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Abstract

Background: Subarachnoid hemorrhage (SAH) represents a severe subtype of hemorrhagic stroke and is associated with unfavorable
clinical outcomes. Physical exercise is an effective behavioral intervention that reduces the risk of stroke and preserves neurological
function. Whole-body vibration (WBV) is a straightforward form of physical exercise that requires minimal motor skill proficiency. It
has positive effects on neuromuscular performance and cardiovascular responses. Methods: The present study aims to investigate the
potential protective effects of WBV on SAH-induced brain damage and neurological dysfunction in rats. WBV was administered using
a vibration platform, with animals stimulation at 30 Hz for two sessions per day over a 30-day period. A modified endovascular perfo-
ration technique was employed to establish the in vivo SAH model. Results: WBV markedly decreased SAH-induced brain edema and
inhibited levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG) and MitoSOX, two markers of oxidative stress. Immunostaining analyses
demonstrated that WBYV significantly attenuated microglial activation (at 24 and 72 h) and astrocytic activation (at 24 h) in the cortical
region following SAH. Consistently, WBV markedly inhibited the expression of pro-inflammatory cytokines, including tumor necrosis
factor-a (TNF-«) and interleukin-15 (IL-1/5), in brain tissue and serum. WBYV pretreatment significantly inhibited cortical neuronal
apoptosis and downregulated caspase-1 activation at 24 h post-SAH. In addition, WBYV activated Sirt3 following SAH, and its protective
effects were partially prevented by the Sirt3 inhibitor 3-TYP. Conclusions: Our present data indicate that WBYV is a clinically potent
strategy that protects against the SAH-induced brain damage and neurological dysfunction by regulating Sirt3 and neuroinflammation.
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1. Introduction

Subarachnoid hemorrhage (SAH) is a severe form of
stroke that most commonly arises from the rupture of in-
tracranial aneurysms, with an estimated prevalence of 3—
5% among adults [1]. Although many effective therapeu-
tic strategies have emerged over the last few decades, the
prognosis of patients suffering from SAH remains unfavor-
able due to the unknown mechanisms of early brain injury
(EBI) and the subsequent complications, such as cerebral
vasospasm. EBI is a complex cascade associated with a
transient global ischemia, the increased intracranial pres-
sure (ICP), the activated pro-apoptotic signals and release
of blood degradation products, but most of the preclinically
investigated agents targeting EBI failed to be translated to
the clinic.

Sirtuin 3 (Sirt3), a member of the NAD*-dependent
deacetylase family, is predominantly localized in mitochon-
dria and plays a crucial role in maintaining mitochondrial
homeostasis [2]. Emerging evidence suggests that Sirt3 is
closely involved in the regulation of oxidative stress and in-
flammatory responses in the central nervous system [3]. In
the context of subarachnoid hemorrhage (SAH), decreased
Sirt3 expression has been associated with increased mito-
chondrial dysfunction, excessive reactive oxygen species

(ROS) production, and activation of neuroinflammatory
cascades [4,5]. Conversely, activation of Sirt3 has been re-
ported to alleviate early brain injury by suppressing oxida-
tive stress and inhibiting pro-inflammatory signaling path-
ways [6]. Therefore, Sirt3 is increasingly recognized as a
key regulator of neuroinflammation and a potential thera-
peutic target in SAH.

Regular physical exercise, exemplified by activities
such as running, walking, or swimming, are effective be-
havioral interventions that influences the immune system,
neurotrophic factors and cognition. Accumulating evi-
dence have shown that physical exercises not only reduce
the risk of stroke, but also preserve neurological function
after stroke [7]. Whole-body vibration (WBV) adminis-
tered at low amplitude and frequency represents an effec-
tive exercise intervention with beneficial effects on both
the musculoskeletal and nervous systems [8,9]. This in-
tervention is commonly applied in populations presenting
with mobility limitations and walking impairments. WBV
has been successfully used as a powerful rehabilitative in-
tervention in the management of patients with osteoporo-
sis, osteoarthritis, lumbar disk disease, and Type 2 Diabetes
[10,11]. A previous study showed that low amplitude WBV
for 4 weeks attenuates brain damage and neurological func-
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tion in a MPTP mouse model of Parkinson’s disease (PD)
[12]. More recently, treatment with 40 Hz WBV for 30
days was shown to reduce brain damage, inhibit neuroin-
flammation after ischemic stroke in female rats [13]. Fur-
thermore, passive WBV was reported to produce immediate
enhancements in attentional capacity and inhibitory mecha-
nisms, even among healthy young individuals demonstrat-
ing strong cognitive abilities [14]. Nevertheless, whether
WBYV can influence brain injury and neurological impair-
ment after SAH remains unclear. Therefore, this study eval-
uated the effects of WBV on neuroinflammatory responses
in a rat model of experimental SAH and explored the pos-
sible underlying molecular mechanisms, focusing on Sirt3.

