubMed ID: 40340000].

https://doi.org/10.1016/j.mcn.2025.104010.

65. Jiang R, Hooshfar S, Rebecca Eno M, Yun C, Sonego Zimmermann E,

Shinkyo R. Factors Influencing ADME Properties of Therapeutic

Antisense Oligonucleotides: Physicochemical Characteristics and

Beyond. Curr Drug Metab. 2023;24(7):536-52. [PubMed ID: 37076460].

https://doi.org/10.2174/1389200224666230418092626.

66. O’Rourke JG, Bachmann G, Mazur C, Zhou K, Platoshyn O, Bravo

Hernandez M, et al. Acute neuronal inhibition response caused by

phosphorothioate antisense oligonucleotides following local

delivery to the central nervous system. Nucleic Acids Research.

2026;54(3). gkaf1333. [PubMed ID: 41494985]. [PubMed Central ID:

PMC12865454]. https://doi.org/10.1093/nar/gkaf1333.

67. Grudzinska-Goebel J, Braun M, Chen LZ, Gupta S, Lohmann S, Morais

P, et al. Immunogenicity Risk Assessment for Nucleic Acid

Therapeutics: A Comprehensive Evaluation for ASO, siRNA, and

Nonvaccine mRNA/LNP Therapies by the IQ Consortium. Nucleic acid

therapeutics. 2025;35(6):261-79. [PubMed ID: 41204722].

https://doi.org/10.1177/21593337251387423.

68. Xu L, Zhang H, Jiang B, Jiang Y, Lu H. Antisense Oligonucleotides:

Technological Advances, Clinical Progress, and Expanding

Therapeutic Frontiers. Pharmaceutics. 2026;18(4):446. [PubMed ID:

42076098]. [PubMed Central ID: PMC13118739].

https://doi.org/10.3390/pharmaceutics18040446.

69. Mor N, Avkin-Nachum S, Dominissini D. Design and Preliminary Screen

of Antisense Oligonucleotides. 2905. New York, NY: Springer US; 2025.

p. 51-61. [PubMed ID: 40163297]. https://doi.org/10.1007/978-1-0716-4418-

8_3.

70. Sabrina Haque U, Kohut M, Yokota T. Comprehensive review of

adverse reactions and toxicology in ASO-based therapies for

Duchenne Muscular Dystrophy: From FDA-approved drugs to

peptide-conjugated ASO. Current research in toxicology.

2024;7:100182.10.1016/j. crtox. 2024;7. 100182. [PubMed ID: 38983605].

[PubMed Central ID: PMC11231654].

https://doi.org/10.1016/j.crtox.2024.100182.

71. Jessen BA, Cornwell P, Redmond S, Visalli T, Lemper M, Bunch T, et al.

An IQ consortium analysis of starting dose selection for oncology

small molecule first-in-patient trials suggests an alternative NOAEL-

based method can be safe while reducing time to the recommended

phase 2 dose. Cancer Chemotherapy and Pharmacology. 2023;92(6):455-

64. [PubMed ID: 37505272]. [PubMed Central ID: PMC10638197].

https://doi.org/10.1007/s00280-023-04570-3.

72. Rang HP, Hill RG. Chapter 15 - Assessing drug safety. Churchill

Livingstone; 2013. p. 211-225. https://doi.org/10.1016/B978-0-7020-4299-

7.00015-9.

73. Kashyap D, Milne TA, Booth MJ. Engineering antisense

oligonucleotides for targeted mRNA degradation through lysosomal

trafficking. Chem Sci. 2025;16(28):13096-105. [PubMed ID: 40547092].

[PubMed Central ID: PMC12180356].

https://doi.org/10.1039/d5sc03751d.

