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Abstract: The accumulation of protein aggregates is the hallmark of many neurodegenerative diseases.
The dysregulation of protein homeostasis (or proteostasis) caused by acute proteotoxic stresses or
chronic expression of mutant proteins can lead to protein aggregation. Protein aggregates can
interfere with a variety of cellular biological processes and consume factors essential for maintaining
proteostasis, leading to a further imbalance of proteostasis and further accumulation of protein
aggregates, creating a vicious cycle that ultimately leads to aging and the progression of age-related
neurodegenerative diseases. Over the long course of evolution, eukaryotic cells have evolved a
variety of mechanisms to rescue or eliminate aggregated proteins. Here, we will briefly review the
composition and causes of protein aggregation in mammalian cells, systematically summarize the
role of protein aggregates in the organisms, and further highlight some of the clearance mechanisms
of protein aggregates. Finally, we will discuss potential therapeutic strategies that target protein
aggregates in the treatment of aging and age-related neurodegenerative diseases.

Keywords: protein aggregates; proteostasis; aging; age-related neurodegenerative diseases; autophagy;
ubiquitin-proteasome system

1. Introduction

As the material basis of vita, proteins play essential roles in various forms of life
activities in organisms. Therefore, it is important to maintain the correct conformation
of protein in mammalian cells. Mammalian cells have developed a system called pro-
teostasis network to maintain more than 10,000 different proteins’ correct conformation [1].
In healthy mammalian cells, a proteostasis network contains molecular chaperones and
proteolytic machinery and their regulators, which coordinate with each other to ensure the
maintenance of proteostasis [1]. However, it is a challenging task to maintain proteostasis,
especially in the face of various external and endogenous stresses that accumulated in
aging. These stresses can result in a decrease in proteostasis network capacity and pro-
teome integrity, causing the accumulation of misfolded and aggregated proteins, which
will specifically affect the postmitotic cell types such as neurons [2,3]. As the symbol
of proteostasis imbalance, protein aggregation can be found in aging cells and tissues
and damaged organs [4,5]. Moreover, recent findings establish a central role of enhanced
proteostasis to prevent the aging of somatic stem cells in adult organisms. Notably, pro-
teostasis is also required for the biological purpose of adult germline stem cells, which are
to be passed from one generation to the next. Beyond these links between proteostasis
and stem cell function, these insights demonstrate that embryonic stem cells and induced
pluripotent stem cells exhibit an endogenous proteostasis network that not only delays
senescence but also maintains the ability to reproduce. Besides the essential roles of the
proteostasis network in postmitotic neurons, it also play important roles in maintaining
stem cell function [6], such as modulating stem cells pluripotency and differentiation as
well as suppressing aggregation of disease-related proteins [7].
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As the hallmark of aging, loss of proteostasis can be found in many age-related diseases
and degenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), and idiopathic cardiomyopathy [8–13]. Protein aggregates
caused by loss of proteostasis can lead to cell dysfunction via damaging the lysosomes,
inducing endoplasmic reticulum stress (ER-stress), causing DNA damage, and perturbating
Ca2+, all of which can promote the progression of age-related diseases [14].

In this review, we will briefly summarize the composition and causes of protein
aggregates in mammalian cells, and then we will systematically introduce the function of
protein aggregates in mammalian cells, and further highlight some of ways to the clear
the protein aggregates. Finally, we will discuss potential therapeutic strategies that target
protein aggregates for the treatment of aging and age-related neurodegenerative diseases.

2. The Components of Protein Aggregates

Protein aggregates can be formed from almost all kinds of proteins in cells. The state
of protein aggregates covers liquid (monomer), liquid-like or solid-like (oligomers), and
solid (insoluble aggregation) [15]. In aging C. elegans, though the most abundant proteins
were 10 times more soluble than the least abundant proteins, the most abundant proteins
contribute most to the total aggregate load [16]. Apparently, the high solubility of abundant
proteins is insufficient to protect them from age-dependent aggregation. Interestingly, in
long-lived daf-16 mutant C. elegans, protein aggregates were accumulated significantly
more than that of age-matched WT animals [16]. This phenomenon suggests that long-lived
daf-16 mutant worms can handle protein aggregates well, driving aberrant, potentially
toxic proteins into aggregates. Packing up damaged abundant proteins and separating
them in order to prevent proteostasis imbalance can help daf-16 mutant worms live longer.

In the organism proteome, most proteins have special segments that are not likely to
form a defined 3D structure which is characterized by their biased amino acid composition
and low sequence complexity. These structures are known as intrinsically disordered
proteins (IDPs) and intrinsically disordered protein regions (IDPRs) [17,18]. It may explain
why protein aggregates are mainly formed by the most abundant proteins. Because the
most abundant proteins contain IDPRs, when facing stress environments, they tend to
perform liquid-liquid phase separation (LLPS) and turn into protein aggregates if stress
factors persist [19]. In most cases, protein phase separation is closely linked with the
presence of IDRs and IDPRs in the phase-separated proteins [20]. However, IDPs and
IDPRs do play a key role in life activities such as protein modification and cellular signaling
and regulation [21]. IDPs and IDPRs are the key structures to regulate cellular signals, as
these motifs combine varieties of molecules to cascade or terminate signals, and they also
promote flexible sites for post-translational modification to assist the activity of the kinase.
Also, IDPs and IDPRs can regulate the amount of kinase by forming LLPS in order to trap
some kinases and restrict those activities [18].

Besides the most abundant proteins, protein aggregates also contain other matter. Nucleic
acids, such as RNA, can intertwine proteins, aggravating protein aggregate accumulation [22,23].
Eukaryotic cells have numerous dynamic membrane-less organelles, called RNP gran-
ules, such as nucleolus, Cajal bodies, stress granules, and P-bodies. These organelles can
bind with RNA to perform physiological functions. In addition, aberrant regulation of
RNA-RNP combination could explain the reason for the pathological stress granules forma-
tion in certain diseases [24,25]. In protein aggregates, RNAs are likely to act as ‘scaffolds’,
which string misfolded proteins together [25–27]. RNA-dependent protein aggregates
were widely found in degenerative diseases. In amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD), misfolded TDP-43 protein did not perform the function
of protecting mRNA, rather than wrap around with mRNA and other proteins [28]. This
process accelerates the formation of protein aggregates and makes removal more diffi-
cult. Once proteostasis is damaged, proteins and RNA can wrap together and change
the stability of LLPS, promoting solid-like aggregates accumulation [25]. However, as the
longest cells in the body with the most longevity, neurons use LLPS to create separate
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compartments for RNA and protein in order to transport matter and keep biochemical
reaction accurately conducted [27]. This phenomenon could explain why neurons tend to
form protein aggregates which cause cell dysfunction.

A relatively simple composition of protein aggregates also causes diseases. In AD
patients’ neurons, β-amyloid 1–42 (Aβ 1–42) and tau protein aggregates are the most sig-
nificant factors causing neurodegeneration [29–31]. Lewy bodies, which are accumulated
by misfolded α-synuclein (α-syn), can be found in PD patients’ substantia nigra. They
disrupt normal cellular architecture so that cell function is damaged, eventually leading
to cell death [9,32,33]. Abnormal accumulation of Huntingtin (Htt) protein in the corpus
striatum causes disordered motor movements, personality changes, and premature death
in patients [10]. In cardiovascular diseases, protein aggregates also play a key role in
the initiation process of diseases. In mouse models, αB-crystallin (CryAB) aggregates
in cardiomyocytes can cause cardiac failure when the mouse is still at a young age [34].
High-temperature requirement protein A1 (HTRA1) aggregations and HTRA1 substrates
accumulation are the key links for cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL) [35]. How to clear protein aggregates
is the key strategy to resist some hereditary cardiomyopathies. Not only do permanent
cells such as neurons and myocardial cells face protein aggregation challenges, but highly
active transporting epithelia such as renal tubules are also at risk of protein aggregates
due to high protein turnover and/or oxidative stress. When stress load increases, such as
aldosterone stimulation, renal tubule cells keratin 5, the ribosomal protein RPL27, ataxin-3,
and even HSPs would be abnormally found accumulating in protein aggregates [36]. The
influence of protein aggregates in renal tubule cells on renal function has still not been
understood so far.

3. Protein Aggregation Caused by Losing of Proteostasis

A proteostasis network is required for mammalian cells to keep protein quality control,
reduce misfolded protein, and maintain proteostasis [37], but as time went by, the ability
of mammalian cells to keep proteostasis declined with aging. There are many reasons for
organism proteostasis imbalance, which can be attributed to four points: first, there are
not enough molecular chaperones in the cytoplasm to help proteins correctly fold; second,
cells cannot appropriately react to endoplasmic reticulum stress (ER stress); third, digestion
of damaged proteins is blocked for lysosomes degradation; fourth, protein aggregates
accumulate due to above reasons [37]. Therefore, protein aggregate is the outcome event of
proteostasis imbalance in the proteome, and it is the connector that leads to cell structure
and function damage, aggravating organ failure.

