
FLAVIOLA Targeted delivery of dietary flavanols for 

optimal human cell function: Effects on 

cardiovascular health  

Flavanols in Health and Disease 

SFRBM Annual Meeting, Pre-meeting Workshop II 

San Diego, 14 November 2012 

Flavanol and Procyanidin Intake and 
Cardiovascular Health: Outcomes 
from Clinical Intervention Studies 

Christian Heiss, University of Düsseldorf 



FLAVIOLA session at the annual SFRBM meeting – 14 November 2012 
www.flaviola.org  

Flavanol	  research	  in	  humans	  

•  Do	  flavanols	  enhance	  vascular	  func3on?	  

•  Are	  flavanol	  effects	  age-‐dependent?	  

•  Can	  flavanols	  be	  protec3ve	  in	  CV	  disease?	  
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Causality	  criteria	  

1.  Vascular	  effects	  not	  aBributable	  to	  confounders?	  
2.  Flavanols	  absorbed	  and	  transported	  to	  vasculature?	  
3.  Dose-‐responsiveness?	  Temporality?	  
4.  Pure	  flavanol	  mimicking	  vascular	  effects?	  
5.  Inhibi3on	  of	  mediator	  pathway	  aBenuates	  vascular	  

effects?	  
6.  Withholding	  of	  flavanols	  reverses	  vascular	  effects?	  
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1.	  Clinical	  trial	  standards	  control	  
confounders	  

Randomized	  controlled	  trial	  (RCT)	  according	  to	  
Good	  Clinical	  Prac3ce	  (GCP)	  

– Subjects	  randomized	  to	  treatment	  
– Tested	  against	  placebo	  control	  
– Subjects	  and	  inves3gators	  blinded	  to	  alloca3on	  
– Relevant	  groups	  
– Sufficiently	  powered	  
– CONsolidated	  Standards	  Of	  Repor3ng	  Trials*	  

*hBp://www.consort-‐statement.org/	  
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1.	  Clinical	  trial	  standards	  control	  
confounders	  

Use	  accredited	  (surrogate)	  endpoints#	  

– Blood	  pressure	  

– Endothelial	  func3on	  (FMD)	  

– Pulse	  wave	  velocity	  
	   #EFSA	  Journal	  2011	  



FLAVIOLA session at the annual SFRBM meeting – 14 November 2012 
www.flaviola.org  

2. Monomers, but not oligomers are absorbed and 
circulate primarily as metabolites  

 
Statistical analysis

\Data are presented as means6 SEMs. The primary test for an
effect was a test of the interaction in a 2-factor repeated-measures
ANOVA (in which the 2 factors were the test drink compared
with time). ANOVA and Tukey P values were computed with
SigmaStat 3.5 software (Systat Software Inc). P ! 0.05 was
considered significant.

RESULTS

Study population

Characteristics of the study population are presented inTable 3.
Baseline measurements of plasma samples taken before the
consumption of test drinks on each study day showed low or no
detectable concentrations of flavanols (Figure 1), which indicated
compliance with the low-flavanol diet as set forth in the study
protocol. No adverse events were reported in the context of this
study.

Contribution of dietary procyanidins to the pool of flavanol
metabolites present in human plasma

The consumption of all test drinks led to significant increases in
the concentration of flavanol metabolites in plasma, with maximal
concentrations observed at 2 h after ingestion (P, 0.05; Figure 1).
The consumption of D1 and D1–10 resulted in similar maximal
flavanol metabolites plasma concentrations of 880 6 73 and 863
6 77 nmol/L, respectively. The consumption of D2–10 led to
a maximal plasma concentration of flavanol metabolites of 80 6
23 nmol/L [P , 0.001 compared with the other drinks (repeated-
measures ANOVA)], which represented ;9% of the concentra-
tion reached after the ingestion of the other test drinks. Impor-
tantly, the concentration of flavanol metabolites detected in the
circulation on consumption of the D2–10 was consistent with the
residual amounts of flavanols present in the drink (Table 2).

Similar results were observed by comparing the AUC0–4 h.
Values obtained for AUC0–4 h were 2365 6 206 and 2472 6 187
nmol " 4 h/L after the intake of D1–10 and D1, respectively.
Values obtained for the AUC0–4 h after D2–10 ingestion corre-
sponded to 2446 23 nmol " 4h/L [P, 0.001 compared with the
other drinks (repeated-measures ANOVA)].

Contribution of dietary procyanidins to amounts of
flavanol metabolites excreted in urine

Corresponding to the observation in plasma, amounts of fla-
vanol metabolites detected in urine after the consumption of D2–
10 were significantly lower than amounts detected after con-

sumption of D1–10 and D1 (P , 0.05; Figure 2). These dif-
ferences were observed at both urine-collection periods (0–7 and
7–24 h). The amounts of flavanol metabolites excreted in urine
after the intake of D2-10 were consistent with the residual
amount of flavanols present in the drink (Table 2). No differ-
ences were observed between the amounts of flavanol metabo-
lites excreted in urine after the intake of the D1 and D1–10 at
any of the collection periods (Figure 2).