2. Materials and Methods
2.1 Animals

Male Sprague-Dawley rats weighing 280-330 g were
procured from the Animal Experimental Center of Shaanxi
Provincial People’s Hospital. Animals were maintained in
a controlled environment (22 °C, 12 h light/dark cycle) with
ad libitum access to food and water. Experimental proce-
dures complied with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and adhered to
the ARRIVE reporting guidelines [15]. The protocol was
reviewed and approved by the Laboratory Animal Ethics
Committee of Shaanxi Provincial People’s Hospital (Xi’an,
China; Approval No. 2021-083). Animals were randomly
grouped indiscriminately by means of a table of random
numbers. To minimize potential bias, investigators respon-
sible for neurobehavioral assessments, image acquisition
and quantification, as well as Western blot analysis were
blinded to the group allocation throughout the experiments.
Blinding was maintained until completion of data analysis.

2.2 Animal Number and Grouping

A total of 168 male Sprague—Dawley rats were used
in this study. Among them, 7 rats died after SAH induc-
tion and 11 rats were excluded because of very low SAH
grades. Therefore, data from 150 rats were finally included
in the analysis and presentation. For all experiments shown
in the figures, the sample size was n = 6 animals per group.
In the first part of the experiment, rats were randomly as-
signed to three groups: Sham, SAH, and SAH + WBV. For
each group, 6 rats were used for brain water content mea-
surement, 6 rats for immunofluorescence analysis at 24 h, 6
rats for immunofluorescence analysis at 72 h, 6 rats for in-
flammatory cytokine detection, and 6 rats for neurological
function assessment. In the second part of the experiment,
rats were divided into four groups: Control, WBV, WBV
+ 3-TYP, and 3-TYP, with 6 rats per group used for West-
ern blot analysis. In the third part of the experiment, rats
were divided into two groups: SAH + WBV and SAH +
WBYV + 3-TYP. For each group, 6 rats were used for brain
water content measurement, 6 rats for immunofluorescence
analysis, and 6 rats for inflammatory cytokine detection.

2.3 WBV Induction and SAH Model

WBYV stimulation was administered through a vibra-
tion apparatus manufactured by Deca Precision Measuring
Instruments (Shenzhen, China). Animals were placed in-
dividually on the vibration platform and applied with sinu-
soidal vibration at 30 Hz, administered twice daily (30 min
per session) for a total duration of 30 consecutive days ac-
cording to a previous published paper [16]. During WBV
exposure, animals were monitored to ensure they remained
in a natural standing position and to minimize stress or fa-
tigue. The in vivo SAH model was established using a mod-
ified endovascular perforation technique, as previously re-
ported [17]. Briefly, animals were anesthetized with an in-
traperitoneal injection of pentobarbital sodium solution (10
mg/mL) at a dose of 40—50 mg/kg and maintained at a sta-
ble depth of anesthesia throughout the procedure. Under
appropriate anesthesia and aseptic conditions, a sharpened
monofilament was advanced through the internal carotid
artery until resistance was encountered, after which the ves-
sel wall was gently perforated to induce SAH. Successful
induction of SAH was confirmed by sudden loss of resis-
tance during perforation and subsequent observation of sub-
arachnoid bleeding. Animals in the sham group underwent
identical surgical procedures, but without vessel perfora-
tion. To inhibit Sirt3 activation in vivo, animals were treated
intraperitoneally with 3-TYP, a selective Sirt3 inhibitor (50
mg/kg body weight, suspended in 1% DMSO), once daily
for 3 consecutive days prior to SAH induction. This dosing
regimen was chosen based on previous studies demonstrat-
ing effective inhibition of Sirt3 activity in vivo. The pre-
treatment paradigm was designed to ensure sufficient sup-
pression of Sirt3 signaling before SAH induction and sub-
sequent WBYV intervention. SAH severity was evaluated
using a previously established SAH grading system at 24
h after model induction. Briefly, the basal surface of the
brain was divided into six segments, and each segment was
scored from 0 to 3 according to the amount of subarach-
noid blood clot: 0, no blood; 1, minimal blood; 2, moderate
blood clot with recognizable arteries; and 3, blood clot cov-
ering all arteries within the segment. The total SAH grade
was calculated as the sum of the six segment scores, ranging
from 0 to 18. Animals with very low SAH grades were con-
sidered to have unsuccessful modeling and were excluded
from subsequent analyses. SAH grading was performed by
an investigator blinded to group allocation.

