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ABSTRACT
Brain aging consists of a progressive loss of functional capacities, which is associated with a progressive cognitive decline and 
can lead to neurodegenerative diseases. Studies comparing the underlying molecular mechanisms of the human hippocampus 
between young and older adults remain scarce. In our study, we completed a transcriptomic analysis from hippocampal samples 
of different ages and performed 2 complementary analyses. A comparison between young and old groups revealed a set of genes 
differentially expressed in aged individuals linked to inflammation and immune system pathways, DNA repair, metabolism, or 
neural activity. Correlation analysis showed that the expression of an additional subset of 6 genes was associated with chronolog-
ical aging. Among them, further analysis identified RAD23B as the most significant gene with a negative correlation of its mRNA 
and protein expression with age in the human hippocampus. Its expression was even lower in patients with Alzheimer's disease. 
RAD23B was mostly expressed in neurons and astrocytes, where studies in human primary cultures uncovered that it is required 
for cell survival and function. In summary, these results unravel dynamic gene expression changes that distinguish young from 
older adults and identify RAD23B as a putative biomarker and regulator of cell aging in the brain.

1   |   Introduction

Aging is a systemic and multifactorial process characterized by 
the decline of physical and mental capacities that occurs due 
to the gradual accumulation of cellular damage (Lopez-Otin 
et al. 2023). Aging affects the entire organism in humans; how-
ever, brain aging is especially distinctive since the brain is the 
most structurally and functionally complex organ. Thus, aging 
promotes changes to the brain size, structure, vasculature, biol-
ogy, and impacts on cognitive abilities (Murman 2015). Cognitive 

abilities such as memory, thinking, concentration, movement, 
emotions, and other functions deteriorate with aging. Aging is 
also the major risk factor for the onset of neurodegenerative dis-
eases, being Alzheimer's disease (AD) the most common form of 
dementia in older adults (Bishop et al. 2010).

The hippocampus is a region of the temporal lobe, which con-
tains the dentate gyrus (DG) and the cornu ammonis (CA), 
divided into CA1–CA4 regions, each of which includes dis-
tinct laminar organization and specialized cell types. The 
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hippocampus supports several relevant biological processes 
and it is responsible for learning, memory, navigation, stress re-
sponse, and emotion (Lisman et al. 2017).

The hippocampus is a vulnerable region that, with aging, suf-
fers structural, functional, cellular and molecular changes 
that collectively contribute to cognitive decline (Aimone 
et al. 2014) and the onset of neuropsychiatric and neurodegen-
erative diseases including AD (Small et  al.  2011). Although 
the structural, functional and cellular changes are relatively 
well known, the molecular ones and their relationship with 
the others are an area of intense research currently. Structural 
alterations include reduction in hippocampal volume, while 
functionally, the aging hippocampus exhibits alterations in 
neural activity and connectivity and impaired synaptic plas-
ticity (Fjell and Walhovd  2010). At cellular level, aging pro-
motes significant changes in the different cell types. Neurons 
exhibit the loss of nerve fibers and demyelination, reduced 
dendritic branching and spine density, vulnerability to ox-
idative stress, and accumulation of toxic proteins and dam-
age (Isaev et  al.  2018). Besides neurons, aging also affects 
glial cells, which lose their ability to maintain normal brain 
homeostasis, including correct neurotransmission, neural 
damage repair, metabolism or cerebral blood flow (Soreq 
et al. 2017). In particular, astrocytes become reactive, releas-
ing pro-inflammatory cytokines that contribute to neuroin-
flammation and neuronal damage. Microglia also become 
activated with age, while oligodendrocyte function and my-
elin production decline (Soreq et  al.  2017; Navarro Negredo 
et al. 2020).

At molecular levels, the study of brain aging has drawn 
the attention of the scientific community in the research of 
those aging-associated mechanisms underlying brain dys-
function (Ham and Lee  2020; Higgins-Chen et  al.  2021; Lu 
et  al.  2004). Advances in high-throughput “omic” technolo-
gies are advancing our understanding of how aging reshapes 
the molecular landscape of the human hippocampus, en-
abling comprehensive profiling of biological and molecular 
modifications. Among them, transcriptomic approaches have 
revealed widespread gene expression changes in the aging 
hippocampus, with different studies showing altered expres-
sion of genes involved in processes such as genomic instabil-
ity and DNA repair, synaptic transmission and intercellular 
communication, mitochondrial function, inflammatory path-
ways, and stress responses (Ham and Lee 2020; Mattson and 
Arumugam 2018). More recently, single-cell RNA sequencing 
and spatial transcriptomics have further extended this char-
acterization allowing cell-type-specific resolution of tran-
scriptional changes and enabling mapping of gene expression 
changes within the different hippocampal subregions (Wu 
et al. 2025; Wang et al. 2022; Su et al. 2023; Zhou et al. 2022; 
Matheu et al. 2005). Previous studies have demonstrated that 
alterations in gene expression profiles can precede histopatho-
logical degeneration of the brain during aging and underlie 
age-associated cognitive declines at the molecular level (Ham 
and Lee 2020). In line with these findings, we have recently 
characterized the transcriptome of the hippocampus of cen-
tenarians and compared it to young and old groups iden-
tifying a specific molecular pattern in centenarians' brain 
(Saenz-Antonanzas et al. 2024). Therefore, understanding the 

changes that occur with aging in the human hippocampus is 
important in order to understand aging-associated cognitive 
decline and disease onset.

In order to further study the impact of aging in human brain 
with special emphasis in the hippocampus, in the present 
study we performed a transcriptomic analysis in hippocam-
pus samples derived from individuals of different ages find-
ing a differential expression pattern in old compared to young 
individuals, which was related to previously described bio-
logical processes such as inflammation and immune system 
pathways, synaptic activity, DNA repair and metabolism and 
linked to different cell types. An additional analysis identi-
fied the molecular mechanisms associated with chronological 
aging, revealing changes in the expression of several genes 
that correlated positively or negatively with age and were also 
altered in AD.

