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Given its high morbidity, disability, and mortality rates, ischemic stroke (IS)
is a severe disease posing a substantial public health threat. Although early
thrombolytic therapy is effective in IS treatment, the limited time frame for its
administration presents a formidable challenge. Upon occurrence, IS triggers
an ischemic cascade response, inducing the brain to generate endogenous
protective mechanisms against excitotoxicity and inflammation, among other
pathological processes. Stroke patients often experience limited recovery stages.
As a result, activating their innate self-protective capacity [endogenous brain
protection (EBP)] is essential for neurological function recovery. Acupuncture
has exhibited clinical efficacy in cerebral ischemic stroke (CIS) treatment by
promoting the human body’s self-preservation and “Zheng Qi" (a term in
traditional Chinese medicine (TCM) describing positive capabilities such as
self-immunity, self-recovery, and disease prevention). According to research,
acupuncture can modulate astrocyte activity, decrease oxidative stress (OS),
and protect neurons by inhibiting excitotoxicity, inflammation, and apoptosis
via activating endogenous protective mechanisms within the brain. Furthermore,
acupuncture was found to modulate microglia transformation, thereby reducing
infammation and autoimmune responses, as well as promoting blood flow
restoration by regulating the vasculature or the blood-brain barrier (BBB).
However, the precise mechanism underlying these processes remains unclear.
Consequently, this review aims to shed light on the potential acupuncture-
induced endogenous neuroprotective mechanisms by critically examining
experimental evidence on the preventive and therapeutic effects exerted by
acupuncture on CIS. This review offers a theoretical foundation for acupuncture-
based stroke treatment.
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1 Background

Ischemic stroke (IS) remains the second leading cause of death
and disability in adults worldwide. According to research (Wang,
2005; Neuhaus et al., 2017; Ornello et al., 2018), the combination of
thrombolytic and neuroprotective agents is the first-line treatment
for acute ischemic stroke (AIS). However, commonly used
thrombolytic drugs, such as the recombinant tissue plasminogen
activator (rtPA), have several drawbacks, including a narrow
effective time window (<4.5h) and bleeding risk, among other
disadvantages. Furthermore, only ~5% of patients finally receive
rtPA, with the vast majority only receiving supportive care in the
acute AIS phase (Montaio et al., 2013; Chang et al., 2015; Auboire
et al., 2021). Although more than 1,000 neuroprotective agents
could ameliorate nerve damage post-AIS over the past 50 years,
most of them failed in large-scale clinical trials (Park et al., 2012;
Kim etal., 2017). Despite the current experimental studies on stroke
treatment primarily focus on protecting neurons from ischemic
pathogenic factors, such as excitatory neurotransmitter toxicity,
oxidative stress (OS), inflammation, and apoptosis, applying these
findings to clinical practice poses a significant challenge. In this
context, a recent study has added a vital perspective, reporting
that the brain possesses inherent self-protection mechanisms,
which can fully mobilize endogenous protective measures, and
harnessing this natural defense mechanism is identified as crucial
for stroke prevention and treatment (ladecola and Anrather, 2011).
Endogenous brain protection (EBP) encompasses a collaborative
process of multicellular programs; if one cell type is threatened,
a coordinated multicellular response emerges to maintain the
tissue’s dynamic equilibrium, resulting in a coherent defense system
program that can prioritize the survival of critical cells. By acting
on the coordinated neuro-glial-vascular protection process, EBP
induces multicellular cooperation between neurons, astrocytes,
microglia, T cells, and cerebral vessels. In order to maintain
internal tissue stability when a specific cell type is threatened,
this process might be initiated to confront OS, excitatory
toxicity, inflammation, apoptosis, and other ischemic cascade
reactions, thereby reducing ischemic injury and prioritizing the
survival of critical cells (Datta et al., 2020). Therefore, the
prospective promotion of stroke research is primarily based on
comprehensively strengthening endogenous protective measures.

In the history of Chinese medicine, acupuncture has been
used to treat diseases for thousands of years. Its functions
include dredging meridians, harmonizing yin and yang, and
boosting positive qi. In Ling Shu, Nine Needles and Twelve
Originals (R WX-JL %1 + Z J&), acupuncture is described as
“Using microneedles to unblock the meridians, harmonize qi
and blood, and improve the in and out flow of qi and blood.”
Homeostasis regulation, which enhances the body’s endogenous
protection to attain disease prevention and treatment goals, is the
fundamental mechanism of acupuncture (Zhang et al., 2020; Jia
etal., 2022).

