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Abstract
Objective—We characterized the state of the vascular endothelium in pediatric obesity by
comparing circulating endothelial cell (CEC) number and activation phenotype in severely obese
children to normal weight, overweight, and obese children.

Study design—We used immunohistochemical examination of buffy-coat smears to enumerate
CEC and immunofluorescence microscopy to quantify activated CEC in 107 children and
adolescents. Normal weight (body mass index [BMI] <85th percentile; N=40), overweight (BMI
85th-<95th percentile; N=17), and obese (BMI 95th-<99th percentile; N=23) participants were
recruited from a longitudinal study. Severely obese (BMI ≥99th percentile; N=27) participants were
recruited from a pediatric obesity clinic. Group means (adiposity; systolic blood pressure [SBP]
quartiles) were compared with general linear models, adjusted for sex, age, and race. Pearson
correlations characterized relations of CEC with cardiovascular risk factors.

Results—Activated CEC increased across BMI groups (p<0.002) and SBP quartiles (p<0.05). CEC
number and activated CEC were highest in the severely obese group. CEC number was significantly
associated with SBP, diastolic blood pressure, and triglycerides. Activated CEC were significantly
associated with SBP and HDL-cholesterol.

Conclusions—The vascular endothelium was activated in relation to excess adiposity, particularly
in the severely obese, and to elevated SBP in children and adolescents.
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One of the fastest growing obesity categories in children is severe obesity, defined as an age-
and sex-specific body mass index (BMI) ≥ 99th percentile. Recent data indicate a 300% increase
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in severe obesity in the U.S. pediatric population since 1976, with a reported prevalence of
3.8% between 1999-2004.1;2 There is a relative paucity of data in the most extreme forms of
obesity. Specifically, few studies have described the cardiovascular risk factor profile, and
even fewer have attempted to characterize the vascular status of severely obese children and
adolescents.

Perturbation of the vascular endothelium is one of the earliest manifestations of atherosclerosis
and is considered a seminal event in its initiation.3 Whole blood circulating endothelial cells
(CEC) have detached from the vascular wall and are thought to reflect structural damage and
injury to the endothelial layer. Higher numbers may represent more advanced damage to the
vascular endothelium.4 In addition to enumeration, CEC phenotype can be characterized by
quantifying the surface expression of endothelial biomarkers such as vascular cell adhesion
molecule-1 (VCAM-1) to determine whether or not cells are activated (activated CEC).5
Increased numbers of CEC have been demonstrated in various vascular diseases and
pathological conditions such as peripheral vascular disease,6 sickle cell anemia,7 acute
myocardial infarction and angina pectoris,8 acute coronary syndrome,5 Kawasaki disease,9
systemic inflammation,10 and pulmonary hypertension.11 Importantly, CEC predict future
cardiovascular events in individuals with cardiac disease, independent of conventional
cardiovascular disease risk factors.12-14 Therefore, we evaluated CEC across a spectrum of
adiposity in children and adolescents in order to describe the magnitude of endothelial
activation in relation to obesity.

Methods
This cross-sectional study included 107 children and adolescents (age = 13.1 ± 3.8, range 6-22
years; 68 males) who were categorized (following testing) into four adiposity groups based on
age- and sex-specific BMI percentiles. Participants in the normal weight BMI < 85th percentile;
N = 40), overweight (BMI 85th-<95th percentile; N = 17), and obese (BMI 95th-<99th

percentile; N = 23) groups were consecutively enrolled over a period of approximately one
year from a longitudinal cohort study investigating the early development of obesity, insulin
resistance, and other cardiovascular risk factors. The severely obese (BMI ≥ 99th percentile;
N = 27) group was comprised of children and adolescents initially entering the University of
Minnesota Pediatric Weight Management Clinic who were consecutively enrolled over the
same period of time. No behavioral or drug therapies had yet been initiated in these individuals.
All subjects in this study were invited to participate (no exclusion criteria were used). The
protocol was approved by the University of Minnesota Institutional Review Board and consent/
assent was obtained from parents/participants. Measures were obtained after participants had
been fasting ≥10 hours.

Height and weight were obtained using a standard stadiometer and electronic scale,
respectively. Waist and hip circumferences were measured to the nearest 0.5 cm. Seated blood
pressure was obtained after five minutes of quiet rest, in the right arm using an automatic
sphygmomanometer. Fasting lipid profile, glucose, and insulin assays were conducted with
standard procedures at the Fairview Diagnostic Laboratories, Fairview-University Medical
Center (Minneapolis, MN), a Centers for Disease Control and Prevention–certified laboratory.

