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aging, which detrimentally affects cerebromicrovas-
cular function and overall brain health. We postulated 
that this build-up of senescent cells renders the aged 
cerebral microvasculature more vulnerable, and con-
sequently, more susceptible to CMHs. To investigate 
the role of cellular senescence in CMHs’ pathogen-
esis, we subjected aged mice, both with and with-
out pre-treatment with the senolytic agent ABT263/
Navitoclax, and young control mice to hypertension 
via angiotensin-II and L-NAME administration. 
The aged cohort exhibited a markedly earlier onset, 

Abstract Emerging evidence from both clinical 
and preclinical studies underscores the role of aging 
in potentiating the detrimental effects of hyperten-
sion on cerebral microhemorrhages (CMHs, or cer-
ebral microbleeds). CMHs progressively impair neu-
ronal function and contribute to the development of 
vascular cognitive impairment and dementia. There 
is growing evidence showing accumulation of senes-
cent cells within the cerebral microvasculature during 
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heightened incidence, and exacerbated neurological 
consequences of CMHs compared to their younger 
counterparts. This was evidenced through neuro-
logical examinations, gait analysis, and histological 
assessments of CMHs in brain sections. Notably, the 
senolytic pre-treatment wielded considerable cerebro-
microvascular protection, effectively delaying the 
onset, mitigating the incidence, and diminishing the 
severity of CMHs. These findings hint at the poten-
tial of senolytic interventions as a viable therapeutic 
avenue to preempt or alleviate the consequences of 
CMHs linked to aging, by counteracting the deleteri-
ous effects of senescence on brain microvasculature.

Keywords Cellular senescence · ABT263/
Navitoclax · Cerebral microcirculation · Capillary · 
Senolytic therapy · Hypertension

Introduction

The advent of sophisticated magnetic resonance 
imaging (MRI) techniques, such as T2* gradient-
recall echo and susceptibility-weighted imaging 
MRI sequences, has revolutionized the detection of 
cerebral microhemorrhages (CMHs) — small intrac-
erebral hemorrhages once considered undetectable, 
which are particularly prevalent in elderly populations 
[1–24]. These seemingly inconspicuous brain hemor-
rhages, typically under 5  mm in diameter, originate 
from ruptures in cerebral microvessels like arterioles 
and capillaries, leading to blood leakage into neigh-
boring brain tissue [1, 25–27]. Gradually compromis-
ing neuronal functionality, CMHs are acknowledged 
contributors to vascular cognitive impairment and 
dementia (VCID) [3, 21].

Advanced age and hypertension emerge as the 
primary risk factors for CMHs [1, 20]. The preva-
lence of CMHs significantly increases with advanced 
age, from a modest ~ 6.5% in individuals aged 45 to 

50 years to a staggering 50% or more in older adults 
[20]. These clinical observations are corroborated by 
recent rodent model data that highlight the synergis-
tic interplay between aging and high blood pressure 
in the genesis of CMHs [28]. Besides the well-known 
role of arterial stiffening [29–33] and increased pen-
etration of high-pressure waves into the suscepti-
ble distal portion of the cerebral microcirculation 
[34–45], aging is supposed to foster CMH develop-
ment by exacerbating brain microvascular fragil-
ity [28]. However, the specific mechanisms through 
which aging amplifies microvascular fragility remain 
elusive, and effective preventive interventions are 
currently absent.

One of the most prominent hallmarks of aging is 
the accumulation of senescent cells, which are char-
acterized by an irreversible cell cycle arrest and 
the establishment of an inflammatory environment 
termed the senescence-associated secretory pheno-
type (SASP) [46–51]. This phenotype involves the 
secretion of cytokines, chemokines, and extracellular 
matrix-degrading enzymes, including matrix metallo-
proteinases (MMPs) [52]. The emergence of cellular 
senescence is a multifaceted process, influenced by 
factors such as DNA damage, oxidative stress, and 
telomere attrition, which are known to increase with 
advancing age [50, 51]. The mounting presence of 
senescent cells has far-reaching implications, as it is 
associated with tissue dysfunction and paves the way 
for a plethora of age-related diseases including can-
cer, cardiovascular disorders, and neurodegenerative 
conditions [46–51]. Our recent investigations furnish 
compelling evidence that senescent cells, including 
endothelial cells, astrocytes, and microglia, accumu-
late within the neurovascular unit as aging progresses, 
contributing to compromised neurovascular function, 
cerebral blood flow dysregulation, and blood–brain 
barrier disruption [53–61]. Motivated by these find-
ings, senolytics — a class of therapeutics proficient in 
selectively eliminating senescent cells — have piqued 
interest for their capacity to rejuvenate tissue function 
and mitigate age-related pathologies in preclinical 
settings [62–64]. However, the potential of senolytics 
in counteracting CMH remains an uncharted territory.