High-quality clinical evidence-based theory has confirmed
the medical efficacy and safety of acupuncture in treating acute
ischemia (MacPherson et al., 2013; Qiu, 2013; Liu et al., 2015, 2016a;
Xin et al., 2015; Zhao et al., 2017; Zhan et al., 2018). Specifically,
recent studies have shown that acupuncture exerts a synergistic
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effect on EBP cells (astrocytes, microglia, and vascular cells, among
others) (Cao et al., 2021). Therefore, to elucidate the theoretical
evidence for ischemic stroke prevention and treatment, this
review summarizes the mechanism of acupuncture in mobilizing
endogenous neuroprotection.

2 Stroke and its endogenous
protection mechanism

After stroke, the supply of oxygen and glucose to the brain
is impeded, resulting in an inadequate production of ATP to
meet the brain’s energy demands. Consequently, brain cells die
quickly due to energy loss, which is particularly severe in areas
with the lowest blood flow. Furthermore, in the relatively mild
ischemic area (ischemic penumbra), a continuous depolarization
wave induces the release of neurotransmitters, accompanied by
a glial cell reuptake disorder, causing extracellular glutamate
and other excitatory neurotransmitters to aggregate and produce
excitatory toxicity. Continuous glutamate receptor activation leads
to the accumulation of extracellular calcium ions, eventually
resulting in a chain of ischemic cascade reactions, including
antioxidant stress, excitotoxicity, and inflammatory apoptosis.
Meanwhile, ischemia also triggers a cascade of inflammatory
signals, causing white blood cell aggregation in blood vessels
and between cells. By producing cytotoxic mediators, these
inflammatory cells further damage the brain tissue, eventually
causing brain damage.

To alleviate brain injury and restore internal environment
homeostasis, the brain’s local and remote protection mechanisms
can resist harmful events as follows.

Early IS will result in reactive astrocyte production, cell
proliferation and rapid aggregation, and glial scar formation
around the lesions (Sun et al., 2019; Tanabe et al., 2019; Kim et al.,
2021), thereby inhibiting or aggravating neuronal injury. On the
one hand, activated astrocytes can protect neurons through the
inhibition of glutamate excitatory toxicity by antioxidant stress and
anti-inflammatory responses, among other neuroprotective effects
(de Pablo et al., 2013; Jeong et al., 2014; Roy Choudhury et al.,
2014); on the other hand, the glial scar could increase inflammation
and intracerebral pressure and decrease vascular perfusion and the
accelerated brain edema process (Kim et al., 2015).

Microglia, a permanent immune cell in the brain, is involved
in the first-line central nervous system (CNS) innate immunity
defending the brain against injury and diseases (Franco-Bocanegra
et al., 2019). Following ischemic brain injury, microglia rapidly
migrate to the lesion site, eliminate cell debris, and generate
anti-inflammatory/pro-inflammatory cytokines (Ma et al., 2017).
Microglia activation post-IS was previously assumed to aggravate
brain injury. However, at present, growing evidence indicates that
microglia activation may reduce neuronal apoptosis and exert
beneficial effects on later neural repair stages (Sherafat et al., 2021).

Increasing arterial pressure by activating the sympathetic
nerve-releasing hormone during cerebral ischemia enhances blood
flow through communicating branch vessels (collateral circulation)
adjacent to the normal perfusion area, aiding blood supply to the
ischemic area. Within 24 h post-stroke, T cells appear in the brain
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FIGURE 1

Regulate astrocytes to reduce oxidative stress and after stroke. (A) Ischemic stroke: distribution of neurone in the brain. (B) Ischemic cascade: after an
ischemic stroke, neurons in the ischemic core are rapidly deprived of oxygen due to lack of blood supply, resulting in reduced ATP production, which
in turn lead to the failure of Na™/k* pumps (1) and plasma membrane Ca2+/ATP pumps (2). (C) Acupuncture can enhance the ability of astrocytes to
clear glutamate, inhibit the expression of glutamate NMDA receptor NR1, NR2B and other proteins, up-regulate the expression of glutamate
transporter-1 (GLT-1), NR2A, cannabinoid receptor type 1 and type 2 proteins; expression of glutamate asparate transporter (GLAST) and glutamine
synthetase (GS), and reduce the MCAO rat brain tissue glutamate content and attenuate neurotoxicity, thus exerting a protective effecr in ischemic
brain tissues. In addition, electropuncture pretreatment could reduce glutamate toxicity by upregulating EAAT2 and activating CB1R in the ischemic
penumbra of AS, thus protecting neurons from cerebral ischemia (the red upward arrow indicates that acupuncture promotes its upregulation).

tissue and could infiltrate the brain for a long time (Gelderblom
etal,, 2009), exerting an essential impact on stroke outcomes.

