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ORIGINAL ARTICLE

Circulating endothelial progenitor cells in Chinese

patients with acute stroke

Wei-jun Zhou!, Ding-liang Zhu'">>, Guo-yuan Yang?, Yi Zhang!>°, Hai-ya Wang!, Kai-da Ji!, Yi-ming Lu?

and Ping-jin Gaol?>

To test the hypothesis that a mobilization of endothelial progenitor cells (EPCs) occurs after acute cerebrovascular diseases, we
evaluated the number of EPCs in the process of acute stroke. A total of 203 individuals were examined, including 100 patients
with ischemic strokes, 36 patients with hemorrhagic strokes and 67 healthy controls. Ninety-eight patients were observed at
days 1, 7, 14 and 28 after acute stroke. Circulating EPCs were defined by the surface markers CD133/KDR and analyzed by
flow cytometry. Serum high sensitivity C-reactive protein (hs-CRP) concentrations were determined by particle-enhanced
immunonephelometry using the N high sensitivity CRP Reagent. Patients with acute stroke had lower numbers of EPCs

(0.037 £0.001/100 peripheral blood mononuclear cells (PMNCs) vs. 0.06 + 0.002/100 PMNCs, P<0.05) and higher levels
of serum hs-CRP (1.99 vs. 0.03 mg per 100 ml, P<0.05) than control subjects after adjusting for age, sex, body mass index
(BMI) and blood pressure. There were no differences in EPCs counts or serum hs-CRP levels between patients with ischemic
and hemorrhagic stroke. In univariate analyses, BMI, age, systolic blood pressure (SBP), diastolic blood pressure, low-density
lipoprotein (LDL), total cholesterol (T-cho), blood glucose and hs-CRP (P<0.001) were inversely correlated with EPCs counts.
Multivariate analyses showed SBP and total cholesterol as independent predictors of EPCs levels. The number of EPCs gradually
increased at day 7 after acute onset, remained elevated at day 14; and returned to baseline by day 28. Our results suggest a
possible contribution of circulating EPCs in acute stroke. SBP and total cholesterol are independent factors of reduced EPCs
numbers. A transient early increment of EPCs may result from the mobilization of EPCs in response to stroke stress.
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INTRODUCTION

Endothelial progenitor cells (EPCs) play a critical role in the patho-
physiology of different forms of cardiovascular diseases, including
hypertension, coronary artery disease, chronic heart failure, peripheral
artery diseases, diabetes and chronic renal failure. However, as the
structural and functional integrity of the endothelial monolayer
becomes detached after vascular injury, turnover and repair of
endothelial cells are thought to be maintained at a low basal replica-
tion rate. EPCs from peripheral blood were first isolated and char-
acterized in 1997.' Further studies suggested that peripheral blood-
derived EPCs had the potential to differentiate into endothelial cells
and to contribute to vascular repair and neovascularization after
ischemic tissue injury.>* At the same time, clinical studies demon-
strated that patients with cardiovascular risk factors and one of several
cardiovascular diseases had a low level of circulating EPCs.»> Acute
coronary syndromes and acute myocardial infarction are correlated
with elevated numbers of EPCs, indicating that EPCs could mobilize
in response to vascular trauma or tissue ischemia.® Therefore, it may

be speculated that conventional risk factors not only participate in
endothelial injury but also play a role in the impairment of EPCs,
thereby advancing the process of atherosclerosis.

Stroke, a growing pandemic, is a major cause of mortality and
disability worldwide. Coronary and cerebrovascular diseases, which
share the majority of the causal etiologies that result in endothelial cell
damage and arteriosclerosis, comprise the arterial obstructive
syndromes. Although EPCs have been extensively studied as a surro-
gate marker of vascular function, few data are available regarding the
relationship of EPCs with cerebrovascular diseases. EPCs have also
been shown to promote neovascularization in the ischemic brain after
experimentally induced stroke.’

Thus, the severity and pathogenesis of cerebrovascular diseases can
be estimated by measuring circulating numbers of EPCs. Precise
measurement of circulating EPCs provides a marker for cerebrovas-
cular function in the setting of stress. The established method of
quantifying circulating EPCs is by flow cytometry, using antibodies
against CD133 and KDR.®
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In this study, we evaluated the number of EPCs during the process
of acute stroke to test our hypothesis that the mobilization of EPCs
occurs after acute cerebrovascular stroke and is associated with
recovery of the repair process.