The proteostasis network can maintain protein quality by correctly guiding polypep-
tide chain folding, maintaining the structure of proteins, and digesting damaged proteins [2].
However, in normal cells, some common proteins are close to their solubility limits [38,39]
or are indeed supersaturated [16,40], which makes them stay in metastable ‘subproteome’.
When the intracellular environment is perturbated, the metastable ‘subproteome’ aggre-
gates into insoluble proteins, interfering with vital movement. In order to handle these
insoluble proteins, more molecular chaperones could combine with them, this process
aggravating polypeptide chain misfolding for lack of available molecular chaperones. If
unfold protein response (UPR) was not activated in a timely manner, the cells would be
caught in a vicious circle of proteostasis imbalance. However, protein aggregating also
interacts with proteostasis, playing a special role in maintaining proteostasis. Intracellular
environment perturbating can cause LLPS and even accumulation of protein aggregates.
The intermediates process, LLPS, can also maintain proteostasis in some special ways.
When misfolded proteins are in LLPS state, this special state equally limits them to a
designated space in the cell. Moreover, proteasomes and related marker proteins such as
p62/SQSTM1 also recruit into LLPS. This process improves the efficiency of proteasomes
and autolysosomes to clear misfolded proteins [41,42].
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Protein aggregates, such as amyloid deposition, can be found from Alzheimer’s
disease to type II diabetes, most of which are typical age-related diseases [5]. Protein
aggregates are particularly prominent in the pathogenesis of neurological diseases [30], such
as Aβ 1–42 for Alzheimer’s disease [29], tau aggregation for Alzheimer’s disease [31],α-syn
for Parkinson’s disease [9], and Rosenthal fibers for Alexander disease [43]. In molecular
structure, amyloid deposition and many protein aggregates were characterized by β-sheet,
and hydrogen bonding is the key structure to maintaining β-sheet [5]. Due to hydrogen
bonding and β-sheet, the amyloid state has a lower free energy (G) than the native state
(∆G < 0), which means that the protein native state is kinetically metastable [38,44]. Once
the intracellular environment fluctuates, such as heat stress and oxidative stress [45], the
protein’s native state would spontaneously transform into an amyloid state from receiving
enough activation energy to get over the energy barrier. As a molecular structural property
of proteins, too many free radicals in the cytoplasm may accelerate the native protein’s
transformation into the amyloid state in aging cells.

Staying in metastable ‘subproteome’, many proteins would trend to LLPS and even
aggregation. However, this process is reversible in most situations when stress disappeared.
However, some mutations in RNA-binding proteins (RBPs) can accelerate the process of
LLPS and turn RBPs from reversible fibrils to irreversible fibrils [46,47]. In many neurode-
generative diseases, LLPS is the primary process of forming amyloid proteins such as α-syn,
FUS, tau, and TDP-43, all of which can aggregate and form into amyloid proteins through
irreversible LLPS and damage to neurons [48,49].

4. The Harm of Protein Aggregates

Protein aggregates are the normal matter of cellular metabolism, all cells must handle
protein aggregates, however, if the cells could not eliminate protein aggregates below the
threshold, they would damage cells in many ways and accelerate cell aging [14] (Figure 1).
The ways that protein aggregates damage cells are multitudinous, weaving together with
mutual promotion, becoming a complex network. For example, protein aggregates dis-
rupt the membrane system, causing an imbalance of calcium homeostasis and lysosomal
function incompetence. ROS, a by-product of protein aggregates, not only destroys DNA,
but also disrupts the protein synthesis environment, which causes more serious conse-
quences such as protein synthesis error and aggregates accumulation, creating a vicious
circle. Therefore, stopping the interference of protein aggregates and breaking the chain of
destructive effects is the key target of treatment for protein aggregate accumulation.

4.1. Interference with Lysosomal Function

Protein aggregate accumulations can be partially attributed to lysosome dysfunction.
Correspondingly, lysosome dysfunction is also the phenotypic of protein aggregates accu-
mulation [50,51]. The current study shows that protein aggregates interfere with lysosome
via directly damaging lysosome structure and function, or disturbing lysosomal-associated
genes expression and fusion to indirectly reduce degradation capacity. In Alzheimer’s
disease models, though Aβ 1–42 aggregations were wrapped by autolysosomes, they
still stayed in autolysosomes and even destroyed the integrity of autolysosomes, which
caused leakage of hydrolase and broader cellular dysfunction [50]. However, improving
the activity of autophagy could delay the onset of neurodegenerative disorders because it
would reduce protein aggregate accumulation [52]. In addition, we should pay attention to
another phenomenon: protein aggregates interfere with lysosomal gene expression. Also
in Alzheimer’s disease, tau proteins accumulate into aggregates, which is another hallmark
pathology. Abnormal tau accumulation could inhibit the transcription of IST1 expression,
the key factor of autophagosome formation, via activating the CEBPB-ANP32A-INHAT
pathway [51]. Upregulating IST1 or downregulating ANP32A can break the vicious cycle
and reduce protein aggregates. Besides inhibiting gene expression, tau aggregations could
also accelerate microtubule disassembly, inducing a massive buildup of autophagosomes
in neuronal processes [53,54]. Therefore, tau aggregations accumulation can also impair



Int. J. Mol. Sci. 2023, 24, 8593 5 of 14

autolysosome formation by disrupting microtubule dynamics and axonal transport. Analo-
gously, in Parkinson’s Disease, α-syn protein aggregating also harms the degradations of
autolysosomes [55]. The α-syn protein not only disrupts microglial autophagy initiation
via Tlr4-dependent p38 and Akt-mTOR signaling in substantia nigra, but also piles up in
autolysosomes to hamper them, degrading metabolic wastes [55]. This adverse outcome
accelerates the apoptosis of microglia cells and inflammatory infiltration of the substantia
nigra and drives the progression of Parkinson’s disease. We summarize that protein ag-
gregates interfere with lysosome function via two pathways: first, directly damaging the
lysosome structure and function which cause metabolic waste accumulating in cytoplasmic
and leakage of hydrolases; and second, disturbing lysosomal associated genes expression
or fusion of lysosomes to indirectly reduce degradation capacity. Both of these pathways
break the intracellular environment, interweaving with each other and causing a more
complex mechanism of injury.
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interference with lysosomal function, disruption of protein synthesis environment, damage DNA,
disturb calcium homeostasis, produce ROS, and injure the membrane system.

4.2. Disruption of the Protein Synthesis Environment

Misfolded proteins are the key elements of protein aggregates, which means that any
reason for protein synthesis interference could exacerbate protein aggregate accumulation [56].
Similarly, protein aggregates can disrupt the protein synthesis environment via induction
of ER stress. In PD patient midbrain cultures, α-synuclein was aggregated, the aggregates
induce ER fragmentation and compromise ER protein folding capacity, leading to protein
misfolding and aggregation [57]. In the amyotrophic lateral sclerosis (ALS) mouse model,
the aggregates-related protein C9orf72 can cause ER stress response [58]. Therefore, reduc-
ing ER stress is also a potential target for weakening protein aggregates’ influence. Many
studies prove that limiting ER stress and activating UPS can relieve the negative impact of
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protein aggregates [56,59]. Some researchers suggest that ROS may be the key mediator be-
tween protein aggregates and ER stress [60,61]. However, we still do not comprehensively
know how protein aggregates destroy the protein synthesis environment.

4.3. Induction of DNA Damage

DNA damage is a key symbol of cell aging and also a typical outcome of protein aggre-
gate accumulation [62]. We notice that in many neurodegenerative diseases characterized
by protein aggregates, neurons are observed DNA damage [29,63–65]. Focusing on DNA
injury mechanism, protein aggregates damage DNA via three main modes: (1) Touching
DNA and directly destroying its structure. (2) Injuring DNA indirectly through mediums
such as ROS. (3) Interfering with the DNA repair system, causing an accumulation of
damages [62]. These modes are not separately fought; they intertwine with each other
and mutually reinforce. A. Suram et al. research showed that Aβ 1–42 has DNA-nicking
activity similar to nuclease [21]. Further studies revealed that Aβ 1–42 causes open circular
and linear forms in supercoiled DNA and also clearly evidenced the physical associa-
tion of protein-DNA complex via transmission electron microscopy (TEM). The broken
DNA was repaired via homology recombination which may generate frameshift muta-
tion. Meanwhile, in the α-syn aggregation cell model, ROS accumulation was observed
because of α-syn aggregation induction. ROS is the key poison that can damage DNA
structure. V. Vasquez et al. observed that α-syn overexpression and oxidative stress signif-
icantly enhanced DNA damage in the neuronal genome [64]. While protein aggregates
can injure DNA, the DNA damage repair system executes the task of protecting and
repairing fragile genetic material. However, protein aggregates also interfere with this life-
saving straw. Lior Weissman et al. found that AD patients’ brain has base excision repair
(BER) deficiencies, suggesting a decreased capacity to repair oxidative DNA damage [65].
Tyler Fortuna et al. attempted to relieve the symptom of protein aggregates accumulation
in neurons by improving DNA damage repair ability. And the result shows that superior
DNA repair abilities suppress protein aggregates-mediated neuropathogenesis and toxicity
in vivo [63].

