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Background: The balance between endothelial injury and 
repair in childhood is poorly understood. We examined this 
relationship in healthy children, in adults, and in children with 
familial hypercholesterolemia (Fh).
Methods: circulating endothelial cells (cecs) were measured 
as a marker of vascular injury, with vascular repair assessed by 
counting colony-forming units (cFUs), also known as endothe-
lial progenitor cells.
results: cec number increased with age. children with Fh 
had elevated cecs as compared with healthy children, with 
similar levels numerically to those found in healthy adults. cFU 
numbers were higher in healthy children than either healthy 
adults or children with Fh. endothelium-dependent vascular 
function, measured by flow-mediated dilatations, was posi-
tively associated with cFU number, even after adjustment for 
confounding risk variables.
conclusion: Levels of cecs increase and cFUs decrease 
with age. In childhood, before the onset of clinically detectable 
cardiovascular dysfunction, children with a major risk factor for 
atherosclerotic disease have levels of these indexes of vascular 
injury and repair approaching those seen in adults.

although atherosclerosis has long been regarded as a degen-
erative disorder associated with aging (1), considerable 

evidence now demonstrates that the underlying pathological 
process is highly modifiable and amenable to prevention. The 
vascular damage begins in childhood and develops silently 
for decades before clinical events such as myocardial infarc-
tion or stroke occur (2). Although clinical events rarely occur 
during childhood, subclinical atherosclerosis and the health of 
the vascular wall can be reliably detected at this early stage by 
noninvasive measures such as flow-mediated vasodilatation 
(FMD) and levels of circulating mature endothelial cells and 
endothelial microparticles in blood (3–5). This early progres-
sion, however, exists as a delicate balance between vascular 
endothelial injury and the endogenous ability to repair this 
damage.

Circulating cholesterol, particularly the low-density lipopro-
tein (LDL) cholesterol, is one factor that maintains a strong, 
continuous association with cardiovascular risk (6) from 

childhood onward, even at low concentrations. Only modest 
increases are typically seen in early life in relation to dietary 
habits, sedentary lifestyle, and obesity. More extreme eleva-
tion in cholesterol level during childhood is usually the conse-
quence of genetic abnormalities (7).

A population of immature cells with the potential to recog-
nize and repair sites of endothelial injury, identified in blood, 
may act as endogenous vascular repair mechanisms offsetting 
the damaging effect of risk factors (RFs) on the endothelium, 
potentially attenuating atherogenesis. These cells have been 
labeled as endothelial progenitor cells (EPCs) (8), and although 
the literature variably describes heterogeneous populations 
of cells, the exposure to RFs consistently appears to have an 
adverse impact on them. EPC number is not only associated 
with endothelium-dependent vasodilatation but is also predic-
tive of cardiovascular prognosis independently of the conven-
tional RF profile in higher risk patients (9–11).

Indeed, elevated levels of circulating LDL cholesterol in 
animals and adults with dyslipidemia are associated with 
decreased EPC number and function (12–14) that can increase 
following statin therapy and cholesterol reduction by nonphar-
macological measures (15).

Currently, the role of these putative EPCs in childhood is not 
known, nor is it known how exposure to RFs during childhood 
influences their biology. We hypothesized that RFs for athero-
sclerosis, specifically aging and hypercholesterolemia, adversely 
affect the balance between vascular injury and repair.

In this study, we report changes in biomarkers of endothelial 
injury and repair in relation to age, hypercholesterolemia, and 
vascular function.

Results
Relationship Between Age and Cellular and Vascular Parameters 
in Healthy Subjects
We studied 26 healthy children aged 10–18 y and 82 healthy 
adults aged 18–67 y. The baseline characteristics are summa-
rized in Table 1. Systolic and diastolic blood pressure (BP); 
levels of total, LDL, and high-density lipoprotein choles-
terol; and levels of triglycerides increased modestly with age 
(Table 1).
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Relationship Between Number of Colony-Forming Units and Age
Colony-forming units (CFUs) were measured in 20 children 
and in 66 adults (Figure 1a). There was a significant correla-
tion between CFU number and age (r = −0.29, P = 0.038) in the 
whole population (Figure 2a). Children had higher CFU num-
bers than adults (39 (13–59); 20 (9–31), P = 0.012, median ± 
interquartile range; children and adults, respectively).