METHODS

Study subjects

All studies were IRB approved and patients gave informed consent. All patients
who suffered a stroke between October 2004 and March 2006 and visited the
Emergency Department of Ruijin Hospital Shanghai were enrolled in an ongoing
prospective registry that included clinical attributes and blood samples. A total of
136 patients with clinically suspected acute ischemic or hemorrhagic stroke
confirmed with CT or MRI scan after admission were included. The following
individuals were excluded from the study to reduce potentially confusing
influences on EPCs or high sensitivity C-reactive protein (hs-CRP): pre-menstrual
women, patients who had received a blood transfusion or surgery, patients with
bleeding, inflammation, ulcer, trauma, operation, malignant tumors, peripheral
vascular diseases, acute coronary syndrome, myocardial infarction, proliferative
retinopathy within 2 months, or recurrent acute stroke within 3 months. None of
the patients included in the study had been treated with statins or erythropoietin
in the preceding 2 months. Thirty patients were excluded and eight patients died
during follow-up; therefore, data from a total of 98 patients were analyzed. Sixty-
seven age- and gender-matched healthy volunteers were also studied. The
experimental protocol was approved by the ethics committee of Shanghai
Jiaotong University and informed consent was given by patients or their relatives.

Clinical variables

All patients were admitted to the acute stroke unit and underwent general
supportive care and treatment of acute complications in accordance with the
Guidelines of the Cerebrovascular Diseases, by the same stroke team.!0 The
patients’ characteristics were obtained from medical records with regard to the
history of hypertension, hypercholesterolemia, diabetes, alcohol consumption
and smoking. Participants underwent physical examination and blood tests to
assess cerebrovascular risk factors including age, gender, BMI, blood pressure,
blood glucose and total serum cholesterol.

Neurological assessment

Evaluation of physical function and neurological impairment of the stroke
patients was based on the Chinese Stroke Scale!! and the Modified Barthel
Score at days 1, 7, 14 and 28 after the onset of stroke.!?

Determination of the volume of an intracerebral hemorrhage

or intracerebral ischemia

The gold standard for approximating the volume of an intracerebral hemor-
rhage or intracerebral ischemia is direct volumetric measurement with imaging
software using CT scanner. The formula is V=4/3n(A/2)(B/2)(C/2). For n=3,
the formula becomes V=ABC/2, where A, B and C are the three dia-
meters.!>141> Subsequently, the window level and width were chosen so as to
obtain the best contrast between the lesion and the normal surrounding tissue;
each volume was calculated three times and the mean value was taken as
definitive. All neuroimaging evaluations were made by a neuroradiologist who
was blinded to the patients’ clinical and laboratory results.

Laboratory assessment

In addition to a full clinical assessment, ancillary examinations at days 1 and 14
after stroke were performed, including a complete blood count, hepatic and
renal function tests, blood glucose, total serum cholesterol, uric acid, electro-
cardiogram, brain CT scan and brain MRI, if necessary.

Determination of the serum concentrations of high sensitivity
C-reactive protein

To determine the serum hs-CRP concentration, peripheral blood was quanti-
fied once (interval 6 + 2 h) at 06:00 hours on days 1, 7, 14 and 28 after the onset
of stroke. Serum concentrations of hs-CRP were determined by particle-
enhanced immunonephelometry using N high sensitivity CRP reagent (Dade
Behring, Inc., Marburg, Germany).
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Assessment of circulating EPCs level by flow cytometry

To determine the number of EPCs, peripheral blood was quantified once
(interval 6 £2h) at 0600 hours on days 1, and 7, 14 and 28 after the onset of
stroke. One hundred fifty microliters of whole blood treated with heparin as an
anticoagulant was incubated for 30 min in the dark with APC-labeled mono-
clonal antibody against human KDR (R&D, Minneapolis, MN, USA) and
monoclonal antibody against human CD133 (MACS, Bergisch Gladbach,
Germany). Isotype-identical antibodies IgG1-PE and IgG1-APC (Becton
Dickinson, Franklin Lakes, NJ, USA) served as the controls. The analysis
was performed using a FACSCalibur flow cytometer with CellQuest software
(BD Pharmingen, San Diego, CA, USA). The viable lymphocyte population was
analyzed and each analysis included 60000 events. KDR was determined by
flow kilometric analysis using laser excitation of 620-650 nm and emitted
fluorescence was monitored with a detector optimized to collect peak emissions
at 660-670 nm. CD133 was determined using 488/575 nm excitation/emission
wavelengths. All assessments were performed by an investigator who was
blinded to the patients clinical and laboratory results.