This study aims to investigate the hypothesis that 
the accumulation of senescent cells and the associated 
SASP may render the cerebral microvasculature more 
susceptible to rupture, hence predisposing the aging 
brain to CMHs, and to evaluate whether employing 
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senolytics can prevent the formation of CMHs. To 
probe this hypothesis, we administered ABT263 
(Navitoclax), a BCL-2/BCL-xL inhibitor endowed 
with potent senolytic activity [62–64], to old mice. 
This was followed by the induction of hypertension 
through the administration of angiotensin II and the 
NO synthase inhibitor L-NAME. This protocol is rec-
ognized for inducing CMHs in mice, with the sever-
ity displaying a notable escalation in conjunction with 
advancing age [28, 65–70]. Rigorous analysis was 
conducted to assess the occurrence, size, and distribu-
tion of CMHs, and to evaluate the neurological out-
comes and gait irregularities in both ABT263-treated 
and untreated aged mice, as well as in young control 
mice.

Methods

Experimental animals, senolytic treatment

All experimental procedures involving animals, as 
well as animal husbandry practices, were conducted 
with the approval of the Institutional Animal Care 
and Use Committee (IACUC) at the University of 
Oklahoma Health Sciences Center (OUHSC), OK, 
USA. In this study, we utilized a cohort of young 
C57BL/6 mice (6  months old, n = 25, 13 males and 
12 females) and aged C57BL/6 mice (18 months old, 
n = 50, equally divided between males and females), 
procured from Charles River Laboratories, Wilming-
ton, MA. Mice were housed in the Rodent Barrier 
Facility at OUHSC, which is maintained under strin-
gent specific-pathogen-free conditions. Furthermore, 
a subset of mice was housed in the conventional 
rodent housing facilities of the Division of Compara-
tive Medicine at OUHSC. The light–dark cycle was 
meticulously controlled at 12-h intervals, and the 
mice were provided unrestricted access to standard 
rodent chow (sourced from Purina Mills, Richmond, 
IN, USA) and water.

Within the aged cohort, mice were randomly allo-
cated into two groups of 25 mice each (Fig. 1). One 
subset of this aged cohort underwent treatment with 
the BCL-2/BCL-xL inhibitor, ABT263/Navitoclax, 
a potent senolytic agent. The drug was administered 
through oral gavage at a dosage of 151.5 mg/kg/day 
ABT, dissolved in 60% Phosal/PG, 30% PG400, and 
10% ethanol diluent. The solution was incubated on 

35  °C for 30  min before administration. This treat-
ment regimen consisted of two cycles, each span-
ning 5  days, with a 1-week intermission between 
cycles. Following this intensive course, the mice 
were granted a recuperation period of 1  month in 
their original housing environments before the subse-
quent phases of the study. The second group of ani-
mals received vehicle instead of ABT263 (hereafter 
referred to as aged or aged control). This treatment 
regimen was shown to effectively eliminate senescent 
cells from the murine cerebral circulation in previous 
studies [62, 64]. Notably, by the time of hypertension 
induction, the aged mice had reached ~ 20 months of 
age, while their younger counterparts were ~ 8 months 
old.