Weight, waist size, glucose concentration, systolic and dia-
stolic BP, and total, LDL, and high-density lipoprotein cho-
lesterol levels did not correlate with CFU number. However, 
triglyceride (r = −0.28, P = 0.011) and LDL levels (r = −0.31, 
P = 0.005) correlated with CFU number. Moreover, the inverse 
relationship between CFU number and age remained after 
multivariable adjustment (β = −0.32, P = 0.03).

Relationship Between Number of Circulating Endothelial Cells 
and Age
Circulating endothelial cell (CEC) number increased with 
age in the entire cohort (r = 0.44, P < 0.005). CEC numbers 
were also greater in adults than in children (44 (17–80) vs. 
16 (14–32) median ± interquartile range; children vs. adults, 
respectively, P < 0.001) (Figure 3). The relationship between 
age and CEC number in healthy subjects remained after multi-
variable adjustment for vascular RFs, (β = 0.703, P < 0.001).

Relationships Between Age, Vascular Measures, CFU Number, 
and CEC Number
To explore these relationships across the whole cohort, multi-
ple regression analyses were conducted. A strong inverse rela-
tionship between FMD and age existed in the entire cohort, 
including children, after adjusting for baseline arterial diam-
eter as well as gender and modifiable RFs in the model (β= 
0.453, P < 0.001).

A significant relationship was observed between CFU and 
FMD in the whole cohort (r = 0.238, P = 0.038) (Figure 2b), 
which remained after multivariable adjustment for RFs and 
baseline brachial artery diameter (β = 0.245, P = 0.019). 
However, no relationship was observed between CEC levels 
and FMD.

The Influence of Familial Hypercholesterolemia on Vascular 
and Cellular Parameters in Childhood
We studied 26 control children, eight of whom were unaffected 
siblings of FH patients, and 29 children with FH. Baseline 
characteristics are summarized in Table 2. Total and LDL cho-
lesterol levels were greatly elevated and systolic BP was slightly 
higher in FH children.

CFU Number and CEC Number in Childhood FH
CFU numbers were greatly reduced in the FH group as  compared 
with healthy children (12 (4–36) vs. 39 (13–59), median ± 
 interquartile range, respectively, P = 0.028) (Figure 4a). More-
over, multivariable analyses demonstrated a significant associa-
tion between CFU and FH after adjusting for age, gender, and 
BP in the model (β = 0.357, P = 0.045).

Children with FH also had elevated CEC levels as compared 
with age-matched controls (36 (16–161) vs. 16 (14–32), median 
± interquartile range, respectively, P = 0.031) (Figure 4b).

Relationships Between Vascular Measures, CFU Number, and CEC 
Number in Childhood Familial Hypercholesterolemia
FMD was similar in healthy children and those with FH (6.9 
(4.3–8.4) vs. 7.0 (3.7–9.67), P = 0.79, median ± interquartile 
range, respectively). No relationships between CFU number, 
CEC number, and vascular parameters were found in children 
with FH.

DIsCussIoN
Our study is the first to examine the relationships between CFU 
number, CEC number, and vascular dysfunction in healthy 
aging from childhood to adulthood and in children with FH. 
We have shown that the number of EPCs declines with age with 
a concomitant increase in CEC number, a recognized marker 
of endothelial injury. Consistent with previous data in adults 
with a range of RFs, we also found an independent relationship 
between CFU number and endothelial function in a healthy 
population, including children. This is in agreement with the 
concept that maintaining the balance between vascular injury 
and repair becomes more challenging with advancing age.