The clearing function of the “brain lymphatic system”
has neuroprotective effects (Toro et al, 2019; Cheng and
Wang, 2020; Segawa et al.,, 2021). Some anti-inflammatory and
neuroprotective cytokines produced by regulatory lymphocytes,
including interleukin 10 (IL-10) and transforming growth factor
B (TGF- B), can limit white blood cell infiltration and suppress
natural and acquired immune responses, thus promoting the
survival of ischemic neurons. The protective signaling pathway
activated in the late stages of ischemic cascade reactions can
promote the repair of injured brain tissues. Furthermore, growth
factors secreted by microglia, macrophages, neurons, astrocytes,
and intravascular cells, such as erythropoietin (EPO) and insulin-
like growth factor 1 (IGF-1), can be produced by peripheral organs
and infiltrate the brain through cerebral vessels (Jelkmann, 2005).
Meanwhile, following ischemia, neural precursor cells and bone
marrow-derived endothelial progenitor cells infiltrate the ischemic
injury site, restoring tissue homeostasis and reconstructing neural
networks by recombining the extracellular matrix (ECM) and
replacing damaged cells, thus playing a crucial role in brain
microvascular network reconstruction.
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3 Acupuncture plays a neuroprotective
role by regulating astrocytes

Astrocytes are positioned between the cell body and nerve
cell processes. They function by supporting and guiding neurons
and enhancing their survival. Notably, astrocytes are the brain’s
most widely distributed cell type. The location, size, and time
of the physical barrier formed by reactive astrocytes influence
the acceleration of nerve cell death. Furthermore, research
shows that acupuncture can play the role of an EBP through
astrocyte regulation.

3.1 Acupuncture can reduce oxidative
stress and inhibit excitatory toxicity by
regulating astrocytes after stroke

Acupuncture could impede the sudden depletion of oxygen
after excitotoxicity in IS, and when the endogenous redox balance
cannot be maintained, OS will occur, yielding reactive oxygen
species (ROS) and activating the release of various inflammatory
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factors (Sun et al., 2008; Shen et al., 2012; Jiang et al., 2013; Lin et al.,
2022), as well as destroying the integrity of the blood-brain barrier
(BBB) and increasing the infarction volume. The nuclear factor
E2-related factor 2 (Nrf2), which plays a vital role in cell redox
homeostasis, is expressed in astrocytes (Yang et al., 2016; Hoxhaj
and Manning, 2020; Terada et al., 2020). According to research (Jin,
2017), electroacupuncture (EA) can regulate downstream targets
along the Nrf2 signaling pathway y- (Choudhury and Ding, 2015).
Additionally, GCS expression can enhance the body’s antioxidant
capacity and influence ischemic cerebrovascular diseases. Zhao
showed that acupuncture at “Baihui” and “Sishencong” can
significantly upregulate antioxidant enzymes SOD and GSH-px in
the ischemic penumbra of middle cerebral ischemia reperfusion
(MCAOV/R) rats, with its mechanism of action speculated to be
associated with the activation of the Nrf2 signaling pathway (Zhao
and Ma, 2018).

Upon neuronal anoxic depolarization, Ca2+ flows into the
terminals of presynaptic neurons, resulting in an abundance
of excitatory neurotransmitter glutamate released into the
synaptic space, thereby causing excitotoxicity. Depending on
their specific Na+-dependent glutamate transporter, astrocytes
absorb glutamate [glutamate aspartate transporter (GLAST) and
glutamate transporter-1 (GLT-1)] from the extracellular space,
regulate the extracellular Ca2+ levels, and critically influence
injured neuron repair (Kobayashi et al., 2019; Pajarillo et al,
2019). Acupuncture can enhance the astrocyte glutamate clearance
ability; inhibit the expression of glutamate NMDA receptors (NR1
and NR2B) and other proteins; and upregulate GLT-1, NR2A,
and cannabinoid receptor type 1 (CBIR) and type 2 (CB2R)
proteins, by reducing neurotoxicity, thus protecting the ischemic
brain tissue (Dai, 2016). Furthermore, acupuncture at “Neiguan”
can upregulate the GLAST and glutamine synthetase (GS) and
downregulate glutamate in the brain tissue of MCAO rats.
Furthermore, acupuncture at “Neiguan” will increase the astrocyte
GLT1 and GS protein expression, reduce excessive glutamate, and
upregulate glutamine synthetase in the brain tissue of MCAO rats.
As the main transporter for clearing excitatory neurotransmitter
glutamate from the CNS, the excitatory amino-acid transporter
2 (EAAT?2) is responsible for the reuptake of more than 90% of
glutamate in the brain and is abundant in astrocytes (Danbolt,
2001; Wei et al, 2019). Electroacupuncture pretreatment can
minimize glutamate toxicity by upregulating EAAT?2 and activating
astrocyte CBIR in the ischemic penumbra, thereby protecting
neurons from cerebral ischemia. Furthermore, the GS-mediated
glutamine synthesis helps astrocytes restore extracellular glutamate
to normal levels and protect neurons from ischemia/reperfusion
(I/R) injury (Stelmashook et al., 2011) (Figure 1).

