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to traditional gene therapy approaches based on DNA vectors, mRNA does not integrate into the
host genome and does not require entry into the nucleus, thereby reducing the risk of mutagenesis
and improving the safety profile of the method. This review provides an overview of the advantages
and limitations of mRNA-based therapeutic approaches for neurodegenerative diseases. Key fea-
tures of mRNA platforms are discussed, including the possibility of programmable expression of
therapeutic proteins, the high flexibility of nucleotide sequence modification, and the relative sim-

9179-2026-6-2-2-9 plicity of scalable production. Particular attention is given to mRNA delivery systems, especially
lipid nanoparticles, which protect mRNA molecules from degradation and enhance the efficiency
of intracellular delivery. The major limitations of this technology are also addressed, including the
difficulty of crossing the blood-brain barrier, the low stability of mRNA, its potential immunogen-
icity, and the requirement for repeated administrations in the treatment of chronic diseases. In ad-
dition, current experimental strategies for the application of mRNA therapy are described, includ-
ing protein replacement approaches, delivery of neuroprotective factors, and genome editing tech-
nologies. Overall, mRNA therapy holds considerable potential for the treatment of neurodegenera-
tive disorders, however, its broad clinical implementation will require further improvements in de-
livery systems and enhanced stability of mRNA molecules.
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1. INTRODUCTION

Messenger RNA (mRNA) is a type of single-stranded ribonucleic acid transcribed from a DNA template that carries
the coding information required for protein synthesis, which is subsequently translated and processed into functional
proteins [1]. mRNA-based therapy plays an important role in the treatment of various diseases. Unlike DNA-based
therapeutics, mRNA transcripts demonstrate relatively high transfection efficiency and low toxicity, as they do not need
to enter the nucleus to perform their function. Consequently, mRNA has recently emerged as a promising strategy for
protein expression in the treatment of a wide range of diseases [2]. Importantly, mRNA does not carry the potential risk
of accidental infection or insertional mutagenesis [3]. Furthermore, mRNA exhibits considerable potential for the treat-
ment of diseases that require therapeutic protein expression and may provide higher therapeutic efficacy due to con-
tinuous translation into encoded proteins or peptides, thereby enabling more sustained expression compared with con-
ventional transient protein or peptide therapeutics.

mRNA-based therapy possesses significant advantages that expand its potential application in the treatment of
brain disorders. Through modification of mRNA molecules or their delivery using nanocarriers, it becomes possible to
overcome the blood-brain barrier (BBB) or bypass it by delivering mRNA via the cerebral lymphatic system, thereby
increasing the concentration of mRNA in the target region while minimizing its effects on non-target cells or tissues.
The design and optimization of mRNA sequences encoding specific proteins enable precise targeted therapy for brain
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diseases [4]. mRNA also overcomes many of the limitations associated with post-translational modification, folding,
assembly, and localization of exogenously expressed proteins. Owing to advances in synthetic mnRNA technology, these
therapeutic approaches aim to restore the expression of lost or dysfunctional proteins, thereby targeting the molecular
mechanisms underlying neurodegenerative diseases (NDs). A hallmark of NDs is the loss or misfolding of key proteins
required for neuronal function and survival. mRNA therapy offers a unique opportunity to achieve transient yet sus-
tained expression of functional proteins directly in target cells [4].

The application of mRNA therapy for various diseases generally involves several key steps: identification of an
appropriate therapeutic target, design of a corresponding mRNA sequence and its modification to enhance stability,
followed by the use of a suitable delivery platform to transport the mRNA to the desired site for proper protein expres-
sion [2]. mRNA molecules facilitate the efficient translation of genetic information into proteins by ribosomes in the
cytoplasm and can be engineered to produce virtually any therapeutic protein. Synthetic mRNA consists of five key
structural elements: a 5’ cap responsible for ribosome recruitment, translation initiation, and stability; a 5’ untranslated
region (5' UTR) involved in the regulation of translation and stability; an open reading frame (ORF) encoding the protein
of interest; a 3' untranslated region (3’ UTR) that also contributes to translation and stability; and a polyadenylated
poly(A) tail that supports ribosome initiation, translation, and mRNA stability [5].