TABLE 3
Subject characteristics

Variable Value

n 12
Age (y) 31 6 3
Weight (kg) 76 6 11
BMI (kg/m2) 24 6 3
Systolic blood pressure (mm Hg) 120 6 8
Diastolic blood pressure (mm Hg) 73 6 5

FIGURE 1. Mean (6SEM) concentrations of flavanol metabolites in
plasma after the consumption of D1–10, D2–10, and D1. Data represent
the plasma concentration plotted against the time after consumption (n =
12). *Significantly different from the rest of the drinks ingested (P , 0.05;
2-factor repeated-measures ANOVA, P-interaction , 0.001). D1, test drink
that contained flavanols; D1–10, test drink that contained flavanols and
procyanidins with a degree of polymerization that ranged from 2 to 10;
D2–10, test drink that contained procyanidins with a degree of
polymerization that ranged from 2 to 10.

FIGURE 2. Mean (6SEM) amounts of flavanol metabolites excreted in
urine after the consumption of D1–10, D2–10, and D1. Data represent the
amount of flavanol excreted in urine expressed in micromoles and are plotted
against the urine collection period (0–7 h and from7 to 24 h after
consumption) (n = 12). *Significantly different from the rest of the drinks
ingested (P , 0.05; 2-factor repeated-measures ANOVA, P-interaction ,
0.001). D1, test drink that contained flavanols; D1–10, test drink that
contained flavanols and procyanidins with a degree of polymerization that
ranged from 2 to 10; D2–10, test drink that contained procyanidins with
a degree of polymerization that ranged from 2 to 10.

4 of 8 OTTAVIANI ET AL

OBaviani	  AJCN	  2012	  OBaviani	  FRBM	  2011	  
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3. Dose-dependent improvement of endothelial 
function following flavanol-rich intervention 

 
 

Heiss	  JAMA	  2003,	  JACC	  2005,	  JCVP	  2007	  

After discontinuing daily ingestions of high-flavanol
cocoa at day 8, the fasting FMD response as measured 1 week
later on day 15 was much lower as compared with day 8 and
had thus returned back to the initial value observed on day 1
(Figure 1). This indicates that the longer-term effect is
reversible. Blood pressure, heart rate, and plasma nitrate
remained unaffected throughout the study.

Additional Insight Into the Acute Effects After
Consumption of High-Flavanol Cocoa

An acute dose-response study was performed to gain
more insight into the underlying mechanisms. Volunteers were
asked to ingest 300 mL of a cocoa drink of variant total
flavanol content. This was achieved by mixing the high-
flavanol cocoa drink (306 mg of flavanols per 100 mL) with
different amounts of the low-flavanol cocoa drink (12 mg of
flavanols per 100 mL). The resulting 3 3 100 mL mixtures
thus ranged in their total flavanol content from 36 mg per
300 mL to 918 mg per 300 mL.

As shown in Figure 2A, the time of maximum FMD
response is essentially invariant to dose, occurring at about
2 hours after ingestion of the cocoa drink, whereas the
magnitude of the response increases with the flavanol dose
ingested. The magnitude of the FMD response continued to
increase with dose, going towards saturation with the highest
dose administered (918 mg of cocoa flavanols; Figure 2B).
From these data points, we calculated the flavanol dose
necessary to achieve half-maximal effects (EC50) to be 616 mg.
The time it takes for the FMD response to return back to the
initial baseline was slightly longer at the high dose as
compared with the lower doses (Figure 2A). Thus, it may be
possible that there is a carry-over effect from day to day in the
longer-term study shown in Figure 1. After the control drink,

which resembles a commercially available chocolate drink
with low flavanol content, the FMD response remains virtually
unchanged over the first 6 hours of the day. Thus, there seems
to be a stable lower steady state FMD in smokers’ chronic
endothelial dysfunction.

In parallel, we measured nitrite as a biomarker of NO
bioactivity. The time course of concentration changes in
circulating nitrite was qualitatively similar to FMD. Nitrite
concentrations were significantly increased at 1 hour after
330 mg of high-flavanol cocoa (61 6 11 nmol/L to 105 6
26 nmol/L; absolute increase, 44 6 16 nmol/L) and 918 mg
of high-flavanol cocoa (62 6 8 nmol/L to 103 6 12 nmol/L;
absolute increase, 41 6 6 nmol/L; each P , 0.05 compared
with baseline value). Nitrite did not significantly increase after
low-flavanol cocoa, ruling out a potentially confounding
dietary source of increased nitrite levels.20 Peak nitrite plasma
concentrations were not significantly different after consump-
tion of flavanol-rich cocoa drinks with 179 to 918 mg of
flavanols. Parallel time-courses of FMD and nitrite suggest
that the increase in endothelial function is correlated with
increased eNOS activity. As shown previously,28 time courses
of total circulating flavanols showed dose-dependent uptake of
flavanols from cocoa drinks (data not shown).