2   |   Material and Methods

2.1   |   Human Brain Samples and Public Available 
Datasets

For transcriptome and quantitative real-time polymerase 
chain reaction (qRT-PCR) studies, the BIOMICs group pro-
vided the human brain samples (cohort 1), obtained from 
forensic autopsy, which are part of the collection C.0000217 
from Instituto Salud Carlos III Biobank register (https://​bioba​
ncos.​isciii.​es/​Lista​doCol​eccio​nes.​aspx). The transcriptomic 
study was performed in coronal sections of human hippocam-
pal samples from 16 individuals including young individuals 
(n = 5, 27–49 years old) and old (n = 11, 58–100 years). The 
samples included 5 cuts of 3 cm thick each from frontal to oc-
cipital area. The DEG analysis was completed with samples 
1 to 13 and the correlation with the 16 (Table S1). q-RTPCR 
validation was completed in additional samples of up to 120 
individuals from the same cohort 1 including young (n = 78, 
27–50 years old) and old (n = 42, 65–96 years old) (Table  S2) 
(Carrasco-Garcia et al. 2019). These brains were kept in RNA 
later and frozen in liquid nitrogen.

Immunohistochemistry (IHC) studies were completed in par-
affin sections from samples obtained from Donostia Hospital 
(cohort 2) (Table  S3) of 26 individuals including young (n = 6, 
28–47 years), old (n = 12, 58–90) and an additional group of neu-
rodegenerative—AD (n = 8, 62–82 years) (Moreno-Valladares 
et al. 2020). Brains were kept in a fixative solution (4% parafor-
maldehyde) for a period of not less than 24 h. Old individuals 
included in the study showed absence of AD diagnosis as well 
as the lack of neuropathological injuries in the regions ana-
lyzed. AD cases were diagnosed in the Neurology and Pathology 
Services of Donostia Hospital. Postmortem interval (PMI) was 
limited to 12 h due to its effects on brain proteins. Single-cell 
RNA-Seq data was analyzed from “The Human Protein Atlas” 
(http://​www.​prote​inatl​as.​org) using the consensus dataset 
consisting of the normalized expression (nTPM) levels. An ad-
ditional RNA-Seq of cell types isolated from human brain was 
retrieved from “Brain RNA-Seq” (https://​brain​rnaseq.​org/​) 
(Zhang et al. 2016). RNA-Seq data from old individuals were ob-
tained from “Aging, Dementia and Traumatic Brain Injury (TBI) 
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Study” (https://​aging.​brain​-​map.​org/​rnaseq/​search), encom-
passing 54 participants (female n = 22, male n = 32) from 78 to 
100+ years old, among whom 24 presented dementia. Additional 
transcriptomic data of old and young individuals was retrieved 
from GSE53890 (Lu et al. 2014), from the Adult Genotype Tissue 
Expression (GTEx) project (Consortium GT 2020) and from the 
Human Brain Transcriptome (https://​hbatl​as.​org/​). Data from 
Alzheimer Disease Progression Atlas were obtained in https://​
ad-​progr​essio​n-​atlas.​partn​ers.​org/?​page=​home (Serrano-Pozo 
et al. 2024).

2.2   |   Mouse Studies

The C57BL/6J mouse strain was obtained from The Jackson 
Laboratory and housed in pathogen-free barrier areas of the 
Biodonostia Health Research Institute. For brain extraction, 
mice were anesthetized with isoflurane and culled by decapi-
tation. In situ hybridization and expression data were obtained 
from Allen Brain Atlas data portal (https://​mouse.​brain​-​map.​
org/​). Transcriptomic data of mouse NSCs from the subep-
endymal zone and subventricular zone were retrieved from 
GSE138243 (Belenguer et  al.  2021) and GSE168189 (Marques-
Torrejon et  al.  2021), respectively. An additional single-cell 
RNA-Seq from mouse hippocampus with AD was obtained 
from GSE141044 (Zhong et  al.  2020) in the scREAD database 
(Jiang et al. 2020).

2.3   |   Transcriptome Analysis

Gene expression array was performed from 5 ng of RNA using 
Clariom S array (902922. Thermo-Fisher Scientific, Waltham, 
MA, USA) following manufacturers' instructions, which mea-
sure gene-level expression from > 20.000 well-annotated genes. 
Data were analyzed with Transcriptome Analysis Console 
(TAC) software v4.0. Data were normalized using the Robust 
Multi-array Average (RMA) and batch effect was eliminated 
using batch effect module of the TAC software. Then, studied 
groups were compared with Limma differential expression 
analysis to find differentially expressed genes with p < 0.05 and 
fold change ≥ |2| were selected. Gene Ontology (GO) analysis 
was performed using PANTHER GO-Slim Biological Process 
(http://​www.​panth​erdb.​org/​panth​er/​goSlim.​jsp). Additionally, 
correlation was calculated between the expression and age of 
the individual for each transcript. The expression of 46 genes 
was found to be significantly correlated (p < 0.001), 6 of them 
having a correlation coefficient higher than |0.8|.

2.4   |   Primary Astrocyte Cultures

Normal Human Astrocytes (1800, ScienCell, California, CA, 
USA) were cultured in adhesion in culture plates pre-treated 
with 15 μg/mL poly-L-lysine. Astrocyte medium kit (1801, 
ScienCell) was employed and cells were maintained in culture 
conditions at 37°C, 95% humidity, 21% O2 and under 5% CO2 
pressure. NHA were maintained in culture and passages were 
performed every 4–5 days (Saenz-Antonanzas et al. 2024). The 
expression of genes was studied at early (Lopez-Otin et al. 2023; 
Murman 2015; Bishop et al. 2010) and late (Wu et al. 2025; Wang 

et al. 2022; Su et al. 2023; Zhou et al. 2022) passages after total 
RNA extraction from cell cultures.

