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Abstract

Cellular senescence may affect the post-mitotic cells of the brain. We examined the ex-
pression of senescence markers, including p16, p21, yYH2Ax and H3K9me3, in the frontal
cortex of brain donations from the Cognitive Function and Ageing Study to assess their
relationship to Alzheimer’s disease neuropathological change (ADNC) and dementia. p21,
YH2Ax and H3K9me3 were expressed in pyramidal neurons and glia, whilst p16 was
confined to glial cells. p21 and YH2Ax were correlated in neurons, and with p16 in glia.
They did not increase with ADNC, tending to be higher at early Braak neurofibrillary
tangle stages. Transcriptomic profiling of pyramidal neuron-enriched samples at low Braak
stages showed that higher neuronal p21 expression was associated with altered pathways
for neuronal function, neurodegeneration, protein homeostasis, mitochondrial dysfunc-
tion and synaptic signalling. In conclusion, the different expression profile of senescence
markers in neurons and glia suggest possible differences in senescence-related mechanisms.
Expression at lower ADNC stages suggests senescence may be important at earlier stages
of Alzheimer’s pathogenesis, whilst transcriptomic changes suggest an impact on neuronal
function. The lack of association of senescence markers with dementia status indicates
that more work is needed to determine the value of senescence as a therapeutic target
for dementia.

Keywords: senescence; p21; p16; yH2Ax; dementia; Alzheimer’s disease; transcriptomic
analysis

1. Introduction

Dementia in late life is associated with a variety of pathologies, of which Alzheimer’s
disease neuropathological change (ADNC), Lewy body pathology and a range of vascular
pathologies are the most common in a general population setting. Pathologies such as aging-
related tau astrogliopathy (ARTAG), a form of tau pathology, and limbic-predominant
age-related TDP-43 encephalopathy (LATE), a form of TDP-43 pathology are also commonly
found at the oldest ages. Indeed, in the older general population, mixed pathology is a
common substrate for dementia [1-7]. However, these disorders associated with classical
pathological lesions do not fully explain dementia. For ADNC, there is increasing overlap
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in burdens of pathology in individuals with dementia compared to those without, whilst
the brains of some individuals with dementia in life show low burdens of pathological
lesions [8-12]. This suggests other factors may contribute to dementia.

Ageing is the most important risk factor for late-life dementia, the prevalence of which
continues to rise with increasing age [13]. Cellular ageing itself results in processes that
cause cell dysfunction [14], and these mechanisms could contribute to neuronal and glial
dysfunction. Amongst these, cellular senescence is one of the key hallmarks of ageing.
Senescence can be seen as a limited potential to divide in replicating cells (replicative senes-
cence) but may also be induced by cell stress (stress-induced senescence) and has now been
described in post-mitotic brain cells [15]. Senescence is associated with changes in cell mor-
phology and in intracellular expression of molecules, including beta-galactosidase, DNA
damage molecules and cell cycle regulatory proteins. A further hallmark of senescence is
the secretion of a range of molecules, including inflammatory mediators, growth factors
and matrix proteins, referred to as the senescence-associated secretory phenotype (SASP),
which can drive tissue degeneration [16]. Expression of senescence-associated markers has
been found in the human brain in ageing and neurodegeneration, including expression
of beta-galactosidase, p16, p21 and p19 [17,18], and senescence markers have been found
in association with ageing and with ADNC in mouse models [19,20]. Senescence is also a
potential therapeutic target, with several approaches including senolytic drugs, enhancing
immune clearance of senescence cells, modulating the SASP and genetic approaches (for
experimental models) [16,21,22]. However, it remains unclear whether senescence could
contribute to dementia either independently and/or as a component of the pathogenesis of
neurodegenerative disorders.

We aimed to determine senescence in the ageing human brain, its relationship to
ADNC and to dementia. We hypothesised that a neuronal senescence-like phenotype
may be an independent contributor to dementia. We carried out this study using the
well-characterised neuropathology cohort from the Cognitive Function and Ageing Study
(CFAS). This is a population-representative study of those 65yrs and over, based in rural
and urban centres in the UK. As the study is not based on cases preselected based on
clinicopathological criteria, the use of this cohort design allows assessment of the variation
of markers in the elderly brain and their relationship to burdens of pathology and dementia
status (at death) using an unbiased approach [23].

We first examined the patterns of expression of a panel of putative senescence markers
to determine how they relate to each other, and which may be the most appropriate to use
to assess senescence in neurons and glia. Using selected markers, we then investigated
how their expression changes with ADNC and how they are related to dementia status at
death. We then used gene expression analysis to identify cellular pathway changes that are
associated with higher expression of senescence markers.

2. Results
2.1. Expression and Comparison of Senescence Markers

The markers (p16, p21, YH2Ax and H3K9me3) were initially assessed in the frontal
cortex of the Cambridge subcohort (n = 99). p21 showed nuclear and cytoplasmic staining
in neurons, small cells with morphology of glia, and small neurons. H3K9me3 and yH2Ax
showed nuclear staining in neurons and glia. In contrast, p16 showed cytoplasmic and
nuclear staining in glia only (Figure 1). Double staining for p16 with GFAP and Ibal
respectively showed co-localisation with some, but not all, GFAP-positive astrocytes, and
also some co-localisation of p16 with microglia (Figure 2A-D). Sequential staining with
NeuN confirmed that neurons did not label for p16 (Figure 2E,F).
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We quantified each marker as % of cells positive, using size exclusion to distinguish
pyramidal neurons and glia. All the markers in both glia and neurons showed skewed
distributions within our population (Supplementary Figure S1). We assessed the relation-
ships between markers using correlation analysis, hypothesising that, if these different
measures were each detecting different aspects of the senescent phenotype, they would be
correlated together (Figure 3). Neuronal and glial expression was correlated respectively
for p21, yYH2Ax and H3K9me3 (p16 being only glial), suggesting that both neurons and glia
were affected similarly. There were also significant associations between p21, YH2Ax and
p16 (for glia). H3K9me3 in neurons did not correlate with the other markers and showed
only a very weak relation between its glial expression and p16. In view of the correlation
results p21 and YH2Ax were chosen to be taken forwards to investigate the relationship to
ADNC and dementia in our full cohort.
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Figure 1. Inmunohistochemistry for senescence markers. (A) p21 showing neuronal (arrowhead) and
glial (arrows) staining. (B) p16 expressed in multiple glia (arrows). (C) YH2Ax expressed in neurons
(arrowheads) and glia (arrows). (D) H3K9ME3 showing nuclear staining in neurons (arrowheads)
and glia (arrows). Magnification bars 50 pm.
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Figure 2. Immunohistochemistry double staining studies. (A) GFAP (red) and p16 (brown) showing
GFAP+/pl6+ (arrowhead) and GFAP+/pl6- (blue arrow) glia. (B) Ibal (red) and p16 (brown)
showing Ibal+/pl6+ (arrowhead) and Ibal+/p16- (blue arrow) microglia. (C-F) Single-channel
images. (C,D) Staining for GFAP (immunofluorescence) and p16. GFAP positive astrocytes (white
arrows) show corresponding labelling for p16 (black arrows), but there are GFAP positive astrocytes
(circle) that do not label for p16. (EF) Staining for neuronal marker NeuN (immunofluorescence,
white arrowheads). These do not label for p16 (black arrowheads, (F)) but p16+ astrocytes (arrows)
can be seen in the same field. (G,H) Dual detection of p21 and AT8. Blue arrows indicate p21 positive
neuronal nuclei, while white arrows show AT8 positive neurons. AT8 did not colocalise with neurons
positive for p21. Magnification bars (A,B,G) 100 um, (H) 50 pum.

https:/ /doi.org/10.3390/ijms27156964


https://doi.org/10.3390/ijms27156964

Int. J. Mol. Sci. 2026, 27, 6964 50f 19

Marker % | Spearman p21 yH2AXx yH2AXx p16 H3K9me3 | H3K9me3

correlation

Glia Neurons Glia Glia Neurons Glia

p21 [ 0.715 0.274 0.280 0.222 0.148 0.196
Neurons

p <0.001 0.006 0.005 0.027 0.143 0.052
p21 rs 0.328 0.337 0.350 0.082 0.137
Glia p <0.001 <0.001 0.418 0.176
yH2AXx [ 0.213 0.085 0.160
Neurons p 0.034 0.405 0.114
yH2Ax rs 0.215 0.086 0.145
Glia p 0.033 0.398 0.153
p16 rs 0.061 0.199
Glia p 0.548 0.048
H3K9me3 | r, 0.868
Neurons p <0.001
Correlatio Weak Moderate | Strong No sig’t
n strength :

correlation

Figure 3. Correlation matrix showing correlation between different markers in neurons and glia. The
bottom row shows the colour code for strength of associations.