4.4. Imbalance of Calcium Homeostasis

Calcium is the key ion of life activities, performing as an electrical signal carrier, a
messenger, and the catalytically active center of many enzymes. Cells have an ingenious
mechanism to maintain calcium concentration. However, protein aggregates can destroy the
balance of calcium exchange, causing more disorder in biochemical metabolism [12,61,66].
Some researchers have discovered that certain types of protein aggregates could insert
into membrane structures and play the role of a non-selective ion channel [66–69]. For
example, Aβ 1–42, a typical protein aggregation, can form a pore transmembrane structure
with an 8–25 nm outer diameter and 2–6 nm inner diameter [68,69]. Those aggregates
channels can appear in the cytomembrane, changing the resting potential, but can also
appear in the smooth endoplasmic reticulum, the largest calcium store in cells. When a
pore transmembrane structure is formed in smooth endoplasmic reticulum, it means that
lots of calcium ions have been lost to the cytoplasm, causing a disorder in metabolism.
Furthermore, protein aggregates can increase membrane conductance and permeability to
charged species by spreading the lipid head groups apart, consequently thinning the bilayer
and lowering the permeability barrier, causing calcium ions to transmembrane flow [70–72].
To maintain calcium homeostasis, the calcium pump must keep working, which wastes
precious energy in the neuron. On the other hand, calcium homeostasis is more similar to
a result of the contents disclosure of membrane system disruption. Interestingly, protein
aggregates are seen not to change calcium homeostasis via activating calcium channel
protein. This is because even when calcium channels are blocked, the effect of calcium
imbalance still existed [67]. Limiting the disruption of calcium homeostasis by protein
aggregates is the key tool to preventing cellular senescence and degeneration.



Int. J. Mol. Sci. 2023, 24, 8593 7 of 14

4.5. Disrupts the Membrane System and Production of ROS

The membrane system separates different cell biochemical reactions and provides
a smooth environment for metabolic processes. The interaction of protein aggregates
with lipid membranes has been widely reported [73–76]. This primarily occurs through
a physical mode of punching holes in the membrane and even emulsifying lipid bilayers.
Entering into the membrane and creating transmembrane pores is one mode that not only
causes membrane disruption, but also calcium imbalance [67,68]. Alternatively, a carpeting
effect of Aβ 1–42 has been proposed, which is thought to result in a general increase
in membrane conductance either by membrane thinning or a lateral spreading of lipid
headgroups [70–72]. Even protein aggregates such as surfactants can disrupt the integrity
of the membrane via emulsifying lipid bilayers [69,77]. Terminating the impact of protein
aggregates on cellular membranes is the target of potential treatment.

ROS is the by-product of protein aggregates, which can attack any substance in
the cell due to its strong oxidation [60,61,66,78]. In general, it is not clear why protein
aggregates or their precursors trigger ROS production. Various hypotheses have been put
forward, including an increase in oxidative metabolism to clear the excess of free Ca2+, the
impairment of the functionality of the ER, and mitochondria ROS production [79]. Reacting
with transition element ions, such as Fe2+ and Cu2+, protein aggregates subsequently
converted to hydroxyl radicals. However, hydroxyl radical formation was inhibited by the
inclusion of catalase or metal chelators [79].

5. The Way to Eliminate Protein Aggregates

Because protein aggregates are vital in influencing proteostasis imbalance, organisms
developed many ways to protect themselves from protein aggregates. The methods of
resisting protein aggregates can be summarized as following points: (1) Refolding mis-
folded proteins and depolymerizing aggregates. (2) Degrading protein aggregates via
ubiquitin-proteasome pathway (UPP) or autophagy-lysosome pathway (ALP). (3) Alleviate
protein aggregates load via asymmetric cell division (ACD) or exocytosis [80,81]. All of
these are protecting proteostasis balance.

Refolding and depolymerizing protein aggregates are the first choice of cells to main-
tain proteostasis balance in a normal state for saving precious resources [23]. Though
cells are still healthy, protein aggregates can be produced for intracellular environment
fluctuations. Recycling or rescuing misfolded proteins in an efficient and economical way is
of particular importance. Molecular chaperones can perform this task well [2,23]. The heat
shock protein family (HSPs) is the most typical molecular chaperone protecting proteostasis.
ATP-dependent HSP70 is the most important protein that can depolymerize misfolded
proteins with the assistance of HSP110 (Figure 2A). In addition to HSP70, small heat shock
proteins (sHSP) also play a role in repairing misfolded proteins by actively gathering
them, separating damaged proteins into small protein aggregates, and preventing further
misfolding. Interestingly, besides HPS, ubiquitin, the tag protein of protein aggregates, can
also execute the mission of depolymerizing protein aggregates [22]. Ubiquitin can break
the structure of the C-terminal ubiquitin-associating domain (UAB), a key construction
of protein oligomerization and LLPS. Via combining polyubiquitylation in UAB, protein
aggregates in LLPS can depolymerize again and return to the soluble state. This is precisely
because refolding and depolymerizing protein aggregates requires many molecular chaper-
ones. When facing stress, cells could be confronted with a dilemma, which is the lack of
available molecular chaperones if ER-stress response cannot activate and produce enough
molecular chaperones [82]. ER-stress response deficiency causes insufficient synthesis of
molecular chaperones. Therefore, there is a complex interaction network between protein
aggregating and proteostasis.

The ubiquitin-proteasome pathway (UPP) or autophagy-lysosome pathway (ALP) are
the key systems of protein quality control in cells [83] (Figure 2B). Both of them are degraded
misfolded proteins, but they handle different types of misfolded proteins. Because of the
limitation of the narrow channel of the proteasome, UPS primarily deals with soluble
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misfolded proteins and unfolded polypeptides. When facing the gathering of misfolded
proteins and even protein aggregates, UPP is helpless. To eliminate these damaged proteins,
ALP was applied to wrap up protein aggregates and combine with the lysosome for
enzymolysis [84,85]. To label the protein aggregates and target them to UPP and ALP,
ubiquitin (Ub) is necessary for marking protein aggregates. Protein aggregates can be
identified and conjugated ubiquitin by a hierarchically acting enzymatic cascade. Via
Ub-conjugating enzyme linking Ub thioester, activated Ub, to substrate specificity [84,86].
When substrates are progressively modified with Ub, either at the N terminus (Met1)
or at a lysine side chain of Ub, various linear or branched Ub chains are built. Poly-Ub
link as a potent signal, recruiting intrinsic Ub receptors of the proteasome (Rpn10 or
Rpn13) or shuttle factors that are equipped with both a Ub-binding domain and a domain
that binds to the proteasome and guides ubiquitinated protein to the proteasome. When
aggregates surpass the processing limitation of the proteasome, Ub chains can combine
with autophagy receptors such as P62, NBR1, and TAX1BP1 [87]. After that, those receptors
induce autophagosome, enveloping the protein aggregates and fusing with the lysosome
to digest them.
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degraded misfolded proteins, but they handle different types of misfolded proteins. Be-
cause of the limitation of the narrow channel of the proteasome, UPS primarily deals with 

Figure 2. An organism can clear protein aggregates through four pathways: (A) HSPs family
associate refolding and depolymerizing. In metazoa, HSP70 locate in protein aggregates, and with
the help of HSP110, it applies pulling forces to aggregates that disentangle trapped polypeptides;
(B) ubiquitin-proteasome pathway (UPP) and autophagy-lysosome pathway (ALP) can deal with
protein aggregates when their scale exceeds the ability of HSPs family, UUP often degrades soluble
misfolded proteins and aggregates, while insoluble proteins or aggregates were disposed of by ALP;
(C) asymmetric cell division (ACD) can birth a healthier cell with fewer protein aggregates at the cost
of another daughter cell with more protein aggregates and shorter life; (D) secrete exophers which
contain protein aggregates are a useful way for G0 cells such as neurons, exophers would be cleared
by macrophages.

For resting cells or dividing cells, asymmetric cell division (ACD) is also a good
way to reduce protein aggregates in daughter cells [80,81,88] (Figure 2C). G0 cells such
as mature neurons or myocardial cells cannot reduce protein aggregates via ACD, which
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may explain why the nervous system and cardiovascular system are sensitive to protein
aggregates. However, they can secrete aggregates via exocytosis as well. Interestingly,
in neuron development, ACD is the main way to protect daughter cells from protein
aggregates [88]. In embryonic Drosophila neuroblast, protein aggregates were transported to
the microtubule organizing center (MTOC) and interacted with the peri-centriolar material
(PCM) by dynein [89]. When centrosomes separated from each other during mitosis, the
mother centrosome (older centrosome) would drag the PCM to one side of the cell. In
this process, protein aggregates can also be enriched to one side of the spindle body. The
daughter centrosome would form the new PCM with fewer protein aggregates [90–92].
Finally, the daughter cell, which inherits the protein aggregates, could undergo apoptosis,
while the other cell would survive for obtaining better resources [93,94]. A mature cell
that has lost the ability to divide can also discard protein aggregates through extruded
membrane-surrounded vesicles called “exophers” that can harbor protein aggregates and
organelles [95,96] (Figure 2D). Similar to ACD, the thin thread-like tube can induce protein
aggregates accumulating on one side of the neuron, and then form a compartment, which
is an average of 3.8 µm large, the same as a neuron. Exophers ultimately disconnect from
the originating neuron [95]. This process is similar to mitosis, other than the nucleus,
mother cells are completely retained. This pattern to remove protein aggregates may be the
supplement measure for permanent cells for losing the ability of mitosis [96].