The selection of experimental time points was based
on the temporal characteristics of early brain injury (EBI)
following SAH. The 24 h time point was chosen to evalu-
ate acute pathological changes, including brain edema, ox-
idative stress, neuroinflammation, neuronal apoptosis, and
Sirt3-related molecular alterations, as these processes are
known to peak during the early phase after SAH. Neurolog-
ical function was assessed at 48 h post-SAH, a time point
at which sensorimotor deficits can be reliably and stably
detected. In addition, 72 h was selected for the evaluation
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Fig. 1. Equipment and experimental design. (A) The animals were individually fixed on the vibration table, and the vibration param-

eters were shown in the vibration controller. (B) Schematic illustration of the experimental protocol, including treatments and the timing

of different measurements. SAH, subarachnoid hemorrhage.

of glial activation (Iba-1 and GFAP), as neuroinflammatory
responses and glial reactivity may persist or evolve beyond
the acute phase. This time-course design allowed us to cap-
ture both early injury and subsequent neuroinflammatory
changes following SAH.

2.4 Brain Water Content

Brain edema was assessed 24 h after SAH induc-
tion using the standard wet—dry weight method, as previ-
ously reported [18]. Briefly, rats were deeply anesthetized
(Isoflurane, 3—5% in oxygen for induction and 1-2% in
oxygen for maintenance) and decapitated, and the brains
were rapidly removed and separated into the hemispheres,
cerebellum, and brainstem on an ice-cold plate. Each tis-
sue sample was immediately weighed to determine the wet
weight (WW). The samples were subsequently dried in a
thermostatic oven at 100 °C for 24 h until a constant weight
was reached, which was recorded as the dry weight (DW).
Brain water content in each region was calculated using the
following equation: [(WW —DW)/ WW] x 100%.

2.5 Immunofluorescence Staining

Brain tissues embedded in paraffin were sectioned at
4 um thickness and placed on glass slides. Sections were
permeabilized in 0.1% Triton X-100 prepared in PBS for
10 min to facilitate antigen retrieval, and then incubated
with 5% bovine serum albumin (BSA) at room temperature
for 1 h to minimize nonspecific interactions. Subsequently,
sections were incubated overnight at 4 °C with the fol-
lowing primary antibodies: anti-8-OHdG (ab48508, 1:500,
Abcam, Shanghai, China), anti-Iba-1 (No.17198, 1:100,
Cell Signaling Technology, Shanghai, China), anti-GFAP
(No.80788, 1:100, Cell Signaling Technology), and anti-
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Sirt3 (No.2627, 1:200, Cell Signaling Technology). After
three washes with PBS containing 0.05% Tween-20 (PBST,
5 min each), sections were incubated with the appropri-
ate fluorophore-conjugated secondary antibodies (goat anti-
rabbit or goat anti-mouse IgG, 1:500; Invitrogen, Carls-
bad, CA, USA) at 37 °C for 1 h in the dark. Termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining was performed according to the man-
ufacturer’s instructions (In Situ Cell Death Detection Kit,
Roche, Penzberg, Germany) to evaluate neuronal apoptosis.
Following this, the nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI, 1 pg/mL) for 10 min as a counter-
stain, and immunofluorescence images were obtained using
a Leica SP5 1II laser scanning confocal microscope (Leica
Microsystems, Wetzlar, Germany). All imaging parame-
ters (laser intensity, gain, exposure time) were kept constant
across experimental groups to allow reliable comparisons.
Quantitative analysis of immunofluorescence staining was
performed using ImageJ software (1.54j, NIH, Bethesda,
MD, USA). For each animal, three coronal brain sections
at comparable anatomical levels were selected, and at least
three non-overlapping fields within the cortical region were
randomly captured per section. The region of interest (ROI)
was consistently defined within the ipsilateral cortex to en-
sure comparability across samples. Fluorescence intensity
or the number of positive cells was measured and averaged
for each section, and subsequently averaged across sections
for each animal. All image acquisition parameters were
kept constant across groups. Image analysis was performed
by investigators blinded to group allocation using coded im-
ages, and the results from each animal were used for statis-
tical analysis.
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Fig. 2. WBYV reduces neuronal injury following SAH. (A) Evaluation of brain water content in different brain regions, including the