Statistical Analysis

SPSS software was used for data analysis. Results were expressed as means * s.d.
The independent samples T test was used to compare the mean values of
variables clinical characteristic of two groups, whereas %> was used to compare
proportions. We used a logarithmic transformation of hs-CRP to meet the
demands of a normal frequency distribution, with a 95% confidence interval
for the mean. The comparison of EPCs and hs-CRP levels between stroke
patients and healthy controls was carried out using univariate analysis. The
interaction between the number of EPCs and various risk factors, as well as the
volume of an intracerebral hemorrhage or ischemia, was examined by bivariate
correlation. Multivariate stepwise regression analysis was used to test the
relationship between various risk factors and the number of EPCs. One-way
ANOVA was used to compare the mean values of the dynamic change in EPCs
number. P<0.05 indicated statistical significance.

RESULTS

Clinical characteristics of the study subjects

The 67 healthy controls had a mean age of 68 years and comprised
almost equal numbers of males (49%) and females (51%). A total of
136 patients with acute stroke were enrolled; 76 (56%) were male.
Patients presented with the following: 100 with acute ischemic stroke,
36 with hemorrhagic stroke with a history of hypertension (average 13
years), 16 with alcohol consumption, 21 cases with smoking, 26 cases
with diabetes, 21 cases with coronary heart disease and 42 cases with
hypertensive cardiopathy. The baseline characteristics of all 203 sub-
jects are summarized in Table 1. As expected, the stroke patients
displayed significantly higher risk factors; BMI, blood pressure,

Table 1 Clinical characteristics of the study population

Healthy N=67) Stroke N=136) P-value
Age (years) 70+9 7410 0.002
Sex, male (%) 33 (49%) 76 (56%) 0.373
Body mass index (Kgm=2) 22+3 24+3 <0.001
Systolic blood pressure (mm Hg) 107+13 160+ 23 <0.001
Diastolic blood pressure (mm Hg) 72+8 89+14 <0.001
Heart rate (beats per minute) 72+6 84+16 <0.001
White blood cell count (10°1-1) 6.3+1.5 8.7+3.1 <0.001
Blood glucose (mmol I-1) 4.7+0.9 6.3%2.0 <0.001
Triglyceride (mmol I-1) 1.10+0.28 1.68+0.77 <0.001
Cholesterol (mmol I-1) 4.03+£0.93 4.73+£1.15 <0.001
High-density lipoprotein (mmol I-1) 1.23+0.24 1.17+£0.29 0.107
Low-density lipoprotein (mmol I-1) 2.33+0.91 2.81+0.99 0.001

Independent samples t-test or Zz test.
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glucose, total cholesterol, low-density lipoprotein cholesterol and
triglyceride were all higher in stroke patients than in controls
(P<0.05).

Comparison of circulating EPCs and hs-CRP levels between stroke
patients and healthy controls
Univariate analyses, adjusted for age, gender, BMI and blood pressure,
were performed to compare the number of circulating EPCs and
hs-CRP. The control subjects had significantly higher levels of EPCs
and lower levels of hs-CRP compared with stroke patients (P<0.05,
Table 2). We further analyzed EPCs and CRP levels between cases of
hemorrhagic and ischemic stroke. We found that the number of EPCs
was lower in both hemorrhagic and ischemic stroke patients compared
with controls, but no significant difference was found between the
hemorrhagic and ischemic stroke groups.

No significant difference in the hs-CRP count was noted between
hemorrhagic and ischemic stroke groups (Table 2).

Correlation between cerebrovascular risk factors and EPCs

Using bivariate analysis for the entire cohort, the classic risk factors of
age, BMI, blood pressure, heart rate, blood glucose, total cholesterol,
low-density lipoprotein and hs-CRP were shown to be inversely
correlated with the number of circulating EPCs (Table 3). However,
multivariate analysis revealed that systolic blood pressure (SBP), total
cholesterol, triglyceride and age remained significant independent
predictors of a reduced number of EPCs (P<0.05, Table 4).
Discriminate function coefficients indicated that BMI, hypertension
history, SBP, total cholesterol, EPCs and hs-CRP are multivariate
predictors of the presence of stroke (Table 5).

The dynamic change in circulating EPCs in patients with stroke
To investigate whether the number of EPCs would change after stroke,

Table 2 Circulating EPCs and hs-CRP levels

hs-CRP (mg per

Number EPCs (in %) P-value 100 ml) P-value

Healthy 67 0.060+0.002 0.03 (0.02-0.04)

Stroke 136 0.037+0.001 <0.001 1.99(1.67-2.39) <0.001
Hemorrhagic stroke 36 0.036+0.002 0.003 1.90 (1.54-2.35) <0.001
Ischemic stroke 100 0.041+0.003 0.004 2.26 (1.60-3.19) <0.001

Analysis of univariate adjusted for age, sex body mass index and blood pressure.

