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Abstract
The nucleolus is a dynamic, non-membrane-bound nuclear organelle organized 
into fibrillar and granular components, serving as a central hub for ribosome 
biogenesis, stress responses, and cell cycle regulation. In brain aging and 
Alzheimer’s disease (AD), it undergoes marked structural and functional alterations. 
Aging brains commonly exhibit cognitive decline, whereas AD is characterized by 
neuronal loss and biochemical abnormalities, including extracellular amyloid-
beta plaques and tau hyperphosphorylation. Mounting evidence indicates 
that nucleolar alterations—such as impaired ribosome biogenesis, disrupted 
proteostasis, and activation of nucleolar stress pathways—occur early in AD 
pathogenesis. This review summarizes current understanding of nucleolar 
function, highlights its dysfunction in aging and AD, and discusses its potential as 
a therapeutic target.
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1. Introduction
1.1. Epidemiology of Alzheimer’s disease

Brain aging is commonly associated with progressive cognitive decline, particularly 
memory impairment, and increased risk for neurodegenerative diseases such as 
Alzheimer’s disease (AD).1-3 Globally, AD affects nearly 60 million individuals, with over 
10 million new cases annually.4 The prevalence rises sharply with age, affecting more than 
half of individuals over 85 years old. In China alone, more than 15 million people aged 60 
and above are projected to develop AD, representing over 6% of this population group.4 
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Despite its high prevalence, AD remains underdiagnosed, 
and treatment outcomes are generally poor.5

1.2. Pathological features of AD

Clinically, AD manifests as progressive memory 
and cognitive deficits, severely impairing daily life. 
Pathologically, AD is characterized by cortical neuronal 
damage, Aβ deposition, tau pathology, cholinergic 
dysfunction, inflammation, and oxidative stress.6,7 The 
classical amyloid cascade hypothesis, while foundational, 
fails to fully explain the weak correlation between 
Aβ burden and symptoms, or the limited efficacy of 
Aβ-targeted therapies.8

1.3. Nucleolar dysfunction in AD

The nucleolus, long regarded primarily as the site of 
ribosome synthesis, has emerged as a central player in 
cellular homeostasis and disease. Structural and functional 
nucleolar alterations—such as nucleolar size, ribosomal 
RNA (rRNA) transcription and methylation, and nucleolar 
stress activation—have been linked to AD pathology.9,10 
This review aims to synthesize current knowledge on 
nucleolar biology, describe its alterations in brain aging and 
AD, and highlight its importance in neurodegeneration.

2. Nucleolar structure and function
2.1. Structure of the nucleolus

The nucleolus is a non-membrane-bound organelle 
essential for ribosome biogenesis.11 It consists of three 
main compartments: The fibrillar centers (FC), which 
are sites of ribosomal DNA (rDNA) transcription and are 
marked by RNA polymerase I subunit  A and upstream 
binding factor; the dense fibrillar component (DFC), 
where early rRNA processing occurs and which is 
marked by fibrillarin (FBL); and the granular component 
(GC), which hosts ribosomal subunit assembly and is 
marked by nucleophosmin 1 (NPM1)12 (Figure  1). In 
terms of relative volume, the GC occupies the majority 
of the nucleolus (~75%), the DFC contributes about 20%, 
whereas the FC represents only ~5%.13 Together, these 
domains coordinate rRNA transcription, processing, and 
assembly into 40S and 60S ribosomal subunits, which 
are then exported to the cytoplasm.14-16 The nucleolus 
is highly dynamic: it disassembles during mitosis, then 
rapidly reassembles via pre-nucleolar bodies at nucleolar 
organizer regions.17,18

Our previous studies demonstrated that the long 
nucleolar-specific long non-coding RNA (LoNA) serves 
as a molecular scaffold to tether NPM1 and FBL, thereby 
facilitating their liquid–liquid phase separation and 
driving the formation of compartmentalized nucleolar 

structures.19 Moreover, embryos lacking LoNA experience 
developmental arrest at the two-cell stage (2C), indicating 
that LoNA plays a crucial role in nucleolar formation and 
cellular development19 (Figure 1).