We have also found that children with FH have CFU and 
CEC levels similar to those found in adults, implying that expo-
sure to this vascular RF has an adverse impact on endothelial 
homeostasis even at an early stage of life. Although our sample 
number is relatively small, the only RF that differed between 
healthy and FH children was the LDL cholesterol level, sug-
gesting that this RF alone is sufficient to account for the raised 
CEC counts in FH children that were similar to the levels in 
adult participants, who have greater risk of cardiovascular dis-
ease risk than control children.

table 1. Baseline characteristics of healthy volunteers

Group (age, y)

P valueChild (10–18) Adult (19–67)

Age median 
(interquartile range)

14 (12–16) 42 (31–51)

Number of subjects 26 82

Gender (% male) 34 37

WHR 0.8 ± 0.03 0.83 ± 0.02 0.33

Glucose, mmol/l 4.7± 0.06 4.9 ± 0.06 0.133

total cholesterol, mmol/l 4.1 ± 0.13 4.9 ± 0.1 <0.001*

lDl cholesterol, mmol/l 2.41 ± 0.11 2.94 ± 0.09 0.001*

HDl cholesterol, mmol/l 1.34 ± 0.06 1.53 ± 0.05 0.012*

triglycerides, mmol/l 0.72 (0.65–0.92) 0.85 (0.72–1.21) 0.001*

systolic BP, mm Hg 104 ± 1.87 117.8 ± 1.6 <0.001*

Diastolic BP, mm Hg 60.5 ± 1.5 71.0 ± 1.04 <0.001*

Values represent mean ± SeM; age values represent median ± interquartile range. Values 
compared between 10–18 and 19–67 y-old age groups. Unpaired t-test between child 
age group and adult age group.

BP, blood pressure; hDL, high-density lipoprotein; LDL, low-density lipoprotein; WhR, 
waist–hip ratio.

*Significant differences between child and adult age groups, P < 0.05.
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There are still very limited data on these markers of endothe-
lial damage and repair in healthy children. Our data are consis-
tent with, and extend the implications of, previous studies that 
have demonstrated a decrease in CFU number with age (16) 
and shown increased concentrations of circulating angiogenic 
cell populations in children (17). Our data also demonstrate 
that with hypercholesterolemia, CFU numbers are lower in 
children with FH than in healthy age-matched children and 
are of a similar level to those seen in adults.

There is considerable controversy surrounding the true 
nature of EPCs and the significance of their numbers in 
humans. Since they were first discovered (18), a number of 
distinct populations of EPCs have been identified and defined. 
The phenotpye of our colonies was found be composed of 
hematopoietic cells enriched with T cells and monocytes/mac-
rophages (data not shown) and is therefore an assay to measure 
cell–cell interactions rather than a postnatal primary vasculo-
genic cell population (8,19).

In humans, it has been difficult to definitively demonstrate that 
EPCs of any phenotype directly replace endothelial cells in vivo, 
although cells of recipient origin have been identified within 
the coronary arterial endothelium in biopsy samples from heart 
transplant patients (20). Moreover, the absence of bone mar-
row–derived cells in the endothelium of atherosclerotic mouse 
plaques in a bone marrow transplant model has recently called 
into question how EPCs contribute to endothelial maintenance 
in vivo (21) despite evidence that cell transplantation accelerates 
endothelial healing in vascular injury models (22).

Nonetheless, the morphological identification of the CFUs 
or CFU endothelial cells (23) used here has been consistently 
identified as a predictive biomarker for disease (9,10).

Indeed, our observations that CFU numbers fall from child-
hood into adulthood and that children with FH have fewer 