cerebrum, cerebellum, and brainstem, at 24 h. (B,C) Representative images of 8-OHdG immunostaining in cortex (B) and quantitative

analysis (C). (D,E) Typical images of MitoSOX immunostaining in the cortical region (D) and the related quantification (E). Scale bar =
50 um. n = 6 rats per group. Data are shown as mean =+ SD. “p < 0.05 vs. Sham group. *p < 0.05 vs. SAH group. WBYV, whole body

vibration.

2.6 Enzyme-linked Immunosorbent Assay (ELISA)

The concentrations of pro-inflammatory cytokines, in-
cluding tumor necrosis factor-a (TNF-«, ab46087, abcam),
interleukin-15 (IL-13, ab255730, abcam), and interleukin-
6 (IL-6, ab234570, abcam), were quantified using commer-
cially available ELISA kits (Anoric-Bio, Tianjin, China), in
accordance with the manufacturer’s instructions. Standard
curves established with recombinant cytokines were used to
determine cytokine levels, which were expressed as pg/mg
or pg/mL of protein. All measurements were performed in
duplicate to ensure reproducibility, and negative controls
were included to exclude nonspecific binding.

2.7 Neurobehavioral Assay

Forty-eight hours after SAH, neurological perfor-
mance was evaluated by the modified Garcia scale (3—18
points) and the beam balance test (1-6 points). The higher
score of the modified Garcia scale suggested better senso-
rimotor function, whereas the lower score of beam balance
test indicated better complex movements and coordination.
Neurobehavioral assessments were performed by two inde-

pendent investigators who were blinded to the experimental
groups. Each animal was evaluated twice, and the average
score was used for statistical analysis to reduce subjective
bias.

2.8 Western Blot

Protein expression was analyzed by Western blot fol-
lowing established methods. In brief, protein samples (30—
50 pg per lane) were mixed with loading buffer and heated
at 95 °C for 5 min to ensure complete denaturation. The
proteins were then resolved using SDS—polyacrylamide
gel electrophoresis (SDS—PAGE) and transferred onto
polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). The membranes were blocked for 1 h
at room temperature with 5% non-fat milk diluted in Tris-
buffered saline containing 0.1% Tween-20 (TBST). After
blocking, membranes were incubated overnight at 4 °C with
primary antibodies against Sirt3 (1:1000, #2627, Cell Sig-
naling Technology) and GAPDH (1:1000, #5174, Cell Sig-
naling Technology). Following three washes with TBST,
HRP-linked secondary antibodies (1:5000; #8889, Cell Sig-
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Fig. 3. WBY improves neurological function following SAH. (A) Modified Garcia scale showing sensorimotor function at 48 h. (B)

Beam balance test showing complex movements and coordination at 48 h. Data are shown as mean £ SD. n = 6 rats per group. Three

repeated measurements from each animal were displayed, resulting in 18 plotted data points per group. *p < 0.05 vs. Sham group. *p <

0.05 vs. SAH group.

naling Technology) were applied for 1 h at room tempera-
ture. The immunoreactive bands were detected using an en-
hanced chemiluminescence (ECL) reagent (Thermo Fisher
Scientific) and visualized with a ChemiDoc MP Imag-
ing System (Bio-Rad, Hercules, CA, USA). For Western
blot analysis, band intensities were quantified using Im-
agel software by an investigator blinded to the experimental
groups. Each sample was analyzed in at least three indepen-
dent experiments. The relative expression levels of target
proteins were normalized to GAPDH and expressed as fold
change compared to the control group.

2.9 MitoSOX Immunostaining

Mitochondrial superoxide production in the cortical
region was evaluated using MitoSOX Red staining. Briefly,
brain tissues were collected at 24 h after SAH induction,
and coronal brain sections at comparable anatomical lev-
els were prepared. After washing with PBS, sections were
incubated with MitoSOX Red mitochondrial superoxide in-
dicator working solution (5 uM, Thermo Fisher Scientific,
Cat. No. M36008) in the dark at 37 °C for 30 min. Follow-
ing incubation, the sections were washed three times with
PBS to remove excess dye, and nuclei were counterstained
with DAPI. Fluorescence images were acquired using a Le-
ica SP5 II laser scanning confocal microscope under iden-
tical imaging parameters across all experimental groups.

