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Abstract

Current evidence suggests that regenerative v. degenerative endothelial responses can be integrated in a clinical endothelial phenotype,

reflecting the net result between damage from risk factors and endogenous repair capacity. We have previously shown that a cocoa

flavanol (CF) intervention can improve endothelial function and increase the regenerative capacity of the endothelium by mobilising

circulating angiogenic cells in patients with coronary artery disease (CAD). The aim of the present study was to investigate whether CF

can lower the levels of circulating endothelial microparticles (EMP), markers of endothelial integrity, along with improvements in endo-

thelial function. The levels of EMP in the frozen plasma samples of CAD patients were measured along with endothelial function

(flow-mediated vasodilation, FMD); n 16, FMD data published previously), and these data were compared with those of young (n 12)

and age-matched (n 12) healthy control subjects. The CAD patients exhibited significantly increased levels of EMP along with impaired

FMD when compared with the healthy control subjects. The levels of CD144þ and CD31þ/412 EMP were inversely correlated with

FMD (r 20·67, P¼0·01 and r 20·59, P¼0·01, respectively). In these CAD patients, the levels of EMP were measured after they had con-

sumed a drink containing 375 mg of CF (high-CF intervention, HiFI) or 9 mg of CF (macro- and micronutrient-matched low-CF control,

LoFl) twice daily over a 30-d period in a randomised, double-blind, cross-over study. After 1 month of HiFI, the levels of CD31þ/412

and CD144þ EMP decreased (225 and 223 %, respectively), but not after LoFl. Our data show that flavanols lower the levels of EMP

along with higher endothelial function, lending evidence to the novel concept that flavanols may improve endothelial integrity.
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The vascular endothelium has emerged as a dynamic organ

that responds to environmental factors. According to the

response to injury theory, mechanical injury and exposure to

cardiovascular risk factors impair the regulatory functions

of the endothelium and contribute to a proinflammatory

phenotype, senescence and apoptosis(1). As a consequence,

the endothelial integrity can be disrupted with endothelial

cells or parts of these cells being detached and released into

the circulation(2). Therefore, endothelial microparticles (EMP)

can be viewed as circulating markers of a compromised endo-

thelial integrity that are released from activated and apoptotic

endothelial cells(3,4). These EMP are membrane particles

of less than 1mm in diameter that carry endothelial

surface markers(3–5) and enzymes including endothelial NO

synthase(6). The levels of circulating EMP increase in plasma

early in atherosclerotic processes and correlate with the degree

of endothelial dysfunction(7) and have been established as

prognostic biomarkers that predict adverse CVD outcome(8–10).
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Cardiovascular risk factors may trigger the release of EMP(5,11).

For instance, smoking, as well as second-hand smoking,

forced physical inactivity and increased blood pressure have

been reported to be associated with increases in the levels

of circulating EMP in healthy subjects(12–14). Increases in the

plasma levels of EMP have also been observed after con-

sumption of high-fat meals with augmented circulating levels

of modified LDL and TAG(15). Conversely, Mediterranean diet

has been shown to lower the levels of circulating EMP in

healthy elderly subjects, indicating that diet can improve

endothelial integrity(16–18).

Dietary flavanols have emerged as promising protectants

of cardiovascular function and health(19). In the context of

human nutrition, major flavanol sources in the diet include

tea, wine, cocoa products and, more seasonally, various fruit

and vegetables. Especially, high concentrations of flavanols

can be present in cocoa(20). It has been shown that acute

and chronic ingestion of cocoa flavanols (CF) can improve

endothelial function in healthy subjects and patients with

diabetes and coronary artery disease (CAD)(19). We have

previously shown that CF may not only directly improve

endothelial function (4·5–8·4 %), but also enhance endothelial

regenerative capacity by mobilising circulating angiogenic

cells (CAC) in patients with CAD(21). Whether a CF inter-

vention improves or even restores endothelial integrity is

unknown.

