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Abstract
Background ‒ The high-mobility group box 1 (HMGB1)/
receptor for advanced glycation end products (RAGE) sig-
naling pathway holds promise as a potential therapeutic
target for ischemic brain injury. The effects of FPS-ZM1 and
electroacupuncture (EA) on activation of the HMGB1/RAGE
signaling pathway after cerebral ischemia remain uncertain.
Methods ‒ Middle cerebral artery occlusion (MCAO) model
was established. Neurological function was assessed using
Longa scores. Nissl staining was used to observe the mor-
phology of neurons. The expression levels of HMGB1 and
RAGE were assayed with immunofluorescence staining and
western blot.
Results ‒ The results showed that EA and FPS-ZM1 could
reduce the neural function score and neurons cell injury in
cerebral ischemia rats by inhibiting the expression of
HMGB1 and RAGE in primary motor cortex (M1) region.
In addition, EA combined with FPS-ZM1 had a better ther-
apeutic effect.
Conclusions ‒ The HMGB1/RAGE pathway could be acti-
vated after cerebral ischemia. Both EA and FPS-ZM1 improved
neurological deficits and attenuated neuronal damage in
rats. They had synergistic effects. These interventions
were observed to mitigate brain damage by suppressing
the activation of HMGB1/RAGE.
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motor cortex, HMGB1, RAGE

1 Introduction

Cerebral ischemia, also known as ischemic stroke, is a
prevalent central nervous system disorder that leads to
significant morbidity and mortality, accompanied by persis-
tent neurological deficits [1]. The pathogenesis of cerebral
ischemia is complex, and current clinical interventions are
not fully satisfactory. In recent years, the high-mobility group
box 1 (HMGB1)/receptor for advanced glycation end products
(RAGE) signaling pathway has emerged as a promising target
for therapeutic interventions in cerebral ischemia [2].

HMGB1 is a nuclear DNA-binding protein released pas-
sively by dying cells and can amplify the inflammatory
cascade [3]. RAGE is a type 1 transmembrane glycoprotein
[4]. While RAGE is widely distributed, it is primarily expressed
in blood vessels and nervous tissues, where it can contribute
to vascular injury by promoting inflammation and inducing
endothelial cell apoptosis [5]. FPS-ZM1, a highly potent RAGE
inhibitor, can penetrate the blood–brain barrier and has
shown therapeutic potential in Alzheimer’s disease and Par-
kinson’s disease [6–8]. By reducing neuroinflammation, cell
death, and neurological deficits through the ligand/RAGE/
DIAPH1 pathway, FPS-ZM1 provides neuroprotection in rats
with middle cerebral artery occlusion (MCAO) [9]. This
potent antagonist of RAGE demonstrates considerable pro-
mise for the treatment of various inflammatory conditions,
although clinical trials of this compound have not yet been
reported [10].

Electroacupuncture (EA) is a safe and minimally
invasive therapeutic technique that combines traditional
Chinese acupuncture with electrical stimulation [11].
Numerous studies have demonstrated the potential of
EA in mitigating brain injury caused by oxidative stress,
improving poststroke neurological function, promoting
autophagic clearance, and preventing ischemia-related
damage in various organs [12,13]. Acupuncture at Baihui
(GV20) and Zusanli (ST36) acupoints has been shown to
enhance behavioral recovery in rats with cerebral
ischemia/reperfusion injury, and these acupoints are
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commonly utilized in clinical practice for the treatment of
ischemic stroke [14,15]. However, the precise mechanism
through which EA exerts its neuroprotective effects in
cerebral ischemia, particularly its modulation of the
HMGB1/RAGE signaling pathway, remains unclear.

The primary motor cortex (M1) is situated anterior to
the central sulcus [16] and serves as a crucial area for
evaluating motor function in stroke patients [17]. In this
study, we employed rats with MCAO to investigate the
effects of EA, sEA, and FPS-ZM1 on the expression of the
HMGB1/RAGE signaling pathway in the M1 region sur-
rounding the ischemic focus.

2 Materials and methods

2.1 Animals

Ninety-six healthy male Sprague Dawley rats (8 weeks old,
230 ± 20 g) were obtained from Nanjing Qinglongshan
Laboratory Animal Co., Ltd (Jiangsu, China). The animals
were housed in a controlled environment with a tempera-
ture range of 22–24°C, a 12 h light/dark cycle, and ad libitum
access to food and water.