3.2 Acupuncture regulates astrocytes to
reduce inflammatory reactions

Astrocytes are critically involved in the brain’s inflammatory
network. After IS, pro-inflammatory factors rapidly induce
pathophysiological changes in astrocytes, including reactive
astrocyte hypertrophy and proliferation, vimentin and glial
fibrillary acidic protein (GFAP) overexpression, and cytokine and
chemokine production (IL-6, TNF- o, IL-1 a and B, IFN-vy, etc).
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Between 4 and 24h post-IS, a multitude of astrocytes and glial
scars appeared in the lesion’s core area, peaking around the fourth
day (Choudhury and Ding, 2015). From the neurotoxicity and
neurotrophic perspectives, the glial scar has two characteristics.
First, cytokines released from the glial scar can directly or
indirectly induce neurotoxicity media [such as nitric oxide (NO)]
and increase BBB permeability, thereby inducing neuronal death,
promoting further cerebral infarction development, preventing
inward axonal growth, and affecting nerve regeneration during
recovery post-IS. Second, the scar can be used as a barrier to
isolate damaged tissues from healthy tissues, preventing additional
damage to surrounding tissues.

Acupuncture can upregulate GFAP in a cerebral ischemia
astrocyte model and promote astrocyte activation (Tao et al., 2016).
Paulina et al. found that EA preconditioning can downregulate the
I/R injury-induced N-myc downstream-regulated gene 2 (NDRG2)
(Vaitkiene et al., 2017), reduce stroke-induced astrocyte apoptosis,
and exert neuroprotective effects. After 24 h of modeling, MCAO
rats were treated with scalp acupuncture in combination with
exercise therapy. According to the results, BDNF and GFAP were
upregulated in the cortex and around the rats’ striatum, which
could have inhibited the inflammatory reaction and alleviated
ischemic brain injury. Furthermore, Tao et al. found that treating
MCAO rats with EA on the third day after modeling could
promote the proliferation of GFAP+/vimentin+-/nestin+reactive
astrocytes, upregulate BDNF, and exert a neuroprotective effect.
Cheng et al. (2014a,b) demonstrated that the combination of EA
and induced pluripotent stem cell-derived extracellular vesicles
could regulate the IL-33/ST2 axis and inhibit the activation of
microglia and astrocytes 72h after stroke, thereby exerting a
neuroprotective effect.

4 Acupuncture can enhance the
neuroprotective effect of microglia

As an intrinsic brain immune cell, microglia serve as
the primary barrier against injury to the CNS (Colonna and
Butovsky, 2017). Following ischemic brain injury, microglia rapidly
migrate to the lesion site, eliminate cell debris, and produce
anti-inflammatory/pro-inflammatory cytokines. It was previously
assumed that microglia activation post-IS might aggravate brain
injury. However, at present, growing evidence shows that microglia
activation may reduce neuronal apoptosis and benefit the later
nerve repair stages (Tian and Mao, 2022). Under normal
physiological conditions, microglia exhibit a small cell body or
branch shape and have a monitoring function (Bao et al., 2018;
Souder et al., 2021). This condition is referred to as the “static
microglia” state and disrupting brain homeostasis can induce
microglia activation.

4.1 Acupuncture can downregulate
inflammatory factors by modulating
microglia

When activated by ischemia, microglia rapidly shift from

a static to an active state. This transition is known as
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microglia polarization. Polarization is categorized into M1 and
M2 phenotypes. On the one hand, M1 microglia secrete various
inflammatory cytokines (including IL-1 B, IL-6, TNF-a, IFN-y, and
INOS) (Collmann et al., 2019) and neurotoxic mediators (MMP9
and MMP3), which cause BBB destruction and ECM degradation,
resulting in nerve degeneration or death. The activation phenotypes
in this process are CD11b (Liu et al,, 2018), CD16 (Jiang et al,,
2018), CD32 (Jin et al,, 2014), and CD86 (Li et al., 2018). On
the other hand, M2 microglia are reparative and can secrete anti-
inflammatory factors (IL-10, IL-4, IL-13, IGF-1, and TGF-B), as well
as the insulin-like growth factor (IGF) and the vascular endothelial
growth factor (VEGF), to inhibit inflammation and promote
angiogenesis and tissue repair (Zhu et al., 2019), with CD206 as
the activated phenotype (Shu et al., 2016). Therefore, the M1/M2
change is the embodiment of microglias dual characteristics in
inflammatory responses, through which it critically influences
stroke prognosis.