Because mRNA molecules possess an overall negative charge, their penetration through the anionic cellular mem-
brane is limited [6]. To overcome this limitation, various strategies have been developed during the preparation of
mRNA-based therapeutics. These include the incorporation of modified nucleotides to enhance the stability of RNA
transcripts, the application of immunosuppressive approaches to reduce immunogenicity, and the development of spe-
cialized delivery carriers that protect mRNA from degradation and improve the efficiency of intracellular delivery.

A wide range of vectors has been proposed for mRNA transport, including viral and non-viral systems, lipid na-
noparticles (LNPs), polymer-based carriers, protein derivatives, and extracellular vesicles. Viral delivery approaches,
particularly those based on adeno-associated virus (AAV), have demonstrated significant progress in the treatment of
monogenic diseases. However, the use of AAV is associated with the activation of both innate and adaptive immune
responses, the requirement for nuclear delivery of genetic material, and a potential risk of genomic integration [5].

As an alternative, natural exosomes — a subtype of extracellular vesicles characterized by a unique lipid bilayer
structure and high biocompatibility — are being explored as carriers for mRNA delivery [7]. Exosomes are capable of
crossing biological barriers, interacting specifically with target cells, and avoiding rapid clearance by the immune sys-
tem, thereby enabling targeted delivery. However, a major limitation of natural exosomes is the difficulty associated
with their isolation and purification; current technological approaches do not yet fully meet the demands of large-scale
production [8].

In contrast to exosomes, LNP-based delivery systems offer several advantages, including a favorable safety profile
and high loading capacity. LNPs induce a less pronounced immune response compared with AAV and allow repeated
administration. Furthermore, the production of LNP components is technologically less complex and more scalable
than the isolation of exosomes [4].

2. ADVANTAGES OF mRNA THERAPY FOR THE TREATMENT OF NEURODEGENERATIVE DISEASES

NDs are characterized by complex and cumulative pathogenic mechanisms, while currently available treatments
are largely symptomatic. One of the key advantages of mRNA-based therapy is its versatility. Unlike the administration
of pre-formed recombinant proteins, endogenous protein synthesis by cellular ribosomes directly from mRNA enables
proper protein folding and the acquisition of necessary post-translational modifications, which are often technically
difficult or impossible to reproduce in vitro [9]. Moreover, a single mRNA molecule can encode multiple polypeptide
chains through the use of enzymatic processing systems or 2A peptides. Alternatively, a mixture of different mRNAs
can be administered to simultaneously target multiple pathogenic pathways [10]. This feature is particularly important
in the context of multifactorial NDs that require complex therapeutic interventions. Thus, mRNA can encode a wide
range of proteins — from antigens and antibodies to growth factors and enzymes involved in tissue repair — providing
this approach with a high degree of flexibility and adaptability [11].

The development of mRNA therapeutics primarily involves programming a nucleotide sequence encoding the
target protein, which significantly accelerates the early stages of preclinical development. mRNA synthesis is performed
in vitro without the need for cell culture or living organisms, thereby simplifying purification procedures and
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facilitating large-scale production [12]. For example, during the COVID-19 pandemic, less than three months were re-
quired for mRNA vaccines to progress from the development stage to clinical trials [13]. Owing to the rapid modifia-
bility of nucleotide sequences, mRNA therapeutics can be quickly adapted to emerging antigenic variants of pathogens
or personalized according to the characteristics of individual patients. Such rapid development and flexibility in modi-
fying therapeutic agents are difficult to achieve using conventional drug development approaches.

