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Background: Early vascular regeneration is important for the speedy recovery of neurological function following ischemic stroke.
M2-like microglia polarization decreases and vascular regeneration weakens with aging. The function of mitochondrial respiratory
chain is dependent on M2-like polarization in microglia. DARS?2 gene is a marker for mitochondrial respiratory chain function, but its
specific molecular mechanism affecting acute angiogenesis of microglia during ischemic stroke in elderly individuals remains unclear.
Methods: A murine model of middle cerebral artery occlusion (MCAO) was used to perform animal behavioral assessments,
immunoblotting, tube formation and chick embryo chorioallantoic membrane assays. A D-galactose-induced cellular senescence
model was established in BV2 cells.

Results: Aging significantly exacerbates acute brain injury 24 hours post-cerebral ischemia-reperfusion, with increased expression of
M1-like microglial markers and a concomitant decrease in M2-like microglial markers. Additionally, aging can inhibit DARS2 protein
expression, adversely affect angiogenesis and reduce brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor
A (VEGFA) expression. In vitro, oxygen-glucose deprivation/reoxygenation and re-glucose (OGD/R) demonstrated that DARS2 gene
knockout in young microglia replicates the phenotypic characteristics observed in aged microglia.

Conclusion: This study suggests that aging impedes M2-like microglial polarization by downregulating DARS2 expression in
microglia, thereby impairing emergency angiogenesis during acute ischemic stroke and exacerbating neuronal damage.
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Background

Ischemic stroke is a notable cause of death and long-term disability in adults worldwide.! Aging is an independent risk
factor for ischemic stroke. Between 75% and 89% of patients with ischemic stroke are aged 65 years or above, who are
more susceptible to complications associated with nerve damage.”? Age-related changes in immune function can
exacerbate brain damage in senescent mice following MCAO.® However, the precise mechanisms by which aging
potentiates ischemic brain injury remain unclear.

Microglia are innate immune cells in the brain that possess exceptional specialized plasticity, enabling them to adapt
to diverse local microenvironments.*> Under physiological conditions, microglia maintain a quiescent state. However, in
response to pathological conditions such as tissue damage, inflammation, ischemia, and hypoxia, they are activated and
can polarize into two distinct states: M1-like, which facilitates inflammatory responses, and M2-like, which mitigates
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them.®’ Importantly, microglia in these polarized states can transition between M1-like and M2-like phenotypes.® During
acute ischemic brain injury, microglia orchestrate immune responses in the brain.” Compared to young mice, the anti-
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inflammatory/pro-inflammatory ratio of microglia in aged mice is diminished following ischemic stroke,
that the modulation of microglial phenotype may be a key mechanism through which aging exacerbates ischemic brain
injury.'*'* However, the underlying molecular mechanisms remain unclear.

Mitochondria are central regulators of microglial metabolism, whose dynamic balance and functional impairments
serve as hallmarks of aging.'* Mitochondria modify the metabolic patterns of sugars, fats, and amino acids in macro-
phages and modulate their polarization by generating reactive oxygen species (ROS), thereby influencing the outcome of
ischemia-reperfusion injury.'> The mitochondrial respiratory chain is a pivotal regulator of mitochondrial metabolism and
exhibits extreme sensitivity to hypoxia. Its activation serves as a physiological marker for macrophage activation and is
governed by the DARS2 gene.'® We hypothesize that aging may regulate the polarization of microglia after ischemic
stroke by affecting mitochondrial respiratory chain function. Research indicates that the early activation of M2-like
microglia is vital for nerve regeneration, acute angiogenesis, and synaptic remodeling, which potentially improves the
prognosis of ischemic stroke.'”

This study examined the mechanisms by which aging inhibits M2-like microglial polarization by downregulating
DARS?2 expression in microglia, consequently suppressing emergency angiogenesis post-ischemic stroke and exacerbat-
ing neurological damage.

