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Background and Objectives: Moyamoya disease (MMD) is a unique cerebrovascular 
occlusive disease with abnormal vascular hyperplasia, which causes cerebrovascular acci-
dents like intracranial arteriosclerosis. This study aimed to explore whether plasma apelin 
levels are related to good collateral circulation in ischemic diseases, which may be higher in 
patients with MMD than middle cerebral artery (MCA) occlusion or healthy controls, and 
may have a connection with the MMD grades.
Methods: We recruited 68 MMD patients and 25 MCA occlusion patients diagnosed by 
angiography, including 29 patients without cerebrovascular problems as controls. We exam-
ined the plasma apelin, serum nitric oxide (NO), and vascular endothelial growth factor 
(VEGF) levels of all subjects by ELISA kit. We compared the relationship between apelin, 
NO, and VEGF in the blood of three groups, to explore the relationship. We also investigated 
whether the plasma apelin-13, apelin-17, and apelin-36 levels correlate with the MMD 
classification.
Results: Univariate analyses indicated that the MMD group had the higher plasma apelin- 
13, apelin-17, apelin-36, and serum NO levels than the MCA occlusion and healthy control 
groups. Binary logistic regression analyses further showed that the apelin-13 level was 
substantially higher in MMD patients than in MCA occlusion patients. Patients with MMD 
were significantly younger than patients with MCA occlusion by their mean ages. Linear 
regression analyses were performed to compare apelin levels between different grades of the 
patients with MMD. Apelin-13, apelin-17, and apelin-36 levels increased with the gradual 
increase of compensation grades level independent of NO and VEGF. Apelin-13 and apelin- 
36 showed a positive effect on the compensation scores in MMD.
Conclusion: Our study demonstrated that apelin-13 was significantly increased in patients 
with MMD than patients with MCA occlusion independent of NO and VEGF. Moreover, 
plasma apelin-13, apelin-17, and apelin-36 levels increase with the grades of MMD.
Keywords: apelin, collateral circulation, moyamoya disease, MMD, middle cerebral artery 
occlusion, MCA occlusion

Introduction
Moyamoya disease (MMD) is a rare cerebral vasculature disease with long- 
standing and progressive occlusion of large intracranial arteries.1 It is characterized 
by chronic progressive nonatherosclerotic stenosis or occlusion of the bilateral 
internal carotid artery (ICA), anterior cerebral artery (ACA) and middle cerebral 
artery (MCA), and secondary formation of an abnormal vascular network at the 
base of the skull. MMD usually occurs in the East Asian population, mostly 
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affecting women than men. Epidemiologically, the inci-
dence of MMD is 0.94 and 2.3 per 100,000 individuals in 
Japan and South Korea.2 A narrow proportion of patients 
are familial, but most cases of MMD are sporadic. 
However, the exact etiology is still not well established.3 

MMD has a bimodal characteristic in East Asia, with 
a high incidence in children around 10 years old and adults 
around 40 years old, manifested as hemorrhagic and 
ischemic.1 The clinical characteristics of ischemic type 
are similar to those of arteriosclerotic ischemic stroke, 
patients with MMD or intracranial atherosclerotic disease 
experience similar cerebral ischemic events. Ischemic 
stroke is a leading cause of death worldwide,4 with 
a higher incidence rate of disability after stroke and poor 
prognosis. Previous studies reported that a rich supply of 
blood through collateral circulation could reduce expan-
sion of the ischemic area and improve clinical outcomes 
after the proximal artery occlusion.5 The development of 
moyamoya vessels or collateral vessels provides an alter-
native route for compromised cerebral perfusion.6,7 

However, such compensation is often insufficient or unba-
lanced, resulting in various ischemic or hemorrhagic 
strokes.8 A previous study reported that compared with 
patients diagnosed with chronic cerebral ischemia, patients 
with MMD have a higher potential for angiogenesis as 
well as better clinical prognoses and outcomes.9 Stroke 
with MCA occlusion caused by intracranial cerebral ather-
osclerotic thrombosis is more common in Asians.10 Most 
researchers believe that establishing collateral circulation 
requires a combination of many factors, such as apelin or 
vascular growth factors, etc.11

