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Abstract	

Protein misfolding is a fundamental pathological mechanism underlying numerous 

genetic and neurodegenerative disorders, including lysosomal storage diseases, cystic 

�ibrosis, and Alzheimer’s disease. Pharmaceutical chaperones (PCs) are small molecules 

that selectively bind to misfolded or unstable proteins, stabilizing their native 

conformation, enhancing traf�icking, and restoring biological function. Unlike traditional 

therapies, PCs act at the molecular level, offering a targeted and less invasive treatment 

strategy. This review highlights the concept, classi�ication, mechanism of action, and 

therapeutic applications of pharmaceutical chaperones. Special emphasis is given to their 

role in lysosomal storage disorders and emerging applications in neurodegenerative 

diseases. Challenges such as speci�icity, off-target effects, and limited clinical translation 

are also discussed. Overall, pharmaceutical chaperones represent a promising frontier in 

precision medicine for treating conformational diseases. 
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1.	Introduction	

Protein folding is a fundamental biological process that ensures proteins attain their 

correct three-dimensional conformation required for proper biological function. This 

highly regulated process occurs within the cellular environment with the assistance of 

molecular chaperones and folding enzymes that guide nascent polypeptide chains into 

their native structures (1). Proper protein folding is essential for maintaining cellular 

homeostasis, as even minor deviations in folding can signi�icantly alter protein 

functionality, stability, and interactions (2). 

Under physiological conditions, cells possess sophisticated quality control mechanisms 

to monitor protein folding and eliminate aberrant proteins. Misfolded or unfolded 

proteins are typically recognized and targeted for degradation through pathways such as 

the ubiquitin–proteasome system and the endoplasmic reticulum-associated degradation 

(ERAD) pathway (3). The ERAD system plays a crucial role in identifying defective 

proteins in the endoplasmic reticulum, retro-translocating them into the cytosol, and 

directing them toward proteasomal degradation, thereby preventing accumulation of 

toxic aggregates (4). 

However, genetic mutations, environmental stress, or translational errors can disrupt the 

delicate balance of protein folding, leading to protein misfolding and aggregation. These 

misfolded proteins may result in either loss of normal function or gain of toxic function, 

both of which contribute to disease pathogenesis (5). In many cases, mutant proteins 

retain partial functionality but are prematurely degraded due to instability, representing 

a missed therapeutic opportunity if their folding could be corrected (6). 

A wide range of diseases, collectively termed conformational or protein misfolding 

disorders, arise due to defects in protein folding. These include inherited metabolic 

disorders such as cystic �ibrosis, Gaucher disease, and Fabry disease, as well as complex 

neurodegenerative disorders like Alzheimer’s disease, Parkinson’s disease, and 

Huntington’s disease (7). In cystic �ibrosis, for example, the ΔF508 mutation in the CFTR 

protein leads to misfolding and degradation before it reaches the cell surface, resulting in 

impaired chloride ion transport (8). Similarly, lysosomal storage disorders such as 

Gaucher and Fabry diseases are caused by mutations that destabilize lysosomal enzymes, 

leading to substrate accumulation and cellular dysfunction (9). 

Traditional therapeutic strategies, including enzyme replacement therapy (ERT) and 

gene therapy, have shown clinical bene�its but are associated with several limitations. ERT 

Technische Sicherheit

Volume 26 Issue 4 2026

ISSN NO: 2191-0073/E-1436-4948

Page No:202



often requires lifelong intravenous administration, has limited ability to cross the blood–

brain barrier, and may trigger immune responses (10). Gene therapy, while promising, 

faces challenges such as delivery ef�iciency, long-term safety, and high treatment costs, 

restricting its widespread clinical application (2). 

In this context, pharmaceutical chaperones have emerged as a novel and targeted 

therapeutic strategy. These small molecules selectively bind to misfolded or unstable 

proteins, stabilizing their structure, promoting correct folding, and facilitating proper 

intracellular traf�icking to their site of action (3). Unlike conventional therapies that 

replace or modify genes, pharmaceutical chaperones act at the protein level, restoring 

endogenous protein function in a mutation-speci�ic manner (4). This approach not only 

enhances therapeutic precision but also offers advantages such as oral bioavailability, 

improved tissue distribution, and reduced immunogenicity (5). 

