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Abstract

Background: Consumption of flavonoid-rich foods such as cocoa and tea may reduce cardiovascular disease risk. The
flavonoids epicatechin (in cocoa and tea) and quercetin (in tea) probably play a role by reducing endothelial dysfunction and
inflammation, 2 main determinants of atherosclerosis.

Objective: We studied the effects of supplementation of pure epicatechin and quercetin on biomarkers of endothelial
dysfunction and inflammation.

Methods: Thirty-seven apparently healthy (pre)hypertensive men and women (40-80 y) participated in a randomized, double-
blind, placebo-controlled crossover trial. Participants ingested (-)-epicatechin (100 mg/d), quercetin-3-glucoside (160 mg/d), or
placebo capsules for a period of 4 wk, in random order. Plasma biomarkers of endothelial dysfunction and inflammation were
measured at the start and end of each 4-wk intervention period. The differences in changes over time between the intervention
and placebo periods (Ajntervention — Apiacebo) Were calculated and tested with a linear mixed model for repeated measures.
Results: Epicatechin changed Acpicatechin — Aplacebo fOr soluble endothelial selectin (sE-selectin) by —7.7 ng/mL (95% CI:
—14.5, —0.83; P = 0.03) but did not significantly change this difference (—0.30; 95% CI: —0.61, 0.01; P = 0.06) for the
zscore for endothelial dysfunction. Quercetin changed Aqyercetin — Aplacebo fOr sE-selectin by —7.4 ng/mL (95% Cl: —14.3,
—0.56; P = 0.03), that for IL-18 by —0.23 pg/mL (95% CI: —0.40, —0.06; P = 0.009), and that for the z score for
inflammation by —0.33 (95% CI: —0.60, —0.05; P = 0.02).

Conclusions: In (pre)hypertensive men and women, epicatechin may contribute to the cardioprotective effects of cocoa
and tea through improvements in endothelial function. Quercetin may contribute to the cardioprotective effects of tea
possibly by improving endothelial function and reducing inflammation. This trial was registered at clinicaltrials.gov as
NCT01691404. J Nutr2015;145:1459-63.
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Flavonoids (a subclass of polyphenols) are structurally related
secondary metabolites that are ubiquitous in plant foods.
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Consumption of flavonoid-rich foods such as cocoa and tea
are associated with a lower risk of cardiovascular disease
(CVD)®. Data from 7 studies (7 = 114,009) showed that the
risk of CVD was 37% lower in subjects with the highest amount of
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chocolate consumption (1). Likewise, data from 9 studies (n =
194,965) showed a 21% lower risk of stroke for subjects who
consumed 3 cups/d of tea than for subjects who consumed
<1 cup/d (2). It is suggested that the beneficial effects of flavonoid-
rich foods are mediated through reduction of endothelial
dysfunction and inflammation which are important early steps
in the pathogenesis of atherosclerosis (3-5).

Atherosclerosis is characterized by the accumulation of lipids
and fibrous elements in large arteries and is one of the main
contributors to CVD (6). At sites of inflammation, activated
endothelial cells release cytokines such as TNF-a, C-reactive
protein (CRP), and IL-1B, IL-6, and IL-8. In response to these
cytokines, adhesion molecules such as soluble endothelial
selectin (sE-selectin), soluble vascular cell adhesion molecule-
1 (sVCAM-1), soluble intercellular adhesion molecule-
1 (SICAM-1), and von Willebrand factor (vWf) are synthesized
by endothelial cells and induce adhesion of leukocytes to the
endothelium. After adhesion, monocyte chemotactic protein-
1 (MCP-1) induces the transendothelial migration of monocytes
into the intima (7). Once in the intima, monocytes take on the
role and properties of macrophages as they scavenge oxidized
LDL, form foam cells, and cause fatty streaks and fibrous
plaques, leading to atherosclerosis. Indeed, studies have shown
that biomarkers of inflammation (e.g., CRP, TNF-a, and IL-6)
and endothelial dysfunction (e.g., sVCAM-1, sSICAM-1, and
sE-selectin) are predictors of CVD risk (8-10).