Though there are no pieces of evidence revealing that cells can dismantle mature pro-
tein aggregates and amyloid fibrils into soluble proteins through the molecular chaperone
pathway, some chemical chaperones were found to destabilize or disaggregate misfolded or
aggregated states of polypeptide chains by regulating the viscosity, melting point, and ionic
strength of biological fluids. For example, tauroursodeoxycholic acid (TUDCA) supplemen-
tation can prevent cognitive impairment and amyloid deposition in APP/PS1 mice [97].
Besides bile acids, trehalose and betaine can also disrupt protein aggregate into protein
soluble assemblies by changing ionic strength and stabilizing hydrophobic amino acids
from hydrophobic protein–protein interactions [98,99]. Catechin derivatives, non-steroidal
anti-inflammatory drugs (NSAIDs), anthracycline, and tetracycline derivatives also show
the ability to disassemble protein aggregate. However, they still need more research to
clarify the mechanism and reveal potential risks before use in clinical treatment [100–103].

6. The Function of Protein Aggregates in Development of Aging-Related Diseases

Much evidence discovered that protein aggregates have a close relationship with
aging-related diseases. Limiting protein aggregates can be a useful method to change the
development of diseases. From neurodegenerative diseases to diabetes and idiopathic
cardiomyopathy, protein aggregation is the key factor that promotes disease development.
Inhibiting the formation of protein aggregation or promoting the elimination of protein
aggregation also show a good effect on aging related diseases.

Neurodegenerative diseases are the best-known diseases caused by protein aggregates,
so they have been intensively studied. People proposed many hypotheses to explain
the reason protein aggregates cause neurodegenerative diseases. Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, and Alexander’s disease are all found to be
linked to protein aggregates [9,29,31,43]. Though they accumulated different kinds of
protein aggregates in different locations of the brain, they do lead to dysfunction, atrophy
even, and apoptosis in the corresponding parts [9,32,33]. These abnormalities of cells and
tissues present with all the familiar neural symptoms we know. Current studies have
suggested that clearing protein aggregates or delaying protein aggregates accumulation can
effectively slow down the progression of symptoms. Therefore, clearing protein aggregates
is expected to become a treatment for neurodegenerative diseases.

Diabetes and idiopathic cardiomyopathy have the same pathological processes as
neurodegenerative diseases. Many pieces of research prove that protein aggregates can ac-
cumulate in corresponding organs, causing symptoms such as inadequate insulin secretion
or cardiac failure [5,34]. In the kidney, some evidence also remind us that protein aggregates
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can accumulate in renal tubular epithelial cells in a high load and high-pressure state [36].
Also, in chronic kidney disease (CKD) disease models, protein aggregates were significantly
increased [104]. Clearing protein aggregates in renal tubular epithelial cells may be an
effective way to delay the process of CKD. However, the status of protein aggregates in
CKD still needs more research to clarify which role protein aggregates play in CKD.

Interestingly, protein aggregation accumulation also has a good result in a special
aging related disease, which is cancer. Some researchers discovered that promoting pro-
tein aggregation accumulation can accelerate oncocytes apoptosis and immunogenic cell
death [105,106]. Oncocytes were in a hypersynthetic and hypermetabolic state, which cause
more sensitivity to protein aggregation. Metabolic processes and the membrane system of
oncocytes are disrupted by increasing the load of protein aggregation, So as to achieve the
purpose of inhibiting the growth of cancer tissue.

7. Conclusions

Protein aggregation is a basic component of cells, the balance of protein aggregation
is the key process for cells to keep protein homeostasis. In aging cells, this balance can be
broken for lysosome degradation, ER stress, UPS, and so on. Also, protein aggregation
accumulation could promote cell aging through breaking protein homeostasis. This sets
in motion a self-propagating cycle that exacerbates proteome imbalance and eventually
leads to protein homeostasis collapse and disease occurrence. Metabolism of protein
aggregation depends on UPP, ALP, ACD, and exophers. Most of them are age-dependent
decline, so it can explain why age is the major risk factor for aggregate-deposition diseases,
and the nervous and cardiovascular are the generally damaged target systems of protein
aggregation. Damage to the protein homeostasis network also injures the cells through a
series of interactions. In these interactions, membrane system disruption, DNA damage,
protein synthesis environment confusion, and lysosomal function disability are the key
links, and they can mutually reinforce. Therefore, regulating protein aggregation is a useful
pathway for therapeutic intervention of aging-related diseases and degenerative diseases,
even cancer. However, achieving this goal requires a comprehensive understanding of the
organization and relationship between protein homeostasis and protein aggregation.

Author Contributions: Conceptualization, J.-X.T. and H.-F.L.; methodology, J.-H.W.; investigation,
J.-H.W.; resources, X.-H.H.; writing—original draft preparation, J.-H.W. and Z.-S.F.; writing—review
and editing, J.-H.W., X.-H.H., J.-X.T. and H.-F.L.; visualization, D.-Y.L.; supervision, J.-X.T., H.-F.L.;
project administration, J.-X.T. and H.-F.L.; funding acquisition, J.-X.T. and H.-F.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of
China (81974095) and the Natural Science Foundation of Guangdong Province (2019A1515110152,
2023A1515012187), Guangdong Provincial Key Laboratory of Autophagy and Major Chronic Non-
Communicable Diseases (2022B1212030003), Discipline Construction Project of Guangdong Medical
University (4SG21229G).

Institutional Review Board Statement: This study does not involve humans or animals.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge Xiaojun Guo for administrative assistance. Pictures
were drawn by Figdraw.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Balch, W.E.; Morimoto, R.I.; Dillin, A.; Kelly, J.W. Adapting Proteostasis for Disease Intervention. Science 2008, 319, 916–919.

[CrossRef] [PubMed]
2. Hipp, M.S.; Kasturi, P.; Hartl, F.U. The proteostasis network and its decline in ageing. Nat. Rev. Mol. Cell Biol. 2019, 20, 421–435.

[CrossRef] [PubMed]

https://doi.org/10.1126/science.1141448
https://www.ncbi.nlm.nih.gov/pubmed/18276881
https://doi.org/10.1038/s41580-019-0101-y
https://www.ncbi.nlm.nih.gov/pubmed/30733602


Int. J. Mol. Sci. 2023, 24, 8593 11 of 14

3. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The Hallmarks of Aging. Cell 2013, 153, 1194–1217. [CrossRef]
[PubMed]

4. Ross, C.A.; Poirier, M.A. Protein aggregation and neurodegenerative disease. Nat. Med. 2004, 10, S10–S17. [CrossRef]
5. Knowles, T.; Vendruscolo, M.; Dobson, C.M. The amyloid state and its association with protein misfolding diseases. Nat. Rev. Mol.

Cell Biol. 2014, 15, 384–396. [CrossRef]
6. Llamas, E.; Alirzayeva, H.; Loureiro, R.; Vilchez, D. The intrinsic proteostasis network of stem cells. Curr. Opin. Cell Biol. 2020,

67, 46–55. [CrossRef]
7. Bohnert, K.A.; Kenyon, C. A lysosomal switch triggers proteostasis renewal in the immortal C. elegans germ lineage. Nature 2017,

551, 629–633. [CrossRef]
8. Cheng, J.; North, B.J.; Zhang, T.; Dai, X.; Tao, K.; Guo, J.; Wei, W. The emerging roles of protein homeostasis-governing pathways

in Alzheimer’s disease. Aging Cell 2018, 17, e12801. [CrossRef]
9. Shults, C.W. Lewy bodies. Proc. Natl. Acad. Sci. USA 2006, 103, 1661–1668. [CrossRef]
10. Arrasate, M.; Finkbeiner, S. Protein aggregates in Huntington’s disease. Exp. Neurol. 2012, 238, 1–11. [CrossRef]
11. Sanbe, A.; Osinska, H.; Saffitz, J.E.; Glabe, C.G.; Kayed, R.; Maloyan, A.; Robbins, J. Desmin-related cardiomyopathy in transgenic

mice: A cardiac amyloidosis. Proc. Natl. Acad. Sci. USA 2004, 101, 10132–10136. [CrossRef]
12. Gianni, D.; Li, A.; Tesco, G.; McKay, K.; Moore, J.; Raygor, K.; Rota, M.; Gwathmey, J.K.; Dec, G.W.; Aretz, T.; et al. Protein

Aggregates and Novel Presenilin Gene Variants in Idiopathic Dilated Cardiomyopathy. Circulation 2010, 121, 1216–1226. [CrossRef]
13. Hofmann, C.; Katus, H.A.; Doroudgar, S. Protein Misfolding in Cardiac Disease. Circulation 2019, 139, 2085–2088. [CrossRef]
14. Zaman, M.; Khan, A.N.; Zakariya, S.M.; Khan, R.H. Protein misfolding, aggregation and mechanism of amyloid cytotoxicity: An

overview and therapeutic strategies to inhibit aggregation. Int. J. Biol. Macromol. 2019, 134, 1022–1037. [CrossRef]
15. Alberti, S.; Hyman, A.A. Biomolecular condensates at the nexus of cellular stress, protein aggregation disease and ageing. Nat.