2.2. Function of the nucleolus

Beyond ribosome production, the nucleolus acts as a hub 
for stress sensing and signal transduction. Nucleolar activity 
correlates with protein synthesis demand—reflected in 
cancer cell proliferation and neuronal growth.20 In neurons, 
nucleolar size and number correspond to protein synthesis 
rates required for axonal and dendritic development.21-23 
Importantly, nucleolar stress can induce divergent effects: 
triggering apoptosis in developing neurons but conferring 
resilience in mature neurons.24-27

3. Nucleolar changes during aging
3.1. Morphological changes

Aging alters nucleolar morphology and function. Senescent 
cells typically display fewer but larger nucleoli compared 
to proliferating cells.28 Nucleolar size correlates with 
rDNA transcriptional activity and, intriguingly, lifespan: 
Smaller nucleoli are observed in long-lived Caenorhabditis 
elegans and Drosophila mutants, suggesting a causal role in 
longevity.29

3.2. Functional changes

Senescence is also linked to impaired ribosome biogenesis, 
which activates p53 and induces p21-mediated growth 
arrest. Nucleolar stress, triggered by oxidative damage, 
DNA damage, or metabolic dysregulation, leads to p53 
accumulation and subsequent cell-cycle arrest or apoptosis. 
The severity of nucleolar stress dictates whether activation 
of the p53-mediated pathway results in cell-cycle arrest or 
apoptosis.30-33 Stress-induced translocation of nucleolar 
proteins (e.g., NPM1, FBL) to DNA damage sites further 
illustrates the nucleolus’ role in genome integrity.34

During DNA damage, the FC, DFC, and GC of the 
nucleolus condense and separate spatially, accompanied 
by the translocation of nucleolar proteins into the 
nucleoplasm. Many of these proteins rapidly relocate 
to DNA damage sites, where they assemble into repair 
complexes or act as scaffolds to facilitate the recruitment 
of DNA repair enzymes.32 In response to oxidative or 
ribotoxin stress, rRNA synthesis is efficiently suppressed. 
This stress response triggers signaling cascades that 
converge on c-Jun N-terminal kinase 2 (JNK2), which 
halts cell-cycle progression until the stress is resolved or, 
if unresolved, drives the cell toward apoptosis. In addition, 
JNK2 activation during nucleolar stress suppresses rRNA 
synthesis by phosphorylating TIF-1A and inhibiting 
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polymerase I, thereby linking stress signaling to ribosome 
shutdown35 (Figure 2).

Together, these findings highlight that nucleolar changes 
during aging are multifaceted, encompassing alterations 
in size, transcriptional activity, protein mobilization, and 
stress signaling. Such changes are not only hallmarks 
of cellular aging but also contributors to the decline of 
neuronal resilience, setting the stage for age-associated 
neurodegenerative diseases (Table 1).

4. Nucleolar changes in AD
4.1. Morphological changes

Neuronal function relies heavily on protein synthesis, 
making the nucleolus essential for neuronal health. In 
AD, a variety of structural and functional changes in the 
nucleolus have been observed. Morphologically, studies 
have reported increased nucleolar volume in asymptomatic 
individuals at risk for AD, which is thought to reflect early 
compensatory upregulation of rRNA transcription.36,37 By 
contrast, in symptomatic AD patients, nucleoli appear 
smaller and less active, suggesting a decline in ribosome 
biogenesis as the disease progresses.38,39

4.2. rRNA levels

Alterations in ribosomal RNA further support this notion. 
Levels of 18S, 28S, 5S, and 5.8S rRNAs are reduced in AD 
brains and are even detectable in peripheral blood, often 
accompanied by oxidative modifications that impair their 
stability and function.39-42 Such changes compromise 

ribosome assembly and global protein synthesis, 
potentially undermining synaptic maintenance and 
plasticity. Beyond rRNA itself, nucleolar non-coding RNAs 
also play important roles.43 The nucleolar long non-coding 
RNA LoNA, for instance, regulates rRNA transcription 
and ribosome biogenesis. Dysregulation of LoNA in 
AD models impairs memory, whereas its normalization 
rescues cognitive deficits, highlighting a functional link 
between nucleolar non-coding RNA regulation and disease 
pathology.44

4.3. Nucleolar proteins

Nucleolar protein alterations also contribute to nucleolar 
dysfunction in AD. Nucleolin, which facilitates ribosome 

Figure 1. The nucleolus comprises three distinct substructures: the FC, the DFC, and the GC. The nucleolus primarily orchestrates rRNA transcription and 
processing, as well as the assembly of ribosomal subunits. Long non-coding RNA LoNA plays a crucial role in maintaining nucleolar structural integrity 
and supporting its proper function. Image created by the authors.
Abbreviations: FC: Fibrillar center; DFC: Dense fibrillar component; GC: Granular component; rRNA: Ribosomal RNA; LoNA: Long non-coding RNA.

