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ABSTRACT: Microglial replacement is emerging as a promising concept for treating age-related disorders, but
effects on epigenetic age remain unclear. Here, we examined DNA methylation dynamics in microglia from
young and old mice and evaluated how ischemic stroke and microglial depletion/repopulation (D/R) influence
their epigenetic landscape. Using epigenetic clocks, we confirmed that old microglia display an aged DNA
methylation profile, consistent with functional decline. Both stroke and microglial D/R induced an acceleration
of epigenetic age, likely reflecting proliferative stress associated with these conditions. However, genome-wide
methylation profiling using DNA methylation arrays revealed that microglial repopulation also reversed a large
fraction of age-associated DNA methylation changes, particularly within pathways related to immune activation
and inflammatory responses. These findings suggest that microglial D/R, though linked to epigenetic age
acceleration, leads to the widespread reversal of aging-associated DNA methylation changes, which may help
explain the beneficial outcomes observed after microglial replacement. Overall, our results highlight the
complexity of interpreting epigenetic age measures and underscore the potential of microglial replacement
strategies for brain rejuvenation.
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INTRODUCTION Microglia are critically involved in aging and age-
associated diseases. Aging imposes changes in the
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transcriptional profile of microglia governed by
epigenetic alterations [1] resulting in cellular senescence
[2]. In the elderly, microglia exhibit a primed pro-
inflammatory phenotype [3] and display age-related
transcriptomic signatures indicative of dysfunctional
states [4, 5]. Similarly, following acute brain injury,
microglia from aged mice display exaggerated
inflammatory responses [6, 7]. Strategies of microglia
replacement are under study to enhance microglial
function and restore homeostasis under disease conditions
[8, 9]. Remarkably, microglia replacement has been
applied to humans with microgliopathy, yielding
promising results [10]. Targeted microglia depletion can
be achieved through pharmacological inhibition of
colony-stimulating factor-1 receptor (CSFIR) [11].
Transient microglia depletion in adult mice is not
pathogenic, and, after treatment cessation, microglia
spontaneously repopulate the brain, driven by
proliferation of residual microglia [12].

Microglial depletion and repopulation (D/R) in aged
mice restored cognitive, synaptic, and neuronal function,
and induced signs of neuronal rejuvenation, including
transcriptional, morphological, and functional changes
[13]. While D/R only partially restored aged microglial
transcriptional profiles, it fully reversed their lipid-laden
phenotype [14]. Moreover, microglia D/R in aged mice
attenuated the exaggerated inflammatory transcriptional
profile and lipid accumulation characteristic of aged
microglia following stroke, and improved motor function,
suggesting a shift toward a more youthful microglia
phenotype [4]. Likewise, microglia replacement
attenuated neuroinflammation, and reduced neurological
deficits and brain edema after intracerebral hemorrhage in
aged mice [15]. However, the specific changes in
repopulated microglia underlying their improved function
versus the original aged microglia remain unknown. Age
drives progressive alterations in DNA methylation
(DNAm) that can advance the epigenetic age, often
correlating with functional decline. Microglia are long-
lived cells that self-renew throughout the lifespan [16],
accumulating age-related changes in their epigenetic
landscape over time [1]. We hypothesized that microglial
D/R can modify the epigenetic signature of newly formed
microglia, giving them a younger epigenetic profile. The
biological age of cells, tissues, and organisms can be
estimated based on specific DNA methylation patterns
described through epigenetic clocks [17]. Moreover,
pathological states can accelerate epigenetic age beyond
chronological age, a phenomenon referred to as epigenetic
age acceleration, whereas interventions that restore
molecular features of youth are generally described as
rejuvenation. The aim of this work was to identify the
epigenetic age of microglia in young and old mice, and to

study the effects of stroke and microglial D/R in old mice
on this parameter.

MATERIALS AND METHODS
Mice

C57BL/6 adult young (3—4 months) mice and old (21-22
months) mice were obtained from Janvier (Lyon, France)
or Envigo (Amsterdam, The Netherlands). Mice were
maintained at the animal facility at the School of Medicine
or Faculty of Psychology of the University of Barcelona
(UB) under standardized environmental conditions, a 12
h dark/light cycle, and ad libitum access to food and
water. Both male and female mice were used, but sexes
were not mixed in all the experiments. Animal work was
conducted following the Catalan and Spanish laws (Real
Decreto 53/2013) and the European Directives. All
experiments were conducted with the approval of the
ethical committee (Comité Etic d’Experimentacio
Animal, CEEA) of Universitat de Barcelona, and the local
regulatory bodies of the Generalitat de Catalunya, and in
compliance with the NIH Guide for the Care and Use of
Laboratory Animals.

Brain ischemia model

Cerebral ischemia was induced in mice by transient
occlusion of the right middle cerebral artery (MCAo) with
the intraluminal technique, as previously described [18].
In brief, anesthesia was induced with 5% isoflurane in a
mixture of 30% O, and 70% N>O and was maintained
with 1.5% isoflurane in the same mixture using a facial
mask. Cerebral blood flow was monitored with laser
Doppler flowmetry during the procedure to guide the
filament insertion and monitor perfusion. A laser Doppler
(Perimed, AB, Jarfilla, Sweden) was placed on the
territory of the right MCA (2.5mm lateral from Bregma)
with the help of a Doppler holder attached to the skull
using cyanoacrylate. With the animal in supine position
on a heated surgery table (37°C), a longitudinal cut was
made in the ventral midline of the neck and the
submaxillary glands and the omohyoid and sternothyroid
muscles were retracted, exposing the common carotid
artery (CA). A monofilament (#701912PK5Re, Doccol
Corporation, Sharon, MA) was introduced through the
right external CA, towards the internal CA, up to the level
where the MCA branches out. We allowed the mice to
wake up and kept them on the heated blanket. After 45
min of arterial occlusion, mice were anesthetized again,
the filament was cautiously removed, and the suture of the
common CA was removed to allow reperfusion. Mice
received analgesia (buprenorphine, 150 pl, 0.015 mg/mL
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via s.c.) and were kept on a thermal blanket at 37°C for 1
h after surgery.