2.5   |   Lentiviral Infections

NHA were transduced with lentiviral vectors containing a 
plasmid with silencing sequence of RAD23B (shRAD23B, 
TRCN0000003955, Sigma-Aldrich, St Louis, MO, USA). pLKO.1 
puro (Addgene plasmid #8453) was used as control. Lentiviral 
infections were performed overnight with a multicity of infec-
tion (MOI) of 10 at 37°C and 5% CO2 in astrocyte medium. After 
48 h, infected cells were selected in the presence of 2 μg/mL pu-
romycin (Sigma-Aldrich) for 48–72 h.

2.6   |   Cell Growth and Senescence Assays

NHA were plated in a density of 104 cells in 6-well plates and 
number of cells was determined at days 1, 4 and 8. Data were rep-
resented indicating the total number of cells per experimental 
condition in each time point. Senescence assay was performed 
using the Senescence β-Galactosidase Staining Kit (9860, Cell 
Signaling, Danvers, MA, USA) according to the manufacturer's 
guidelines.

2.7   |   Cell and Tissue IF

Cell IF was performed following standard procedures as de-
scribed in previous studies (Arrizabalaga et al. 2017). Cells were 
incubated with primary Ki67 (1:500, 15580, Abcam, Cambridge, 
UK) and Caspase 3 (1:500, AF835, Minneapolis, MN, USA) an-
tibodies, followed by the respective secondary antibodies don-
key anti-mouse 488 (1:1000, A21202, Invitrogen, Carlsbad, CA, 
USA) or donkey anti-rabbit 555 (1:1000, A31572, Invitrogen). 
For nuclear DNA staining, Hoechst 33,342 (Sigma-Aldrich, 
Burlington, MA, USA) was used. Pictures were taken with an 
Eclipse 80i microscope and processed with the NIS Elements 
Advances Research software (Tokyo, Japan).

Tissue IF was performed in formalin fixed brain samples. 
Deparaffination protocol was performed by heating samples 
at 15′ at 65°C, followed by immersion in xylene and a series 
of alcohol solutions of decreasing concentration (100%, 70%, 
50%, and distilled water), with each immersion lasting 5 min. 
Finally, samples were heated for 1 h in citrate buffer for anti-
gen retrieval. The sections were permeabilized and blocked 
for 2 h with 2% normal donkey serum and they were incubated 
with anti-RAD23B (1:300 H00005887-B02P, Novus Biologicals), 
GFAP (1:300, 13-0300, Invitrogen) and TUJ1 (1:500, 802001, 
Biolegend, San Diego, CA, USA) primary antibodies at 4°C over-
night, followed by the respective secondary antibodies donkey 
anti-rat 488 (1:1000, A21208, Invitrogen), donkey anti-rabbit 488 
(1:1000, A21206, Invitrogen) or donkey anti-mouse 555 (1:1000, 
A31570, Invitrogen). Nuclear DNA was stained with DAPI 
(10 mg/mL, 40011, Biotium, Fremont, CA, USA). The prepa-
ration was mounted with ProlongTM Gold antifade mounting 
media (P36930, Invitrogen) and IF was evaluated with SP5 
laser scanning confocal microscope (TCS SP5, Leica, Wetzlar, 
Germany). Processing and analysis were performed on the 

https://aging.brain-map.org/rnaseq/search
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maximal intensity projection of the z-stack using Fiji software. 
Quantification was measured based on protein positive signal 
respect to total nuclei in DAPI channel.

2.8   |   Immunohistochemistry (IHC)

5 μm sections were done using a microtome (HM355S, Thermo 
Scientific), deparaffined in xylene and rehydrated in a se-
ries of graded alcohols as described above. Heat-induced an-
tigen retrieval with citrate buffer was performed for 10 min. 
Endogenous peroxidase was blocked with 5% hydrogen peroxide 
in methanol for 15 min. After incubation with PBS 0.3%-Triton 
X-100 5% FBS for blocking, sections were incubated with the 
respective primary antibody, anti-RAD23B (1:100, H00005887-
B02P, Novus Biologicals, Centennial, CO, USA), anti-SMPD4 
(1:100, HPA049426, Atlas antibodies, Stockholm, Sweden) or 
anti-ANKRD18B (1:100, PA5-61220, Thermo-Fischer Scientific) 
at 37°C for 2 h. The sections were then washed and incubated 
with MACH 3 Rabbit Probe and MACH 3 Rabbit HRP-Polymer 
(M3R531, Biocare Medical, Pacheco, CA, USA). Color was de-
veloped with 3,3′-Diaminobenzidine (DAB) and nuclei were 
counterstained with hematoxylin. Sections were visualized with 
a light microscope and scanned with Virtuoso v.5.6.1 software 
(Roche, Basel, Switzerland).

2.9   |   RNA Extraction and Analysis by q RT-PCR

Total RNA extraction was performed using Trizol (11578616, Life 
Technologies, Carlsbad, CA, USA). Reverse transcription (RT) 
was performed using the Maxima First Strand cDNA Synthesis 
Kit (K1641, ThermoFisher), following the manufacturer's in-
structions. To analyze gene expression, quantitative real-time 
polymerase chain reaction (qRT-PCR) with 20 ng of cDNA was 
performed by Absolute SYBR Green mix (10209284, Thermo 
Scientific) on a CFX384 thermal cycler (Bio-Rad, Hercules, CA, 
USA). Transcript levels were normalized to Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and measured using the 
ΔΔCt relative quantification method.

2.10   |   Western Blot Analysis

Immunoblots were performed following procedures previously 
described (Matheu et  al.  2005). Specific antibodies against 
RAD23B (1:250, H00005887-B02P, Novus Biologicals) and 
β-actin (1/100000, A5441, Sigma-Aldrich) were used in the 
study, followed by Horse anti-mouse HRP 1/1000, 7076S, Cell 
Signaling. Detection was performed by chemiluminescence 
using NOVEX ECL Chemi Substrate and SuperSignal West 
Femto Maximum Sensitivity Substrate (34095, ThermoFisher).

