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Abstract

This study aimed to evaluate the effects of electroacupuncture (EA) intervention administered at rats of middle cerebral artery
occlusion (MCAO)/reperfusion. Fifty-four male Sprague-Dawley rats were divided into three groups, consisting of sham group,
MCAO/R group, and EA group. EA treatment at Quchi and Zusanli acupoints was applied in rats of EA group at 24 h after MCAO
once per day for 3 days. Our results indicated that EA treatment reduced infarct volumes and neurological deficits, as well alleviated
the apoptotic cells in peri-infarct cortex, indicating that EA exerted neuroprotective effect in cerebral ischemic rats. Moreover, EA
treatment may effectively reverse the upregulation of caspase-3 and Bim and alleviate the inhibition of Bcl-2 following 72-h
ischemic stroke. EA may significantly reverse the promoted relative density level of p-ERK1/2, p-JNK, and p-p38 in the EA group
compared with the MCAO/R group. In addition, the growth factor midkine (MK) was upregulated at 72 h after MCAO/R, and EA
treatment may significantly prompt expression of MK. Our study demonstrated that EA exerted neuroprotective effect against
neuronal apoptosis and the mechanism might involve in upregulation of MK and mediation of ERK/JNK/p38 signal pathway.
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Abbreviations as well as result in death worldwide (Go et al. 2014).
MK Midkine Complicated pathophysiology of cerebral ischemic injury is
MAPKs Mitogen-activated protein kinases regulated by diverse processes, for example, oxidative, apo-
ERK1/2  Extracellular signal-regulated kinase 1/2 ptotic, excitotoxicity, and inflammatory mechanisms (Park et
INK c-Jun N-terminal kinase al. 2017). Cerebral I/R injury triggers several cellular events

via production of considerable reactive oxygen species, which

contributes to apoptosis and necrosis (Gao et al. 2005).
Introduction \EA intervention as a traditional therapeutic method may
alleviate cerebral damage induced by I/R injury (Wu et al.
2015). EA intervention shows beneficial effect for reduction
of neurological deficit and for recovery of injured cerebral
cells in rats with cerebral ischemic stroke via prompting dif-
ferentiation and proliferation of neural stem cells (Wu et al.
54 Feng Zhang 2015). Moreover, EA may simultaneously increase the ex-
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modulation of apoptosis and inflammation during ischemic
stroke (Zhen et al. 2016). Several evidences show that
ERK1/2 activation may exert neuroprotection against cell ap-
optosis (Sawe et al. 2008; Wang et al. 2003), but sustained
activation of JNK and/or p38 always lead to neuronal death
(Liu et al. 2017). It was reported that ERK activation could
result in apoptosis and ERK inhibition could induce neuropro-
tection (Satoh et al. 2000). Tournier et al. (2000) indicate that
JNK may inactivate and phosphorylate anti-apoptotic protein
Bcl-2. Bayatmakoo et al. (2017) show that JNK causes neu-
ronal apoptosis via directly phosphorylating BimL and
BimEL, and phosphorylated JNK results in inactivation of
the anti-apoptotic Bel-2.

Midkine (MK), a heparin-binding growth factor, is charac-
terized by a responsive gene to retinoic acid. As an endoge-
nous neurite outgrowth factor, MK is related to development
of the central nervous system (Muramatsu et al. 1993).
Neurotrophic factors may activate diverse signal pathways
after ischemic stroke, which provides neuroprotective effect
against caspase-3-dependent apoptosis (Cheng et al. 2014).
Ishikawa et al. demonstrate that MK may lead to neuronal
regeneration and MK gene transfer exerts neuroprotection un-
til the subacute stage of cerebral infarction (Ishikawa et al.
2009). Otsuka et al. indicate that MK may be upregulated by
exercise pretreatment after ischemic brain injury, along with
improvement of motor function, reduction of infarct volume,
and alleviation of neuronal apoptosis (Otsuka et al. 2016).
Thereby, we speculate that the MK expression may be in-
creased via EA intervention, of which mechanism is no one
understand.

In the present study, we speculate that EA intervention at
Quchi (LI11) and Zusanli (ST36) acupoints provides neuro-
protection by regulating the expression level of MK and
inhibiting neuronal apoptosis following ischemic stroke via
ERK/INK/p38MAPK pathway.