Pre-established exclusion criteria were either
unsuccessful MCAo resulting in no infarction (assessed
by MRI) or technical surgical complications. Two weeks
post-ischemia mice were euthanized, and brains were
collected.

Magnetic resonance imaging

The brain lesions were imaged using magnetic resonance
imaging (MRI) in a 7.0 T BioSpec 70/30 horizontal
animal scanner equipped with a 12-cm inner diameter
actively shielded gradient system (400 mT/m). The
receiver coil was a phased array surface coil for mouse
brain (Bruker BioSpin, Ettlingen, Germany). Both 4 days
and 14 days after induction of ischemia, the brain was
studied with T2w turbo RARE fast spinecho MRI
sequences with one effective echo time (ET) = 33 ms,
slice thickness = 0.5 mm, repetition time (TR) = 2,336 ms,
field of view = 20 x 20 mm2, matrix size = 256 pixels,
and in-plane spatial resolution = 0.078 mm. Images were
obtained with ParaVision 6.0 software (Bruker BioSpin,
Ettlingen, Germany). Image analysis was carried out
using Fiji 2.2.0-2.3.0.

Drug Treatment

For microglia depletion, mice received the CSFIR
inhibitor PLX5622 (MedChemExpress #HY-114153)
following a previously reported protocol [7]. PLX5622
was mixed into AIN-76A rodent diet at 1,200 ppm
(Research Diets, NJ, USA; supplied by Brogaarden,
Denmark). Treatment controls received AIN-76A drug-
free standard chow for the same period. Both diets were
given in parallel in groups of five animals per cage. Mice
received diet ad libitum. After two weeks of treatment, the
PLX5622 diet was discontinued and replaced with
standard chow for seven days. At this point, stroke was
induced in the designated groups of mice by brain
ischemia. Brains were collected three weeks after
discontinuing the PLX5622 diet to study the effects of
microglial repopulation.

Brain tissue processing and microglial isolation by
fluorescence-activated cell sorting

Mice were anesthetized with isoflurane and euthanized by
cervical dislocation. Brains were collected in 50 mL
falcon tubes with cold HBSS buffer (w/o Ca?>" and Mg?*;
#14175-053, Thermo Fisher Scientific) and placed on ice.
The forebrain was dissected with a scalpel, discarding the
cerebellum and the olfactory bulbs. The ipsilateral and
contralateral hemispheres were separated, minced into

small pieces and placed into gentleMACS™ C-Tubes
(#130-096-334, Miltenyi Biotec). The brain tissue was
enzymatically dissociated using the Neural Tissue
Dissociation Kit (P) (#130-092-628, Miltenyi Biotec).
The gentleMACSTM Octo Dissociator (#130-096-427,
Miltenyi Biotec) was used for mechanical dissociation
steps following the Neural Tissue Dissociation Kit (P)
manufacturer protocol for dissociation with heaters (1x
m_Brain 1 program and 1x ABDK 37C program by
Miltenyi).

The digested tissue was then filtered through a 70 pm
cell strainer (#352350, Falcon), previously humidified,
with Hanks’ balanced salt solution (HBSS) with Ca?" and
Mg?" (#14025-092, Thermo Fisher Scientific). Then, cells
were separated from myelin by an immunomagnetic
separation method. Brain cells were incubated with
Myelin Removal Beads II (#130-096-733, Miltenyi
Biotec) and then passed through LS Columns (#130-042-
401, Miltenyi Biotec) held onto the OctoMACS Separator
(#130-091- 051, Miltenyi Biotec) and to the MACS
MultiStand  (#130-042-303, Miltenyi Biotec). The
negative fraction was collected to continue with the
staining protocol.

Unspecific binding of antibodies was blocked by
previous incubation for 10 min with anti-CD16/CD32 (Fc
block, clone 2.4G2; #55314, BD Pharmingen) in
Fluorescence-Activated Cell Sorting (FACS) buffer at
4°C. Live/dead Aqua cell stain (#L.34957, Thermo Fisher
Scientific) was used to determine cell viability. Cells were
then incubated with the following primary antibodies
during 30 min at 4°C: CD11b (clone M1/70, AF647,
#557686, BD Pharmigen), CD45 (clone 30-F11, FITC,
#553080, BD Pharmingen) and CD31 (clone 390, PE-
Cy7, #25-0311-82, eBioSciences). After washing with
FACS Stain Buffer (#554656, BD Biosciences), cells
were sorted in a FACS Aria Il or FACS Aria SORP sorter
(BD Biosciences) using FacsDiva software (version 5, BD
Biosciences, San Jose, CA, USA).

Microglial cells were collected in sterile 1.5 mL
Eppendorf tubes previously coated with FBS
(#A3160501, Thermo Fisher Scientific) and 200 uL of
cold dPBS (#14190-094, Thermo Fisher Scientific). As
fast as possible, cells were centrifuged, the supernatant
was removed, and cells were snap-frozen in dry ice. Data
analyses were performed with FlowJo software (version
10, FlowJo LLC, Ashland, OR, USA).