2.10 Statistical Analysis

Statistical analysis was carried out with SPSS soft-
ware (version 16.0; IBM Corp., Armonk, NY, USA). All re-
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sults are expressed as the mean + standard deviation (SD).
The normality of data distribution was first evaluated using
the Shapiro—Wilk test, while equality of variances among
groups was examined by Levene’s test. Differences be-
tween two groups were analyzed using Student’s #-test, with
a one-tailed test applied for ratio quantification and a two-
tailed test used for the remaining analyses. When more
than two groups were compared, statistical differences were
assessed by one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s multiple comparison test. Statistical sig-
nificance was defined as a p value less than 0.05.

3. Results
3.1 Experimental Design and Equipment

As shown in Fig. 1A, the animals were individually
fixed on the vibration table, and a vibration apparatus pro-
duced by Deca Precision Measuring Instruments (Shen-
zhen, China) was used to apply WBYV. As shown in Fig. 1B,
animals received WBYV stimulation at 30 Hz for 30 min per
session, twice per day, for 30 days, and were then exposed
to SAH. Measurements were collected at the specified time
intervals.

3.2 WBV Attenuates Brain Damage Following SAH

The influence of WBV on cerebral edema was inves-
tigated by measuring brain water content 24 h after SAH
induction (Fig. 2A). SAH markedly increased brain water
content in the cerebrum, whereas no significant changes
were observed in the cerebellum or brainstem. To fur-
ther assess oxidative DNA damage, immunostaining for 8-
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Fig. 4. WBYV treatment decreases cortical Iba-1 expression after SAH. (A,B) Typical images of cortical Iba-1 staining (A) and the
related quantitative evaluation (B) at 24 h. (C,D) Representative staining of Iba-1 in the cortex (C) with quantitative analysis (D) at 72
h. Scale bar = 50 um. n = 6 rats per group. Data are shown as mean & SD. *p < 0.05 vs. Sham group. *p < 0.05 vs. SAH group.

OHJAG, a well-established biomarker of oxidative nucleic
acid modification, was performed (Fig. 2B). SAH resulted
in a pronounced increase in §-OHdG immunoreactivity,
which was significantly reduced in animals pretreated with
WBYV (Fig. 2C). In addition, mitochondrial oxidative stress
was evaluated by MitoSOX staining (Fig. 2D). Consistent
with the above findings, SAH markedly elevated mitochon-
drial superoxide levels, while WBV pretreatment signifi-
cantly suppressed this response (Fig. 2E).

3.3 WBYV Attenuates Neurological Dysfunction Following
SAH

To assess sensorimotor status, the modified Garcia
scale was applied, covering measures of hemiplegia, im-
paired motor performance, and abnormal postural behavior
(Fig. 3A). SAH induction resulted in a significant reduc-
tion in Garcia scores, an effect that was effectively abol-

ished by WBYV pretreatment. In addition, motor coordina-
tion and complex movements were assessed by the beam
balance test (Fig. 3B). SAH markedly increased beam bal-
ance scores, indicating impaired coordination, and this ef-
fect was partially ameliorated by WBV at 48 h post-SAH.

3.4 WBYV Inhibits the Expression of Iba-1 Following SAH

Microglial activation in the cortex was evaluated by
Iba-1 immunohistochemistry at two time points after SAH,
namely 24 h (Fig. 4A) and 72 h (Fig. 4C). Quantitative
analysis revealed that SAH markedly increased Iba-1 ex-
pression at both time points (Fig. 4B,D). Notably, WBV
pretreatment partially attenuated these SAH-induced in-
creases.

&% IMR Press


https://www.imrpress.com

Sham SAH

DAPI GFAP DAPI GFAP

Sham SAH

DAPI GFAP DAPI GFAP

.

4’ 6-diamidino-2-phenylindole; GFAP, Glial fibrillary acidic protein.

3.5 WBYV Reduces the Expression of GFAP Following SAH

Cortical astrocyte activation was assessed using GFAP
immunostaining at two time points after SAH, namely 24
h (Fig. 5A) and 72 h (Fig. 5C). At 24 h, WBYV interven-
tion significantly reduced GFAP expression compared with
the SAH group (Fig. 5B). In contrast, GFAP levels at 72 h
showed no statistically significant difference between the
SAH and SAH + WBYV groups (Fig. 5D).

