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ABSTRACT: Assessment of the health effects of dietary interventions in humans poses a particular challenge to nutritional and
clinical scientists. In contrast to drugs possessing a well-defined molecular mechanism of action, food-derived components act in
subtle and pleiotropic ways by nature. Moreover, dietary compounds are mainly not intended to cure a disease but to prevent or
beneficially affect situations when the physiology gets slightly out of homeostasis. By the example of a recent clinical pilot study,
this paper illustrates an endeavor to find new strategies for the detection of health effects of flavonoids in the human vasculature.
Integration of a meticulously selected cluster of relevant biomarkers eventually enabled the beneficial vascular health effects of
flavonoids to be revealed. A critical appraisal of this approach for the future is provided.
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■ INTRODUCTION
Currently, there is quite some debate as how to evaluate the
health-promoting effect and the disease risk-reducing effect of
foods and food constituents in humans.1 Clear evidence-based
efficacy should be firmly established before claims are allowed
on the benefits of nutraceuticals, nutrients, or food
components. We are inclined to define end points in efficacy-
testing similarly as in the evaluation of drugs.2 However, drugs
are designed as golden bullets, that is, one compound for one
disease via a single molecular target. Drugs are used to treat and
cure sick people. The drug effect should preferably be observed
directly. A blood pressure lowering effect, the diuretic action, or
a cholesterol-lowering effect should instantly become estab-
lished. Pharmacology, the science of drug action, has strikingly
and precisely been described as a form of “selective toxicity”.3

This is in sharp contrast to food-derived compounds, which are
used in rather healthy people. In most cases they exert
pleiotropic actions; that is, they subtly modulate a multitude of
physiological processes. The effects are chronic and are not
immediately measurable.2

■ WHAT IS HEALTH?
When we aim for a health-promoting effect of a food or food
constituents, it should be clear what we mean by health. The
frequently used definition of the WHO is “a state of complete
physical, mental, and social well-being” and not merely the
absence of disease or infirmity.4 The first part of this definition
of health is part of the founding constitution of the WHO,
which dates from 1946. With increasing understanding of
disease, not only at societal and individual levels but certainly
also at a molecular level, the definition has become flawed.5 It is
now increasingly recognized that health is not a fixed entity but
should rather be seen as a dynamic condition, which may differ
under various circumstances. Furthermore, health is not a state
of perfection but the ability to adapt.5 Of course, this changing
view also has consequences for the prevention or treatment of
diseases. Instead of trying to attain perfection, our preventive

and therapeutic approaches should rather aim for increasing the
aptitude to adapt.
In addition, it becomes increasingly clear that diseases, in

particular chronic diseases, are not caused (nor treated or
prevented) via a single molecular target. Interestingly, popular
blockbuster drugs have often been developed via medicinal
chemistry to reach specificity, but after all appeared to deploy
pleiotropic actions in the human body. This multitude of
actions of those single drugs might even explain their
therapeutic effectiveness and hence their success. Good
examples in this regard are various cardiovascular drugs such
as statins, β-blockers, or calcium antagonists.6 Statins were
originally developed as specific inhibitors of the rate-limiting
enzyme of the cholesterol biosynthesis hydroxymethylglutaryl-
CoA reductase. However, it became gradually evident that
statins exert, among others, antiatherosclerotic, antinociceptive,
anti-inflammatory, and antithrombotic effects.7

β-Blockers besides specific blockage of β-adrenoceptors have
been shown to inhibit lipid peroxidation.8 This capacity has
even been optimized to increase the therapeutic effects of the β-
blocker carvedilol.6 Likewise, the antioxidant activity of calcium
antagonists has been suggested to contribute to their clinical
efficacy.6 It appears not only that is disease best counteracted
but that health is best established by compounds acting in a
pleiotropic manner.
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■ HOW TO TEST PHYSIOLOGICAL EFFICACY IN AN
APPARENT HEALTHY POPULATION?