Rev. Mol. Cell Biol. 2021, 22, 196–213. [CrossRef]
16. Walther, D.M.; Kasturi, P.; Zheng, M.; Pinkert, S.; Vecchi, G.; Ciryam, P.; Morimoto, R.I.; Dobson, C.M.; Vendruscolo, M.;

Mann, M.; et al. Widespread Proteome Remodeling and Aggregation in Aging C. elegans. Cell 2015, 161, 919–932. [CrossRef]
17. Kulkarni, P.; Uversky, V.N. Intrinsically Disordered Proteins in Chronic Diseases. Biomolecules 2019, 9, 147. [CrossRef]
18. Wright, P.E.; Dyson, H.J. Intrinsically disordered proteins in cellular signalling and regulation. Nat. Rev. Mol. Cell Biol. 2014,

16, 18–29. [CrossRef]
19. Abyzov, A.; Blackledge, M.; Zweckstetter, M. Conformational Dynamics of Intrinsically Disordered Proteins Regulate Biomolecu-

lar Condensate Chemistry. Chem. Rev. 2022, 122, 6719–6748. [CrossRef]
20. Banani, S.F.; Lee, H.O.; Hyman, A.A.; Rosen, M.K. Biomolecular condensates: Organizers of cellular biochemistry. Nat. Rev. Mol.

Cell Biol. 2017, 18, 285–298. [CrossRef]
21. Uversky, V.N. The Mysterious Unfoldome: Structureless, Underappreciated, Yet Vital Part of Any Given Proteome. J. Biomed.

Biotechnol. 2009, 2010, 568068. [CrossRef] [PubMed]
22. Dao, T.P.; Kolaitis, R.-M.; Kim, H.J.; O’donovan, K.; Martyniak, B.; Colicino, E.; Hehnly, H.; Taylor, J.P.; Castañeda, C.A. Ubiquitin

Modulates Liquid-Liquid Phase Separation of UBQLN2 via Disruption of Multivalent Interactions. Mol. Cell 2018, 69, 965–978.e6.
[CrossRef] [PubMed]

23. Wallace, E.W.; Kear-Scott, J.L.; Pilipenko, E.V.; Schwartz, M.H.; Laskowski, P.R.; Rojek, A.E.; Katanski, C.D.; Riback, J.A.;
Dion, M.F.; Franks, A.M.; et al. Reversible, Specific, Active Aggregates of Endogenous Proteins Assemble upon Heat Stress. Cell
2015, 162, 1286–1298. [CrossRef] [PubMed]

24. Lin, Y.; Protter, D.S.W.; Rosen, M.K.; Parker, R. Formation and Maturation of Phase-Separated Liquid Droplets by RNA-Binding
Proteins. Mol. Cell 2015, 60, 208–219. [CrossRef] [PubMed]

25. Tauber, D.; Tauber, G.; Khong, A.; Van Treeck, B.; Pelletier, J.; Parker, R. Modulation of RNA Condensation by the DEAD-Box
Protein eIF4A. Cell 2020, 180, 411–426.e16. [CrossRef]

26. Louka, A.; Zacco, E.; Temussi, P.A.; Tartaglia, G.G.; Pastore, A. RNA as the stone guest of protein aggregation. Nucleic Acids Res.
2020, 48, 11880–11889. [CrossRef]

27. Roden, C.; Gladfelter, A.S. RNA contributions to the form and function of biomolecular condensates. Nat. Rev. Mol. Cell Biol.
2020, 22, 183–195. [CrossRef]

28. Johnson, B.; Snead, D.; Lee, J.J.; McCaffery, J.M.; Shorter, J.; Gitler, A.D. TDP-43 is Intrinsically Aggregation-prone, and Amy-
otrophic Lateral Sclerosis-linked Mutations Accelerate Aggregation and Increase Toxicity. J. Biol. Chem. 2009, 284, 20329–20339.
[CrossRef]

29. Suram, A.; Hegde, M.; Rao, K. A new evidence for DNA nicking property of amyloid β-peptide (1–42): Relevance to Alzheimer’s
disease. Arch. Biochem. Biophys. 2007, 463, 245–252. [CrossRef]

30. Armstrong, R.A.; Lantos, P.L.; Cairns, N.J. What determines the molecular composition of abnormal protein aggregates in
neurodegenerative disease? Neuropathology 2008, 28, 351–365. [CrossRef]

31. Yin, Y.; Gao, D.; Wang, Y.; Wang, Z.-H.; Wang, X.; Ye, J.; Wu, D.; Fang, L.; Pi, G.; Yang, Y.; et al. Tau accumulation induces synaptic
impairment and memory deficit by calcineurin-mediated inactivation of nuclear CaMKIV/CREB signaling. Proc. Natl. Acad. Sci.
USA 2016, 113, E3773–E3781. [CrossRef]

32. Polymeropoulos, M.H.; Lavedan, C.; Leroy, E.; Ide, S.E.; Dehejia, A.; Dutra, A.; Dutra, A.; Pike, B.; Root, H.; Rubenstein, J.; et al.
Mutation in the α-Synuclein Gene Identified in Families with Parkinson’s Disease. Science 1997, 276, 2045–2047. [CrossRef]

https://doi.org/10.1016/j.cell.2013.05.039
https://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1038/nm1066
https://doi.org/10.1038/nrm3810
https://doi.org/10.1016/j.ceb.2020.08.005
https://doi.org/10.1038/nature24620
https://doi.org/10.1111/acel.12801
https://doi.org/10.1073/pnas.0509567103
https://doi.org/10.1016/j.expneurol.2011.12.013
https://doi.org/10.1073/pnas.0401900101
https://doi.org/10.1161/CIRCULATIONAHA.109.879510
https://doi.org/10.1161/CIRCULATIONAHA.118.037417
https://doi.org/10.1016/j.ijbiomac.2019.05.109
https://doi.org/10.1038/s41580-020-00326-6
https://doi.org/10.1016/j.cell.2015.03.032
https://doi.org/10.3390/biom9040147
https://doi.org/10.1038/nrm3920
https://doi.org/10.1021/acs.chemrev.1c00774
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1155/2010/568068
https://www.ncbi.nlm.nih.gov/pubmed/20011072
https://doi.org/10.1016/j.molcel.2018.02.004
https://www.ncbi.nlm.nih.gov/pubmed/29526694
https://doi.org/10.1016/j.cell.2015.08.041
https://www.ncbi.nlm.nih.gov/pubmed/26359986
https://doi.org/10.1016/j.molcel.2015.08.018
https://www.ncbi.nlm.nih.gov/pubmed/26412307
https://doi.org/10.1016/j.cell.2019.12.031
https://doi.org/10.1093/nar/gkaa822
https://doi.org/10.1038/s41580-020-0264-6
https://doi.org/10.1074/jbc.M109.010264
https://doi.org/10.1016/j.abb.2007.03.015
https://doi.org/10.1111/j.1440-1789.2008.00916.x
https://doi.org/10.1073/pnas.1604519113
https://doi.org/10.1126/science.276.5321.2045


Int. J. Mol. Sci. 2023, 24, 8593 12 of 14

33. Singleton, A.B.; Farrer, M.; Johnson, J.; Singleton, A.; Hague, S.; Kachergus, J.; Hulihan, M.; Peuralinna, T.; Dutra, A.;
Nussbaum, R.; et al. alpha-Synuclein Locus Triplication Causes Parkinson’s Disease. Science 2003, 302, 841. [CrossRef]

34. Xu, N.; Gulick, J.; Osinska, H.; Yu, Y.; McLendon, P.M.; Shay-Winkler, K.; Robbins, J.; Yutzey, K.E. Ube2v1 Positively Regulates
Protein Aggregation by Modulating Ubiquitin Proteasome System Performance Partially Through K63 Ubiquitination. Circ. Res.
2020, 126, 907–922. [CrossRef]