Material and Methods
Rat MCAO Model

The rat model of focal cerebral stroke was induced by left
middle cerebral artery occlusion (MCAO). Rats were fasted
for 10 h and then anesthetized with 10% chloral hydrate
(300 mg/kg) by intraperitoneal injection. A surgical nylon
suture (diameter, 0.26 mm; Beijing Shadong Biotech Co.,
Ltd., Beijing, China) was used to occlude the left middle ce-
rebral artery. After 2-h MCAO, reperfusion (R) was induced
via withdrawing the nylon suture slowly. The sham group
underwent surgical procedures as same as MCAO/R and EA
groups without occluding the middle cerebral artery. During
the whole surgical procedure, a heating pad was used to keep
the rectal temperature of rats at 37 °C.

Experimental Animals and Groups

Male Sprague-Dawley (SD) rats (280-320 g) from Hebei
Province Laboratory Animal Center were housed in a con-
trolled condition with a 12-h light/dark cycle at 22+2 °C
and 60—70% humidity. Water and food were available ad
libitum. All experimental protocols for animals were permit-
ted by the Animal Care and Use Committee of Hebei Medical
University.

In the light of a random number table method, 54 rats were
randomly divided into three groups (n = 18/group) as follows:
(i) sham-operated group (sham group); (i)) MCAO/R group;
and (iii) the MCAO/R + EA intervention group (EA group).

Assessment of Neurological Deficit Scores

Neurological function of all rats was evaluated for 72 h after
MCAO/R surgery in a blinded method. The standard scoring
system was as follows: score 0, no apparent neurologic symp-
toms; score 1, not able to completely extend the right front
jaw; score 2, circling to contralateral when walking; score 3,
falling to contralateral when walking; score 4, unable to walk;
and score 5, died. Rats with score 1-3 points demonstrated
successful establishment of MCAO model.

EA Intervention
EA intervention was administered by using an EA apparatus
(Model G6805-2A; Shanghai Huayi Co., Shanghai, China) at

24 h following MCAO (22 h after MCAO/reperfusion) once
per day for 3 days. Briefly, rats in the EA group were
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Fig. 1 Neurological behavioral scores. Neurological behavioral
assessment at 72 h after /R injury. *¥p <0.01 vs. sham group; *p <
0.05, vs. MCAO/R group. I/R, ischemia/reperfusion; MCAO/R, middle
cerebral artery occlusion/reperfusion
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anesthetized with 10% chloral hydrate and inserted two acu-
puncture needles (0.3 mm in diameter) 2-3 mm deep at the
Quchi (LI11) and Zusanli (ST36) on the paralyzed limb for
30 min once daily. The intervention parameters were set as
dense-disperse waves of 4/20 Hz (adjusted to the muscle
twitch threshold), intensity of 1 mA, and peak voltage of
6 V. However, rats in the sham and MCAO/R groups were
anesthetized without EA intervention. Finally, rats were eval-
uated by neurological deficit scores and then sacrificed at 72 h
following MCAO/R for the next step experiment.

Fig. 2 Effect of EA intervention a
on infarct volume. a TTC staining
was performed at 72 h after
reperfusion. b Bar graph showed
the percentage of cerebral infarct
volume among the three groups.
#p <0.05, vs. the MCAO/R
group. EA, electroacupuncture;
MCAO/R, middle cerebral artery
occlusion/reperfusion; TTC,
2,3,5-triphenyltetrazolium
chloride
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To detect infarct volume, rats were euthanized using 10%
chloral hydrate at 72 h following I/R injury. Brain tissues were
removed and coronally cut into six slices and the thickness of
each slice was 2 mm. These slices were rapidly placed in 2%
TTC (2,3,5-triphenyltetrazolium chloride) solution (37 °C) for
30 min and subsequently fixed in 4% paraformaldehyde buff-
er (Bederson et al. 1986). The images were measured using
imaging software (Adobe Photoshop 7.0, Adobe Systems,
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MCAO/R
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Mountain View, CA) and the area of infarct was calculated as
previously reported. Following 24-h fixation, the sections
were photographed with a digital camera (Kodak DC240;
Eastman Kodak Co., Rochester, NY).