The delivery of mRNA into cells is primarily achieved using LNPs that do not contain viral proteins (Figure 1).
Unlike viral vectors, LNPs rarely induce the production of vector-specific neutralizing antibodies; therefore, repeated
administrations of mRNA are generally not associated with reduced therapeutic efficacy due to immune responses [12].
In addition, LNPs typically exhibit low immunogenicity, allowing multiple administrations of mRNA without a strong
adaptive immune response [14]. The production of LNP-mRNA therapeutics is also relatively simple and readily scal-
able. Because mRNA synthesis is cell-free and nanoparticle assembly relies on chemical processes, these technologies
can be rapidly adapted for industrial-scale manufacturing. Overall, the LNP-mRNA platform has demonstrated prom-
ising results in preclinical studies, and numerous clinical trials are currently evaluating its therapeutic potential for
various NDs [15]. Another limitation associated with viral vectors, such as AAYV, is their limited packaging capacity,
which complicates the delivery of large proteins or multifunctional complexes [16]. In contrast, the mRNA platform
does not have such restrictions, as very long mRNA molecules encoding complex multidomain proteins or enzymes
can be synthesized. This capability opens new opportunities for implementing advanced therapeutic strategies, includ-
ing the direct correction of pathogenic mutations within the body.

mRNA-based therapy for neurodegenerative diseases
Advantages and Limitations
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Figure 1. Schematic representation of the advantages, limitations, and optimization strategies of mRNA therapy in NDs.

One of the advantages of mRNA-based therapy is its relatively low production cost compared with gene therapy,
primarily due to the absence of the expensive manufacturing processes required for viral vectors, which constitute a
major component of overall costs and limit scalability. Owing to the technological simplicity, reproducibility of synthe-
sis, and high throughput of production platforms, mRNA therapeutics demonstrate high economic efficiency and scala-
bility when expanded to broader clinical applications [15,17].

Another distinctive feature of mRNA therapy is the use of cells as biological factories for protein production [1].
Continuous intracellular synthesis of the therapeutic protein can provide more stable and prolonged therapeutic levels
compared with single administrations of recombinant proteins. This approach combines controllable pharmacotherapy
with the ability to deliver high-molecular-weight biologically active compounds that otherwise poorly penetrate the
blood-brain barrier when administered externally.
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Delivery of mRNA via LNPs in NDs enables transient and programmable expression of therapeutic proteins in
neurons and glial cells. mMRNA-LNP formulations can restore deficient proteins, induce neuroprotective factors, pro-
mote the degradation of pathological aggregates, and stimulate immune-mediated clearance of toxic proteins. These
properties make mRNA-based therapy particularly attractive for diseases such as Alzheimer’s disease, Parkinson’s dis-
ease, and Huntington’s disease [15].

Overall, the combination of these advantages makes mRNA therapy a promising approach for the treatment of
NDs that require precise and multifactorial therapeutic interventions. The slow progression and complex pathogenesis
of NDs make them particularly suitable targets for mRNA-based strategies. With further improvements in delivery
systems and the accumulation of clinical evidence, mRNA therapy may play an important role in the future treatment
of NDs [4].

3. LIMITATIONS OF mRNA THERAPY FOR THE TREATMENT OF NEURODEGENERATIVE DISEASES

Despite its considerable potential, the application of mRNA-based therapeutic approaches in NDs faces several
significant challenges and limitations (Figure 1).

One of the major obstacles to the use of mRNA therapy in NDs is the difficulty of crossing the BBB. The BBB is
formed by a monolayer of endothelial cells connected by tight junctions (claudin-5, occludin), surrounded by pericytes,
astrocytic end-feet, and a specialized basement membrane. This structure results in extremely low paracellular perme-
ability, selectively restricting the penetration of small molecules, proteins, and mRNA into the brain [20,25]. Strategies
involving nanocarriers have been proposed to improve the delivery of mRNA across the BBB by enhancing molecular
stability and enabling receptor-mediated transport through the engineering and surface functionalization of LNPs [26].
For instance, systemic delivery of LNPs optimized for BBB penetration resulted in widespread mRNA expression in
neurons and astrocytes in the mouse brain [25]. In another study, LNPs modified with short targeting peptides capable
of selectively interacting with receptors on endothelial cells and neurons significantly enhanced mRNA delivery to the
brain while reducing its accumulation in the liver, thereby improving tissue specificity [27].