35. Zellner, A.; Scharrer, E.; Arzberger, T.; Oka, C.; Domenga-Denier, V.; Joutel, A.; Lichtenthaler, S.F.; Müller, S.A.; Dichgans, M.;
Haffner, C. CADASIL brain vessels show a HTRA1 loss-of-function profile. Acta Neuropathol. 2018, 136, 111–125. [CrossRef]

36. Cheema, M.U.; Poulsen, E.T.; Enghild, J.J.; Hoorn, E.; Fenton, R.A.; Praetorius, J. Aldosterone and angiotensin II induce protein
aggregation in renal proximal tubules. Physiol. Rep. 2013, 1, e00064. [CrossRef]

37. Koga, H.; Kaushik, S.; Cuervo, A.M. Protein homeostasis and aging: The importance of exquisite quality control. Ageing Res. Rev.
2011, 10, 205–215. [CrossRef]

38. Baldwin, A.J.; Knowles, T.P.J.; Tartaglia, G.G.; Fitzpatrick, A.W.; Devlin, G.L.; Shammas, S.L.; Waudby, C.A.; Mossuto, M.F.;
Meehan, S.; Gras, S.L.; et al. Metastability of Native Proteins and the Phenomenon of Amyloid Formation. J. Am. Chem. Soc. 2011,
133, 14160–14163. [CrossRef]

39. Tartaglia, G.G.; Pechmann, S.; Dobson, C.M.; Vendruscolo, M. Life on the edge: A link between gene expression levels and
aggregation rates of human proteins. Trends Biochem. Sci. 2007, 32, 204–206. [CrossRef]

40. Ciryam, P.; Tartaglia, G.G.; Morimoto, R.I.; Dobson, C.M.; Vendruscolo, M. Widespread Aggregation and Neurodegenerative
Diseases Are Associated with Supersaturated Proteins. Cell Rep. 2013, 5, 781–790. [CrossRef]

41. Amzallag, E.; Hornstein, E. Crosstalk between Biomolecular Condensates and Proteostasis. Cells 2022, 11, 2415. [CrossRef]
42. Yasuda, S.; Tsuchiya, H.; Kaiho, A.; Guo, Q.; Ikeuchi, K.; Endo, A.; Arai, N.; Ohtake, F.; Murata, S.; Inada, T.; et al. Stress- and

ubiquitylation-dependent phase separation of the proteasome. Nature 2020, 578, 296–300. [CrossRef] [PubMed]
43. Heaven, M.R.; Flint, D.; Randall, S.M.; Sosunov, A.A.; Wilson, L.; Barnes, S.; Goldman, J.E.; Muddiman, D.C.; Brenner, M.

Composition of Rosenthal Fibers, the Protein Aggregate Hallmark of Alexander Disease. J. Proteome Res. 2016, 15, 2265–2282.
[CrossRef] [PubMed]

44. Gazit, E. The “Correctly Folded” state of proteins: Is it a metastable state? Angew. Chem. Int. Ed. 2002, 41, 257–259. [CrossRef]
45. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef]
46. Zhang, H.; Ji, X.; Li, P.; Liu, C.; Lou, J.; Wang, Z.; Wen, W.; Xiao, Y.; Zhang, M.; Zhu, X. Liquid-liquid phase separation in biology:

Mechanisms, physiological functions and human diseases. Sci. China Life Sci. 2020, 63, 953–985. [CrossRef]
47. Gui, X.; Luo, F.; Li, Y.; Zhou, H.; Qin, Z.; Liu, Z.; Gu, J.; Xie, M.; Zhao, K.; Dai, B.; et al. Structural basis for reversible amyloids of

hnRNPA1 elucidates their role in stress granule assembly. Nat. Commun. 2019, 10, 2006. [CrossRef]
48. Zbinden, A.; Pérez-Berlanga, M.; De Rossi, P.; Polymenidou, M. Phase Separation and Neurodegenerative Diseases: A Disturbance

in the Force. Dev. Cell 2020, 55, 45–68. [CrossRef]
49. Ray, S.; Singh, N.; Kumar, R.; Patel, K.; Pandey, S.; Datta, D.; Mahato, J.; Panigrahi, R.; Navalkar, A.; Mehra, S.; et al. α-Synuclein

aggregation nucleates through liquid–liquid phase separation. Nat. Chem. 2020, 12, 705–716. [CrossRef]
50. Ling, D.; Song, H.-J.; Garza, D.; Neufeld, T.P.; Salvaterra, P.M. Abeta42-Induced Neurodegeneration via an Age-Dependent

Autophagic-Lysosomal Injury in Drosophila. PLoS ONE 2009, 4, e4201. [CrossRef]
51. Feng, Q.; Luo, Y.; Zhang, X.-N.; Yang, X.-F.; Hong, X.-Y.; Sun, D.-S.; Li, X.-C.; Hu, Y.; Li, X.-G.; Zhang, J.-F.; et al. MAPT/Tau

accumulation represses autophagy flux by disrupting IST1-regulated ESCRT-III complex formation: A vicious cycle in Alzheimer
neurodegeneration. Autophagy 2019, 16, 641–658. [CrossRef]

52. Ravikumar, B.; Vacher, C.; Berger, Z.; Davies, J.E.; Luo, S.; Oroz, L.G.; Scaravilli, F.; Easton, D.F.; Duden, R.; O’Kane, C.J.; et al.
Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansions in fly and mouse models of Huntington
disease. Nat. Genet. 2004, 36, 585–595. [CrossRef]

53. Nixon, R.A. The role of autophagy in neurodegenerative disease. Nat. Med. 2013, 19, 983–997. [CrossRef]
54. Ambegaokar, S.S.; Jackson, G.R. The downward spiral of tau and autolysosomes: A new hypothesis in neurodegeneration.

Autophagy 2012, 8, 1144–1145. [CrossRef]
55. Tu, H.; Yuan, B.; Hou, X.; Zhang, X.; Pei, C.; Ma, Y.; Yang, Y.; Fan, Y.; Qin, Z.; Liu, C.; et al. α-synuclein suppresses microglial

autophagy and promotes neurodegeneration in a mouse model of Parkinson’s disease. Aging Cell 2021, 20, e13522. [CrossRef]
56. Hamdan, N.; Kritsiligkou, P.; Grant, C.M. ER stress causes widespread protein aggregation and prion formation. J. Cell Biol. 2017,

216, 2295–2304. [CrossRef]
57. Stojkovska, I.; Wani, W.Y.; Zunke, F.; Belur, N.R.; Pavlenko, E.A.; Mwenda, N.; Sharma, K.; Francelle, L.; Mazzulli, J.R. Rescue of

α-synuclein aggregation in Parkinson’s patient neurons by synergistic enhancement of ER proteostasis and protein trafficking.
Neuron 2021, 110, 436–451.e11. [CrossRef]

58. Kramer, N.J.; Haney, M.S.; Morgens, D.W.; Jovičić, A.; Couthouis, J.; Li, A.; Ousey, J.; Ma, R.; Bieri, G.; Tsui, C.K.; et al. CRISPR–
Cas9 screens in human cells and primary neurons identify modifiers of C9ORF72 dipeptide-repeat-protein toxicity. Nat. Genet.
2018, 50, 603–612. [CrossRef]

59. Frakes, A.E.; Metcalf, M.G.; Tronnes, S.U.; Bar-Ziv, R.; Durieux, J.; Gildea, H.K.; Kandahari, N.; Monshietehadi, S.; Dillin, A.
Four glial cells regulate ER stress resistance and longevity via neuropeptide signaling in C. elegans. Science 2020, 367, 436–440.
[CrossRef]

https://doi.org/10.1126/science.1090278
https://doi.org/10.1161/CIRCRESAHA.119.316444
https://doi.org/10.1007/s00401-018-1853-8
https://doi.org/10.1002/phy2.64
https://doi.org/10.1016/j.arr.2010.02.001
https://doi.org/10.1021/ja2017703
https://doi.org/10.1016/j.tibs.2007.03.005
https://doi.org/10.1016/j.celrep.2013.09.043
https://doi.org/10.3390/cells11152415
https://doi.org/10.1038/s41586-020-1982-9
https://www.ncbi.nlm.nih.gov/pubmed/32025036
https://doi.org/10.1021/acs.jproteome.6b00316
https://www.ncbi.nlm.nih.gov/pubmed/27193225
https://doi.org/10.1002/1521-3773(20020118)41:2&lt;257::AID-ANIE257&gt;3.0.CO;2-M
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1007/s11427-020-1702-x
https://doi.org/10.1038/s41467-019-09902-7
https://doi.org/10.1016/j.devcel.2020.09.014
https://doi.org/10.1038/s41557-020-0465-9
https://doi.org/10.1371/journal.pone.0004201
https://doi.org/10.1080/15548627.2019.1633862
https://doi.org/10.1038/ng1362
https://doi.org/10.1038/nm.3232
https://doi.org/10.4161/auto.20515
https://doi.org/10.1111/acel.13522
https://doi.org/10.1083/jcb.201612165
https://doi.org/10.1016/j.neuron.2021.10.032
https://doi.org/10.1038/s41588-018-0070-7
https://doi.org/10.1126/science.aaz6896