2.11   |   Data Analysis

Statistical analyses and graphics were performed using 
Microsoft Office Excel, IBM SPSS Statistics 20, R Studio and 
GraphPad Prism 8 software. Data are represented as mean val-
ues ± SEM, with the number of experiments (n) carried out for 
each assay. Unless otherwise indicated, statistical significance 

was calculated by Student's t-test ≠p < 0.1, *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001. In case of multiple tests, we included the results 
with multiple testing correction by False Discovery Rate (FDR). 
For correlation analysis, we first performed a Kolmogorov–
Smirnov test for the assessment of normality and then we used 
Pearson's coefficient when samples were normally distributed or 
Spearman's coefficient when they were not normally distributed. 
Public available transcriptomic data was analyzed following the 
default limma pipeline in R for differential expression analysis, 
and the fold change was represented. Single-cell RNA-Seq was 
loaded into Seurat, normalized, and represented through violin 
plots in R.

2.12   |   Ethics Approval

This study was approved by the Clinical Research Ethics 
Committee of the DH (AMM-MHP-2019-1) and adhered to 
the tenets of the Declaration of Helsinki by the World Medical 
Association regarding human experimentation. Animal studies 
were approved by the Biodonostia Institute Animal Care and 
Use Committee in accordance with the Spanish Royal Decree 
53/2013.

3   |   Results

3.1   |   Transcriptome Analyses Reveal Differentially 
Expressed Genes With Age in the Hippocampus

We performed transcriptome study of human hippocampus 
samples from individuals of different ages divided in young 
vs. old, and we observed a differential gene expression pat-
tern between the two groups (Figure  1A). In particular, 74 
genes were differentially expressed with p-value < 0.05 and 
FC ≥ |2|, among which 46 were decreased and 28 increased 
in older individuals compared to young ones (Figure  1B, 
Table S4). GO analysis of significantly altered genes between 
the two groups revealed that the top canonical biological pro-
cesses of downregulated genes were associated with metab-
olism, DNA repair, hormone regulation, protein secretion, 
autophagy, hypoxia, apoptosis, and transport (Figure 1C). On 
the contrary, processes associated with metabolism, synap-
tic signaling and ion transport were detected among upreg-
ulated genes (Figure  1D). In order to confirm these results, 
we measured the mRNA expression of a selection of identified 
genes by q-RTPCR in the cohort of 33 individuals that were 
at the extremes including young (n = 16, 27–45 years) and old 
(n = 17, 76–96 years). In particular, 33 genes (18 decreased and 
15 increased in the transcriptome) were selected based on 
the FC, p-values and the pathways in which they participate. 
Among them, we detected a statistically significant decreased 
expression of genes linked to metabolism or transport path-
ways (GRK4, TSPAN18, SSTR2, PPP1R1B), DNA repair (EYA1, 
RAD21, ZBTB10), development (OSR1, CREM, ZIC1, EFEMP2, 
NNAT) and neurotransmitter release or activity (CHRNA6) 
(Figures 1E and S1). Moreover, we found statistically signifi-
cant increased levels of genes mainly linked to inflammation 
or immune system pathways (CHI3L1, CHI3L2, SERPINA3, 
CERCAM) and metabolism (MRAP2, CAPN3, PD1E1C), trans-
port (ANKRD30, MS4A6A) and synaptic activity (DLGAP1, 
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KCNAB1) (Figure 1F). No differences were detected when the 
samples were divided by sexes (Figure S2A–D). These results 
reveal a set of differentially expressed genes with age.

Taking advantage of data from public available datasets we 
characterized the expression of the set of identified genes 
in different brain regions and cell types. First, using data 

FIGURE 1    |     Legend on next page.
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obtained from TBI study (https://​aging.​brain​-​map.​org/​rna-
seq/​search), we observed that the expression of most genes 
(EYA1, TSPAN18, SSTR2, CREM, NNAT, CHI3L2, MS4A6A, 
KCNAB1) was higher in the hippocampus compared to addi-
tional brain regions such as white matter of the forebrain, pa-
rietal and temporal neocortex (Figure 1G). In addition, their 
expression was also high in cases with dementia (Figure 1G). 
We also studied the expression of the ortholog genes in adult 
C57BL6 mice brain sections using “Allen Mouse Brain Atlas” 
(https://​mouse.​brain​-​map.​org/​). In this context, most genes 
were also enriched in the DG (Figure S3).

Next, we studied their expression in different brain cell types. 
For this, we analyzed single-cell RNA-Seq studies performed in 
human brains from The Human Protein Atlas (http://​www.​prote​
inatl​as.​org) and from an additional study (http://​www.​brain​
rnaseq.​org) (Zhang et al. 2016). We noticed that EYA1, CHI3L1, 
CHI3L2, MS4A6A, and RAD21 appeared to be expressed mostly 
by glial cells. In contrast, CHRNA6, SSTR2, NNAT, and MRAP2 
were expressed mostly by neurons (Figures 1H and S4).

3.2   |   The Expression of 6 Genes Correlates With 
Chronological Aging

An additional analysis was performed to identify genes whose 
expression correlated with chronological aging in human hip-
pocampus. Pearson's correlation revealed that the expression of 
46 genes was significantly correlated with the expression and 
age of the individual (p < 0.001), with 3 of them also identified 
in the DEG analysis (Figure 2A and Table S4). In this case, 6 of 
the genes presented a correlation coefficient higher than |0.8|. 
Among them, the levels of Sphingomyelin Phosphodiesterase 
4 (SMPD4), Ras-GEF domain-containing family member 1B 
(RASGEF1B) and Ankyrin Repeat Domain 18B (ANKRD18B) 
correlated positively with chronological aging whereas RAD23 
homolog B nucleotide excision repair protein (RAD23B), 
Hypoxia up-regulated 1 (HYOU1) and Olfactory Receptor fam-
ily 2 subfamily A member 42 (OR2A42) expression correlated 
negatively with age (Figure  2B,C). In order to validate these 
results, the mRNA expression of the 6 genes was analyzed by 
q-RTPCR in additional samples from cohort 1 (120 individuals 
from 27 to 96 years) separated in young (n = 78) and old (n = 42) 
groups, finding that the expression of SMPD4, RASGEF1B and 
ANKRD18B were increased in samples from old individuals 
(Figure  2D), whereas the expression of RAD23B and HYOU1 
was significantly lower (Figure  2E). Importantly, correlation 
analysis confirmed that the expression of SMPD4, RASGEF1B, 
and ANKRD18B correlated positively with age (p = 0.04, 
p = 0.02, p = 0.02 respectively), while the decline in RAD23B and 
HYOU1 levels presented a significant score (p = 0.02 and p = 0.03 