Apelin is the endogenous ligand of the G protein- 
coupled receptor APJ. Apelin and APJ receptors are 
widely expressed in humans, especially the central nervous 
system and in the periphery (heart, brain, lung, kidney, 
adipose tissue, limbs, retina, liver, skin).12 The previous 
report indicates that the Apelin/APJ system plays an 
important role in pathological angiogenesis, with the pro-
gressive development of new blood branches from preex-
isting via sprouting.11 Hiroyasu et al13 proposed that APJ 
is expressed in endothelial cells at the edge of vessels 
during early embryogenesis, in combination with VEGF, 
which can induce the proliferation and assembly of 
endothelial cells. Some studies supported that Apelin com-
bined with other angiogenic factors plays an important role 
in angiogenesis.14,15 However, the role of the Apelin/APJ 
system in the MMD progression is rarely investigated.

To sum up, we assumed that the apelin level might 
indicate the formation of neovascularization, the abun-
dance of collateral circulation, and the level can serve as 
differentiation for MMD from MCA occlusion coopera-
tively with nitric oxide (NO) and VEGF. Moreover, the 
apelin plasma levels may change along with grades of 
collateral vessels compensatory in patients with MMD. 
In the present study, we attempted to explore these 
assumptions by investigating the association between 
plasma apelin-13, apelin-17, apelin-36, and serum NO, 
VEGF levels in patients, by comparing the apelin levels 
in MMD and MCA occlusion to find out the difference and 
summarize the possible mechanism. Furthermore, we 
aimed to evaluate whether there is a linear relationship 
between Apelin and collateral circulation compensation.

Methods
Study Design
Informed consent of publishing information/images was 
obtained from all participants or their family members 
for the present study. All study procedures were approved 
by the Ethics Committee of the Affiliated Provincial 
Hospital of Anhui Medical University and conducted 
according to the Helsinki Declaration (1975 and subse-
quent revisions).

Participants
A total of 68 patients with MMD, 25 patients with MCA 
occlusion, and 29 stroke-free individuals (controls) were 
enrolled over 2 years (November 2018–January 2020) for 
the current study. All subjects underwent computed tomo-
graphy (CT) [n=21] or magnetic resonance imaging (MRI) 
[n=101], which detected the occurrence of ischemic or 
hemorrhagic stroke. All patients with intracranial arterial 
occlusion have undergone computed tomographic angio-
graphy (CTA) [n=82] or digital subtraction angiography 
(DSA) [n=78] to evaluate blood vessel condition, which 
was completed within 1–5 days after admission.

The diagnostic criteria of MMD stated the guidelines 
for diagnosis and treatment of MMD (spontaneous occlu-
sion of the circle of Willis) published by Japanese scien-
tists in 2012.16 Cerebral angiography is essential for the 
diagnosis, and MRI and MRA results can also be used to 
diagnose unfavorable conditions, the former is more com-
monly used in scientific research. The results of cerebral 
angiography in this study must exhibit the following 
points: (1) stenosis or occlusion of the intracranial artery; 
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(2) abnormal vascular networks in the vicinity of the 
occlusive or stenotic lesions in the arterial phase; and 
(3) bilaterality of findings (1) and (2). MMD is 
a cerebrovascular disease of unknown etiology, if vascu-
lar disease is related to the following basic diseases, it 
should be excluded: (i) atherosclerosis; (ii) autoimmune 
disease; (iii) meningitis; (iv) brain tumors; (v) Down’s 
syndrome; (vi) von Recklinghausen’s disease; (vii) head 
injury; and (viii) cerebrovascular lesions after head irra-
diation, etc.

