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Abbreviations

3’ME  3’-O-methyl-EC
4’ME  4’-O-methyl-EC
4’ME7G  4’-O-methyl-EC-7-β-D-glucuronide 
8-iso-PGF2α  8-isoprostaglandine F2α

11β-HBSD 11β-hydroxysteroid dehydrogenase
ACh  acetylcholine
ADP  adenosine diphosphate
AP1  activator protein-1
APA  induced percentage aggregation
APAR  induced percentage aggregation rate
BMI  body mass index
Cat   catechin
CAT  catalase
CHD  coronary heart disease
COPD  chronic obstructive pulmonary disease
COX2  cyclooxygenase-2
CPA  collagen induced platelet aggregation
CPAR  collagen induced platelet aggregation rate
CRP  Creactive protein
CVD  cardiovascular disease
DBP  diastolic blood pressure
DCFH-DA  2´, 7´-dichlorofluorescein-diacetate
DNPH  2,4-dinitrophenylhydrazine
EC   (–)-epicatechin
E4’S  EC-4’-sulfate
E7G  EC-7-β-D-glucuronide
eNOS  endothelial nitric oxide synthase
ET1   endothelin-1
FMD  flow-mediated vasodilation
FEV1  forced expiratory volume in 1 second
Fib   Fibrinogen
FMD  flow-mediated dilation
GAPDH  glyceraldehyde-3-phosphate dehydrogenase
GC   glucocorticoid
GCR  glucocorticoid receptor
GPX1  glutathione peroxidase-1
GPX4  glutathione peroxidase-4
GRE  glucocorticoid responsive elements
GSR  glutathione reductase
GSH  glutathione
GSSG  glutathione disulphide
HAT  histone acetyltransferases
HDAC2  histone deacetylase 2
HDL  high density lipoprotein cholesterol
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HO-1  heme oxygenase 1
IBD   inflammatory bowel disease
ICAM  intercellular adhesion molecule 1
IKK   IĸB-kinases
IL   interleukin
IL-8   interleukin-8
LDF  Laser-Doppler-flowmetry
LDH  lactate dehydrogenase
LDL  low-density lipoprotein
L-NMMA  L-NG-monomethyl-arginine
LPS   lipopolysaccharides
MAPK  mitogen activated protein kinases
MH   monoHER, 7-mono-O-(β-hydroxyethyl)-rutoside
MOF  monomeric and oligomeric flavanols
MR   mineralocorticoid receptor
NADPH  nicotinamide-adenine dinucleotide phosphate
NBT  nitro blue tetrazolium
NF-κB  nuclear factor kappa-light-chain-enhancer of activated B cells
NOX  NADPH oxidase
NOx  nitrate and nitrite
Nrf2  nuclear factor-erythroid 2-related factor 2
PI3K  phosphoinositide 3-kinase
PKA  protein kinase A
PMA  phorbol 12-myristate 13-acetate
RA   rheumatoid arthritis
ROS  reactive oxygen species; 
SRB  sulforhodamine B
RT-PCR  real-time polymerase chain reaction
SBP  systolic blood pressure
SIN-1  3-morpholinosydnonimine hydrochloride
SNP  sodium nitroprusside
SOD  superoxide dismutase
SP   DL-sulforaphane
SRB  sulforhodamine B
tChol  total cholesterol
TEAC  trolox equivalent antioxidant capacity
TG   triglycerides
TNF  tumor necrosis factor
VCAM  vascular adhesion molecule 1
VHI   vascular health index
Q   quercetin
Q3G  quercetin-3-O-glucuronide
Q3M  3-O-methyl quercetin

XO   xanthine oxidase
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Chapter 1
General Introduction



12

Chapter 1

Flavonoids: classification, molecular structure and dietary sources

Flavonoids are a group of polyphenols which are widely distributed in the plant kingdom. 

Consequently, they are found in plant derived foods and beverages such as wine, tea, 

apples, plums and cocoa beans [1]. These polyphenols contribute to the color and taste 

properties of plants and consist of more than one aromatic ring, each substituted with 

at least one hydroxyl group [2]. Flavonoids are a subclass of polyphenols that have a C6-

C3-C6 backbone structure consisting of phenolic and pyrane rings. These flavonoids are 

subdivided in several classes, based on the arrangements of hydroxyl- and methoxy-

groups and the conjugation between the A- and B- rings. The main subclasses of 

flavonoids are flavonols, flavanols, flavanones, flavones, isoflavones and anthocyanidins 

[3, 4]. In plants, flavonoids are usually present in their glycosylated form rather than their 

aglycone [4]. The molecular structures, and an example of food rich in these compounds, 

are given in figure 1. 

 Soy beans are a rich source of isoflavones, like genistein, and flavonols, like quercetin, 

are found in various fruits and vegetables, e.g. grapes, apples and onions. Anthocyanidins 

can be found in fruits, like strawberries, and citrus fruits contain flavanones, like 

narengenin. Flavones, like luteolin and rutin, are present in relatively high quantities in 

peppers. Flavanols, like (–)-epicatechin (EC) and (+)-catechin (Cat), are present in most 

fruits and vegetables, like apples and plums, but also in beverages, like tea and red 

wine. Another dietary source of EC is the cocoa bean. Where plums contain on average 

2.2 mg EC per 100 g food weight, cocoa beans contain 158 mg/100 g food weight. After 

processing dark chocolate still contains 70 mg/100 g food weight of EC [5-7]. 

Figure 1. Classes of flavonoids and example of dietary sources.
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Intake and bioavailability of flavonoids in Europe

Quantitatively, flavanols represent a major group of flavonoids in the Western diet 

[8]. In the European Union, the average intake of fruits amounts to 166 g/capita/day, 

being lowest in the UK (95 g/day) and highest in the central Eastern Europe (203 g/

day). Coffee, tea and cocoa intake is 633 g/day with the highest consumption reported 

in The Netherlands (887 g/day) [9]. In addition, in the Spanish “PREvención con DIeta 

MEDiterránea” (PREDIMED) study, mean polyphenol intake was reported to be 820 mg/

day and flavonoid intake 443 mg/day [10].

 Flavonoids are extensively metabolized before entering the blood stream. After 

absorption in the intestine flavanols reach the liver via the portal vein. In the liver they are 

metabolized by phase II metabolizing enzymes leading to methylated, glucuronidated 

and sulfated metabolites [11, 12]. Despite this extensive first-pass effect, after a single dose 

of flavanol-rich cocoa drink, EC has been shown to reach a plasma peak concentration up 

to  6 µM after 2 h [13]. Four hours after ingestion only small trace amounts of this flavanol 

are remaining and after 8 hours EC is not detectable anymore. Despite studies reporting 

un-metabolized EC plasma levels (see above), it is currently assumed that the majority 

of EC becomes bioavailable as O-methylated, sulfated and glucuronidated metabolites 

(table 1) [14-16]. 

Parent structure Metabolites Abbreviation

(–)-epicatechin

3'-O-methyl-(–)-epicatechin 3'ME

4'-O-methyl-(–)-epicatechin 4'ME

3'-O-methyl-(–)-epicatechin-5-sulfate 3'ME5S

3'-O-methyl-(–)-epicatechin-7-sulfate 3'ME7S

4'-O-methyl-(–)-epicatechin-7-β-D-
glucuronide

4'ME7G

(–)-epicatechin-3'-β-D-glucuronide E3'G

(–)-epicatechin-3'-sulfate E3'S

(–)-epicatechin-4'-sulfate E4'S

(–)-epicatechin-7-β-D-glucuronide E7G

Table 1. (–)-Epicatechin metabolites [17-19].
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Oxidative stress

Oxidative stress is defined as an imbalance between oxidants and antioxidants in favor 

of the oxidants, potentially leading to cellular and subcellular damage [20]. Reactive 

oxygen species (ROS) are generated during the reduction of oxygen and comprise two 

groups of molecules namely free radicals and other ROS. Free radicals such as hydroxyl 

radicals (•OH)  and superoxide anion radicals (O2
•−) are chemically very reactive due to the 

unpaired free electron and have relatively short biological half-lives. Non-radicals, such as 

hydrogen peroxide (H2O2) and hypochlorous acid (HOCl), are relatively less reactive and 

have a longer half-life than most free radicals [21, 22]. Although H2O2 is less reactive, the 

longer half-life and because it is easily diffusible within and between cells, makes it an 

important mediator in oxidative stress induced cell damage [23].

 ROS can be derived from endogenous and exogenous sources as mitochondria, 

activated inflammatory cells, drugs and cigarette smoke. Within human cells, ROS are 

produced by various oxidase enzymes, including nicotinamide-adenine dinucleotide 

phosphate (NADPH) oxidase (NOX), xanthine oxidase (XO), uncoupled endothelial 

NO synthase (eNOS), cyclooxygenase, glucose oxidase, lipoxygenase, and during the 

mitochondrial electron transport chain [24].

 At low, physiological, concentration ROS are important physiological regulators of 

intracellular signaling pathways through the covalent modification of specific cysteine 

residues (i.e. thiols) found within redox-sensitive target proteins [25]. As an example, 

all of the mitogen-activated protein kinases (MAPK) have been shown to be activated 

in various cell types by ROS [26]. Other pathways where ROS are involved include cell 

growth, cell-cell adhesion, differentiation, senescence and apoptosis [27]. 

 Excessive ROS production, however, has been implicated in the etiology of 

numerous diseases [28-31]. Oxidative stress is indicated as an important mediator 

in the pathophysiology of cardiovascular diseases such as endothelial dysfunction, 

atherosclerosis and hypertension [32, 33]. Free radicals can also contribute to the 

development of diabetes mellitus by promoting the autoimmune destruction of beta-

cells in the pancreas, leading to impaired insulin action. Next to direct DNA damage 

ROS also interfere with mutation repair systems, such as DNA repair enzymes, apoptotic 

modulators and the p53 protein leading to genetic aberrations and mutations [34].

Inflammation and chronic inflammatory diseases

During inflammation vasodilation occurs which facilitates the recruitment of immune cells 

to the side of injury to repair tissue or remove pathogens. Acute inflammation is usually 
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a response to infections by pathogens or to tissue damage. This inflammatory response 

helps to remove pathogens and enables tissue repair. An inflammatory response can also 

be chronic, i.e. lasting months to years, in the absence of an obvious activator. Instead of 

repair, chronic inflammation will lead to pathological aberrations and tissue damage [34].