3.6 Effects of WBV on Inflammatory Cytokine Responses
After SAH

Brain homogenates were collected at 24 h following
SAH, and SAH markedly increased the levels of TNF-a,
IL-15 and IL-6, which were reduced by WBV (Fig. 6A).
We also detected these cytokines in serum, and we found
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with the related quantification (B) at 24 h. (C,D) Cortical GFAP staining images (C) and their quantitative evaluation (D) at 72 h. Scale
bar = 50 um. n = 6 rats per group. Data are shown as mean = SD. p < 0.05 vs. Sham group. *p < 0.05 vs. SAH group. DAPI,
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that the SAH-induced increases in these cytokines were at-
tenuated by WBY, although the expression of IL-6 was not
statistically decreased (p = 0.13, Fig. 6B).

3.7 WBYV Inhibits Neuronal Death Following SAH

The neuronal apoptosis in the cortex was mea-
sured by TUNEL staining (Fig. 7A). Quantitative analy-
sis demonstrated that SAH markedly increased the num-
ber of TUNEL-positive cells, and this effect was markedly
attenuated by WBYV pretreatment (Fig. 7B). Consistently,
WBYV also reduced the SAH-induced elevation of caspase-
1 activity, an established marker of inflammatory apoptosis
(Fig. 7C).
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3.8 WBYV Protects Against SAH via Activating Sirt3

To better understand the molecular basis of the pro-
tective effects associated with WBYV, immunohistochem-
ical staining was performed to evaluate Sirt3 expression
(Fig. 8A). SAH significantly reduced the Sirt3 protein lev-
els, which was apparently increased by WBV (Fig. 8B).
3-TYP was used to inhibit Sirt3 activity, and we found
that WBV-induced Sirt3 expression was reduced by 3-TYP

(Fig. 8C). After 3-TYP treatment, the WBV-induced attenu-
ation of 8-OHdG expression following SAH was prevented
(Fig. 8D,E). As shown in Fig. 8F,G, a similar result in Mi-
toSOX levels was also observed. In addition, the results of
brain water content showed that WBV-induced alleviation
of brain water content was significantly reversed by Sirt3
inhibition (Fig. 8H).
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3.9 WBYV Regulates Neuroinflammation via Activating
Sirt3

Next, we further assayed the role of Sirt3 in WBV-
induced effects on neuroinflammation. The results of Iba-
1 immunostaining showed that WBV-induced inhibition of
Iba-1 expression was ablated by 3-TYP (Fig. 9A,B). 3-TYP
treatment also increased GFAP expression in cortex fol-
lowing SAH as compared to that in SAH + WBV group
(Fig. 9C,D). We repeated the measurements of ELISA in
brain tissues (Fig. 9E) and in serum (Fig. 9F), and the re-
sults showed that WBV-induced decreases in inflammatory
cytokines expression were nullified by Sirt3 inhibition. As
shown in Fig. 9G, a similar result in caspase-1 activity was
also observed.

4. Discussion

Physical exercise is a neuroprotective strategy for
stroke, with beneficial effects against SAH in experimen-
tal and clinical settings. WBYV is a novel exercise-mimetic
intervention that has been applied as an alternative to con-
ventional physical therapy in a variety of disease contexts
[19]. In the present study, we examined the effects of WBV
on neuronal injury following experimental SAH and iden-
tified a regimen of 30 Hz, administered twice daily for 30
consecutive days, as a neuroprotective strategy. We found
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that (a) WBYV reduces SAH-induced brain edema and ox-
idative stress; (b) WBYV attenuates neurological dysfunction
induced by SAH; (c) WBYV inhibits the activation of astro-
cytes and microglial cells after SAH; (d) WBV ameliorates
neuronal apoptosis and caspase-1 activation after SAH; and
(e) WBYV protects against SAH and regulates neuroinflam-
mation via activation of Sirt3.