With regard to the measurement of markers often used to
assay antioxidant effects, the pre-dosing, baseline values for
TEAC (1.3 6 0.1 mmol/L), ascorbate (54 6 5 mmol/L), urate
(321 6 12 mmol/L), and MDA (0.23 6 0.02 mmol/L)
remained unaffected by a high-flavanol consumption (all values
represent the average of baseline values of three study days).

DISCUSSION
We demonstrated that the daily consumption of a high-

flavanol cocoa drink leads to a sustained reversal of endothelial

FIGURE 2. Time course (A) and dose-response curve (B) of flow-mediated dilation (FMD) after consumption of cocoa drinks with
increasing flavanol content. (A) FMD increased significantly after the ingestion of cocoa drinks rich in flavanols (300 mL each
corresponds to 330 or 918mg total flavanols) but not after low-flavanol control drinks (36mg). Symbols indicate means; error bars,
SEM; *P, 0.05 vs. 0 hour of same day; #P, 0.05 vs. respective time point after consumption of low-flavanol control (open circles).
(B) Peak response of FMD after ingestion of flavanol-rich cocoa containing 28 to 918 mg total flavanols (36, 330, and 918 mg from
time courses in (A), n = 5; 28, 179, and 485 mg, n = 6). Symbols indicate means; error bars, SEM; *P , 0.05 vs. baseline at 0 time
point in respective time course studies.

78 q 2007 Lippincott Williams & Wilkins

Heiss et al J Cardiovasc Pharmacol! ! Volume 49, Number 2, February 2007
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4. Pure (-)-epicatechin acutely improves endothelial 
function 

 
 

Schroeter	  PNAS	  2006	  

FMD (4!-O-methyl-epicatechin-O-!-D-glucuronide, r " 0.402; 4!-
O-methyl-epicatechin, r " 0.421; epicatechin-7-O-!-D-glucuronide,
r " 0.450; epicatechin, r " 0.486; sum of flavanols, r " 0.432; P #
0.01 each). Significance was not observed for catechin. In a mul-
tivariate regression analysis including all determined circulating
flavanols!metabolites, only epicatechin and its metabolite epicat-
echin-7-O-glucuronide predicted the magnitude of FMD (P # 0.01
and P # 0.05, respectively; R2 " 0.31 for the model), suggesting that
epicatechin is, at least in part, directly, and causally, involved in the
observed improvement of vascular function.

Attenuation of Effects by NO Synthase (NOS) Inhibition. The potential
dependence on NO of the hFCD-mediated increase in FMD was
investigated in a subgroup of volunteers (n " 3) using an i.v. infusion
of the NOS inhibitor L-NG-mono-methyl-arginine (L-NMMA).
Our data show that the FMD response at 2 h after a hFCD ingestion
equaled 9.2 $ 0.4% in the absence of L-NMMA. In comparison,
subsequent assessments using continued L-NMMA infusions in the
selfsame subgroup of volunteers showed a greatly reduced FMD
response of 0.6 $ 0.4% (P # 0.01) at 2 h after a hFCD ingestion.

Ex Vivo Vasodilation. A causal relationship between circulating
flavanols!metabolites and NO-dependent vasodilation was further
substantiated by using isolated rabbit aortic rings ex vivo. The
incubation of preconstricted aortic rings with a mixture of fla-
vanols!metabolites that mimicked the chemical composition of
flavanols!metabolites, as well as the mean plasma concentration, as
determined 2 h after ingestion of a hFCD (Fig. 2), resulted in a
relaxation. The maximal relaxation induced by the flavanol!
metabolite mix was 74.2 $ 14.5% (n " 3; 10 mM acetylcholine
induced a maximal relaxation of 83.6 $ 3.6%; 100% " conditions
before constriction using norepinephrine). Parallel treatments of
preconstricted aortic rings with the flavanol!metabolite mix, or
acetylcholine, in the presence of L-NMMA did not result in
relaxation.

Isolated, Chemically Pure Epicatechin Increases Vascular Function.
Given the results of our multivariate regression analysis that
identified circulating epicatechin and epicatechin-7-O-glucuronide
as predictors for a modulation of vascular function, we conducted
a ‘‘proof-of-concept’’ study, during which we orally administered
pure (%)-epicatechin to healthy volunteers. The doses administered

were based on the epicatechin content of the hFCD. Two hours
after the oral ingestion of (%)-epicatechin at doses of 1 or 2 mg!kg
of body weight (BW) dissolved in water, all volunteers had signif-
icantly increased FMD and PAT responses, whereas the ingestion
of water alone had no effects on FMD or PAT (Fig. 3). The
responses measured 2 h after ingestion of (%)-epicatechin showed
no statistical differences between the two doses tested (Fig. 3 A and
B). Fig. 3 B and D illustrates the kinetics of the FMD and PAT
responses after the oral ingestion of (%)-epicatechin at 1 mg!kg of
BW demonstrating significantly increased values as compared with
baseline, as well as compared with water controls. The magnitude
and kinetics of changes in vascular function were similar to the
effects observed after ingestion of hFCD.