2.2. Variation of Senescence with Alzheimer’s Disease Neuropathological Change

Senescence markers (neuronal and glial p21 and YH2Ax) were available for 275 do-
nation samples from the Cambridge, Nottingham and Newcastle centres where dementia
status was known. There were 266 samples of neuronal and glial yH2Ax available where
dementia status was known and 273 samples for p21 (Supplementary Table S1). For the
analysis Braak staging (available in 219 samples), the Thal phase (available in 153 samples)
was condensed into three categories and CAA (available in 151 samples) was grouped
into tertiles.

Glial p21 was highest at the lowest Braak stages, decreasing with increasing Braak
stage (p = 0.02). Glial YH2Ax was higher at low and intermediate stages, falling at the
highest Braak stages (p = 0.02) (Table 1). Neuronal p21 and YH2Ax generally did not change
across Braak stages, although neuronal p21 showed a borderline trend to decrease across
Braak stages (p = 0.08) (Table 2). Neuronal and glial p21 showed the highest expression at
the earliest Braak stages, declining progressively through higher stages. Neither p21 nor
YH2AXx showed significant associations with the Thal phase or CAA (Figure 4). Double
staining for p21 and AT8 did not show colocalisation of neuronal p21 with neurofibrillary
tangles (Figure 2G,H).
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Table 1. Sample size (n), proportion of sample, median expression and inter-quartile range for glial senescence markers over Braak stage, Thal phase, CAA and
dementia status p-values for Braak stage, Thal stage and CAA calculated by Kruskal-Wallis test; p-values for dementia status calculated by Wilcoxon rank-sum test.
Proportions calculated over the total (n = 273) of available samples.

Glial p21 Glial yH2AX
n Proportion (%) Median  p25 p75 p= n Proportion (%)  Median p25 p75 p =

Braak Stage 0-1I 78 28.57 12.51 2.62 39.74 0.02 76 28.57 15.89 1.03 47.42 0.02
nI-1v 91 33.33 8.22 1.48 30.96 92 34.59 15.65 4.53 44.00
V-VI 48 17.58 4.01 1.11 10.95 47 17.67 10.79 3.05 22.90

Thal Phase 0-1 32 11.72 8.77 1.25 28.27 0.49 32 12.03 1491 0.85 58.74 0.93
11111 58 21.25 8.64 1.02 26.30 58 21.80 20.42 0.83 49.04
IV-v 63 23.08 5.57 1.19 20.31 63 23.68 13.95 2.22 43.29

CAA Low 52 19.05 9.97 2.11 39.36 0.23 52 19.55 19.59 0.65 58.74 0.99
Moderate 59 21.61 7.61 0.81 20.53 59 22.18 18.36 1.45 47.66
High 40 14.65 6.81 1.28 14.17 40 15.04 12.04 3.10 43.28

Dementia Status No dementia 115 42.12 7.20 1.37 39.74 0.33 111 41.73 9.36 1.99 30.59 091
Dementia 158 57.88 8.46 1.06 23.47 155 58.27 11.51 2.79 30.89

Table 2. Sample size (n), proportion of sample, median expression and inter-quartile range for neuronal senescence markers over Braak stage, Thal phase, CAA and
dementia status. p-values for Braak stage, Thal stage and CAA calculated by Kruskal-Wallis test, p-values for dementia status calculated by Wilcoxon rank-sum test.
Proportions calculated over the total (n = 273) of available samples.

Neuronal p21 Neuronal yH2AX
n Proportion (%) Median  p25 p75 p= n Proportion (%)  Median p25 p75 p =

Braak Stage 0-I1 78 28.57 21.49 4.04 60.97 0.08 76 28.57 7.15 0.72 29.01 0.38
nI-1v 91 33.33 14.63 5.27 50.51 92 34.59 9.44 2.70 27.66
V-VI 48 17.58 10.51 2.51 26.20 47 17.67 6.45 2.09 17.53

Thal Phase 0-1 32 11.72 10.62 4.80 47.42 0.58 32 12.03 4.70 0.62 44.29 0.90
II-111 58 21.25 19.73 417 56.09 58 21.80 5.94 0.43 31.81
IV-v 63 23.08 12.26 4.59 35.41 63 23.68 5.13 1.37 24.52

CAA Low 52 19.05 13.50 5.00 62.77 0.22 52 19.55 7.33 0.33 34.74 0.97
Moderate 59 21.61 8.80 2.18 36.36 59 22.18 4.71 0.59 24.52
High 40 14.65 14.52 5.30 50.68 40 15.04 5.05 1.30 27.12

Dementia Status No dementia 115 42.12 12.37 3.78 54.68 0.26 111 41.73 7.12 0.97 24.52 0.92
Dementia 158 57.88 12.46 3.19 34.16 155 58.27 6.00 1.71 2291
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Figure 4. Violin plots showing the variation in glial and neuronal p21 and YH2Ax to ADNC stages.
(A) Glial p21 (p = 0.02) and glial YH2Ax (p = 0.02) varied significantly with Braak NFT stages, whereas
neuronal p21 (p = 0.08) and neuronal YH2Ax (p = 0.38) did not vary significantly. These markers in
glial and neurons did not show significant variation with (B) Thal phase, or (C) CAA stage by tertile
(see also Tables 1 and 2).
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2.3. Relationship of Senescence to Dementia Status

There was no difference in expression of either p21 or YH2Ax in neurons or glia
between those with and without dementia at death, and markers in both cell types showed
wide variability (Figure 5). In both an unadjusted logistic regression model and a model
adjusted for ADNC, none of the neuronal or glial markers (p21 or yH2Ax) were significantly
associated with dementia risk (Table 3). Adjusted models showed possible positive trends
for moderate neuronal yH2Ax (OR = 2.58, 95% CI: 0.95-7.05) and glial p21 and yH2AX, but
wide confidence intervals crossing unity indicated no robust evidence for an association.

Glial P21 Glial yH2AX
100

50

Neuronal P21

100

Proportional Expression (%)

50

Dementia Status

Figure 5. Violin plots showing variation in glial and neuronal p21 and YH2Ax between those
with no dementia and with dementia at death. In an unadjusted logistic regression model with
measures treated as continuous variables, none of the neuronal or glial markers (p21 or YH2Ax) were
significantly associated with dementia risk. Models with senescence markers modelled as tertiles
and adjusted for ADNC showed possible positive trends for moderate neuronal yH2Ax (OR = 2.58,
95% CI: 0.95-7.05) and moderate and high glial p21 and yH2AX, but with wide confidence intervals
crossing unity (see also Table 3).

Table 3. Logistic regression results for risk of dementia, univariate and multivariate, adjusted for
Braak stage, Thal phase and CAA. Senescence markers were modelled on a continuous scale and
as tertiles.