Hypertension induction and blood pressure 
measurements

To investigate the potential of senolytic treatment as a 
protective measure against hypertension-induced cer-
ebral microbleeds, we induced hypertension in each 
cohort of mice (Fig. 1) by administering a combina-
tion treatment of the nitric oxide inhibitor ω-nitro-
l-arginine-methyl ether (L-NAME, 100  mg/kg/day) 
in drinking water, along with subcutaneous admin-
istration of angiotensin II (Ang-II; s.c. via osmotic 
mini-pumps [Alzet Model 2006, 0.15  µl/h, 42  days; 
Durect Co, Cupertino, CA]). The dosage of L-NAME 
and Ang-II used was based on the results of previ-
ous studies using the same protocol [28, 66]. Pumps 
were filled either with saline vehicle or solutions of 
angiotensin II (Sigma Chemical Co., St. Louis, Mis-
souri, USA) delivered subcutaneously at 1  µg/min/
kg of angiotensin II thus generating three experimen-
tal groups: (1) aged mice + Ang-II + L-NAME, (2) 
ABT263-treated aged mice + Ang-II + L-NAME, (3) 
young mice + Ang-II + L-NAME. The pumps were 
implanted under isoflurane anesthesia into the subcu-
taneous space of mice through a small incision in the 
interscapular area. The incision was closed with sur-
gical sutures using aseptic techniques, and buprenor-
phine analgesia (0.1 mg/kg of body weight, s.c.) was 
administered immediately after closing the incisions. 
The incision sites healed quickly without the need for 
additional medication. Ang II-dependent hyperten-
sion serves as a clinically relevant model for study-
ing age-related cerebrovascular alterations [37]. This 
is particularly relevant since that aging is associated 
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with heightened activity of the vascular renin-angio-
tensin system, and Ang II-dependent hypertension is 
prevalent among older individuals [71]. Blood pres-
sure of the animals was measured during the treat-
ment period using a tail-cuff blood pressure machine 
(CODA Non-Invasive Blood Pressure System, Kent 
Scientific Co., Torrington, CT) to ensure successful 
hypertension induction, as described [28, 35, 37]. 
Each experimental group was closely monitored, and 
mice were sacrificed upon the occurrence of clinical 
signs of intracerebral hemorrhages.

Standardized neurological examination of mice

We conducted a standardized neurological examina-
tion on mice to evaluate the presence of clinical indi-
cators of hemorrhages. The examination involved 
assessing the animals’ spontaneous activity, sym-
metry in the movement of all four limbs, forelimb 
outstretching, climbing ability, body proprioception, 

response to vibrissae touch, and gait coordination. 
Each animal was assigned a daily score, which was 
calculated by summing up the scores from all indi-
vidual tests. If a consistent decline in the neurological 
score was observed, the mice were humanely eutha-
nized, and the brains were collected after transcardial 
perfusion (see below).

Analysis of gait function

To evaluate gait function and analyze the spatial 
and temporal aspects of interlimb coordination, we 
employed the CatWalk System (Noldus Information 
Technology Inc., Leesburg, VA) following the meth-
odology as reported [28, 67, 68, 72–76]. Briefly, ani-
mals from each group were acclimatized and trained 
to voluntarily walk across the illuminated walkway in 
a dark and quiet room dedicated for behavioral experi-
mentation. Mice gait function was acquired for over 20 
consecutive runs, producing over 200 steps for each 

Fig. 1  Experimental timeline and workflow. A Illustrates the 
experimental timeline. Aged mice were subjected to treatment 
with the senolytic agent ABT263/Navitoclax. Subsequently, 
in young and aged control mice and ABT263-treated aged 
ice, hypertension is induced by angiotensin II (Ang II) plus 
L-NAME treatment. Daily neurological testing and gait analy-
sis were conducted to assess the neurological signs of CMHs. 
Upon neurological manifestations of CMHs animals were 

euthanized, and their brains were collected for further analy-
sis. B provides an overview of the workflow for the histologi-
cal analysis of CMHs. The collected brain tissue is processed 
through various steps, including fixation, sectioning, staining, 
and microscopy, to examine and quantify CMHs within the 
brain parenchyma. This histological analysis helps evaluate the 
effectiveness of the senolytic treatment in preventing CMHs in 
the aging mice
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animal. The resulting data was averaged across the ~ 20 
runs in which mice maintained a relatively constant 
speed across the walkway. Subsequently, computer-
aided analysis of the gait data and manual paw identi-
fication and labeling of each footprint was carried out 
blindly, and spatial and temporal gait parameters were 
calculated [67]. Gait in each mouse was analyzed on the 
day before hypertension induction and each day there-
after. This allowed us to assess changes in various gait 
parameters associated with CMHs.

The variability of the data was assessed using quar-
tile dispersion. We adopted a common outlier defini-
tion, labeling points more than 1.5 interquartile ranges 

away from the sample median as extreme values. Mean 
gait characteristics calculated included speed, stride 
length, stride time, and base of support. Stride length 
is the distance (in centimeter) between successive 
placements of the same paw. Stride time is the interval 
lapsed (s) between each successive paw contact. Base 
of support is the average width between the paws. Vari-
ability characteristics and measures of gait coordination 
were also acquired using the CatWalk system.

The regularity index (%) is a fractional measure of 
inter-paw coordination, which expresses the number 
of normal step sequence patterns relative to the total 
number of paw placements:

RegularityIndex =
No.ofnormalstepsequencepatterns × 4

totalno.ofpawplacements
× (100%)

In healthy, fully coordinated mice, the regularity 
index value is closer to 100%.