Int. J. Mol. Sci. 2023, 24, 8593 13 of 14

60. Schubert, D.; Behl, C.; Lesley, R.; Brack, A.; Dargusch, R.; Sagara, Y.; Kimura, H. Amyloid peptides are toxic via a common
oxidative mechanism. Proc. Natl. Acad. Sci. USA 1995, 92, 1989–1993. [CrossRef]

61. Mattson, M.P. Pathways towards and away from Alzheimer’s disease. Nature 2004, 430, 631–639. [CrossRef] [PubMed]
62. Ainslie, A.; Huiting, W.; Barazzuol, L.; Bergink, S. Genome instability and loss of protein homeostasis: Converging paths to

neurodegeneration? Open Biol. 2021, 11, 200296. [CrossRef] [PubMed]
63. Fortuna, T.R.; Kour, S.; Anderson, E.N.; Ward, C.; Rajasundaram, D.; Donnelly, C.J.; Hermann, A.; Wyne, H.; Shewmaker, F.;

Pandey, U.B. DDX17 is involved in DNA damage repair and modifies FUS toxicity in an RGG-domain dependent manner. Acta
Neuropathol. 2021, 142, 515–536. [CrossRef] [PubMed]

64. Vasquez, V.; Mitra, J.; Hegde, P.M.; Pandey, A.; Sengupta, S.; Mitra, S.; Rao, K.; Hegde, M.L. Chromatin-Bound Oxidized
α-Synuclein Causes Strand Breaks in Neuronal Genomes in in vitro Models of Parkinson’s Disease. J. Alzheimer’s Dis. 2017,
60, S133–S150. [CrossRef] [PubMed]

65. Weissman, L.; Jo, D.-G.; Sørensen, M.M.; de Souza-Pinto, N.C.; Markesbery, W.R.; Mattson, M.P.; Bohr, V.A. Defective DNA base
excision repair in brain from individuals with Alzheimer’s disease and amnestic mild cognitive impairment. Nucleic Acids Res.
2007, 35, 5545–5555. [CrossRef]

66. Bucciantini, M.; Calloni, G.; Chiti, F.; Formigli, L.; Nosi, D.; Dobson, C.M.; Stefani, M. Prefibrillar Amyloid Protein Aggregates
Share Common Features of Cytotoxicity. J. Biol. Chem. 2004, 279, 31374–31382. [CrossRef]

67. Demuro, A.; Mina, E.; Kayed, R.; Milton, S.C.; Parker, I.; Glabe, C.G. Calcium Dysregulation and Membrane Disruption as a
Ubiquitous Neurotoxic Mechanism of Soluble Amyloid Oligomers. J. Biol. Chem. 2005, 280, 17294–17300. [CrossRef]

68. Bode, D.C.; Baker, M.D.; Viles, J.H. Ion Channel Formation by Amyloid-β42 Oligomers but Not Amyloid-β40 in Cellular
Membranes. J. Biol. Chem. 2017, 292, 1404–1413. [CrossRef]

69. Bode, D.C.; Freeley, M.; Nield, J.; Palma, M.; Viles, J.H. Amyloid-β oligomers have a profound detergent-like effect on lipid
membrane bilayers, imaged by atomic force and electron microscopy. J. Biol. Chem. 2019, 294, 7566–7572. [CrossRef]

70. Valincius, G.; Heinrich, F.; Budvytyte, R.; Vanderah, D.J.; McGillivray, D.; Sokolov, Y.; Hall, J.E.; Lösche, M. Soluble Amyloid
β-Oligomers Affect Dielectric Membrane Properties by Bilayer Insertion and Domain Formation: Implications for Cell Toxicity.
Biophys. J. 2008, 95, 4845–4861. [CrossRef]

71. Sokolov, Y.; Kozak, J.A.; Kayed, R.; Chanturiya, A.; Glabe, C.; Hall, J.E. Soluble Amyloid Oligomers Increase Bilayer Conductance
by Altering Dielectric Structure. J. Gen. Physiol. 2006, 128, 637–647. [CrossRef]

72. Kayed, R.; Sokolov, Y.; Edmonds, B.; McIntire, T.M.; Milton, S.C.; Hall, J.E.; Glabe, C.G. Permeabilization of Lipid Bilayers Is a
Common Conformation-dependent Activity of Soluble Amyloid Oligomers in Protein Misfolding Diseases. J. Biol. Chem. 2004,
279, 46363–46366. [CrossRef]

73. Williams, T.L.; Serpell, L.C. Membrane and surface interactions of Alzheimer’s Aβ peptide—Insights into the mechanism of
cytotoxicity. FEBS J. 2011, 278, 3905–3917. [CrossRef]

74. Canale, C.; Oropesa-Nuñez, R.; Diaspro, A.; Dante, S. Amyloid and membrane complexity: The toxic interplay revealed by AFM.
Semin. Cell Dev. Biol. 2017, 73, 82–94. [CrossRef]

75. Butterfield, S.M.; Lashuel, H.A. Amyloidogenic Protein-Membrane Interactions: Mechanistic Insight from Model Systems. Angew.
Chem. Int. Ed. 2010, 49, 5628–5654. [CrossRef]

76. Green, J.; Kreplak, L.; Goldsbury, C.; Blatter, X.L.; Stolz, M.; Cooper, G.; Seelig, A.; Kistler, J.; Aebi, U. Atomic Force Microscopy
Reveals Defects Within Mica Supported Lipid Bilayers Induced by the Amyloidogenic Human Amylin Peptide. J. Mol. Biol. 2004,
342, 877–887. [CrossRef]

77. Sasahara, K.; Morigaki, K.; Shinya, K. Effects of membrane interaction and aggregation of amyloid β-peptide on lipid mobility
and membrane domain structure. Phys. Chem. Chem. Phys. 2013, 15, 8929–8939. [CrossRef]

78. Butterfield, D.; Drake, J.; Pocernich, C.; Castegna, A. Evidence of oxidative damage in Alzheimer’s disease brain: Central role for
amyloid β-peptide. Trends Mol. Med. 2001, 7, 548–554. [CrossRef]

79. Tabner, B.J.; Turnbull, S.; El-Agnaf, O.M.; Allsop, D. Formation of hydrogen peroxide and hydroxyl radicals from Aβ and
α-synuclein as a possible mechanism of cell death in Alzheimer’s disease and Parkinson’s disease. Free. Radic. Biol. Med. 2002,
32, 1076–1083. [CrossRef]

80. Mogk, A.; Bukau, B.; Kampinga, H.H. Cellular Handling of Protein Aggregates by Disaggregation Machines. Mol. Cell 2018,
69, 214–226. [CrossRef]

81. Singhvi, A.; Garriga, G. Asymmetric divisions, aggresomes and apoptosis. Trends Cell Biol. 2009, 19, 1–7. [CrossRef] [PubMed]
82. Kropski, J.A.; Blackwell, T.S. Endoplasmic reticulum stress in the pathogenesis of fibrotic disease. J. Clin. Investig. 2018, 128, 64–73.

[CrossRef] [PubMed]
83. Pohl, C.; Dikic, I. Cellular quality control by the ubiquitin-proteasome system and autophagy. Science 2019, 366, 818–822.

[CrossRef]
84. Dikic, I. Proteasomal and Autophagic Degradation Systems. Annu. Rev. Biochem. 2017, 86, 193–224. [CrossRef] [PubMed]
85. Wurzer, B.; Zaffagnini, G.; Fracchiolla, D.; Turco, E.; Abert, C.; Romanov, J.; Martens, S. Oligomerization of p62 allows for selection

of ubiquitinated cargo and isolation membrane during selective autophagy. eLife 2015, 4, e08941. [CrossRef]
86. Akopian, D.; Rape, M. Principles of Ubiquitin-Dependent Signaling. Annu. Rev. Cell Dev. Biol. 2018, 34, 137–162. [CrossRef]
87. Sarraf, S.A.; Shah, H.V.; Kanfer, G.; Pickrell, A.M.; Holtzclaw, L.A.; Ward, M.E.; Youle, R.J. Loss of TAX1BP1-Directed Autophagy