Bisulfite pyrosequencing for epigenetic age estimation

Bisulfite pyrosequencing was used to estimate the
Wagner mouse epigenetic clock as previously described
[19]. In brief, DNA was extracted with a standard phenol-
chloroform protocol. Bisulfite conversion was performed
with the EZ DNA methylation-gold kit (Zymo Research).
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After PCR amplification, pyrosequencing was performed
using PyroMark Q24 reagents and a vacuum prep
workstation, equipment and software (Qiagen). Primers
used were those described by Han Y and colleagues [19].
Linear mixed-effects models for comparing epigenetic
age values across groups were fit with the R package /me4
(v1.1-35.5) [20] and p-values were computed using
Satterthwaite’s method via the R package /merTest (v3.1-
3) [21].

Mouse Methylation BeadChips

Whole-genome DNA methylation (DNAm) levels were
assessed through Illumina Infinium Mouse Methylation
BeadChips. In short, DNA was extracted with a standard
phenol-chloroform protocol. Quantity and integrity were
assessed through fluorimetry (Qubit) and agarose gel
electrophoresis, respectively. Bisulfite conversion was
performed with the EZ DNA methylation kit (Zymo
Research). Samples were then processed and hybridized
to BeadChips following the Illumina Infinium Mouse
Methylation protocol.

Preprocessing of DNA methylation array data

All data preprocessing and analyses were carried out
using the statistical software R (v4.3.1). IDAT files were
imported and processed using the R package sesame
(v1.20.0) [22]. Intensity measurements were transformed
into beta values using the openSesame function with
recommended settings for mouse arrays (“prep” argument
set to “TQCDPB”), which includes non-linear dye bias
correction and noob background correction [23]. Beta
values for probes with multiple technical replicates were
averaged. Sex and mouse strain were inferred to confirm
sample identity. Additionally, the following probes were
filtered out: those masked by the SeSAMe pipeline (poor-
design probes and probes with detection p-values > 0.05
in any sample) [22], those flagged or with missing values
in the “MFG_Change Flagged” column from the Mouse
Methylation BeadChip Manifest File v1.0 A2 (https://
support.illumina.com/array/array_kits/infinium-mouse-
methylation-beadchip-kit.html), non-CpG probes, probes
with missing values in any sample, and probes mapping
to the mitochondrial chromosome. The final number of
profiled CpG sites was 259,148.

Genomic annotation of CpG sites

CpG sites were annotated to genes and genomic locations
using the Gencode mouse M25 release comprehensive
gene annotation (mm10) via the R package ChlPseeker
(v1.38.0) [24]. Promoters were defined as 2kb upstream
of transcription start sites. In addition, CpG sites were

annotated to CpG islands using the mm10 unmasked
island annotation from the UCSC Table browser [25].
CpG island shores and shelves were defined as regions
flanking CpG islands by 2 kb and 4 kb, respectively.
Differential methylation analyses

Differential comparisons were performed using M-values
[26]. The R package limma (v3.58.1) [27] was used to
build linear models and carry out comparisons using an
empirical Bayes moderated t-test. Differentially
methylated probes (DMPs) were defined as those with
FDR-adjusted p-value < 0.05 and a change in DNAm >
5%.

Epigenetic age estimation using array data

Various epigenetic clocks were computed using the array
data. The Wagner mouse blood epigenetic clock [19],
which was developed for pyrosequencing and measures 3
CpG sites, was estimated by using the DNAm values for
the closest CpG sites measured by the array. The
following CpG sites were used: 1) cg31044702, which is
the exact Primal site used in the original clock; 2)
cg46095458, which is 5 bp upstream of the Hsf4 site in
the original clock; 3) ¢g39241924, which is 204 bp
downstream of the Kcns/ site in the original clock.

The Reik mouse multi-tissue epigenetic clock [28],
which was developed using reduced representation
bisulfite sequencing (RRBS) technology and measures
329 CpG sites, was computed by using the array DNAm
values for the CpG sites directly intersecting or at 1 bp
distance of the original clock sites. A total of 142 CpG
sites were available in the array, and the rest was imputed
with a beta value of 0 across all samples. Alternative
imputation strategies were explored, in which missing
beta values were either sampled from the rest of the array
or from a bimodal beta distribution (a 1:1 mixture of Beta
(1,10) and Beta (10,1)). Across 1,000 permutations, the
average clock values showed a Pearson correlation >0.99
with the beta = 0 imputation strategy. However, individual
clock estimates were highly variable, with a median
correlation of 0.3 across permutations, highlighting the
uncertainty introduced by imputation. Despite this
variability, group differences (young vs. old, and old vs.
old D/R) remained statistically significant.

The proliferative history epiCMIT clock [29] was
developed in human blood samples by tracking average
DNAm values at a large number of CpG sites (N = 1,348).
To adapt the clock to mouse array data, the human hg19
coordinates were lifted to mm10 with the easylift R
package (v1.0.0) which internally uses the liftOver
functionality implemented in the rtracklayer R package
(v1.62.0) [30, 31] using the appropriate chain file
(https://hgdownload.soe.ucsc.edu/downloads.html).
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Then, mouse array CpGs within 250 bp of the lifted
clock regions were used for the computation of epiCMIT:
127 sites were finally used for epiCMIT hyper, which
represent sites gaining DNAm with proliferative history
and 147 sites for epiCMIT hypo, which represent sites
losing  DNAm with proliferative history. Finally,
epiCMIT hyper was computed as the average of the
hypermethylation sites, and epiCMIT hypo was computed
as 1 minus the average of the hypomethylation sites.