Physical exercise is considered as a mild stressor that
follows the typical preconditioning stimulus, and persis-
tent physical exercise promotes general health, especially in
the cardiovascular and central nervous system [20]. People
who perform regular exercise have a lower risk of stroke,
suffer from milder stroke, and get better functional out-
comes after stroke [21]. It has been demonstrated that
even light exercise, such as walking for 4 h per week,
could alleviate stroke severity and improve neurological
function [7]. It has been reported that pre-stroke exer-
cise markedly upregulates several protective molecules, in-
cluding vascular endothelial growth factor (VEGF), nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), endothelial nitric oxide synthase (eNOS), and
hypoxia-inducible factors (HIFs) [22]. More recently, ex-
ercise was found to attenuate EBI and reduce cerebral va-
sospasm after SAH in both experimental and clinical studies
[23,24]. WBYV is a straightforward form of physical exer-
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cise that requires minimal motor skill proficiency, with pos-
itive effects on neuromuscular performance and cardiovas-
cular responses. However, the effects of WBV on neuronal
injury and neurological function after stroke are controver-
sial, partly because of the discrepancies in WBV parame-
ters, including frequencies, intensities and number of exer-
cise sessions [25,26]. In the present study, preconditional
WBYV exercise for 30 days was demonstrated to be neu-
roprotective against SAH, as indicated by decreased brain
water content, inhibited neuroinflammation, decreased neu-
ronal death and preserved neurological function. Our re-
sults add some evidence of WBV-induced protection in
hemorrhagic stroke.

WBY may trigger diverse physiological responses in
the human body, a complex and dynamic system, with out-
comes largely determined by vibration frequency, ampli-
tude, and exposure time [27]. Mechanosensitive recep-
tors, including the Meissner’s corpuscles, exhibit preferen-
tial sensitivity to vibration frequencies within the 30—-40 Hz
range, while the whole body demonstrates greatest sensi-
tivity across the 1-50 Hz spectrum [28]. Moreover, distinct
anatomical regions, such as the thoracic and abdominal cav-
ities as well as the brain, resonate in response to WBYV, with
vibration at 5 Hz producing greater discomfort relative to
other frequencies [29]. However, exposure to WBYV at 30
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Hz has been reported to exert beneficial acute effects on
cognitive function in healthy young adults [14]. In previ-
ously published papers on stroke, the frequency of WBV
ranged from 1 to 50 Hz, among which most positive results
were obtained from WBYV at 20-30 Hz [25]. Thus, WBYV at
30 Hz was chosen for this study. In addition, the position
of the subjects is also important, and squat and sitting with
hips and knees fixed were commonly used. In our exper-
iments, rats were individually put into polyethylene tubes
that fixed on the vibration table, and the direction of the
horizontal vibration (left-right) could not be altered by the
slight movement of the animal’s body (Fig. 1A). Further-
more, WBV twice per day for 30 days was chosen here, and
our pre-experiment data showed that WBV twice per day
for 20 days had no positive effects (data not shown). Pang
et al. [30] showed that WBV training 3 days per week for
8 weeks induced improvements on knee spasticity in stroke
patients, and significant increases in the isometric knee ex-
tension strength were found when 35-45 Hz WBYV training
were performed for at least 6 weeks [31]. In addition, Cog-
nitive performance has been found to improve in mice and
humans following 5 weeks of WBV exposure at 30 Hz [9].
Our findings, which align with earlier studies, indicate that
WBYV at 30 Hz administered twice daily for 30 days, pre-
serves neurobehavioral performance in rats following SAH.
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Perhaps a more homogeneous group of patients with more
severe neurological dysfunction could benefit more from
WBYV [32], and more experiments are needed to compare
different WBV protocols.

The immune inflammatory system of the brain is com-
plex, and can be differently regulated by the resident in-
flammatory cells, such as microglia and astrocytes, as well
as the peripheral inflammatory cells, including monocytes
and neutrophils. The activation of neuroinflammation and
followed pro-apoptotic cascades is considered as an im-
portant mechanism underlying EBI after SAH, and some
anti-inflammatory drugs, such as steroids, statins, and non-
steroidal anti-inflammatory drugs (NSAIDs), have been in-
vestigated in clinical trials [33]. GFAP serves as a spe-
cific marker of astrocytes, and elevated GFAP expression
has been reported in rat models of SAH [34]. Atangana et
al. [35] showed that intracerebral activated microglia con-
tribute to secondary brain injury after experimental SAH. In
congruence, our immunostaining data suggested that the en-
hanced expression of Iba-1 and GFAP were observed at 24
and 72 h after SAH. The activated astrocyte Ca* signaling
promotes the conversion of blood vessels from a diastolic to
a vasoconstrictive state, while activated microglia promotes
the production of inflammatory cytokines [36]. Elevated
levels of inflammatory cytokines, including IL-1, IL-6, and
TNF-q, have been reported to be related to the prognosis of
SAH patients [37]. In this study, the WBV-induced protec-
tion was accompanied by the reduced expression of Iba-1
and GFAP, indicating the role of anti-inflammatory mech-
anism in our observations.