2.2 Preparation of the cerebral ischemia
model

After a 1-week adaptation period, the rats fasted for 12 h
before surgery while still having access to drink. Anesthesia
was induced by intraperitoneal injection of sodium pentobar-
bital at a dose of 30mg/kg. The rats were positioned in a
supine position on the operating table, and incisions were
made in their necks to expose the right common carotid
artery (CCA), external carotid artery (ECA), and internal car-
otid artery (ICA). A small incision was then made in the
ECA to allow for the introduction of the embolization line
(Cinontech, Beijing, China) into the ICA through the ECA. The
embolization line was carefully secured in place, and the
incision was closed with sutures. In the sham-operated
(Sham) group, only the CCA, ECA, and ICA were exposed
and isolated, without the insertion of an embolization wire.

2.3 Experimental protocol

The rats were divided into eight groups (n = 12) through
random assignment: normal (Normal), Sham, MCAO, EA,

sham EA (sEA), FPS-ZM1 (FPS), EA + FPS-ZM1 (EA + FPS),
and sham EA + FPS-ZM1 (sEA + FPS) groups. Except for the
Normal and Sham groups, all groups underwent MCAO sur-
gery to induce cerebral ischemia. Five minutes after the
surgery, the FPS group, EA + FPS group, and sEA + FPS group
received intraperitoneal administration of 1 mg/kg of FPS-
ZM1 (HY-19370, MedChemExpress, USA) once daily for 14
days. The dosage of FPS-ZM1 was determined based on pre-
vious research [9]. The EA group and EA + FPS group
received EA stimulation at GV20 (2mm oblique backward
stab in the middle of the parietal bone) and left ST36 (7mm
straight stab approximately 5mm below the small head of
the fibula) 24 h after MCAO, with a low frequency of 2 Hz, a
current of 1 mA, and a pulse width of 1 ms, for 30min daily,
following established references [14,18]. The sEA and sEA +

FPS groups underwent subcutaneous piercing at GV20 and
ST36, but the acupuncture needles were not electrically con-
nected to the EA apparatus [19].

2.4 Neurological deficit assessment

Neurological function assessments were conducted at pre-
determined time intervals of 2 h, 1, 3, 7, and 14 days after
the surgical procedures using the modified Longa scoring
method. The scoring system consisted of the following cri-
teria: 0 points denoting the absence of neurological deficit,
1 point indicating the incomplete extension of the contral-
ateral forepaw, 2 points reflecting contralateral turning
during ambulation, 3 points indicating contralateral leaning
while walking, and 4 points representing an inability to
spontaneously ambulate with varying degrees of impaired
consciousness. Two physicians blinded to the treatment
conditions independently evaluated the neurological scores
of the subjects, with no knowledge of the experimental
objectives.

2.5 Nissl staining

Neuronal density in the M1 region of the rat cortex was
assessed using Nissl staining in each group (n = 6). Rats
were intraperitoneally anesthetized with sodium pento-
barbital (45 mg/kg), and their brains were fixed with 4%
paraformaldehyde. Paraffin embedding was performed, fol-
lowed by sectioning of 5 µm-thick coronal brain slices using a
microtome. These sections were then subjected to sequential
dewaxing with xylene and gradient alcohol. Nissl staining
was performed using a commercial kit (DK0022, Leagene,
China) that involved cresyl violet staining, immersion staining
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in a 56°C thermostat for 1 h, rinsing with double distilled
water, and Nissl fractionation for 30 s. Subsequently, the
slices were sealed with neutral balsam, and the number of
neuronal cells was quantitatively analyzed using ImageJ soft-
ware. Neuronal density was determined by counting the
number of neurons in the M1 region of the rat cortex.

2.6 Immunofluorescence staining

The sections were dewaxed and subjected to a citrate buffer
solution for antigen repair. After reaching room tempera-
ture, H2O2 was added, and the sections were washed three
times with PBS. Triton was then added, and the slices were
incubated for 2 h without washing. Subsequently, the slices
were incubated with HMGB1 antibody (1:200, 79823; Abcam,
UK) or RAGE antibody (1:100, 216329; Abcam, UK). The fol-
lowing day, a fluorescent secondary antibody was added
in the dark, followed by rinsing with PBS and the addition
of DAPI. Finally, the slices were sealed. Evaluators blinded
to the experiment used ImageJ to quantify the number of
immunoreactive positive cells within a predetermined
region (Figure 1a).