a b

Figure 1. enumeration of cell types. (a) Immunomagnetic beads coated with CD146 were incubated with whole blood, then adherent cells stained with 
fluorescein isothiocyanate–conjugated ulex. ulex bright cells with more than five beads attached and >10 µm in size were considered as circulating 
endothelial cells. (b) Phase-contrast image of a colony-forming unit (CFu). Nonadherent cells were selected from peripheral blood mononuclear cells 
cultured for 2 d. they were grown in culture medium supplemented with cytokines and growth factors at 37 °C and 5% Co2 for 7 d, and CFus were then 
counted.
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Figure 2. Alterations in colony-forming unit (CFu) number with age and with % flow-mediated vasodilatation (FMD) in healthy subjects. (a) CFus 
decreased with age starting from the age of 10 to 67 y (r = −0.287, *P = 0.007). Furthermore, (b) the increase in CFu number was associated with an 
 augmented ability to vasodilatate (%FMD) (r = 0.238, *P = 0.038).
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Figure 3. Alterations in circulating endothelial cell (CeC) number with age 
in healthy subjects. CeC number, which is known to represent endothelial 
damage and apoptosis, was greater in adults (19–67 y) than in children 
(10–18 y) 44 (17–80) vs. 16 (14–32) median ± interquartile range; children 
vs. adults, respectively; *P < 0.001 represents significant difference 
between adults and children.
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CFUs are consistent with the opinion that an increased vas-
cular risk with aging and early exposure to lipid abnormalities 
may in part be explained by reduced CFU numbers (3,12). It 
has also been suggested that the phenotype of these cells may 
be altered following chronic exposure to LDL, supported by 
data from in vitro studies demonstrating augmented senes-
cence and a decreased capacity to form tubules in the presence 
of oxidized LDL (13,14).

Studies in adults have consistently demonstrated a strong 
association between classical RFs and the numbers of both 
CFUs and CECs, suggesting a relevant biological link between 
RFs, these cells, and progression of vascular injury (9,10,12,24–
28), although the causal relationship and extent of residual 
confounding by other influences remain to be determined.

Numbers of CECs increased with healthy aging from child-
hood and with childhood FH in our study, extending previ-
ous observations in healthy adults (29). There are a number 

of different ways of measuring CECs, and comparing absolute 
numbers of CECs between different studies can be problem-
atic because of the inherent variability in the techniques used. 
We used a previously validated method that provides a robust 
characterization of these cells and also fragments of senes-
cent endothelial cells that may be lost using flow cytometric 
methods (3). Circulating markers of endothelial cell damage/
apoptosis, such as CECs, are measureable in healthy adults and 
children who are “at risk” for cardiovascular disease (30); for 
example, levels of CECs are elevated in very young children 
with irreversible pulmonary hypertension (31) and in chil-
dren with vasculitis (3). Consequently, increased CEC levels 
are consistent with an increased endothelial cell turnover as a 
result of greater demand on the systems that maintain integ-
rity of the vascular endothelium. Considered together with 
the lower CFU numbers, these CEC data are consistent with 
an adverse shift in the balance of endothelial injury and repair 
promoting a more rapid progression of disease observed with 
aging and FH (32,33).

The relationship between endothelium-dependent vasomotor 
function and age was unclear and difficult to determine because 
of the continuously altered arterial diameter from childhood to 
adulthood. Furthermore, in contrast to previous reports (34), 
vascular function in children with FH was no different from that 
in healthy children. It is likely that the recruited children with 
FH were “healthier” than subjects recruited to previous stud-
ies. Although they were not receiving statins, all children were 
managed in a specialist clinic where multiple healthy-lifestyle 
measures are promoted. The preserved endothelial vasomotor 
function observed in our FH group suggests that in childhood 
vascular injury induced by one or more RFs may still be com-
pensated for, but compensatory factors are unlikely to be suf-
ficient in the presence advancing age and increasing RF burden.

Nevertheless, the association between CFU numbers and 
FMD, even following adjustment for the global RF profile, 
remained consistent with previous reports and supports the 
hypothesis that these cells are influenced by RFs and impli-
cated in the maintenance of a healthy endothelium (9).