Unadjusted Adjusted
Marker OR 95% CI OR 95% CI
Neuronal P21 Continuous 0.99 (0.98-1.00) (0.99-1.01)
Low 1.00 . .
Moderate 1.32 (0.73-2.41) (0.50-3.35)
High 0.73 (0.41-1.32) (0.44-2.91)
Neuronal yH2AX Continuous 1.00 (0.99-1.01) (0.99-1.02)
Low 1.00 . .
Moderate 1.77 (0.96-3.25) (0.95-7.05)
High 0.98 (0.54-1.77) (0.69-3.98)
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Table 3. Cont.
Unadjusted Adjusted
Marker OR 95% CI OR 95% CI
Glial P21 Continuous 0.99 (0.98-1.00) (0.98-1.02)
Low 1.00 . .
Moderate 1.26 (0.69-2.30) (0.72-4.74)
High 0.67 (0.37-1.20) (0.57-3.95)
Glial yH2AX Continuous 1.00 (0.99-1.01) (0.99-1.02)
Low 1.00 . .
Moderate 1.33 (0.73-2.43) (0.60—4.98)
High 0.85 (0.47-1.55) (0.78-4.44)

2.4. Gene Expression Changes Associated with High Measures of Senescence

We now wish to determine whether higher levels of p21 are associated with alterations
in pathways in neurons that may be relevant to neuronal dysfunction, and hence dementia
and/or neurodegeneration. Given that neuronal senescence expression tended to be higher
at earlier stages of ADNC progression, and to avoid the confounding effects of ADNC, we
focused on low Braak stage cases (Braak NFT stages 1-2), comparing the transcriptomic
profiles of cases with high vs. low p21 expression to further evaluate a potential role for
this marker in pathways relevant to neurodegeneration and dementia.

Principal component analysis (PCA) of the differentially expressed genes (DEGs)
revealed that cases with high expression of neuronal p21 clustered together and separated
from cases with low levels of neuronal senescence (Figure 6). All samples passed the
rigorous quality control procedures. The expression datasets are freely available at Gene
Expression Omnibus, accession number (GSE310124).

2 (4%)
[E High
E Low
“ P ’
; °
,,aag ® . € 1(58%)
@ ©
8 - .

Figure 6. Principal Component Analysis (PCA) of neuronal transcripts showing separation of
differentially expression genes between pyramidal and small neurons with high (purple) and low
(green) measures of senescence.

A total of 3444 transcripts (3053 up-regulated and 391 down-regulated) were signifi-
cantly differentially expressed in pyramidal and small neurons from cases with high levels
of neuronal senescence. Pathway analysis identified significant dysregulation of transcripts
associated with neurodegeneration, protein homeostasis, mitochondrial dysfunction, oxida-
tive stress and synaptic signalling (Supplementary Table S2). Functional grouping analysis
identified significant dysregulation of genes associated with several biological processes,
including the electron transport chain and autophagy (Supplementary Table S3).

Further interrogation of the datasets, performed as a separate analysis regardless of
p21 levels, identified 516 DEGs (207 up-regulated and 309 down-regulated) in small versus
pyramidal neurons (Figure 7). KEGG pathway analysis and gene annotated clustering
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did not identify any significant dysregulated pathways or functional groups, where all
Benjamini corrected p-values were >0.05. Only six DEGs were shared between these five
hundred and sixteen DEGs and the overlap between high vs. low p21 in pyramidal neurons
and high vs. low in small neurons, suggesting that the transcriptomic changes observed in
the p21 analysis are due to p21 and not a cell-type-dependent approach.

Small versus
Pyramidal neurons (All)

434

1485

Small neurons Pyramidal neurons
- High versus Low p21 - High versus Low p21

Figure 7. Venn diagrams showing gene expression comparisons of small vs. pyramidal neurons
(irrespective of p21) and for high vs. low p21 in small neurons and in pyramidal neurons separately.
In response to high levels of p21, 1003 genes were differentially expressed by small neurons and
1715 genes by pyramidal neurons, with an overlap of 188 DEGs. A total of 516 transcripts were
differentially expressed in small versus pyramidal neurons, with six DEGs shared between these and
the overlap between high vs. low p21 in both pyramidal and small neurons.

The datasets were further investigated to determine the impact of senescence on pyra-
midal and small neurons separately (Figure 7). In pyramidal neurons, 1715 transcripts
(1515 up-regulated and 200 down-regulated) were significantly differentially expressed
in cases with high versus low levels of p21. Pathway analysis identified significant dys-
regulation of transcripts associated with neurodegeneration, mitochondrial dysfunction,
oxidative stress and metabolic pathways (Supplementary Table S4). Functional annotation
clustering identified significant dysregulation of genes associated with several biological
processes, including the respiratory chain (Supplementary Table S5).

In small neurons, 1003 transcripts (733 up-regulated and 270 down-regulated) were
significantly differentially expressed in cases with high versus low levels of p21. KEGG
pathway analysis and gene annotated clustering did not identify any significant dys-
regulated pathways or functional groups, where all Benjamini corrected p-values were
>0.05. However, 188 (11%) of the DEGs in pyramidal neurons were shared with the DEGs
in the small neurons, 186 of which had the same directional change (167 up-regulated,
19 down-regulated), suggesting that there may be similar trends in both neuronal types.
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3. Discussion

We here describe the distribution of putative markers of senescence in a population-
representative cohort of the postmortem ageing human brain. H3K9me3, p21 and yH2Ax
are expressed in both neurons and glia, with p16 restricted to glia. As in our previous study
of motor neuron disease [18], we found p16 expression only in glia using this antibody,
suggesting that mechanisms of senescence may differ between neurons and glia. p21
and YH2AXx (and p16 for glia) are highly correlated supporting the idea that they may be
labelling different aspects of senescence in these cells, whereas H3K9me3 did not correlate
well with other markers. In view of this, we used p21 and YH2AXx in the larger cohort.
Given the variation between these markers, it would be interesting to carry out direct
co-localisation studies in further work.

We show that, although there is considerable variability, these markers showed a
trend to be more highly expressed at the lower stages of ADNC (as defined by Braak
tangle stage but not by Thal Abeta phase or CAA stage) and that expression does not
show an independent relationship to dementia. As markers were expressed more at
early stages of ADNC, we hypothesised that senescence expression at this stage may be
associated with changes that could contribute to AD progression and dementia. Using
transcriptomic analysis, we show that high neuronal p21 expression significantly impacts
pathways related to neurodegeneration, protein homeostasis, mitochondrial dysfunction
and synaptic signalling. This was particularly related to changes in pyramidal neurons
rather than small neurons.

Expression of these markers provides supportive evidence that a senescence-like mech-
anism can occur in post-mitotic cells in the brain. However, it is important to acknowledge
that, whilst the expression of these markers could indicate senescence, they may also
reflect cell stress, DNA damage or cell cycle changes as part of a DNA damage response
independently [24,25]. Furthermore, senescence is a complex phenotype which may vary
between cells, so a panel of makers is required [15,26,27]. The correlation between p21 and
p16 (in glia), important drivers of senescence through p53 and Rb pathways respectively,
and YH2Ax, a marker of DNA damage that is a key feature of senescence, suggests that
this may be labelling a senescent-type phenotype in our cohort.

Senescence-associated heterochromatin foci (SAHF) are one of the most distinctive
chromatin features of senescent cells in proliferating systems, characterised by punctate
nuclear foci enriched in H3K9me3, macroH2A and HP1x which function to stably silence
E2F target genes and enforce growth arrest [28,29]. In contrast, classical SAHF structures
are rarely observed in post-mitotic neurons. Instead, neurons display more diffuse redistri-
bution of heterochromatic marks, including H3K9me3, rather than discrete foci formation.
These are associated with transcriptional repression, maintenance of neuronal identity, and
stress responses [15,20,30] (although this transcriptional repression somewhat conflicts
with our transcriptomic data, which detected more up-regulated than down-regulated
transcripts in cases with high p21). Our finding that H3K9me3 does not correlate with
p21 and YH2Ax, and only weakly with glial p16, suggests that in the ageing brain this
marker reflects SAHF-like epigenetic remodelling processes or broader chromatin com-
paction, rather than canonical p16/Rb-driven senescence. This interpretation is consistent
with reports of altered H3K9me3 distribution in Alzheimer’s disease, where it is linked to
repression of neuronal and metabolic gene networks [31,32]. Taken together, these observa-
tions highlight that while H3K9me3 provides evidence of chromatin remodelling relevant
to disease mechanisms, its pleiotropy limits its specificity as a senescence marker in the
human brain.