Furthermore, the development of pharmaceutical chaperones aligns with the growing 

paradigm of precision medicine, where treatments are tailored based on individual 

genetic and molecular pro�iles (6). Advances in structural biology, computational drug 

design, and high-throughput screening have accelerated the identi�ication of potential 

chaperone molecules, expanding their applicability across a broad spectrum of diseases 

(7). As a result, pharmaceutical chaperones represent a promising and evolving 

therapeutic platform for addressing the underlying causes of protein misfolding 

disorders. 

2.	Concept	of	Pharmaceutical	Chaperones	

Pharmaceutical chaperones are small molecules that selectively bind to partially folded 

or unstable proteins, stabilizing them and enabling proper folding and transport to their 

functional sites. 

They differ from molecular chaperones (e.g., heat shock proteins) as they are exogenously 

administered and designed for therapeutic purposes. 

3.	Classi�ication	of	Pharmaceutical	Chaperones	

3.1	Pharmacological	Chaperones	

 Small molecules that bind directly to the active site or allosteric site of proteins  

 Example: Migalastat for Fabry disease  

3.2	Chemical	Chaperones	

 Non-speci�ic stabilizers that improve protein folding by altering cellular 

environment  
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 Examples: Glycerol, dimethyl sulfoxide (DMSO)  

3.3	Proteostasis	Regulators	

 Modulate cellular protein homeostasis network  

 Enhance folding, traf�icking, or reduce degradation  

4.	Mechanism	of	Action	of	Pharmaceutical	Chaperones	

Pharmaceutical chaperones exert their therapeutic effects through multiple coordinated 

molecular mechanisms that restore the structure, stability, and function of misfolded or 

mutant proteins. These small molecules selectively interact with partially folded proteins, 

stabilizing their native conformation and enabling proper intracellular processing (11). 

 

4.1	Stabilization	of	Protein	Conformation	

A primary mechanism involves the selective binding of pharmaceutical chaperones to 

unstable or misfolded proteins, often at active or allosteric sites. This interaction reduces 

conformational instability and promotes attainment of the native folded structure, 

thereby preventing aggregation and functional loss (12). In several lysosomal storage 

disorders, mutant enzymes retain catalytic potential but are structurally unstable; 

chaperones help restore their proper conformation and functionality (13). 

4.2	Prevention	of	Premature	Degradation	(ERAD	Avoidance)	

Under physiological conditions, misfolded proteins are identified by endoplasmic 

reticulum (ER) quality control systems and targeted for degradation via the ER-

associated degradation (ERAD) pathway (14). Pharmaceutical chaperones stabilize these 
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proteins and mask misfolded domains, thereby preventing their recognition and 

degradation (15). This allows proteins to escape ER retention and proceed toward 

functional maturation. 

4.3	Facilitation	of	Intracellular	Trafficking	

Following stabilization, pharmaceutical chaperones facilitate correct trafficking of 

proteins from the ER to their functional destinations such as lysosomes or the plasma 

membrane (16). In lysosomal storage disorders, the chaperone-bound enzyme reaches 

the lysosome, where acidic conditions promote dissociation of the chaperone and 

restoration of enzymatic activity (17). 

4.4	Enhancement	of	Enzymatic	Activity	

Pharmaceutical chaperones can enhance enzymatic activity by maintaining proteins in 

their active conformation. Many of these molecules act as reversible inhibitors at higher 

concentrations but exhibit stabilizing and activity-enhancing effects at lower, sub-

inhibitory concentrations (18). This dual behavior is critical for achieving therapeutic 

benefits without compromising enzyme function. 

4.5	Modulation	of	Proteostasis	Network	

Some pharmaceutical chaperones also influence the broader proteostasis network, 

including molecular chaperones, folding enzymes, and degradation pathways. This 

modulation improves the cellular environment for protein folding and reduces 

aggregation-related stress (19). 