Table 1. Nucleolar alterations in aging brain and Alzheimer’s 
disease

Change type Specific 
manifestations

Possible mechanism

Nucleolar size Nucleolar atrophy Ribosome biogenesis capacity

Ribosome 
biogenesis capacity

rRNA levels rRNA transcription and 
processing

Ribosome 
dysfunction

Protein synthesis 
malfunction

Ribosome assembly

Nucleolar stress 
response

JNK2, p53 
upregulation

DNA damage, oxidative 
stress, apoptosis

Nucleolar protein 
abnormality

Ribosome 
malfunction

Nucleolar protein expression 
and distribution

Abbreviations: rRNA: Ribosomal RNA; JNK2: c‑Jun N‑terminal kinase 2.
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assembly and stabilizes APP messenger RNA,45 shows 
region-  and stage-specific differences: Its expression is 
reduced in the frontal cortex of late-stage AD patients 
but elevated in the somatosensory cortex of early-stage 
APP/PS1 transgenic mice.10 Another critical protein, 
FBL, methylates rRNA and thereby modulates ribosome 
structure and function. Dysregulation of FBL contributes 
to rDNA hypermethylation and ribosome dysfunction, 
with downstream effects on synaptic activity.44,46 Ribosomal 
proteins and regulators such as S6K1 are similarly perturbed 
in AD brains, further impairing protein synthesis capacity 
in neurons.47

4.4. Nucleolar stress

Finally, nucleolar stress responses are closely intertwined 
with AD pathology. Oxidative damage, metabolic 
dysregulation, and ribotoxin exposure activate 
stress pathways, leading to rRNA suppression and 

redistribution of nucleolar proteins. These processes 
engage signaling cascades involving JNK2 and p53, both 
of which influence neuronal fate.48,49 In addition, abnormal 
aggregation of G-quadruplex DNA structures within 
the nucleolus has been observed in AD, correlating with 
tau hyperphosphorylation and synaptic dysfunction. 
Such stress-related changes not only disrupt ribosome 
production but also amplify pathological signaling 
cascades central to neurodegeneration50 (Figure 3).

Taken together, these lines of evidence demonstrate 
that nucleolar dysfunction in AD is multifaceted, 
encompassing structural alterations, impaired rRNA 
metabolism, dysregulation of nucleolar proteins and non-
coding RNAs, and maladaptive stress responses. These 
interconnected disturbances converge on impaired protein 
synthesis and disrupted neuronal homeostasis, reinforcing 
the idea that the nucleolus plays a pivotal role in the onset 
and progression of AD (Table 1).

Figure 2. Aging suppresses RNA polymerase I activity, thereby reducing rRNA transcription and the synthesis of the 40S and 60S ribosomal subunits, and 
ultimately resulting in diminished rRNA production and functional capacity. Image created by the authors.
Abbreviations: DFC: Dense fibrillar component; FC: Fibrillar center; GC: Granular component; rRNA: Ribosomal RNA.
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5. Conclusion
The nucleolus is not only a site of ribosome production 
but also a central hub that integrates signals of cellular 
stress, genome stability, and protein homeostasis. Evidence 
from aging and AD highlights that nucleolar alterations—
whether in rRNA transcription, ribosomal assembly, 
or stress pathway activation—appear early and may act 
as drivers rather than mere consequences of neuronal 
decline. By disrupting protein synthesis and altering stress 
responses, these changes compromise neuronal resilience 
and set the stage for neurodegeneration.

Neurons are particularly susceptible to nucleolar 
dysfunction during aging and in AD. Structural and molecular 
alterations in nucleolus—including nucleolar shrinkage, 
reduced rRNA transcription, and disruption of nucleolar 
proteins such as FBL and NPM1—are especially predominant 
in pyramidal neurons of the hippocampus and cortex, which 
are highly vulnerable to age- and AD-related pathology. These 
nucleolar changes correlate with early synaptic and metabolic 
decline and can occur before overt neuronal loss.

Recognizing the nucleolus as both a marker 
and mediator of pathological processes opens new 

opportunities for intervention. Future work should 
integrate molecular biology, genetics, and neuroscience to 
dissect its precise roles and explore therapeutic strategies. 
Targeting nucleolar pathways may ultimately provide a 
means to preserve proteostasis, protect neuronal networks, 
and improve clinical outcomes in AD and age-related 
cognitive decline.
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