Methods
Establishment of a Transient Middle Cerebral Artery Occlusion (tMCAQO) Model in
Old Mice

Two-month-old and Eighteen-month-old male C57BL/6 mice were procured from the China National Laboratory Animal
Resource Center (Shanghai). The mice were housed in our animal facilities under controlled conditions (illumination
with 200 lux strip lights at cage level; temperature maintained at 22 + 1°C; and a 12-hour light/dark cycle), with free
access to water and food.

tMCAO was induced in the mice using the intravascular suturing technique. The mice were anesthetized with
sevoflurane, and a heating system was used to maintain their rectal temperature at 37 + 0.5°C. tMCAO was achieved
by inserting a monofilament nylon suture (catalog number: 602256PK5Re or 602356PK5Re, Doccol, Sharon, USA)
through the external carotid artery and advancing it to the left internal carotid artery until minor resistance was
encountered. Regional cerebral blood flow (rCBF) was continuously monitored using laser Doppler flowmetry
(PeriFlux 5000) during tMCAO in mice. Hemodynamic changes were recorded at baseline (pre-ischemia) and during
occlusion, with real-time data analysis performed using the manufacturer’s software. A significant decrease of more than
70% in the regional cerebral blood flow (rCBF) from the baseline in the left middle cerebral artery, was used as an
indicator of successful cerebral ischemia induction. The mice were re-anesthetized with sevoflurane, and the sutures were
removed 90 minutes post-tMCAO. Mice were sacrificed 24 hours after tMCAO, and brain tissues were collected. The
hippocampal region and ischemic penumbra were isolated for subsequent analyses. The remaining tissues were uniformly
collected and processed by the animal center.

TTC Staining for Cerebral Infarct Assessment

After 24 hours post-tMCAO surgery, the animals were euthanized, and the whole brain tissue was quickly removed.
The brains were briefly pre-cooled at —20°C and then coronally sectioned into 2 mm thick slices. The brain slices were
immersed in 1% TTC staining solution and incubated at 37°C in the dark for 15-30 minutes. The infarcted area
remained pale due to the loss of enzyme activity. After staining, the slices were fixed with 4% paraformaldehyde.
Images were captured using a digital camera, and the infarct volume was quantitatively analyzed using Imagel
software. The entire procedure was performed under light-protected conditions, and a sham-operated group was set
as the negative control.
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Neurological Function Assessment

The neurological functions of the mice were assessed by an investigator, blinded to the experimental procedures, using
the Longa score at 24 hours after reperfusion. The grading was based on a 5-point scale: grade 0, no neurological defect;
grade 1, failure to extend the affected lateral forepaw, revealing a mild neurological deficit; grade 2, turning to the
paralyzed side while walking, demonstrating a moderate neurological deficit; grade 3, vulnerable to falling on the
paralyzed side, indicating a severe neurological deficit; and grade 4, inability to walk voluntarily and unconsciousness.
A neurological deficit score of 1-3 was considered a successful model.

Cell Culture

The cells were cultured and maintained at 37°C with 5% CO,. Mouse microglia BV2 cells (catalog number: CL-0493A,
Pricella, Wuhan, China) were cultured in MEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. The aging microglia model was established by stimulating BV2 cells with different concentrations of
D-galactose. Aging microglia were cultured with 50 nM D-galactose for 3 days, and the degree of aging was identified
using [B-galactosidase staining. Mouse brain microvascular endothelial cells (MBMEC) (catalog number: CP-M108,
Pricella, Wuhan, China) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS
and 1% penicillin/streptomycin.

Cell Viability Assay

The effect of D-galactose on cell viability was detected using the cell counting kit-8 (CCK-8) assay (catalog number:
K1018, APEXBIO). BV2 cells were seeded in 96-well plates at 1x10° cells/well and cultured at 37°C for 3 days.
Thereafter, the cells were treated with D-galactose (0, 20, 50, 100 uM) for 3 days. Subsequently, 10 uL. CCK-8 solution
was added to each well, and the incubation was continued for 2 hours at 37°C. Absorbance at 450 nm was measured
using a microplate reader (Bio-Rad).

Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA kits were used to detect the concentrations of interleukin-10 (IL-10) (catalog number: JM-02459M1, JINGMEI
BIOTECHNOLOGY, JiangSu, China), cytokine tumor necrosis factor-alpha (TNF-o) (catalog number: ZC-39024,
ZCIBIO, Shanghai, China), interleukin-1p (IL-1p) (catalog number: ZC-37974, ZCIBIO, Shanghai, China) and inter-
leukin-6 (IL-6) (catalog number: ZC-37988, ZCIBIO, Shanghai, China) in the brain. The brain tissues were homogenized
on ice in RIPA buffer (catalog number: PO013B, Beyotime, Shanghai, China) composed of 25 mM Tris-HCI, pH 7.6, 150
mM NacCl, 1% sodium deoxycholate, 0.1% SDS and a protease inhibitor cocktail containing 10 mg/mL aprotinin, 5 mg/
mL pepstatin, 5 mg/mL leupeptin and 1 mM phenylmethanesulfonyl fluoride (PMSF). The supernatant was collected
after centrifuging at 13,000 % g for 20 minutes at 4°C, and the protein concentration was measured with the bicinchoninic
acid (BCA) assay. Briefly, a standard curve was generated using bovine serum albumin ranging from 0 to 2 mg/mL. Test
samples from the ischemic penumbra brain tissue were appropriately diluted in PBS, and 25 pL of each standard or
sample was mixed with 200 pL. of BCA working reagent (50:1 mixture of reagents A and B) in a 96-well plate. After
incubation at 37°C for 30 min, the absorbance was measured at 562 nm using a microplate reader. The protein
concentration of ischemic penumbra tissue samples was calculated by comparing their absorbance values to the standard
curve. Cytokine concentrations were then determined after normalization to the total protein content. ELISA was
performed conforming to the manufacturer’s instructions of the respective Kkits.

Chick Embryo Chorioallantoic Membrane Assay

Fertilized specific pathogen-free (SPF) eggs were procured from the Beijing Merial Vital Laboratory Animal Technology.
The eggs were placed in a hatching incubator maintained at 37.5°C with 60-70% relative humidity, and were rotated
every 5 minutes. All SPF chick embryos utilized in this study were evaluated from 18 hours post-fertilization to
embryonic day 15. A volume of 50 puL of serum and cell supernatant from each group mouse was injected into the
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blood vessels of the chicken embryos. Photographs were taken at 20, 40, 60, 120 and 180 minutes post-injection to
analyze the vascular area at each time point. The ImageJ software was used for analyses of all images.

Oxygen-Glucose Deprivation (OGD)

BV2 cells underwent OGD after reaching 80—90% confluence. Briefly, BV2 cells were incubated in a glucose-free
balanced salt solution (BSS) and placed in a hypoxic incubator maintained at 0.2% O,, 5% CO,, and 70% humidity for
1 hour (Toepffer Lab Systems, Goeppingen, Germany). For the reoxygenation and re-glucose phase, the BSS was
replaced with standard cell culture medium, and the cells were incubated at 37°C in a 5% CO, incubator for 24 hours.
Subsequently, the cells were prepared for further experimental procedures.

Transfection of Microglia with DARS2 Small Interfering RNA (siRNA)

BV2 cells were transiently transfected with siRNA targeting mouse DARS?2 (catalog number: abx913574, Abbexa, UK)
or a negative control siRNA using Lipofectamine 2000 transfection reagent in a serum-free medium, as per the
manufacturer’s instructions. The most effective siRNA sequence was selected from those provided by Qiagen. The
efficacy of all siRNAs was evaluated through mRNA knockdown analysis via Western blotting. After incubating the cells
for 24 hours post-transfection, they were used for subsequent experiments.

Flow Cytometry

The accumulation of reactive oxygen species (ROS) in microglia was quantified using a ROS assay kit (catalog number:
S0033S, Beyotime, Shanghai, China) with 2’, 7'-dichlorofluorescin diacetate (DCFH-DA) as the fluorescent probe. The
non-fluorescent DCFH-DA permeates the cell membrane and is hydrolyzed by intracellular esterases to DCFH, which is
then oxidized by intracellular ROS to produce fluorescent DCF. The cells in each experimental group were subjected to
the aforementioned treatment protocol. Following digestion and collection by trypsin, the cells were suspended at
a concentration of 5x10° cells/well in a centrifuge tube containing 10 pmol DCFH-DA. The suspension was then
incubated at 37°C for 30 minutes, with periodic inversion every 3—5 minutes. The cells were washed three times with
serum-free medium and resuspended in 400 pL of cold phosphate-buffered saline (PBS). ROS levels in microglia were
immediately assessed using flow cytometry.