Another major limitation of mRNA-based therapy is the intrinsic instability of mRNA molecules. In the extracel-
lular environment, mRNA is rapidly degraded by RNases, while its negatively charged structure hinders its passage
across the cellular membrane, thereby limiting efficient translation of functional proteins [1,17]. To enhance stability
and safety, various chemical and structural modifications of mRNA are employed, including the incorporation of mod-
ified nucleosides (e.g., replacement of uridine with pseudouridine or N1-methylpseudouridine (m1W¥), and cytidine
with 5-methylcytidine (m5C)), optimization of the 5’ cap structure and poly(A) tail length, and improvements in deliv-
ery systems, particularly LNPs [17]. Due to its limited stability, mRNA-based therapeutics require strict temperature-
controlled storage conditions, which may complicate transportation and large-scale production. Therefore, the devel-
opment of effective long-term storage methods for mRNA therapeutics remains highly relevant. For example, one study
reported the development of lyophilized mRNA-LNP formulations that maintained structural integrity and biological
activity after prolonged storage at room temperature [19].

A paradox of mRNA platforms lies in the fact that their key limitation — the intrinsic immunogenicity of mRNA
molecules — represents an advantage in the context of vaccines, where immune activation is desirable. However, in
therapeutic applications aimed at protein replacement, excessive immune activation becomes undesirable [11]. Unmod-
ified mRNA can activate innate immune Toll-like receptors, induce cytokine production, and suppress its own transla-
tion, while impurities such as double-stranded RNA or DNA-RNA hybrid fragments may further increase the risk of
inflammatory responses. The reduction of immunoreactivity can be achieved through chemical nucleoside modifica-
tions, optimization of the 5’ cap and poly(A) tail, careful purification procedures, and encapsulation in LNPs, which
together improve stability and safety [11,17].

The transient nature of mRNA expression also complicates its broad clinical application in the treatment of chronic
NDs. To maintain therapeutic protein levels, repeated injections at defined time intervals are required, which may lead
to immune activation [1,18]. Even when LNPs are used, issues related to immunogenicity remain relevant. Polyethylene
glycol (PEG), commonly included in LNP formulations, may cause allergic reactions, including anaphylaxis, and re-
peated administration may lead to the formation of anti-PEG antibodies, potentially reducing therapeutic efficacy and
increasing the risk of adverse reactions [18,21]. To mitigate these effects, next-generation LNPs are being developed in
which the architecture of PEG-containing nanoparticles is modified to reduce recognition by anti-PEG antibodies, PEG
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is replaced with low-immunogenic zwitterionic polymers, or endogenous proteins are utilized to circumvent limitations
associated with PEG-mediated immune recognition [28].

Even after successfully crossing the BBB, mRNA-containing nanoparticles are preferentially taken up by glial cells
rather than neurons, resulting in reduced neuronal transfection efficiency. This significantly limits the therapeutic po-
tential in diseases where neurons are the primary targets, such as Parkinson’s disease or Alzheimer’s disease [22]. An-
other major challenge is the endosomal trapping of approximately 99% of therapeutic RNA, which leads to its degra-
dation. Consequently, strategies aimed at enhancing endosomal escape are being actively developed, including the use
of LNPs containing pH-sensitive or membrane-destabilizing components [24,29].

Despite substantial progress in the development of mRNA platforms, their application in NDs remains limited by
a combination of biological and technological barriers. Key challenges include the difficulty of crossing the BBB, pref-
erential transfection of glial cells with insufficient neuronal specificity, the endosomal trapping effect, limited mRNA
stability, immunogenicity, and the requirement for repeated administration in chronic diseases. Current research is
focused on the development of next-generation LNPs with improved neurotropism, enhanced endosomal escape, re-
duced immunogenicity, and improved storage stability (Figure 1). Addressing these challenges is critical for the suc-
cessful clinical translation of mRNA-based therapies in the field of neurodegenerative diseases.