respectively) (Figure 2F). In line with these results, public avail-
able data from the Adult Genotype Tissue Expression (GTEx) 
project showed that both RAD23B and HYOU1 expression were 
decreased with age within the human hippocampus (range 20–
70), and SMPD4, ANKRD18B, and RASGEF1B were increased 
(Figure 2G). Data regarding OR2A42 was not found in the da-
tabase. No marked differences were detected when the samples 
were divided by gender in the different genes (Figure S5). These 
results reveal a set of genes that correlated with chronologi-
cal age.

3.3   |   The Expression of Identified Genes Is 
Enriched in Different Brain Regions and Cell Types

Taking advantage of data from public available datasets de-
scribed above we characterized the expression of the six genes 
in different brain regions and cell types. First, data from TBI 
study showed that the expression of RAD23B and HYOU1 ap-
peared to be higher in the hippocampus compared to additional 
brain regions (Figure 3A). In contrast, the expression of SMPD4 
and RASGEF1B appeared to be higher in the white matter of the 
forebrain, whereas the levels of ANKRD18B were more elevated 
in the parietal and temporal neocortex (Figure 3A). Expression 
of the ortholog genes in adult C57BL6 mice brain sections from 
“Allen Mouse Brain Atlas”, showed that Smpd4, Rasgef1b, 
Rad23b, and Hyou1 were detected in different regions of the 
brain, with the last two being highly enriched in the hippocam-
pus (Figure 3B), paralleling the expression detected in humans. 
Furthermore, we studied the expression of the selected genes 
in hippocampus samples from a set of young and aged C57BL6 
mice and we did not detected changes in the expression of Smpd4 
and Rasgef1b but we found significantly lower levels of Rad23b 
in old mice compared to young ones (Figure 3C). Additionally, 
transcriptomic public available datasets showed that some of 
the identified genes, mainly Rad23b, Smpd4, and Rasgef1b, were 
associated with neural stem cell populations (Figure  S6A,B) 
(Belenguer et  al.  2021; Marques-Torrejon et  al.  2021), and an 
additional single-cell RNA-Seq study revealed lower levels of 
Smpd4 and Rad23b in mouse hippocampus with AD compared 
to control samples (Figure 3D). These results associate the ex-
pression of RAD23B to the hippocampus.

Next, we studied their expression in different brain cell types. 
For this, we first analyzed single-cell RNA-Seq from The 
Human Protein Atlas. We noticed that SMPD4 and RASGEF1 
appeared to be expressed mostly by glial cells, in particular oli-
godendrocytes and OPCs, in contrast to ANKRD18B that was 
expressed mostly by neurons (Figure 3E). In the case of RAD23B 
and HYOU1, their expression pattern was similar between glial 
cells and neurons (Figure 3E). The additional study comparing 

FIGURE 1    |    Transcriptome analyses reveal differentially expressed genes with age in the hippocampus. (A) Volcano plot of decreased (green) and 
increased (red) genes in the analysis of old (n = 8) versus young (n = 5) samples. All genes selected p-value < 0.05 and FC ≥ |2|. (B) Number of genes 
upregulated and downregulated in old group. (C, D) Representative bar plots of biological processes associated with (C) decreased or (D) increased 
genes after Gene Ontology (GO) analysis. (E, F) mRNA expression levels of selected genes by qRT-PCR in young (n = 15) and old individuals (n = 16). 
(G) Expression of genes in white matter of forebrain (FWM), hippocampus (HIP), parietal neocortex (PCx) and temporal neocortex (TCx) of older 
individuals (n = 30 healthy, n = 24 dementia) from https://​aging.​brain​-​map.​org. (H) Normalized expression (nTPM) of identified genes from Single 
cell RNAseq data from http://​www.​prote​inatl​as.​org. The statistical significance was (≠p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001).

https://aging.brain-map.org/rnaseq/search
https://aging.brain-map.org/rnaseq/search
https://mouse.brain-map.org/
http://www.proteinatlas.org
http://www.proteinatlas.org
http://www.brainrnaseq.org
http://www.brainrnaseq.org
https://aging.brain-map.org
http://www.proteinatlas.org
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gene expression between cell types (Zhang et al. 2016) showed 
that SMPD4, RAD23B, and HYOU1 were present in the highest 
proportion in astrocytes, but ANKRD18B was mostly in neurons 
and RASGEF1 in microglia (Figure 3F).

It is known that maintenance of cells for several passages under 
culture conditions creates a stress context that induces pheno-
typic and molecular changes in cells that resemble physiolog-
ical aging in  vivo (Tigges et  al.  2014). Since the expression of 
the genes was mostly enriched in glial cells, we characterized 
the expression of the genes in human primary astrocytes (NHA 
cells) at early and late passages by q-RTPCR. Paralleling the 
results obtained in old samples in vivo, late passage NHA pre-
sented significantly higher levels of SMPD4 and ANKRD18B and 
lower expression of RAD23B, HYOU1, and OR2A42 compared to 
early passage ones (Figure 3G). A similar decline was observed 

in protein RAD23B expression (Figure  3H). These results ex-
tend the link of identified genes to cellular aging.

3.4   |   RAD23B Protein Expression Diminishes With 
Age and With AD

Since RAD23B, SMPD4 and ANKRD18B were the genes that 
showed the strongest association with age, we focused on their 
characterization. Thus, we studied their protein expression in 
human brain samples, including the DG, CA1, and CA3 re-
gions of the hippocampus of healthy individuals of different 
ages (Figure 4A–D). Notably, we detected a marked decrease in 
the staining of RAD23B in the different regions of the hippo-
campus in old samples compared to young individuals by IHC 
(Figure S7A), that was also detected in the cortex (Figure 4A,D). 