Blood samples were collected from patients in Vacutainer tubes (BD Vacutainer Systems,
Franklin Lakes, NJ) containing EDTA and were processed immediately for study. CEC
analyses were performed in the University of Minnesota Vascular Biology Center as previously
described in detail.7;15 For CEC enumeration we used immunohistochemical examination of
buffy-coat smears prepared by centrifugation of 1 ml of whole blood placed on
Histopague-1077 (Sigma). The antibodies used for staining were specific mouse anti-
endothelial P1H12 (anti-CD146), with secondary anti-mouse alkaline phosphatase conjugated
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antibody (Jackson IRL, Westgrove, PA), and visualized using alkaline phosphatase Fast Red
substrate (Vector, Burlingame, CA). Cells positive for P1H12 (CEC) on the smear were
counted under a light microscope. The results were expressed as the number of CEC per 1 mL
of peripheral whole blood.

The surface phenotyping was achieved by applying immunofluorescent staining to
preparations of CEC. In this case, the isolation of CEC was performed by mixing whole blood
with immunomagnetic beads (Dynal Oslo, Norway) coated with P1H12 antibody. The beads
with CEC attached were spun down using cytospin centrifuge. The panel of antibodies used
for double staining included mouse P1H12 (endothelial marker), rabbit anti-VCAM-1 (Santa
Cruz, CA), anti-mouse FITC labeled and anti-rabbit TRITC labeled (both from Jackson IRL,
Westgrove, PA). Nuclei were counterstained using DAPI.

Slides were viewed under a fluorescent microscope and the results represented a percentage
of VCAM-1 positive (activated) CEC among the total population of CEC.

Reproducibility was assessed for CEC enumeration and activation phenotyping in a subset (N
= 10) of samples from this study. The coefficients of variation for CEC number and percent
activated CEC were 25% and 5%, respectively.

Means across BMI groups (normal weight, overweight, obese, severely obese) were compared
with general linear model analysis (GLM procedure, SPSS version 16.0 - SPSS, Inc., Chicago,
IL, USA), adjusted for sex, age, and race. The entire sample (N = 107) was grouped by SBP
quartile and means across groups were compared with general linear model or Pearson
correlation analysis, adjusted for sex, age, race, and BMI. Multivariate linear regression
analyses, adjusted for sex, age, and race, were performed to evaluate relations of CEC number
and percent of activated cells with cardiovascular risk factors in the entire sample. Statistical
significance was considered p < 0.05. Data are presented as mean ± standard deviation.

Results
Clinical variables and CEC values by BMI groups are shown in Table I. Age and sex
distribution were similar in all four groups. By design, there was a significant graded increase
in BMI and waist circumference across groups. Systolic blood pressure (SBP), diastolic blood
pressure (DBP), total cholesterol, LDL-cholesterol, triglycerides, and insulin significantly
increased across groups, and HDL-cholesterol significantly decreased. CEC number did not
vary significantly across BMI groups, although it was highest in the severely obese group and
was almost double the value of the next highest group (CEC number in the entire sample ranged
from 0-4 cells per mL). Activated CEC significantly increased across groups and the highest
values were observed in the severely obese group (Figure, A).

Although Table I showed some deviation from a consistent linear relation, CEC number and
continuous BMI were significantly correlated (Table II), computed across the entire sample.
CEC number was significantly associated with waist circumference, SBP, DBP, and
triglycerides. Activated CEC were significantly correlated with continuous BMI, waist
circumference, SBP, and inversely with HDL-cholesterol (Table III) across the entire sample.

Of all the cardiovascular risk factors, SBP was the most closely associated with CEC; therefore,
we chose to explore this relation further by separating the entire sample (N = 107) into SBP
quartiles. The analysis was adjusted for BMI to address whether associations were independent
of level of adiposity. Ranges of SBP in each quartile of SBP were as follows: quartile 1 = 84-99
mmHg (N = 23); quartile 2 = 100-108 mmHg (N = 30); quartile 3 = 109-117 mmHg (N = 27);
quartile 4 = 118-150 mmHg (N = 27). There were no significant differences across SBP quartile
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for CEC number. However, activated CEC increased across groups, independent of BMI
(Figure, B).

Discussion
Despite being the fastest growing category of obesity in youth, little is known about the status
of the vasculature in the context of severe pediatric obesity. Utilizing ex vivo endothelial
vehicles originating from the vascular wall, we show that the endothelium is activated in the
context of excess adiposity in children and adolescents, most extremely in the severely obese,
and that the magnitude of endothelial activation is associated with the levels of many
cardiovascular risk factors (blood pressure, triglycerides, and HDL-cholesterol). In particular,
SBP, independent of level of adiposity, was significantly associated with activated CEC.