4. PROSPECTS FOR THE APPLICATION OF mRNA THERAPY IN NEURODEGENERATIVE DISEASES

mRNA-based therapy can be applied to NDs through three main strategies: (i) replacement of defective proteins;
(ii) expression of neuroprotective and anti-inflammatory factors; and (iii) delivery of genome-editing tools [4].

In the case of inherited monogenic NDs or neurometabolic disorders caused by genetic defects and resulting defi-
ciencies of functional proteins, mRNA-based therapy can transiently restore the missing functional proteins in the cen-
tral nervous system (CNS) without integrating into the genome [17,30]. For example, in a mouse model of arginase 1
(ARG1) deficiency, daily injections of mRNA encoding the ARG1 enzyme restored normal axonal myelination and pre-
vented dysmyelination during the early postnatal period, demonstrating the potential of mRNA replacement therapy
for metabolic and myelin disorders [31]. Another example of mRNA-loaded LNP therapy is the preclinical treatment of
argininosuccinic aciduria, a rare inherited neurometabolic disease caused by mutations in the ASL gene. Dysfunction
of this enzyme leads to ammonia accumulation and CNS damage, including developmental delay and cognitive im-
pairment. In a mouse disease model, administration of LNPs containing mRNA encoding argininosuccinate lyase (ASL)
restored urea cycle activity and improved animal survival, demonstrating the therapeutic potential of mRNA-based
replacement therapy [32].

mRNA therapy aimed at delivering neurotrophic factors and immunomodulatory cytokines is also considered a
promising strategy for the treatment of NDs, as these proteins can support neuronal survival, promote neuroregenera-
tion, and reduce neuroinflammation. Such approaches are particularly relevant for diseases characterized by progres-
sive neuronal loss and chronic inflammation, such as Parkinson’s disease, Alzheimer’s disease, and other neurodegen-
erative disorders [33]. For instance, intracerebral delivery of polymeric nanoparticles carrying mRNA encoding brain-
derived neurotrophic factor (BDNF) to mice with an Alzheimer’s disease model resulted in BDNF expression in astro-
cytes and improved cognitive function [34]. In another recent study, a novel LNP platform capable of delivering mRNA
to the brain after systemic administration was developed. When loaded with mRNA encoding interleukin-12 (IL-12),
these nanoparticles significantly suppressed tumor growth and increased survival in a mouse model of glioblastoma
[35].

mRNA-based approaches are also being explored for the delivery of genome-editing components to correct the
genetic causes of CNS disorders. For example, the administration of mRNA encoding the enzyme neprilysin (NEP) has
been shown to reduce B-amyloid (Ap) levels in the brains of mice by enhancing its degradation [36]. In other studies,
glutathione-responsive nanocapsules were used to deliver Cas9 mRNA for the editing of genes associated with Alz-
heimer’s disease. These nanocapsules were able to cross the BBB and enable in vivo editing of the APP gene [37]. In
addition, an LNP-based system designed to deliver Cas9 mRNA and single-guide RNA (sgRNA) targeting the PLK1
gene achieved up to 70% gene editing efficiency in vivo, leading to apoptosis of tumor cells in a mouse model of glio-
blastoma [38].

mRNA therapy has also demonstrated promising results in combination strategies. For example, an mRNA vaccine
targeting AP based on the MultiTEP platform and encapsulated in LNPs has been developed. In experiments involving
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mice and non-human primates, the vaccine induced a strong humoral immune response resulting in the production of
antibodies against pathological AP. These antibodies are believed to bind amyloid aggregates and promote their clear-
ance in the CNS, potentially slowing the progression of Alzheimer’s disease [39]. In another study, a dual mRNA ther-
apy was tested in a mouse model of propionic acidemia, a rare neurometabolic disorder caused by deficiency of the
enzyme propionyl-CoA carboxylase (PCC). Administration of LNPs containing mRNA resulted in a dose-dependent
reduction in metabolic toxins and restoration of PCC activity [40].

Despite promising results in preclinical studies, the clinical application of mRNA therapy remains extremely lim-
ited. A phase I clinical trial is currently investigating the safety of a multi-antigen mRNA vaccine in patients with re-
current high-grade glioma (NCT07306299). The vaccine encodes several tumor antigens and is designed to induce an
antitumor immune response.