A limited number of human intervention studies with a
duration of 2-6 wk investigated the effects of flavonoid-rich
foods, such as cocoa and tea, on biomarkers of endothelial
dysfunction and inflammation. Consuming a high flavan-3-ol (the
flavonoid subclass of epicatechin) cocoa beverage decreased
plasma concentrations of sVCAM-1 by 11% (11) but did not
change SICAM-1. In contrast, consuming 40 g of cocoa decreased
serum concentrations of sSICAM-1 by 10% but did not change
sVCAM-1 or markers of inflammation, including IL-6 and high-
sensitivity CRP (12). Similarly, consumption of dark chocolate
and a cocoa drink had no effect on IL-1B, IL-6, high-sensitivity
CRP, and TNF-a (13). For black tea, Hodgson et al. (14) found
that consumption of 5 cups/d (1 cup = 250 mL) had no effect on
the adhesion molecules E-selectin, P-selectin, sSICAM-1, and
sVCAM-1, which was confirmed by Steptoe et al. (15) for
P-selectin. Only 1 tea intervention studied the effect on MCP-1
and found a decrease of 19% (16). A reduction in CRP of 27%—
47% was found in 2 tea interventions (15, 16), whereas another
did not find an effect on CRP, IL-1B, IL-6, or TNF-a (17).

Until now as shown in the above paragraph, human
intervention studies have only investigated the effects of
flavonoid-rich foods such as cocoa and tea on a limited number
of biomarkers of inflammation and endothelial dysfunction.
These foods are complex mixtures of flavonoids and other
substances. To unravel the role of individual flavonoids, pure
flavonoids should be studied. Cocoa and tea are rich dietary
sources of epicatechin, whereas tea is the main dietary source of
quercetin (18, 19). For this reason, we hypothesized that
epicatechin and quercetin are responsible for the cardioprotec-
tive effects of cocoa and tea. The aim of the present study was to
investigate whether pure (-)-epicatechin and quercetin could
account for the beneficial effects of cocoa/chocolate and tea on
inflammation and endothelial function. This was done for the
first time, by measuring a comprehensive set of biomarkers
of these 2 functions in a double-blind, placebo-controlled cross-
over study in 37 healthy (pre)hypertensive adults who ingested
supplements with pure isolated (-)-epicatechin, quercetin-3-
glucoside, or placebo daily for periods of 4 wk.
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Methods

Study design. The study was conducted as a 3-armed, randomized,
double-blind, placebo-controlled, crossover study as described previ-
ously (20). In brief, 37 apparently healthy nonsmoking men and women
between the ages of 40 and 80 y with a BMI (in kg/m?) between 20 and
40 and systolic blood pressure between 125 and 160 mm Hg took part in
the study. Excluded from participation were subjects with chronic
diseases, users of medication, users of prescribed diet, and pregnant or
lactating women (20).

Participants ingested equimolecular amounts of (-)-epicatechin
(100 mg/d = 345 wmol/d) and quercetin-3-glucoside (160 mg/d = 345 pmol/d)
and placebo capsules for periods of 4 wk, in random order, separated by
4-wk washout periods. The dosage of epicatechin chosen was in line with
the amount of epicatechin present in previous cocoa/chocolate interven-
tion studies (46-107 mg/d) (21-24). For quercetin an equimolecular dose
was chosen. In The Netherlands, the habitual intake of epicatechin is 11 mg/d
and of quercetin is 16 mg/d (20). Subjects were asked to avoid
consumption of flavonoid-rich foods (cocoa, tea, apples, onion, and
red wine) during the study. They consumed a standardized low-flavonoid
meal (boiled potato with a meatball and spinach) the evening before each
measurement day. Fasted blood samples were collected at the research
center at the start and end of each intervention period. All participants
provided written consent before the start of the study. The study was
approved by the Medical Ethics Committee of Wageningen University
(NL 40772.081.12), and informed consent of all participants was
obtained. The trial was registered at clinicaltrials.gov as NCT01691404.

Biomarkers of endothelial dysfunction and inflammation. Serum
biomarkers of endothelial dysfunction (SICAM-1, sVGCAM-1, sE-selectin,
and MCP-1) and inflammation [CRP, serum amyloid A (SAA), TNF-q,
IL-1B, IL-6, IL-8, and SICAM-1] were assessed by an electrochemilumines-
cence detection system and vWf by ELISA, as described previously (25).
The interassay CVs ranged from 1.8% to 11.1% for all biomarkers.
Individual z scores were calculated for each biomarker by using the
following formula: individual value — population mean)/population SD.
Overall z scores were calculated by averaging the individual z scores
according to clusters of biomarkers for endothelial dysfunction and
inflammation (26, 27). The endothelial dysfunction cluster consisted of
sSICAM-1, sVCAM-1, sE-selectin, vW{, and MCP-1. The inflammation
cluster consisted of TNF-a, CRP, SAA, IL-1, IL-6, IL-8, and SICAM-1.