Flavanol Consumption in Kuna Indians. As an initial test of whether
or not the chronic consumption of a high-flavanol diet is associated
with a persistent augmentation of NO-production, we studied two
genetically closely related populations of Kuna Indians. Indigenous
Kuna Indians, who live in the San Blas islands off the coast of
Panama, represent a very propitious study population because they
have only minimal increases in blood pressure with age, and
hypertension and other CVDs are rare. The factors involved are
primarily environmental, rather than genetic, because this protec-
tion is lost upon migration to mainland Panama City (25). One
contributing factor seems to be dietary because the Kuna living on
San Blas customarily consume large amounts of flavanol-rich cocoa
(26). In the current study, urine samples collected from a subset of
individuals, who were partaking in a larger study aimed at investi-
gating diet-blood pressure correlations in the Kuna (27), were
analyzed for flavanol metabolites and nitrite&nitrate concentra-
tions. All volunteers partaking in this study where matched for age,
gender, and weight. Island-dwelling Kuna consumed an average of
3–4 cups of cocoa per day. Those living on the mainland consumed

Fig. 2. Plasma profile of flavanols!metabolites. Time course of epicatechin,
catechin, and selected postabsorption metabolites after ingestion of a high-
flavanol (917 mg) cocoa drink (see squares in Fig. 1C). Values depicted are
means $ SEM. *, P # 0.05 vs. baseline at 0 h.

Fig. 3. Proof-of-concept: Vascular response after oral ingestion of (%)-
epicatechin. (A and C) FMD (A) and PAT (C) index significantly increased 2 h
after ingestion of 1 or 2 mg!kg epicatechin in water (filled columns) but not
water alone (open column; n " 3; cross-over). (B and D) Time course of FMD
(B) and PAT (D) index after ingestion of water (open circles) or 1 mg!kg
(%)-epicatechin in water (n " 3). Data represent means $ SEM. *, P # 0.05 vs.
baseline at 0 h of respective day; #, P # 0.05 vs. respective time point on control
day.

1026 " www.pnas.org!cgi!doi!10.1073!pnas.0510168103 Schroeter et al.
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5. Inhibition of NO Synthase by L-NMMA inhibits 
vascular effects of flavanols 

endothelial dysfunction and circulating NO pool after
application of ascorbic acid in a dose sufficient to reverse
endothelial dysfunction in smokers when applied alone
(Figs. 3C and 3D).

DISCUSSION

The circulating NO pool and flow-mediated dilation were
acutely increased following the consumption of a flavanol-
rich cocoa beverage. The increases in RXNO and endothe-
lial function were NOS-dependent, as NOS inhibition
abolished the observed effects. Ascorbic acid did not further
increase both parameters, suggesting a parallel antioxidant
mechanism. The increase in individual flavanol metabolites
correlated with the increase in NO.

The RXNOs exhibit biologic vasoprotective actions sim-
ilar to NO in vivo as well as in vitro (31), including
vasodilation (11,27), inhibition of platelet aggregation (32),
and interruption of carotid embolization (33). In fact,
studies imply that RXNOs in plasma represent a physiologic
storage pool for bioactive NO in human blood capable of
compensating for local NO deficit. Cannon et al. (10) have
shown that inhaled NO can restore blood flow and vascular
resistance in the forearm during regional inhibition of NO

synthesis. Results from our group suggest that plasma
RXNO contributes to systemic vasodilator effects of NO
after intravenous and intra-arterial infusion (11).

Endothelial function as measured by FMD is commonly
used as a clinical readout of endothelial NO synthesis
(1,34). Flow-mediated dilation of the brachial artery is
almost entirely NOS-dependent (34) and correlates very
well with endothelial function of most other conduit arter-
ies, including the coronary arteries, and can therefore be
used as a surrogate for systemic NO synthesis. Several
groups have previously shown that smokers show an im-
paired FMD with normal vasodilation in response to oral
glycerol trinitrate (1,35). The baseline values for FMD and
plasma RXNO measured in smokers were significantly
lower than values we have previously measured in healthy
non-smokers (27). Thus, a decreased pool of circulating NO
in smokers may be secondary to decreased endothelial
function and may potentially contribute to chronic vascular
disease.

We show in smokers !12 h after smoking cessation and
during abstinence from smoking that the consumption of a
flavanol-rich, but not a flavanol-poor, beverage dose-
dependently increased the circulating NO pool in plasma

Figure 3. Effects of L-NMMA and vitamin C on cocoa effects. Both flow-mediated dilation (FMD) (A and C) and the circulating NO pool in plasma
(RXNO) (B and D) increased 2 h after ingestion of cocoa containing 176 to 185 mg of flavanols. Whereas L-NMMA (A and B) reversed both parameters
below baseline values, ascorbic acid (2 g, C and D) did not cause a further increase when given after measurements at the 2-h time point. Significance levels
corrected for 8 pairwise comparisons in RXNO and FMD. Columns represent means " SE (n # 4 smokers).

1280 Heiss et al. JACC Vol. 46, No. 7, 2005
Endothelial Dysfunction and Flavanols in Smokers October 4, 2005:1276–83

endothelial dysfunction and circulating NO pool after
application of ascorbic acid in a dose sufficient to reverse
endothelial dysfunction in smokers when applied alone
(Figs. 3C and 3D).