Since the endothelium is inaccessible in human subjects, non-invasive surrogate measures of
endothelial function have been developed and are routinely used in studies of pediatric obesity.
16-24 Despite the value of quantifying endothelial function as a metric of vascular risk, more
direct measures of endothelial cell biology may offer an opportunity to explore the status of
the endothelium at a different level. Since they originate from the vessel wall, CEC may be the
closest representation of in situ endothelial biology that can be obtained non-invasively in
human subjects. Our data, demonstrating associations of CEC with adiposity and multiple
cardiovascular risk factors (particularly SBP) in children and adolescents, provide initial
support for their potential use in pediatric research studies as a method of quantifying
endothelial activation.

Our finding of substantial endothelial activation in severely obese children are in line with
reports suggesting that the number and levels of cardiovascular risk factors are considerably
higher in severe pediatric obesity compared with those associated with milder forms of obesity.
25-27 Most notably, data from the Bogalusa Heart Study showed that 19% of overweight
children (BMI ≥85th-94th percentile) had at least two cardiovascular disease risk factors
compared with 39% of children classified as obese (BMI ≥95th percentile).27 Strikingly, this
percentage jumped to 59% in children classified as severely obese (BMI ≥99th percentile).
Moreover, approximately 84% of the severely obese children in this study had at least one
cardiovascular disease risk factor. To our knowledge, the only study to evaluate vascular
structure and function in severely obese children showed that FMD was lower, and carotid
artery stiffness was higher, in severely obese versus lean controls.18 However, no comparisons
were made with overweight and/or obese children to establish the magnitude of vascular risk
in the context of severe pediatric obesity compared with milder forms of excess adiposity.

Although mean levels of activated CEC were higher in the overweight and obese groups
compared with the normal weight controls, a markedly higher level was observed in the
severely obese group. Indeed, the level of activated CEC in this group was similar to levels
previously reported in adult patients with sickle cell anemia (84% vs. 85%, respectively), a
condition known to be associated with extreme endothelial activation.7 Although our results
need to be confirmed in future studies with larger sample sizes, the current data suggest that
severe pediatric obesity may be a state of advanced endothelial cell activation, particularly in
the presence of elevated SBP. These findings should be considered in light of the fact that most
severely obese children become morbidly obese adults.27 At this time it is unclear what
mechanisms may be mediating the increased activation of CEC in pediatric obesity. However,
the significant correlations of activated CEC with SBP and HDL cholesterol suggest that
mechanical stress (SBP) and dyslipidemia (HDL cholesterol) could potentially be mediating
factors.
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Some limitations of the current study merit discussion. Our study was cross-sectional in design;
therefore, we were not able to address the potential role of CEC in risk prediction and possible
association with cardiovascular outcomes. We did not perform formal power calculations
because, according to our knowledge, CEC have not been adequately evaluated in children. A
larger sample size would have provided greater statistical power. We did not perform Tanner
stage assessments and therefore cannot confirm that pubertal development was equivalent
across groups. No assessments of dietary intake or physical activity patterns were performed.
It is likely that behavioral factors differed across groups. Together, the aforementioned issues
may explain some of the variability observed in the measures (particularly CEC number).

CEC may be a useful vascular endpoint in pediatric studies. Further work will be required to
define pediatric norms for CEC and to evaluate CEC in relation to more widely used vascular
methods such as brachial artery FMD, measures of arterial stiffness, and quantification of
carotid artery intima-media thickness.
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Figure.
A, Activated CEC across BMI groups in children and adolescents. B, Activated CEC by SBP
Quartile in children and adolescents.
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Table 2

Correlation of CEC number with Cardiovascular Risk Factors

Variable Correlation Coefficient P-Value

BMI (kg/m2) r = 0.21 0.030

Waist Circumference (cm) r = 0.24 0.014

SBP (mmHg) r = 0.28 0.005

DBP (mmHg) r = 0.25 0.010

Total Cholesterol (mg/dL) r = 0.17 0.093

LDL-cholesterol (mg/dL) r = 0.18 0.077

HDL-cholesterol (mg/dL) r = −0.14 0.176

Triglycerides (mg/dL) r = 0.20 0.043

Glucose (mg/dL) r = −0.03 0.799

Insulin (mU/L) r = 0.11 0.323

P-values are adjusted for sex, age, and race.
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Table 3

Correlation of Activated CEC with Cardiovascular Risk Factors

Variable Correlation Coefficient P-Value

BMI (kg/m2) r = 0.36 <0.001

Waist Circumference (cm) r = 0.37 <0.001

SBP (mmHg) r = 0.38 <0.001

DBP (mmHg) r = 0.17 0.089

Total Cholesterol (mg/dL) r = 0.11 0.299

LDL-cholesterol (mg/dL) r = 0.18 0.070

HDL-cholesterol (mg/dL) r = −0.24 0.017

Triglycerides (mg/dL) r = 0.14 0.178

Glucose (mg/dL) r = 0.03 0.753

Insulin (mU/L) r = −0.04 0.735

P-values are adjusted for sex, age, and race.
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