Therefore, the aim of the present study was to investigate

whether the CF-related improvement in endothelial function

that we had observed in CAD patients(21) was accompanied

by a decrease in the levels of circulating EMP, markers

of endothelial integrity, in plasma obtained from the same

subjects. To put the absolute values of EMP in the context

of the cardiovascular health continuum, we report cross-

sectional data obtained from healthy young and age-matched

control subjects.

Methods

Study design

We analysed microparticles (MP) in frozen plasma samples

that were obtained from CAD patients and stored during our

previously published clinical study showing that a high-CF

drink (HiFI) is capable of improving endothelial function

and mobilise CAC in these patients(21). CAD patients were

characterised by chronic stable angina, were on optimal

medical therapy and had achieved treatment goals according

to the current American Heart Association/American College

of Cardiology (AHA/ACC) guidelines as indicated by baseline

characteristics and medication (Table 1). The CAD patients

(n 16) were given a HiFI (375 mg of CF) or a nutrient-

matched low-CF drink (LoFl, 9 mg of CF) twice daily over a

30-d period, using a randomised, double-masked, cross-over

study design with 1 week of wash-out between the interven-

tions (for a detailed published protocol, see Heiss et al.(21)).

Measurements and blood draws were carried out before the

initiation of each intervention (day 0, ‘pre’) and the day after

the completion of each intervention (day 30, ‘post’). Pre-

and post-intervention plasma samples were collected after

an overnight fast and following 30 min of supine rest. All

individual medications and treatment paradigms remained

unaltered throughout the study period. Randomisation and

Table 1. Baseline characteristics of coronary artery disease (CAD) patients and comparator healthy controls

CAD patients
Healthy young

controls
Healthy old

controls

Mean SD Mean SD Mean SD P

Subjects (n) 16 12 12
Male 13 8 7
Female 3 4 5

Age (years) 64 3 27* 4 60 10 ,0·001
BMI (kg/m2) 28·8 1·8 23·1* 0·3 27·5 0·7 ,0·001
Diabetes mellitus (%) 38 0 0
Hypertension (%) 88 0 0
Hyperlipidaemia (%) 94 0 0
Prior smoking (%) 63 0 0
ACE inhibitor/angiotensin receptor blocker (%) 100 0 0
Aspirin (%) 94 0 0
b-Blocker (%) 88 0 0
Statin (%) 94 0 0
Heart rate (beats per min) 60 2 62 6 58 6 0·890
Systolic blood pressure (mmHg) 132 2 122* 3 130 12 0·015
Diastolic blood pressure (mmHg) 75 2 61* 3 77 12 ,0·001
Total cholesterol (mg/l) 1470 80 1490 670 1920* 70 ,0·001
LDL-cholesterol (mg/l) 800 70 890 80 1270* 60 ,0·001
HDL-cholesterol (mg/l) 460 30 620* 50 600 20 0·034
TAG (mg/l) 1070 140 1080 110 1150 390 0·644
Fasting glucose (mg/l) 1040 90 860 70 960 110 0·125
Leucocytes (ml) 5900 40 6500 600 5460 300 0·621
Platelets (ml) 217 15 230 15 229 15 0·115
hs-CRP (mg/l) 1·8 0·3 0·5 0·3 0·5 0·3 0·023

ACE, angiotensin-converting enzyme; hs-CRP, high-sensitivity C-reactive protein.
* Mean value was significantly different from that of the CAD patients (P,0·05).
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drink dispensations were carried out by the Department of

Pharmacy, University of California, San Francisco, USA. The

patients and investigators were blinded throughout the study

with regard to the CF content of the test drinks.