Investigating gait variability, the stride-to-stride 
fluctuations in gait parameters, offers a sensitive, novel 
method of quantifying subtle changes in locomotion in 
mice [67, 77, 78]. Stride time and stride length varia-
bility were analyzed by computing the median absolute 
deviation (MAD) for each dataset obtained in consecu-
tive runs at similar speeds. MAD is a robust measure of 
variability that indicates the average distance between 
observations and their median.

Analysis of gait symmetry provides an additional 
approach in the characterization of gait coordination. 
Importantly, as location of CMHs is asymmetric, it 
can be expected that assessment of gait symmetry 
can reveal sub-clinical alterations in gait coordination 
[67]. This study investigated the effects of CMHs on 
gait symmetry by quantifying the symmetry index (SI). 
The symmetry index (SI) is a very sensitive and com-
monly used assessment of gait symmetry on the basis 
of spatial–temporal gait characteristics [75, 79]. The 
equation for the stride length (SL) symmetry index 
is displayed. Similar calculations were conducted for 
stride time and print area symmetry indices:

The symmetry index is a method of percent-
age assessment of the relative inter-limb differences 

SymmetryIndex =

|
|
|
SLLeft − SLRight

|
|
|

0.5 × (SLLeft + SLRight)
× (100%)

between the kinematic and kinetic parameters during 
locomotion. The value of SI = 0 indicates full symme-
try, while SI ≥ 100% indicates lack of symmetry in the 
gait characteristic of interest.

Histological analysis of CMHs

Mice were anesthetized and transcardially perfused 
with ice-cold heparinized PBS for 10  min and sub-
sequently decapitated as reported [28, 67]. Then, the 
brains were removed from the skull and fixed in 4% 
formalin at room temperature for 1 day. The next day, 
the brains were placed in fresh 4% formalin (at 4 °C, 
for 2 days), then in 70% ethanol (at 4 °C, for 2 days), 
followed by embedding in paraffin. The brains were 
serially sectioned at 8-μm thickness yielding approxi-
mately 800 sections per brain. The sections were 
stained with hematoxylin to reveal the brain structure 
and diaminobenzidine (DAB) to highlight the pres-
ence of hemorrhages. DAB turns into dark brown 
when it undergoes a reaction with peroxidases present 
in red blood cells therefore allowing precise detection 
of extravasated blood cells in the parenchyma of the 
brain. All stained sections were screened by a reader 
blinded to the treatment groups, and images were 
acquired in regions with positive DAB staining. Digi-
tal images were analyzed with ImageJ 1.52p (NIH, 
USA) software to identify the location and quantify 
the number and size of hemorrhages. Images captured 
with same magnification were color deconvolved 
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and thresholded uniformly, and then the pixel inten-
sity integrated density was measured on the selected 
bleed area. The volumetric reconstruction of individ-
ual hemorrhages was estimated based on the sum of 
CMH volumes on consecutive sections (CMH area x 
slice thickness) as described [28, 68].

Statistical analysis

Two-tailed t-test was used for comparison of two 
groups. Two-way analysis of variance followed by 
Fisher LSD method or Kruskal–Wallis one-way anal-
ysis of variance on ranks was used for comparison of 
multiple groups as needed based on the sample dis-
tribution. The incidence curves were compared with 
Mantel-Cox log-rank test. A P value < 0.05 was con-
sidered statistically significant. Data are expressed as 
mean ± SEM.

Results

Exacerbation of hypertension-induced spontaneous 
CMHs in aged mice: prevention by senolytic 
treatment

Treatment with Ang II plus L-NAME resulted in 
comparable increases in blood pressure in all three 
groups, from ~ 115 to ~ 155 mmHg. Given that aging 
is often accompanied by heightened activity of the 
vascular renin-angiotensin system, and Ang II-
dependent hypertension is prevalent in the elderly 
population. Ang II-dependent hypertension serves as 
a clinically highly relevant model for investigating 
age-related cerebrovascular alterations [37]. Previ-
ous investigations conducted by the Heistad labora-
tory [54, 55], as well as subsequent studies carried 
out by our own laboratories [28, 68], have established 
models of spontaneous hypertension-induced hemor-
rhages in mice. These studies have consistently dem-
onstrated that co-administration of L-NAME leads 
to an additional increase of approximately 15 mmHg 
in blood pressure. This elevation in blood pressure 
is associated with a significant rise in the incidence 
of CMHs, particularly in the presence of increased 
microvascular fragility.