DISCUSSION

The circulating NO pool and flow-mediated dilation were
acutely increased following the consumption of a flavanol-
rich cocoa beverage. The increases in RXNO and endothe-
lial function were NOS-dependent, as NOS inhibition
abolished the observed effects. Ascorbic acid did not further
increase both parameters, suggesting a parallel antioxidant
mechanism. The increase in individual flavanol metabolites
correlated with the increase in NO.

The RXNOs exhibit biologic vasoprotective actions sim-
ilar to NO in vivo as well as in vitro (31), including
vasodilation (11,27), inhibition of platelet aggregation (32),
and interruption of carotid embolization (33). In fact,
studies imply that RXNOs in plasma represent a physiologic
storage pool for bioactive NO in human blood capable of
compensating for local NO deficit. Cannon et al. (10) have
shown that inhaled NO can restore blood flow and vascular
resistance in the forearm during regional inhibition of NO

synthesis. Results from our group suggest that plasma
RXNO contributes to systemic vasodilator effects of NO
after intravenous and intra-arterial infusion (11).

Endothelial function as measured by FMD is commonly
used as a clinical readout of endothelial NO synthesis
(1,34). Flow-mediated dilation of the brachial artery is
almost entirely NOS-dependent (34) and correlates very
well with endothelial function of most other conduit arter-
ies, including the coronary arteries, and can therefore be
used as a surrogate for systemic NO synthesis. Several
groups have previously shown that smokers show an im-
paired FMD with normal vasodilation in response to oral
glycerol trinitrate (1,35). The baseline values for FMD and
plasma RXNO measured in smokers were significantly
lower than values we have previously measured in healthy
non-smokers (27). Thus, a decreased pool of circulating NO
in smokers may be secondary to decreased endothelial
function and may potentially contribute to chronic vascular
disease.

We show in smokers !12 h after smoking cessation and
during abstinence from smoking that the consumption of a
flavanol-rich, but not a flavanol-poor, beverage dose-
dependently increased the circulating NO pool in plasma

Figure 3. Effects of L-NMMA and vitamin C on cocoa effects. Both flow-mediated dilation (FMD) (A and C) and the circulating NO pool in plasma
(RXNO) (B and D) increased 2 h after ingestion of cocoa containing 176 to 185 mg of flavanols. Whereas L-NMMA (A and B) reversed both parameters
below baseline values, ascorbic acid (2 g, C and D) did not cause a further increase when given after measurements at the 2-h time point. Significance levels
corrected for 8 pairwise comparisons in RXNO and FMD. Columns represent means " SE (n # 4 smokers).

1280 Heiss et al. JACC Vol. 46, No. 7, 2005
Endothelial Dysfunction and Flavanols in Smokers October 4, 2005:1276–83

Heiss	  JACC	  2005,	  Schroeter	  PNAS	  2006	  
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6.	  Withholding	  reverses	  vascular	  effects	  

logical conditions, are sufficient to mediate the hypothesized ef-
fects; (iii) if the test compound is a food constituent, the effect
mediated by the pure and chemically identified food constituent
should closely mimic physiological effects; (iv) the inhibition of
endogenous mediator pathways, hypothesized to be causally linked
to the effect exerted by the nutritional test compound, should result
in an attenuation of such effects; and (v) the withholding (or loss)
of foods containing the test compound, or the withholding of the
test compound itself, should be consistent with a reversal or an
attenuation of the effect.

To ascertain whether dietary flavanols and their metabolites are
vasoactive mediators, we have conducted an investigation using an
experimental paradigm that includes the assessment of established
surrogate markers of cardiovascular function, and a comprehensive
analysis of the circulating nitric oxide (NO) pool and plasma
flavanols. The results provide compelling evidence that the flavanol
compound (!)-epicatechin mediates, at least in part, the beneficial
vascular effects associated with the consumption of flavanol-rich
cocoa in humans. Potentially of more significance, the results
reported in this paper provide a mechanistic underpinning for the
epidemiological observation of an inverse association between the
consumption of diets rich in plant foods and the risk for CVD.

Results
Time Course of Acute Vascular Effects and Flavanol Metabolites. To
characterize the acute cardiovascular effects that result from the
consumption of flavanol-rich cocoa, we conducted a dietary inter-
vention study using cocoa drinks with a high or low flavanol
content. The oral ingestion of the high-flavanol cocoa drink
(hFCD), but not that of the low-flavanol cocoa drink (lFCD),
resulted in a significant transient increase of the FMD response at
1–4 h postconsumption compared with baseline of the same day

and the respective time points of lFCD treatments (Fig. 1A). The
hFCD-mediated increase in FMD was paralleled by an augmenta-
tion of plasma nitroso species (RXNO) concentrations at 1–3 h
(Fig. 1B). Measurements of the peripheral arterial tonometry
(PAT) index also demonstrated significantly increased responses
after the ingestion of a hFCD as compared with a lFCD. Based on
the maximal PAT responses, the ingestion of a hFCD resulted in a
68.9 " 10.3% augmentation of the PAT index as compared with an
increase of 18.1 " 3.3% after a lFCD (n # 6; P # 0.004). The mean
PAT index at baseline, as calculated by using all baseline measure-
ments, was 1.9 " 0.1 (n # 12). Moreover, consumption of the hFCD
significantly increased the sum of determined circulating flavanols!
metabolites as compared with the lFCD (Fig. 1C). Fig. 2 depicts the
pharmacokinetics for major compounds after the ingestion of the
hFCD. The temporal kinetics of the increase in plasma flavanols!
metabolites was similar to those of FMD, PAT, and RXNO (Fig.
1 A–C).