Inclusion of the patient group was based on a diagnosis of

CAD as defined by .70 % stenosis of at least one coronary

artery and the indication of medical therapy. Optimal medical

therapy was defined as treatment with angiotensin-converting

enzyme (ACE) inhibitors and/or angiotensin receptor block-

ers, b-blockers, aspirin and a statin, unless contraindicated

or not tolerated according to the current AHA/ACC secondary

prevention guidelines(22). General exclusion criteria were the

presence of heart rhythms other than sinus rhythm, clinical

diagnosis of heart failure (New York Heart Association

(NYHA) III and IV), recent or current inflammatory condition,

terminal renal insufficiency, active malignancies within the last

year, documented malcompliance with medication, the cur-

rent use of vitamin and herbal supplementation, active smok-

ing (.1 cigarette/d), allergies to chocolate, cocoa, flavanols,

or related products, and lactose and caffeine intolerance.

In order to put the MP levels of CAD patients as determined

before and after CF intervention in context with healthy subjects,

we determined MP levels and endothelial function in healthy

young and older subjects age-matched to CAD patients (Table

1). The healthy control groups were defined as young

(,35 years) and older subjects matched to the age of CAD

patients. Cardiovascular health was defined by the absence of

CVD (CAD, peripheral arterial disease and cerebrovascular

disease) and absence of cardiovascular risk factors including

hypertension (blood pressure .140/.90mmHg), hyper-

cholesterolaemia (total cholesterol levels .2000mg/l) and

smoking. Furthermore, general exclusion criteria outlined above

were applied. The present study was conducted according to

the guidelines laid down in the Declaration of Helsinki, and all

procedures involving human subjects were approved by the

UCSF Committee on Human Research (Clinicaltrials.gov:

NCT00553774). Written informed consent was witnessed and

formally recorded.

Flavanol-containing test materials

The test drinks were supplied as dry beverage mixes by Mars

Incorporated. All the drinks were standardised for their CF con-

tent and profile and closely matched for equal macro- and

micronutrient content, energy load, and theobromine and caf-

feine levels (Table 2). All the drinks were similar in taste and

supplied in individual, opaque sachets containing 6 g of bever-

age mix. A sachet contained 9 mg (LoFl) or 375 mg (HiFI) of CF.

The amount of CF referenced here is defined as the sum of all

monomeric flavanols and their oligomeric derivatives (dimers

to decamers, i.e. 2–10 monomeric subunits).

Measurement of flow-mediated dilation

The endothelial function of the CAD patients as well as of

the healthy subjects was assessed by measuring the flow-

mediated vasodilation (FMD) of the brachial artery by ultra-

sound (Sonosite Micromaxx, SonoSite, Inc.) by the same

investigator in combination with an automated analysis

system (Brachial Analyzer, Medical Imaging Applications) in

a 218C temperature-controlled room as described pre-

viously(21). The image and flow analyses were carried out off-

line from recorded loops with an automated system (Brachial

Analyzer 5, Medical Imaging Applications). All the diameter

readings were taken at diastole, and flow velocity represents

the mean angle-corrected Doppler flow velocity. Vasodilation

results are presented as percentage change:

diameterpost-ischaemia 2 diameterbaseline=diameterbaseline £ 100:

Blood collection and preparation of platelet-free plasma

Citrated blood (6ml) was drawn from the cubital vein. All the

samples were processed within 2 h of blood draw. Platelet-rich

plasma was obtained by centrifugation at 300g over 15min at

room temperature. Platelet-free plasma was obtained by two suc-

cessive centrifugations of the supernatants at 10 000g for 5min at

room temperature. Platelet-free plasma obtained by this sequen-

tial centrifugation containsMPbut not platelets, as shown byflow

cytometry and fluorescence-based laser-scanning microscopy

(Carl Zeiss Jena GmbH)(6). The samples were stored at 2808C.

The samples of the CAD patients and control subjects were

handled the same way regarding sample preparation, storage

and performance of flow cytometry.

Characterisation of microparticles subpopulations by
flow cytometry

MP subpopulations were discriminated by flow cytometry

according to the expression of established surface antigens(6).