Throughout the experimental period, daily neuro-
logical assessments were conducted, revealing that 

28% of young mice exhibited signs indicative of 
hypertension-induced CMHs. In stark contrast, a sig-
nificant 91% of aged mice displayed clinically mani-
fest signs of CMHs, and notably, these manifestations 
occurred much earlier than in young mice. The cumu-
lative distribution curves depicting the time-to-event 
in the two groups are illustrated in Fig. 2A. Remark-
ably, pre-treatment with ABT263 yielded promising 
results. The incidence of clinical manifestations of 
CMHs in aged hypertensive mice was significantly 
reduced to 62% following ABT263 administration. 
Furthermore, the onset of symptoms was signifi-
cantly delayed in comparison to age-matched con-
trols, as depicted in Fig. 2A. The differences among 
the cumulative incidence curves proved to be statisti-
cally highly significant (P < 0.0001 for both compari-
sons: hypertensive senolytic-treated aged mice versus 
hypertensive aged mice, and hypertensive aged mice 
versus hypertensive young mice). These statistical 
analyses were conducted using the Mantel-Cox log-
rank test (Fig. 2A).

Histological analysis confirmed that mice with 
neurological signs developed CMHs (Fig. 2B, C) that 
were distributed widely in the brain. No normoten-
sive mice developed neurologic signs or histologi-
cally detectable CMHs (data not shown). In hyper-
tensive young mice, only a few CMHs were observed 
(Fig. 3A). Figure 3 A reveals a significant increase in 
the number of CMHs observed in hypertensive aged 
mice when compared to their young hypertensive 
counterparts. These findings further support previ-
ous studies, which have consistently demonstrated 
that aging exacerbates the development of CMHs by 
augmenting microvascular fragility [28]. The admin-
istration of senolytic treatment using ABT263 yielded 
a significant reduction in the number of CMHs 
observed in the brains of hypertensive aged mice, as 
demonstrated in Fig. 3A.

The results depicted in Fig.  3B indicate that aging 
primarily contributes to an elevated incidence of CMHs 
located in the cortex. Furthermore, the analysis of the 
volume distribution of CMHs, as illustrated in Fig. 3C, 
suggests that aging plays a significant role in increas-
ing the occurrence of the smallest hemorrhages, which 
are known to originate from the distal portion of the 
microcirculation. When the cerebral vessels associated 
with the CMHs were clearly distinguishable, their inter-
nal diameter was observed to fall within the approxi-
mate range of 10–20  µm. Notably, the administration 
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of senolytic treatment with ABT263 proved effective 
in preventing the formation of these small CMHs spe-
cifically in the cerebral cortex, as illustrated in Fig. 3B, 

C. Senolytic treatment with ABT263 also significantly 
reduced CMH burden, expressed as total CMH vol-
ume, in aged mice (Fig. 3C). This finding highlights the 

Fig. 2  Prevention of hypertension-induced spontaneous 
CMHs in aged mice by senolytic treatment with ABT263/
Navitoclax. A Cumulative incidence curves for neurological 
signs of hypertension-induced intracerebral hemorrhages in 
young control mice (n = 25), aged control mice (n = 25), and 
aged mice treated with the senolytic drug ABT263/Navitoclax 
(n = 25). In aged control mice, there was a significant increase 
in CMH incidence compared to young control mice. Seno-
lytic treatment significantly reduced CMH incidence in aged 
mice (log-rank test; Mantel-Cox). B Representative images of 

CMHs stained by diaminobenzidine in the cortex of hyperten-
sive aged mice. Right: workflow showing analysis of CMHs. 
Brightfield images of CMHs were captured using a 10 × and 
a 4 × objective. The images were batch-processed for color 
deconvolution, thresholding, binarization, and area measure-
ment. C Panels are depicting a single CMH that spreads across 
multiple sections. The volumetric reconstruction of individual 
hemorrhages was estimated based on the sum of CMH vol-
umes on consecutive sections. (CMH area x slice thickness)
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potential of ABT263 as a senolytic treatment to miti-
gate the development of small CMHs in the cerebral 
cortex.

Reduced incidence of CMHs is associated with 
improved gait function in ABT263-treated aged 
hypertensive mice

In line with previous investigations conducted in both 
human studies [80] and laboratory mice [28, 67, 68] 
that link gait with CMHs, we conducted a compre-
hensive analysis of gait in the present study’s cohorts. 