To further evaluate a dose-dependence between changes in
plasma flavanols and vascular function, and to control for individual
variations in absorption, we analyzed the individual areas under the
curve (AUCs) of FMD and RXNO plasma levels against the AUCs
of the individual sum of plasma flavanols!metabolites, respectively
(Fig. 1 D–F). In all volunteers, consumption of the hFCD resulted
in increases of plasma flavanols!metabolites that were paralleled by
an augmentation of RXNO levels. In 9 of 10 volunteers, individual
increases in plasma flavanol!metabolite and RXNO levels coin-
cided with an amplified FMD response. PAT measurements dem-
onstrated that the AUC of the PAT index was increased by 25.1 "
3.7% (n # 6, P $ 0.001) from a baseline of 1.9 " 0.1 (n # 12) after
the ingestion of a hFCD as compared with a lFCD.

Circulating Flavanols!Metabolites Predict FMD. We observed signif-
icant univariate correlations between flavanols!metabolites and

Fig. 1. Time courses of FMD, RXNO, and total circulating flavanols. (A–C) Ingestion of a hFCD (917 mg of total flavanols; filled circles) exerted significant increases
in FMD (A), RXNO (B), and circulating flavanols (C) compared with a low-flavanol control drink (lFCD # 37 mg; open circles; n # 10). lFCD ingestion slightly
increased the sum of circulating flavanols (C) but had no effect on FMD and RXNO (mean values " SEM). (D–F) AUCs of FMD, RXNO, and sum of circulating
flavanols after ingestion of a lFCD (open symbols) or a hFCD (filled symbols). AUC of flavanol plasma concentration increased in all volunteers; in 9 of 10 individuals
this was paralleled by an increase in AUC of FMD. (F) Mean values for AUCs of FMD (circles), RXNO (squares), and sum of circulating flavanols are significantly
higher after hFCD (calculated from individual values presented in D and E). *, P $ 0.05 vs. baseline at 0 h of respective day; #, P $ 0.05 vs. respective time point
on control day.

Schroeter et al. PNAS " January 24, 2006 " vol. 103 " no. 4 " 1025
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Heiss	  JCVP	  2007	  

mixed in 100 mL water was consumed (n = 6) 3 times daily
(morning, lunchtime, evening) for 7 consecutive days. All
volunteers had previously concluded 1 of the acute studies
(see below), and all had responded to acute ingestion with
increased FMD. Endothelial function as assessed by FMD was
measured at baseline (control) and 2 hours after ingestion of
the morning dose on days 1, 3, 5, and 8. In parallel, the
oxidative NO metabolites nitrite and nitrate were determined
on days 1 and 8. As an internal control, baseline measurements
were repeated after a cocoa-free washout phase of an addi-
tional 7 days (ie, on day 15).

To avoid acute effects of cigarettes19 and changes in
plasma nitrite secondary to acute food consumption,20 all
volunteers fasted overnight (water ad libitum) and refrained
from smoking for 12 hours before the studies and until com-
pletion of the studies in the morning on the study days. On all
other times during the study period, the volunteers continued
to smoke their usual average of 1 pack of cigarettes per day
(Table 1). The subjects were also advised to maintain their
habitual exercise habits through the study period and refrain
from exhausting exercise on the days before study days.

To study the dose-dependence and duration of acute
effects, we performed 2 time-course studies involving the
consumption of matched cocoa drinks. In a first series, cocoa
beverages with 36, 330, or 918 mg of flavanols, respectively,
were administered to subjects (n = 5) on 3 different days in
random double-blinded order. In another group (n = 6), we

administered cocoa drinks with flavanol contents of 28, 179,
and 483 mg, respectively. Blood pressure, heart rate, and
FMD, as well as plasma nitrite and nitrate were determined at
0 hours as well as at 1, 2, 3, 4, and 6 hours after ingestion. In
addition, to gain mechanistic insight, we assessed the plasma
Trolox-Equivalent Antioxidant Capacity (TEAC), and the
plasma levels of ascorbate, urate, and malondialdehyde (MDA).
We measured these parameters, because they were shown
previously to be altered in smokers, thus changes in those
markers may be important in smoking-related vascular
pathologies. To prevent carry-over effects, studies were more
than 2 days apart from each other.