Western Blotting

The cells were collected and washed with PBS. Protein samples from all experimental conditions were obtained through
cell lysis for 30 minutes using RIPA buffer (catalog number: P0013B, Beyotime, Shanghai, China) supplemented with
the protease inhibitor PMSF (catalog number: P1005, Beyotime, Shanghai, China). Following centrifugation to remove
cell debris, the protein concentrations were determined. The proteins were then separated on a 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (catalog number: P0690, Beyotime, Shanghai, China) and
transferred to a polyvinylidene fluoride (PVDF) membrane (catalog number: 63116500, Roche, UK). The PVDF
membrane was blocked with 5% skimmed milk for 2 hours, followed by incubation with primary antibodies to anti-
inducible nitric oxide synthase (iNOS) (1:2000; catalog number: A3774, Abclonal, Wuhan, China), anti-triggering
receptor expressed on myeloid cells 2 (TREM2) (1:2000; catalog number: A23432, Abclonal, Wuhan, China), anti-
DARS?2 (1:2000; catalog number: A7813, Abclonal, Wuhan, China), anti-P53 (1:50000; catalog number: 10442-1-AP,
Proteintech, USA), anti-Argl (1:1000; catalog number: WL02825, Wanleibio, China), anti-VEGFA (1:1000; catalog
number: 12303, Abclonal, Wuhan, China), anti-BDNF (1:1000; catalog number: ab203573, Abcam, USA) for 14 hours at
4°C. The blots were incubated with a goat anti-rabbit secondary antibody coupled with horseradish peroxidase for
50 minutes at room temperature. The enhanced chemiluminescence kit (catalog number: PO018S, Beyotime, Shanghai,
China) was used for detection. The chemiluminescence results were recorded with an imaging system (Bio-Rad).

Tube Formation Assay
To investigate the angiogenic potential of BV2 cells in vitro, a matrix gel tube formation assay was conducted.
MBMEC were cultured until the third to fourth passage and subsequently divided into three groups: control,
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young, and old. A six-well plate was coated with Matrigel substrate (diluted 1:1 in the base ECM; 500 pL
mixture/well) (catalog number: 354234, Corning, USA) and incubated at 37°C for 30 minutes to ensure gel
solidification. MBMEC were plated at a density of 2x10° cells/well and cultured with supernatants collected from
the control, young, and old microglial cells post-OGD/R. The cells were incubated at 37°C with 5% CO, for
6 hours to promote tubular network formation. These networks were observed and imaged using an inverted
microscope (DMi8, Zeiss, Germany), followed by analysis with Image]J software (Rawak Software Inc, Stuttgart,
Germany).

Immunohistochemistry

Briefly, the mouse brain was fixed in 4% paraformaldehyde at 4°C for 24 hours, and then dehydrated and embedded in
paraffin. Thereafter, 5-um coronal sections of the cerebral hemisphere were cut sequentially and mounted on slides.
The paraffin sections were baked, deparaffinized, hydrated and washed before blocking with 10% donkey serum
(catalog number: SL0O50, Solarbio, Beijing, China) or goat serum (catalog number: SL038, Solarbio, Beijing, China).
The sections were incubated with a primary antibody to anti-vascular endothelial growth factor A (VEGFA) (catalog
number: A17877, Abcolonal, Wuhan, China) overnight. After reheating for 1 hour, the sections were incubated with
a secondary antibody for 1 hour, followed by 3, 3’-diaminobenzidine (DAB) staining, hematoxylin counterstaining,
dehydration and sealing.

Statistical Analysis and Reproducibility

GraphPad Prism 9.5.1 software was used for statistical analysis in this study. The data are presented as mean =+ standard
deviation (SD). Small samples tend to conform to a normal distribution. The normality of the data was examined using
the Shapiro—Wilk test. The homogeneity of variance was assessed by the Brown-Forsythe test (=3 groups). The analysis
of variance (ANOVA) was used when the assumptions (equal variance and normal distribution) were met, otherwise non-
parametric tests were used to analyze the differences, and multiple comparisons were performed using the Tukey or
Dunn’s test.

Results

Aging Suppresses Angiogenesis During Acute Ischemic Stroke and Aggravates Ischemic
Brain Injury

To examine the effects of aging on neurological function impairment and neuroinflammation in mice post-ischemic
stroke, we performed an in vivo experiment, as illustrated in Figure 1A. There was no significant difference in the
percentage of blood flow reduction between the two groups of mice following 90 minutes of MCAO (Figure 1B).
However, the old mice showed a significantly larger infarct volume, higher neurological deficit scores, poorer perfor-
mance on the rotarod test, shorter total movement distance, slower average movement speed, and longer total resting time
at 24 hours post-MCAO, compared to the young group (Figure 1C—F). Furthermore, the expression of brain-derived
neurotrophic factor (BDNF), a key neuroprotective factor, was markedly downregulated in the ischemic penumbra (IP)
and hippocampus (Hipp) in the old group (Figure 1G and H). These findings indicate that aging exacerbates neurological
and motor function impairments following ischemic stroke.