Pathway enrichment analyses

To perform pathway enrichment analyses using sets of
CpGs, these were first annotated to genes as described
above. Only those genes from non-intergenic CpGs were
retained. Then, the R package goseq (v1.54.0) [32] was
used to perform gene set enrichment using different
databases from MSigDB [33] including Gene Ontology
[34] and Hallmark [35], which were accessed and mapped
to mouse gene IDs with the R package msigdbr (v7.5.1).
The enrichments were adjusted to account for the
differing numbers of CpGs profiled per gene, which is a
potential source of bias. Significantly enriched pathways
were defined as those with an FDR-adjusted
overrepresentation p-value < 0.05. For inspection of the
most relevant results, only those pathways with adjusted
p-value < 0.05, odds ratio (OR) > 1.5, more than 15 and
less than 750 genes were considered.

Enhancer enrichment analyses

We accessed cell type-specific enhancer location data
from the EnhancerAtlas 2.0 web server (www.
enhanceratlas.org/) [36]. The easylift R package (v1.0.0)
was used to transform mm9 coordinates into mm10
coordinates using the appropriate chain file (https:/
hgdownload.soe.ucsc.edu/downloads.html).

Then, array CpGs were annotated to enhancer
locations when a direct overlap was observed.

RESULTS

We evaluated the effects of ischemic stroke on the
epigenetic age status of microglia of young (12wk, N=22)
and old (91wk, N=20) female mice and tested the effect
of microglial depletion, induced by the CSF1R inhibitor
PLX5622, followed by repopulation (D/R, 91wk, N=18)
(Fig. 1A, Methods). Evaluation of epigenetic age by
bisulfite pyrosequencing using the Wagner epigenetic
clock [19] confirmed that this blood-based predictor
distinguished microglia from young and old subjects (t-
test p=0.035, Fig. 1B). Stroke increased the microglial
epigenetic age across all subjects (linear mixed-effects
model p=0.0256, adjusted for age and subject, Fig. 1C),

though differences between individual age groups did not
reach statistical significance (paired t-test, Fig. 1C). These
findings are consistent with human data whereby stroke is
associated with increased epigenetic age [37, 38].
Unexpectedly, microglial D/R induced strong epigenetic
age acceleration across all samples (linear mixed-effects
model p<0.001, adjusted for ischemia and subject, Fig.
1D), and within each group (t-test both p<0.001, Fig. 1D).
A mixed-effects model using all samples (N=60)
including age, stroke, and microglia D/R groups,
demonstrated that all three variables were significantly
associated with increased epigenetic age of microglia (all
p<0.001). These results contrast previous reports of
microglial D/R alleviating aging-associated phenotypes
[7, 8, 13, 39], though repeated cycles of microglia D/R
induce an aged-like phenotype due to proliferative stress
[1]. Thus, the epigenetic age acceleration following
microglial D/R may be due to the increased proliferation
inherent to the process of microglial repopulation.

To deepen our understanding of the epigenetic
processes associated with microglial D/R, we conducted a
study with male mice including young (N=4), old (N=4)
and old-D/R (N=4) mice (Fig. 1E). We performed
genome-wide characterization of DNAm using mouse
methylation arrays, profiling the levels of 259,148 CpG
sites across all subjects (see Methods). Principal
component analysis revealed a clear segregation of the
sample groups (Fig. 1F), indicating global differences
across their DNA methylome. Estimating the Wagner
epigenetic age using the closest available CpGs in the
array showed a significant difference between microglia
of young and old male mice (t-test p=0.003, Fig. 1G).
Additionally, we detected a non-significant trend for
increased epigenetic age in the old D/R group (t test
p=0.140, Fig. 1G). By implementing a sequencing-based
multi-tissue epigenetic clock from the Reik lab [28], for
which we had measurements at 142 related CpG sites in
our array (43%), we observed increased epigenetic age in
old microglia (t-test p=0.001, Fig. 1H), and an additional
gain in D/R microglia (t-test p=0.010, Fig. 1H).

To test the potential relationship between the
observed epigenetic age acceleration and proliferation in
our study system, we adapted epiCMIT, a human blood-
based epigenetic predictor of proliferative history [29] to
our mouse array data. epiCMIT quantifies DNAm in
biologically-defined regions with known replication-
dependent changes [29], and the chromatin context of
aging epigenetic alterations is conserved between human
and mouse [40]. We detected an increase in proliferative
history with aging and a trend for repopulated microglia
for the hypermethylation epiCMIT clock (t-test p=0.024
and 0.151 for aging and D/R, respectively, Fig. 1I).
Furthermore, we found a particular increase in
proliferative history in the D/R group for the
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hypomethylation epiCMIT clock (t-test p=0.002, Fig. 1J).
These results suggest that the epigenetic age acceleration
following microglial D/R may be partially linked to the

increased proliferation required to repopulate the niche

left empty after microglial depletion.

A Control Ischemia
Stroke Brain :
tissue . ’
=
(12 wk) Control diet > '
oid _/' k.
(91 wk) Control diet >
Microglia
Old DIR & cell sorting
91 wk i ; >
(91 wk) PLX5622 diet [ Control diet > ey p——
Females 14 days 7days ® 15days @ pyrosequencing
B C * D Kk
* 0.209 0.075 F*kk *kdk
30 . . L -
[] o o 40 @
o =] o 60 L]
© 20 [ @
o o e L= | o NN
= 10 T 20 @ 40
§ o : 8 ‘- 2
g 20 £ 2 - ®
w-10 w w .
= T -20 —* ‘ T T T T T
Youn Old S & S & 6 & £ P
y & m“’@ 0“\‘ \\"‘6‘\ 0.6 60\ 0@6\ (\a'&
Control °Q°° & F F 7 & F &L
& @& 9 & © & &
+° o®
E Brain |
- i
tissue !
‘Young '
(12 wk) Control diet > :
&
(91 wk) Control diet > Microglia
OldDIR l cell sorting
g—( PLX5622 diet [ Control diet >
Males 14 days 7 days ® 15 days ® Genome-wide
DNAm arrays
F PCA G H
(64787 CpGs, top 25%) Wagner pyro clock Reik RRBS clock
4 -8 k% 0.140
£ 2
& % &
~ oA @ b
T 2 e
224 g 5
o p= =
E a4 o (=%
5 4 w w
S
4 o0 4 8 Young Old Old D/R Young Old Old D/R
Dim1 (var: 36.8%)
Group | J
Young ep\CMI'*I' hyperﬂc‘;l;ck epiCMIT hypo clock
—lal 0.237 *%k
Mo 0.152 0.325 —_ ==
Moid DR o o
§ 0.148 g 0.320
w w
2 o
$ 0.144 T 0315
c c
g 5
‘g 0.140 ‘2 0310
w w
0.136