The diagnosis of MCA occlusion was based on 
ischemic stroke,17 and the DSA or CTA examination 
showed stenosis and occlusion of the middle cerebral 
artery. Patients with the following manifestations are of 
great value in diagnosis: (1) multiple transient ischemic 
attacks (TIA) occurred in the history, mostly in the blood 
supply area of a middle cerebral artery; (2) aphasia, 
neglect, motor function impairment or cerebellum, brain 
stem damage; (3) carotid auscultation with murmur, pulse 
weakening, bilateral blood pressure asymmetry; (4) carotid 
stethoscope with abnormal blood pressure, brain CT or 
MRI examination can find cerebral cortex or cerebellum 
lesions, or subcortical, brainstem lesions diameter 
>1.5 cm, maybe the potential of large artery atherosclero-
sis caused by ischemic stroke; (5) color ultrasound, tran-
scranial Doppler ultrasound (TCD), MRA or digital 
subtraction angiography (DSA) examination can find 
related middle cerebral artery and its branches stenosis 
degree >50%; and (6) stroke caused by cardiac embolism 
should be excluded. CTA or DSA were performed in all 
patients with MCA occlusion, the collateral circulation of 
MCA occlusion patients was graded by ASITN/SIR score 
system based on the images.18

Patients hospitalized during the same period, with 
a complaint of dizziness and headache, and CT/MRI 
examinations showing no apparent abnormalities served 
as a control in the current study. Subjects were excluded 
from enrolment for contraindication to iodinated contrast 
agent administration (history of contrast agent allergy, 
pregnancy, congestive heart failure, and renal insuffi-
ciency), previous revascularization history (cerebral artery 
bypass grafting or cerebral artery intervention), evidence 
of ongoing infection or inflammation or autoimmune dis-
eases, chronic obstructive pulmonary disease, previous 
diagnosis of malignancy, diabetes with a history of insulin 
usage, and juvenile patients with MMD.19

The Grading System of MMD
Patients with MMD were further classified according to 
the new classification standard described previously. The 
grading score was obtained based on the collateral circula-
tion and ranged from 1 to 12. The scoring system was 
mainly divided into two parts according to the distribution 
of intracranial vessels. The leptomeningeal system 
includes the following 3 parts of the collateral networks 
according to the anatomy extent of pial collateral blood 
from the posterior cerebral artery (PCA) territory to the 
anterior cerebral artery (ACA) territory and the MCA 
territory on the delayed venous phase. The perforators 
reflected the supply of the anterior collateral circulation 
and internal cerebral artery Thus, we defined the expan-
sion of this collateral route using the Suzuki stage as 
follows: scores of 6 to 1 corresponding to Suzuki stages 
1 to 6.19,20 Further details are available online [https:// 
www.ahajournals.org/doi/suppl/10.1161/STROKEAHA. 
119.024487]. The 3 collateral circulation status grades in 
MMD were defined as follows: scores of 1 to 4 were 
defined as a poor collateral status (grade I), scores of 5 
to 8 were defined as a fair collateral status (grade II), and 
scores of 9 to 12 points were defined as a good collateral 
status (grade III).

All angiography images were reviewed by two experts 
who were blinded to the patient details. Any differences in 
their observations were resolved by consensus.

Analysis of Lipids, Nitric Oxide, and 
Apelin
Blood samples were collected on the day after admission 
after fasting for 12 h. For apelin, 5 mL blood samples were 
collected in tubes containing EDTA-K2. Immediately the 
following centrifugation at 3000 rpm for 10 mins, the 
plasma samples were preserved at −80 °C for further 
analysis. Apelin-13, apelin-17, and apelin-36 levels were 
assayed using commercially available enzyme immunoas-
say kits (Novus Biologicals, USA). For NO and VEGF, 
blood (5 mL) was collected and centrifuged at 3000 rpm 
for 10 mins. The serum samples were separated and stored 
at −80 °C. The serum NO level was determined using 
a nitrate/nitrite colorimetric assay kit (Cayman Chemical, 
MI, USA). The serum VEGF levels were tested by 
Enzyme-Linked Immunosorbent Assay kits (ELISA, 
Biogems, USA). Given the lack of sample size, we were 
unable to detect serum VEGF in the control group.
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Different researchers reevaluated blood pressure, BMI, 
and biochemical parameters to ensure data accuracy.