We also tested senescence-associated 3-galactosidase expression, which has been
associated with senescence in the brain [20] and GL13 [33], which detects lipofuscin. How-
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ever, we could not generate consistent and quantifiable staining with these and so did
not test them further. Indeed, several studies have questioned senescence-associated f3-
galactosidase expression as a senescence marker in brain tissue, where it correlates poorly
with other senescence markers [19,34]. Additionally, GL13 positivity appears to track
chronic stress and can persist when DNA damage responses (e.g., after H. pylori infection)
normalise, suggesting that it reports cumulative metabolic/lysosomal burden, rather than
senescence per se [35].

In this study we demonstrate that these markers, expressed in both neurons and glia,
do not accumulate into later stages of ADNC, and indeed are higher at early stages of
pathology, suggesting that senescence mechanisms may be early in Alzheimer’s disease
progression. Furthermore, there is higher inter-individual variability in these markers at
lower ADNC stages, which decreases at higher stages. These findings are consistent with
our previous findings with DNA damage markers [36]. Oxidative damage, an important
driver of stress-related senescence, is an early feature of AD progression [37,38]. In a mouse
tauopathy model, p16™NK42 expressing glial and microglial cells accumulated before the
appearance of neurofibrillary tangles [22]. Our data, along with these studies, thus suggest
that senescence (and oxidative damage) may be important earlier in the pathological
progression. The apparent decline at later stages could also reflect selective neuronal loss
or immune-mediated clearance of senescent cells.

Expression of the various markers in both neurons and glia in our study is at variance
with some other studies. Some studies have found expression of senescence markers in neu-
rons, including p21 and p16 in association with ADNC, and particularly correlating with
neurofibrillary tangle formation in neurons [19,39]. Other studies have found that senes-
cence markers are found particularly in glia, with little neuronal expression [17,21,22,40].
The restriction of p16 expression to glia and microglia in our study is consistent with
p16 glial expression in many of these studies and may suggest a particular role for the
p16/Rb pathway in glia rather than neurons. However, pl6 expression was found to be
predominantly neuronal in the 5XFAD A 3-expressing mouse model, where its expression
correlates inversely with cognitive measures [41]. Expression of p16 in endothelial cells
and microglia has also been implicated in a murine tauopathy model [42]. The variabil-
ity observed between studies is an issue in determining the relationship of senescence
to ADNC development. This likely relates to variations in stages of disease included in
studies, human tissue versus different animal/cell models and technical variations, for
example in antibodies used. This may reflect the complexity of senescence, mechanisms
of which may vary between cell types, diseases and models [26]. Currently, therefore,
there is not a clear picture of the relationship of senescence to ADNC, although there
are cell mechanisms that provide biological plausibility and there is model evidence that
senolytics and genetic abrogation of senescence can improve pathological and cognitive
measures [21,22], supporting the importance of senescence.

To seek evidence that senescence may be associated with disease-relevant mechanisms
at early stages of ADNC, we compared the transcriptomes of neuronal-enriched samples be-
tween high and low p21 expressing cases in low Braak NFT stage cases. This identified the
significant dysregulation of cellular pathways related to neurodegeneration, protein home-
ostasis, mitochondrial dysfunction, oxidative stress and synaptic signalling, suggesting
that higher expression of senescence markers is associated with disease-relevant pathways.
Mitochondrial dysfunction particularly is associated with expression of senescence markers
in the brain in a number of studies [43—45], suggesting that this is an important common
mechanistic pathway, along with alterations to DNA damage pathways, DNA/RNA syn-
thesis, glucose and fatty acid metabolism and endoplasmic reticulum stress [19,21,40,46].
Thus, expression of senescence markers in the brain in our study is associated with alter-
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ation of senescent pathways and disease-relevant pathways. Interestingly, our study did
not identify inflammation as an altered pathway, which is identified in other studies. It
is possible that this relates to the early stage of the pathology with induction of inflam-
mation being more downstream. The absence of enrichment for inflammatory pathways,
despite their frequent association with senescence [27], suggests that the transcriptomic
consequences of senescence in early ADNC may initially involve metabolic and mitochon-
drial processes, with inflammatory SASP responses emerging later or more prominently in
glial populations.

As ageing is the most important risk factor for dementia, we also considered whether
senescence per se might be independently related to dementia and therefore represent
a therapeutic target. In our analyses, neuronal and glial senescence markers showed
only weak associations with dementia status at death, with wide confidence intervals
crossing unity. These findings indicate that, within this population-based cohort, we
cannot conclude that senescence acts as an independent driver of dementia. However, the
variability observed and the potential for modest effects mean that we cannot exclude a
contributory role. It is possible that senescence acts primarily as an early-stage modifier of
disease processes, interacting with classical ADNC rather than driving dementia directly.
This interpretation is consistent with model studies in which senescent cell clearance or
senolytic therapies ameliorate pathology and cognitive impairment [19,21]. Thus, while
our data do not support senescence as an independent determinant of dementia risk,
they reinforce its importance as an early mechanistic process and a potential therapeutic
co-target alongside established AD pathologies.

Our study has several limitations. First, measurement of senescence in human brain
tissue is challenging, and our approach relied primarily on immunohistochemistry. While
molecules such as p16, p21 and YH2Ax are strongly associated with senescence, they are
not specific and may participate in other cell processes distinct from senescence [27,46,47].
Second, we used cell size as a surrogate for glial vs. neuronal expression, as in our
previous studies [36]. However, this does not allow certain identification of the subtypes
of smaller cells and ideally quantification would be done on sections double-stained for
glial, microglial and neuronal subtype markers. This would be an important avenue for
further work but was beyond the scope of the current study with its large population-
representative cohort. Third, as this is a postmortem, cross-sectional study, our results
represent a single timepoint at death, and our assumption that different ADNC stages
reflect a temporal continuum may not be valid for all individuals. Senescence phenotypes
may fluctuate over time, and senescent cells could be selectively lost or cleared at later
stages of disease. Fourth, our analyses were restricted to one brain region, so potential
neuroanatomical variation in senescence expression remains unknown. Fifth, despite a
large population-based sample, substantial inter-individual variability means our study
may be underpowered to detect modest effects. Finally, whilst we identified senescence-
like phenotypes in neurons, our transcriptomic analyses did not assess glial populations,
which may display distinct senescence pathways, particularly via the p16/Rb axis. Future
work should address glial senescence to provide a more complete picture of cell-type
specific contributions.

Nonetheless, our findings contribute to the growing evidence that senescence-
associated pathways are expressed in both neurons and glia in the ageing brain. Although
we did not identify a clear independent relationship with dementia, the enrichment of
senescence markers at early ADNC stages and their association with disease-relevant
cellular pathways support a potential role in the initial phases of pathogenesis. These
observations underscore the need for longitudinal and regionally comprehensive studies,

https://doi.org/10.3390/ijms27156964


https://doi.org/10.3390/ijms27156964

Int. J. Mol. Sci. 2026, 27, 6964

14 of 19

as well as the development of in-life biomarkers of brain cell senescence, to clarify its
temporal dynamics and evaluate its potential as an early therapeutic target.

4. Materials and Methods
4.1. Tissue Cohort

For the initial phase of comparison of a panel of senescence markers, formalin-fixed
paraffin-embedded postmortem tissue from the frontal association cortex (BA8/9) was ob-
tained from brains donated to one centre (Cambridge, n = 99), of the CFAS neuropathology
cohort. For the further phase to investigate the relation to dementia status, markers se-
lected from the first phase were taken into brains from two additional centres (Nottingham
and Newcastle).

Neuropathologists had previously examined the brains and categorised pathology
as part of CFAS [23] based on several measures: Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD) stage [48] and Braak neurofibrillary tangle (NFT) stage [49].
Additional measures of Af pathology were also available on the cohort [50], including
Thal Ap phase [51]. Data on APOE status was also available [52]. National research ethics
committee approval was granted for all procedures in this study (19/WM/0255) and
approval was also given by the CFAS management committee.