Chronic inflammation in the cardiovascular system can have major health implications. 

Activated inflammatory immune cells, for example, enhance the formation of 

atherosclerotic plaques inside of arterial blood vessels. The early stages of atherosclerosis 

involve infiltration of inflammatory cells, monocyte conversion to macrophages, oxidized 

low-density lipoprotein (LDL) uptake by macrophages and the subsequent release of 

inflammatory mediators and adhesion molecules [35]. Additionally, oxidative stress in the 

vascular wall plays a role in the pathogenesis of atherosclerosis and consequently the 

development of cardiovascular disease (CVD) [36, 37].

 An over-activated inflammatory response in the body is also a key characteristic in 

the pathophysiology of other chronic inflammatory diseases such as inflammatory bowel 

disease (IBD), rheumatoid arthritis (RA), and chronic obstructive pulmonary disease 

(COPD). These diseases are also associated with high levels of oxidative stress [38, 39]. For 

example, one of the clinical features of COPD is a high level of ROS in the exhaled air [40]. 

Cross-talk between inflammation and oxidative stress

The process of inflammation and oxidative stress cannot be treated separately. They are 

tightly intertwined and one process influences the other. Depending on the environment 

and circumstance, ROS can both activate and inhibit the inflammatory NF-ĸB signaling. 

These interactions also appear to be cell type-specific [41]. During inflammation, 

inflammatory cells like neutrophils are attracted to the inflamed region. These cells 

produce ROS, including O2
•−, •OH and H2O2 to fight off invading pathogens [42]. If the 

production of ROS is not sufficiently terminated, oxidative stress triggers inflammation. 

Oxidative stress enhances IĸB-kinases (IKK) which phosphorylates inhibitory protein IĸBα, 

an inhibitor protein bound to NF-ĸB, subsequently leading to a rapid ubiquination and 

consequently in degradation of IĸB in the proteasome. This results in the translocation of 

NF-ĸB to the cell nucleus where it binds to the NF-ĸB responsive element in the promoter 

region of pro-inflammatory genes, activating their transcription. This will increase the 

level of various interleukins like IL-6, IL-1β and TNFα and chemokines like IL-8 (Figure 

2) [43-45]. These inflammatory cytokines have been shown to initiate the generation 

of ROS in non-phagocytic-cells too [34]. In this way inflammation and oxidative stress 

continuously reinforces each other which cumulates in a downward spiral. The key role 
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of ROS in the ethiology of respiratory diseases characterized by inflammation, including 

asthma and COPD, is well established [46]. 

Glucocorticoids in the treatment of inflammatory diseases

The name glucocorticoid (GC) originates from their role in glucose metabolism. However, 

GCs also regulate other important physiological processes involved in development, 

metabolism, neural function, programmed cell death and inflammation [47, 48].

 The endogenous GC cortisol is produced by the adrenal gland and its diverse array of 

activities includes: regulation of lipid, carbohydrate and protein metabolism, controlling 

responses to distress and disease and suppression of inflammation [49, 50]. Cortisol is 

also called the stress hormone since its level rises during physical or emotional stress. 

In response to inflammation, cortisol is produced to mitigate inflammation. First the 

inactive precursor cortisone is formed, which is converted into the active cortisol by 

11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) mostly in the liver, but also in 

other tissues including brain, adipocytes, vascular cells and osteoblasts. The reverse 

reaction, catalyzed by type 2 11β-hydroxysteroid dehydrogenase (11β-HSD2) leads to 

the inactivation of cortisol [51-53]. This regulates the cortisol response at a cellular level 

Figure 2. The crosstalk between oxidative stress and NF-ĸB activation.
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and prevents activation of the mineralocorticoid receptor (MR) which regulates salt and 

water excretion by the kidney. The receptor has a high affinity for the mineralocorticoid 

aldosterone, but cortisol can also activate this receptor [54].

 GC receptors (GRs), both the active GRα and the inactive GRβ, are present in almost 

all tissue cells [48]. Upon binding of GC, GRα translocates to the nucleus where it directly 

modulates gene transcription by binding to the glucocorticoid responsive elements 

(GRE) in the promoter region of multiple genes. Activated GR complex also reduces the 

activity of activator protein (AP)-1 and the pro-inflammatory transcription factor NF-kB 

and trans-activates their inhibitor proteins [55-57]. As a consequence, pro-inflammatory 

gene expression becomes inhibited. Additionally, the recruitment of histone deacetylase 

2 (HDAC2) to the nucleus by GR-GC complex is important for the termination of the 

NF-kB-mediated transcription of pro-inflammatory mediators [50, 58]. In the resting 

cell, DNA is tightly compacted around histone proteins to prevent transcription factor 

accessibility. The amino-terminal ends of histones are subject to various modifications. 

Histone acetylation is linked to activation of gene transcription because this opens the 

chromatin structure, making it accessible for the transcription machinery. This chemical 

modification is carried out by histone acetyltransferases (HAT) and counteracted by 

histone deacetylases (HDACs), leading to gene repression [59, 60].

 To reduce inflammation and treat chronic inflammatory diseases, such as IBD, RA, 

and COPD, synthetic GCs like budesonide, prednisolone and dexamethasone are widely 

prescribed [55, 61]. Dexamethasone is no substrate for 11β-HSD2, which increases its local 

availability. When taken orally, dexamethasone is 26 times more potent than cortisol and 

5 times more than prednisone. Synthetic glucocorticoids are developed to be selective 

for the GR and have relatively low MR activity. GCs are prescribed to approximately 2.5% 

of the elderly and 0.2% to 0.5% of the general population and are indispensable, highly 

effective anti-inflammatory therapeutics [52, 62]. 

Figure 3. A) Cortisol (hydrocortisone), the primary endogenous glucocorticoid. B) Dexamethasone, 
a synthetic glucocorticoid. It displays anti-inflammatory and immunosuppressant activity. When 
taken orally, it is 26 times more potent than the naturally occurring hormone cortisol.  
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Prolonged use of GCs causes various serious side effects like osteoporosis. GC receptors 

are present on both osteoclasts and osteoblasts. GCs shorten the lifespan of bone forming 

osteoblasts and prolong the lifespan of osteoclasts, cells responsible for bone resorption. 

The resulting osteoporosis increases the fracture risk [63-65]. Other side effects include 

depression of adrenal gland function, reduction of growth (in children), hyperglycemia, 

diabetic complications, psychosis, muscle wasting, atherosclerosis, hypertension and 

metabolic syndrome [61, 66-68]. As a result of long-term glucocorticoid use, patients can 

also develop iatrogenic Cushing’s syndrome [51]. 

 Although synthetic GCs can efficiently reduce inflammation in most cases, some 

patients do not respond to the GC treatment. This GC resistance is a major impediment 

in the treatment of inflammatory diseases [58, 69]. GC-resistant patients often still have 

side effects, even though the anti-inflammatory response to GCs is reduced or absent. 

Moreover, in these patients GCs are often used at a higher dose, making them more 

susceptible to adverse events [70]. The mechanisms currently proposed for GC resistance 

include (1) decreased HDAC2 activity [39, 70], preventing repression of pro-inflammatory 

genes; (2) increased expression of the transcriptionally inactive GRβ [71, 72]; (3) reduced 

binding affinity, translocation or stability of GRα, preventing the transcription of anti-

inflammatory proteins [73]; and (4) increased pro-inflammatory gene expression by 

excessive activation of the pro-inflammatory transcription factor activator protein 1 (AP-

1) [50].

 Increasing the dose is an option to reduce inflammation in GC-resistant patients, but 

as mentioned above this will also augment the detrimental side effects of GCs. Alternative 

treatments have been proposed in recent years [38, 74]. The extensive crosstalk between 

oxidative stress and inflammation indicates that antioxidant supplementation is a rational 

strategy to overcome GC resistance.

Health benefits of flavonoids

Since flavonoids are present in many foods and beverages consumed in the Western 

world, intake is relatively high. In the past decades many research has been performed 

to unravel the health effects of flavonoids in vitro and in vivo and in clinical studies. 

Clinical intervention studies revealed that flavonoids exert beneficial effects on the 

heart and vascular system [75-80]. Flavonoids have shown to improve platelet and 

endothelial cell function, reduce blood pressure and improve vascular function assessed 

as flow-mediated vasodilation (FMD) [81, 82]. Their efficacy has been attributed to their 

antioxidant activity, but recently also anti-inflammatory and vasodilatory properties are 
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considered as important mechanisms of action [83]. Also improvement of the nervous 

system and brain function has been reported. A flavonoid-rich diet has been reported to 

improve cognitive function by increasing spatial memory performance [84]. In addition, 

flavonoids have been suggested to inhibit the development of Alzheimer disease [85] 

and numerous studies showed that a diet rich in fruits and vegetables helps to reduce the 

incidence of cancer [86-88]. 

 Flavonoids are also recognized to reduce inflammation and the risk of chronic 

diseases like asthma, type 2 diabetes, lung and prostate cancer [89]. In a critical review 

by Boeing et al. [90] various health benefits of fruit and vegetable consumption are 

summarized. The risk of coronary heart disease (CHD) is reported to be reduced by 4-7% 

for each additional daily ingested portion of fruits or vegetables [91]. Increased intake of 

fruits is also associated with a reduced risk of COPD and asthma. For example, intake of 

fruits (> 180 g/day), vegetables and whole grains is positively associated with the forced 

expiratory volume in 1 second ( FEV1) and a reduced prevalence of COPD symptoms. [92].

 The anti-inflammatory and antioxidant activity of flavonoids has been studied 

extensively. In test tubes studies, flavonoids display radical scavenging activity. Also in 

cellular systems, flavonoids efficiently protect cells against oxidative stress,  partly by 

directly scavenging radicals, but also by activating cellular antioxidant defense systems 

(e.g. via nuclear factor-erythroid 2-related factor 2 (Nrf2)) or inhibiting cellular radical-

generating systems (e.g. NOX4 enzyme, mitochondria). These antioxidant effects are 

suggested to contribute to the prevention of the development of various diseases 

and the improvement of cellular function by flavonoids. Likewise, in the development 

and progression of atherosclerosis, the oxidation of LDL by ROS and the recruitment 

of inflammatory cells plays a very important role. The ability of flavonoids to attenuate 

both ROS levels and the inflammatory response, prevents foam cell formation in arteries. 