Statistical analysis. Statistical analyses were performed according to a
predefined analysis plan by using SAS 9.2 (SAS Institute). Baseline
variables were checked for normality of distribution and were expressed
as mean * SD for normally distributed variables and median with IQRs
for skewed variables. The difference between the change during each
4-wk treatment period and the change during the 4-wk placebo period was
calculated. This difference, Atreatment — Aplacebos Was defined as the
treatment effect of epicatechin and quercetin and was statistically tested.
Treatment effects were checked for normality of distribution, and all variables
were considered to be normally distributed. A linear mixed model for
repeated measures (SAS, PROC MIXED) was used to test the treatment
effects. Treatment and period were set as fixed effects and subject was set as
random effect. Compound symmetry was used as covariant structure because
this resulted in the best fit according to a likelihood ratio test. No clear
carryover effect was apparent; therefore, previous treatment was not included
in the model. Treatment effects are expressed as least squares mean with 95%
ClIs. Statistical significance was set at a 2-sided a level of 0.05. Effects of
outliers were checked by performing additional analyses after removal
of outliers >5 times the SD from the mean. This resulted in the removal of
1 outlier for MCP-1, vWf, IL-1B, IL-6, IL-8, TNF-a, and CRP and 2 outliers
for SAA, distributed over 7 subjects.

Results

Of the 37 subjects who participated in the study, 4 subjects did
not complete all 3 interventions (20). These dropouts occurred
at different points in the study, meaning that 35 completed the
epicatechin intervention, 35 the quercetin intervention, and 35
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the placebo intervention. At the start of the study, the mean age
of the study population was 66.4 = 7.9 y. The average blood
pressure (systolic blood pressure/diastolic blood pressure) was
129/75 mm Hg, and 23 subjects (62%) had a BMI > 25 (Table
1). Body weight remained stable throughout the study period
(mean change body weight: 0.2 = 1.3 kg).

The treatment effect of epicatechin supplementation,
Acpicatechin — Aplacebos Was a significant decrease of plasma
sE-selectin by 7.7 ng/mL (95% CI: 14.5, 0.83; P = 0.03) (Table
2). The magnitude of this effect equaled 10% of the baseline
value (Table 1). All other markers of endothelial dysfunction did
not change significantly. Epicatechin supplementation did not
significantly change the z score for endothelial dysfunction
biomarkers (A = —0.30; 95% CIL: —0.61, 0.01; P = 0.06).
Epicatechin had no significant effect on markers of inflammation
or the z score for inflammation.

The treatment effect of quercetin supplementation, Aquercetin
— Aplacebo, Was a significant decrease of plasma sE-selectin by
7.4 ng/mL (95% CIL: 14.3, 0.56; P = 0.03) (Table 2). The
magnitude of this effect equaled 10% of the baseline value
(Table 1). No other changes in markers of endothelial dysfunc-
tion or the z score for endothelial dysfunction were seen.
Quercetin significantly decreased Aguercetin = Aplacebo for IL-1B
by 0.23 pg/mL (95% CI: 0.40, 0.06; P = 0.009) (Table 2). The
magnitude of this effect equaled 29% of the baseline value
(Table 1). All other markers of inflammation did not change
significantly. However, quercetin supplementation significantly
lowered Aguercetin — Aplacebo fOr the z score for biomarkers of
inflammation (A = 0.33; 95% CI: 0.60, 0.05; P = 0.02).

Removal of outliers did not change these effects, with the
exception of vWf that decreased by 22.6% absolute (95% CI:
40.1, 5.0; P = 0.01) after epicatechin supplementation once the
outlier was removed.

Discussion

In this randomized crossover study of 37 healthy (pre)hyperten-
sive adults, supplementation of pure epicatechin decreased

TABLE 1 Baseline characteristics of study population’
Characteristic Value
Male/female, n/n 25/12
Age, y 66.4 = 7.9
Body mass index, kg/m? 26.7 = 33
Systolic blood pressure, mm Hg 129.3 = 141
Diastolic blood pressure, mm Hg 748 + 98
IL-1B. pg/mL 0.78 (0.50-1.26)
IL-6, pg/mL 25(1.8-47)
IL-8, pg/mL 5.3 (4.7-6.8)
TNF-a, pg/mL 7.1 (6.5-9.1)
CRP, ug/mL 0.97 (0.52-2.32)
SAA, pg/mL 2.4 (1.6-5.4)
sVCAM-1, ng/mL 427 (359-477)
SICAM-1, ng/mL 264 (242-291)
sE-selectin, ng/mL 73.6 (60.3-119)
VWA, % 144 (105-181)
MCP-1, pg/mL 284 (247-327)