4.2. Immunohistochemistry

Immunohistochemistry for senescence markers p16, p21 and H3K9me3, and for DNA
damage marker YH2Ax was performed on formalin-fixed paraffin-embedded (FFPE) tissue
using a standard avidin-biotin horseradish peroxidase enzyme complex method (Vectastain
Universal Elite ABC kit, Vector Laboratories, Newark, CA, USA); the signal was visualised
using 3,30-diaminobenzidine (DAB) (Vector Laboratories, Newark, CA, USA). A summary
of the primary antibodies, all commercially available and optimised for this study, is shown
in Table 4. Negative controls, including omission of the primary antibody and isotype
controls, were performed.

Table 4. Antibodies and conditions used for immunohistochemical and immunofluorescence de-
tection of senescence and DNA damage markers. TSC = tri-sodium citrate; RT= room temperature;
NA = not applicable.

Antibody Antigen Retrieval Concentration  Incubation
Ant1jp21 (Abcam ab109520, TSC buffer pH6, pressure cooker 1:100 Overnight at 4 °C
rabbit monoclonal)
Anti-p16 (Biogenex AM540-10M, Trls—EDTA buffer pH9, microwave Pre-diluted Overnight at 4 °C
mouse monoclonal) 15 min
Antle3K9me3 (Abcam ab8898, TSC buffer pH6, microwave 20 min ~ 1:500 Overnight at 4 °C
rabbit polyclonal)
Anti-yH2AX (R&D Systems AF2288, Tris-EDTA buffer pHS,

. 1:500 1h, RT
rabbit polyclonal) pressure cooker
Anti-GFAP (Dako 70334, NA (used for double labelling on 1:500 1h RT
rabbit polyclonal) FFPE tissue) ’ !
Anti-Ibal (Millipore MABN92, NA (used for double labelling on

. 1:100 1h, RT

mouse monoclonal) FFPE tissue)
Anti-AT8 (Thermo-Fisher MN1020, NA (used for double labelling on 1:200 1h, RT

mouse monoclonal)

FFPE tissue)
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Expression of neuronal p21 associated with neurofibrillary tangles and expression of
p16 with markers of astrocytes (glial fibrillary acidic protein (GFAP)) and microglia (ionised
calcium binding adaptor molecule 1 (Ibal)) were assessed by dual immune labelling. For
this, p21 detection was performed on FFPE tissue as described previously using a standard
avidin-biotin horseradish peroxidase enzyme complex method (Vectastain Universal Elite
ABC kit, Vector Laboratories, Newark, CA, USA) and the signal was visualised with DAB
(Vector Laboratories, Newark, CA, USA). Tissue sections were thoroughly rinsed with
distilled water, incubated with the avidin-biotin blocking kit (Vector Laboratories, Newark,
CA, USA) and blocked with normal 1.5% serum for 45 min at RT. This was followed by
incubation with anti-AT8/GFAP/Ibal antibodies respectively (Table 1) for 1 h at room
temperature, and detected using a standard avidin—biotin alkaline phosphatase method
with Vector Red Alkaline Phosphatase (AP) substrate detection system (Vector Laboratories,
Newark, CA, USA).

4.3. Quantification

FFPE-stained sections were scanned with a NanoZoomer XR Digital slide scanner
(Hamamatsu, Welwyn Garden City, UK) and visualised with the NDP.view2 Image viewing
software version 2.10.0 (Hamamatsu, Welwyn Garden City, UK). For quantification of all
markers, the scanned sections were loaded on to the Quantitative Pathology and Bioimage
Analysis (QuPath) software version 0.6.0 [53] to detect and quantify positively stained glial
and neuronal cells separately using size exclusion (cut-off 65 um?), as used previously [36].
Results were reported as percentage of positive cells (glial or neuronal) per mm? for each
marker assessed.

4.4. Statistical Analysis

Statistical analyses were conducted using two software programs: IBM-SPSS (version
28, IBM, Portsmouth, UK) and R Studio version 2025.5.1.513.3 (Posit PBC, Boston, MA,
USA). The normality of the data was assessed using the Kolmogorov-Smirnov test. Since
most of the data did not follow a normal distribution, Spearman’s rank test was used for
correlation analyses and the Kruskal-Wallis test was used to compare variation between
groups. To account for multiple comparisons, p-values from post hoc testing were corrected
using the Bonferroni method. The Wilcoxon signed-rank test was used to compare continu-
ous data between two groups. In the analysis of senescence and DNA damage markers with
Braak NFT stage, the six stages were combined into three groups: entorhinal stages (Braak
stages 0-2; 30 cases), limbic stages (Braak stages 3—4; 51 cases), and isocortical stages (Braak
stages 5-6; 18 cases). Similarly, for the analysis of the Thal phase, the phases were combined
into three groups: no- or only-cortical AB (phases 0-1; 19 cases), hippocampal/limbic
Ap (phases 2-3; 33 cases), and midbrain/cerebellar involvement (phases 4-5; 27 cases).
The relationships between the outcomes of senescence and DNA damage markers with
dementia and neuropathology were investigated using logistic regression, controlling the
analyses for age at death and sex. All tests were two-tailed, with a p value of <0.05 regarded
as significant.

4.5. Assessing the Transcriptomic Profile Associated with Neuronal p21 Expression

Based on the p21 immunoreactive profile, transcriptomic analysis was performed on
pyramidal and small neurons isolated from the contralateral snap frozen frontal cortex of
6 cases with high and 6 low levels of neuronal senescence using laser capture microdis-
section (LCM). Cases were selected to include those with the best RNA quality and tissue
pH, and to include both males and females in both groups. The case characteristics, in-
cluding brain pH and post-LCM ribosomal integrity number, are shown in Supplementary
Table S6).
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Neurons were isolated from toluidine blue-stained frozen sections (7 um) using the
Veritas laser-capture microdissection system (Arcturus Bioscience, Mountain View, CA,
USA). Total RNA was extracted using the PicoPure RNA isolation kit, according to the man-
ufacturer’s instructions (Arcturus BioScience, Mountain View, CA, USA), and the quantity
and quality assessed using a Nanodrop 1000 spectrophotometer (Thermoscientific, Hemel
Hempstead, UK) and a 2100 Bioanalyser, respectively (Agilent, Santa Clara, CA, USA). The
target labelled mRNA was prepared following the GeneChip WT Pico amplification proto-
col (Affymetrix, Altrincham, UK) using low-cycle PCR followed by amplification using T7
in vitro transcription (IVT). The cRNA was converted to biotinylated sense-strand DNA
hybridisation targets. Approximately 3-6 pug of DNA was amplified, fragmented, labelled
and hybridised to Affymetrix Clariom D Array chips and the fluorescence intensity of
hybridised transcripts assessed using the GeneChip 3000 scanner (Thermofisher Scientific,
Hemel Hempstead, UK).

The .CEL files were imported into Transcription Analysis Console (TAC)version 4.0.1
(Applied Biosystems, Foster City, CA, USA) and normalised to the median of all genes,
prior to statistical analysis. Transcripts were defined as significantly differentially expressed
genes (DEGs) if they had a fold change > £1.2 and p-value < 0.05. DEGs were inputted
into the Database for Annotation Visualisation and Integrated Discovery (DAVID) using
Kyto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis to identify specific
pathways and Functional Annotation Clustering (FAC) to identify functionally similar gene
groups. In the case of a significant result, the p value was adjusted for multiple testing
using the Bonferroni correction and considered significant if p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms27156964/s1.
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Abbreviations
The following abbreviations are used in this manuscript:

ADNC  Alzheimer’s disease neuropathological change

ARTAG Aging-related tau astrogliopathy

CAA Cerebral amyloid angiopathy

CFAS Cognitive Function and Ageing Study

DEGs Differentially expressed genes

FFPE Formalin-fixed paraffin embedded

GFAP Glial fibrillary acidic protein

Ibal Ionised calcium binding adaptor protein 1

LATE Limbic-predominant age-related TDP-43 encephalopathy
NFT Neurofibrillary tangle

SAHF Senescence-associated heterochromatin foci
SASP Senescence-associated secretory phenotype
References
1. Nichols, E.; Merrick, R.; Hay, S.I.; Himali, D.; Himali, J.J.; Hunter, S.; Keage, H.A.D.; Latimer, C.S.; Scott, M.R.; Steinmetz, ].D.;

10.