The samples were incubated for 30 min with fluorochrome-

labelled antibodies or matching isotype controls and analysed

in a Canto II flow cytometer (Becton Dickinson). The events

were discriminated by 1·0mm microbead standards (Poly-

science, Inc.). Platelet-derived MP were defined as CD41þ

MP, whereas EMP subpopulations were defined as CD144þ

or CD31þ/CD412. Phycoerythrin-cyanin 5 (PC5)-conjugated

mouse anti-human CD41 and phycoerythrin (PE)-conjugated

Table 2. Composition of flavanol-containing
test materials

LoFl HiFI

CF (mg) 9 375
Monomers (mg) 3 65

Epicatechin (mg) 1 59
Catechin (mg) 2 6

Dimers (mg) 2 53
Trimers–decamers (mg) 3 258
Theobromine (mg) 96 93
Caffeine (mg) 9 11
Energy (kcal) 25 25
Energy (kJ) 105 105
Fat (g) 0·3 0·4
Carbohydrate (g) 4·6 4·3
Protein (g) 0·7 0·7

LoFl, low-flavanol control; HiFI, high-CF interven-
tion; CF, cocoa flavanols.

Flavanols lower endothelial microparticles 1247
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mouse anti-human CD144 antibodies were obtained from

Beckman Coulter. PE-conjugated mouse anti-human CD31

was obtained from Becton Dickinson. The total number of

MP was quantified with flow count calibrator beads (Beckman

Coulter; 20ml). Unless specified otherwise, chemicals were

purchased from Sigma Aldrich.

Measurement of procoagulant activity of microparticles

The procoagulant activity of MP was assessed using a two-step

amidolytic assay based on the ability of the tissue factor to

generate Factor Xa in the presence of an excess of Factors VII

and X. The supernatant of platelet-free plasma (PFP) was

centrifuged at 14 000 g for 90 min. The supernatant was

discarded, and the MP pellet was gently resuspended in 1 ml

of filtered 0·1 % PBS/bovine serum albumin. This MP suspen-

sion was again centrifuged for 90 min at 14 000 g and 48C, and

the supernatant was removed. After the second washing, the

MP pellet was resuspended in 70ml of 0·1 % PBS/bovine

serum albumin buffer. In a ninety-six-well microtitre plate,

25ml of MP were incubated with 50ml of the mixture containing

0·5ml of human factor VII (Kordia; initial concentration

46mg/ml), 1ml of human factor X (Kordia; 1 mg/ml) and 50ml

of Tris-buffered saline (100 mM-Tris–HCl, 240 mM-NaCl,
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Fig. 1. Comparison of the endothelial function and endothelial microparticles (EMP) levels of patients with coronary artery disease (CAD) with those of the young and

age-matched healthy control subjects. (a) Impaired endothelial function (assessed by flow-mediated vasodilation (FMD)) in patients with CAD and age-matched control

subjects. (b) Increased CD31þ/412 EMP levels in patients with CAD when compared with the levels in young and age-matched healthy control subjects. (d) Increased

CD144þ EMP levels in patients with CAD and age-matched control subjects when compared with the levels in young healthy control subjects. (c) and (e) levels of

CD31þ/412 EMP (r 20·59; P¼0·01) and CD144þ EMP (r 20·67; P¼0·01) correlate with endothelial function as measured by FMD. * Mean values were significantly

different from those of young healthy subjects (P,0·05). † Mean value was significantly different from that of old healthy subjects (P,0·05). A, Young; W, old; B, CAD.
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5·4 mM-KCl and 6 mg/ml bovine serum albumin). After 15 min of

incubation at 378C, 25ml of the chromogenic substrate of Factor

Xa Biophen CS-11(32) (Hyphen Biomedica; final

concentration 0·44 mmol/l) were added to each well of a

ninety-six-well microtitre plate. The reaction was stopped

immediately by the addition of 25ml of 50 % (v/v) EDTA. Kinetic

changes in absorbance at 405 nm were read on an ELISA

reader at 378C. A standard curve was constructed using

known concentrations of Factor Xa (Kordia) incubated under

the same conditions with the chromogenic substrate.

