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Figure 8. Portien expressions of inflammatory biomarkers and Immunofluorecent staining for identification of 
GFAP+ and AQP-4+ cells in brain infarct area by day 28 after ischemic stroke induction. A. Protein expression of 
matrix metalloproteinase (MMP)-9, * vs. other groups with different symbols (*, †, ‡), P<0.001. B. Protein expression 
of tumor necrosis factor (TNF)-α, * vs. other groups with different symbols (*, †, ‡), P<0.01. C-F. Immunofluorescent 
staining (400×) of glial fibrillary acid protein (GFAP) (red color) in brain infarct area. G. Statistical analysis of num-
bers of GFAP+ cells, * vs. other groups with different symbols (*, †, ‡), P<0.0001. The scale bars in right lower corner 
represent 20 µm. H-K. Immunofluorescent staining (400×) of aquaporin 4 (AQP-4) (green color) in brain infarct area. 
L. Statistical analysis of numbers of AQP-4+ cells, * vs. other groups with different symbols (*, †, ‡), P<0.0001. The 
scale bars in right lower corner represent 20 µm. Symbols (*, †, ‡) indicate significance (at 0.05 level). All statistical 
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, 
†, ‡) indicate significance (at 0.05 level). SC = sham control, IS = ischemic stroke, SW = shock wave. N=6 for each 
group.

Figure 9. NeuN+ cell and Hsp70 expression in brain infarct area by day 28 after IS induction. A-D. Immunofluores-
cent staining (400×) of neurons (red color stained by DAPI) in brain infarct area. E. Statistical analysis of numbers of 
neuN+ cells, * vs. other groups with different symbols (*, †, ‡), P<0.0001. The scale bars in right lower corner repre-
sent 20 µm. Symbols (*, †, ‡) indicate significance (at 0.05 level). F. The protein expression of heat shock protein 70 
(Hsp70), * vs. other groups with different symbols (*, †, ‡, §), P<0.001. The scale bars in right lower corner represent 
20 µm. Symbols (*, †, ‡, §) indicate significance (at 0.05 level). All statistical analyses were performed by one-way 
ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡, §) indicate significance (at 0.05 
level). SC = sham control, IS = ischemic stroke, SW = shock wave. N=6 for each group.
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accessory therapeutic modality for patients 
after acute IS.

Mechanism of ECSW therapy underlying BIV 
reduction and neurological functional im-
provement - role of angiogenesis, Hsp70 and 
NeuN+ cell proliferation

A principal finding in the present study was that 
as compared with IS animals without ECSW 
treatment, the number of neuN+ cells was sig-
nificantly increased in animals after ECSW ther-
apy. This finding could partially explain why the 
BIV was significantly reduced the recovery of 
neurological function was notably improved in 
IS rats following ECSW treatment.

Another principal finding in the present study 
was that the protein and cellular expressions of 
Hsp70 was found to be rapidly increased in nor-
mal rats in the acute phase after ECSW thera-
py. Additionally, this protein expression was 
also found to be increased in IS rats by day 28 
and furthermore increased in IS rats after 
receiving ECSW therapy. Interestingly, previous 
studies have revealed that Hsp70 expression 
was critical to neuron survival following isch-
emia [24, 25]. Furthermore, other previous 
study has shown that Hsp70 reduced ischemic 
injury, infarct area lost and behavioral outcome 
[26]. Accordingly, the findings of previous stud-
ies [24-26] and the results of our study could 
partially explain for why the number of neurons 
was preserved in setting of acute IS after ECSW 
therapy.