Our observations showed that gait abnormalities were 
markedly more pronounced in hypertensive aged 
mice when compared to their hypertensive young 
counterparts, as illustrated in Fig.  4. Specifically, 
the regularity index, serving as a robust measure of 
inter-paw coordination, exhibited a notable decline 
in hypertensive aged mice relative to hypertensive 
young mice (Fig. 4A). Importantly, the administration 
of senolytic treatment with ABT263 effectively miti-
gated gait dysfunction associated with hypertension-
induced genesis of CMHs, as depicted in Fig. 4A.

Fig. 3  ABT263 treatment mitigates hypertension-induced 
CMHs in aging mice. A Total number of hypertension-
induced cerebral microhemorrhages (CMHs) across the 
entire brain in young mice, aged mice, and aged mice treated 
with ABT263/navitoclax. Data presented as mean ± SEM. 
**P < 0.01 vs. Aged. B Distribution of CMHs based on loca-
tion. ABT263 treatment significantly reduces the number of 
CMHs in the cerebral cortex and hindbrain. Data represented 

as mean ± SEM. *P < 0.05. ****P < 0.001 C Distribution of 
CMHs by volume in aged control mice and ABT263-treated 
aged mice. Smaller bleeds (volume <  10−4  mm.3) predomi-
nate in aged mice, and ABT263 senolytic treatment effectively 
prevents these. **P < 0.01. D Total CMH volume per mouse 
reveals that ABT263 treatment significantly reduces the over-
all volume of hemorrhages in the brain (n = 3 mice analyzed in 
each group). ***P < 0.001
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Gait encompasses a cyclical and laterally alternat-
ing stride progression to maintain balance. A com-
parison of left versus right stride lengths and stride 
time asymmetries in hypertensive mice allows for 
the assessment of potential functional deficits arising 
from asymmetric CMHs that may otherwise remain 
unnoticed. We conducted this assessment by calcu-
lating symmetry indices [67, 79] for hind limb stride 

length, stride time, and paw print areas in hyperten-
sive aged mice and aged mice treated with ABT263 
(Fig. 4C–E). While our findings indicated a tendency 
for hypertensive aged mice to exhibit a more asym-
metric stride pattern during gait in comparison to 
hypertensive senolytic-treated aged mice, particularly 
in terms of increased asymmetry in both stride time 

Fig. 4  Impact of reduced CMH incidence on gait coordination 
in hypertensive aged mice treated with ABT263/Navitoclax. 
A Regularity index, B base of support (hind paws), C stride 
length symmetry index, D stride time symmetry index, E paw 
print area symmetry index, F stride time variability (MAD), 

and G stride length variability (MAD) in spontaneously 
walking young mice, aged mice, and aged mice treated with 
ABT263/navitoclax before and after hypertension-mediated 
CMH induction. Data are presented as mean ± SEM. *P < 0.05 
vs. young, #P < 0.05 vs. aged
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and stride length (Fig.  4C–E), these differences did 
not reach statistical significance.

The study of gait variability, which involves exam-
ining stride-to-stride fluctuations during walking, pro-
vides a sensitive means of quantifying and character-
izing locomotion. Prior studies in older adults have 
suggested that measures of gait variability are more 
closely linked to cognitive decline or falls than meas-
ures based solely on mean values of other gait charac-
teristics [81–90]. In our study, we did not observe sta-
tistically significant differences in either stride time 
variability or stride length variability between the two 
groups (Fig. 4F, G). Gait parameters in normotensive 
aged and young mice did not change significantly 
during the experimental period (data not shown).

Discussion

This study aimed to investigate the potential of 
senolytic treatment as a protective measure against 
hypertension-induced CMHs in aged mice. Our find-
ings revealed that aged mice exhibited a significantly 
higher incidence of CMHs compared to young mice, 
consistent with previous studies highlighting the 
exacerbating effects of aging on CMH development. 
This further supports the notion that aging contrib-
utes to increased microvascular fragility, making 
aged individuals more susceptible to CMHs [1, 28]. 
Our ongoing studies employing single-cell RNA 
sequencing reveal that by the time mice reach 18 to 
20  months of age, there is a notable increase in the 
number of senescent cerebromicrovascular endothe-
lial cells. Intriguingly, our study demonstrated that 
senolytic treatment with ABT263 had a significant 
effect in reducing the number of CMHs in the brains 
of hypertensive aged mice. This finding suggests 
that senolytic treatment holds promise in attenuat-
ing CMH development, particularly in the context 
of hypertension and aging. The observed reduction 
in CMH incidence and delayed onset of symptoms 
in senolytic-treated aged mice further emphasize the 
potential therapeutic benefits of senolytic treatment.