Western Blot Analysis

Total protein of the tissues from the cerebral cortex in peri-
infarct region and the same region in the sham-operated rats
were extracted by lysis buffer. The samples (30 pg/lane) were
separated by 12% SDS-PAGE and transferred onto a
polyvinylidene difluoride membrane (Roche, Mannheim,
Germany) in transfer buffer containing 0.1% SDS.
Following that, the membranes were blocked with 5% bovine
serum albumin solution and incubated with the primary anti-
bodies against midkine (1:1000, #ab36038, abcam), SAPK/
JNK (1:1000, #9252, Cell Signaling Technology), p38 MAPK
(1:1000, #8690, Cell Signaling Technology), Erk1/2(1:1000,
#4695, Cell Signaling Technology), p-SAPK/JNK(1:1000,
#4668, Cell Signaling Technology), p-p38 MAPK (1:1000,
#AF4001, Affinity Biosciences), p-Erk1/2(1:1000, #4370,
Cell Signaling Technology), caspase-3 (1:2000, #ab184787,
abcam), and Bcl-2(1:1000, #ARG55188, arigo) Following
washing with TBST for three times, peroxidase-conjugated
goat anti-rabbit IgG (1:5000) was used as secondary antibod-
ies for 1 h at room temperature. Finally, Protein bands were
visualized using the chemiluminescent HRP substrate.
Intensity of bands was quantified using image J software

Fig. 3 Effect of EA intervention a
against apoptosis. a TUNEL
staining in infarct area of the
cerebral cortex of the sham,
MCAO/R, and EA groups (x
400). b Bar graph indicates the
percentage of apoptosis-positive
cells. ##p < 0.01 vs. sham group;
#p<0.01, vs. MCAO/R group.
EA, electroacupuncture; MCAO/
R, middle cerebral artery
occlusion/reperfusion

and normalized to GAPDH (1:5000, #10494-1-AP,
proteintech).

Immunohistochemistry Analysis

Paraffin-embedded tissues were produced by standard meth-
od. The brains of all rats were removed and fixed in 4% para-
formaldehyde for 24 h. Following that, cerebral tissues were
washed with PBS so as to remove fixative. Then, tissues were
dehydrated in graded alcohol and infiltrated in molten paraffin
wax followed by embedding in blocks. The paraffin-
embedded sections were dewaxed, hydrated, and incubated
with 3% H,0, for 30 min for quenching of endogenous per-
oxidase. Subsequently, sections were rinsed and exposed to
solution consisting of MK (#11009-1-AP, proteintech),
caspase-3 (#ab184787, abcam), Bcl-2 (#ab196495, abcam),
and Bim (#2933, Cell Signaling Technology) overnight at
4 °C. After washing with TBST, sections were visualized with
3,3'-diaminobenzidine chromogen following incubation with
goat anti-rabbit IgG (1:1000) for 60 min at room temperature.
Finally, positive staining was performed under a light micro-
scope followed by counterstain with hematoxylin. The posi-
tive cells per square millimeter were calculated through an
investigator who was ignorant of grouping methods.

TUNEL Staining

The amount of apoptotic cells was detected using an In
Situ Cell Death Detection Kit (Roche, Mannheim,
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Fig. 4 EA intervention affects the
expression of apoptosis-related
proteins in the peri-infarct cortex.
Immunohistochemical staining of
(a) caspase-3, (b) Bcl-2, and (c)
Bim (% 200); d the ratios of
apoptosis-positive cells in the
penumbra of the cortex were
shown by bar graph. *#p <0.01
vs. sham group; *p < 0.01, vs.
MCAO/R group. EA,
electroacupuncture; MCAO/R,
middle cerebral artery occlusion/
reperfusion
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Germany) after 72-h reperfusion. The brain (n=6/group)  paraffin was sectioned at a thickness of 2 mm. Brain
was fixed with 4% formaldehyde for 24 h at 4 °C and  slices were incubated with proteinase K for 15 min,
then embedded in paraffin. Following that step, the  followed by quenching with 3% H,O, for 10 min at
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room temperature. After rinsing three times with PBS,
the sections were incubated in TUNEL reaction mixture
for 60 min at 37 °C in the dark. A light microscope
(Olympus Corporation, Tokyo, Japan) was used to ob-
serve and photograph brain slices, and five high-power
fields of the cerebral cortex surrounding ischemia were
randomly selected. The Imagel] software (National
Institute of Health) was used to count the number of
apoptotic cells by a pathologist blinded to the treatment.
The apoptosis index (AI)=the amount of TUNEL-
positive cells / the amount of total cells.