2.7 Western blot

The M1 region of the right cortex was collected from the ice
box 14 days after treatment in each group (n = 6). Total
tissue protein was then extracted and subjected to electro-
phoresis using 12% SDS-PAGE (Bio-Rad, Hercules, USA)
with equal protein loading. The proteins were transferred

onto PVDF membranes (FFP32, Beyotime, China) and blocked
for 2 h in a blocking solution. The primary antibodies used
included rabbit anti-HMGB1 (1:1,000, 79823; Abcam, UK),
rabbit anti-RAGE (1:1,000, 216329; Abcam, UK), and rabbit
anti-GAPDH (1:1,000, AF7021, Affinity, USA). The membranes
were incubated with secondary antibodies (1:1,000, A0208,
Beyotime, China) and subsequently scanned using a Gel-Pro
system (Tanon Technologies, China). ImageJ software was
utilized to measure the grayscale value of each band, and
the relative expression of the target protein was determined
by calculating the ratio of the target band to the internal
reference band.

2.8 Statistical analysis

Statistical analysis was conducted using SPSS 18.0 for data
analysis, and GraphPad Prism 9.0 was used for image plot-
ting. Differences among three or more groups were assessed
using ANOVA. The data were presented as mean ± standard
deviation, and statistical significance was defined as p < 0.05.

Ethical approval: The research related to animals’ use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals.
This study was conducted in compliance with the guide-
lines and regulations set forth by the Experimental Animal
Welfare and Ethics Committee of Wannan Medical College,
China (Approval Number: LLSC-2021-025). Adequate mea-
sures were implemented to ensure the welfare and mini-
mize any potential discomfort experienced by the rats
during the experimental procedures.

Figure 1: Schematic diagram and neurological scores. (a) Schematic diagram of the primary motor cortex (M1). (b) Neurological function scores of the
eight groups at 2 h, 1 day, 3 days, 7 days, and 14 days after surgery using the Longa scale. n = 12/group. **p < 0.0001, MCAO vs Normal; **p < 0.0001,
sEA vs Normal; ##p < 0.0001, EA vs MCAO; ##p < 0.0001, FPS vs MCAO; ##p < 0.0001, EA + FPS vs MCAO; ##p < 0.0001, sEA + FPS vs MCAO; ΔΔp = 0.0018,
FPS vs EA + FPS; ΔΔp = 0.0003, sEA + FPS vs EA + FPS. ANOVA; mean ± SEM.
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3 Results

3.1 Neurological deficit assessment

To assess the impact of acupoint EA, sEA, and FPS-ZM1 on
the neurological recovery of MCAO rats, we employed the
Longa scoring system to evaluate their behavior throughout
the treatment period. The scores in the EA, FPS, EA + FPS,
and sEA + FPS groups exhibited a gradual decline from Day
3 to Day 14, with notable differences observed among the
groups on the 14th day. Notably, the Normal and Sham
groups displayed no neurological impairment, while the
MCAO and sEA groups exhibited the highest Longa scores,
indicating significant differences compared to the Normal
group (p < 0.01). These findings confirm the successful estab-
lishment of the MCAO model and demonstrate that sEA had
no effect on the neurological function of rats with cerebral
ischemia. Furthermore, the EA, FPS, EA + FPS, and sEA + FPS
groups exhibited significantly lower neurologic function
scores than the MCAO group (p < 0.01), indicating that EA
and FPS-ZM1 effectively mitigated brain damage in MCAO
rats after treatment. No significant difference was observed
between the FPS and sEA + FPS groups, while the EA + FPS
group exhibited significantly lower scores than the FPS and
sEA + FPS groups (p < 0.01). This highlights the enhanced
efficacy of combining EA with FPS-ZM1 compared to indivi-
dual treatment with EA or FPS-ZM1 alone (Figure 1b).