Table 3 Bivariate correlation between cerebrovascular risk factors

EPCs (N=203) r P-value
Age (years) —0.366 <0.001
Body mass index (kgm~—2) -0.252 <0.001
Systolic blood pressure (mm Hg) -0.787 <0.001
Diastolic blood pressure (mm Hg) —0.555 <0.001
Heart rate (beats per minute) -0.285 <0.001
Hs-CRP(mg per 100 ml) —0.605 <0.001
White blood cell count (x10°1-1) -0.140 <0.001
Blood glucose (mmol I-1) —-0.415 <0.001
Triglyceride (mmol 1-1) -0.516 <0.001
Cholesterol (mmol I-1) -0.577 <0.001
Low-density lipoprotein (mmol I-1) -0.437 <0.001
Creatinine (umol 1-1) -0.170 0.016
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we observed the changes in circulating EPCs levels during the course
of stroke progression by detecting the number of EPCs every week for
4 weeks. Interestingly, we found a transient increment of EPCs on day
7 following stroke, and subsequently the number of EPCs was slowly
reduced through day 28 (Figure 1).

Relationships between the number of EPCs and modified stroke
scale on days 1, 7, 14 and 28 after acute stroke

There was no statistical difference in the number of EPCs among
stroke patients when using either the Chinese Stroke scale or the
Barthel Score on days 1, 7, 14 or 28 after acute stroke (data not
shown). The relationship between the patients’ levels of EPCs and the
volume of an intracerebral hemorrhage or ischemia is shown in
Table 6.

Table 4 Multivariate correlation between cerebrovascular risk factors

EPCs (N=203) Btse. P-value
Systolic blood pressure (+10 mm Hg) —0.004 <0.001
T-cho (mmol I-1) —0.004 <0.001
TG (mmol I-1) —0.003 0.046
Age (=10 years) -0.002 0.027
Table 5 Multivariate predictors of the presence of stroke:
discriminant function coefficients
Control Stroke
BMI (kgm2) 2.164 2.564
Hypertension history 0.093 0.279
SBP (mm Hg) 0.577 0.694
T-cho (mmol I-1) 2.088 0.271
EPC (in %) 971.555 872.111
Hs-CRP (mg per 100 ml) 0.266 0.720
0.14 - *
e 0.12
£
O -
Q 0.10
E
— 0.08 A *
N
o
a
X 0.06 -
n
4]
™
Ao 0.04 4
O
0.02 A
0 -

Day1 Day7 Day14 Day28

Figure 1 Bar graph shows the time course of circulating EPCs in stroke
patients. EPCs are demonstrated by cell sorting (CD133 and KDR positive).
N=98 in each time point, *P<0.05, vs. EPCs number in day one.



Table 6 Relationships between EPCs number and volume in study
subjects

Stroke Ischemia Hemorrhage
(N=113) (N=81) (N=32)
EPCs (in %) 0.03+0.01 0.03+0.01 0.04+0.02
Stroke volume (cm?3) 19.51+20.70 16.95+20.42 26.01+20.30
Correlation coefficients (r) —0.058 -0.131 -0.029

DISCUSSION

This study of the number of circulating EPCs in patients after acute
stroke produced several clinically striking results. In our study, we
used a simple and precise method to quantify the number of
circulating EPCs during the process of acute stroke and evaluate the
relationship of this number to several risk factors. We demonstrated
that the level of circulating EPCs was significantly lower in patients
with acute stroke than in control subjects; in particular, the number of
circulating EPCs changed following a time course after the occurrence
of stroke. Multivariate analyses revealed that SBP and total cholesterol
are independent predictors of EPCs levels.

Our previous study suggested that the number of circulating EPCs
was significantly reduced in patients with coronary artery disease
compared with control subjects.!® In this study, we showed that the
number of circulating EPCs was lower in patients with cerebrovascular
disease 24 hours after acute stroke than in control subjects. Our
findings are consistent with previous reports and further support the
idea that the number of EPCs is usually decreased in patients with
cerebrovascular disease.!”