Young Old Old D/R Young Old Old D/R

Figure 1. Increased epigenetic aging in microglia in response to stroke or repopulation. (A) Experimental design involving stroke
in young and old female mice, and PLX5622-mediated microglial depletion and repopulation (D/R) in old mice. (B-D) Epigenetic age
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epigenetic clock (G) and the Reik epigenetic clock (H) using mouse array data. (I-J) Values of proliferative history scores measured
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Beyond the changes in specific genomic regions
revealed by the epigenetic clocks, microglial D/R may
induce other DNAm alterations, which could potentially
explain its association with the reversal of aging
phenotypes. Differential ~ methylation  analyses
(FDR<0.05, >5% DNAm difference) comparing
microglia from young and old mice, and microglia from
old and old-D/R mice showed widespread DNAm
alterations, with 9,128 differentially methylated probes

(DMPs) being detected for aging; 58.3% displaying
hypomethylation (Fig. 2A, see extended Zenodo dataset
Supplementary Table 1). Conversely, 7,508 DMPs were
detected in old-D/R microglia, the majority of which
(59.5%) were hypermethylated (Fig. 2B, see extended
Zenodo dataset Supplementary Table 1). Aging
hypermethylation changes were not particularly enriched
in CpG island-related locations (Fisher’s test p=0.5505,
odds ratio [OR]=1.02, Supplementary Fig. 1A), although
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hypomethylation was enriched in open sea locations
(Fisher’s test p<0.001, OR=1.43, Supplementary Fig.
1A). Microglial D/R-associated alterations were enriched
at open sea locations for both hypermethylation and
hypomethylation (Fisher’s test p<0.001 and <0.001,
OR=1.57 and 2.95 for hyper- and hypomethylation
changes, respectively, Supplementary Fig. 1B). Both
aging and D/R-mediated alterations were particularly
enriched at intronic regions for gains and losses of
methylation (Fisher’s test all p<0.001, all OR>1.21,
Supplementary Fig. 2 A-B). These observations imply
that both aging and D/R induce considerable alterations to
the microglial methylome that in global terms appear to
go in opposite directions, and that these DNAm signatures
manifest specific, nonrandom genomic distributions.

A gene set enrichment analysis of DMPs (FDR<0.05,
OR>1.5) revealed widespread alteration of a common
nexus of altered Gene Ontology (GO) pathways in aging
and D/R (Fig. 2C, see extended Zenodo dataset
Supplementary Table 2). Hypomethylation in aged
microglia and repopulation-related hypermethylation
were overrepresented in immunological pathways,
including those related to immune activation, chemotaxis,
and inflammatory response. Comparatively, D/R-induced
hypomethylation showed subtler trends (Fig. 2C). These
findings were also observed, particularly for aging
hypomethylation, when screening the Hallmark database
(Supplementary Fig. 3, see extended Zenodo dataset
Supplementary Table 3). Therefore, inflammatory
pathways suffer a general loss of DNAm in microglia
during aging, while microglial D/R leads to gains of
DNAm at these same gene sets. This finding is consistent
with the exacerbated ischemia-induced inflammatory
response showed by microglia in aged versus young mice,
and the attenuated response after microglial D/R [7].

We then looked at the specific intersections between
aging- and D/R-DMPs (Fig. 2D) finding that the largest
group of shared alterations were between aging
hypomethylation and D/R-induced hypermethylation.
Although all the intersections were greater than expected
by chance (all Fisher’s p<0.001), the aging
hypomethylation-D/R hypermethylation intersection was
by far the most overenriched (OR=32.2, Fig. 2E). This
collection of 1,477 CpGs represented a set of genomic loci
in which microglial D/R reverted aging-associated
hypermethylation leading to old repopulated subjects
displaying microglial epigenomic profiles more like
young subjects (Fig. 2F-G). Gene set enrichment of these
reversal DMPs again showed strong associations with
immunological response pathways (Supplementary Fig.
4, see extended Zenodo dataset Supplementary Table 4),
suggesting that the altered CpGs could be involved in
microglial regulatory functions. Furthermore, using
microglia enhancer location data from EnhancerAtlas

[36], we found that the reversal DMPs were enriched at
CpGs intersecting microglial enhancers (Fisher’s test
p<0.001, OR=2.67, Supplementary Fig. 5) suggesting the
targeting of regulatory elements [41].