The first thing that comes to mind is that the original WHO
definition for health mentions a complete well-being. Increasing
health even in this seemingly perfect situation is possible when
health is defined as the ability to adapt. Even in a total healthy
state, a stressor may bring an apparent homeostasis out of
balance. The increased ability to withstand such a stressor can
then be regarded as a marker for health. Such a stressor might
be applied in vivo, for example, within the setting of a glucose
tolerance test.
In our clinical pilot study, in which we investigated the

vascular health effects of flavanols in smokers (vide infra), we
used flow-mediated dilatation (FMD) of the brachial artery as a
stress response test.9 Although the 5 min occlusion of the
brachial artery can probably not be regarded as a physiological
stressor, the elicited blood flow peak and the consequent
arterial dilatation after deflating the cuff is certainly a stress
response. Brachial artery FMD is a well-established noninvasive
method to assess the function of the vascular endothelium,
which appears to be related to cardiovascular risk.10,11

A challenge might also be applied ex vivo. In this case after
having received the intervention, samples of a volunteer’s body
compartment such as blood can be subjected to an in vitro
challenge. In our clinical trial example, we challenged blood
collected from the subjects allocated to the verum or placebo
intervention with bacterial endotoxin (lipopolysaccharide
(LPS)) to induce an inflammatory response (vide infra).
Remarkably, LPS challenges have been even used in vivo with
humans.12

Another example of an in vitro stress response approach is
the measurement of the antioxidant status of plasma. In this

case the obtained plasma of the volunteers is subjected to a
radical stressor, namely, the green-blue 2,2′-azinobis(3-ethyl-
benzthiazolidine-6-sulfonic acid) (ABTS) radical. Decoloriza-
tion of this ABTS radical is a measure of the plasma to
withstand radical stress.13

Finally, it should also be realized that a smooth transition
exists from a pure healthy to an overt-diseased state. Using
“slightly unhealthy” volunteers offers the possibility to detect
beneficial effects of foods or food-derived components. People
with a slightly elevated blood pressure, for example, may
respond to blood pressure lowering compounds. Overweight
volunteers exhibit a light degree of systemic inflammation. Anti-
inflammatory effects of compounds could become apparent in
these volunteers.
In this respect healthy smokers are also an interesting

alternative group of subjects. Although it may be a matter of
debate as to whether “healthy smokers” really exist or rather are
an oxymoron, they are well-known to develop, among other
symptoms, impaired vascular function, elevated levels of
inflammation, and oxidative stress.14,15 To investigate the
pleiotropic health benefits of flavonoids in the human
vasculature, smokers thus appear as an ideal study population
(vide infra).

■ MOLECULAR MECHANISMS OF ACTION OF
FLAVONOIDS

In the 1920s flavonoids were described as important health-
promoting compounds. In that period also vitamins were
discovered, and in 1936 flavonoids were indicated as vitamin
P.16 There are not many food-derived compounds that
followed the development of biomedical science as closely as
flavonoids (Figure 1). The denomination of flavonoids as a

Figure 1. Historical overview of the major discoveries of the molecular mechanisms of action and biological effects of flavonoids since their first
description as vitamin P by Szent-Györgyi and colleagues in 1936. The number in parentheses indicates the corresponding literature reference.
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vitamin is very illustrative in this regard. In view of the
awareness that vitamin C plays an important role as a vascular
protective agent, preventing bleeding from capillaries, it is not
surprising that flavonoids were regarded as vitamin C enhancers
and were further investigated as protectors against capillary
fragility.17−20 The mode of action remained obscure for a long
time. However, after the huge interest in the physiological role
of free radicals in the 1980s, the antioxidant function of
flavonoids was elaborated (Figure 1). In the beginning free
radicals were judged as merely damaging species. They were
seen as detrimental to all kind of biomolecules (e.g., fatty acids,
proteins, carbohydrates, and ribonucleic acids). Cellular
structures and molecules (e.g., membranes, enzymes/receptors,
DNA) can indeed be damaged by an overshoot of free radicals,
and the antioxidant function of flavonoids was seen as the mode
of action of these polyphenols. This concept appeared in
particular plausible because it could be easily explained by their
natural function. In plants, where they are produced, flavonoids
act as antioxidants to protect against radical-inducing UV
light.21