As a vital microglia-related inflammatory signaling pathway,
NF-k B can effectively induce inflammatory cytokine (TNF-a, IL-
1 B, IL-6, etc.), chemokine (monocyte chemoattractant protein-1),
adhesion molecule (ICAM-1 and VCAM-1), and other expressions
to aggravate the inflammatory cascade reaction (Li et al., 2019;
Meng et al., 2019; Xu et al, 2019). Some studies have shown
that (Liu et al., 2002, 2016b) acupuncture can regulate the
microglia activation direction and that EA can downregulate M1
microglia markers (Iba-1 and CD11b) in the ischemic focus of
the cerebral ischemia model. They also found that inhibiting the
NF-k nuclear translocation of B p65 suppresses p38 mitogen-
activated protein kinase (p38 MAPK) and myeloid differentiation
factor 88 (MyD88) expression in the sensorimotor cortex around
the infarction region and downregulates TNF-a, IL-1 §, and IL-
6, thereby reducing the transformation from microglia to the
MI phenotype. Han et al. (2015) demonstrated that acupuncture
at “Neiguan” and “Quchi” can suppress microglia activation
and inhibit microglia involvement in the TLR4/NF-k signaling
pathway. Acupuncture-induced abnormal expression of the B
signaling pathway factor downregulates TNF-a, IL-1 B, and IL-
6, reducing the neurological function score of the MCAO model
and necrosis of hippocampal neurons in the ischemic focus. In a
bilateral carotid ischemia model, acupuncture can upregulate the
nuclear translocation of Nrf2 in neurons and downstream target
genes [NADPH quinone oxidoreductase 1 (NQO1) and heme
oxygenase 1(HO1)] by reducing the activation of Nrf2-dependent
microglia, which exerts a neuroprotective effect and improves
bilateral carotid ischemia-induced cognitive impairment (Wang
etal., 2015). Table A1 details the effect of acupuncture on microglia
polarization post-IS.

5 Acupuncture can regulate
homeostasis by enhancing cerebral
blood flow or BBB and exert a
neuroprotective effect

IS is often followed by brain network dysfunction, resulting in
sudden nerve function defects. Therefore, to save the neurovascular
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unit, it is essential to restore blood flow perfusion. Blood
flow recovery post-IS can be achieved through thrombolysis or
mechanical recanalization. However, in some patients, reperfusion
may aggravate the initial ischemia-induced injury, resulting in
the so-called “brain reperfusion injury.” According to research,
acupuncture can maintain the integrity of the BBB, expand blood
vessels, accelerate blood flow, enhance microcirculation, increase
cerebral blood flow (CBF), relieve cerebral ischemia and hypoxia,
promote cerebral collateral circulation (CCC), and reduce brain
tissue damage.

5.1 Acupuncture can maintain the integrity
of the BBB

The BBB is a multicellular vascular structure between the CNS
and the peripheral blood circulation, which can limit the entry
of pathogens, blood solutes, and macromolecules or hydrophilic
molecules into the cerebrospinal fluid while maintaining the
stability of the brain environment. Due to the distinct pathogenesis
of IS, I/R injury causes BBB destruction and increases vascular
permeability and brain edema, resulting in secondary brain
injury (Moskowitz et al, 2010; Feng et al, 2022). Therefore,
maintaining BBB integrity is one of the main objectives of brain
protection post-IS.

Wu et al. (2001) found that EA can limit the area of
Evans blue extravasation and reduce BBB damage post-I/R,
implying that EA can regulate brain homeostasis after stroke
by protecting BBB integrity and inhibiting NOX4 and ROS
production. Xu et al. (2018) found that EA can downregulate AQP4
in the striatum of MCAO/R rats (AQP4 is the most abundant
aquaporin in brain tissue and is expressed on the terminal foot
around the BBB vessels wrapped by astrocytes), reduce brain
edema and BBB damage, and exert a brain-protective effect.
Additionally, Shen et al. (2009) showed that EA preconditioning
can alleviate cerebral ischemia-induced brain edema and BBB
dysfunction by downregulating matrix metalloproteinase-9 (MMP-
9). Lin et al. also observed that EA treatment can inhibit
MMP-2/MMP-9 expression in rats with cerebral ischemia, thus
promoting brain protection. In this regard, because of its ability
to maintain BBB integrity, acupuncture has become one of the key
EBP measures.