An essential finding in the present study is that, 
as compared with IS animals without treat-
ment, the cellular and protein levels of angio-
genesis biomarkers were markedly enhanced 
in IS animals after ECSW treatment. These find-
ings, in addition to supporting the ECSW capac-
ity of enhancing neo-angiogenesis and tissue 
regeneration, could, at least in part, explain the 
preservation of number of neurons, ameliora-
tion of BIV and enhancement of recovery of 
neurological function in IS rats following ECSW 
treatment. Intriguingly, ECSW therapy has been 
demonstrated to augment the expressions of 
VEGF [13, 14, 18], stromal cell-derived factor 
(SDF)-1α [13, 14] and angiogenesis [13, 14, 
18], as well as to upregulate the proliferating 
cell nuclear antigen [27, 28]. Besides, experi-
mental studies [21, 22], clinical observational 
studies [29], and clinical trials [30] have previ-

ously revealed that angiogenesis play a crucial 
role in neurological functional recovery and 
prognostic outcome after acute IS. Accordingly, 
our findings were consistent with those of previ-
ous studies [13, 14, 18, 21, 22, 29, 30].

Mechanism of ECSW therapy underlying BIV 
reduction and neurological functional improve-
ment - role of suppression of inflammation, 
apoptosis, DNA damage, and oxidative stress

Undoubtedly, abundant previous studies [13, 
14, 21-23, 31, 32] have supported the findings 
that ischemia elicits vigorous inflammatory 
response and the generations of oxidative 
stress and ROS which, in turn, cause DNA dam-
age, cell apoptosis, and death, and ultimately 
organ dysfunction, and poor prognostic out-
come [31]. The principal findings in the present 
study are that not only was the inflammatory 
biomarkers, but also the oxidative stress and 
ROS biomarkers were substantially increased 
in animals after IS. These findings could explain 
the significant increase in apoptosis and DNA 
damage biomarkers in IS animals compared 
with those without IS. Importantly, the expres-
sions of these parameters were remarkably 
reduced in IS animals after ECSW treatment. In 
this way, our findings, in addition to reinforcing 
those of previous studies [13, 14, 21-23, 31, 
32], could partially explain the notable decrease 
in BIV and improvement in neurological func-
tional recovery in rats with IS following ECSW 
treatment.

Mechanism of ECSW therapy underlying BIV 
reduction and neurological functional improve-
ment - role of suppression of GFAP and AQP4 
expressions

Our previous studies have revealed that the 
expressions of GFAP, an indicator of glial cells 
that respond to stimulation and produce che-
mokines and perpetuate the local inflammatory 
process, and AQP4, an indictor of brain edema, 
were remarkably augmented in animals after IS 
[21, 22] and were notably reduced after stem 
cell treatment [16, 21]. Consistently, these two 
parameters were significantly upregulated in IS 
animals without treatment in the present study. 
However, these two biomarkers were signifi-
cantly downregulated in animals with IS after 
ECSW treatment. These findings, perhaps, also 
explain the reduction of BIV and improvement 
of neurological function in the animal model of 
IS.
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Figure 10. Proposed mechanisms underlying the effects of ECSW therapy on Reducing brain infarct volume and improving neurological function in a rodent model of 
acute ischemic stroke based on findings of the present study. eNOS = endothelial nitric oxide synthase; VEGF = vascular endothelial growth factor; MMP-9 = matriax 
metalloproteinase 9; MIF = macrophage inhibitor factor; TNF-α = tumor necrosis factor-α; Hsp70 = heat shock protein 70; Mito-Bax = mitochondrial Bax; Csp 3 = 
caspase 3; PARP = poly (ADP-ribose) polymerase; gGFAP = lial fibrillary acid protein; AQP4 = aquaporin4.
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Study limitations

This study has limitations. First, although the 
28-day short-term outcome was promising in 
the present study, the impact of ECSW on long-
term outcome in rats with IS remains uncertain. 
Second, the exact mechanisms by which ECSW 
reduced BIV and improved neurological func-
tion are still unclear. The schematic illustration 
in Figure 10 shows our proposed mechanisms 
of the therapeutic effects of ECSW against 
acute IS based on our findings.

In conclusion, the results of our study support 
that ECSW treatment in rats after acute IS 
effectively inhibited neurological dysfunction 
and reduced BIV through the possible mecha-
nisms of enriching angiogenesis and Hsp70 
expression and preserving neuron cells, as well 
as attenuating inflammation, cell apoptosis, 
and oxidative stress.
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