Eventually, the risk to develop cardiovascular disease is considerably reduced [93]. 

 By means of in vitro experiments, the mode of action of flavonoids has been 

increasingly elucidated and several mechanisms have been proposed. Various molecular 

signaling pathways are modulated by flavonoids and suggested to be involved in their 

anti-inflammatory activities. These actions include: inhibition of pro-inflammatory 

enzymes, such as cyclooxygenase-2 (COX2), lipoxygenase and inducible NO synthase; 

inhibition of NF-ĸB and AP-1 via interaction with upstream signalling pathways (IKK 

phosphorylation, MAPK phosphorylation and phosphoinositide 3-kinase (PI3K) / protein 

kinase B (Akt) phosphorylation) and activation of phase II antioxidant detoxifying 

enzymes, via MAPK, protein kinase C and Nrf2 [82, 94, 95].
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The role of the flavanol (–)-epicatechin in health

Accumulating evidence from epidemiological studies, dietary intervention trials and in 

vitro research suggest beneficial health effect of cocoa and cocoa-derived products like 

chocolate [96]. Improvement in cardiovascular health trough reduced blood pressure, 

improved endothelial function, improved platelet function, reduced LDL cholesterol and 

increased insulin sensitivity has been described in literature [77, 97-101]. (–)-Epicatechin, 

the major monomeric flavanol present in cocoa, has been identified as one of the active 

compounds, being responsible for the beneficial vascular effects observed following 

cocoa consumption [81]. Therefore, we focused our research on EC to better understand 

the mechanisms involved in the observed protective effects. 

Aim and outline of the thesis

Food-derived flavanols are part of our daily diet and several health benefits have been 

described. Flavonoids have a beneficial effect on the cardiovascular system, help to 

prevent cancer and improve cognitive brain function by their anti-inflammatory and 

antioxidant activity. This thesis aims to further elucidate the potential health benefits 

resulting from the anti-inflammatory and antioxidant effects of flavonoids, with a focus 

on the flavanol EC. In the following chapters we investigated the following research 

questions:

1. What are the antioxidant properties of (–)-epicatechin and its metabolites?

2. Can (–)-epicatechin prevent oxidative stress induced endogenous glucocorticoid 

resistance?

3. Can (–)-epicatechin maintain the anti-inflammatory efficacy of therapeutic 

glucocorticoids?

4. Which other plant-derived compounds are able to restore the anti-inflammatory 

action of endogenous glucocorticoids?

5. Can flavanols improve (cardio)vascular health in humans? 

In chapter 2 the antioxidant activity of EC was determined and compared with phase 

II metabolites to investigate the effect of metabolism of flavanols on their radical 

scavenging activity. Additionally, the toxicity of the unmetabolized and metabolized 

flavanols was assessed in primary human umbilical vein endothelial cells. 
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 Treatment of chronic inflammatory diseases is often hampered because patients 

develop GC resistance. Chronic inflammation is also associated with oxidative stress and 

there is an extensive crosstalk between inflammation an oxidative stress. In chapter 3 we 

investigated the ability of EC to protect the anti-inflammatory potency of the endogenous 

glucocorticoid cortisol induced by oxidative stress using human macrophage-like cells.

In the next chapter, chapter 4, we further characterized the cellular system of human 

monocytes differentiated to macrophage-like cells for the investigation of GC resistance. 

Moreover, the potency of EC to maintain the anti-inflammatory action of the synthetic 

glucocorticoid dexamethasone in the presence of oxidative stress was assessed.

 In chapter 5 a wide range of bioactives were screened for their antioxidant effect an 

potential to protect the endogenous cortisol response to further study the link between 

the antioxidant and anti-inflammatory effect of flavonoids.

 In chapter 6 we describe the pleiotropic health effects in the vasculature of humans 

after an 8 weeks daily supplementation with monomeric and oligomeric flavanols.

Finally, in chapter 7 the major findings of all the studies presented in the thesis will be 

discussed and put in perspective. Moreover, possibilities for further research will be 

suggested.
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Abstract
Accumulating evidence suggests that foods rich in flavanols decrease the risk of 

developing cardiovascular diseases. Attenuation of oxidative stress was suggested to 

contribute to the cardiovascular benefit of flavanols. Up to now it was unclear whether 

flavanol metabolites can also protect cells from oxidative stress. The aim of the present 

study was to determine the potential contribution of several glucuronidated, methylated 

and sulfated metabolites of (–)-epicatechin (EC) and (+)-catechin (Cat) to the protection 

of human vascular endothelial cells (HUVECs) against oxidative stress. 

 The relative potency of the tested compounds to scavenge superoxide anion radicals 

showed that a free catechol moiety in the molecule is important for the direct antioxidant 

activity. EC and Cat (0.5, 1 and 10 µM) were potent radical scavengers and provided 

protection against intracellular oxidative stress induced by hydrogen peroxide. Although 

the metabolites provided less intracellular protection compared to EC and Cat, the tested 

methylated and glucuronidated metabolites reduced oxidative stress significantly in 

HUVECs. 

 Our results indicate that the metabolites have a relevant contribution in the 

intracellular protection of EC and Cat against oxidative stress. Also, the direct antioxidant 

activity plays an important role in this protection.
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Introduction
Flavanols are a group of flavonoids found in high amounts in food and beverages 

such as wine, tea, apples, plums and cocoa beans. For example, 100 g of cocoa powder 

contains 158 mg (–)-epicatechin (EC) and 100 g of dark chocolate 70 mg [1]. Various 

epidemiological, in vivo and in vitro studies suggest that these flavanols exert beneficial 

effects on the heart and cardiovascular system by e.g. lowering blood pressure, preventing 

LDL oxidation, inhibiting platelet aggregation and improving endothelial function [2-5]. 

 Although reactive oxygen species (ROS) play a role in signal transduction, excessive 

ROS production leads to oxidative stress. Unbalanced ROS production has been 

implicated in the pathophysiology of cardiovascular diseases such as endothelial 

dysfunction, atherosclerosis and hypertension [6, 7]. ROS are generated during the 

reduction of oxygen and comprise two groups of molecules, namely (i) free radicals 

with relatively short biological half-lives, such as the superoxide anion radical (O2
•−), and 

hydroxyl radical (•OH) and (ii) non-radicals, such as hydrogen peroxide (H2O2), which are 

relatively less reactive and have a longer half-life than most free radicals [8].

 The metabolism of flavanols has to be taken into account when studying the effect 

of flavanols on the cardiovascular system. Already in the small intestine EC is extensively 

metabolized to O-methyl-, glucuronide- and O-methylglucuronide-conjugates (figure 1). 

These metabolites and any native EC entering the portal vein are further metabolized in 

the liver. After intake of flavanol rich foods, EC and several of these metabolites are found 

in plasma [9, 10].  

 At first the beneficial effects of flavanols on the cardiovascular system were attributed 

to their direct antioxidant activity. More recently, the emphasis has shifted towards indirect 

modulation of various molecular processes like increasing endogenous antioxidant 

defense or attenuating ROS-producing systems [11-14]. The potential contribution of the 

direct antioxidant activity is increasingly debated. Moreover, the role of the metabolites 

in the protection of the cardiovascular system by (+)-catechin (Cat) and EC is yet not 

established. The aim of the present study was to determine the potential contribution 

of several glucuronidated, methylated and sulfated metabolites of EC and Cat (figure 

1) to the protection of vascular endothelial cells against oxidative stress. Therefore, we 

first determined the superoxide radical scavenging activity of Cat, EC and several human 

metabolites. Subsequently, we assessed the potency of these compounds to reduce 

intracellular oxidative stress levels in human vascular endothelial cells (HUVECs).
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Materials and Methods

Materials

Primary human umbilical vein endothelial cells (HUVECs), endothelial basal medium 

(EBM) and endothelial growth medium 2 (EGM-2) SingleQuots were purchased from 

Lonza (Verviers, Belgium). Phosphate buffered Saline (PBS), Sodium pyruvate, reduced 

nicotinamide adenine dinucleotide (NADH), 2,4-dinitrophenylhydrazine (DNPH), nitro 

blue tetrazolium (NBT), xanthine, xanthine oxidase grade III, trichloric acid (TCA), 

hydrogen peroxide, 2′,7′-dichlorofluorescein diacetate (DCFH-DA) and triton X-100 were 

purchased from Sigma (St. Louis, MO, USA). 3-Morpholinosydnonimine hydrochloride (SIN-

1) was purchased from Invitrogen (Molecular Probes, Eugene, OR, USA). (–)-Epicatechin 

(EC) and (+)-catechin (Cat) were purchased from Extrasynthese (Genay, France). Flavanol 

metabolites were provided by Mars Incorporated (Hackettstown, NJ, USA). 10 mM stock 

solutions of EC, Cat, 3'-O-methyl-EC (3'ME), 4'-O-methyl-EC (4'ME), 4'-O-methyl-EC-7-β-D-

glucuronide (4'ME7G), EC-7-β-D-glucuronide (E7G), and EC-4'-sulfate (E4'S) were prepared 

Figure 1. Chemical structure of (+)-catechin, (–)-epicatechin and several metabolites. Gray blocks 
highlight the groups substituted in the metabolites.
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in 50 or 100% (v/v) ethanol and 50 μl aliquots were stored at -80˚C under argon until use. 

The dilutions of each flavanol were prepared immediately prior to experimental use.

Cell culture

HUVECs were cultured in EBM supplemented with EGM-2 SingleQuot bullet kit, 

containing 10 ml fetal bovine serum (FBS), 0.5 ml insulin-like growth factor, 0.5 ml 

gentamicin/amphotericin, 0.5 ml ascorbic acid, 0.5 ml human recombinant epidermal 

growth factor, 0.5 ml vascular endothelial growth factor, 2 ml human fibroblast growth 

factor-b, 0.5 ml heparin and 0.2 ml hydrocortisone (Lonza, Verviers, Belgium). FBS was first 

heat inactivated at 56°C for 30 minutes prior to supplementation. All experiments were 

done with HUVECs in passage four and five. 