Our study is the first to show that the levels of circulating EPCs are
correlated with cerebral hemorrhage in a clinical setting, although
more compelling evidence indicates that EPCs numbers are decreased
in patients with cerebral infarction.!” Interestingly, despite the differ-
ent pathogenesis of cerebral hemorrhage and infarction, there were no
differences in EPCs counts between patients experiencing ischemic or
hemorrhagic stroke. Recent studies provide evidence that the number
of EPCs is a surrogate marker of vascular injury because it decreases in
subjects with cardiovascular risks, such as hypercholesterolemia,
hypertension and diabetes.*> The same result was observed with
serum hs-CRP, which has been suggested as an inflammatory para-
meter in patients with a cerebrovascular attack.!81%20

Because EPCs mobilization from bone marrow may occur following
acute stroke, we hypothesized that the number of EPCs would change
during the course of stroke. We therefore monitored circulating EPCs
levels during the course of stroke progression. Interestingly, we found
that the number of EPCs gradually increased through day 7 after acute
onset, remained significantly higher until day 14 and returned to
baseline by day 28. Although an earlier study that included only
a small group of patients had findings similar to the present study,! the
authors did not investigate the dynamic change in circulating EPCs in
patients with hemorrhagic stroke. Therefore, our findings are the first to
suggest that EPCs are mobilized to the peripheral blood in response to
vascular trauma and may enhance the repair of damaged vessels.>>

Another important finding of this study was that the classic
cerebrovascular risk factors of BMI, age, blood pressure, blood
glucose, total cholesterol, low-density lipoprotein and hs-CRP were
inversely correlated with the number of circulating EPCs. Particularly,
a significant correlation between the hs-CRP concentration and the
number of EPCs in stroke patients has not been reported in a clinical
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study; this lack of correlation suggests that inflammation may poten-
tially correlate with the level of EPCs. An in vitro experiment showed
that CRP significantly reduced the number of EPC cells.?? Inhibition
of the expression of endothelial cell-specific markers significantly
increases EPCs apoptosis and impairs EPC-induced angiogenesis.??
Furthermore, multiple logistic regression analysis showed that SBP
and total cholesterol were independent predictors of EPC number.
The mechanisms by which risk factors reduce EPC numbers remain to
be determined. Many risk factors, including hypertension and
hypercholesterolemia, could impair the functional integrity of the
endothelial monolayer, which could lead to an eventual depletion or
exhaustion of a presumed finite supply of EPCs.?>24

Although the present study did not document the level of circulat-
ing EPCs as an independent predictor of future stroke, we found that
many risk factors, especially EPCs taken together with SBP, BMI,
hypertension history, total cholesterol and hs-CRP, are multivariate
predictors as revealed by discriminate function coefficients suggest the
possibility of a stroke. Thus, monitoring the level of circulating EPCs
may be particularly useful for identifying the presence of ongoing risk
factor-induced endothelial injury.

The reduction of EPCs following stroke may be secondary to a
variety of mechanisms.?>?¢ Potential impairments in EPCs production
and mobilization and continuous exhaustion of circulating EPCs in
stroke patients warrant further investigation. The impact of the level of
circulating EPCs on clinical outcomes after stroke is uncertain. We did
not find a prognostic effect of EPCs, either through the effect of EPCs
increment on neurological outcome or the infarct volume, although a
greater increase in circulating EPCs was seen during the first week.
This increase in circulating EPCs is independently associated with a
better clinical outcome in acute ischemic stroke patients.”” Another
study found that a low level of circulating EPCs at 48 h after ischemic
stroke was strongly and independently predictive of severe neurologi-
cal impairment.28 However, we did not find such a correlation of
circulating EPCs with the Chinese Stroke scale or the Barthel Score.
Possible reasons for these discrepancies may include differences in the
study subjects and the surface markers of EPCs used. In this study,
patients with potential influences on the number of EPCs or hs-CRP
were excluded.??303! Furthermore, EPCs identified as CD133/KDR
double-positive cells are more likely to reflect immature
progenitor cells. The mechanisms by which risk factors reduce the
number of circulating EPCs remain to be elucidated. Some of
these factors were associated with a smaller increase of EPCs
during the study, so we cannot completely rule out a confounding
effect of these related variables. No correlation was noted between the
number of circulating EPCs and the volume of an intracerebral
hemorrhage or ischemia. This may be caused by multiple risk factors
and cell types contributing to the progression of vascular lesions in
major arteries.

One limitation of the present study was the short observation time
(28 days following stroke) of the participants. Moreover, we did not
test the functional activity of the EPCs, which may not result in
sufficient information to fully evaluate the effects of acute cerebro-
vascular disease on circulating EPCs. Whether circulating EPCs are
able to incorporate into brain ischemic areas and promote regenera-
tive angiogenesis and neurogenesis in humans requires further study.
A larger cohort with cerebrovascular diseases could establish a prog-
nostic value of EPCs in stroke patients and better inform therapy.
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