The mechanisms by which senescent cells may 
promote microvascular fragility and the genesis of 
CMHs are likely multifaceted and involve various 
interconnected pathways (Fig. 5). Cellular senescence 
induces a state of chronic inflammation, known as 
senescence-associated secretory phenotype (SASP), 

which involves the secretion of numerous pro-inflam-
matory cytokines, chemokines, growth factors, and 
extracellular matrix degrading enzymes (i.e., matrix 
metalloproteinases) [53]. This chronic inflammatory 
microenvironment and MMP activation can con-
tribute to the remodeling of the extracellular matrix 
(ECM) and impair the integrity and stability of blood 
vessels [57, 58]. Oxidative stress, a hallmark of cel-
lular senescence, can activate inflammatory pathways 
and lead to the activation of MMPs [28, 68]. MMPs 
degrade components of the ECM, including collagen 
and elastin, compromising the structural integrity of 
blood vessels [28, 68]. Previous studies also demon-
strate an age-related exacerbation of hypertension-
induced cerebrovascular ROS production and redox-
sensitive activation of MMPs in the pathogenesis of 
CMHs [28].

Recent findings have demonstrated that age-related 
exacerbation of hypertension-induced activation of 
MMPs can be mitigated by antioxidative treatments, 
which also provide partial protection against the gen-
esis of CMHs [28]. The increased oxidative stress 
observed in aged vessels during hypertension has 
been attributed to the upregulation of NOX oxidases, 
elevated mitochondrial ROS generation, and impaired 
antioxidant defense mechanisms [28, 91–93]. Conse-
quently, further studies are warranted to investigate 
the effects of inhibitors targeting NOX oxidases and 
mitochondria-derived ROS production as combina-
tion treatments with senolytics on CMH development 
in the context of aging.

The mechanisms through which cellular senes-
cence promotes CMHs likely also involve the 
impaired structural and functional adaptation of the 
cerebral circulation to hypertension (Fig.  5). Dur-
ing hypertension, healthy cerebral arterioles undergo 
structural remodeling, including media hypertrophy, 
which reduces circumferential stress and prevents 
mechanical damage to the vascular wall [94]. It is 
plausible that the presence of senescent cells in the 
microvasculature disrupts arteriolar remodeling pro-
cesses by impairing hypertension-induced adaptive 
media hypertrophy and ECM remodeling. Future 
studies should be conducted to test this hypothesis 
and evaluate the effects of senolytic treatments on 
these processes.

Another mechanism through which senescent cells 
may exacerbate microvascular fragility is through the 
induction of paracrine senescence [57, 58]. SASP 
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factors secreted from senescent cells in the neurovas-
cular unit can propagate senescence to neighboring 
cells, thereby amplifying the detrimental effects on 
microvascular function and integrity. Taken together, 
these senescence-related mechanisms are likely inter-
connected and work in concert to contribute to the 
increased susceptibility of microvessels to rupture 
and the subsequent development of CMHs.

In addition to promoting CMHs, senescent cells are 
also implicated in the pathogenesis of VCID through 
their contribution to cerebromicrovascular functional 
impairment [57, 58]. Senescent cells within the cer-
ebrovascular system can lead to various detrimental 
effects on microvascular function, including endothe-
lial dysfunction, impaired neurovascular coupling, 
compromised blood–brain barrier integrity, and 
reduced capillarization [56, 62, 64]. Understanding 

the mechanisms by which senescent cells influence 
both the structural and functional integrity of the cer-
ebral microcirculation will pave the way for develop-
ing targeted interventions to mitigate the detrimental 
effects of senescence on the brain and preserve cogni-
tive function in aging individuals.

Multiple cell types within the neurovascular unit 
may undergo senescence and contribute to the patho-
genesis of VCID and microvascular fragility [56, 62, 
64]. Endothelial cells, as key regulators of vascular 
function, are particularly susceptible to senescence-
associated dysfunction [56]. Perivascular microglia, 
resident immune cells in the brain, can also undergo 
senescence [54, 55], leading to chronic neuroin-
flammation and impairing their beneficial roles in 
maintaining vascular homeostasis. Vascular smooth 
muscle cells, pericytes, and astrocytes, all essential 