Vascular Function Assessment
FMDwas measured as previously described.21,22 Briefly,

the diameter of the brachial artery was measured by a 15-MHz
transducer (Sonos 5500; Agilent) and automatic edge-detec-
tion software (Brachial Analyzer; Medical Imaging Applica-
tions, Iowa City, IO) yielding a coefficient of variation of
less than 1%. Reactive hyperemia was induced by 5 min of
distal lower arm occlusion. The diameter was assessed after
60 seconds, and FMD was calculated as relative diameter gain
compared with baseline. Endothelium-independent dilation
was measured 4 min after sublingual application of 400 mg of
glycerol trinitrate (GTN; Nitrolingual mite, Pohl, Germany).
The percentage of FMD compared with endothelium-inde-
pendent dilation was calculated (FMD/GTN-ratio). Mean
arterial pressure was calculated as 1/3 (systolic-diastolic blood
pressure) plus diastolic blood pressure.

Biochemical Analyses
Plasma concentrations of nitrite were determined using

reductive cleavage by an iodine/iodide-containing reaction
mixture and subsequent determination of the released NO by
a gas phase chemiluminescence assay.23,24 Whole blood was
diluted 1/5 in ice-cold 0.9% saline containing N-ethyl-
maleimide (5 mM) and EDTA (2 mM). Plasma was obtained
by centrifugation at 750 3 g and 4!C for 5 min. Plasma was
then divided into 2 aliquots: 1 was directly injected into
a triiodide-containing vessel (60!C) actively purged with a
helium stream in line with an NO chemiluminescence analyzer
(88NOe; EcoPhysics, Duernten, Switzerland), and the other
was treated with 1/10 volume of 5% sulfanilamide in 1 M HCl
for 10 min and then injected. Nitrate was quantified after
enzymatic reduction to nitrite by nitrate reductase using flow-
injection analysis.25

The so-called total antioxidant capacity of plasma was
determined as Trolox-Equivalent Antioxidant Capacity (TEAC)
using a commercially availably kit, which is based on the
formation of radical cations of 2,2-azino-di-(3-ethylbenzthia-
zoline) sulfonate, which was measured photometrically at
a wavelength of 600 nm in accordance with the manufacturer’s
instruction (Randox Laboratories Ltd., Crumlin, UK). Circu-
lating levels malondialdehyde (MDA), a proposed marker of
lipid peroxidation, and ascorbate were determined in plasma
and urate in serum by standard clinical methods.

FIGURE 1. Sustained increase in flow-mediated dilation (FMD).
Flow-mediated dilation of brachial artery increased with
repetitive consumption of high-flavanol cocoa drink (306 mg
of flavanols thrice daily over 7 days, n = 6). FMD was not
significantly different at day 15 after 1 week of cocoa-free
washout. Symbols indicate means; error bars, SEM; #Indicates
significant differences from control at day 1; each P , 0.05.

76 q 2007 Lippincott Williams & Wilkins

Heiss et al J Cardiovasc Pharmacol" ! Volume 49, Number 2, February 2007Repe33ve	  Applica3on	  (3x375	  mg/d)	  

Time	  (days)	  
1	   3	   5	   7	   15	  
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Flavanol	  research	  in	  humans	  

•  Do	  flavanols	  enhance	  vascular	  func3on?	  ✔


•  Are	  flavanol	  effects	  age-‐dependent?	  

•  Can	  flavanols	  be	  protec3ve	  in	  CV	  disease?	  
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Study design: 4-armed randomized controlled double 
blind parallel group intervention study 

Inclusion 
-  Healthy, male  
-  18-30 (YOUNG) 
-  50-80 (ELDERLY) 
-  BMI 23-30 kg/m2 

Exclusion 
-  Cardiovascular disease (signs, symptoms, meds) 
-  Diabetes mellitus  
-  Smoking 
-  Acute inflammation 
-  Cardiac arrythmia  
-  Malignancies 
-  Heart failure 
-  Renal failure 

FLAVANOL (2x410 mg) 

   0                                                        14 

CONTROL (2x0 mg Flavanols) 

FLAVANOL (2x410 mg) 
CONTROL (2x0 mg Flavanols) 

0 1 0 1 Hours after single drink 

Day 

ELDERLY 

YOUNG 
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Subject characteristics 

 
YOUNG ELDERLY p-value 

n   22     20     
Age (y) 26 ± 3 60 ± 7 <0.001 
BMI (kg/m2) 24.9 ± 3.0 26.5 ± 3.0 0.013 
Height (m) 1.83 ± 0.06 1.81 ± 0.04 0.453 
Weight (kg) 81 ± 10 88 ± 11 0.079 
Creatinine (mg/dl) 1.0 ± 0.1 1.0 ± 0.1 0.991 
Total cholesterol (mg/dl) 184 ± 33 225 ± 32 <0.001 
LDL cholesterol (mg/dl) 129 ± 26 157 ± 27 0.005 
HDL cholesterol (mg/dl) 53 ± 16 54 ± 12 0.900 
Triglycerides (mg/dl) 97 ± 44 118 ± 39 0.104 
Fasting plasma glucose (mg/dl) 89 ± 8 95 ± 8 0.027 
HbA1c (%) 4.8 ± 1.1 4.6 ± 2.0 0.554 
SBP (mmHg) 120 ± 9 131 ± 11 0.006 
DBP (mmHg) 77 ± 7 82 ± 9 0.011 
HR (bpm) 56 ± 7 56 ± 7 0.908 
CRP (mg/dl) 0.1 ± 0.2 0.1 ± 0.2 0.692 
Hb (mg/dl) 15.3 ± 1.0 15.4 ± 1.1 0.721 
Leucocytes (1000/ul) 5.5 ± 1.3 5.8 ± 1.4 0.489 
Smoking history 