3.2 Results of Nissl staining

The morphology of neurons in the M1 region of the rat
cortex was examined using Nissl staining, which stains

neuronal nuclei blue. The number of neurons in each
group was quantified and compared. Compared to the
Normal group, both the MCAO and sEA groups exhibited
a significant reduction in the number of neurons (p < 0.01).
Conversely, the EA, FPS, EA + FPS, and sEA + FPS groups
demonstrated a significant increase in the number of neu-
rons compared to the MCAO group (p < 0.01). These find-
ings indicate that treatment with EA and FPS-ZM1 resulted
in a higher number of neurons in MCAO rats. Notably, the
EA + FPS group exhibited a significantly higher number of
neurons than both the FPS and sEA + FPS groups (p < 0.01)
(Figure 2).

3.3 Results of immunofluorescence staining

The results of HMGB1 immunofluorescence staining revealed
no significant difference between the Normal and Sham
groups. However, there was a significant increase in the
number of HMGB1-positive cells in the MCAO, EA, sEA, FPS,
EA + FPS, and sEA + FPS groups compared to the Normal
group (p < 0.01). In contrast, the EA, FPS, EA + FPS, and sEA
+ FPS groups exhibited a significant decrease in the number of
HMGB1-positive cells compared to the MCAO group (p < 0.05),
while no significant difference was observed between the sEA
and MCAO groups. Notably, the number of HMGB1-positive
cells increased in the EA, FPS, and sEA + FPS groups compared
to the EA + FPS group (p < 0.01), with no significant difference
between the EA, FPS, and sEA + FPS groups (Figure 3a and c).

Regarding RAGE immunofluorescence staining, no sig-
nificant difference was found between the Normal and
Sham groups. The number of RAGE-positive cells was sig-
nificantly higher in the MCAO, EA, sEA, FPS, EA + FPS, and

Figure 2: Nerve injury in the M1 region of the rat cortex in the eight groups on the 14th day after the treatment. (a) Representative micrographs of
Nissl staining results. (b) Histogram of comparison of Nissl staining results. n = 6/group. Scale bar = 50 µm, magnification ×400. **p < 0.0001, MCAO vs
Normal; **p < 0.0001, sEA vs Normal; ##p < 0.0001, EA vs MCAO; ##p < 0.0001, FPS vs MCAO; ##p < 0.0001, EA + FPS vs MCAO; ##p < 0.0001, sEA + FPS vs
MCAO; ΔΔp = 0.0001, FPS vs EA + FPS; ΔΔp < 0.0001, sEA + FPS vs EA + FPS. ANOVA; mean ± SEM.
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sEA + FPS groups than in the Normal group (p < 0.01).
Conversely, the EA, FPS, EA + FPS, and sEA + FPS groups
exhibited a significant decrease in the number of RAGE-
positive cells compared to the MCAO group (p < 0.01), while
no significant difference was observed between the sEA
and MCAO groups. Furthermore, the EA group showed a
significant increase in RAGE-positive cells compared to the
EA + FPS group (p < 0.05), whereas no significant difference
was observed between the FPS, EA + FPS, and sEA + FPS
groups (Figure 3b and d).

3.4 Expression of HMGB1 and RAGE

The western blot results revealed no significant difference
in the relative expression of HMGB1 and RAGE between the
Sham and Normal groups in the M1 region of the right
cerebral cortex. However, a substantial increase in the
relative expression of HMGB1 and RAGE was observed in
the MCAO group compared to the Normal group (p < 0.01)
(Figure 4a and b). Notably, the EA group exhibited signifi-
cantly lower levels of HMGB1 and RAGE expression than