11.

et al. The prevalence, correlation, and co-occurrence of neuropathology in old age: Harmonisation of 12 measures across six
community-based autopsy studies of dementia. Lancet Healthy Longev. 2023, 4, e115-e125. [CrossRef] [PubMed]

Kapasi, A.; De Carli, C.; Schneider, J. Impact of multiple pathologies on the threshold for clinically overt dementia. Acta
Neuropathol. 2017, 134, 171-186. [CrossRef] [PubMed]

Neuropathology Group of the Medical Research Council Cognitive Function and Ageing Study(MRC CFAS). Pathological
correlates of late-onset dementia in a multicentre, community-based population in England and Wales. Lancet 2001, 357, 169-175.
[CrossRef] [PubMed]

Matthews, F; Brayne, C.; Lowe, J.; McKeith, I.; Wharton, S.; Ince, P. Epidemiological pathology of dementia: Attributable-risks at
death in the MRC Cognitive Function and Ageing Study. PLoS Med. 2009, 6, €1000180. [CrossRef] [PubMed]

Nelson, P.T.; Brayne, C.; Flanagan, M.E.; Abner, E.L.; Agrawal, S.; Attems, ].; Castellani, R.J.; Corrada, M.M.; Cykowski, M.D.; Di,
J.; et al. Frequency of LATE neuropathologic change across the spectrum of Alzheimer’s disease neuropathology: Combined data
from 13 community-based or population-based autopsy cohorts. Acta Neuropathol. 2022, 144, 27-44. [CrossRef] [PubMed]
Kovacs, G.G.; Ferrer, I.; Grinberg, L.T.; Alafuzoff, I.; Attems, J.; Budka, H.; Cairns, N.J.; Crary, J.F,; Duyckaerts, C.; Ghetti, B.; et al.
Aging-related tau astrogliopathy (ARTAG): Harmonized evaluation strategy. Acta Neuropathol. 2016, 131, 87-102. [CrossRef]
[PubMed]

Robinson, J.; Corrada, M.; Kovacs, G.; Dominique, M.; Caswell, C.; Xie, S.; Lee, V.; Kawas, C.; Trojanowski, ]. Non-Alzheimer’s
contributions to dementia and cognitive resilience in the 90+ study. Acta Neuropathol. 2018, 136, 377-388. [CrossRef] [PubMed]
Savva, G.; Wharton, S.; Ince, P,; Forster, G.; Matthews, F.; Brayne, C. For the Medical Research Council Cognitive Function and
Ageing Study. Age, neuropathology, and dementia. N. Engl. ]. Med. 2009, 360, 2302-2309. [CrossRef] [PubMed]

Serrano-Pozo, A.; Qian, J.; Monsell, S.; Blacker, D.; Gomez-Isla, T.; Betensky, R.; Growdon, J.; Johnson, K.; Frosch, M.; Sperling,
R.; et al. Mild to moderate Alzheimer dementia with insufficient neuropathological changes. Ann. Neurol. 2014, 75, 597-601.
[CrossRef] [PubMed]

Boyle, P; Wilson, R.; Yu, L.; Barr, A.; Honer, W.; Schneider, J.; Bennett, D. Much of late life cognitive decline is not due to common
neurodegenerative pathologies. Ann. Neurol. 2013, 74, 478-479. [CrossRef] [PubMed]

Maarouf, C.L.; Daugs, I.D.; Kokjohn, T.A.; Walker, D.G.; Hunter, ].M.; Kruchowsky, J.C.; Woltjer, R.; Kaye, ]J.; Castaiio, EM.;
Sabbagh, M.N; et al. Alzheimer’s disease and non-demented high pathology control nonagenarians: Comparing and contrasting
the biochemistry of successful aging. PLoS ONE 2011, 6, €27291. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156964


https://doi.org/10.1016/s2666-7568(23)00019-3
https://www.ncbi.nlm.nih.gov/pubmed/36870337
https://doi.org/10.1007/s00401-017-1717-7
https://www.ncbi.nlm.nih.gov/pubmed/28488154
https://doi.org/10.1016/s0140-6736(00)03589-3
https://www.ncbi.nlm.nih.gov/pubmed/11213093
https://doi.org/10.1371/journal.pmed.1000180
https://www.ncbi.nlm.nih.gov/pubmed/19901977
https://doi.org/10.1007/s00401-022-02444-1
https://www.ncbi.nlm.nih.gov/pubmed/35697880
https://doi.org/10.1007/s00401-015-1509-x
https://www.ncbi.nlm.nih.gov/pubmed/26659578
https://doi.org/10.1007/s00401-018-1872-5
https://www.ncbi.nlm.nih.gov/pubmed/29916037
https://doi.org/10.1056/nejmoa0806142
https://www.ncbi.nlm.nih.gov/pubmed/19474427
https://doi.org/10.1002/ana.24125
https://www.ncbi.nlm.nih.gov/pubmed/24585367
https://doi.org/10.1002/ana.23964
https://www.ncbi.nlm.nih.gov/pubmed/23798485
https://doi.org/10.1371/journal.pone.0027291
https://www.ncbi.nlm.nih.gov/pubmed/22087282
https://doi.org/10.3390/ijms27156964

Int. J. Mol. Sci. 2026, 27, 6964 18 of 19

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ganz, A.; Beker, N.; Hulsman, M; Sikkes, S.; Scheltens, P.; Smit, A.; Rozemuller, A.; Hoozemans, J.; Holstege, H. Neuropathology
and cognitive performance in self-reported cognitively healthy centenarians. Acta Neuropathol. Comm. 2018, 6, 64. [CrossRef]
[PubMed]

Matthews, F.; Arthur, A.; Barnes, L.; Bond, ].; Jagger, C.; Robinson, L.; Brayne, C. A two-decade comparison of prevalence of
dementia in individuals aged 65 years and older from three geographical areas of England: Results of the Cognitive Function and
Ageing Study I and II. Lancet 2013, 382, 1405-1412. [CrossRef] [PubMed]

Lopez-Otin, C.; Blasco, M.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of ageing. Cell 2013, 153, 1194-1217. [CrossRef]
[PubMed]

Sah, E.; Krishnamurthy, S.; Ahmidouch, M.Y; Gillispie, G.J.; Milligan, C.; Orr, M.E. The Cellular Senescence Stress Response in
Post-Mitotic Brain Cells: Cell Survival at the Expense of Tissue Degeneration. Life 2021, 11, 229. [CrossRef] [PubMed]

Carreno, G.; Guiho, R.; Martinez-Barbera, ].P. Cell senescence in neuropathology: A focus on neurodegeneration and tumours.
Neuropathol. Appl. Neurobiol. 2021, 47, 359-378. [CrossRef] [PubMed]

Dai, L.; Gao, F,; Wang, Q.; Lv, X,; Cheng, Z.; Wu, Y.; Chai, X.; Zetterberg, H.; Blennow, K_; Levey, A.L; et al. Molecules of senescent
glial cells differentiate Alzheimer’s disease from ageing. J. Neurol. Neurosurg. Psychiatry 2023, 94, 550-559. [CrossRef] [PubMed]
Vazquez-Villasenor, I.; Garwood, C.; Heath, P.; Simpson, J.; Ince, P.; Wharton, S. Expression of p16 and p21 in the frontal
association cortex of ALS/MND brains suggests neuronal cell cycle dysregulation and astrocyte senescence in early stages of the
disease. Neuropathol. Appl. Neurobiol. 2020, 46, 171-185. [CrossRef] [PubMed]

Musi, N.; Valentine, ].; Sickora, K.; Baeuerle, E.; Thompson, C.; Sheng, Q.; Orr, M. Tau protein aggregation is associated with
cellular senescence in the brain. Aging Cell 2018, 17, e12840. [CrossRef] [PubMed]

Jurk, D.; Wang, C.; Miwa, S.; Maddick, M.; Korolchuk, V.; Tsolou, A.; Gonos, E.; Thrasivoulou, C.; Saffrey, M.; Cameron, K,; et al.
Postmitotic neurons develop a p21-dependent senescence-like phenotype driven by a DNA damage response. Ageing Cell 2012,
11, 996-1004. [CrossRef] [PubMed]