Efforts to modulate this balance of injury and repair may 
prove to be an important means of preventing or reversing 

table 2. Baseline characteristics of child cohorts

Group (age, y)

P valueChild (10–18) FH (10–18)

Age median 
(interquartile range)

14 (12–16) 12 (11–13)

Number of subjects 26 29

Gender (% male) 34 49

WHR 0.8 ± 0.03 0.85 ± 0.18 0.22

Glucose, mmol/l 4.7± 0.06 4.76 ± 0.07 0.76

total cholesterol, mmol/l 4.1 ± 0.13 7.06 ± 0.33 <0.001*

lDl cholesterol, mmol/l 2.41 ± 0.11 5.29 ± 0.31 <0.001*

HDl cholesterol, mmol/l 1.34 ± 0.06 1.45± 0.05 0.19

triglycerides, mmol/l 0.72 (0.65–0.92) 0.79 (0.6–1.1) 0.49

systolic BP, mm Hg 104 ± 1.87 110.6 ± 2.50 0.02*

Diastolic BP, mm Hg 60.5 ± 1.5 62.7 ± 1.9 0.366

Values represent mean ± SeM; age values represent median ± interquartile range. 
Values compared between 10–18 y-old healthy and Fh children. Unpaired t-test 
between child age group and Fh group.

BP, blood pressure; Fh, familial hypercholesterolemia; hDL, high-density lipoprotein; 
LDL, low-density lipoprotein, WhR, waist–hip ratio.

*Significant values, P < 0.05.
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Figure 4. Alterations in colony-forming units (CFus) and circulating endothelial cells (CeCs) in children with familial hypercholesterolemia (FH). (a) 
Numbers of CFus were reduced in FH children compared with healthy children (12 (4–36) vs. 39 (13–59), P = 0.028). Conversely, the numbers of CeCs in 
children with FH were greater than those found in age-matched controls (36 (16–161); 16 (14–32), P = 0.031) (b). Data presented as median ± interquartile 
range; *P < 0.05 represents significant difference between healthy children and children with FH.
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vascular injury, as exercise can elevate EPC levels (CD133+/
KDR+ and CD34+/KDR+ cells) in children (35). This simple 
and effective means of enhancing vascular repair mechanisms 
may supplement the established benefits of exercise on weight, 
metabolic parameters, and general fitness and is likely to be of 
greatest incremental value in children with known RFs.

We conclude, using aging and childhood FH as models of 
increased cardiovascular risk, that subclinical endothelial 
pathophysiology is detectable at an early stage in life through 
the measurement of CFUs and CECs, even before functional 
vascular changes have become apparent, although a relation-
ship between CFU numbers and FMD remains. Other dis-
ease states in children that are also associated with accelerated 
vascular injury from early life, such as obesity (36), chronic 
inflammatory disease or infection (37), and renal failure (38), 
would be amenable to similar analyses. Early detection of 
endothelial and vascular injury in these diseases could provide 
the information necessary to implement global and specific 
interventions that include exercise, dietary modification, and 
novel pharmacological approaches for improvement of long-
term cardiovascular outcomes.

MetHoDs
Study Population
We conducted two studies. The first examined the relationship 
between age and indexes of vascular injury and repair in healthy indi-
viduals from childhood onward. The second was a case–control study 
exploring the impact of FH on these parameters during childhood. 
The study was approved by the Great Ormond Street Hospital for 
Children NHS Trust and the Institute of Child Health Research Ethics 
Committee, and informed consent was obtained from all the subjects. 
All the procedures were undertaken in accordance with national and 
institutional guidelines.

Participants underwent assessment of BP and anthropometric 
parameters (height, weight, and body mass). CFU assays were per-
formed as previously described (9,39). Briefly, 5 × 106 peripheral blood 
mononuclear cells per well were cultured in six-well  fibronectin-coated 
plates containing RPMI (Gibco, Invitrogen, Carlsbad, CA) supple-
mented with 20% fetal calf serum (FCS; Imclone, New York, NY) and 
antibiotics. After 2 d, the nonadherent cell population present in the 
supernatant was selected, and these cells were cultured at a concen-
tration of 1 × 106/well in fibronectin-coated 24-well plates containing 
the following culture media (MCDB 131 medium; Invitrogen) sup-
plemented with: L-glutamine, 50 ng/ml endothelial cell growth serum 
(Sigma-Aldrich, St Louis, MO), 20 ng/ml vascular endothelial growth 
factor (R&D Systems, Boston, MA), 5 ng/ml basic human fibroblast 
growth factor, 20% fetal bovine serum (Imclone), 5 U/ml heparin, 
100,000 U/ml penicillin, and 100,000 mg/ml streptomycin (39). All 
cells were cultured at 37 °C and 5% CO2, and the media were changed 
after 4 d.