Superoxide anion radical scavenging assay

The O2
•- scavenging activity of flavanols and their metabolites was determined using the 

NBT assay. The reduction of NBT to formazan was measured in an O2
•--generating system 

of xanthine and xanthine oxidase. First, 950 µl reaction mix, containing 50 µM NBT, 100 

µM xanthine and 10 µM flavanols in 50 mM potassium phosphate buffer (pH 7.4), was 

transferred to a cuvette. The formation of O2
•-  was started by adding 50 µl 400 mU/ml 

xanthine oxidase and increase in formazan was measured spectrophotometrically at 560 

nm and 37°C. Results are presented as relative decrease in NBT reduction as compared to 

the control without flavanols. 

Uric acid measurement

To check for possible inhibition of the enzyme xanthine oxidase, the amount of uric acid 

formed during the reaction was measured using HPLC. The O2
•- scavenging assay was 

performed as described above without NBT and reaction was stopped after 2 minutes 

by adding 1 volume of 10% TCA. After centrifugation, 10 µl of supernatant was injected 

onto a HPLC system and separated on a reversed-phase column (Altima HP C18 AQ 5 µm) 

using 0.1% acetonitrile with a flow rate of 2 ml/min. Uric acid was measured with an UV 

detector at 292 nm and quantified using a standard curve. 

DCFH assay

The fluorescent probe of 2´, 7´-dichlorfluorescein-diacetate (DCFH-DA) was used to 

quantify intracellular oxidative stress in HUVECs. When incubating cells with DCFH-

DA, this nonionic, nonpolar DCFH-DA crosses cell membranes and is enzymatically 
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hydrolyzed by intracellular esterases to DCFH. In the presence of ROS, the non-fluorescent 

DCFH is oxidized to the highly fluorescent dichlorofluorescein (DCF). The intensity of DCF 

fluorescence corresponds to the level of intracellular ROS formation [15, 16]. HUVECs were 

seeded in a black/clear bottom 96-wells plate and grown for 24 hours. On the next day 50 

µl 50 µM DCFH-DA was added to the cells and incubated for 30 minutes at 37°C, 5% CO2. 

Medium was removed and cells were washed with PBS to remove all extracellular DCFH-

DA. Cells were then exposed to the test compounds by adding 100 µl serum-free medium 

containing 0.5, 1 or 10 µM flavanols and one of the oxidative stress inducing compounds, 

i.e. hydrogen peroxide, xanthine with xanthine oxidase or SIN-1. Fluorescence of DCF was 

measured in a SpectraMax plate reader (Molecular Devices, Sunnyvale, CA, USA) with 

excitation and emission wavelengths of 485 nm and 535 nm, respectively, at 37°C over a 

period of 60 minutes. Experiments were repeated in four wells.

Interaction (–)-epicatechin and hydrogen peroxide

Chemical interaction between H2O2 and EC was measured spectrophotometrically. EC 

(100 µM) and H2O2 (800 µM) were incubated in serum-free medium at 37ºC and a spectrum 

(220 – 500 nm) was measured after 0, 60 and 120 minutes. Relative concentration of EC 

was determined using the absorbance at 280 nm.   

Cell viability 

HUVECs were seeded in a 96-wells plate and grown overnight. On the next day, medium 

was removed and cells were washed once with 100 µl PBS and exposed to 100 µl serum-

free medium containing test compound for 3 hours. After exposure, 20 µl of medium 

was transferred to a new 96-well plate to measure lactate dehydrogenase (LDH) activity. 

Fifty µl of 10 mg/ml NADH in 0.75 mM sodium pyruvate was added to the medium and 

incubated for 30 minutes at 37ºC. To determine the remaining amount of pyruvate, 50 

µl 0.2 mg/ml DNPH was added to the wells and incubated at room temperature in the 

dark for 20 minutes. To develop the color, 50 µl 4 M NaOH was added and incubated for 

5 min. Absorbance was measured at 540 nm using a Spectramax plate reader (Molecular 

Devices, Sunnyvale, CA, USA) and viability was calculated relative to unexposed cells (100 

% viability) with 0.1 % (v/v) triton X-100 as a positive control.

Expression of heme oxygenase 1

The expression of heme oxygenase 1 (HO-1) was assessed by quantitative Real Time 

PCR (qRT-PCR). Cells were seeded in a 24-well plate and grown overnight. After washing 
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with PBS, cells were exposed to 300 µl starvation medium containing 10 µM flavanols 

+/- 100 µM H2O2 for 3 hours. After exposure, cells were trypsinized and collected in a 1.5 

ml tube. RNA was extracted using the RNeasy mini kit (Qiagen, Venlo, The Netherlands) 

and quantity and purity measured using the NanoDrop system (Thermo Scientific, 

Rockford, IL, USA). Five hundred ng of RNA was reverse transcribed using the iScript cDNA 

Synthesis kit (Bio-RadHercules, CA, USA) and diluted 10 times with water. Two step qRT-

PCR was performed using 12.5 µl SensiMix SYBR & Fluorescein Kit (Bioline, London, UK) 

with 5 µl cDNA, and 150 nM of each primer in a 25 µl reaction mixture. Primers: forward: 

5’-CTTCTTCACCTTCCCCAACA-3’, reverse: 5’-GCTCTGGTCCTTGGTGTCAT-3’. The cycling 

conditions consisted of an initial denaturation at 95°C for 10 minutes, followed by 40 

alternating cycles at 95°C and 60°C for 15 sec. and 45 sec., respectively, using the iCycler 

system (Bio-Rad, Hercules, CA). Specificity of the reaction was checked by a melting 

curve. Results were evaluated using the 2–ΔΔCt method with β-actin as housekeeping gene 

and fold change was calculated relative to unexposed cells. As positive control 10 µM 

sulforaphane (SP) was used as this is a known inducer of the Nrf2 pathway.

Statistics

Data are expressed as mean ± SD. Statistical comparisons were performed by using a 

Mann-Whitney U test with Prism v5 (GraphPad Software, San Diego, CA, USA). A two-

tailed P-value < 0.01 or < 0.05 was considered statistically significant.

Results

Superoxide anion radical scavenging activity of flavanols and metabolites

The flavanols Cat, EC and several human metabolites were able to scavenge O2
•−  

generated by xanthine/xanthine oxidase (figure 2). The highest O2
•− scavenging was 

observed with Cat (29.1 ± 1.5%) and EC (28.7 ± 3.1%), followed by E7G (26.6 ± 1.1%), E4'S 

(15.2 ± 3.9%), 4'ME7G (7.4 ± 2.7%) and 4'ME (7.0 ± 2.4%). The 3'-methylated metabolite 

displayed no significant scavenging activity in the tested concentrations. No decrease in 

uric acid formation was detected, indication that the flavanols and metabolites did not 

inhibit the enzyme xanthine oxidase.

Cell viability

Cell viability was measured to verify that the incubation conditions did not result in direct 
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cytotoxicity. Three hours incubation of HUVEC with 100 µM flavanol metabolites or 1% 

(v/v) ethanol used to dissolve the flavanols did not elicit cell death (figure 3A). H2O2 up 

to a concentration of 200 µM induced no significant LDH leakage, while concentrations 

of 500 µM or higher resulted in significant cell death (figure 3B). Hydrogen peroxide was 

used in further experiments at a concentration of 100 µM since this induces no direct 

cytotoxicity. Incubating cells with SIN-1 (0 – 500 µM) or xanthine (0.5 mM) and xanthine 

oxidase (0 – 500 mU/ml) for 3 hours did not result in LDH leakage (figure 3C, D).

Capacity of (–)-epicatechin to attenuate intracellular oxidative stress

The intracellular antioxidant activity of EC was measured in HUVECs with various oxidative 

stress inducers, namely hydrogen peroxide (H2O2), SIN-1 or the combination of xanthine 

and xanthine oxidase (figure 4). EC (10 µM) significantly reduced intracellular oxidative 

stress induced by all of these inducers (p<0.01)

Capacity of flavanol metabolites to attenuate hydrogen peroxide induced 

intracellular oxidative stress

The flavanol metabolites showed a dose dependent protection against H2O2-induced 

oxidative stress (figure 5). Even at a concentration of 0.5 µM the metabolites substantially 

attenuated intracellular oxidative stress levels. At a concentration of 1 µM, the ranking of 

the flavanols according to their potency to reduce oxidative stress within HUVECs is: Cat 

(70.9 ± 1.9%) > EC (63.5 ± 2.3%) > E7G (47.4 ± 2.5%) > 3'ME (31.4 ± 3.9%) > 4'ME (22.7 ± 

4.9%) > 4'ME7G (17.4 ± 6.2%) > E4'S (5.8 ± 3.7%). A direct reaction of the flavanols with 

H2O2 in culture medium could be excluded (figure 6).

Gene expression of heme oxygenase

In the absence of H2O2, the flavanols and metabolites did not affect gene expression of 

HO-1 after 3 h incubation (figure 7A). Exposure of cells to 100 µM H2O2 for 3 hour resulted 

in a 1.8-fold increase of HO-1 expression (figure 7B). This increase was diminished when 10 

µM Cat, EC or metabolites was added to the medium. In contrast to the other metabolites 

E4'S increased HO-1 expression by 2.7-fold.



37

Epicatechin and its metabolites protect against oxidative stress

Figure 2. Superoxide radical scavenging activity of flavanol metabolites (10 µM) was determined 
by measuring the formazan formation at λ560 nm. (A) Data are represented as percent superoxide 
radical scavenging relative to control. (B) To test for possible enzyme inhibition by flavanols, the 
concentration of uric acid formed by xanthine oxidase was determined. (mean ± SD, n=4, *p< 0.01).

Figure 3. The effect of the incubation conditions on cell viability was checked by measuring LDH 
leakage. HUVECs were exposed to (A) 100 µM flavanols; (B) 0 – 1 000 µM H2O2; (C) 500 µM xanthine 
and 0 - 500 mU/ml xanthine oxidase or (D) 0 - 500 µM SIN-1 for 3 hours and LDH activity in the 
medium measured. Data is represented as percentage viability relative to control (unexposed cells). 
0.1% Triton was used as positive control for LDH activity and 1% ethanol (EtOH) as solvent control 
(mean ± SD, n=4, *P<0.01).