Statistical analysis

The Kolmogorov–Smirnov test was used to confirm the

normal distribution of EMP levels. Correlation was assessed

by Pearson’s coefficient. The primary test for an effect of the

intervention was a test of interaction in a two-way repeated-

measures ANOVA with Bonferroni post hoc test. Furthermore,

we carried out a linear mixed model analysis to assess the

interaction between period and intervention (carry-over)

implementing the model proposed above with the subject as

a random factor using the lmer( ) function from the lme4

library in R. Data reported in the Results section are presented

as means and standard deviations. Patients’ characteristics,

FMD and MP levels of the healthy subjects and CAD patients

were analysed using one-way ANOVA with consecutive

post hoc test. P values ,0·05 were considered to be statistically

significant.

Results

Comparison of endothelial function and microparticle
levels in patients with coronary artery disease and young
and age-matched healthy subjects

Indicative of endothelial dysfunction, the CAD patients exhib-

ited impaired flow-mediated vasodilation when compared

with the twelve healthy young and twelve age-matched con-

trol subjects (4·6 (SD 0·8) v. 7·5 (SD 0·9) % (young subjects:

P¼0·01) and 5·8 (SD 1·0) % (age-matched subjects: P¼0·01)

(Fig. 1(a))). At baseline, the levels of CD31þ/412 EMP (n 12)

in the CAD patients were higher (1509 (SD 523) per ml) than

those in the age-matched (254 (SD 183) per ml, P¼0·01) and

young healthy (196 (SD 124) per ml, P¼0·01) control subjects

(Fig. 1(b)). The levels of CD144þ EMP were higher in the CAD

patients (707 (SD 174) per ml, P¼0·01) and age-matched

healthy control subjects (540 (SD 205) per ml, P¼0·02) than

in the young healthy control subjects (270 (SD 169) per ml)

(Fig. 1(d)). Overall, FMD was inversely correlated with the

levels of CD31þ/412 and CD144þ EMP (Fig. 1(c) and (e);

r 20·67, P¼0·01 and r 20·59, P¼0·01, respectively).
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High-flavanol intervention lowers the levels of endothelial
microparticles in patients with coronary artery disease
along with flow-mediated dilation improvement

In the present study, we demonstrated that in CAD patients

together with the improvement of FMD, which we have

shown previously(21), the levels of circulating CD144þ EMP

were significantly lowered from 707 (SD 174) to 528 (SD 207)

per ml (225·3 %, P¼0·01) after HiFI compared with baseline

values before the initiation of the intervention, but not after

LoFl (703 (SD 230) and 687 (SD 272) per ml, P¼1·0)

(Fig. 2(a)). Furthermore, the number of CD31þ/412 EMP

decreased from 1509 (SD 523) to 1086 (SD 274) per ml

(223 %, P¼0·02) following HiFI, but not after LoFl (1332

(SD 504) to 1467 (SD 484) per ml, P¼1·00) (Fig. 2(b)). In the

CAD patients, the levels of CD144þ and CD31þ/412 EMP

were inversely correlated with FMD (r 20·49, P¼0·01 and

r 20·31, P¼0·013, respectively), suggesting that the number

of EMP had decreased along with improvements in endo-

thelial function. We did not observe any statistically significant

interaction between period and intervention, suggesting the

absence of a significant carry-over effect.

High-flavanol intervention did not affect platelet-derived
microparticles levels and microparticles-related
procoagulant activity

To test whether the effects observed were specifically related

to endothelial cells or extended to other non-endothelial MP

populations or biological functions of MP, we measured the

levels of platelet-derived MP and the procoagulant activity of

MP ex vivo. The levels of platelet-derived MP were affected

neither by treatment with LoFl (4857 (SD 2688) v. 5418

(SD 3393) per ml, P¼1·0) nor by treatment with HiFI (5571

(SD 2996) v. 5236 (SD 3001) per ml, P¼1·0) (Fig. 2(c)). Further-

more, the coagulation activity of total MP measured as the

formation of activated Factor X per time did not significantly

change after HiFI (186 (SD 86) v. 177 (SD 65) nM/min, P¼1·0)

and LoFl (206 (SD 80) v. 225 (SD 79) nM/min, P¼1·0) (Fig. 2(d)).