Compared to the young group, the old group demonstrated a downregulation of Zonula occludens 1 (ZO1), occludin,
and VEGFA expression in the frontal cortex, which are associated with angiogenesis, as well as a downregulation of
VEGFA expression in the hippocampus at 24 hours post-MCAO (Figure 1G—I). To further substantiate the relationship
between aging and angiogenesis, a chick embryo chorioallantoic membrane assay was used, which showed a reduced
capacity of the sera from the old group to stimulate angiogenesis compared to the young group (Figure 2A).
Immunohistochemical assays further confirmed a significant downregulation of VEGFA expression in the ischemic
penumbra of the old group (Figure 2B). Collectively, these findings suggest a substantial decline in the angiogenic
potential of aged mice after cerebral ischemia-reperfusion.
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Figure | During acute ischemic stroke in old mice, neurological damage worsens, with a concomitant decrease in the expression of markers and proteins involved in
angiogenesis. (A) Experimental design. (B) Percentage of cerebral blood flow relative to the baseline in the young (Two-month-old) and old (Eighteen-month-old) groups
after MCAO. (C) Representative brain slice images stained with 2,3,5-triphenyltetrachlorozole (TTC) and statistical graphs. (D-F) Representative performance in the 24-
hour open field test, neurological deficit score, and the rotarod test after MCAO. (G-l) The relative levels and corresponding quantitative data of BDNF and VEGFA, as well
as ZO|, and occludin proteins in the ischemic penumbra of mouse hippocampus 24 hours after MCAO. Normally distributed parametric data are shown as mean * standard
error of the mean (SEM) (B-F), (H-I). Data of each animal is also presented n = 8 for (B—F), (H-I). Normality was confirmed using Shapiro—Wilk tests (all p>0.05),
permitting the use of parametric independent two-sample t-tests.

Aging Suppresses Angiogenesis by Inhibiting the M2-Like Polarization of Microglia
Compared to the young group, the old group exhibited upregulated iNOS expression and downregulated TREM2 and
Argl expression (Figure 2C-J). Furthermore, 24 hours post-MCAO, the old group demonstrated a notable elevation in
IL-1B and IL-6, accompanied by a significant reduction in IL-4 and IL-10 in ischemic penumbra (Figure 2K—N). These
findings indicate that aging disrupts the microglial polarization balance between the proinflammatory M1-like phenotype
and the anti-inflammatory M2-like phenotype, thereby intensifying the acute neuroinflammatory response following
ischemic stroke and exacerbating early neurological impairment. Given that IL-4 promotes emergency angiogenesis in
the brain post-ischemic stroke,'® the results suggest that aging-induced inhibition of microglial M2-like polarization may
further exacerbate neuronal damage by suppressing this critical regenerative process.

To further substantiate the aforementioned hypothesis, we conducted in vitro experiments (Figure 3A) involving B-
galactosidase staining, the CCK-8 assay, evaluated the aging protein P53, and measured ROS via flow cytometry to
demonstrate that 50 mM D-galactose can induce aging in microglia while concurrently reducing cell death (Figure 3B—F).
The old group received 50 mM D-galactose in the culture medium, whereas the young group received an equal volume of
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Figure 2 During acute ischemic stroke in old mice, compensatory neovascularization markers are reduced, serum stimulation of angiogenesis is weakened, and polarization
of Ml-like microglia is increased. (A) The ability of peripheral blood to stimulate angiogenesis in mice after 24 hours of MCAO was detected using the chick embryo
chorioallantoic membrane assay. (B) Immunohistochemical detection of relative expression and quantitative data of VEGFA in the brain after 24 hours of MCAO in mice.
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Figure 3 D-galactose-induced aging microglia exhibit reduced polarization towards M2 after OGD/R, which decreases their ability to stimulate angiogenesis. (A)
Experimental design. (B—F) The relevant results of different concentrations of D-galactose-induced P53 expression in microglia, supernatant ROS, B-galactose staining,
and CCK-8 assay. (G) The relative levels and corresponding quantitative data of iNOS, Argl, TREM2, and VEGFA proteins 24 hours after OGD/R. (H-K) IL-18, IL-6, IL-4,
and IL-10 levels in the microglial cell supernatants were detected by ELISA 24 hours after OGD/R. Normally distributed parametric data are shown as mean + SEM (B), (D-
K). Data of each animal is exhibited n = 5 for (C), n = 6 for (D and F-G), n = 3 for (E), n = 8 for (G—K). Normality was confirmed using Shapiro—Wilk tests (all p>0.05),

permitting the use of parametric independent two-sample t-tests.