Zhang, P,; Kishimoto, Y.; Grammatikakis, I.; Gottimukkala, K.; Cutler, R.; Zhang, S.-Z.; Abdelmohsen, K.; Bohr, V.; Sen, J.; Gorospe,
M.; et al. Senolytic therapy alleviates Ab-associated oligodendroglial progenitor cell senescence and cognitive defects in an
Alzheimer’s disease model. Nat. Neurosci. 2019, 22, 719-728. [CrossRef] [PubMed]

Bussian, T.J.; Aziz, A.; Meyer, C.F; Swenson, B.L.; van Deursen, ].M.; Baker, D.]. Clearance of senescent glial cells prevents
tau-dependent pathology and cognitive decline. Nature 2018, 562, 578-582. [CrossRef] [PubMed]

Wharton, S.B.; Simpson, J.E.; Ince, P.G.; Richardson, C.D.; Merrick, R.; Matthews, FE.; Brayne, C.; CFAS. Insights into the
Pathological Basis of Dementia from Population Based Neuropathology Studies. Neuropathol. Appl. Neurobiol. 2023, 49, €12923.
[CrossRef] [PubMed]

Tomashevski, A.; Webster, D.R.; Grammas, P.; Gorospe, M.; Kruman, LI. Cyclin-C-dependent cell-cycle entry is required for
activation of non-homologous end joining DNA repair in postmitotic neurons. Cell Death Differ. 2010, 17, 1189-1198. [CrossRef]
[PubMed]

Kruman, LL; Wersto, R.P.; Cardozo-Pelaez, F; Smilenov, L.; Chan, S.L.; Chrest, EJ.; Emokpae, R., Jr.; Gorospe, M.; Mattson, M.P.
Cell cycle activation linked to neuronal cell death initiated by DNA damage. Neuron 2004, 41, 549-561. [CrossRef] [PubMed]
Ajoolabady, A.; Pratico, D.; Bahijri, S.; Tuomilehto, J.; Uversky, V.N.; Ren, ]. Hallmarks of cellular senescence: Biology, mechanisms,
regulations. Exp. Mol. Med. 2025, 57, 1482-1491. [CrossRef] [PubMed]

Gorgoulis, V.; Adams, P.D.; Alimonti, A.; Bennett, D.C.; Bischof, O.; Bishop, C.; Campisi, J.; Collado, M.; Evangelou, K.; Ferbeyre,
G.; et al. Cellular Senescence: Defining a Path Forward. Cell 2019, 179, 813-827. [CrossRef] [PubMed]

Narita, M.; Nunez, S.; Heard, E.; Narita, M.; Lin, AW.; Hearn, S.A.; Spector, D.L.; Hannon, G.J.; Lowe, SW. Rb-mediated
heterochromatin formation and silencing of E2F target genes during cellular senescence. Cell 2003, 113, 703-716. [CrossRef]
[PubMed]

Chandra, T.; Narita, M. High-order chromatin structure and the epigenome in SAHFs. Nucleus 2013, 4, 23-28. [CrossRef]
[PubMed]

Maze, I; Noh, K.M.; Soshnev, A.A.; Allis, C.D. Every amino acid matters: Essential contributions of histone variants to mammalian
development and disease. Nat. Rev. Genet. 2014, 15, 259-271. [CrossRef] [PubMed]

Frost, B.; Hemberg, M.; Lewis, |.; Feany, M.B. Tau promotes neurodegeneration through global chromatin relaxation. Nat. Neurosci.
2014, 17, 357-366. [CrossRef] [PubMed]

Gjoneska, E.; Pfenning, A.R.; Mathys, H.; Quon, G.; Kundaje, A.; Tsai, L.H.; Kellis, M. Conserved epigenomic signals in mice and
humans reveal immune basis of Alzheimer’s disease. Nature 2015, 518, 365-369. [CrossRef] [PubMed]

Salmonowicz, H.; Passos, J. Detecting senescence: A new method for an old pigment. Ageing Cell 2017, 16, 432434, Erratum in
Ageing Cell 2017, 16, 1439. [CrossRef] [PubMed]

Piechota, M.; Sunderland, P.; Wysocka, A.; Nalberczak, M.; Sliwinska, M.A.; Radwanska, K.; Sikora, E. Is senescence-associated
beta-galactosidase a marker of neuronal senescence? Oncotarget 2016, 7, 81099-81109. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156964


https://doi.org/10.1186/s40478-018-0558-5
https://www.ncbi.nlm.nih.gov/pubmed/30037350
https://doi.org/10.1016/s0140-6736(13)61570-6
https://www.ncbi.nlm.nih.gov/pubmed/23871492
https://doi.org/10.1016/j.cell.2013.05.039
https://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.3390/life11030229
https://www.ncbi.nlm.nih.gov/pubmed/33799628
https://doi.org/10.1111/nan.12689
https://www.ncbi.nlm.nih.gov/pubmed/33378554
https://doi.org/10.1136/jnnp-2022-330743
https://www.ncbi.nlm.nih.gov/pubmed/37012067
https://doi.org/10.1111/nan.12559
https://www.ncbi.nlm.nih.gov/pubmed/31077599
https://doi.org/10.1111/acel.12840
https://www.ncbi.nlm.nih.gov/pubmed/30126037
https://doi.org/10.1111/j.1474-9726.2012.00870.x
https://www.ncbi.nlm.nih.gov/pubmed/22882466
https://doi.org/10.1038/s41593-019-0372-9
https://www.ncbi.nlm.nih.gov/pubmed/30936558
https://doi.org/10.1038/s41586-018-0543-y
https://www.ncbi.nlm.nih.gov/pubmed/30232451
https://doi.org/10.1111/nan.12923
https://www.ncbi.nlm.nih.gov/pubmed/37462105
https://doi.org/10.1038/cdd.2009.221
https://www.ncbi.nlm.nih.gov/pubmed/20111042
https://doi.org/10.1016/s0896-6273(04)00017-0
https://www.ncbi.nlm.nih.gov/pubmed/14980204
https://doi.org/10.1038/s12276-025-01480-7
https://www.ncbi.nlm.nih.gov/pubmed/40634753
https://doi.org/10.1016/j.cell.2019.10.005
https://www.ncbi.nlm.nih.gov/pubmed/31675495
https://doi.org/10.1016/s0092-8674(03)00401-x
https://www.ncbi.nlm.nih.gov/pubmed/12809602
https://doi.org/10.4161/nucl.23189
https://www.ncbi.nlm.nih.gov/pubmed/23232545
https://doi.org/10.1038/nrg3673
https://www.ncbi.nlm.nih.gov/pubmed/24614311
https://doi.org/10.1038/nn.3639
https://www.ncbi.nlm.nih.gov/pubmed/24464041
https://doi.org/10.1038/nature14252
https://www.ncbi.nlm.nih.gov/pubmed/25693568
https://doi.org/10.1111/acel.12580
https://www.ncbi.nlm.nih.gov/pubmed/28185406
https://doi.org/10.18632/oncotarget.12752
https://www.ncbi.nlm.nih.gov/pubmed/27768595
https://doi.org/10.3390/ijms27156964

Int. J. Mol. Sci. 2026, 27, 6964 19 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Kalisperati, P.; Spanou, E.; Pateras, 1.S.; Evangelou, K.; Thymara, I.; Korkolopoulou, P.; Kotsinas, A.; Vlachoyiannopoulos, P.G.;
Tzioufas, A.G.; Kanellopoulos, C.; et al. Helicobacter pylori Eradication Reverses DNA Damage Response Pathway but Not
Senescence in Human Gastric Epithelium. Int. J. Mol. Sci. 2024, 25, 3888. [CrossRef] [PubMed]

Simpson, J.; Ince, P.; Matthews, F.; Shaw, P.; Heath, P; Brayne, C.; Garwood, C.; Higginbottom, A.; Wharton, S. A neuronal DNA
damage response is detected at the earliest stages of Alzheimer’s neuropathology and correlates with cognitive impairment in
the MRC-CFAS ageing brain cohort. Neuropathol. Appl. Neurobiol. 2015, 41, 483—496. [CrossRef] [PubMed]