Figure 3: Immunofluorescence staining of HMGB1 and RAGE in the eight groups on the 14th day after the treatment. (a) Immunofluorescence staining
of HMGB1 in the M1 region. (b) Immunofluorescence staining of RAGE in the M1 region. (c) An immunofluorescent analysis of HMGB1. n = 6/group.
**p < 0.0001, MCAO vs Normal; **p < 0.0001, EA vs Normal; **p < 0.0001, sEA vs Normal; **p < 0.0001, FPS vs Normal; **p < 0.0001, EA + FPS vs Normal;
**p < 0.0001, sEA + FPS vs Normal; ##p < 0.0001, EA vs MCAO; ##p < 0.0001, FPS vs MCAO; ##p < 0.0001, EA + FPS vs MCAO; ##p < 0.0001, sEA + FPS vs
MCAO; ΔΔp = 0.0007, EA vs EA + FPS; ΔΔp < 0.0001, FPS vs EA + FPS; ΔΔp < 0.0001, sEA + FPS vs EA + FPS. (d) An immunofluorescence analysis of RAGE. n =
6/group. Scale bar = 50 µm, magnification ×400. **p < 0.0001, MCAO vs Normal; **p < 0.0001, EA vs Normal; **p < 0.0001, sEA vs Normal; **p < 0.0001,
FPS vs Normal; **p < 0.0001, EA + FPS vs Normal; **p < 0.0001, sEA + FPS vs Normal; ##p < 0.0001, EA vs MCAO; ##p < 0.0001, FPS vs MCAO; ##p < 0.0001,
EA + FPS vs MCAO; ##p < 0.0001, sEA + FPS vs MCAO; ΔΔp = 0.0064, EA vs EA + FPS. ANOVA; mean ± SEM.
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the MCAO and sEA groups (p < 0.01). However, there were
no significant differences in HMGB1 and RAGE expression
levels between the sEA and MCAO groups (Figure 4a and c).
Additionally, the EA + FPS group showed significantly
lower HMGB1 expression in the M1 region of the right
cortex than the FPS and sEA + FPS groups (p < 0.01). How-
ever, no noticeable differences in RAGE expression levels
were observed between the FPS group and the EA + FPS
and sEA + FPS groups (Figure 4a and d).

4 Discussion

Acupuncture plays a significant role in various stages of
the stroke cascade, beginning with the cellular damage
caused by hypoxia and glucose deficiency. It affects mul-
tiple interconnected molecular pathways, including exci-
totoxicity, acidosis, ion imbalance, hyperglycemia, and
inflammation [20]. Numerous studies have investigated
the mechanisms underlying the neuroprotective effects
of EA therapy. These studies have demonstrated that EA
improves neurological outcomes [21], reduces neural inflam-
mation and hypoxia [22,23], and facilitates angiogenesis and
neurogenesis [24–27]. Based on these findings, we selected
GV20 and ST36 as the acupuncture points for treating the
MCAO rats.

This study revealed a decrease in neurological func-
tion scores and a significant reduction in the number of
neuronal cells in the MCAO group compared to the control
group. Immunofluorescence staining andwestern blot demon-
strated significantly higher levels of HMGB1 and RAGE pro-
teins in the MCAO group. Notably, HMGB1 protein function is
determined by its redox status, with the reduced form acting
as a chemoattractant and the oxidized form triggering the
release of inflammatory cytokines [28]. Following cerebral
ischemic injury, extracellular release of HMGB1 exacer-
bates the inflammatory response through autocrine or
paracrine mechanisms [29]. Previous research has indi-
cated that HMGB1 promotes platelet aggregation and
accelerates thrombosis upon secretion [30]. RAGE, a receptor
for HMGB1, was initially isolated from bovine lung and consists
of three extracellular immunoglobulin structural domains
(V, C1, and C2), with the V region serving as the primary
ligand-binding domain. While RAGE expression is low in
healthy human tissues, its levels are increased in various
inflammatory and vascular diseases [31]. Thus, targeting the
HMGB1/RAGE pathway holds promise as a therapeutic approach
for cerebral ischemia.

Acupuncture treatment at the GV20 and ST36 acu-
points demonstrated a neuroprotective effect in MCAO
rats [27,32]. Our study revealed a significant improvement
in neurological function scores and Nissl staining results in
the EA group compared to the MCAO and sEA groups, with