untreated medium. After one hour of OGD, followed by 24 hours of reoxygenation and re-glucose, we assessed the

expression levels of proteins associated with microglial polarization. The findings revealed upregulated iNOS expression

and downregulated TREM2 and Argl expression in the old group as compared to the young group (Figure 3G).
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Furthermore, the old group demonstrated a marked elevation in IL-1f and IL-6 levels in the cell supernatant, while IL-4 and
IL-10 levels were significantly reduced compared to the young group (Figure 3H-K). Additionally, VEGFA expression was
significantly decreased in the old group compared to the young group (Figure 3G). The microglial cell culture medium
supernatant was used for the tube formation and chick embryo chorioallantoic membrane assays. The findings revealed
a significant decrease in the number of nodes, tubules, and branches, as well as reduced angiogenesis in the old group
compared to the young group (Figure 4A and B). Furthermore, the old group demonstrated lower mitochondrial membrane
potential as compared to the young group (Figure 4C).

These findings imply that aging may enhance inflammatory responses and inhibit angiogenesis by preventing the
polarization of M2-like microglia after OGD, potentially due to mitochondrial damage in the microglia.
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Aging Suppresses M2-Like Polarization of Microglia and Ultimately Angiogenesis by
Downregulating the Mitochondrial Respiratory Chain-Associated Gene DARS2

To confirm the involvement of microglial mitochondrial damage in the regulation of acute angiogenesis following aging-
suppressed ischemic stroke, we analyzed the expression of the mitochondrial respiratory chain-related gene DARS?2 in
both in vivo and in vitro models. A significant downregulation of DARS2 expression was observed in the old group
(Figure SA-D). In vitro experiments involving the knockout of DARS2 (Figure 5A, E and F), showed a major reduction
in mitochondrial membrane potential in the si-young group compared to the young group (Figure 5K).

Additionally, immunoblotting, tube formation and chick embryo chorioallantoic membrane assays indicated a notable
decrease in the number of nodes, tubules, and branches, as well as reduced angiogenesis in the si-young group
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(Figure 6A and B). Compared to the young group, the si-young group showed increased iNOS expression and significant
downregulation of TREM2, Argl, and VEGFA expression (Figure 6C). Notably, the expression of anti-inflammatory IL-
4 and IL-10 was decreased, along with an increase in the expression of pro-inflammatory IL-1p and IL-6 (Figure 5G-J).
These results suggest that DARS2 promotes M2-like polarization and inhibits M1-like polarization of microglia
following OGD/R, thereby mitigating inflammatory responses and enhancing the angiogenic function of microglia.

Discussion
This study presents a novel perspective on the therapeutic potential of microglial polarization in mitigating acute
neurological deficits following ischemic stroke in aged mice. Aging was found to exacerbate brain function impairment
following ischemic stroke by downregulating the DARS2 gene in microglia, thereby suppressing the polarization of M2-
like microglia and inhibiting angiogenesis (Figure 7). These findings suggest that the disruption of polarization home-
ostasis of microglia during aging contributes to the age-related decline in angiogenesis and brain repair processes post-
stroke.

Aging is a primary risk factor for ischemic stroke.'” Over the past three decades, major advancements in the
prevention and treatment of ischemic stroke have resulted in a marked reduction in stroke incidence among individuals
under 60 years of age. However, the outcomes for ischemic stroke patients aged 60—80 years remain suboptimal. This
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Figure 7 Diagrammatic presentation of the findings from this study. Aging was found to exacerbate brain function impairment following ischemic stroke by downregulating
the DARS2 gene in microglia, thereby suppressing the polarization of M2 microglia and inhibiting angiogenesis.