Discussion

In the present study, in sixteen patients with CAD, we demon-

strated that the levels of EMP were increased along with

decreased endothelial function when compared with those

of twelve age- and BMI-matched healthy control subjects

and twelve young healthy subjects with low BMI. We have

shown that a 1-month CF intervention improved endothelial

function and enhanced the numbers of CAC in patients

with CAD(21). In the present study, we extend our finding

by providing complementary evidence demonstrating that

the improvement in endothelial function was paralleled by

decreases in the levels of circulating EMP, a marker of endo-

thelial integrity, towards control values.

Sabatier et al.(23) have proposed the concept of ‘vascular

competence’. The authors suggested that regenerative v.

degenerative endothelial responses can be integrated in a

clinical endothelial phenotype, reflecting the net result

between damage from risk factors and endogenous repair

capacity (i.e. EMP and CAC, respectively; Fig. 3). This endo-

thelial phenotype characterises a vascular status that could

define the ‘vascular competence’ of each individual. Indeed,

one study has suggested that diet may be capable of improv-

ing endothelial phenotype in humans, thus re-establishing

‘vascular competence’(18). In this randomised, cross-over diet-

ary intervention study, the authors showed that consumption

of Mediterranean diet, i.e. a diet rich in fruit and vegetables

(which in turn is high in flavonoids), for 1 month can improve

ischaemic reactive hyperaemia and that this is associated

with a decrease in the levels of circulating EMP and increase

in the number of CAC in healthy elderly subjects(18). In the

present study, similar responses were observed in elderly CAD

patients after 1 month of flavanol intervention, suggesting

that CF are capable of improving ‘vascular competence’.

Furthermore, we provide important contextual information

as to how the EMP levels of CAD patients vary before and

after intervention in relation to those of healthy controls.

Our data suggest that flavanols decreased EMP values towards

those of the healthy age-matched control subjects. However,

CAC
CAC (21)

EMP

EC

SMC

FMD
BP

FMD
BP (21)

Activation Apoptosis

EMP

Cocoa flavanols

Fig. 3. Dietary flavanol intervention decreases the number of endothelial microparticles (EMP) in coronary artery disease patients. Improvement of endothelial

integrity. EC, endothelial cells; SMC, smooth muscle cells; CAC, circulating angiogenic cells; FMD, flow-mediated vasodilation; BP, blood pressure.
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whether a long-term CF intervention will lead to a long-term

clinical benefit remains to be shown.

The precise mechanisms leading to the generation of MP

by endothelial cells has not been validated yet in vivo. The

current knowledge on the formation of MP derives mainly

from experiments on isolated or cultured cells, showing that

both cell activation and cell apoptosis can lead to the release

of MP by increasing intracellular Ca levels, decreasing

membrane lipid asymmetry and reorganising cytoskeleton

proteins(24). It is tenable to speculate that CF intake might

prevent the release of MP by protecting endothelial cells via

interaction with pathways leading to activation, apoptosis

and survival, potentially involving enhanced NO bioavail-

ability(25,24) and thereby improving endothelial function.

However, in addition to being a marker of endothelial

integrity, EMP have been shown to play an active role in the

induction of endothelial dysfunction. Both in vivo- and

in vitro-generated isolated EMP have been shown to impair

endothelial function by decreasing the production of NO

when incubated with rat aortic rings ex vivo (26,27). Therefore,

the decreased presence of EMP in circulation as observed in

the present study might not only be a marker of improved

vascular competence, but also directly contribute to the

improvement of endothelial dysfunction.

Taken together, our data show that a flavanol intervention

can lower the levels of EMP along with improvement in endo-

thelial function, lending evidence to the concept that CF may

be capable of improving endothelial integrity. These results

provide novel insight into the potential mechanisms of flava-

nol bioactivities and underscore the potential of CF in the

context of primary and secondary prevention.
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