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Introduction
Cells rely on precise mechanisms to maintain protein 
homeostasis, a process crucial for cellular function and 
survival. Protein quality control (PQC) systems are responsible 
for ensuring that proteins are properly synthesized, folded, and 
maintained, while also identifying and removing those that are 
misfolded, aggregated, or damaged [1]. These systems involve 
a range of complex pathways, including molecular chaperones, 
the proteasome, and autophagy. Effective PQC is essential for 
cellular health, and its dysfunction has profound implications 
for a variety of diseases, particularly neurodegenerative 
disorders. In these diseases, the accumulation of misfolded or 
damaged proteins leads to cellular stress, neuronal dysfunction, 
and ultimately, neurodegeneration. Understanding the 
mechanisms behind protein quality control and how their 
dysregulation contributes to neurodegenerative diseases can 
provide valuable insights for developing therapeutic strategies 
[2].

One of the key components of protein quality control is the 
endoplasmic reticulum (ER)-associated degradation (ERAD) 
pathway. The ER is the site of protein folding and modification, 
and when proteins are misfolded during this process, they 
are transported back to the cytoplasm for degradation by the 
proteasome. This pathway helps prevent the accumulation 
of misfolded proteins that could otherwise cause cellular 
damage [3]. The proteasome itself is another central player 
in protein quality control, responsible for degrading proteins 
that are damaged, misfolded, or no longer needed. Proteins 
targeted for degradation are tagged with a small protein called 
ubiquitin, marking them for destruction by the proteasome. 
This process is highly regulated to ensure the proper balance 
between protein synthesis, folding, and degradation [4].

Chaperones are another critical element of PQC. These 
molecular “helpers” assist in protein folding and prevent 
aggregation, particularly under conditions of cellular stress. 
Heat shock proteins (HSPs), such as HSP70 and HSP90, 
are examples of chaperones that play an essential role in 
stabilizing proteins and refolding misfolded ones. When 
misfolding cannot be corrected, chaperones help target the 
damaged proteins for degradation. Additionally, the unfolded 
protein response (UPR) is an adaptive response activated when 
there is an accumulation of misfolded proteins in the ER. The 
UPR aims to restore balance by increasing the production of 
chaperones, enhancing the degradation of misfolded proteins, 

and reducing protein synthesis to alleviate stress. However, if 
the stress persists, the UPR can initiate cell death pathways to 
prevent the accumulation of irreparably damaged proteins [5].

Despite these protective mechanisms, the effectiveness 
of protein quality control systems is not infinite, and when 
these systems become overwhelmed or impaired, protein 
aggregation can occur. In neurodegenerative diseases such 
as Alzheimer's, Parkinson's, Huntington's, and amyotrophic 
lateral sclerosis (ALS), the accumulation of misfolded proteins 
leads to the formation of toxic aggregates. These aggregates 
can disrupt cellular functions by sequestering essential cellular 
machinery, interfering with cellular signaling, and promoting 
inflammation. For instance, in Alzheimer’s disease, the 
accumulation of amyloid-beta plaques and tau tangles results 
from the failure of PQC mechanisms to clear misfolded 
proteins, leading to neuronal death and cognitive decline. 
In Parkinson's disease, the aggregation of alpha-synuclein 
forms Lewy bodies that contribute to the degeneration of 
dopaminergic neurons. Similarly, in Huntington's disease, 
the abnormal expansion of the huntingtin gene leads to the 
production of a toxic protein that forms aggregates in neurons, 
disrupting cellular functions and leading to progressive motor 
dysfunction [6].

The failure of protein quality control mechanisms can also 
trigger cellular stress responses, including oxidative stress 
and inflammation. These secondary effects can exacerbate 
neurodegeneration by causing additional damage to neurons 
and glial cells, leading to a vicious cycle that further impairs 
PQC. In ALS, for example, the accumulation of toxic protein 
aggregates in motor neurons not only overwhelms the protein 
degradation systems but also triggers inflammation through 
the activation of glial cells. This inflammation contributes to 
the death of motor neurons, a hallmark of the disease [7].

Autophagy, another critical cellular process, plays a key role 
in the removal of aggregated proteins and damaged organelles. 
This process involves the formation of autophagosomes 
that engulf damaged cellular components, which are then 
delivered to lysosomes for degradation. In neurodegenerative 
diseases, autophagy can help clear protein aggregates and 
damaged organelles, but its dysfunction can exacerbate 
the accumulation of these toxic materials. For example, 
in Alzheimer’s disease, impaired autophagic clearance of 
amyloid-beta and tau can contribute to the persistence of toxic 
aggregates. Similarly, in Parkinson’s disease, the failure of 
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autophagy to clear aggregated alpha-synuclein can lead to 
further cellular damage and neuronal loss [8].

Another significant challenge in neurodegenerative diseases 
is the accumulation of genetic mutations that impair protein 
quality control. For example, in Huntington’s disease, the 
expanded CAG repeat in the huntingtin gene results in a 
misfolded protein that forms aggregates. The failure to 
clear these aggregates leads to neuronal toxicity. Similarly, 
mutations in genes that encode proteins involved in protein 
degradation, such as those encoding the ubiquitin-proteasome 
system or autophagic machinery, have been linked to 
neurodegenerative diseases like Parkinson’s and ALS. These 
genetic defects further impair the ability of cells to manage 
protein misfolding, leading to an increased burden of toxic 
aggregates and accelerated disease progression [9].

Recent advances in the understanding of protein quality 
control mechanisms in the context of neurodegenerative 
diseases have highlighted potential therapeutic strategies 
aimed at enhancing these pathways. One approach is to 
enhance the activity of molecular chaperones, such as heat 
shock proteins, to promote the correct folding of proteins and 
prevent aggregation. Another potential strategy is to develop 
small molecules that can facilitate the clearance of toxic 
protein aggregates by enhancing proteasomal or autophagic 
activity. For instance, enhancing the proteasome’s ability to 
degrade misfolded proteins could reduce the burden of protein 
aggregates in diseases like Alzheimer’s and Parkinson’s. 
Similarly, promoting autophagic clearance of toxic aggregates 
could be a promising strategy in diseases like Huntington’s. 
Additionally, gene therapies aimed at correcting mutations in 
genes involved in PQC, or introducing compensatory genes to 
restore these pathways, may offer new avenues for treatment 
[10].

Conclusion
In conclusion, protein quality control systems are essential 
for cellular function and survival, and their dysfunction is a 
key driver of neurodegenerative diseases. The accumulation 
of misfolded proteins and the failure to clear toxic aggregates 
lead to cellular stress, neuronal dysfunction, and disease 

progression. Understanding the mechanisms underlying 
protein quality control and the factors that contribute to its 
dysfunction in neurodegenerative diseases provides critical 
insights into potential therapeutic strategies. By targeting 
these pathways, we may be able to mitigate the effects of 
protein aggregation, reduce neurodegeneration, and improve 
the quality of life for individuals affected by these devastating 
disorders.
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