4.6	Disease-Specific	Functional	Restoration	

The action of pharmaceutical chaperones is often mutation-specific, making them 

particularly effective in conditions where proteins retain partial activity but are 

misfolded or unstable. This targeted restoration of function has been demonstrated in 

diseases such as Gaucher and Fabry disease (20). 

4.7	Concentration-Dependent	Activity	

A unique characteristic of pharmaceutical chaperones is their concentration-dependent 

activity. At sub-inhibitory concentrations, they stabilize proteins and restore function, 

whereas at higher concentrations they may inhibit enzyme activity, necessitating careful 

dose optimization (12). 

5.	Applications	of	Pharmaceutical	Chaperones	

5.1	Lysosomal	Storage	Disorders	(LSDs)	

 Fabry disease → Migalastat  
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 Gaucher disease → Isofagomine  

 Pompe disease → AT2220  

5.2	Cystic	Fibrosis	

 Correction of CFTR protein folding defects  

5.3	Neurodegenerative	Diseases	

 Alzheimer’s disease → stabilization of amyloid-related proteins  

 Parkinson’s disease → targeting α-synuclein aggregation  

5.4	Oncology	

 Stabilization of tumor suppressor proteins  

6.	Advantages	of	Pharmaceutical	Chaperones	

 Oral administration possible  

 Target-speci�ic action  

 Reduced immunogenicity compared to ERT  

 Ability to cross blood-brain barrier (in some cases)  

 Cost-effective compared to biologics  

7.	Limitations	and	Challenges	

 Mutation-speci�ic ef�icacy  

 Potential off-target binding  

 Limited applicability to severe mutations  

 Risk of enzyme inhibition at high concentrations  

 Regulatory and clinical translation challenges  

8.	Recent	Advances	and	Future	Perspectives	

Recent advances include: 

 Structure-based drug design  

 AI-assisted identi�ication of chaperone molecules  

 Combination therapies with ERT or gene therapy  

 Personalized medicine approaches  

Future research should focus on improving speci�icity, expanding indications, and 

enhancing clinical translation. 

9.	Discussion	

Pharmaceutical chaperones represent a paradigm shift in the management of 

conformational diseases by targeting the underlying molecular defects rather than 

merely alleviating symptoms. Unlike conventional therapies, these small molecules 
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directly interact with misfolded proteins, stabilizing their structure and restoring 

functional activity. This targeted mechanism offers a signi�icant advantage in diseases 

where protein instability, rather than complete absence, is the primary cause of pathology 

(21). 

The clinical success of pharmaceutical chaperones in lysosomal storage disorders (LSDs), 

particularly Fabry disease with migalastat therapy, highlights their therapeutic potential. 

These agents have demonstrated the ability to enhance residual enzyme activity, reduce 

substrate accumulation, and improve patient outcomes (22). Additionally, their oral 

bioavailability and ability to penetrate tissues more effectively than enzyme replacement 

therapies provide a considerable clinical advantage (23). However, despite these 

successes, the applicability of pharmaceutical chaperones remains limited to speci�ic 

mutations that retain partial protein functionality, restricting their use to a subset of 

patients (24). 

One of the major challenges in the broader clinical translation of pharmaceutical 

chaperones is mutation speci�icity. Since these molecules rely on binding to structurally 

unstable but partially functional proteins, they are ineffective in cases involving severe 

mutations that result in truncated or non-functional proteins (25). Furthermore, 

pharmacokinetic limitations such as poor bioavailability, rapid metabolism, and 

inadequate tissue distribution can hinder therapeutic ef�icacy (26). In particular, 

achieving suf�icient concentrations in target organs, including the central nervous system, 

remains a signi�icant hurdle for treating neurodegenerative disorders (27). 

Another critical concern is the potential for off-target effects and unintended inhibition 

of enzyme activity at higher concentrations. Many pharmaceutical chaperones are 

structurally similar to enzyme substrates or inhibitors, and inappropriate dosing may 

lead to reduced enzymatic activity rather than enhancement (28). Therefore, precise dose 

optimization and therapeutic monitoring are essential to ensure safety and ef�icacy. 