38

Chapter 2

Figure 4. (–)-Epicatechin inhibits intracellular oxidative stress. HUVECs were pre-incubated with 
DCFH-DA and exposed to various inducers of oxidative stress with (black bars) or without (light 
bars) EC (10 µM) for 30 minutes. (A) 100 or 200 µM H2O2; (B) 100 µM xanthine and 10 or 20 mU/ml 
xanthine oxidase; (C) 1 or 10 µM SIN-1 (mean ± SD, n=4, *p< 0.01).

Figure 5. Flavanol metabolites inhibit intracellular oxidative stress induced by hydrogen peroxide. 
HUVECS were pre-incubated with DCFH-DA and exposed to 100 µM H2O2 and 0.5 µM (white bars), 
1 µM (gray bars) or 10 µM (black bars) of flavanol metabolites. DCF fluorescence was measured 
for 40 minutes in a plate reader at 37ºC. Bars represent percentage inhibition of DCF fluorescence 
compared to H2O2 exposed cells without flavanols. (mean ± SD, n=4).
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Figure 6. There is no chemical interaction of (–)-epicatechin with hydrogen peroxide. Absorbance 
spectrum (220 – 500 nm) was recorded for EC (100 µM), H2O2 (800 µM) and a mixture of EC and H2O2 
after 0, 60 and 120 minutes. Percentage EC was determined after 120 minutes by absorbance at 280 
nm relative to 100 µM EC at t=0 (mean ± SD, n=4).

Figure 7. HO-1 gene expression in HUVECs exposed to (A) 10 µM flavanols or (B) 10 µM flavanols 
and 100 µM H2O2 for 3 hours. Bars represent fold change (2−ΔΔCt) compared to unexposed cells. 
β-actin was used as housekeeping gene, 10 µM DL-sulforaphane (SP) as positive control and 1% 
ethanol as solvent control (mean ± SD, n=3, #P<0.05 vs. control *p<0.05 vs. control + H2O2).
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Discussion
Flavanols are potent antioxidants and their intake has been associated with improved 

cardiovascular health. To evaluate the possible contribution of their direct antioxidant 

activity to the suggested cardiovascular health benefit, we carefully determined the 

superoxide radical scavenging activity of flavanols and several human metabolites, as 

well as their intracellular antioxidant activity, in primary endothelial cells. 

 To induce oxidative stress in HUVECs we have chosen H2O2, which is relatively stable 

and thus enabled us to impose a reproducible oxidative stress upon the cells. H2O2 is a 

naturally occurring ROS which is constantly formed by endothelial cells through various 

enzymatic systems, e.g. via superoxide radicals formed by NAD(P)H oxidase (NOX) 

that dismutate to H2O2. Moreover, H2O2 can readily cross cell membranes and enter 

the cell through aquaporin channels [17]. Inside the cell, it activates a variety of redox-

mediated signaling cascades by e.g. oxidation of critical thiol groups [18]. In addition, 

H2O2 is able to amplify ROS production through enhanced intracellular iron uptake, and 

activation of radical production by mitochondria, NAD(P)H oxidase, xanthine oxidase 

and uncoupled eNOS [7, 19]. The endogenous protection against oxidative stress is 

provided by enzymes such as peroxiredoxins, glutathione peroxidases, and catalase [20, 

21]. When the production of ROS, such as H2O2, exceeds the capacity of these antioxidant 

defense systems, oxidative stress occurs. The concentration of H2O2 (100 µM) used in our 

experiments induced relatively mild oxidative stress within the cells without showing any 

signs of cell death. 

 In human vascular endothelial cells Cat and EC efficiently protected against the 

intracellular oxidative stress. Additionally, our results show that Cat and EC are potent 

scavengers of superoxide radicals. The catechol group in both molecules is generally 

regarded as the most important group for this activity [11]. The high scavenging activity 

substantiates the potential relevance of the direct antioxidant effect of Cat and EC.

 In the debate on the biological activity of flavanols, the concentrations that can be 

reached in vivo are a major issue. Flavanols and metabolites are detected in the micromolar 

range in the digestive tract and in the nanomolar to low micromolar range in plasma. After 

oral ingestion, flavanols are rapidly metabolized in the small intestine and liver producing 

methoxylated, glucuronidated and sulfated compounds [22, 23]. The peak concentration 

of flavanol metabolites is reached after approximately 2 hours, and they are eliminated 

after approximately 4 hours. A recent study, however, showed that E7G was measured 

in circulation for more than 10 hours after dark chocolate consumption [24]. Two studies 

showed that EC reaches plasma concentrations between 0.1 to 0.6 µM after 2 h of 27 to 
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80 gram dark chocolate consumption [25, 26]. Holt et al. [27] even found that EC and Cat 

reached a peak concentration of 5.9 µM and 0.16 µM respectively in human plasma 2 h 

after ingestion of 20 to 30 g cocoa. Our data show protective effects of Cat and EC at a 

concentration as low as 0.5 µM, a level that apparently can be reached in human plasma 

after consumption of cocoa products. Similarly, in a recent review Fraga and Oteiza [28] 

argued that direct antioxidant activity of flavanols are of relevance in blood vessels and 

the digestive tract, since these tissues are exposed to relatively high concentrations of 

flavanols. Although a direct extrapolation of in vitro data into the pathophysiology of 

oxidative stress and cardiovascular diseases in humans remains difficult, our data suggest 

a beneficial effect of flavanols in these low micromolar concentrations.

 Our results showed that the parent compounds EC and Cat have a superoxide radical 

scavenging activity superior to that of the metabolites. The 4’-sulfate metabolite showed 

superoxide radical scavenging activity that was approximately half of that of the parent 

compound. The reduction in scavenging activity can be explained by the substitution 

at one of the hydroxyl groups of the catechol moiety, reducing the scavenging activity 

of this moiety. Despite its still substantial scavenging activity, the 4’-sulfate provided no 

protection against intracellular oxidative stress. One of the effects of sulfation is that it 

renders molecules less lipid soluble which increases their renal excretion and prevents 

them to cross the cell membrane. The latter effect can explain the lack of protection of 

E4’S against intracellular oxidative stress. 

 Beside the 4’-sulfate, also the 7-β-D-glucuronide metabolite of EC was tested.  E7G 

showed superoxide radical scavenging activity comparable with EC, which is probably due 

to the presence of a catechol moiety in both compounds. The glucuronyl moiety makes 

E7G very hydrophilic, preventing passive diffusion over cell membranes. Nevertheless, 

E7G added extracellularly did protect against intracellular oxidative stress. Possibly, this 

metabolite is taken up by a specific transporter or the glucuronyl moiety is removed by 

a β-glucuronidase. The presence of glucuronidase on endothelial cells has been reported 

[29] and flavonoid glucuronides are substrates for this enzyme [30].

 Methylation generally makes compounds more lipophilic, improving their ability to 

cross cell membranes. However, as expected, O-methylation of the hydroxyl-groups of the 

catechol moiety drastically reduces the radical scavenging activity. Similar to our results, 

Duenas and colleagues [31] also noted that O-methylation decreased the antioxidant 

activity of EC compared to the parent compounds, but the methylated metabolites still 

retained some direct radical scavenging activity. Accordingly, our results showed that 

the methylated metabolites significantly decreased H2O2-induced oxidative stress levels 
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in HUVECs. This protection was higher as expected from their relatively poor radical 

scavenging activity. Apparently, the protective effect of these methylated metabolites in 

the cells cannot only be explained by direct antioxidant activity.

 The tested methylated flavanols have previously been shown to inhibit NADPH 

oxidase [14, 32]. One of these metabolites, 3’ME, has also been shown to prevent cell 

death induced by hydrogen peroxide. The mechanism involves suppression of caspase-3 

activity [33]. Thus it is likely, that these or comparable indirect antioxidant activities might 

be involved in the observed protection against intracellular oxidative stress.  

 The protection against oxidative stress might also be achieved by inducing the 

innate antioxidant machinery via gene expression of the Nrf2 pathway. However, in 

our experiments neither Cat, EC nor their metabolites changed HO-1 gene expression, 

an important downstream target of the Nrf2 pathway, in non-stressed HUVECs at a 

concentration of 10 µM after 3 hour exposure. Cat, EC and several metabolites did, 

however, attenuate the H2O2 induced HO-1 expression. This decreased gene expression 

can be the result of decreased oxidative stress which further supports the hypothesis 

that EC-mediated reduction of intracellular oxidative stress may be achieved by direct 

radical scavenging. The E4’S metabolite increased HO-1 gene expression, indicative for a 

higher level of oxidative stress. This was confirmed in the DCFH assay in which the highest 

concentration (10 µM) of this metabolite showed no inhibition of the H2O2 induced 

oxidative stress but rather a small increase. 

 In summary, our results show that Cat, EC and the tested glucuronidated and 

methylated metabolites protect primary endothelial cells against intracellular oxidative 

stress. The metabolites are likely to have a relevant contribution, but the mode of action 

of their protective effect is still not fully elucidated. Although the impact of the chemical 

reactivity and the observed cellular protection on cardiovascular health needs to be 

established, the present study substantiates that a direct antioxidant effect is involved in 

the intracellular defense against oxidative stress provided by EC and Cat. 
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Abstract
Various health benefits of the cocoa flavanol (–)-epicatechin (EC) have been attributed 

to its antioxidant and anti-inflammatory potency. In the present study we investigated 

whether EC is able to prevent deterioration of the anti-inflammatory effect of the 

glucocorticoid (GC) cortisol in the presence of oxidative stress. 

 It was found that cortisol reduces inflammation in differentiated monocytes. 

Oxidative stress extinguishes the anti-inflammatory effect of cortisol, leading to cortisol 

resistance. EC reduces intracellular oxidative stress as well as the development of cortisol 

resistance. This further deciphers the enigmatic mechanism of EC by which it exerts its 

anti-inflammatory and antioxidant action. 

 The observed effect of the cocoa flavanol EC will especially be of relevance in 

pathophysiological conditions with increased oxidative stress and consequential GC 

resistance and provides a fundament for the rational use of dietary antioxidants.
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Introduction
Flavanols are a group of flavonoids abundant in foods (e.g. apples and cocoa beans) and 

beverages (e.g. tea and wine). These flavanols are known to display anti-inflammatory 

as well as antioxidant effects and their intake is associated with beneficial health effects 

[1, 2]. While the antioxidant effect is well documented, the mechanism of the anti-

inflammatory effect is enigmatic. 