FIGURE 2    |    The expression of 6 genes correlates positively or negatively with chronological aging. (A) Analysis of concordant genes in the DEG 
and correlation study. (B, C) Correlation studies of SMPD4, RASGEF1B, ANKRD18B, RAD23B, HYOU1, and OR2A42 with chronological aging in 
samples from the transcriptome (n = 16) using Pearson correlation coefficient (r) with p < 0.001. (D, E) mRNA expression levels of 6 genes young 
(n ≥ 75) and old individuals (n ≥ 39). (F) Correlation studies of 6 genes with chronological aging (n ≥ 114) using Pearson correlation coefficient. 
(≠p < 0.1, *p < 0.05). (G) Expression of identified genes in the hippocampus in publicly available data from the Adult Genotype Tissue Expression 
(GTEx) project (age range 20–70).
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Similarly, immunofluorescence also revealed that the levels 
of RAD23B were lower in the hippocampus of old individuals 
(Figure  4E,F). On the contrary, we observed an increase in 
SMPD4 and ANKRD18B expression in the different regions of 
the hippocampus and in the cortex of old cases (Figure 4B,C). 

In line with these results, public available datasets from a tran-
scriptomic study comparing human samples from old and young 
individuals (Lu et  al.  2014), also showed higher expression of 
SMPD4 and lower of RAD23 in old cases (Figure 4G) and a sim-
ilar tendency was observed in different regions of the brain, 

FIGURE 3    |    The expression of identified genes is enriched in different human and mice brain regions with age. (A) Expression of 6 genes in dif-
ferent brain regions from https://​aging.​brain​-​map.​org. (B) In situ hybridization (ISH, up) and expression of indicated genes from https://​mouse.​brain​
-​map.​org. (C) mRNA levels of Smpd4, Rasgef1b, Rad23b, and Hyou1 in the dentate gyrus (DG) of young (2 months, n = 12) and old (over 20 months, 
n = 9) C57BL6 mice. (D) Rad23b and Smpd4 expression in AD mouse model. (E) Normalized expression (nTPM) of identified genes in indicated cell 
types from http://​www.​prote​inatl​as.​org. (F) Expression of genes from http://​www.​brain​rnaseq.​org. (G) mRNA levels of selected genes in NHA pri-
mary astrocytes cultured at early and late passages (n ≥ 3). (H) RAD23 protein levels by Western Blot from 2 independent experiments at early and 
late stage. (≠p < 0.1, *p < 0.05, **p < 0.01).

https://aging.brain-map.org
https://mouse.brain-map.org
https://mouse.brain-map.org
http://www.proteinatlas.org
http://www.brainrnaseq.org
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including hippocampus, in datasets from the Human Brain 
Transcriptome study (Figure S7C). Moreover, the expression of 
RAD23B in AD patients was even lower or absent in comparison 
with old and young healthy individuals (Figure 4A,D), and the 

lower levels correlated, specifically in astrocytes, with higher 
pathology stage and BRAAK stage on the entorhinal cortex 
from public available data from Alzheimer Disease Progression 
Atlas (Figure 4H). On the contrary, the effect was not clear with 

FIGURE 4    |    RAD23B protein expression diminishes with physiological and pathological aging. (A–D) Representative immunohistochemistry and 
quantification of RAD23B, SMPD4 and ANKRD18B in human dentate gyrus (DG) and cortex samples of young (n = 3), old (n = 9), and Alzheimer's 
disease (AD) individuals (n = 8). Expression was classified as high (2), moderate (1), low or absent expression (0) by pathologist. Chi-squared test 
(*p < 0.05, **p < 0.01). (E–F) Representative co-immunofluorescence of RAD23B (red) with (E) GFAP or (F) TUJ1 (green) in the DG of hippocampal 
coronal sections of young and old individuals (n = 3), (scale bar = 100 μm) arrow marks a double GFAP/RAD23b positive cell. (G) mRNA expression of 
RAD23B and SMPD4 in human prefrontal cortical gray matter samples from old (80–94 years) versus young (24–37 years) (GSE53890). (H) Expression 
of RAD23B in astrocytes from entorhinal cortex of human samples from public available data from Alzheimer Disease Progression Atlas (https://​ad-​
progr​essio​n-​atlas.​partn​ers.​org/?​page=​home) taking into account BRAAK and pathology stage.

https://ad-progression-atlas.partners.org/?page=home
https://ad-progression-atlas.partners.org/?page=home
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the expression of other genes (Figure S8A,B). Proportion of as-
trocytes expressing RAD23B, or the other genes, did not vary 
significantly across the stages (Figure S8C,D), suggesting that 
loss of RAD23B is due to gene downregulation rather than astro-
cytic loss. Altogether, these results reveal a significant decrease 
in the expression of RAD23B in the different areas of the brain, 
including the hippocampus with physiological aging that is ex-
acerbated in pathological conditions.

To further characterize the expression of RAD23B in the dif-
ferent brain cell types, we completed co-staining studies of 
RAD23B with glial fibrillary acidic protein (GFAP) astrocytic 
marker and Class III β-Tubulin (TUJ1) neuronal marker. We 
observed that some of the cells positive for RAD23B were also 
positive for GFAP (Figure 4E) and, to a lesser extent, for TUJ1 
(Figure  4F), in line with the results observed in the publicly 
available datasets.