Recent advances in drug discovery technologies have opened new avenues for the 

development of pharmaceutical chaperones. The integration of arti�icial intelligence (AI) 

and machine learning techniques has signi�icantly accelerated the identi�ication and 

optimization of chaperone molecules through structure-based drug design and virtual 

screening approaches (29). These computational tools enable prediction of protein–

ligand interactions, stability pro�iles, and mutation-speci�ic responses, thereby enhancing 

the ef�iciency of drug development pipelines. 
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Nanotechnology-based delivery systems also hold promise in overcoming 

pharmacokinetic and delivery challenges associated with pharmaceutical chaperones. 

Nanocarriers such as liposomes, polymeric nanoparticles, and lipid-based systems can 

improve drug stability, enhance targeted delivery, and facilitate crossing of biological 

barriers, including the blood–brain barrier (30). This is particularly relevant for 

neurodegenerative diseases, where effective drug delivery to the brain remains a major 

limitation. 

Furthermore, combination therapies involving pharmaceutical chaperones and other 

treatment modalities such as enzyme replacement therapy (ERT), gene therapy, or 

proteostasis regulators are emerging as a promising strategy. These approaches aim to 

synergistically enhance therapeutic outcomes by addressing multiple aspects of disease 

pathology simultaneously (21). For instance, chaperones can stabilize enzymes 

administered through ERT, thereby prolonging their activity and improving ef�icacy. 

In addition, personalized medicine approaches are expected to play a crucial role in the 

future application of pharmaceutical chaperones. Advances in genetic screening and 

molecular diagnostics allow identi�ication of patients who are most likely to bene�it from 

chaperone therapy based on their speci�ic mutations (22). This individualized approach 

can maximize therapeutic effectiveness while minimizing unnecessary treatment. 

Overall, while pharmaceutical chaperones have demonstrated considerable promise, 

their full clinical potential has yet to be realized. Continued research focusing on 

improving speci�icity, enhancing pharmacokinetics, and expanding their applicability 

across a wider range of mutations will be essential. The integration of advanced 

technologies and combination strategies is likely to further strengthen their role as a 

cornerstone in the treatment of conformational diseases. 

10.	Conclusion	

Pharmaceutical chaperones represent an innovative and highly promising therapeutic 

strategy for the management of protein misfolding disorders. By directly targeting the 

structural instability of mutant proteins, these small molecules offer a unique mechanism 

of action that goes beyond conventional symptomatic treatments and addresses the 

underlying molecular defects. Their ability to restore native protein conformation, 

enhance intracellular traf�icking, and recover biological function provides a signi�icant 

therapeutic advantage, particularly in diseases where residual protein activity is 

preserved. 
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Compared to traditional approaches such as enzyme replacement therapy and gene 

therapy, pharmaceutical chaperones offer several practical bene�its, including the 

potential for oral administration, improved tissue penetration, reduced immunogenicity, 

and lower treatment costs. These advantages make them an attractive option for long-

term disease management and improve patient compliance. Furthermore, their 

mutation-speci�ic action aligns well with the principles of precision medicine, enabling 

tailored therapeutic interventions based on individual genetic pro�iles. 

Despite these strengths, certain limitations remain, including restricted applicability to 

speci�ic mutations, the need for careful dose optimization, and challenges related to 

pharmacokinetics and tissue targeting. However, continuous advancements in drug 

design, structural biology, and computational modeling are expected to overcome many 

of these barriers. The integration of emerging technologies such as arti�icial intelligence, 

high-throughput screening, and nanotechnology-based delivery systems is likely to 

accelerate the discovery and optimization of more effective chaperone molecules. 

In addition, the exploration of combination therapies, where pharmaceutical chaperones 

are used alongside other treatment modalities, holds great promise in enhancing 

therapeutic outcomes and expanding their clinical applicability. As research in this �ield 

continues to evolve, pharmaceutical chaperones are expected to play a central role in the 

future of molecular therapeutics. 

Overall, pharmaceutical chaperones have the potential to transform the treatment 

landscape of conformational diseases by offering a targeted, ef�icient, and patient-friendly 

therapeutic approach. With continued scienti�ic and clinical progress, they are poised to 

become a cornerstone in the management of a wide range of genetic and protein 

misfolding disorders. 
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