At the same time, other RNA-based therapeutic approaches are being actively investigated in clinical trials. For
example, strategies aimed at reducing the levels of huntingtin (HTT) mRNA using antisense oligonucleotides (ASOs)
are being developed for the treatment of Huntington’s disease [30]. Tominersen, an ASO-based therapy, demonstrated
dose-dependent reductions in mutant HTT protein levels in the cerebrospinal fluid (CSF) during phase I and II clinical
trials (NCT02519036). However, in the subsequent expanded phase III study (NCT03761849), treatment did not lead to
improvements in clinical disease outcomes, and some patients experienced adverse clinical effects. Due to an unfavor-
able risk-benefit profile, the trial was halted. Subsequent analyses suggested that lower dosing regimens might be po-
tentially beneficial in younger patients with less advanced neurodegeneration. Based on these findings, a new study
(NCT05686551) has been initiated to reassess the efficacy of tominersen using modified dosing regimens and in patients
at earlier stages of the disease [41,42].

Another ASO-based therapy, Tofersen, has been approved for the treatment of amyotrophic lateral sclerosis (ALS)
caused by mutations in the superoxide dismutase 1 (SOD1) gene. Clinical trials demonstrated that intrathecal admin-
istration of Tofersen led to reductions in SOD1 protein levels in the CSF as well as decreased levels of neurofilament
light chain (NfL) (NCT04972487) [43].

One of the earliest successful examples of RNA interference-based therapy is the treatment of hereditary transthy-
retin amyloidosis (ATTR). This disease is caused by mutations in the TTR gene, resulting in misfolding of the transthy-
retin protein and the formation of amyloid fibrils that accumulate in peripheral nerves and other tissues. The drug
Patisiran is a small interfering RNA (siRNA) designed to suppress expression of the TTR gene. Delivery of Patisiran in
the form of LPNs resulted in sustained reductions in serum transthyretin levels, which ultimately led to its clinical
approval (NCT02939820) [30].

Thus, mRNA-based therapy for the treatment of NDs currently remains largely at the preclinical stage, and avail-
able clinical data are extremely limited. This is likely due to a number of technological and biological limitations dis-
cussed in this review. Nevertheless, the successful development of other RNA-based therapeutic approaches highlights
the significant potential of this strategy and provides a foundation for the future clinical implementation of mRNA-
based therapies.

5. CONCLUSION

mRNA-based therapy represents one of the most promising directions in modern biomedicine, offering fundamen-
tally new opportunities for the treatment of NDs. The key advantages of this approach include high specificity and the
ability to induce the synthesis of virtually any therapeutic protein directly within the patient’s cells. This enables tar-
geting of the major pathogenic mechanisms underlying NDs, including the replacement of lost protein functions, neu-
tralization of toxic factors, and activation of neuroprotective pathways. In several aspects, such as target selectivity, the
possibility of repeated administration, and the absence of genomic integration risk, mRNA technologies may offer po-
tential advantages over both conventional small-molecule drugs and classical viral gene therapy systems.

At the same time, the current state of this technology remains far from optimal. Significant challenges persist, pri-
marily related to the efficient delivery of mRNA to the CNS, the potential activation of immune responses, and the
limited stability of mRNA molecules in vivo. Overcoming these barriers will require further advances in related fields,
including nanotechnology-based delivery systems, chemical modification of mRNA, and studies on the interaction be-
tween mRNA therapeutics and the immune system.
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Despite these limitations, the rapid progress in RNA technologies highlights the strong potential of this therapeutic
approach. mRNA-based therapy is increasingly viewed as a promising complement to existing treatment strategies for
NDs and may be used in combination with other therapeutic modalities, including conventional pharmacological
agents. In the long term, the development of mRNA technologies may significantly expand the possibilities for the
prevention and treatment of NDs, contributing to the development of more effective strategies for controlling and slow-
ing the progression of these severe pathologies.
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