Statistical Analysis
Continuous variables conforming to the normal distribu-
tion are presented as the mean±standard deviation (SD), 
and those not conforming to the normal distribution are 
represented by median±IQR (interquartile range); catego-
rical variables are presented as percentages. Independent 
sample t-test was used for normal distribution variables, 
and the rank-sum test was used for variables that did not 
meet the normal distribution. Differences in categorical 
variables among the groups were examined using the chi- 
square test or Fisher test. Comparisons of continuous 
variables were analyzed with one-way analysis of var-
iance, Mann–Whitney U, or Kruskal–Wallis tests. 
Pearson analysis was conducted to find a correlation 
between factors. Regression analysis was constructed to 
establish the equation of apelin and other parameters for 
the differentiation of the group with MMD and MCA 
occlusion (binary logistic and linear regression). Factors 
with values of P<0.1 were tested in multivariable binary 
logistic regression, which was adjusted by confounding 
factors, the optimal cut-off values of apelin were figured 
out in the binary logistic regression model. Considering 
that the number of patients in the MMD and MCA occlu-
sion groups was significantly different, propensity match-
ing was used, 18 matched subjects were obtained after 
adjusting the age, gender, and BMI. The Kruskal–Wallis 
test and/or t-test were conducted to compare the levels of 
Apelin factors between the two groups.

According to the condition of collateral circulation and 
the progress of the disease course, all patients were 
divided into three groups (as described earlier). Linear 
regression was conducted to compare apelin-13, apelin- 
17, and apelin-36 level of three groups and find the law of 
the correlation between apelin levels and the course of 
MMD. All analyses were performed using Statistical 
Package for Social Sciences software (SPSS 20.0). 
Figures were drawn by GraphPad Prism 8.

Results
Baseline Characteristics
The current study recruited 68 patients with MMD, 25 
patients with MCA occlusion, and 29 healthy participants. 
Among the 68 MMD patients, 34 (50%) of them with 
MCA occlusion, 26 (38.2%) were men, the ratio was 

significantly higher than the other two groups. Five 
(7.4%) had a history of smoking and drinking, 7 (10.3%) 
accepted aspirin and atorvastatin treatment, 2 (2.9%) as 
well as clopidogrel treatment, and the withdrawal time was 
more than half a year. The average age was 46.66±9.65 
years. There were 24 patients with hemorrhagic MMD, the 
rest of them were diagnosed as ischemic MMD. Thirty- 
three (48.5%) of the patients with MMD had a history of 
stroke, 7 (28%) of the patients with MCA occlusion had 
a prior ischemic stroke. The average time from the onset 
of symptoms to angiographic examination in the MMD 
group was 11.02±17.89 months, and the average time in 
the MCA occlusion group was 2.42±6.28 months. Among 
the 25 patients with MCA occlusion, 19 (76%) were men, 
11 (44%) had a history of smoking, 8 (32%) had a history 
of drinking, 2 (8%) accepted aspirin, atorvastatin and 
clopidogrel treatment. The average age was 53.24±12.16 
years, which was higher in the three groups. Among 29 
healthy controls, 15 (51.7%) were men, and the average 
age was 51±11.53 years.

The general characteristics, including vascular risk fac-
tors and laboratory findings, are summarized in Table 1. 
The mean age, ratio of males to females, diastolic blood 
pressure (DBP), and the NHISS scores were significantly 
higher in the MCA occlusion group than the other two 
groups. The relationship of plasma apelin-13, apelin-17, 
apelin-36, and serum NO, VEGF levels between the three 
groups are shown in Figure 1.