Figure 4: Expression of HMGB1 and RAGE proteins and statistical diagram of cerebral tissue in the M1 area of the right cortex in each group. (a)
Protein expression of HMGB1 and RAGE in each group. (b) Statistical graph of HMGB1 and RAGE protein expression in the Normal, Sham, and MCAO
groups. n = 6/group. HMGB1 statistical values: **p < 0.0001, MCAO vs Normal; **p < 0.0001, MCAO vs Sham. RAGE statistical values: **p < 0.0001,
MCAO vs Normal; **p < 0.0001, MCAO vs Sham. (c) Statistical graph of HMGB1 and RAGE protein expression in the MCAO, EA, and sEA groups. n = 6/
group. HMGB1 statistical values: **p = 0.0019, EA vs MCAO; **p = 0.0004, EA vs sEA. RAGE statistical values: **p = 0.0027, EA vs MCAO; **p = 0.0057, EA
vs sEA. (d) Statistical graph of HMGB1 and RAGE protein expression in the FPS, EA + FPS, and sEA + FPS groups. n = 6/group. HMGB1 statistical values:
**p = 0.0063, FPS vs EA + FPS; **p = 0.0092, EA + FPS vs sEA + FPS. ANOVA; mean ± SEM.
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no significant difference observed between the MCAO and
sEA groups. Animal experiments have shown that EA
promotes neuronal regeneration, enhances motor cortical
excitability, stimulates cerebral angiogenesis, mitigates motor
dysfunction, reduces brain edema, and preserves the integ-
rity of the blood–brain barrier [33,34]. Previous studies have
also highlighted the protective effects of EA following
ischemic stroke, such as modulating microglial polariza-
tion, suppressing inflammation, improving motor function
through the PI3K/AKT signaling pathway, and regulating
the mTOR signaling pathway via motor cortex activation
[35–38]. Additionally, our results demonstrated a signifi-
cant reduction in the expression of HMGB1/RAGE in the
EA group compared to both the MCAO and sEA groups,
aligning with previous reports on the effects of EA. These
reports have shown that EA can ameliorate cognitive
impairment in mouse models of Alzheimer’s disease by inhi-
biting fibrin/Aβ deposition and deactivating the HMGB1/RAGE
signaling pathways, as well as alleviate neuroinflammation
by downregulating hippocampal HMGB1/RAGE signaling
[39,40]. Therefore, our findings suggest that acupoint EA
may mitigate neurological impairment resulting from cerebral
ischemia through modulation of the HMGB1/RAGE pathway.

The highly selective RAGE inhibitor, FPS-ZM1, has been
shown to alleviate neuroinflammation in focal cerebral
ischemia rats by suppressing astrocyte activation andmicro-
glial cell proliferation, and reducing proinflammatory cyto-
kine levels [5,13]. Our study using neurological function
scores and Nissl staining confirmed a significant reduction
in neurological deficits and neuronal cell death in rats
treated with FPS-ZM1. Some studies have shown that both
EA and FPS-ZM1 can reduce the infarct size in cerebral
ischemic rats [9,41], and the combination of EA and other
therapeutic means can reduce the infarct size more signifi-
cantly [21,42].

Moreover, the combination of EA and FPS-ZM1 demon-
strated synergistic effect in reducing ischemic symptoms
compared to individual treatments alone, indicating that
EA exerts neuroprotective effects through mechanisms
beyond the inhibition of the HMGB1/RAGE pathway. EA
has multi-level, multi-pathway, and multi-factor advan-
tages [12]. The synergistic effect shown by EA and FPS-
ZM1 compared with each single intervention group may
be related to the fact that EA could alter the cellular
response or sensitivity to the drug by affecting the absorp-
tion, distribution, and metabolism of FPS-ZM1 in vivo, and it
may be related to the fact that EA can alter cellular response
or sensitivity to drugs by affecting the specific receptor on
the cells of the target organ and signaling pathways other
than HMGB1/RAGE to alter cellular response or sensitivity to
drugs. This is also a worthy next step to explore.

Our findings emphasize the crucial involvement of
HMGB1 and RAGE in mediating cerebral ischemia-induced
damage in the M1 region of the cerebral cortex. EA was
found to mitigate neurological damage by inhibiting the
HMGB1/RAGE pathway and its neuroprotective effects through
other pathways. These novel insights into the pathogenesis
of cerebral ischemia highlight the potential of targeting the
HMGB1/RAGE pathway with EA as a promising therapeutic
strategy for this debilitating condition.

5 Conclusions

The HMGB1/RAGE pathway is activated after cerebral ischemia.
EA and FPS-ZM1 can improve neurological deficits and reduce
neuronal injury. The combination of EA and FPS-ZM1 demon-
strated synergistic effect in reducing ischemic symptoms. EA
can exert neuroprotective effects by inhibiting the activation
of HMGB1/RAGE. These findings provide valuable insights into
the use of EA as a clinical approach for the treatment of
ischemic stroke.
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