Fig. 5  Proposed mechanisms underlying the exacerbation of 
hypertension-induced microvascular damage and CMHs by 
age-related endothelial senescence. This schematic illustrates 
the proposed model elucidating how age-related endothelial 
senescence may intensify hypertension-induced microvascu-
lar damage, ultimately leading to cerebral microhemorrhages 
(CMHs). In this model, senescent cells express a highly pro-
inflammatory senescence-associated secretory phenotype 
(SASP), characterized by the secretion of matrix-degrading 
matrix metalloproteinases (MMPs) [54]. Age-related oxida-
tive stress amplifies the activation of MMPs [28], resulting in 
increased microvascular fragility in the vicinity of senescent 
cells. Furthermore, age-related circulating insulin-like growth 
factor-1 (IGF-1) deficiency contributes to microvascular oxi-
dative stress [105] and impairs the microvascular structural 

adaptation to hypertension, further worsening microvascular 
fragility [68]. Additionally, age-related circulating IGF-1 defi-
ciency disrupts the functional adaptation of small arteries and 
arterioles to hypertension, leading to autoregulatory dysfunc-
tion and the transmission of high pulsatile pressure waves to 
the vulnerable distal portion of the cerebral microcirculation 
[35, 37, 38]. Collectively, these factors promote the genesis 
of CMHs in the aging cerebral microvasculature. Further-
more, senescent cells also play a role in blood–brain barrier 
(BBB) disruption [62, 106], leading to neuroinflammation, and 
endothelial dysfunction, which impairs neurovascular coupling 
(NVC) and disrupts cerebral blood flow (CBF) regulation [56]. 
These combined effects contribute to the pathogenesis of vas-
cular cognitive impairment
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components of the neurovascular unit, may also be 
affected by senescence [47, 95–102]. The specific 
contribution of each cell type to VCID and microvas-
cular fragility warrants further investigation. Under-
standing the involvement of distinct senescent cell 
populations in these processes will provide valuable 
insights for developing targeted therapeutic strate-
gies aimed at mitigating senescence-related vascular 
complications.

ABT263/Navitoclax is an orally active experi-
mental anti-cancer drug that targets apoptosis regula-
tor proteins Bcl-2 and Bcl-XL, selectively inducing 
apoptosis in senescent cells while sparing non-senes-
cent cells [103]. Of note, senescent endothelial cells 
exhibit heightened susceptibility to ABT263/Navi-
toclax-induced apoptosis due to decreased Bcl-2 
expression and increased BAX expression [104]. 
Further studies are needed to determine the specific 
senescent cell types relevant for the pathogenesis of 
CMHs (including endothelial cells, pericytes, vas-
cular smooth muscle cells, and perivascular micro-
glia) that can be eliminated in the aged mouse brain 
using ABT263/Navitoclax as a senolytic treatment. 
The development of novel, translatable senolytic 
approaches is essential to address the growing bur-
den of age-related CMHs and other CNS pathologies 
and improve clinical outcomes. While the potential 
of senolytic treatments has been demonstrated in 
preclinical studies, the translation of these findings 
into effective therapies for human patients remains a 
crucial challenge. Advancing the field of senolytics 
requires the identification of safe and specific seno-
lytic agents, optimization of treatment regimens, and 
rigorous evaluation of their efficacy and safety in 
human clinical trials. Furthermore, the development 
of strategies targeting specific senescent cell popula-
tions and understanding the interplay between cellu-
lar senescence and the surrounding tissue microenvi-
ronment will be paramount for the success of future 
senolytic interventions.

Our study has several important limitations that 
should be acknowledged. First, our study focused on 
a mouse model, and further investigations are needed 
to determine the translational potential of senolytic 
treatment in human populations. Second, the specific 
mechanisms by which senolytic treatment exerts its 
protective effects on CMH development and gait dys-
function remain to be fully elucidated. Future studies 
should delve into the cellular and molecular pathways 

and mechanisms involved and investigate potential 
cellular senescence targets for combination treat-
ments. Another limitation of this study is that we did 
not conduct a direct comparison between male and 
female mice, potentially overlooking sex-specific dif-
ferences in the observed outcomes.

In conclusion, our study provides compelling 
evidence that senolytic treatment with ABT263/
Navitoclax significantly reduces the incidence of 
hypertension-induced CMHs and effectively prevents 
neurological consequences in aged mice. These find-
ings highlight the potential of senolytic treatment as 
a promising therapeutic approach to mitigate CMHs 
and preserve neuronal function in hypertensive aging 
individuals. However, further research is warranted 
to validate the effects of different senolytic regimens 
in human populations and to elucidate the underly-
ing mechanisms responsible for senolytic-mediated 
protection of the cerebromicrovasculature. These 
endeavors will pave the way for the development of 
novel interventions aimed at preventing age-related 
cerebromicrovascular complications and the onset of 
VCID.
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