 Inflammation is a vital process to maintain tissue in a healthy condition and 

to fight off infections. During this process, monocytes are attracted to the site of 

inflammation, transformed into macrophages and an array of inflammatory mediators, 

such as the cytokines tumor necrosis factor alpha (TNF-α) and interleukin-1β (IL-1β) 

and the chemokine interleukin-8 (IL-8), is produced [3-5]. These mediators further fuel 

inflammation by attracting more inflammatory cells and inducing the production of more 

inflammatory mediators. This feed-forward process is prone to overreact and progress 

into an unbalanced inflammatory pathological condition as seen in rheumatoid arthritis, 

inflammatory bowel disease, and chronic obstructive pulmonary disease (COPD). 

Reactive oxygen species (ROS) play a role in signal transduction and are also produced 

during inflammation e.g. to kill microorganisms. Unbalanced levels of ROS, however, 

cause oxidative stress which induces tissue damage, accelerated aging, lipid peroxidation 

and impairment of various cellular functions [6]. Oxidative stress can also trigger the 

immune response via the NF-ĸB pathway and activator protein-1 (AP1) resulting in the 

production of pro-inflammatory cytokines [7]. In particular the lungs are exposed to 

various oxidants and pollutants, especially when smoking, leading to even higher levels 

of inflammation and oxidative stress, which may develop into COPD [5]. 

 Inflammation can be mitigated by glucocorticoids (GCs). The endogenous GC cortisol 

is produced by the adrenal gland and binds to the glucocorticoid receptor (GR). The 

cortisol-GR complex translocates to the nucleus, where it activates the transcription 

of anti-inflammatory genes and suppresses pro-inflammatory gene transcription [8, 

9]. In COPD and patients with severe asthma, the anti-inflammatory potency of GCs is 

often drastically reduced. This is known as GC resistance, which aggravates the level of 

inflammation and bears major clinical implications [10]. One of the clinical features of 

COPD is the occurrence of oxidative stress, which is best evidenced by the high levels of 

ROS in exhaled air [11, 12]. Moreover, oxidative stress is known to impair receptor function 

[13, 14]. 

 In the present study we investigated if (–)-epicatechin (EC) is able to prevent the 

decline of the anti-inflammatory cortisol action induced by oxidative stress in human 
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monocytes. The ability of epicatechin to preserve the endogenous GC response of cortisol 

links its antioxidant activity with its anti-inflammatory properties.

Materials and methods

Chemicals

Phorbol 12-myristate 13-acetate (PMA), cortisol, lipopolysaccharides (LPS), 

2’,7´-dichlorofluorescein-diacetate (DCFH-DA), sulforhodamine B (SRB), pyruvate, 

nicotinamide adenine dinucleotide (NADH), 2,4-dinitrophenylhydrazine (DNPH) and 

trichloric acid (TCA) were purchased from Sigma (St. Louis, MO, USA) and (–)-epicatechin 

(EC) was purchased from Extrasynthese (Genay, France). 7-Mono-O-(β-hydroxyethyl)-

rutoside (monoHER) was kindly provided by Novartis Consumer Health (Nyon, 

Switzerland). Roswell Park Memorial Institute 1640 (RPMI 1640) medium, fetal calf serum 

(FCS), phosphate buffered saline (PBS), penicillin, and streptomycin were obtained from 

Gibco (Life Technologies, Carlsbad, CA, USA).

Cell culture

The human monocyte cell line U937 (LGC standards, Teddington, UK) was cultured 

in RPMI 1640 medium supplemented with 10% FCS, 50 U/ml penicillin and 50 µg/ml 

streptomycin in a humidified atmosphere with 5% CO2 at 37°C. Before exposure, cells 

were differentiated to macrophage like cells using 50 ng/ml PMA treatment for 4 hours. 

After incubation, cells were plated in a 24-well plate (4x105 cells/well) and allowed to 

differentiate for 48 h. Medium was changed to 1% FCS for a further overnight incubation. 

Cells were washed with PBS and all exposures were performed in medium without FCS. 

Cell viability was determined after each experiment.

Cell viability

To investigate the potential cytotoxic effect of the exposures, LDH leakage was measured 

in the medium and the amount of cell protein was determined. Twenty µl of medium was 

transferred to a 96-well plate to measure lactate dehydrogenase (LDH) activity. Fifty µl of 

10 mg/ml NADH in 0.75 mM sodium pyruvate was added to the medium and incubated 

for 30 min at 37ºC. To determine the remaining amount of pyruvate, 50 µl 0.2 mg/ml 

DNPH was added to the wells and incubated at room temperature in the dark for 20 min. 

To develop the color, 50 µl 4 M NaOH was added and absorbance was measured after 5 



51

Epicatechin protects the cortisol response

min at λ = 540 nm using a Spectramax plate reader (Molecular Devices, Sunnyvale, CA, 

USA) and the LDH activity was quantified by using a range of standards. 

 Cell amount was determined using the SRB assay [15]. Cells were washed and fixed 

with 7% (m/V) TCA for 1 h at 4°C. After 5 wash steps with water, cells were stained with 

SRB (0.057% (m/V) for 20 min at room temperature. Cells were washed with 1% (V/V) 

acetic acid to remove unbound SRB and the SRB bound to cells was dissolved in 0.8 ml 

TRIS buffer (10 mM, pH 10.5) and quantified by measuring absorbance at λ = 540 nm. 

Viability was calculated relative to unexposed cells (100 % viability) and cells exposed to 

0.1 % (V/V) triton X-100 (0% viability).

Inflammation

Oxidative stress was induced for 1 h by incubating differentiated monocytes with H2O2 

(3 pmol/cell, which equals the amount of H2O2 epithelial lung cells are exposed to, 

based on the concentration found in the exhaled air in COPD patients [12]). EC (1, 10 

and 50 µM) or monoHER (10 µM) was added during the incubation with H2O2. Control 

experiments demonstrated that there is no direct reaction between EC and H2O2  [2]. Cells 

were washed with PBS and incubated with LPS (1 ng/ml) +/– cortisol (100 nM, unless 

otherwise stated) for 16 h. The cytokine concentrations in the medium were measured 

using a commercially available ELISA kit (Sanquin, Amsterdam, Netherlands) according to 

manufacturer’s protocol. 

Intracellular oxidative stress

The fluorescent probe of 2´,7´-dichlorofluorescein-diacetate (DCFH-DA) was used to 

quantify intracellular oxidative stress in differentiated monocytes. In the presence of ROS, 

the non-fluorescent DCFH is oxidized to the highly fluorescent dichlorofluorescein (DCF). 

The intensity of DCF fluorescence corresponds to the level of intracellular ROS formation. 

Cells were differentiated in a black/clear bottom 96-well plate and grown for 72 h. Fifty 

micromoles DCFH-DA was added to the cells and incubated for 30 min. at 37°C, 5% CO2. 

After washing, cells were exposed to 100 µl serum-free medium containing H2O2 +/– EC or 

monoHER and DCF fluorescence was measured with excitation and emission wavelengths 

of 485 nm and 535 nm, respectively, at 37°C over a period of 60 min. Incubating cells with 

LPS (1 ng/ml) did not produce a significant increase in oxidative stress (data not shown).
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Statistics

Data are expressed as mean ± SD or mean ± SEM (n = 3-12). Statistical comparisons were 

performed using one-way ANOVA with Bonferoni post hoc test with Prism v5 (GraphPad 

Software, San Diego, CA, USA). P < 0.05 was considered statistically significant.

Results

The anti-inflammatory effect of cortisol

First, the anti-inflammatory potential of cortisol was determined in monocytes 

differentiated to macrophages. The inflammatory response was induced by adding LPS (1 

ng/ml) to the cells and quantified by measuring the concentration of IL-8 and TNF-α in the 

medium. Cortisol efficiently repressed the IL-8 and TNF-α production in a concentration 

dependent manner (figure 1). At a concentration of 100 nM, cortisol completely inhibited 

the LPS response. 

Oxidative stress induces GC resistance

The cells were subjected to oxidative stress before the anti-inflammatory effect of cortisol 

was assessed. It was found that oxidative stress reduced the anti-inflammatory potency 

of cortisol over the entire concentration range tested (1 - 300 nM). Hundred nanomolar 

of cortisol only partially reduced the LPS induced IL-8 release (52%) after oxidative stress, 

while in the control experiment, without oxidative stress, the same concentration of 

cortisol fully blocked the pro-inflammatory LPS response (figure 1A). Without oxidative 

stress, 30 nM cortisol completely inhibited TNF-α release. When oxidative stress was 

induced, 30 nM cortisol only partially inhibited TNF-α production (53%, figure 1B). These 

results indicate that oxidative stress impaired the GC response.

(–)-Epicatechin prevents GC resistance

To investigate the ability of flavanols to protect the anti-inflammatory response of 

cortisol against oxidative stress, EC (0, 1, 10 and 50 µM) was added to the cells during 

the pre-incubation with H2O2. EC at a concentration of 1 µM partially protected against 

GC resistance. Fifty micromolar EC completely inhibited H2O2 induced GC resistance 

and reduced the IL-8 production to control level (figure 2A). A concentration of 1 µM EC 

reduced the TNF-α concentration back to control level without oxidative stress (figure 2B). 

Fifty micromolar of EC completely restored the cortisol response, as evidenced by the IL-8 
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and TNF-α release (figure 2C). EC (50 µM) itself had no effect on the LPS induced IL-8 and 

TNF-α production in control cells (data not shown).

(–)-Epicatechin reduces intracellular oxidative stress

In order to confirm the antioxidant activity of EC, the intracellular oxidative stress levels 

were assessed using the DCFH assay. Differentiated cells were loaded with the fluorescent 

probe DCFH-DA and then incubated with H2O2 +/– EC for 1h. The DCF fluorescence 

provides a measure for intracellular oxidative stress. EC completely reduced intracellular 

oxidative stress at a concentration of 1 µM, at a concentration of 50 µM it even dropped 

below background levels (figure 2D). 

Cell viability

Cell viability was assessed using the LDH and SRB assays at the end of the experiments. 

Exposing the cells to H2O2 and LPS under the used conditions did not result in increased 

LDH leakage or reduced amount of adherent cells (figure 3). This indicates that the 

treatments did not induce cell death.