https://brieflands.com/journals/jjcmb/articles/169275
https://www.ncbi.nlm.nih.gov/pmc/PMC10280097
https://doi.org/10.1016/j.omtn.2023.05.005
http://www.ncbi.nlm.nih.gov/pubmed/32160706
https://www.ncbi.nlm.nih.gov/pmc/PMC7036716
https://doi.org/10.1016/j.omtn.2020.01.018
http://www.ncbi.nlm.nih.gov/pubmed/33846881
https://doi.org/10.1007/s10072-021-05234-x
http://www.ncbi.nlm.nih.gov/pubmed/41356731
https://www.ncbi.nlm.nih.gov/pmc/PMC12675484
https://doi.org/10.3389/fmedt.2025.1654003
http://www.ncbi.nlm.nih.gov/pubmed/40949612
https://www.ncbi.nlm.nih.gov/pmc/PMC12433253
https://doi.org/10.2147/ijn.s549893
https://doi.org/10.1016/j.molliq.2025.126999
http://www.ncbi.nlm.nih.gov/pubmed/32824172
https://www.ncbi.nlm.nih.gov/pmc/PMC7464532
https://doi.org/10.3390/molecules25163731
http://www.ncbi.nlm.nih.gov/pubmed/40733135
https://www.ncbi.nlm.nih.gov/pmc/PMC12299782
https://doi.org/10.3390/pharmaceutics17070927
https://doi.org/10.1016/j.jddst.2024.105896
http://www.ncbi.nlm.nih.gov/pubmed/37152571
https://www.ncbi.nlm.nih.gov/pmc/PMC10162010
https://doi.org/10.1039/d3ra01421e
http://www.ncbi.nlm.nih.gov/pubmed/40287045
https://doi.org/10.1016/j.ejphar.2025.177644
http://www.ncbi.nlm.nih.gov/pubmed/39820998
https://www.ncbi.nlm.nih.gov/pmc/PMC12003547
https://doi.org/10.1007/s10072-025-07994-2
https://doi.org/10.1016/B978-0-323-95672-7.00015-7
http://www.ncbi.nlm.nih.gov/pubmed/23686823
https://www.ncbi.nlm.nih.gov/pmc/PMC3701770
https://doi.org/10.1007/s13311-013-0194-5
http://www.ncbi.nlm.nih.gov/pubmed/32356888
https://www.ncbi.nlm.nih.gov/pmc/PMC7261153
https://doi.org/10.1093/nar/gkaa299
http://www.ncbi.nlm.nih.gov/pubmed/41467114
https://www.ncbi.nlm.nih.gov/pmc/PMC12744863
https://doi.org/10.1016/j.omtn.2025.102692
http://www.ncbi.nlm.nih.gov/pubmed/40340000
https://doi.org/10.1016/j.mcn.2025.104010
http://www.ncbi.nlm.nih.gov/pubmed/37076460
https://doi.org/10.2174/1389200224666230418092626
http://www.ncbi.nlm.nih.gov/pubmed/41494985
https://www.ncbi.nlm.nih.gov/pmc/PMC12865454
https://doi.org/10.1093/nar/gkaf1333
http://www.ncbi.nlm.nih.gov/pubmed/41204722
https://doi.org/10.1177/21593337251387423
http://www.ncbi.nlm.nih.gov/pubmed/42076098
https://www.ncbi.nlm.nih.gov/pmc/PMC13118739
https://doi.org/10.3390/pharmaceutics18040446
http://www.ncbi.nlm.nih.gov/pubmed/40163297
https://doi.org/10.1007/978-1-0716-4418-8_3
https://doi.org/10.1007/978-1-0716-4418-8_3
http://www.ncbi.nlm.nih.gov/pubmed/38983605
https://www.ncbi.nlm.nih.gov/pmc/PMC11231654
https://doi.org/10.1016/j.crtox.2024.100182
http://www.ncbi.nlm.nih.gov/pubmed/37505272
https://www.ncbi.nlm.nih.gov/pmc/PMC10638197
https://doi.org/10.1007/s00280-023-04570-3
https://doi.org/10.1016/B978-0-7020-4299-7.00015-9
https://doi.org/10.1016/B978-0-7020-4299-7.00015-9
http://www.ncbi.nlm.nih.gov/pubmed/40547092
https://www.ncbi.nlm.nih.gov/pmc/PMC12180356
https://doi.org/10.1039/d5sc03751d


Mohebbi S et al. Brieflands

13 Jentashapir J Cell Mol Biol. 2026; 17(1): e169275

74. Sharma H, Kumar V, Bahal R. Functional bioconjugates for precision

delivery of nucleic acid therapeutics. Trends in Chemistry.

2025;7(12):742 - 55.10.1016/j. trechm. 2025;7(12):742-755.

https://doi.org/10.1016/j.trechm.2025.10.002.

75. Franco P, Jain R, Rosenkrands-Lange E, Hey C, Koban MU. Regulatory

Pathways Supporting Expedited Drug Development and Approval in

ICH Member Countries. Therapeutic innovation & regulatory science.

2023;57(3):484-514. [PubMed ID: 36463352]. [PubMed Central ID:

PMC9734413]. https://doi.org/10.1007/s43441-022-00480-3.

76. DelveInsight Business Research LLP. Rss. 2025, [cited 2026 Aug 24].

Antisense Oligonucleotide Therapeutics Clinical Trial Pipeline

Appears Robust With 70+ Key Pharma Companies Actively Working

in the Domain. Available from: https://rss.globenewswire.com/news-

release/2025/08/28/3141021/0/en/Antisense-Oligonucleotide-

Therapeutics-Clinical-Trial-Pipeline-Appears-Robust-With-70-Key-

Pharma-Companies-Actively-Working-in-the-Domain-

DelveInsight.html.

77. Liu M, Wang Y, Zhang Y, Hu D, Tang L, Zhou B, et al. Landscape of

small nucleic acid therapeutics: moving from the bench to the clinic

as next-generation medicines. Signal Transduct Target Ther. 2025;10(1).