Statistical Analysis

Data were demonstrated as mean = SEM. Statistical
comparisons of results from the three groups were per-
formed through one-way analysis of variance (ANOVA).
Data of neurological deficits among the three groups

a sham

p-ERK1/2(42/44kDa)

MCAO/R EA

oxrostason — —

ERK1/2(42/44kDz)

GAPDH(36kDa) | -—
sham
p-P38({40kDz) —
GAPDH(36kDa) C—
| —

p38(40kDz)

p-SAPK/INK(46/54kDa)

SAPK/INK(46/54kDa)

were analyzed by non-parametric test. p <0.05 was con-
sidered as statistical significance.

Results

EA Alleviates Neurological Behavioral Scores
and Infarct Volumes in Cerebral I/R Injury Rats

The rats were administered neurological behavioral assessment
and infarct area evaluation at 72 h after reperfusion. As shown
in Figs. 1 and 2, the rats of the EA group and MCAO/R group
demonstrated significantly neurological behavioral symptoms
and cerebral infarction; however, the rats of the sham group
showed no neurological symptoms and cerebral infarct at
72 h after reperfusion. There is obvious difference of neurolog-
ical behavioral score and infarct volumes between the EA group
and MCAO/R group at 72 h after reperfusion (p < 0.05).The

MCAO/R EA
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Fig. 6 EA intervention affects the ERK/JNK/p38MAPK pathway. a The
western blotting analysis for the levels of ERK1/2, SAPK/INK, p38, p-
ERK1/2, p-SAPK/INK, and p-p38 in peri-infarct penumbra of the
cerebral cortex. b Bar graph shows quantitative analysis of the ratios of
phosphorylated protein levels/total proteins levels. *» <0.05, vs. the

MCAO/R  EA

p-p38 relative densities
[e]
)

sham MCAO/R EA

MCAO/R group; **p<0.01 vs. sham group; **p <0.01, vs. the
MCAO/R group. EA, electroacupuncture; MCAO/R, middle cerebral
artery occlusion/reperfusion; ERK1/2, extracellular signal-regulated
kinase 1/2; JNK, c-Jun N-terminal kinase
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neurological behavioral score and infarct volumes of rats at the
EA group were less than those at the MCAO/R group.

Treatment of EA Alleviates Apoptosis in Cerebral I/R
Injury Rats

To further investigate the effect of EA intervention against
apoptosis, we performed TUNEL staining to evaluate the per-
centage of apoptotic cells. As shown in Fig. 3, the percentage
of apoptotic cells in the MCAO/R group was significantly
raised compared to that in the sham group (p <0.01) at 72 h
following reperfusion, whereas EA intervention decreased the
percentage of apoptotic cells compared to the MCAO/R group
(p<0.01).

Treatment of EA Regulates Apoptosis-Related
Proteins

The mechanism of EA neuroprotection was investigated by
IHC staining for caspase-3, Bcl-2, and Bim and western blot
for caspase-3 and Bcl-2. As shown in Fig. 4, ischemic stroke
increased the positive cell percentage of caspase-3 and Bim
and reduced the percentage of Bcl-2-positive cells in the is-
chemic cortex of the MCAO/R group than the sham group (p
<0.01), whereas EA intervention at Zusanli and Quchi
acupoints significantly alleviated neuronal apoptosis via re-
versing the downregulation of Bcl-2 and upregulation of
caspase-3 and Bim (p <0.01). As shown in Fig. 5, EA inter-
vention significantly reduced the enhancement of caspase-3
(p <0.01) and Bcel-2 (p < 0.05) after 72-h reperfusion by west-
ern blot analysis.