Differentiating Factors Between MMD 
and MCA Occlusion
The levels of apelin-13, apelin-17, and apelin-36 were 
significantly higher in patients in the MMD group than 
patients with MCA occlusion, and the results in both 
groups were significantly higher than the control group 
(Figure 1). For serum NO and VEGF levels, the patients 
with MMD and MCA occlusion were significantly higher 
than controls, no statistical difference was observed 
between the two. The NHISS score in the MCA occlusion 
group is significantly higher than in patients with MMD. 
The results of binary logistics regression adjusted by BMI, 
sex, cigarette smoking, and alcohol consumption demon-
strated that apelin-13 and age were significantly increased 
in patients with MMD than in the MCA occlusion group 
(Table 2). To further identify MMD from MCA occlusion, 
receiver operating characteristic (ROC) curve analyses 
indicated that the apelin-13 level of 196.79 ng/mL had 
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a 72% sensitivity and an 84% specificity (Figure 2A) and 
57.5 years old had a 44% sensitivity and an 88.2% speci-
ficity (Figure 2B), which can identify MMD from MCA 
occlusion.

After propensity matching, we conducted an intergroup 
test on 18 pairs of samples corrected for age, gender and 
BMI, and found that plasma apelin-13 and apelin-17 levels 
were still significantly higher in the MMD group (2797.02 
±308.59; 198.86±16.57) than the MCA occlusion group 
(1675.91±290.12; 137.28±14.51) (Supplementary files).

Plasma Apelin Levels in Patients with 
Different Grades of MMD
According to a new grading system, all patients with 
MMD were classified into three grades, which was pub-
lished in Stroke in 2019.20 The grades were correlated with 
the abundance of vessels in the medial cranial branches. 

MMD patients were divided into three groups according to 
individual score. The compensation is from poor to good 
(numbers: Grade I: 11, Grade II: 27, Grade III: 30). Linear 
regression analyses were performed to compare the apelin 
levels between different grades of MMD patients. A trend 
of gradual increases with the rise of the grades was 
demonstrated (Figure 3).

The images of DSA in patients with MMD are shown 
in Figure 4. The compensation gradually improves from 
left to right (from Grade I to Grade III).

Discussion
We found significantly increased plasma apelin-13, apelin- 
17, and apelin-36 levels in patients with MMD compared 
to patients with MCA occlusion and healthy controls, 
especially those diagnosed with MCA occlusion. Apelin- 
13 and age are significant factors in differentiating MMD 

Table 1 Univariate Analysis of Control, MMD, and MCA Occlusion Groups

Parameters Controls (29) MMD Group (68) MCA Occlusion Group (25) P-value

Age, yearsb 51.00±10.50 46.66±9.65 53.24±12.16 0.009
Sex, male (n, %)c 15 (51.7) 26 (38.2) 19 (76) 0.005

BMI, kg/m2a 24.44±3.39 24.93±3.10 25.64±3.32 0.476

SBP (mmHg)a 133.10±18.53 136.25±16.58 144.84±17.94 0.050
DBP (mmHg)a 80.38±9.09 84.97±9.25 88.48±9.58 0.006

Smoke (n, %)c 7 (24.1) 5 (7.4) 11 (44) <0.001

Drunk (n, %)c 6 (20.7) 5 (7.4) 8 (32) 0.010
Stroke type (n, %, ischemic)c 0 44 (64.7) 25 (100) 0.001

Stroke history (n, %)c 0 33 (48.5) 7 (28) 0.078
Total cholesterol (mg/dL)a 4.33±0.72 4.07±1.09 3.77±1.31 0.077

Triglyceride (mg/dL)a 2.06±1.80 1.27±0.50 1.27±0.96 0.194

LDL-cholesterol (mg/dL)a 2.59±0.76 2.42±0.82 1.99±1.00 0.285
Lipoprotein a (mmol/L)a 279.26±249.06 270.84±251.37 356.91±227.37 0.165

Blood glucose (mmol/L)a 5.20±0.97 4.79±0.70 5.83±1.23 0.002

Homocysteine (µmol/L)a 12.17±5.23 10.00±4.00 12.25±5.93 0.911
Apelin-13 (pg/mL)b 32.15±28.14 271.15±137.85 155.18±105.73 0.000