Nunomura, A.; Perry, G.; Aliev, G.; Hirai, K.; Takeda, A.; Balraj, E.; Jones, P.; Ghanbari, H.; Wataya, T.; Shimohama, S.; et al.
Oxidative damage is the earliest event in Alzheimer Disease. |. Neuropathol. Exp. Neurol. 2001, 60, 759-767. [CrossRef] [PubMed]
Wang, J.; Markesbery, W.R.; Lovell, M.A. Increased oxidative damage in nuclear and mitochondrial DNA in mild cognitive
impairment. J. Neurochem. 2006, 96, 825-832. [CrossRef] [PubMed]

Dehkordi, S.K.; Walker, J.; Sah, E.; Bennett, E.; Atrian, F,; Frost, B.; Woost, B.; Bennett, R.E.; Orr, T.C.; Zhou, Y.; et al. Profiling
senescent cells in human brains reveals neurons with CDKN2D/p19 and tau neuropathology. Nat. Aging 2021, 1, 1107-1116.
[CrossRef] [PubMed]

Fancy, N.N.; Smith, A.M.; Caramello, A.; Tsartsalis, S.; Davey, K.; Muirhead, R.C.J.; McGarry, A.; Jenkyns, M.H.; Schneegans, E.;
Chau, V,; et al. Characterisation of premature cell senescence in Alzheimer’s disease using single nuclear transcriptomics. Acta
Neuropathol. 2024, 147, 78. [CrossRef] [PubMed]

Wei, Z.; Chen, X.C.; Song, Y.; Pan, X.D.; Dai, X.M.; Zhang, J.; Cui, X.L.; Wu, X.L.; Zhu, Y.G. Amyloid beta Protein Aggravates
Neuronal Senescence and Cognitive Deficits in 5XFAD Mouse Model of Alzheimer’s Disease. Chin. Med. |. 2016, 129, 1835-1844.
[CrossRef] [PubMed]

Graves, S.I.; Meyer, C.F,; Jeganathan, K.B.; Baker, D.]J. pl6-expressing microglia and endothelial cells promote tauopathy and
neurovascular abnormalities in PS19 mice. Neuron 2025, 113, 2251-2264.e4. [CrossRef] [PubMed]

Passos, ].E.; von Zglinicki, T.; Kirkwood, T.B. Mitochondria and ageing: Winning and losing in the numbers game. Bioessays 2007,
29,908-917. [CrossRef] [PubMed]

Correia-Melo, C.; Marques, FD.; Anderson, R.; Hewitt, G.; Hewitt, R.; Cole, J.; Carroll, B.M.; Miwa, S.; Birch, J.; Merz, A.; et al.
Mitochondria are required for pro-ageing features of the senescent phenotype. EMBO ]. 2016, 35, 724-742. [CrossRef] [PubMed]
Wiley, C.D.; Velarde, M.C.; Lecot, P; Liu, S.; Sarnoski, E.A.; Freund, A.; Shirakawa, K.; Lim, HW.; Davis, S.S.; Ramanathan,
A.; et al. Mitochondrial Dysfunction Induces Senescence with a Distinct Secretory Phenotype. Cell Metab. 2016, 23, 303-314.
[CrossRef] [PubMed]

Klepacki, H.; Kowalczuk, K.; Lepkowska, N.; Hermanowicz, ].M. Molecular Regulation of SASP in Cellular Senescence:
Therapeutic Implications and Translational Challenges. Cells 2025, 14, 942. [CrossRef] [PubMed]

Hernandez-Segura, A.; Nehme, J.; Demaria, M. Hallmarks of Cellular Senescence. Trends Cell Biol. 2018, 28, 436-453. [CrossRef]
[PubMed]

Mirra, S.; Heyman, A.; McKeel, D.; Sumi, S.; Crain, B.; Brownlee, L.; Vogel, F.,; Hughes, J.; Van Belle, G.; Berg, L. The Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD). Part II. Standardisation of the neuropathologic assessment of Alzheimer’s
disease. Neurology 1991, 41, 479-486. [CrossRef] [PubMed]

Braak, H.; Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 1991, 82, 239-259. [CrossRef]
[PubMed]

Wharton, S.; Wang, D.; Parikh, C.; Matthews, F.; Brayne, C.; Ince, P. Epidemiological pathology of Ab deposition in the ageing
brain in CFAS: Addition of multiple Ab-derived measures does not improve dementia assessment using logistic regression and
machine learning approaches. Acta Neuropathol. Comm. 2019, 7, 198. [CrossRef] [PubMed]

Thal, D.; Rub, U.; Orantes, M.; Braak, H. Phases of Ab-deposition in the human brain and its relevance for the development of
AD. Neurology 2002, 58, 1791-1800. [CrossRef] [PubMed]

Nicoll, J.; Savva, G.; Stewart, J.; Matthews, F.; Brayne, C.; Ince, P. Association between APOE genotype, neuropathology and
dementia in the older population of England and Wales. Neuropathol. Appl. Neurobiol. 2011, 37, 285-294. [CrossRef] [PubMed]
Bankhead, P.; Loughrey, M.B.; Fernandez, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
[PubMed]

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/10.3390/ijms27156964


https://doi.org/10.3390/ijms25073888
https://www.ncbi.nlm.nih.gov/pubmed/38612698
https://doi.org/10.1111/nan.12202
https://www.ncbi.nlm.nih.gov/pubmed/25443110
https://doi.org/10.1093/jnen/60.8.759
https://www.ncbi.nlm.nih.gov/pubmed/11487050
https://doi.org/10.1111/j.1471-4159.2005.03615.x
https://www.ncbi.nlm.nih.gov/pubmed/16405502
https://doi.org/10.1038/s43587-021-00142-3
https://www.ncbi.nlm.nih.gov/pubmed/35531351
https://doi.org/10.1007/s00401-024-02727-9
https://www.ncbi.nlm.nih.gov/pubmed/38695952
https://doi.org/10.4103/0366-6999.186646
https://www.ncbi.nlm.nih.gov/pubmed/27453234
https://doi.org/10.1016/j.neuron.2025.04.020
https://www.ncbi.nlm.nih.gov/pubmed/40381614
https://doi.org/10.1002/bies.20634
https://www.ncbi.nlm.nih.gov/pubmed/17688237
https://doi.org/10.15252/embj.201592862
https://www.ncbi.nlm.nih.gov/pubmed/26848154
https://doi.org/10.1016/j.cmet.2015.11.011
https://www.ncbi.nlm.nih.gov/pubmed/26686024
https://doi.org/10.3390/cells14130942
https://www.ncbi.nlm.nih.gov/pubmed/40643463
https://doi.org/10.1016/j.tcb.2018.02.001
https://www.ncbi.nlm.nih.gov/pubmed/29477613
https://doi.org/10.1212/wnl.41.4.479
https://www.ncbi.nlm.nih.gov/pubmed/2011243
https://doi.org/10.1007/bf00308809
https://www.ncbi.nlm.nih.gov/pubmed/1759558
https://doi.org/10.1186/s40478-019-0858-4
https://www.ncbi.nlm.nih.gov/pubmed/31806014
https://doi.org/10.1212/wnl.58.12.1791
https://www.ncbi.nlm.nih.gov/pubmed/12084879
https://doi.org/10.1111/j.1365-2990.2010.01130.x
https://www.ncbi.nlm.nih.gov/pubmed/20880354
https://doi.org/10.1038/s41598-017-17204-5
https://www.ncbi.nlm.nih.gov/pubmed/29203879
https://doi.org/10.3390/ijms27156964

	Introduction 
	Results 
	Expression and Comparison of Senescence Markers 
	Variation of Senescence with Alzheimer’s Disease Neuropathological Change 
	Relationship of Senescence to Dementia Status 
	Gene Expression Changes Associated with High Measures of Senescence 

	Discussion 
	Materials and Methods 
	Tissue Cohort 
	Immunohistochemistry 
	Quantification 
	Statistical Analysis 
	Assessing the Transcriptomic Profile Associated with Neuronal p21 Expression 

	References