Results in Protein Aggregate Accumulation in the Brain. Mol. Cell 2020, 80, 779–795.e10. [CrossRef]

https://doi.org/10.1073/pnas.92.6.1989
https://doi.org/10.1038/nature02621
https://www.ncbi.nlm.nih.gov/pubmed/15295589
https://doi.org/10.1098/rsob.200296
https://www.ncbi.nlm.nih.gov/pubmed/33878947
https://doi.org/10.1007/s00401-021-02333-z
https://www.ncbi.nlm.nih.gov/pubmed/34061233
https://doi.org/10.3233/JAD-170342
https://www.ncbi.nlm.nih.gov/pubmed/28731447
https://doi.org/10.1093/nar/gkm605
https://doi.org/10.1074/jbc.M400348200
https://doi.org/10.1074/jbc.M500997200
https://doi.org/10.1074/jbc.M116.762526
https://doi.org/10.1074/jbc.AC118.007195
https://doi.org/10.1529/biophysj.108.130997
https://doi.org/10.1085/jgp.200609533
https://doi.org/10.1074/jbc.C400260200
https://doi.org/10.1111/j.1742-4658.2011.08228.x
https://doi.org/10.1016/j.semcdb.2017.08.046
https://doi.org/10.1002/anie.200906670
https://doi.org/10.1016/j.jmb.2004.07.052
https://doi.org/10.1039/c3cp44517h
https://doi.org/10.1016/S1471-4914(01)02173-6
https://doi.org/10.1016/S0891-5849(02)00801-8
https://doi.org/10.1016/j.molcel.2018.01.004
https://doi.org/10.1016/j.tcb.2008.10.004
https://www.ncbi.nlm.nih.gov/pubmed/19091567
https://doi.org/10.1172/JCI93560
https://www.ncbi.nlm.nih.gov/pubmed/29293089
https://doi.org/10.1126/science.aax3769
https://doi.org/10.1146/annurev-biochem-061516-044908
https://www.ncbi.nlm.nih.gov/pubmed/28460188
https://doi.org/10.7554/eLife.08941
https://doi.org/10.1146/annurev-cellbio-100617-062802
https://doi.org/10.1016/j.molcel.2020.10.041


Int. J. Mol. Sci. 2023, 24, 8593 14 of 14

88. Rujano, M.A.; Bosveld, F.; Salomons, F.A.; Dijk, F.; Van Waarde, M.A.W.H.; van der Want, J.; De Vos, R.A.I.; Brunt, E.R.;
Sibon, O.C.M.; Kampinga, H.H. Polarised Asymmetric Inheritance of Accumulated Protein Damage in Higher Eukaryotes. PLoS
Biol. 2006, 4, e417. [CrossRef]

89. Garcia-Mata, R.; Gao, Y.-S.; Sztul, E. Hassles with Taking Out the Garbage: Aggravating Aggresomes. Traffic 2002, 3, 388–396.
[CrossRef]

90. Rebollo, E.; Sampaio, P.; Januschke, J.; Llamazares, S.; Varmark, H.; González, C. Functionally Unequal Centrosomes Drive
Spindle Orientation in Asymmetrically Dividing Drosophila Neural Stem Cells. Dev. Cell 2007, 12, 467–474. [CrossRef]

91. Rusan, N.M.; Peifer, M. A role for a novel centrosome cycle in asymmetric cell division. J. Cell Biol. 2007, 177, 13–20. [CrossRef]
92. Yamashita, Y.M.; Mahowald, A.P.; Perlin, J.R.; Fuller, M.T. Asymmetric Inheritance of Mother Versus Daughter Centrosome in

Stem Cell Division. Science 2007, 315, 518–521. [CrossRef]
93. Cordes, S.; Frank, C.A.; Garriga, G. The C. elegans MELK ortholog PIG-1 regulates cell size asymmetry and daughter cell fate in

asymmetric neuroblast divisions. Development 2006, 133, 2747–2756. [CrossRef]
94. Frank, C.A.; Hawkins, N.C.; Guenther, C.; Horvitz, H.R.; Garriga, G.C. elegans HAM-1 positions the cleavage plane and regulates

apoptosis in asymmetric neuroblast divisions. Dev. Biol. 2005, 284, 301–310. [CrossRef]
95. Melentijevic, I.; Toth, M.L.; Arnold, M.L.; Guasp, R.J.; Harinath, G.; Nguyen, K.C.; Taub, D.; Parker, J.A.; Neri, C.; Gabel, C.V.; et al.

C. elegans neurons jettison protein aggregates and mitochondria under neurotoxic stress. Nature 2017, 542, 367–371. [CrossRef]
96. Nicolás-Ávila, J.A.; Lechuga-Vieco, A.V.; Esteban-Martínez, L.; Sánchez-Díaz, M.; Díaz-García, E.; Santiago, D.J.; Rubio-Ponce, A.;

Li, J.L.; Balachander, A.; Quintana, J.A.; et al. A Network of Macrophages Supports Mitochondrial Homeostasis in the Heart. Cell
2020, 183, 94–109.e23. [CrossRef]

97. Lo, A.C.; Callaerts-Vegh, Z.; Nunes, A.F.; Rodrigues, C.M.; D’Hooge, R. Tauroursodeoxycholic acid (TUDCA) supplementation
prevents cognitive impairment and amyloid deposition in APP/PS1 mice. Neurobiol. Dis. 2013, 50, 21–29. [CrossRef]

98. Natalello, A.; Liu, J.; Ami, D.; Doglia, S.M.; de Marco, A. The osmolyte betaine promotes protein misfolding and disruption of
protein aggregates. Proteins Struct. Funct. Bioinform. 2008, 75, 509–517. [CrossRef]

99. Liu, R.; Barkhordarian, H.; Emadi, S.; Park, C.B.; Sierks, M.R. Trehalose differentially inhibits aggregation and neurotoxicity of
beta-amyloid 40 and 42. Neurobiol. Dis. 2005, 20, 74–81. [CrossRef]

100. Almeida, Z.L.; Brito, R.M.M. Amyloid Disassembly: What Can We Learn from Chaperones? Biomedicines 2022, 10, 3276. [CrossRef]
101. Hirohata, M.; Ono, K.; Naiki, H.; Yamada, M. Non-steroidal anti-inflammatory drugs have anti-amyloidogenic effects for

Alzheimer’s β-amyloid fibrils in vitro. Neuropharmacology 2005, 49, 1088–1099. [CrossRef] [PubMed]
102. Forloni, G.; Colombo, L.; Girola, L.; Tagliavini, F.; Salmona, M. Anti-amyloidogenic activity of tetracyclines: Studies in vitro.

FEBS Lett. 2001, 487, 404–407. [CrossRef] [PubMed]
103. Andrich, K.; Bieschke, J. The Effect of (−)-Epigallo-catechin-(3)-gallate on Amyloidogenic Proteins Suggests a Common Mecha-

nism. Nat. Compd. Ther. Agents Amyloidogenic Dis. 2015, 863, 139–161. [CrossRef]
104. Brijmohan, A.S.; Batchu, S.N.; Majumder, S.; Alghamdi, T.A.; Thieme, K.; McGaugh, S.; Liu, Y.; Advani, S.L.; Bowskill, B.B.;

Kabir, M.G.; et al. HDAC6 Inhibition Promotes Transcription Factor EB Activation and Is Protective in Experimental Kidney
Disease. Front. Pharmacol. 2018, 9, 34. [CrossRef]

105. McGrail, D.J.; Garnett, J.; Yin, J.; Dai, H.; Shih, D.J.; Lam, T.N.A.; Li, Y.; Sun, C.; Li, Y.; Schmandt, R.; et al. Proteome Instability Is a
Therapeutic Vulnerability in Mismatch Repair-Deficient Cancer. Cancer Cell 2020, 37, 371–386.e12. [CrossRef]

106. Kumar, S.; Stokes, J.; Singh, U.P.; Gunn, K.S.; Acharya, A.; Manne, U.; Mishra, M. Targeting Hsp70: A possible therapy for cancer.
Cancer Lett. 2016, 374, 156–166. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pbio.0040417
https://doi.org/10.1034/j.1600-0854.2002.30602.x
https://doi.org/10.1016/j.devcel.2007.01.021
https://doi.org/10.1083/jcb.200612140
https://doi.org/10.1126/science.1134910
https://doi.org/10.1242/dev.02447
https://doi.org/10.1016/j.ydbio.2005.05.026
https://doi.org/10.1038/nature21362
https://doi.org/10.1016/j.cell.2020.08.031
https://doi.org/10.1016/j.nbd.2012.09.003
https://doi.org/10.1002/prot.22266
https://doi.org/10.1016/j.nbd.2005.02.003
https://doi.org/10.3390/biomedicines10123276
https://doi.org/10.1016/j.neuropharm.2005.07.004
https://www.ncbi.nlm.nih.gov/pubmed/16125740
https://doi.org/10.1016/S0014-5793(00)02380-2
https://www.ncbi.nlm.nih.gov/pubmed/11163366
https://doi.org/10.1007/978-3-319-18365-7_7
https://doi.org/10.3389/fphar.2018.00034
https://doi.org/10.1016/j.ccell.2020.01.011
https://doi.org/10.1016/j.canlet.2016.01.056

	Introduction 
	The Components of Protein Aggregates 
	Protein Aggregation Caused by Losing of Proteostasis 
	The Harm of Protein Aggregates 
	Interference with Lysosomal Function 
	Disruption of the Protein Synthesis Environment 
	Induction of DNA Damage 
	Imbalance of Calcium Homeostasis 
	Disrupts the Membrane System and Production of ROS 

	The Way to Eliminate Protein Aggregates 
	The Function of Protein Aggregates in Development of Aging-Related Diseases 
	Conclusions 
	References