" Data are means * SDs or medians (IQRs), n = 37. Biomarkers of endothelial dysfunction
and inflammation were determined in fasting plasma samples. CRP, C-reactive protein;
MCP-1, monocyte chemotactic protein-1; SAA, serum amyloid A; sE-selectin, soluble
endothelial selectin; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble
vascular cell adhesion molecule-1; VWf, von Willebrand factor.

sE-selectin. All other markers for endothelial dysfunction,
including the z score, did not change significantly. Supplemen-
tation of pure quercetin significantly decreased sE-selectin
and IL-1B and the z score for inflammation. These data suggest
that the cardiometabolic effects of quercetin and epicatechin
only partly overlap, which may distinguish the effects of cocoa
and tea.

When assessing markers of inflammation and endothelial
dysfunction, it is important to consider within-subject biological
variation (28). To minimize within-subject variation, we
designed a crossover study that used a rather strict study
protocol. Subjects avoided consumption of flavonoid-rich foods
throughout the study and also consumed a standardized low-
flavonoid meal the evening before each measurement day. To
reduce diurnal variation (29), blood samples were taken at the
same time of day. Despite these precautions, a large biological
variation in markers of inflammation and endothelial dysfunc-
tion is evident from wide confidence intervals. Baseline values
and variation of markers of inflammation and endothelial
dysfunction were, however, similar to values reported in a study
with younger Dutch adults (z = 293) that used the same
analytical methods (30). Another strength of our study was the
high compliance, because >98% of capsules distributed were
consumed. In addition, increases in plasma epicatechin and
quercetin concentrations due to supplementation also showed
that the flavonoids in the capsules were absorbed (20).

Because of the number of biomarkers (7 = 11) measured, we
cannot exclude the possibility of a false-positive finding.
Nevertheless, we did not correct for multiple testing because
these markers are mutually dependent, and correction may hide
a true effect. With the use of a Bonferroni correction for multiple
testing, P values would need to be <0.005 (0.05/11) to be
considered statistically significant. After this correction, the
changes found would no longer be statistically significant. The z
scores for biomarkers of endothelial dysfunction and inflamma-
tion were calculated because the pathogenesis of atherosclerosis
is a complex process, involving numerous cytokines and
adhesion molecules. As mentioned by van Bussel et al. (31),
the calculation of a z score does hold some limitations because
its calculation is based on the assumption that each biomarker
carries a similar weight. This may not be the case because some
biomarkers may outweigh others. As such, the z scores calcu-
lated here do provide pooled measures of endothelial dysfunc-
tion and inflammation biomarkers but may not optimally
reflect the pathophysiology of endothelial dysfunction and
inflammation.

To our knowledge, the present study is the first to assess the
effects of pure flavonoids on a comprehensive set (n = 11) of
biomarkers of endothelial dysfunction and inflammation. Only a
limited number of interventions with cocoa and tea have been
published, which all addressed only a few of these biomarkers at
the same time.

Interventions with cocoa and tea did not find effects on
E-selectin (11, 12, 14). The magnitude of the effect on E-selectin
of ~7% found in the present study is similar to the effect of
~10% found for other adhesion molecules in some of the cocoa
and tea interventions (11, 12). E-selectin is involved in the
adhesion of leukocytes to the endothelium (32). A previous
study showed that E-selectin concentrations in patients with
carotid artery atherosclerosis were 15% higher than in control
subjects (33). Furthermore, E-selectin was inversely associated
to flow-mediated dilation (FMD), a functional marker of
endothelial function (28). This suggests that the reductions in
sE-selectin of 7% found after both epicatechin and quercetin
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TABLE 2 Effects of (-)-epicatechin (100 mg, 345 wmol) and quercetin-3-glucoside (160 mg, 345 pwmol)
supplementation on markers of endothelial dysfunction and inflammation in (pre)hypertensive subjects’