Treatment of EA Regulates ERK/JNK/p38 Pathway

As shown in Fig. 6, the relative density level of p-ERK1/2, p-
INK, and p-p38 of MCAO/R group was significantly in-
creased compared with the sham group (p <0.01). However,
EA may significantly reverse the promoted relative density
level of p-ERK1/2 (p<0.01), p-JNK (p <0.05), and p-p38
(»<0.05) in the EA group compared with the MCAO/R

group.

Treatment of EA Regulates the Expression of MK

As demonstrated in Figs. 7 and 8, there is a significant differ-
ence in MK levels among the three groups by western blot and
immunohistochemistry analysis. The expression of MK in the
MCAO/R group (p <0.01) and EA group (p <0.01) may sig-
nificantly increase compared to that in the sham group.
Furthermore, The MK levels of rats in the EA group were
obvious higher than those in the MCAO/R group (p <0.01).
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Fig. 7 EA intervention affects the expression of MK. a Western blotting
analysis for the levels of MK in peri-infarct penumbra of the cerebral
cortex. b Bar graph shows relative quantitative analysis . **p <0.01 vs.
sham group; #p <0.01, vs. the MCAO/R group; ¥p <0.01 vs. EA
group. EA, electroacupuncture; MCAO/R, middle cerebral artery
occlusion/reperfusion; MK, midkine

Discussion

Ischemic stroke is characterized by deprivation of cerebral
blood circulation caused by occluding the cerebral artery
and is a widespread neurological illness (Park et al. 2017).
Evidence indicates that EA might exert neuroprotective
effect against ischemic brain damage via activing diverse
survival signaling pathways (Feng et al. 2013; Lan et al.
2013). Liu et al. show that EA may promote recovery of
the motor dysfunction and the possible mechanism may
be involved in suppression of microglia-mediated neuro-
inflammation in the ischemic sensorimotor cortex of rats
after ischemia (Liu et al. 2016). EA therapy may suppress
the activation of apoptotic signal pathways, which result-
ed in improvement of injury in the ischemic penumbra
(Kim et al. 2013). Wu et al. indicate that EA may improve
neurological deficits and alleviate cortical neuronal apo-
ptosis in rats following ischemic stroke(Wu et al.
2017).0n the basis of these studies, we also demonstrated
that EA intervention may significantly decrease neurolog-
ical deficits and reduce cerebral infarct volumes, as well
as alleviate the neuronal apoptosis.

Apoptosis is an important characteristic in mild cere-
bral ischemic stroke and exerts a key role in the patho-
logical development of late infarction (Cheng et al. 2014).
Activated caspase-3, a critical apoptotic executor, was up-
regulated obviously 24 to 72 h following ischemia/
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reperfusion and resulted in cells to suffer DNA fragmen-
tation and nuclear condensation(Lee et al. 2002). As a key
molecule of the intrinsic apoptosis pathway, Bcl-2 protein
may regulate the apoptotic changes in vascular cells
(Bayatmakoo et al. 2017). The Bcl-2 protein family is
comprised of anti-apoptosis proteins Bel-2 and pro-
apoptotic proteins Bim, exerting important effects in the
apoptotic mitochondrial pathway (Kim et al. 2006). It was
reported that high expression level of Bcl-2 may suppress
the cell apoptosis (Kim et al. 2006; Wang et al. 2011).
Richard et al. show that Bim is indispensable for neuronal
apoptosis caused by deprivation of growth factor in vari-
ous cell types, involving in lymphocytes, epithelial cells,
endothelial cells, mast cells, osteoclasts, and neurons
(Youle and Strasser 2008). In the current study, EA inter-
vention also alleviated apoptosis via increasing the ex-
pression of Bcl-2 and reversing the enhancement of Bim
and caspase-3 after ischemic stroke.

ERK pathway as a key member of MAPK signal fam-
ily is chiefly related to apoptosis, cell proliferation, and

differentiation (Shen et al. 2004). ERK signaling pathway
is involved in sequential promotion of Raf, ERK,
p38MAPK, and other related proteins (Johnson and
Lapadat 2002). Yang et al. suggest that EA might increase
the activation of ERK pathways and affect the hippocam-
pal microenvironment, which may exert benefits in
depressive-like behaviors and NSC proliferation (Yang et
al. 2013). It was reported that ERK1/2 is overexpressed in
the ischemic brain (Wang et al. 2003) and suppression of
the ERK1/2 pathway may decrease focal infarct volume
and brain injury in mice with ischemic stroke (Namura et
al. 2001). Suppression of the enhanced phospho-ERK1/2
following ischemic stroke may provide neuroprotection
against cerebral ischemic damage (Zhang et al. 2010),
which is consistent with our findings.