Originally identified in studies of calorie restriction
(CR), sirtuins represent a family of class IIT histone deacety-
lases implicated in the regulation of longevity [38,39]. In
mammals, seven isoforms (Sirt1-Sirt7) have been charac-
terized, with Sirt3 being predominantly localized to mito-
chondria. Sirt3, a deacetylase localized in mitochondria,
is enriched in metabolically active tissues like the kidney,
heart, liver, and brain and contributes to the regulation of
multiple mitochondrial activities [3,40]. Accumulating ev-
idence have shown that Sirt3 plays a key role in neuro-
logical diseases, ranging from acute insults such as brain
ischemia and intracerebral hemorrhage to neurodegenera-
tive illnesses characterized by chronic progression, such
as Alzheimer’s disease (AD) and Parkinson’s disease (PD)
[41,42]. In the experimental SAH model induced by en-
dovascular perforation in rats, the decreased expression of
Sirt3 mRNA and protein were found to be associated with
increased reactive oxygen species (ROS) [43]. Wu et al.
[6] also showed that SAH significantly decreased Sirt3 ex-
pression from 3 to 72 h in C57BL/6 J male mice. In congru-
ent, our data indicated that cortical expression of Sirt3 was
decreased by SAH. It was shown that inhibition of Sirt3 ac-
tivation via its upstream regulator PGC-1« aggravates ox-
idative stress following experimental SAH in mice [44]. In
addition, treatment with honokiol, the pharmacological ag-
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onist of Sirt3, was shown to protect against SAH-induced
early brain injury via activating AMPK cascades [6]. In the
present study, we found that WBYV significantly increased
Sirt3 expression following SAH. Furthermore, treatment
with the Sirt3 inhibitor 3-TYP markedly reversed the WBV-
induced protection, as well as its regulation of neuroinflam-
mation. It is shown that swimming exercise could increase
Sirt3 expression [45], and the exercise-mediated amelio-
ration of metabolic disorders has been associated with the
upregulation of Sirt3 [46]. Thus, WBV-induced protection
against SAH might be mediated by Sirt3 activation.

This study has several limitations. First, microglial
and astrocytic activation after SAH was evaluated by
measuring the expression of Iba-1 and GFAP. How-
ever, microglia can polarize into pro-inflammatory M1
and anti-inflammatory M2 phenotypes, while astrocytes
may differentiate into A1l (pro-inflammatory) or A2 (anti-
inflammatory) subtypes. Additional investigations focus-
ing on these phenotypic changes would provide deeper in-
sight into the anti-inflammatory mechanisms of WBV. In
addition, the vibration frequency and amplitude were mea-
sured at the surface of the vibration platform, which does
not necessarily reflect the exact mechanical stimuli trans-
mitted to the brain. The precise vibration parameters expe-
rienced by the animals’ brains could therefore not be deter-
mined directly. Future studies employing more advanced
measurement techniques, such as devices capable of record-
ing vibration signals closer to the brain, or vibrators at-
tached directly to the animals’ heads, may help clarify the
brain-specific effects of WBV. Furthermore, although we
observed that Sirt3 expression was reduced after SAH and
restored by WBYV, and pharmacological inhibition using 3-
TYP partially reversed the protective effects of WBYV, the
measurement of Sirt3 protein levels does not necessarily
reflect its enzymatic activity. Moreover, more specific ap-
proaches, such as genetic knockdown of Sirt3 (e.g., siRNA)
or direct assessment of Sirt3 deacetylase activity, were not
performed in the present study. Therefore, the precise role
of Sirt3 activity in mediating the neuroprotective effects of
WBYV requires further investigation in future studies.

5. Conclusion

Taken together, the results suggest that a 30-day WBV
preconditioning regimen at 30 Hz provides neuroprotec-
tive benefits after experimental SAH, including reduced
brain damage, diminished neuroinflammatory responses,
and improved neurological function. These effects are
likely linked to Sirt3 activation and its downstream influ-
ence on neuroinflammation.
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