DISCUSSION

The epigenetic changes observed in aged microglia
following D/R may underlie the functional benefits of this
intervention in aged mice [7, 13, 14, 39]. Although some
aging-related inflammatory signatures are not reversed by
D/R under steady-state or inflammatory challenges [13,
14], inflammatory responses after acute brain damage are
reduced [7, 15]. Our results reveal a complex pattern
across immune pathways, including a partial reversal of
age-associated hypomethylation in complement and
interferon pathways, but not in others such as TNF-a
signaling via NF-xB (Supplementary Fig. 3). A previous
study showed that repopulated microglia in old mice
upregulate genes linked to chromatin remodeling and
epigenetic regulation (e.g., Smarcadl, Actlba, Gatad2a,
Hdac2, Smarcbl, Myc) [42], suggesting that epigenetic
transitions may underlie their altered state. The
identification of potentially reversible aging-associated
traits in microglia may inform the development of
strategies aimed at rejuvenating the aging brain and
enhancing outcomes in age-related neurological diseases.
However, future studies should further explore the
functional consequences of increased proliferative history
in repopulated microglia. Notably, our findings highlight
the need for caution when interpreting epigenetic age as a
direct measure of biological aging, since prior cell
divisions can influence epigenetic clocks [43, 44].
Furthermore, our results should be interpreted in the
context of the multifactorial mechanisms driving aging
and neurodegeneration. As reported in the literature,
factors such as genetic instability, epigenetic changes,
iron accumulation, oxidative stress, impaired proteostasis
and mitophagy, mitochondrial and lysosomal
dysfunction, neuroinflammation and cell cycle deficits all
contribute to age-related pathologies [45—48].

This study has certain limitations. Although both
sexes were included, it was not designed or powered to
detect sex effects. However, some responses to microglial
D/R may be sex-dependent [49, 50]. Another limitation is
that we did not assess functional outcomes of microglia
D/R, although prior studies in aged mice report cognitive
and sleep—wake improvements under steady-state
conditions [13, 39], reduced neurological deficits after
brain hemorrhage [15], and we found improved motor
function following stroke [7]. Finally, we applied
epigenetic clock models trained in other tissues and
platforms, but the development of microglia-specific
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models will be important to validate the robustness of our
findings.

Overall, this study shows that the epigenetic age of
microglia can be assessed using epigenetic clocks.
Moreover, stroke-induced brain injury or microglial D/R
in old mice accelerates the epigenetic aging of microglial
cells, which is attributable to increased microglial
proliferation. Additionally, unlike original microglia from
old mice that show hypomethylation across multiple GO
pathways, repopulated microglia show hypermethylation
in many of the same pathways, suggesting opposing
functional outcomes. Therefore, our results suggest that
microglial repopulation exerts contrasting age-related
effects on the DNA methylome since it increases the
epigenetic age yet reverses a substantial fraction of aging
associated DNAm changes in microglia.

Acknowledgments

This study was funded by grants PID2023-1509490B-100
by MCIN/AEI/10.13039/501100011033 and “ERDF A
way of making Europe”, by the European Union, and ‘La
Caixa’ Foundation (2022-HR23-00560) (to AMP). MAR
was supported by the RICORS-Ictus network of the
Instituto de Salud Carlos III, Spanish Ministry of Health
(RD21/0006/0013). We acknowledge the support of the
Cytomics and MRI imaging facilities of IDIBAPS. Part of
the work was performed at Centre de Recerca Biomédica
Cellex. The Centres de Recerca de Catalunya (CERCA)
Program of Generalitat de Catalunya supports IDIBAPS.
Additional funders include the Spanish Association
Against Cancer (PROYE18061FERN and PRYGN
235109FERN to MFF), the Asturias Government (PCTI)
co-funding 2018-2023/FEDER  (IDI1/2018/146  and
ID1/2021/000077 to MFF), the ISCIII (P121/01067 to
MFF, COV00624 to MFF), CIBERER (ACCI20-34-
U766 to MFF), CSIC (202020E092 to MFF), and the
European Commission NextGenerationEU, through
CSIC’s Global Health Platform (PTI Salud Global) and
the Spanish Ministry of Science and Innovation through
the Recovery, Transformation and Resilience Plan
(SGL2021-03-39 and SGL2021-03-040). We also
acknowledge support from the Institute of Oncology of
Asturias (IUOPA, supported by Obra Social Cajastur-
Liberbank, Spain), the Health Research Institute of
Asturias (ISPA-FINBA) and the Consorcio Centro de
Investigacion Biomédica en Red de Enfermedades Raras
(CIBERER-ISCIII).

Data availability
The data underpinning this article are provided in the main

text and Supplementary Material. Extended datasets,
including the sets of differentially methylated probes and

gene enrichment results, are accessible at Zenodo
(10.5281/zenodo.17151265).  Additionally, the raw
methylation data (IDAT files) and preprocessed matrices
are deposited in ArrayExpress under accession E-MTAB-
15631.

Author contributions

AMP and MFF conceived, coordinated, and supervised
the study. MAR performed experiments involving mouse
models. RFP collected and analyzed DNA methylation
array data and generated all figures. AP performed the
pyrosequencing experiments. MG assisted in analyzing
and interpreting data. AMP, MFF, RFP and MAR
participated in drafting the manuscript. All authors
revised, read, and approved the final manuscript.

Conflicts of Interest

The authors declare no conflicts of interest related to this
study.

Supplementary Materials

The Supplementary data can be found online at:
www.aginganddisease.org/EN/10.14336/AD.2025.1066.

References

[1] LiX,LiY,JinY, Zhang Y, Wu J, Xu Z, et al. (2023).
Transcriptional and epigenetic decoding of the
microglial aging process. Nat Aging, 3:1288-1311.

[2] Marschallinger J, Iram T, Zardeneta M, Lee SE,
Lehallier B, Haney MS, et al. (2020). Lipid-droplet-
accumulating microglia represent a dysfunctional and
proinflammatory state in the aging brain. Nat Neurosci,
23:194-208.

[3] Norden DM, Muccigrosso MM, Godbout JP (2015).
Microglial priming and enhanced reactivity to
secondary insult in aging, and traumatic CNS injury,
and neurodegenerative disease. Neuropharmacology,
96:29-41.