Figure 1. The anti-inflammatory effect of cortisol in control cells and cells subjected to oxidative 
stress. Differentiated monocytes were pre-incubated 1 h without (control) or with (oxidative 
stress) H2O2 (1 pmol/cell) followed by 16 h exposure to LPS (1 ng/ml) and various concentrations of 
cortisol. Cell medium was collected and the pro-inflammatory cytokines IL-8 (A) and TNF-α (B) were 
quantified (mean ± SD, N=3). The horizontal dashed line represents the background level of IL-8 or 
TNF-α in cells without LPS or cortisol (21 ± 1.4 ng/ml and 67 ± 25 pg/ml respectively). 
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MonoHER protects against GC resistance.

To confirm the protective effects of flavonoids we tested the semi-synthetic flavonoid 

monoHER. MonoHER (10 µM) completely attenuated the intracellular oxidative stress in 

the DCFH assay. Similar to EC, monoHER was able to preserve the GC response as depicted 

by a reduced IL-8 production (figure 4). 

Figure 2. Prevention of oxidative stress-induced GC resistance by EC. Differentiated monocytes 
were pre-incubated with H2O2 (1 pmol/cell) +/– EC (concentration indicated in the graph) for 1 h. 
Subsequently the cells were exposed to LPS (1 ng/ml) +/– cortisol (100 nM) for 16 h. Relative IL-8 (A) 
and  TNF-α (B) concentrations (%) in the medium were related to the control without EC (mean ± 
SEM, N=12, #p<0.05 compared to column 2, *p<0.05 compared to column 3). The incubation with 
only LPS gave a relative increase in IL-8 concentration of 179 ± 57% and pre-incubation with 50 µM 
EC had no significant effect on this production (170 ± 12%, data not shown). (C) Concentration-
dependent protection of the cortisol response by EC in cells subjected to oxidative stress (mean 
± SEM, N=12). (D) Reduction of intracellular oxidative stress by EC. Differentiated monocytes were 
pre-incubated with DCFH-DA to allow the fluorescent probe to enter the cells. Cells were then 
exposed to H2O2 (1 pmol/cell) +/- EC (concentration indicated in the graph) and fluorescence was 
measured after 60 min. Data represent relative DCF fluorescence (%) related to H2O2 exposure 
without EC (mean ± SD, N=8, *p<0.05 compared to H2O2 exposed cells).
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Figure 3. Cytotoxicity induced by H2O2, LPS and cortisol. Cytotoxicity was determined as LDH 
leakage to the medium (A) and viability assessed by measuring total protein content (B) relative to 
unexposed cells (100%) (mean ± SD, N=4, *p<0.05 compared to control). 

Figure 4. Protective effect of flavonoids (–)-epicatechin (EC) and monoHER (MH) against H2O2 
induced oxidative stress and GC resistance. (A) Intracellular oxidative stress levels were determined 
using the DCFH assay. Cells were exposed to H2O2 (1 pmol/cell) +/– flavonoid (10 µM) and 
fluorescence measured after 60 minutes. Data represent relative DCF fluorescence (%) compared 
to H2O2 exposure (mean ± SD, N=8). (B) Differentiated monocytes were pre-incubated with H2O2 
(1 pmol/cell) +/– flavonoids (10 µM) for 1 h. Subsequently the cells were exposed to LPS (1 ng/
ml) +/– cortisol (100 nM) for 16 h. Relative IL-8 concentration (%) were determined in the medium 
compared to H2O2 pre-exposure without flavonoids (mean ± SEM, N=6, *p<0.05 compared to H2O2 
exposed cells).
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Discussion
The endogenous GC cortisol reduces inflammation in differentiated monocytes. Oxidative 

stress extinguishes this anti-inflammatory effect of cortisol, leading to cortisol resistance. 

We show that the cocoa flavanol EC prevents this cortisol resistance and reduces 

intracellular oxidative stress.

 Various health benefits of flavonoids, including EC, have been attributed to their 

antioxidant potency. In first instance their direct antioxidant effect was primarily 

considered. The effectiveness of this direct antioxidant activity has extensively been 

documented [2], and is confirmed in the present study. In addition, indirect antioxidant 

effects of flavonoids have been established that include the inhibition of radical-

generating processes like the Fenton reaction trough iron chelation, the induction of 

antioxidant enzymes and possibly also epigenetic effects [16].  Moreover, antioxidant 

flavonoids do not act in isolation but cooperate with other antioxidants in an intricate 

network. For example, flavonoids can be recycled after scavenging by vitamin C or react 

with glutathione [17, 18] and some flavonoids can take over the antioxidant activity of 

vitamin E [19]. Especially the interaction with the endogenous antioxidant system will 

increase the ability of the body to adapt when homeostasis is challenged. It appears 

that flavonoids display multifarious modes of action and their additive and synergistic 

cooperation with endogenous compounds and defense systems [20] has upgraded them 

to bioactives rather than just antioxidants. 

 Another dimension of the pleotropic effect of flavonoids is their anti-inflammatory 

potential [21]. One of the mechanisms involved is prevention of the activation of the 

pro-inflammatory transcription factor NF-κB by ROS [7, 22]. In the present study no 

significant direct anti-inflammatory effect of EC is seen. The present study shows that also 

in their anti-inflammatory activity flavonoids do not act in isolation, and describes the 

cooperation of EC with the endogenous GC cortisol. Cortisol is produced by the body 

to mitigate inflammatory conditions. However, in diseases like COPD, ROS production is 

pronounced and GC resistance is known to develop in which the GCs fail to be efficacious. 

Consequently, the ability to cope with inflammatory triggers is greatly reduced. This 

bears major clinical implications and up to date no effective therapy for COPD has been 

developed [8-10]. By restoring pathways modulated by oxidative stress, compounds like 

theophylline and curcumin are able to reverse GC resistance [23, 24].

 The present study demonstrates the potential synergy of EC with cortisol. Reduction 

of oxidative stress, and in this way protection of the cortisol response, appears to be a 

promising strategy to overcome GC resistance in patients [25]. This is further strengthened 
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by the association of a high intake of antioxidants, like N-acetyl cysteine [26-28] or 

vitamin C, with a reduction in the frequency of exacerbations and attenuated progression 

as well as a decrease in H2O2 exhalation in COPD [29]. This would imply that the anti-

inflammatory effect of flavonoids, such as EC, is directly linked to their anti-oxidant effect. 

This is corroborated by the result of monoHER, which efficiently protects monocytes from 

intracellular oxidative stress. Since it was previously shown that the ability to chelate iron 

contributes to the antioxidant effects of monoHER [30, 31], it is likely that in our model 

this mechanism is involved in the observed preservation of the cortisol response.

An anti-inflammatory effect of flavonoids is supported by a recent meta-analysis showing 

that flavonoids of various dietary sources reduce plasma levels of TNF-α and IL-6 [32]. 

Moreover, short-term intake of cocoa and green tea flavanols is reported to reduce the 

levels of 8-isoprostane, a marker for oxidative stress, and IL-6 [33]. In contrast, other 

studies failed to demonstrate similar effects [34, 35], and the health benefits of antioxidant 

flavonoids are still debated [20]. 

 It should be noted that studies are often performed in healthy volunteers with an 

adequate antioxidant shield and therefore the absence of oxidative stress. Evidently, 

a clear-cut effect of antioxidants is lacking in this population. A beneficial effect of 

flavonoids is expected in people suffering from a condition associated with oxidative 

stress [7, 21, 36]. Indeed, a positive correlation has been found between the severity of 

oxidative damage and inflammation and the beneficial effect of antioxidant flavonoid 

supplementation [7, 37]. Similarly, EC will display a health benefit when it can preserve 

and retain the ability of cortisol to cope with pro-inflammatory triggers and prevent over-

reactive inflammatory processes. 

 Our findings fit into the contemporary perception of health as being dynamic 

and defined as the ability to adapt to changes, rather than a static state of perfection. 

In this dynamic concept of health, a bioactive compound has a multitude of effects. 

Accumulation of these effects empower the buffering capacity of the body to maintain 

homeostasis and to prevent relatively mild but nevertheless insidious and persistent 

perturbations which may gradually progress into severe pathological conditions [20, 38, 

39]. The antioxidant activity of EC results in an indirect anti-inflammatory effect. More 

specifically, oxidative stress impairs the GC response, and preservation of the GC response 

by EC will result in an indirect anti-inflammatory effect. This progressively deciphers the 

enigmatic anti-inflammatory activity of the flavanol EC, and provides a fundament for the 

use of dietary antioxidants. 
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Abstract
Dexamethasone and other glucocorticoids (GCs) are used in the treatment of chronic 

inflammatory diseases. However, in diseases like chronic obstructive pulmonary disease 

GC resistance can develop. Our study examines (–)-epicatechin, a dietary compound 

known to display anti-inflammatory action, as adjuvant to prevent GC resistance. 

 The anti-inflammatory potency of dexamethasone was determined in a carefully 

characterized system of monocytes differentiated to macrophage-like cells. The LPS 

induced IL-8 release was measured after pre-incubation with H2O2 and (–)-epicatechin. We 

show that dexamethasone could efficiently suppress LPS induced inflammation and that 

exposure to H2O2 induced GC resistance. The anti-inflammatory effect of dexamethasone 

was protected by (–)-epicatechin in the oxidant exposed cells. 

 These results show that the natural antioxidant (–)-epicatechin may be used as 

adjuvant therapy to restore or preserve the efficacy of GC drugs and thereby improving 

the treatment of inflammation.
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Introduction
Inflammation helps to fights off diseases, to repair tissue damage and ultimately to 

restore homeostasis. It is a self-perpetuating feed-forward process that, once activated, 

produces more pro-inflammatory mediators increasing the inflammatory response. 

Inflammation attracts immune cells and induces the local production of several cytokines 

(e.g. TNFα) and chemokines (e.g. IL-8) [1]. However, when insufficiently controlled, it will 

lead to chronic increased inflammation and pathological aberrations.

 Chronic inflammatory diseases, such as chronic obstructive pulmonary disease 

(COPD)  rheumatoid arthritis (RA) and inflammatory bowel disease (IBD), are treated 

with glucocorticoid (GC) drugs like budesonide, prednisolone and dexamethasone 

[2, 3]. A major problem is the development of GC resistance that drastically limits the 

pharmacotherapeutic options for these diseases [4-6]. One of the causes that have been 

identified to contribute to the development of GC resistance is oxidative stress [7-9]. 