underscores the necessity of prioritizing the elderly population in ongoing efforts for ischemic stroke prevention and
management.” Current research is focused on the endogenous brain repair processes following ischemic stroke, which
include angiogenesis and oligodendrocyte generation.”! Angiogenesis is a multifaceted physiological process that
encompasses the migration, proliferation, and differentiation of endothelial cells, culminating in the formation of new
blood vessels. This process promotes long-term functional recovery after ischemic stroke in aged mice.”” While cerebral
ischemia can induce angiogenesis, aging hinders this process. Previous research indicated that compensatory angiogen-
esis is attenuated in elderly individuals post-stroke.>** The present study demonstrated more severe neuronal damage
following ischemic stroke in older mice compared to young mice. The expression of proteins associated with angiogen-
esis, including VEGFA, ZO1, and occludin, was notably downregulated within the ischemic penumbra of brain tissue in
aged mice. These findings indicate that the acute angiogenic response in the ischemic region of brain tissue is diminished
in aged mice following ischemic brain injury, potentially exacerbating the severity of the injury.

There is a negative correlation between angiogenesis and the degree of inflammation post-stroke.”> Microglia are
pivotal cells within the brain that modulate inflammatory responses. Empirical evidence indicates that microglia
significantly contribute to angiogenesis post-stroke. Single-cell sequencing of microglia from both aged and young
mice, conducted 14 days post-middle cerebral artery occlusion (MCAO), demonstrated that the upregulation of genes
promoting angiogenesis in microglia from aged mice was inhibited, correlating with a reduction in neovascularization.”®
Aging can hinder brain function recovery by decreasing signal transmission between microglia and other cells following
MCAO, as well as by downregulating the genes associated with angiogenesis.?’ In the present study, aged mice exhibited
higher inducible nitric oxide synthase (iNOS) expression and lower triggering receptor expressed on myeloid cells 2
(TREM2) and arginase 1 (Argl) expression in the ischemic penumbra region of the brain 24 hours post-MCAO, in
contrast to young mice. This finding suggests a disruption in the polarization homeostasis of microglia, favoring a shift
towards M1-like polarization following ischemic stroke in aged mice. Furthermore, the reduction in M2-like polarization
is accompanied by increased MI1-like polarization in microglia following ischemic brain injury in aged mice.
Collectively, these findings strongly suggest that the polarization state of microglia post-cerebral ischemia is a critical
factor influencing angiogenesis and a major mechanism underlying the decreased angiogenesis observed in aged mice
after ischemic brain injury.
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Mitochondria are key players in the metabolic activities of microglia and their homeostatic imbalance and dysfunction
serve as indicators of aging.”® The activation of the mitochondrial respiratory chain, which serves as a physiological
marker of macrophage activation,'® is modulated by the DARS2 gene. A previous study employing a mouse skin injury
model demonstrated that the targeted knockout of the DARS2 gene, which impairs mitochondrial respiratory chain
function, leads to delayed wound healing by inhibiting the angiogenic activity of M1-like macrophages.>’ M2-like
microglia play a pivotal role in promoting angiogenesis in the brain. The activation of these cells coincides with
angiogenesis around damaged lesions, thereby facilitating tissue reorganization, enhancing functional recovery, and
contributing to the rehabilitation process following spinal cord injury.*® The upregulation of M2-like microglia stimulates
the proliferation of microglia, astrocytes, oligodendrocytes, and CD45 cells, thereby promoting the recovery after brain
injury.®' This study has identified a significant downregulation in the expression of the mitochondrial respiratory chain-
associated gene DARS?2, which is instrumental in regulating angiogenesis through the modulation of macrophage polarity.
Consequently, we hypothesize that aging may promote Ml-like polarization in microglia, concomitantly with the
downregulation of DARS?2 gene expression. The DARS2 gene knockout experiments showed increased M1-like polariza-
tion, with concomitantly decreased M2-like polarization in microglia. These findings suggest that DARS?2 functions as an
upstream regulator of microglial polarization, facilitating the recovery of brain function following ischemic stroke.

Conclusion

This study validates the phenotypic shift of microglia from M2-like to M1-like in aged mice subjected to ischemic stroke,
establishing a correlation between these alterations and both angiogenesis and mitochondrial respiratory chain function.
The molecular mechanisms by which microglia influence angiogenesis were clarified through experiments involving the
modulation of DARS2. Aging was definitively shown to inhibit compensatory angiogenesis and aggravate neuronal
injury via DARS2 downregulation. These findings may facilitate the development of innovative strategies in the future
aimed at improving the neurological function in elderly stroke patients.

Highlights
e DARS?2 participates in polarization of microglia cells.
e Postoperative neurological damage caused by acute angiogenesis inhibition after ischemic stroke in elderly mice.
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