The p38 MAPK pathway possibly exerts significant
effect during the process of cerebral ischemic stroke
(Wang et al. 2014). It was reported that continuously ac-
tivated p38 MAPK may promote inflammation resulting
in aggravation of ischemic damage in the acute phase
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following transient MCAO (Cheng et al. 2016). Several
studies indicated that upregulation of p38 MAPK may
prompt neural cell death following ischemic stroke
(Irving et al. 2000; Wu et al. 2000). On the contrary,
Nishimura et al. suggest that enduring activation of p38
may result in ischemic tolerance in the hippocampus CAl
and that members of the p38 signal pathway play an im-
portant role in modification neuronal survival following
ischemia (Nishimura et al. 2003). Cheng et al. also indi-
cate that phosphorylated p38 MAPK plays a key role for
anti-apoptotic effect in the area of penumbral cortex dur-
ing the subacute and acute stages of ischemic stroke
(Cheng et al. 2016). We observed that phosphorylated
p38 may be upregulated after ischemic stroke and re-
versed after EA intervention, demonstrating that EA may
exert neuroprotection via decreasing phosphorylated p38.
The JNK family is related to various pathological and
physiological reactions in the central nerve system, for
example neuroinflammatory reaction, neuronal apoptosis,
neural plasticity, neuronal degeneration, and regeneration
(Antoniou and Borsello 2012). c-Jun N-terminal kinase
(JNK) as an crucial stress-responsive kinase may be acti-
vated via diverse types of brain insults (Gao et al. 2005).
Zheng et al. demonstrate that activated JNK signaling
pathway may contribute to neuronal apoptosis and inflam-
mation after the MCAO (Zheng et al. 2018). Gao et al.
show that JNK as a key cell death mediator in cerebral
ischemic damage may activate the mitochondrial apopto-
tic pathway by prompting Bim and Bax translocation
(Gao et al. 2005). However, Murata et al. show that de-
layed suppression of JNK pathways at 7 days following
ischemia may deteriorate ischemic brain injury with in-
creased infarction volumes, and the result may be associ-
ated with JNK-regulated endogenous repair mechanisms
of neurovascular plasticity (Murata et al. 2012). The stud-
ies demonstrate that JNK pathway exerts different func-
tions in early and late phases of ischemic stroke. In this
study, we demonstrated that EA intervention following
72-h ischemic injury may decrease phosphorylated
SAPK/INK levels so as to exert neuroprotective effect.
MK as a neurotrophic factor may keep normal adult
brain (Yoshida et al. 2008) and is expressed in the astro-
cytic cytoplasm during the early stage following cerebral
ischemia (Wang et al. 1998). According to previous study,
MK is expressed in the surrounding tissue of lesion area
and may serve as a reparative neurotrophic factor in the
early stage following cerebral ischemia (Yoshida et al.
1995). Kadomatsu et al. show that MK exerts beneficial
effects following heart ischemia/reperfusion injury via al-
leviating infarct size and inhibiting cardiac remodeling in
a long run (Kadomatsu et al. 2014). Furthermore, Matsuda
et al. demonstrate that expression of MK may be upregu-
lated in the early phase of ischemia, which was observed
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from cerebral ischemic acute to subacute stage (Matsuda
et al. 2011). In the present study, results suggest that
growth factor MK exerts neuroprotection in neuronal sur-
vival and plays an important role in EA intervention at
72 h after ischemic brain injury.

Conclusion

In conclusion, our findings indicated that EA at the
Zusanli and Quchi acupoints decreased neurological defi-
cits and alleviated infarct volumes and neuronal apoptosis
following ischemic stroke. In addition, the anti-apoptotic
mechanism of EA after ischemic stroke might be associ-
ated with upregulation of MK and mediation of ERK/
INK/p38MAPK pathway.
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