The biochemistry community already realized from the
beginning that free radicals are not only damaging but are also
part of the normal physiology. Moreover, on the basis of the
reaction rate constants, the physiological probability of pure
hydroxyl radical scavenging was difficult to comprehend and
could not be shown clinically up to now.22 Other ways had to
be found to explain the beneficial health effects of flavonoids in
vivo. This notion slowly penetrated the field of nutritional
research, which then started to focus on the anti-inflammatory
effects of these polyphenols.23 This research became feasible
because of the accessibility of easy methods to measure, for
instance, a wide spectrum of cytokines as well as their gene
expression levels.24 Moreover, the effects of flavonoids on
transcription factors steering the inflammatory process, such as
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) and its modulator poly(ADP-ribose) polymerase-1
(PARP-1), could be determined and led to a further
underpinning of their anti-inflammatory action also in
vivo.25−27 These DNA transcription regulating factors are
activated by free radicals, which made it a logical continuation
of flavonoid research (Figure 1).
Another investigational route to explain flavonoids’ health

benefits further focused on the antioxidant activity of flavonoids
by studying their influence on radical-producing enzymes such
as nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase and xanthine oxidase.28,29 Interestingly, even metabo-
lites proved to be effective inhibitors, which is meaningful
because most polyphenols have a relatively low bioavailability
due to rapid biotransformation.30

The anti-inflammatory action of flavonoids became further
intertwined with their antioxidant effects by the recognition
that the function of neutrophils is effectively modulated.31 This
mechanism not only enhances the anti-inflammatory potency
but contributes at the same time to a further decrease of free
radicals because an important source of radical formation
becomes attenuated.
Whereas antihypertensive effects of a specific flavonolic

glycoside were already reported in the early 1950s,32 the
reduction of plasma lipids33 and a decreased risk of coronary
heart disease34 as well as attenuation of LDL cholesterol
oxidation by preserving the activity of the enzyme para-
oxonase35 were discovered later as cardiovascular health-
promoting effects.

Recent research activities addressed the capability of
flavonoids to interfere with intracellular redox signaling
cascades and the activity of redox-sensitive transcription
factors.36 To explain the possible long-term health effects of
flavonoids, epigenetic modulating activities are now increasingly
explored.37 Also in these cases flavonoid research closely
follows the new methodological possibilities that arise and
become accessible to a wider scientific community.
The main reason for presenting this historical background on

the research efforts around flavonoids is to emphasize that these
polyphenols indeed possess a pleiotropic action per se. The
intrinsic multiple effects of these food-derived compounds
apparently renders them excellently suitable to prevent or delay
the onset of complex chronic pathophysiological conditions
such as cardiovascular diseases.
It is, however, important to realize that flavonoids are in fact

not a homogeneous group of compounds. During the years of
flavonoid research multitudinous efforts were dedicated to
establish structure−activity relationships (SAR). It could be
shown that SAR are applicable for flavonoid subgroups.38

However, for many biological functions such as anti-
inflammatory actions,39 PARP-1-inhibition,26 and epigenetic
modulation,40 clear SAR could not be unraveled until now. This
emphasizes the need for awareness that the biological activity of
a specific flavonoid must not necessarily be representative for
the whole class of compounds. A similar perception is required
for flavonoid-rich plant extracts, where the entire extract has to
be regarded as an individual “active principle”.

■ WHAT IS A SUITABLE CLINICAL END POINT THAT
REFLECTS THE PLEIOTROPIC NATURE OF
FLAVONOIDS IN HUMANS?