Apelin-17 (ng/dL)b 60.99±63.13 196.78±75.82 139.04±60.74 0.000

Apelin-36 (ng/dL)b 354.05±244.14 957.80±481.28 727.11±250.39 0.000
NO (nmol/L)b 41.02±36.08 113.21±135.18 112.59±105.53 0.000

VEGF (pg/mL)b 195.48±405.12 166.81±161.39 0.840

Aspirin treatment (%)c 1 (3.4) 7 (10.3) 2 (8) 0.531
Clopidogrel treatment (%)c 0 (0) 2 (2.9) 2 (8) 0.251

Atorvastatin (%)c 1 (3.4) 7 (10.3) 2 (8) 0.531

NHISSb 0.14±0.58 1.40±3.61 4.40±3.74 0.000

Remarks: 34 (50%) moyamoya disease patients had middle cerebral artery occlusion; all patients in the MCA occlusion group had middle artery 

occlusion.

Notes: Continuous data conform to normal distribution are presented with mean±SD marked as “a”, and abnormal distribution data are presented as median±IQR 
(interquartile range), which is marked as “b”, the counting data of said frequency and percentage marked as “c”. 
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; NO, nitric oxide; MMD, moyamoya disease; MCA, middle cerebral artery; NHISS, National 
Institutes of Health Stroke Scale.
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from MCA occlusion. It may be related to the younger 
patients with MMD than those with MCA occlusion due to 
atherosclerosis. Moreover, apelin levels show significant 
changes in the collateral circulation classification 
of MMD.

Apelin pro-peptide contains several basic amino acid 
doublets implicating potential proteolytic cleavage sites 
for endopeptidases, which would give rise to several 
bioactive carboxy-terminal (C-terminal) fragments, includ-
ing apelin-36, apelin-17, and apelin-13.21 A previous study 
has reported that the Apelin/APJ system promotes angio-
genesis in MI animal models.22,23 For example, Kasai et al 
found oxygen-induced retinopathy (OIR) in mice treated 
with Apelin leads to the proliferation of endothelial cells 
and promoting the process of pathological 
angiogenesis.24,25 Similar reports in critical limb ischemia, 
tumor, retinal angiogenesis diseases, cirrhosis, obesity, 
diabetes, and ischemic stroke have been published. 
However, there are few reports on the relationship between 
apelin levels and MMD. The relationship between several 
typical active types of apelin and the course of MMD is 
still unclear.

Our research revealed that the three kinds of apelin 
plasma levels (apelin-13, apelin-17, and apelin-36) are 
significantly higher in patients with MMD than patients 
with MCA occlusion and healthy individuals. To distin-
guish MMD and MCA occlusion, binary logistic regres-
sion analyses show remarkable differences in plasma 

apelin-13, apelin-17, and apelin-36 levels. Moreover, it is 
noteworthy that plasma apelin-13 levels are associated 
with patients diagnosed as MMD in multivariate logistics 
regression analysis (confounding factors were regulated). 
Considering the difference in sample size, this study 
further conducted a propensity matching, and we found 
that apelin-13 and apelin-17 levels were still significantly 
higher in the MMD group after matching, the findings are 
in line with our hypothesis and similar to previous results 
of our research group.26 A previous study reported that 
hypoxia-induced apelin expression might provide a new 
mechanism involved in the adaptive physiological and 
pathophysiological response of vascular cells to low oxy-
gen level where hypoxic tissues drive the formation of 
new blood vessels in part by the secretion of apelin, 
promoting angiogenesis through the proliferation of 
endothelial cells.27 Patients with MMD have a longer 
incubation period of ischemia caused by the blocked inter-
nal carotid artery vessels, which may be related to suffi-
cient vascular compensation. Based on these observations, 
the higher apelin levels in patients with MMD may explain 
their greater capacity for angiogenesis and better clinical 
prognoses and outcomes than patients with stroke caused 
by occlusion of major intracranial vessels. Based on the 
binary logistic regression and ROC curve results, we may 
differentiate MMD from MCA occlusion by detecting 
apelin plasma levels instead of invasive imaging. Recent 
studies indicate that the expression of apelin and APLNR 