Increasing oxygen and blood supply to brain tissue after
stroke is crucial for preventing and treating brain damage. EA
stimulation of “Zusanli” has been shown to increase CBF in rats
with cerebral ischemia (Hsieh et al., 2006). Similarly, stimulating
“Shuigou” with EA can also promote vascular endothelial cell
proliferation and increase the local CBF of rats (Du et al,
2011). Additionally, stimulating “Fengfu” and “Shendao” with EA
can significantly reduce ischemia-induced glutamate release and
transient CBF increase during reperfusion to protect neurons from
I/R injury, thereby exerting a neuroprotective effect (Pang et al,
2003). In conclusion, acupuncture is an exogenous therapeutic
strategy that can improve microcirculation, regulate cerebral
vascular reserve or increase CBF, mobilize brain tissue energy
metabolism to reduce brain injury, and enhance the endogenous
protective effect.
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5.2 Acupuncture can regulate
cerebrovascular reserve

Cerebrovascular reserve (CVR) is the ability to adjust the CBF
stability to meet the demands of brain parenchymal metabolism via
compensatory relaxation and contraction of intracranial arterioles
and capillaries under physiological or pathological stimulation,
which is the key mechanism of homeostasis regulation post-IS.
Some domestic studies (Zhang and Tian, 2020) showed significantly
improved clinical symptoms in acute cerebral infarction patients
after intravenous thrombolysis by the “awakening the brain
and opening the body” acupuncture method compared to the
control group without acupuncture treatment and that CVR
index improvement was found to be better in the treatment
group than in the control group through transcranial Doppler
ultrasound detection. Moreover, it is suggested that the “Xingnao
Kaigiao” acupuncture method can adjust CBF to realize its brain
protection effect.

5.3 Acupuncture can enhance cerebral
collateral circulation

As one of the endogenous compensatory mechanisms in
the brain, collateral circulation (CC) is one of the important
determinants of IS outcomes. However, within 3-5 days post-IS,
brain edema continues to deepen, and CC establishment is also
affected by the expansion of the infarction region (Campbell et al.,
2013).

Shi et al. (2017) discovered that the number of blood vessels
was significantly reduced around the infarction area in the MCAO
group at the first, third, and sixth hours after replicating the MCAO
model. Compared to the MCAO group, the number of blood
vessels in the EA group was relatively higher, implying that EA
intervention improved the CC around the infarction area, resulting
in a corresponding increase in CBF. According to Sun et al.
(2020) and other clinical studies, acupuncture intervention can
expand cerebral blood vessels, increase CBF, reduce the infarction
area, promote CCC formation, and improve motor function. The
speculated mechanism underlying this process is that after EA
stimulates the body’s reflex center, bioelectric effects are transmitted
to the cerebral cortex through nerves, changing the excitability of
neurons in the cerebral cortex and accelerating CCC formation.
Additionally, Qi et al. showed that acupuncture can improve the
ischemia and hypoxia status of the ischemic focus, as well as
promote CC formation and hematoma absorption. Therefore, after
IS, acupuncture can promote the establishment of the vascular
CCC, increase CBE and improve the body’s EBP.

6 Acupuncture mediates endogenous
neuronal protection by enhancing T
cell

Following a hemorrhagic stroke, the immune system adapts
to the ischemic state to protect against post-stroke damage to the

Frontiersin Neuroscience

10.3389/fnins.2024.1181670

central nervous system. Once the blood-brain barrier is broken,
immune cells including pro-inflammatory factors in the peripheral
blood circulation can invade the central nervous system. Moreover,
inflammatory cells [neutrophils (Cai et al, 2020), monocytes,
macrophages, various types of T cells, and other inflammatory cells]
in the peripheral blood can cross the blood-brain barrier to the
ischemic area where they cause a systemic inflammatory response
(Gan et al,, 2014; Perez-de-Puig et al., 2015), thereby increasing
the risk of secondary infarction and delaying neurological recovery
(Magnus et al., 2012). Therefore, a strategy should be developed
for reducing the damage caused by inflammatory cytokines after
stroke. Within 24 h after the occurrence of ischemic stroke, T cells
are released in the brain tissue where they infiltrate the tissues
for a long time. Research has shown that compared with healthy
individuals, stroke patients show increased expression of HLA-
DR and CD25 on T cells, and the surviving T cells in peripheral
blood are activated and secrete pro-inflammatory cytokines (Gill
and Veltkamp, 2016). In an experimental mouse model of cerebral
ischemic stroke, lymphocyte loss may occur which reduces the
number of CD4+4T cells, resulting in cell apoptosis, while the
delayed recovery of CD4+T cell count indicates an increase
in the risk of subsequent infection (Prass et al., 2003). Studies
have shown that acupuncture can reduce the infiltration of
inflammatory cells, downregulate the expression of CD4+in cells,
improve nerve function scores, reduce the expression of Thl7
cells (Lee et al.,, 2016), and inhibit the secretion of mouse pro-
inflammatory cytokine IL-17 (Liu et al., 2013). This suggests that
CD4+T cell count may be closely related to the degree of multiple
immunosuppression induced by cerebral ischemia, that is, stroke
is accompanied by T-cell activation, and this can be prevented by
acupuncture treatment.