On the basis of the cognition that nutrients and dietary
interventions (consisting of numerous individual compounds)
affect human health not only by a single mechanism but by a
multitude of mechanisms, it appears self-evident that a single
clinical end point would never sufficiently reflect this
pleiotropic efficacy in humans. Therefore, it is necessary to
carefully define a representative panel of end points consisting
of risk factors and/or cellular and subcellular markers that are
known to play a key role especially in the early development of
a disease. Moreover, the selection of those end points is guided
by the present knowledge on the molecular mechanisms that
are ascribed to the nutrient or dietary compounds in question
in previous in vitro and animal experiments.
In a recent pilot study we implemented this strategy

practically for the investigation of the effects of an 8 week
supplementation of grape seed-derived monomeric and
oligomeric flavanols on vascular health of healthy male
smokers.9

The major study parameters assessed in this trial are
displayed in the outer circles of Figure 2. They are either
biochemical or functional markers that provide information on
the main important pathophysiological processes occurring in
the early onset of (cardio)vascular diseases: disturbances in
serum lipids as well as in inflammatory, redox, and
prothrombotic states, eventually all contributing to an impaired
macro- and microvascular function (Figure 2).
Due to the fact that all of these processes are inseparably

linked to each other and frequently even amplify each other, the
integration of the effects on all these study parameters would
enable one to quantify the flavanols’ efficacy on vascular health
in an integral manner. In search of a pragmatic way to integrate
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the data, we ended up with the concept of defining a global
health index as coined by Heany.2 For each subject we added
up the percentage changes from baseline of all parameters for
which an increase was expected to reflect beneficial effects on
vascular health. Accordingly, parameters for which a reduction
was assumed to reflect a beneficial vascular health effect were
subtracted. By this simple and straightforward approach we
created the so-called vascular health index (VHI). Indeed, the
mean VHI increased significantly compared to placebo in the
test group that was supplemented with the flavanols for 8
weeks, despite the fact that the alterations in many of the
individual parameters did not reach statistical significance.9

Thus, the meticulous selection of a cluster of end points
forms the sound and plausible platform for the implementation
of strategies that facilitate an integration of data for the
quantification of the health effects of pleiotropic-acting
nutrients.

■ HOW TO PURSUE THE PROOF OF HEALTH
BENEFITS OF FOOD COMPOUNDS?

A drug consists usually of a pure substance being applied in a
well-defined pharmaceutical formulation and with a stand-
ardized bioavailability. In contrast, dietary interventions can
vary considerably with respect to the food matrix, which in turn
can influence considerably the bioavailability of individual
ingredients. Hence, it appears plausible that differences in food
composition can fairly influence the outcomes of clinical trials.
In addition, pharmaceuticals are usually developed on the basis
of a unique mechanism of action. Consequently, in a situation
(an overt-diseased state) that obviously needs correction, the
clinical efficacy of a drug can be determined by means of a
single end point. Due to the pleiotropicity and subtlety of
actions of food-derived compounds, the situation is more
complex (Figure 3). Therefore, the question remains how to
pursue the proof of their beneficial effects on human health.
Basically, the concept of health benefits of nutrients should

be amended by the perception that these compounds may
contribute to reset homeostasis on a higher level of
“heterostasis” to acquire or maintain optimal health.

With regard to the design of clinical trials to prove the health
effects of dietary compounds, we should not hesitate to include
volunteers that possess a mild aberrant physiology.41 Moreover,
we should apply stress response tests (briefly, stress tests) in or
ex vivo that enable us to study optimization of health as the
capacity to adapt to different environmental or intrinsic stimuli.
Because the current methodologies for those stress tests are
quite limited and still in their infancies, the development of
novel approaches will be a work of merit in this field.
The difficult choice of end points needs thorough attention