[4] Galatro TF, Holtman IR, Lerario AM, Vainchtein ID,
Brouwer N, Sola PR, et al. (2017). Transcriptomic
analysis of purified human cortical microglia reveals
age-associated changes. Nat Neurosci, 20:1162—1171.

[5] Hammond TR, Dufort C, Dissing-Olesen L, Giera S,
Young A, Wysoker A, et al. (2019). Single-Cell RNA
Sequencing of Microglia throughout the Mouse
Lifespan and in the Injured Brain Reveals Complex
Cell-State Changes. Immunity, 50:253-271.¢6.

[6] Androvic P, Kirdajova D, Tureckova J, Zucha D,
Rohlova E, Abaffy P, et al. (2020). Decoding the
Transcriptional Response to Ischemic Stroke in Young
and Aged Mouse Brain. Cell Rep, 31:107777.

[7] Arbaizar-Rovirosa M, Pedragosa J, Lozano JJ, Casal C,
Pol A, Gallizioli M, et al. (2023). Aged lipid-laden

Aging and Disease * Volume 17, Number 6, December 2026 9



Arbaizar-Rovirosa M., et al.

Microglial replacement in epigenetic aging

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

microglia display impaired responses to stroke. EMBO
Mol Med, 15:e17175.

Barnett AM, Crews FT, Coleman LG (2021).
Microglial depletion and repopulation: a new era of
regenerative medicine? Neural Regen Res, 16:1204—
1205.

Chen D, Wang C, Chen X, Li J, Chen S, Li Y, et al.
(2025). Brain-wide microglia replacement using a
nonconditioning strategy ameliorates pathology in
mouse models of neurological disorders. Sci Transl
Med, 17:eads6111.

Wu J, Wang Y, Li X, Ouyang P, Cai Y, He Y, et al.
(2025). Microglia replacement halts the progression of
microgliopathy in mice and humans. Science,
389:eadrl1015.

Elmore MRP, Najafi AR, Koike MA, Dagher NN,
Spangenberg EE, Rice RA, et al. (2014). Colony-
stimulating factor 1 receptor signaling is necessary for
microglia viability, unmasking a microglia progenitor
cell in the adult brain. Neuron, 82:380-397.

Huang Y, Xu Z, Xiong S, Sun F, Qin G, Hu G, et al.
(2018). Repopulated microglia are solely derived from
the proliferation of residual microglia after acute
depletion. Nat Neurosci, 21:530-540.

Elmore MRP, Hohsfield LA, Kramar EA, Soreq L, Lee
RJ, Pham ST, et al. (2018). Replacement of microglia
in the aged brain reverses cognitive, synaptic, and
neuronal deficits in mice. Aging Cell, 17:¢12832.
O’Neil SM, Witcher KG, McKim DB, Godbout JP
(2018). Forced turnover of aged microglia induces an
intermediate phenotype but does not rebalance CNS
environmental cues driving priming to immune
challenge. Acta Neuropathol Commun, 6:129.

Li X, Gao X, Zhang W, Liu M, Han Z, Li M, et al.
(2022). Microglial replacement in the aged brain
restricts neuroinflammation following intracerebral
hemorrhage. Cell Death Dis, 13:33.

Askew K, Li K, Olmos-Alonso A, Garcia-Moreno F,
Liang Y, Richardson P, et al. (2017). Coupled
Proliferation and Apoptosis Maintain the Rapid
Turnover of Microglia in the Adult Brain. Cell Rep,
18:391-405.

Conole ELS, Robertson JA, Smith HM, Cox SR,
Marioni RE (2025). Epigenetic clocks and DNA
methylation biomarkers of brain health and disease. Nat
Rev Neurol. doi: 10.1038/s41582-025-01105-7.
Chaparro-Cabanillas N, Arbaizar-Rovirosa M, Salas-
Perdomo A, Gallizioli M, Planas AM, Justicia C (2023).
Transient Middle Cerebral Artery Occlusion Model of
Stroke. J Vis Exp. doi: 10.3791/65857.

Han Y, Eipel M, Franzen J, Sakk V, Dethmers-Ausema
B, Yndriago L, et al. (2018). Epigenetic age-predictor
for mice based on three CpG sites. Elife, 7:e37462.
Bates D, Méchler M, Bolker B, Walker S (2015). Fitting
Linear Mixed-Effects Models Using lme4. Journal of
Statistical Software, 67:1-48.

Kuznetsova A, Brockhoff PB, Christensen RHB
(2017). ImerTest Package: Tests in Linear Mixed
Effects Models. Journal of Statistical Software, 82:1—
26.

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Zhou W, Triche TJ, Laird PW, Shen H (2018).
SeSAMe: reducing artifactual detection of DNA
methylation by Infinium BeadChips in genomic
deletions. Nucleic Acids Res, 46:¢123.

Triche TJ, Weisenberger DJ, Van Den Berg D, Laird
PW, Siegmund KD (2013). Low-level processing of
INlumina Infinium DNA Methylation BeadArrays.
Nucleic Acids Res, 41:€90.

Yu G, Wang L-G, He Q-Y (2015). ChIPsecker: an
R/Bioconductor package for ChIP peak annotation,
comparison and visualization. = Bioinformatics,
31:2382-2383.

Karolchik D, Hinrichs AS, Furey TS, Roskin KM,
Sugnet CW, Haussler D, et al. (2004). The UCSC Table
Browser data retrieval tool. Nucleic Acids Res,
32:D493-496.