After an additional 7 d of culture, the cells were washed gently with 
warmed media, and the number of colonies in each well was counted 
using a phase-contrast microscope at ×100 magnification (Leica 
Axiovert; Leica Microsytems, Wetzlar, Germany). A CFU was defined 
as a central core of round cells with more-elongated cells at the periph-
ery (9,39). Colony counting and preparation was carried out with an 
interobserver correlation of 0.95 for the final colony count.

Circulating Endothelial Cells
CECs were extracted and enumerated in nested subgroups of healthy 
subjects and children with FH using a protocol previously described 
by our group (3). Briefly, 1 ml of blood collected in EDTA tubes was 
mixed with 1 ml buffer (0.1% sodium azide, 0.6% sodium citrate, 0.1% 
bovine serum albumin in phosphate-buffered saline) and 20 μl FcR 
blocking agent (Miltenyi Biotec, Cologne, Germany). To this we added 

50 μl of a preparation of Dynal beads (Dynal Biotech, Bromborough, 
Wirral, UK) linked to CD146 (Biocytex, Marseille, France), and the 
mixture was incubated for 30 min at 4 °C. The cells bound to CD146 
immunomagnetic beads were separated using a magnet (MPC-l, 
Dynal Biotech) and washed three times in a buffer before resuspen-
sion in 100 μl of buffer containing 2 mg/ml fluorescein isothiocya-
nate–labeled Ulex (Ulex Europus Lectin, Sigma-Aldrich). These cells 
were incubated in the dark at room temperature for 1 h before wash-
ing three times in buffer and finally resuspended in 200 μl buffer. Cells 
were counted using a Nageotte chamber and a fluorescent microscope 
(Leica Microsystems). Brightly fluorescent cells >10 μM in diameter 
that had more than five CD146 beads attached were considered CECs 
(3,29). CEC counting was carried out with an interobserver correla-
tion of 0.95 for the final CEC count.

Noninvasive Vascular Studies
All studies were performed in a temperature-controlled vascular lab-
oratory by a trained operator. Studies commenced after an acclimati-
zation period of at least 15 min.

Brachial Artery Vasomotor Function
High-resolution ultrasound imaging with an Acuson 5- to 10-MHz 
linear probe (Acuson, Mountain View, CA) was used to assess flow-
mediated dilatation as previously reported (40). Brachial artery diam-
eter was measured offline by an automatic edge-detection system 
(Brachial Tools, Medical Imaging Applications, Coralville, IA) and 
expressed as a percentage change from baseline diameter. Doppler-
derived flow measurements (using a pulsed-wave Doppler signal at 
a 70° angle) were also obtained continuously. The increase in blood 
flow after the release of the cuff was expressed as a percentage change 
from the baseline flow.

Statistics (Data Analysis)
Data are expressed as mean ± SE of the mean or median (inter-
quartile range) for nonparametric data, unless otherwise stated. 
In descriptive analyses, parametric summary statistics and signif-
icance tests were used when the data were normally distributed. 
Nonparametric tests were used for analysis of gender, triglycerides, 
CFU number, and CEC data. The European reference curves were 
used for z-scores.

Univariate comparisons between groups were analysed by t-test 
for normally distributed data and Mann–Whitney U-test or Kruskal–
Wallis test for nonparametric data. The χ2 test was used to assess dif-
ferences in gender.

Bivariate correlations were determined using Pearson or Spearman 
correlation coefficients as appropriate. Multivariable logistic regres-
sion analyses were performed to explore relationships between age 
and number of CFUs and/or vascular measures with adjustments 
for potential confounders (gender, waist circumference, systolic BP, 
fasting glucose, and lipid levels). All statistical analyses were per-
formed with SPSS, version 16 (SPSS, Chicago, IL).
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