Figure 1 Plasma apelin-13, apelin-17, apelin-36, and serum NO and VEGF levels in patients with moyamoya disease (MMD) or middle cerebral artery occlusion and healthy 
controls.
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may be temporally regulated in ischemic stroke. The 
expression of apelin and APLNR is only increased early 
after ischemia in the heart. Although glucose deprivation 
upregulates the expression of apelin and APLNR at early 
stages, it significantly reduces apelin and APLNR expres-
sion at later stages.28,29 The indication suggested that 

elevation of apelin may be a reactive elevation to the 
ischemic event, not necessarily a persistent phenomenon 
in the course of the disease.

Among the apelin isoforms, apelin-13 is the most 
biologically active and most commonly used.30 

Chronic treatment of apelin-13 increased angiogenesis 

Table 2 Multivariate Binary Logistics Regression Analysis of MMD and MCA Occlusion Groups, MMD Group Was Used as 
a Reference

Parameters Quartiles P-value OR Odds Ratio (95% CI)

Age 0.022 1.129 1.018–1.252

Sex (male) 0.650 1.600 0.211–12.130

Smoke (yes) 0.078 0.092 0.006–1.313

Drunk (yes) 0.734 1.566 0.117–20.866

SBP 0.846 0.996 0.962–1.042

Blood glucose 3.83–4.37 0.151
4.38–4.91 0.026 0.037 0.002–0.672

4.92–5.46 0.460 0.371 0.027–5.141

5.47–9.81 0.130 0.171 0.018–1.679
Apelin-13 42.02–130.106 0.021

130.107–214.971 0.004 61.582 3.762–1007.960

214.972–314.971 0.023 28.775 1.594–519.556
314.972–694.64 0.785 1.504 0.080–28.141

Apelin-17 58.34–121.940 0.411

121.941–172.320 0.479 2.542 0.192–33.558
172.321–231.590 0.394 0.269 0.013–5.518

231.591–426.51 0.582 0.465 0.030–7.107

Apelin-36 196.86–577.810 0.106
577.811–805.640 0.619 2.383 0.078–72.877

805.641–1135.710 0.405 4.269 0.140–130.222

1135.711–2631.11 0.035 43.659 1.310–1454.824

Notes: The regression model was adjusted by age, sex, smoke, drunk, blood glucose, SBP. We divided continuous variables into four intervals according to the quartile 
method, the results showed that apelin-13 in MMD was higher in the MCA occlusion group, and the age of the MCA occlusion group was significantly higher than that of the 
MMD group. 
Abbreviation: SBP, systolic blood pressure.

Figure 2 Receiver operating characteristic (ROC) curve analyses of apelin-13 (A) and age (B) as predictors of moyamoya disease (MMD) from middle cerebral artery 
occlusion.
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and promoted the LCBF restoration and long-term func-
tional recovery after stroke. The improved blood flow 
recovery and behavioral recovery are expected to be 
benefited from neuroprotection and regeneration. Chen 
et al reported that apelin-13 promotes angiogenesis in 
focal cerebral ischemic stroke mice, and found that 
apelin-13 participates in angiogenesis by increasing the 
expression of VEGF and matrix metalloproteinase-9 
(MMP-9).31 Regarding other apelin subtypes included 
in this study, apelin-17 decreased blood pressure and 

rescued contractile function.32,33 Apelin-36 protects 
against ischemic injury, reduces cerebral infarct volume, 
and inhibits human immunodeficiency virus (HIV) 
infection as well as glucose-stimulated insulin 
secretion.34–36 Our previous study highlighted the poten-
tial of apelin-12 in the same context of collateralization, 
there have been relevant studies before.19,37 Busch et al 
demonstrated that apelin-12 activated NO production via 
PI3K/Akt signaling in human EC. In contrast, apelin-13 
additionally activated Erk1/2 phosphorylation and 
enhanced EC proliferation.38 They may also play an 
important role in collateral circulation, but the mechan-
isms exist distinction.