73. [PubMed ID: 40059188]. [PubMed Central ID: PMC11891339].

https://doi.org/10.1038/s41392-024-02112-8.

78. Lu T, Wu Y, Xiong P, Zhong H, Ding Y, Li H, et al. Combining High-

Throughput Screening and Machine Learning to Predict the

Formation of Both Binary and Ternary Amorphous Solid Dispersion

Formulations for Early Drug Discovery and Development. Pharm Res.

2025;42(4):697-709. [PubMed ID: 40180767].

https://doi.org/10.1007/s11095-025-03853-z.

79. Boldini D, Friedrich L, Kuhn D, Sieber SA. Machine Learning Assisted

Hit Prioritization for High Throughput Screening in Drug Discovery.

ACS central science. 2024;10(4). acscentsci.3c01517. [PubMed ID:

38680560]. [PubMed Central ID: PMC11046457].

https://doi.org/10.1021/acscentsci.3c01517.

80. Jalali SN, Mohebbi S, Ghanbari M. Application of artificial

intelligence and machine learning in medicine, drug discovery,

genomics and biosensors. Medical Sciences Journal of Islamic Azad

University. 2024;34(3):207-26. https://doi.org/10.61186/iau.34.3.207.

81. Blay V, Tolani B, Ho SP, Arkin MR. High-Throughput Screening: today's

biochemical and cell-based approaches. Drug discovery today.

2020;25(10):1807 - 21.10.1016/j. drudis. 2020;25(10):1807-1821. [PubMed

ID: 32801051]. https://doi.org/10.1016/j.drudis.2020.07.024.

https://brieflands.com/journals/jjcmb/articles/169275
https://doi.org/10.1016/j.trechm.2025.10.002
http://www.ncbi.nlm.nih.gov/pubmed/36463352
https://www.ncbi.nlm.nih.gov/pmc/PMC9734413
https://doi.org/10.1007/s43441-022-00480-3
https://rss.globenewswire.com/news-release/2025/08/28/3141021/0/en/Antisense-Oligonucleotide-Therapeutics-Clinical-Trial-Pipeline-Appears-Robust-With-70-Key-Pharma-Companies-Actively-Working-in-the-Domain-DelveInsight.html
https://rss.globenewswire.com/news-release/2025/08/28/3141021/0/en/Antisense-Oligonucleotide-Therapeutics-Clinical-Trial-Pipeline-Appears-Robust-With-70-Key-Pharma-Companies-Actively-Working-in-the-Domain-DelveInsight.html
https://rss.globenewswire.com/news-release/2025/08/28/3141021/0/en/Antisense-Oligonucleotide-Therapeutics-Clinical-Trial-Pipeline-Appears-Robust-With-70-Key-Pharma-Companies-Actively-Working-in-the-Domain-DelveInsight.html
https://rss.globenewswire.com/news-release/2025/08/28/3141021/0/en/Antisense-Oligonucleotide-Therapeutics-Clinical-Trial-Pipeline-Appears-Robust-With-70-Key-Pharma-Companies-Actively-Working-in-the-Domain-DelveInsight.html
https://rss.globenewswire.com/news-release/2025/08/28/3141021/0/en/Antisense-Oligonucleotide-Therapeutics-Clinical-Trial-Pipeline-Appears-Robust-With-70-Key-Pharma-Companies-Actively-Working-in-the-Domain-DelveInsight.html
http://www.ncbi.nlm.nih.gov/pubmed/40059188
https://www.ncbi.nlm.nih.gov/pmc/PMC11891339
https://doi.org/10.1038/s41392-024-02112-8
http://www.ncbi.nlm.nih.gov/pubmed/40180767
https://doi.org/10.1007/s11095-025-03853-z
http://www.ncbi.nlm.nih.gov/pubmed/38680560
https://www.ncbi.nlm.nih.gov/pmc/PMC11046457
https://doi.org/10.1021/acscentsci.3c01517
https://doi.org/10.61186/iau.34.3.207
http://www.ncbi.nlm.nih.gov/pubmed/32801051
https://doi.org/10.1016/j.drudis.2020.07.024

	Antisense Oligonucleotides as Precision Therapies for Neurodegenerative Diseases: A Narrative Review
	Abstract
	1. Context
	2. Evidence Acquisition
	3. Results
	3.1. Molecular Mechanisms of Antisense Therapies
	3.2. Disease Targets in Neurodegeneration
	3.3. Central Nervous System Delivery Strategies
	3.3.1. Nanoplatforms and Carrier Systems

	3.4. Clinical Evidence Across Disease Areas
	3.5. Safety and Limitations
	3.6. Future Directions and Emerging Technologies in Antisense Therapeutics

	4. Conclusions
	Footnotes
	References