3.5   |   RAD23B Silencing Impairs Astrocytic 
Homeostasis

Finally, we studied the effect of RAD23B silencing in NHA astro-
cytes using lentiviral infections. We detected significantly lower 
protein and mRNA levels of RAD23B in astrocytes with RAD23B 
silencing compared to control ones (Figure 5A–C), thus validat-
ing our experimental model. In order to test the functional im-
pact of RAD23B, we completed several experiments measuring 
proliferation, apoptosis, and senescence. First, we found a sta-
tistically significant reduction of cell growth measured by cell 
counting (Figure  5D) in shRAD23B cells, indicating that cell 
proliferation was impaired in RAD23B-silenced NHA. These re-
sults were further confirmed with the lower number of positive 

cells for Ki67 marker (Figures 5E and S9A) as well as with the 
increased number of SA-β-gal positive cells (Figures  5F and 
S9B). Moreover, the expression of proliferation and senescence 
markers was analyzed in shRAD23B cells detecting a statisti-
cally significant higher expression of p16INK4A, p21CIP1, p27KIP1, 
and IL6 compared to control ones (Figure 5G). Furthermore, si-
lencing of RAD23B significantly increased apoptosis measured 
as the number of positive cells for Caspase 3 marker (Figures 5H 
and S9C). These data indicate that RAD23B is involved in astro-
cyte viability and function.

4   |   Discussion

Brain aging promotes a progressive loss of mental capacities, 
which drives a progressive cognitive decline and functional in-
dividual deterioration that can also lead to neurodegenerative 
diseases (Fjell and Walhovd  2010). The identification of the 
molecular mechanisms underlying age-associated cognitive 
decline, specifically in the hippocampus, is an area under in-
tense investigation nowadays. For this reason, we completed 
a transcriptomic study in human hippocampal samples from 
subjects of different ages and performed 2 complementary ap-
proaches that revealed widespread molecular alterations that 
may underlie age-associated cognitive decline. On the one hand, 
the comparison between groups of young and old individuals 
identified a subset of genes that were differentially expressed. 
Notably, they were involved in pathways related to inflam-
mation and immune-related pathways, DNA repair, metabo-
lism, development, synaptic signaling, ion transport, hormone 
regulation, and proteostasis, all of them previously associ-
ated with aging (Lopez-Otin et  al.  2023; Ham and Lee  2020). 
Consistent with prior studies (Ham and Lee 2020), we observed 

FIGURE 5    |    RAD23B silencing decreases astrocytic activity. (A, B) Representative western blot and quantification of RAD23B levels in shRAD23B 
NHA cells and controls (pLKO) (n = 3). (C) mRNA levels in same conditions (n = 3). (D) Cell growth in shRAD23B and pLKO astrocytes at indicat-
ed time points (n = 2). (E) Quantification of Ki67+ cells (n = 3). (F) SA-β-gal activity in shRAD23B and pLKO cells (n = 3). (G) mRNA expression 
of p16INK4A, p21CIP1, p27KIP1, and IL6 in shRAD23B and pLKO cells (n = 3). (H) Quantification of Caspase 3+ cells (n = 3). Student's t-test (*p < 0.05, 
**p < 0.01, ***p < 0.001).
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a general upregulation of genes involved in neuroinflammation 
and immune-related pathways, alongside a downregulation of 
genes associated with neuronal signaling and development, 
metabolism, and DNA repair. These findings highlight a shift 
in cellular states from a metabolically active during youth to-
ward a more inflammatory and energetically constrained state 
in aging. On the other hand, we performed an additional bioin-
formatic analysis to unravel the molecular mechanisms that are 
associated with chronological aging and we identified changes 
in the expression of over 40 genes. The results of both analyses 
are in line with previous studies of the aging human brain that 
have shown dynamic gene expression changes that distinguish 
young adults from the aging population (Ham and Lee  2020; 
Wang et al. 2022).

Among the chronological aging analysis, 6 genes were the most 
significantly altered. SMPD4, RASGEF1B, and ANKRD18B cor-
related positively with age whilst the expression of RAD23B, 
HYOU1, and OR2A42 showed a decline with age. These genes 
are involved in metabolism, DNA repair and protein regulation 
further highlighting the association of these biological processes 
with brain aging. SMPD4 has a role in the homeostasis of mem-
brane sphingolipids, and influences membrane integrity, and 
endoplasmic reticulum (ER) organization and function (Krut 
et  al.  2006). In skeletal muscle, it mediates TNF-stimulated 
oxidant production and diseases associated with SMPD4 in-
clude neurodevelopmental disorder (Corcoran et  al.  2008). 
RASGEF1B, a toll-like receptor-inducible Ras guanine-
nucleotide exchange factor, has been associated with cancer, 
proliferation, and inflammation pathways (Andrade et al. 2010), 
whereas ANKRD18B participates in cell growth, cell cycle regu-
lation, and signal transduction and it has been linked with can-
cer progression (Liu et al. 2015). HYOU1 plays an important role 
in protein folding and secretion in the ER (Rao et al. 2021). Its 
expression is upregulated in many diseases, including different 
types of cancer and ER stress-related diseases. These genes have 
not been linked directly to the aging process and little is known 
regarding their activity in the brain; however, our data and their 
described functions suggest that they could be involved in differ-
ent biological processes underlying brain aging.

Emerging single-cell RNA sequencing and spatial transcrip-
tomic studies have demonstrated that transcriptomic aging 
signatures vary substantially between hippocampal subregions 
(CA1, CA3, dentate gyrus) and cell types (Ham and Lee 2020; 
Wu et al. 2025; Su et al. 2023; Zhou et al. 2022). Our bulk tis-
sue results likely reflect a composite of these heterogeneous 
changes. Indeed, we identified genes differentially and specif-
ically expressed in different progenitor, glial, and neuronal cell 
types and they appeared to be conserved across the diverse 
hippocampal compartments. Moreover, data from several pub-
licly available studies indicate that the observed differences in 
expression are not confined to the hippocampus region but are 
also extended across additional brain regions.