Some studies have shown that Apelin improves angio-
genesis through the NO–cyclic guanosine monophosphate 
(cGMP) pathway, and they demonstrated the mechanism 
in neonatal rats with hyperoxia-induced lung injury.39–41 

Moreover, other researchers support that the Apelin/APJ 
system upstream the VEGF in promoting angiogenesis. 
Apelin promotes angiogenesis by increasing the level of 
VEGF in post-MI mice;22,42–45 however, other studies 
contrast with those conclusions.46,47 In this study, plasma 
apelin levels in patients with MMD are significantly higher 
than patients with MCA occlusion and health controls, and 
the apelin plasma levels show no significant correlation 
with serum NO and VEGF levels temporarily, this needs to 
be confirmed by further research.

Figure 3 Linear regression analysis of Apelin levels among different grades in the 
MMD group. As described above, all MMD patients were divided into three levels, 
and linear regression was performed on apelin-13, apelin-17, and apelin-36 levels. 
Through a pairwise comparison between the three groups, the results show that 
apelin-13, apelin-17, and apelin-36 levels increased as the grades rose without 
exception (***P<0.001, 95% CI of OR are shown inside brackets).

Figure 4 Three DSA images of the included patients with MMD. The compensation gradually improves from left to right (from Grade I to Grade III).
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Meanwhile, our team graded all patients with MMD by 
digital subtraction angiography with a new grading system. 
This new MMD collateral grading system correlated well 
with clinical symptoms, hemodynamic status, and therapeu-
tic prognosis. Moreover, it may facilitate risk stratification 
and prognosis predictions in MMD patients. It is divided 
into three levels, 1–4 points were classified as poor collateral 
circulation status (Grade I), 5–8 points as general collateral 
circulation status (Grade II), and 9–12 points as good col-
lateral circulation status (Grade III).20 We found that apelin 
plasma levels were positively correlated with the classifica-
tion of MMD for vascular compensation. This finding con-
firms the speculations of previous researchers, apelin may be 
related to the vascular compensation of MMD. In addition, 
previously, we found that apelin-12 may also be a promising 
candidate for developing clinically therapeutic drugs for 
ischemic brain disease.22 Giving further optimization, 
novel pro-angiogenesis drugs for serum apelin levels will 
be investigated, preventing the occurrence and development 
of ischemic cerebrovascular events and improving the out-
comes for patients with MMD.

There are several limitations to this study. Firstly, the 
sample size is insufficient, especially the number of 
patients with MCA occlusion; secondly, there was no 
longitudinal comparative study to confirm; thirdly, not all 
patients underwent DSA, which may affect our assessment 
of blood vessels. These are the problems, which are the 
subject of our future research. Meanwhile, in subsequent 
studies, we can detect the concentration of apelin levels in 
the cerebrospinal fluid to see if there are regular changes 
during blood vessel formation like apelin in the blood, and 
we can further try drug treatment to improve the prognosis 
of intracranial aortic occlusion.

Conclusion
Our study demonstrated that apelin-13 was significantly 
increased in patients with MMD than patients with MCA 
occlusion, and there is a truncated value that can differ-
entiate the two clinical diseases. Moreover, plasma apelin- 
13, apelin-17, and apelin-36 levels increase with the 
improved vascular compensation of MMD, confirming 
that apelin levels may have a tick relation with the angio-
genesis mechanism in MMD and MCA occlusion. 
Although our sample size is not so satisfactory; apelin-13 
might be a promising candidate for determining clinical 
prognosis in patients with ischemic stroke.

Abbreviations
MMD, moyamoya disease; MCA, middle cerebral artery; 
NO, nitric oxide; VEGF, vascular endothelial growth factor; 
CT, computed tomography; MRI, magnetic resonance ima-
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