while projecting a clinical trial for a nutritional intervention.
Many clinically established biomarkers are indicators of a
diseased state and, hence, signs of an already exceeded range of
homeostasis. It is therefore imperative, instead of using markers
of a diseased state, to find and apply markers, that is, risk
factors, which reflect the misbalanced homeostasis and the early
developmental state of a disease.
By means of our recent clinical study on the vascular health

effects of grape seed-derived flavanols, we could demonstrate
that the careful selection of a scientifically meaningful cluster of
markers (including well-established cardiovascular risk factors
and investigative markers for vascular health) paves the way to
define an integrative outcome measure (VHI) for the
quantification of flavanols’ effects on vascular health. The
integration of biomarkers into a health index may be a
promising approach, although we are fully aware that it does
not enable the prediction of the risk of cardiovascular disease
and associated mortality of the investigated volunteers. It is
rather a pragmatic, simple, and comprehensible approach to
reveal the multitude of mild effects by which flavanols modulate
essential (patho)physiological processes in the human
vasculature.
Nonetheless, regarding the practical implementation and

interpretation of such a health index, there are still numerous
questions to be answered:

Figure 2. Overview of the study parameters integrated into the
vascular health index within a randomized clinical pilot study to assess
the vascular health effects of flavanols in male smokers.9

Figure 3. Conceptual view on health and disease, their assessment by
means of risk factors and biomarkers, and the modulating roles of
nutrients and pharmaceuticals. In a healthy homeostasis, risk factors
should be identified that indicate the possible occurrence of early
deviations from homeostasis. Biomarkers reflect a state already
deviated from homeostasis. Biomarkers can even be used to define
the degree of the disease. Food compounds and nutrients might block
or delay the transition to a further worsening of the disease state, that
is, from homeostasis to early deviations or diseases. Pharmaceuticals
are primarily aimed to correct the disease state, whereas nutrients
rather function to remediate a slightly imbalanced homeostasis.
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(1) What is the most accurate set of biomarkers reflecting
vascular health? Do we need to include a certain minimum or
maximum number of parameters?
(2) Do we need to develop for specific (classes of) dietary

compounds a standardized set of biomarkers that should
definitely be included in a particular health index?
(3) Do we need to define and apply weighing factors for the

integration of the individual biomarkers? How can this be
achieved?
(4) How do we deal with differences in time dependence

with respect to the change of biomarkers?
(5) Do biomarkers interact, and does this have to be taken

into account for integrating them into a health index?
(6) Is a health index dose-dependent?
(7) How can we handle within-person and between-person

variability of a health index?
(8) Can a health index be translated into disease risk?
Of course, these questions do not alter when the term

“biomarkers” is replaced by “risk factors”. Despite these and
probably many more issues that need to be addressed by future
research, we are convinced that integrative approaches,
regardless of how exactly they are practically implemented,
will find their way into the clinical assessment of health benefits
of foods and nutrients. Our approach demonstrates that data
integration can be achieved in a pragmatic manner and does
not necessarily require expensive and/or highly sophisticated
techniques.
Randomized (placebo-) controlled clinical trials (RCT) are

without doubt regarded as the gold standard of clinical efficacy
testing. However, due to fundamental differences in the
objectives of a trial with a drug (improve or cure a disease)
and dietary compounds (maintain or promote health) as well as
in the nature of the active ingredients (high-potent monovalent
drug vs low-potent, polyvalent food-derived compounds), the
definition and handling of clinical end points in RCT with
dietary compounds need a critical rethinking.
Although it is without question necessary to investigate the

health effects of nutritional compounds with the same scientific
diligence as pharmaceuticals, we should be cautious not to
restrict ourselves to methodologies that have been developed
for different targets. Instead, scientists should be open-minded
and creative in the search for new ways to more adequately
capture the health-promoting effects of nutrients and food-
derived substances in humans. Only those data enable the
successful implementation of an effective application of dietary
compounds for the general public’s maintenance of health.
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enhancer of activated B cells; NOx, nitrate and nitrite; PARP-
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