Du P, Zhang X, Huang C-C, Jafari N, Kibbe WA, Hou
L, etal. (2010). Comparison of Beta-value and M-value
methods for quantifying methylation levels by
microarray analysis. BMC Bioinformatics, 11:587.
Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W,
et al. (2015). limma powers differential expression
analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res, 43:¢47.

Stubbs TM, Bonder MJ, Stark A-K, Krueger F, BI
Ageing Clock Team, von Meyenn F, et al. (2017).
Multi-tissue DNA methylation age predictor in mouse.
Genome Biol, 18:68.

Duran-Ferrer M, Clot G, Nadeu F, Beekman R,
Baumann T, Nordlund J, et al. (2020). The proliferative
history shapes the DNA methylome of B-cell tumors
and predicts clinical outcome. Nat Cancer, 1:1066—
1081.

Hinrichs AS, Karolchik D, Baertsch R, Barber GP,
Bejerano G, Clawson H, et al. (2006). The UCSC
Genome Browser Database: update 2006. Nucleic
Acids Res, 34:D590-598.

Lawrence M, Gentleman R, Carey V (2009).
rtracklayer: an R package for interfacing with genome
browsers. Bioinformatics, 25:1841-1842.

Young MD, Wakefield MJ, Smyth GK, Oshlack A
(2010). Gene ontology analysis for RNA-seq:
accounting for selection bias. Genome Biol, 11:R14.
Liberzon A, Subramanian A, Pinchback R,
Thorvaldsdottir H, Tamayo P, Mesirov JP (2011).
Molecular signatures database (MSigDB) 3.0.
Bioinformatics, 27:1739-1740.

Gene Ontology Consortium, Aleksander SA, Balhoff J,
Carbon S, Cherry JM, Drabkin HJ, et al. (2023). The
Gene Ontology knowledgebase in 2023. Genetics,
224:iyad031.

Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M,
Mesirov JP, Tamayo P (2015). The Molecular
Signatures Database (MSigDB) hallmark gene set
collection. Cell Syst, 1:417-425.

Gao T, Qian J (2020). EnhancerAtlas 2.0: an updated
resource with enhancer annotation in 586 tissue/cell
types across nine species. Nucleic Acids Res, 48:D58—
Do64.

Aging and Disease * Volume 17, Number 6, December 2026

10



Arbaizar-Rovirosa M., et al.

Microglial replacement in epigenetic aging

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Qiu B, Wen S, Li Z, Cai Y, Zhang Q, Zeng Y, et al.
(2025). Causal Associations of Epigenetic Age
Acceleration With Stroke and Its Functional Outcome:
A Two-Sample, Two-Step Mendelian Randomization
Study. Brain Behav, 15:¢70412.

Rivier CA, Szejko N, Renedo D, Clocchiatti-Tuozzo S,
Huo S, de Havenon A, et al. (2025). Bidirectional
relationship between epigenetic age and stroke,
dementia, and late-life depression. Nat Commun,
16:1261.

Liu H, Badawy M, Sun S, Cruz G, Ge S, Xiong Q
(2022). Microglial repopulation alleviates age-related
decline of stable wakefulness in mice. Front Aging
Neurosci, 14:988166.

Pérez RF, Tejedor JR, Santamarina-Ojeda P, Martinez
VL, Urdinguio RG, Villamafian L, et al. (2021).
Conservation of Aging and Cancer Epigenetic
Signatures across Human and Mouse. Mol Biol Evol,
38:3415-3435.

Stadler MB, Murr R, Burger L, Ivanek R, Lienert F,
Scholer A, et al. (2011). DNA-binding factors shape the
mouse methylome at distal regulatory regions. Nature,
480:490-495.

Luczak-Sobotkowska ZM, Rosa P, Lopez MB,
Ochocka N, Kiryk A, Lenkiewicz AM, et al. (2024).
Tracking changes in functionality and morphology of
repopulated microglia in young and old mice. J
Neuroinflammation, 21:248.

Kabacik S, Lowe D, Fransen L, Leonard M, Ang S-L,
Whiteman C, et al. (2022). The relationship between
epigenetic age and the hallmarks of aging in human
cells. Nat Aging, 2:484-493.

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Gorelov R, Weiner A, Huebner A, Yagi M, Haghani A,
Brooke R, et al. (2024). Dissecting the impact of
differentiation stage, replicative history, and cell type
composition on epigenetic clocks. Stem Cell Reports,
19:1242-1254.

Dehay B, Martinez-Vicente M, Caldwell GA, Caldwell
KA, Yue Z, Cookson MR, et al. (2013). Lysosomal
impairment in Parkinson’s disease. Mov Disord,
28:725-732.

Heneka MT, Carson MJ, El Khoury J, Landreth GE,
Brosseron F, Feinstein DL, et al. (2015).
Neuroinflammation in Alzheimer’s disease. Lancet
Neurol, 14:388-405.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G (2023). Hallmarks of aging: An expanding
universe. Cell, 186:243-278.

Carr L, Mustafa S, Collins-Praino LE (2025). The
Hallmarks of Ageing in Microglia. Cell Mol Neurobiol,
45:45.

Wang Y, Wernersbach I, Strehle J, Li S, Appel D, Klein
M, et al. (2022). Early posttraumatic CSF1R inhibition
via PLX3397 leads to time- and sex-dependent effects
on inflammation and neuronal maintenance after
traumatic brain injury in mice. Brain Behav Immun,
106:49-66.

Donovan LJ, Bridges CM, Nippert AR, Wang M, Wu
S, Forman TE, et al. (2024). Repopulated spinal cord
microglia exhibit a unique transcriptome and contribute
to pain resolution. Cell Rep, 43:113683.

Aging and Disease * Volume 17, Number 6, December 2026

11