(-)-Epicatechin Quercetin-3-glucoside
Treatment effect P? Treatment effect P?
Markers of endothelial dysfunction
sVCAM-1, ng/mL —10(-58, 37) 0.66 5(—42, 52) 0.84
sICAM-1, ng/mL —11(-28,4.7) 0.16 —6(—22, 10 0.47
sE-selectin, ng/mL —7.7 (=145, —0.83) 0.03 —7.4(-14.3, —0.56) 0.03
VWA, % —15(-37, 8) 0.19 —2 (=25, 20) 0.84
MCP-1, pg/mL —28(-717, 22) 0.27 —39(—88, 11) 0.12
7 score —0.30 (—0.61, 0.01) 0.06 —0.20 (—0.52, 0.11) 0.20
Markers of inflammation
IL-1B, pg/mL —0.07 (—0.24, 0.10) 0.42 —0.23 (—0.40, —0.06) 0.009
IL-6, pg/mL 0.13(-0.92,1.17) 0.81 —0.31(—1.35, 0.74) 0.56
IL-8, pg/mL —-1.1(-34,12) 0.35 —-15(-38,0.8) 0.19
TNF-a, pg/mL —0.09 (—0.84, 0.66) 0.81 —0.48(—1.23,027) 0.20
CRP, ug/mL -1.3(-6.0, 3.3) 0.57 —0.90(-55,37) 0.70
SAA, pg/mL —6.4(-211,82) 0.38 —8.7(—234,6.0) 0.24
7 score —0.12 (—0.39, 0.16) 0.40 —0.33 (—0.60, —0.05) 0.02

" Data are least squares means; 95% Cls in parentheses (all such values) from linear mixed model for repeated measures with compound
symmetry as covariant structure, n = 35. All biomarkers were determined in fasting plasma samples. Treatment effect, Atreatment —Aplacebor
= (value biomarker at end treatment — value at start treatment) — (value biomarker at end placebo — value at start placebo). CRP, C-reactive
protein; MCP-1, monocyte chemotactic protein-1; SAA, serum amyloid A; sE-selectin, soluble endothelial selectin; sICAM-1, soluble
intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; vWf, von Willebrand factor.

2 p for treatment effect.

supplementation could beneficially affect endothelial function
and the development of atherosclerosis. However, we previously
published that in this study FMD did not change significantly
after epicatechin or quercetin supplementation (20). Endothelial
function is a complex process that involved numerous molecules
and pathways and also pathologic conditions. The lack of an
effect on FMD of our supplementations, despite a decrease in
sE-selectin, suggests that other molecules besides sE-selectin and
other factors may play a role.

The lack of an effect of epicatechin on markers of inflam-
mation is in line with previous chocolate and cocoa intervention
studies that showed no effects on markers of inflammation (12,
13). In contrast to epicatechin, we found that quercetin
supplementation decreased IL-1B and the z score for inflamma-
tion. To our knowledge, no studies have investigated the effects
of pure quercetin on inflammation. Only a limited number of
studies with tea, the main dietary source of quercetin, were
reported. Two of 3 of these tea interventions found that tea
suppressed CRP (15, 16). However, only 1 tea intervention
measured IL-1B, IL-6, and TNF-a, which did not change (17).
These results should be compared cautiously, because the dosage
of pure quercetin used in the present study (100 mg/d) is notably
higher than the amount of quercetin present in 4 cups (1 cup =
250 mL) of black tea (19 mg) (34).

In this intervention study, we previously reported improve-
ments in insulin resistance after epicatechin supplementation
only (20). It was suggested that endothelial dysfunction is closely
related to the pathogenesis of insulin resistance and impaired
glucose metabolism (5). Higher concentrations of sE-selectin
and, to a lesser extent, SICAM-1 were associated with an
increased risk of developing diabetes (35). Similarly, studies have
shown higher concentrations of sE-selectin and sICAM-1 in
subjects with insulin resistance (36-38). In the present study, the
decrease in sE-selectin after epicatechin supplementation may
have contributed to the improvements in insulin resistance
reported previously. However, quercetin also decreased sE-
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selectin but did not affect insulin resistance, suggesting that
other markers are also involved.

In conclusion, in (pre)hypertensive men and women, epica-
techin supplementation reduced sE-selectin, a marker of endo-
thelial dysfunction, but did not significantly change other markers
of endothelial dysfunction. This suggests that epicatechin may
contribute to the cardioprotective effects of epicatechin-rich
foods such as cocoa and tea. Similarly quercetin supplementation
reduced sE-selectin but also reduced IL-1B and the z score for
inflammation. This suggests that quercetin may contribute to the
cardioprotective effects of quercetin-rich foods such as tea by
improving endothelial function and reducing inflammation.
Further long-term studies are needed to confirm these results and
to gain more insight into the potential mechanisms behind the
proposed effects of both epicatechin and quercetin.
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