Among the candidate genes, we focused on RAD23B, since 
it showed the strongest differences at statistical level both in 
human and mice. RAD23B gene is involved in DNA damage re-
pair, specifically in nucleotide excision repair (NER), a multistep 
process that corrects DNA alterations from endogenous oxida-
tive stress or single-strand breaks, among others (Katiyar and 

Lennarz 2005). In addition to his role in DNA damage recogni-
tion, RAD23B also has an important function in protein degrada-
tion (it binds ubiquitinated substrates and the proteasome) and 
in cell cycle control, which are also relevant processes in aging 
(Chen and Madura 2006). Notably, IHC, IF and public datasets 
revealed that RAD23B protein levels were lower in different re-
gions of the hippocampus and the brain of aged individuals with 
physiological aging. In addition, we identified that RAD23B pro-
tein expression was even lower or totally absent in patients with 
AD in comparison with old or young samples, and expression 
was reduced in astrocytes of entorhinal cortex with progression 
of the pathology, indicating that it could be a negative marker 
of physiological or pathological aging. Consistent with this, 
RAD23B protein inclusions have been found in several brain 
regions in a number of neurodegenerative diseases, including 
frontotemporal dementia, Huntington's disease, spinocerebel-
lar ataxia type 3 and 7, fragile X associated tremor/ataxia syn-
drome and Parkinson's disease (Riemslagh et al. 2019; Bergink 
et al. 2006). The in vitro results suggest that RAD23B is involved 
in astrocyte viability and activity, data reinforced by the expres-
sion studies in samples with physiological aging and specially 
with AD. Our results further reinforce the link between DNA 
repair pathways and brain aging. In this sense, DNA damage 
gives rise to genomic instability and induces signaling cascades 
leading to cell death, senescence or secretion of inflammatory 
cytokines (Rodier et al. 2009; Wong and Chow 2023). Moreover, 
mutations in DNA repair genes such as BRCA1, ATM or RAD51 
have been reported in AD (Lin et al. 2020), as well as accumula-
tion of the marker of DNA damage gamma-H2A histone X in as-
trocytes of hippocampus and cerebral cortex of patients (Myung 
et al. 2008).

While our data provide a comprehensive overview of hippo-
campal transcriptional aging, several limitations should be 
acknowledged including the limited number of samples where 
the transcriptome study was completed or the bulk analysis that 
lacks the resolution to distinguish cell-type–specific responses. 
Additionally, the sample obtention for the transcriptome study 
from forensic autopsies had limitations such as no information 
of the specific hippocampal subregions analyzed. Moreover, 
transcriptomic alterations may not directly correspond to 
changes at the functional level in cognition, information that 
was not available. In summary, our study performed 2 comple-
mentary approaches, which identified transcriptome dynamics 
with aging with differentially expressed genes and biological 
processes in human hippocampus. Our findings reinforce the 
view that aging profoundly reshapes the hippocampal transcrip-
tome, shifting the molecular landscape toward inflammation 
and reduced resilience. Among the molecular alterations, we de-
scribed the decline in the expression of RAD23B with aging that 
is exacerbated in AD pathology becoming a potential biomarker 
and driver of physiological and pathological aging in the brain.
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Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Figure S1: (A, B) mRNA expression levels of 33 

genes in young (n = 15) and old individuals (n = 16). Statistical signifi-
cance is determined as: (≠ p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001). 
Figure S2: Sex-specific mRNA expression levels of 33 target genes. 
Data are shown for males (A, C; young, n = 8; old, n = 9) and females (B, 
D; young, n = 7; old, n = 7). Statistical significance is determined as: (≠ 
p < 0.1, * p < 0.05). Figure S3: Spatial expression patterns of orthologous 
genes in the adult mouse brain. (A, B) Representative in situ hybridiza-
tion (ISH) images and expression maps from Allen Mouse Brain Atlas 
demonstrating the enrichment of candidate genes within the dentate 
gyrus (DG) of adult C57BL/6 mice. Figure S4:. Cell-type specific ex-
pression of candidate genes in the human brain. (A, B) Single-cell RNA-
sequencing (scRNA-seq) analysis from The Human Protein Atlas and 
Zhang et al. (2016). Figure S5: Sex-specific age related mRNA expres-
sion and correlation analysis of 6 selected genes. (A, B) mRNA expres-
sion levels of six candidate genes in males (young, n = 63; old, n = 27) and 
females (young, n = 12, old, n = 12). (C, D) Correlation studies of 6 genes 
with chronological aging in males and females separately. Statistical sig-
nificance is determined as: (≠ p < 0.1, * p < 0.05). Figure S6: Association 
of candidate genes with neural stem cell (NSC) populations. Heatmaps 
representing mRNA expression levels at cell level of candidate genes 
across NSC and progenitor clusters. Data obtained from gene expression 
omnibus (GEO) with accession number GSE138243 (A) and GSE168189 
(B). Figure S7: (A) Low magnification of RAD23b staining for young, 
old and neurodegenerative hippocampal brain slices. CA = cornus am-
monis, DG = dentate gyrus. (B) Expression of RAD23B and SMPD4 in 
different brain regions across age. Data extracted from Human Brain 
Transcriptome. AMY = amygdala, CBC = cerebellar cortex, HIP = hip-
pocampus, MD = mediodorsal nucleus of the thalamus, NCX = neocor-
tex, STR = striatum. Figure S8: Expression profile of candidate genes 
with Alzheimer disease progression. (A, B) Expression levels of the six 
candidate genes in astrocytes of entorhinal cortex categorized by (A) pa-
thology stage and (B) Braak stage. (C, D) Bubble charts illustrating the 
proportion of astrocytes expressing RAD23B and the other candidate 
genes across (C) pathological stages and (D) Braak stages. Proportion 
of astrocytes (GFAP positive) expressing RAD23b is written under 
the bubble chart. Data obtained from Alzheimer Disease Progression 
Atlas. Figure S9: Silencing of RAD23B in astrocytes triggers cellular 
senescence and apoptosis. Representative images for (A) Ki67, (B) SA-β-
galactosidase and (C) Caspase 3 for either pLKO or shRAD23B infected 
cells. Table S1: Information of the human hippocampus samples used 
for the transcriptomic study (cohort 1) divided by groups. Table  S2: 
Information of the human hippocampus samples used for mRNA vali-
dations (extension of cohort 1) divided by groups. Table S3: Information 
of the human hippocampus samples (cohort 2) used for protein studies 
(immunofluorescence and immunohistochemistry) divided by groups. 
Table S4: acel70459-sup-0003-Table4.xlsx. 
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