 
0 

  
0 

  Medication   0     0     

    
MV ± SD 
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Flavanols improve age-related impairment in 
endothelial function 

* p<0.05 vs. 0 h, day 1 baseline, # p<0.05 vs. Control drink, † p< 0.05 vs. Young  
  
  

days	  

hours	  0	   1	   0	   1	  

1	   14	  

*# *# 
*# 

Flavanols 
Control 

YOUNG	  (18-‐30)	  

† 

† 

† † 
† 
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1	   14	  
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FLAVIOLA Health Study 

•  Aims: General applicability, larger population at increased 
cardiovascular risk, in the context of cardiovascular health, 
and identify influencing factors 

•  Study Design: 2-armed, randomized controlled parallel-group 
study  

•  Sample Size: n=100 
•  Study Population: middle-aged, male, healthy subjects 
•  End points  1° Endothelial function 

  2° blood pressure, cholesterol, glucose 
  3° Exploratory end points 

•  1 month Intervention 
»  Flavanol intervention 2x410 mg 
»  Flavanol free control 



FLAVIOLA session at the annual SFRBM meeting – 14 November 2012 
www.flaviola.org  

Flavanol	  research	  in	  humans	  

•  Do	  flavanols	  enhance	  vascular	  func3on?	  ✔


•  Are	  flavanol	  effects	  age-‐dependent?	  (✔)	  

•  Can	  flavanols	  be	  protec3ve	  in	  CV	  disease?	  	  



Endothelial 
injury & 
dysfunction 

Endothelial  
regeneration 

NO 
NO 

Endothelial homeostasis 
Injury and Regeneration 
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Study	  design	  

9	  mg	  

375	  mg	   9	  mg	  

375	  mg	  

•  Randomized controlled crossover double blinded trial 
•  N=16 Patients with coronary artery disease on optimal medical therapy 
•  30 days  high flavanol intervention (2 x 375 mg/d) & low flavanol control (2 
x 9 mg/d) 



FLAVIOLA session at the annual SFRBM meeting – 14 November 2012 
www.flaviola.org  

Flavanol	  interven3on	  reverses	  endothelial	  
dysfunc3on	  in	  CAD	  pa3ents	  

Heiss JACC 2010 

* p<0^.05 vs respective pre, # p<0.05 vs C 

FMD	   Blood	  pressure	  

FI	  high	  flavanol	  interven3ons	  (2x375	  mg	  30d)	  
C	  low	  flavanol	  control	  (2x9	  mg	  30	  d)	  
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Heiss	  JACC	  2010	  

Flavanol intervention mobilizes 
functional CACs 
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Flavanol	  research	  in	  humans	  

•  Do	  flavanols	  enhance	  vascular	  func3on?	  ✔


•  Are	  flavanol	  effects	  age-‐dependent?	  (✔)	  

•  Can	  flavanols	  be	  protec3ve	  in	  CV	  disease?	  ✔	  
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Clinical	  interven3on	  studies	  

Conclusion	  
Flavanols	  and	  their	  metabolites	  are	  vasoac3ve	  in	  	  
young,	  elderly,	  healthy	  and	  diseased	  humans	  	  
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Clinical	  interven3on	  studies	  

Conclusion	  
Flavanols	  and	  their	  metabolites	  are	  vasoac3ve	  in	  	  
young,	  elderly,	  healthy	  and	  diseased	  subjects	  	  
	  
Perspec.ves	  
Flavanols	  and	  their	  metabolites	  harbor	  
vasculoprotec3ve	  poten3al	  for	  primary	  and	  
secondary	  CVD	  preven3on	  
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Take-home Message: Flavanols Session 
 

 

•  ‚Bioactives‘ rather than (only) ‚Antioxidants‘ 

• Active Compounds: Flavanol Metabolites from Monomer, (-)-
Epicatechin; Oligomers (Procyanidins) do NOT contribute 

•  Epidemiology: blood pressure lowering in human 
intervention studies at >50 mg flavanol (monomer)/day  
•    
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•  Mechanism of Action:  prooxidant enzymes, reactive oxygen 
species (in vitro, cell culture expts); inflammatory markers; 
master switches: Nrf2, NFkappaB 

•  Cardiovascular Health:                                                   
Flavanols and metabolites vasoactive are vasoactive in young, 
elderly, healthy and diseased subjects 

• Flavanols and their metabolites harbor vasoprotective 
potential for primary and secondary CVD prevention 
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FLAVIOLA international workshop on  
Flavanols in Cardiovascular Health 

 

Brussels, 24 January 2012 
 
 
www.flaviola.org/project/events/workshop/index.php 