Regulatory T cells (Tregs) have been shown to inhibit
excessive immune response and maintain immune tolerance
and homeostasis. Tregs cells can prevent the expansion of
secondary infarction by alleviating excessive production of pro-
inflammatory cytokines and regulating the invasion and/or
activation of lymphocytes and microglia in the ischemic brain.
A study by Chamorro et al. (2012) showed that Tregs may
exert an anti-inflammatory role by secreting the anti-inflammatory
cytokine IL-10 and can cross the blood-brain barrier, and IL-
10 gene knockout will promote an increase in infarction (Liesz
et al., 2009). Serra et al. (2003) reported that Tregs inhibit
inflammation by secreting the anti-inflammatory cytokine IL-
10. IL-10 gene knockout will lead to an infarction increase
(Liesz et al, 2009). Tregs can promote the expression of
dendritic cells (DCs) and reduce the activation of DCs on
effector T cells 9, which damages the blood-brain barrier and
promotes leukocyte infiltration and brain injury. Within 24h
of cerebral ischemia, Treg cells demonstrate the capacity to
suppress MMP-9 production. Moreover, they exert a protective
effect against ischemic stroke by suppressing the expression of
metalloproteinase-9 (MMP-9) (Li et al, 2013). However, when
they are cultured in the extracellular pore, Tregs may lose their
inhibitory effect on MMP-9. This indicates that Tregs can exert
this inhibitory effect by interacting with neutrophils. Xu et al.
(2014) showed that acupuncture or electroacupuncture stimulation
of “Baihui” (GV20) and “Zusanli” (ST36) can significantly
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reduce inflammatory cell infiltration and the expression of
pro-inflammatory metalloproteinase-2 (MMP-2) in rats with
ischemia-reperfusion injury. It also significantly downregulates the
expression of aquaporins AQP4 and AQP9 in the ischemic brain,
thereby reducing inflammation and brain edema, demonstrating its
brain-protective effect.

7/ Acupuncture plays a neuroprotective
role by enhancing the clearing
function of the “brain lymphatic
system”

The glymphatic system (GS) is a newly discovered system
that clears waste from the central nervous system. Studies have
found (Rasmussen et al., 2018; Chen et al., 2021; Lv et al., 2021;
Ren et al., 2021; Zhou et al., 2021) that the “glymphatic system
(GS) of the brain” closely regulates inflammation-related pathways
and maintains the balance of clearing and accumulating harmful
metabolic substances (such as Ap and Tau) in the brain. This system
facilitates the dynamic flow and exchange of materials between
the cerebrospinal fluid (CSF) and interstitial fluid (ISF) through
the polar distribution of aquaporin-4 (AQP4) on astrocytes. The
GS is functionally connected to meningeal lymphatics (ML), CSF,
and the BBB, collectively participating in the metabolic clearance
process of AP, Tau, and other waste proteins. Imbalances in its
functioning are implicated in stroke, Alzheimer’s disease, and other
neurological disorders. Moreover, recent studies have highlighted
the role of the GS in melatonin-mediated neuroprotection and
neuroinflammation characterized by pyroptosis (Li et al., 2020;
Chen et al, 2021; Lv et al., 2021; Lyu et al, 2021a,b; Zhou
et al, 2021). A recent study (Zhong et al, 2022) discovered
that electroacupuncture at “Baihui and Shenting” can reduce cell
pyroptosis by modulating the expression level of endogenous
melatonin, thereby inhibiting neuroinflammation and activating
plasma cells in the CA1 area of the hippocampus. This treatment
approach also mitigates neurological and cognitive impairments in
rats with cerebral ischemia-reperfusion injuries (Lin et al., 2015,
2016a,b, 2017).

Given the crucial role of astrocytes in the regulatory
mechanism of the brain lymphoid system, along with the latest
research advancements in melatonin, inflammatory factors, and
other related regulatory pathways in the regulation of AP
and Tau protein pathological metabolism, it is reasonable to
hypothesize that electroacupuncture may have a neuroprotective
effect in this process. However, it is important to note that
there is currently a lack of experimental research to confirm
its effectiveness.

8 Summary and outlook

Ischemic stroke is a multistep condition caused by the
blockage of blood vessels in the brain. When the brain is
deprived of oxygen for more than 60-90s, the cells in the brain
stop working, and irreversible damage occurs over a period of
several hours, leading to the death of the brain tissue. Acute
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ischemic stroke triggers a series of reactions such as oxidative
stress, excitotoxicity, and inflammation, and these pathological
processes may significantly affect subsequent recovery. Therefore,
it is important to mobilize endogenous protection against these
pathological processes.

Ischemic stroke is caused by decreased blood and oxygen
supply, which leads to neuronal energy metabolism disorders,
including decreased intracellular ATP content, mitochondrial
dysfunction, and oxidative stress. Disturbed energy metabolism
triggers the release of large amounts of glutamate and excitation
of glutamate receptors, which in turn increases intracellular
calcium levels in neurons and causes excitotoxicity (Choi, 1988;
Lipton and Rosenberg, 1994; Arundine and Tymianski, 2003);
in addition, disrupted energy metabolism causes mitochondrial
dysfunction and elevates oxidative stress (Li et al., 2022), which
causes the release of large amounts of reactive oxygen radicals.
Hypoxia and energy deficiency negatively affect the brain’s
antioxidant defense system, resulting in decreased activity of
key enzymes such as glutathione, superoxide dismutase, and
glutathione peroxidase. Consequently, this amplifies the degree
of oxidative stress, ultimately exacerbating neuronal damage and
cell death. Therefore, this review mainly explores the five aspects
of astrocytes, microglia, cerebrovascular and cerebral blood flow
changes, T-cell activation or not, as well as the clearing function
of the cerebral lymphatic system. We synthesized findings from
contemporary research to examine the pathological alterations
in astrocytes following ischemic stroke. Based on the collation
of relevant studies, it has been observed that acupuncture
can potentially act as a neuroprotective agent by regulating
astrocytes to reduce oxidative stress, inhibit excitotoxicity, and
suppress inflammatory responses. Furthermore, acupuncture can
modulate microglial polarization, thus reducing inflammatory
reactions. Additionally, acupuncture has been found to maintain
the integrity of the blood-brain barrier, improve microcirculation,
optimize cerebrovascular reserve, enhance or establish collateral
circulation, and increase cerebral blood flow. Moreover, it
can inhibit T-cell activation or enhance the brain’s lymphatic
system clearance function, thereby exerting a protective effect on
brain function.

Acupuncture is the most widely used traditional and
complementary medicine, used in 113 of 120 countries according
to a 2019 World Health Organization report (World Health
2019).
recommended for musculoskeletal and connective tissue diseases;

Organization, Acupuncture was most commonly
neurological disorders; obstetrics, gynecology and women’s health;
oncology; and gastrointestinal disorders (Dobos et al., 2012; Cho
et al., 2014; Birch et al.,, 2018). Acupuncture works by stimulating
the microenvironment of acupoints, including processes that
change the anatomical structure of acupoints, regulating the
microenvironment of acupoints, modulating cellular functions,
and releasing various bioactive substances. Studies (Chen et al,
2018; Ding et al., 2018) have shown that acupuncture can promote
the degranulation of local mast cells at acupoints, accompanied by
the generation of electrical signals and the secretion of biochemical
substances, such as trypsin-like enzymes, 5-hydroxytryptamine
(5-HT), substance P (SP), and histamine (HA), which have been
shown to mediate the acupuncture effect. After the accumulation of
acupoint sensitization effects, acupuncture signals are transmitted

frontiersin.org


https://doi.org/10.3389/fnins.2024.1181670
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Fu et al.

to the central nervous system where integration and regulation
of the function and activity of the target organ occur. In addition
to this, acupoints can sense mechanical stimuli from the outside
world, which may be one of the most initial motivating factors
for the effect of acupuncture (Berman et al., 2010). Acupuncture
is considered to be a minimally invasive mechanical stimulus (Jin
et al., 2019), which does not cause fracture or even necrosis of
muscle fibers or accumulation of red blood cells, immune cells, and
cellular debris in the muscle interstitial space. Some researchers
examined the tissue adhering to acupuncture needles upon
removal and identified fragments of collagen fibers, fibroblasts,
and adipocytes. This provides additional evidence supporting the
notion that acupuncture constitutes a minor traumatic stimulus
(Kimura et al., 1992). Localized tissue injury will trigger an acute
immune response (Eming et al., 2007), driven by infiltration
by several cells including leukocyte and mast cells and the
release of vasoactive substances such as HA, SP, and adenosine.
Accordingly, this review collected and organized the changes of a
series of biological indicators (biochemical measurements) after
using acupuncture to stimulate different acupoints (as shown
in Table A1). The present results provide a reference for further
research into the biological mechanism of acupuncture in the
management of ischemic stroke.
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