Oxidative stress accompanies inflammation and aggravates the inflammatory response 

[10, 11]. Inflammatory mediators activate nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB), leading to cytokine production and leucocyte activation. This 

in turn increases reactive oxygen species (ROS) production which leads to antioxidant 

depletion and oxidative stress, which subsequently can activate NF-κB again [12]. 

This cumulates in a downward spiral fueled by inflammation and oxidative stress that 

continuously reinforce each other.

 The flavanol (–)-epicatechin (EC) belongs to the  flavonoids and is present in food and 

beverages like apples, plumes, cocoa and tea. Various studies suggest beneficial effect 

on the cardiovascular system [13].  These health benefits have been attributed to its 

antioxidants and  anti-inflammatory action [14-16]. 

 The antioxidant activity of EC is well documented. Recent results corroborate that a 

direct antioxidant effect is involved in the intracellular defense against oxidative stress 

provided by EC [17, 18]. The anti-inflammatory effect of flavonoids is, in contrary to the 

antioxidant effect, still enigmatic. Several studies indicate a direct anti-inflammatory 

effect of EC [19]. The present study was designed to carefully characterize a macrophage-

like-cell-system to examine the impact of oxidative stress and antioxidant protection by 

EC on the anti-inflammatory response of the GC drug dexamethasone.
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Materials and methods

Chemicals

Phorbol 12-myristate 13-acetate (PMA), dexamethasone, lipopolysaccharides (LPS), 2’, 

7´-dichlorofluorescein-diacetate (DCFH-DA), xylenol orange, H2SO4 and (NH4)2FeII(SO4)2 

were purchased from Sigma (St. Louis, MO, USA). (–)-Epicatechin (EC) was purchased from 

Extrasynthese (Genay, France). Roswell Park Memorial Institute 1640 (RPMI 1640) medium, 

fetal calf serum (FCS), phosphate buffered saline (PBS), penicillin, and streptomycin were 

obtained from Gibco (Life Technologies, Carlsbad, CA, USA).

Cell culture

The human monocyte cell line U937 (ATCC CRL-1593.2, LGC standards, Teddington, 

UK) was cultured in RPMI 1640 medium supplemented with 10% FCS and 50 U/ml 

penicillin and 50 µg/ml streptomycin in a humidified atmosphere with 5% CO2 at 37 °C. 

Before exposure, cells were differentiated to macrophage-like cells using 50 ng/ml PMA 

treatment for 4 hours. After incubation, cells were plated in a 24 well plate (4x105 cells/

well) and allowed to differentiate for 48 hr. Medium was changed to 1% FCS for a further 

overnight incubation. Cells were washed with PBS and all exposures were performed 

in medium without FCS. Cell viability was assessed after exposures by measuring 

lactate dehydrogenase (LDH) activity in the medium and total cell proteins using the 

sulforhodamine B (SRB) assay as described previously [18]. Cell viability after exposures 

remained above 90%. 

Intracellular oxidative stress

The fluorescent probe of 2´, 7´-dichlorofluorescein-diacetate (DCFH-DA) was used to 

quantify intracellular oxidative stress in differentiated monocytes. In the presence of ROS, 

the non-fluorescent DCFH is oxidized to the highly fluorescent dichlorofluorescein (DCF). 

The intensity of DCF fluorescence corresponds to the level of intracellular ROS formation. 

Cells were differentiated in a black/clear bottom 96-well plate and grown for 72 hours. 

Fifty µM DCFH-DA was added to the cells and incubated for 30 min. at 37°C, 5% CO2. After 

washing, cells were exposed to 100 µl serum-free medium containing H2O2 +/– EC and 

DCF fluorescence was measured with excitation and emission wavelengths of 485 nm 

and 535 nm, respectively, at 37°C over a period of 60 min.
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H2O2 stability in the culture medium

The concentration of H2O2 in the medium of differentiated monocytes was determined 

using a modification of the ferrous oxidation xylenol orange assay [20]. This assay is based 

on the ability of peroxides to oxidize the ferrous Fe2+ ions to ferric Fe3+ ions, which react 

with xylenol orange to a colored complex. Cells were exposed to 800 µM H2O2 and a 

sample of medium was taken at various time points (0 – 60 min). For the measurement, a 

total of 900 µl of reaction solution was prepared containing 420 µl of 25 mM  H2SO4, 30 µl 

sample and the reaction was started by adding 450 µl reaction buffer (200 mM sorbitol, 

200 µM xylenol orange, 25 mM H2SO4 and 0.5 mM (NH4)2FeII(SO4)2. The reaction mix was 

incubated at room temperature for 45 min and absorbance measured at 560 nm. The 

concentrations of peroxides were calculated using H2O2 standard solutions.

Determination of inflammation and GC resistance

Oxidative stress was induced by incubating differentiated monocytes with H2O2 (100-

800 µM) for 10-240 min. EC (1, 10, 50 µM) was added during the incubation with H2O2. 

Control experiments demonstrated that there is no direct reaction between EC and H2O2 

in PBS or RPMI medium [17]. Cells were washed with PBS and incubated with LPS (10 ng/

ml) +/-dexamethasone (1-100 nM) for 16 h (figure 1). The cytokine concentrations in the 

medium were measured using a commercially available ELISA kit (Sanquin, Amsterdam, 

Netherlands) according to manufacturer’s protocol. 

Statistics

Data are expressed as mean ± SD or mean ± SEM. Statistical comparisons were performed 

by using a Mann-Whitney U test or ANOVA following Dunnett’s multiple comparison test 

with Prism v5 (GraphPad Software, San Diego, CA, USA). A two-tailed P-value < 0.05 was 

considered statistically significant.

Figure 1. Graphical representation of cell exposures. Monocytes were first differentiated to 
macrophage-like cells for 72 h. Cells were then pre-treated with H2O2 +/– epicatechin (EC) followed 
by lipopolysaccharides (LPS) +/– dexamethasone exposure overnight. 
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Results

Effect of differentiation and LPS concentration on the inflammatory response

To differentiate the monocyte cell line U937 to macrophage-like cells, the monocytes 

were incubated for 4 h with PMA (50 ng/ml). LPS was used to evoke an inflammatory 

response. Inflammation was quantified by measuring the release of the inflammatory 

chemokine IL-8 in the medium. The U937 monocytes differentiated to macrophage-like 

cells produced 500 times more IL-8 than the undifferentiated cells, indicating that the 

inflammatory response is much more pronounced in differentiated macrophage-like cells 

(figure 2A). The inflammatory response to 2, 10 and 50 ng/ml LPS on the differentiated 

cells is depicted in figure 2B.

Anti-inflammatory potency of dexamethasone

The anti-inflammatory GC drug dexamethasone concentration dependently 

attenuated the LPS induced IL-8 production in differentiated cells. Thirty nanomolar of 

dexamethasone reduced the IL-8 production to control level (figure 3A).

Figure 2. Effect of differentiation and lipopolysaccharides (LPS) concentration on the inflammatory 
response. U937 cells were exposed to LPS for 16 h and IL-8 concentration in medium was measured. 
(A) differentiated and undifferentiated cells, (B) differentiated cells exposed to LPS (2-50 ng/ml). 
Data depict the concentration IL-8 in the medium, * p<0.05 compared to 0 ng/ml LPS (mean ± SD, 
N=3).
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Oxidative stress reduces the anti-inflammatory potency of dexamethasone

To determine the effect of oxidative stress on the anti-inflammatory effect of 

dexamethasone, differentiated cells were incubated for 4 h with several concentrations 

of H2O2 prior to LPS and dexamethasone treatment (figure 1). Oxidative stress induced 

by H2O2 reduced the anti-inflammatory potency of dexamethasone concentration 

dependently (figure 3B). At a concentration of 800 µM H2O2, IL-8 concentration doubled 

Figure 3. Anti-inflammatory efficacy of dexamethasone (Dex). (A) Concentration dependent 
anti-inflammatory effect of dexamethasone. Differentiated U937 cells were incubated with 
lipopolysaccharides (LPS) (10 ng/ml) and several concentrations of dexamethasone (0 – 100 nM) for 
16 h. The level of inflammation was assessed by measuring the IL-8 concentration in the medium. 
At concentrations ≥ 30 nM, dexamethasone efficiently inhibits inflammation and decreased the IL-8 
production to control level (5.1 ng/ml, represented by the dashed line). (B) Effect of oxidative stress 
on the anti-inflammatory response of dexamethasone. Differentiated U937 cells were exposed 
to H2O2 (0 – 800 µM) for 4 h and subsequently exposed to LPS and dexamethasone for 16 h. IL-8 
concentration (*p<0.05 compared to column 3, Dunnett’s test). (C) Development of oxidative 
stress induced glucocorticoid resistance in time. Differentiated U937 cells were pre-incubated 
with H2O2 (800 µM) for 10 – 240 min and subsequently exposed to the combination of LPS and 
dexamethasone for 16 h. Data are expressed as mean IL-8 concentration ± SD, N=3.
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compared to cells without H2O2 treatment, indicative for the development of GC resistance. 

This corresponds to a 50% reduction in anti-inflammatory potency of dexamethasone. To 

determine the required incubation time to induce oxidative stress induced GC resistance, 

cells were exposed to H2O2 (800 µM) for various incubation times. Subsequently, the anti-

inflammatory potency of dexamethasone was determined. The reduction of the anti-

inflammatory response in time, revealing the development of glucocorticoid resistance, 

was deduced form the increase in IL-8 concentration. The IL-8 concentration plateaued 

after 60 min (figure 3C). Therefore, a 60 minute incubation with H2O2 (800 µM) was 

selected as standard condition for oxidative stress induced GC resistance. 

Stability of H2O2 in cell medium

To investigate the oxidative burden imposed upon the cells, the concentration of H2O2 

in the cell medium was measured in time. H2O2 (800 µM) was stable in PBS for 60 min, 

in RPMI medium there was only a small decrease in H2O2 concentration in time. In the 

presence of cells, however, a rapid decline in H2O2 concentration was observed. Already 

after 5 min the concentration was halved and after 30 min hardly any H2O2 was detected 

(figure 4). 

Intracellular antioxidant effect of EC

To assess intracellular oxidative stress, DCFH was used. During oxidative stress, DCFH is 

converted in the fluorescent product DCF. Exposure of DCFH loaded and differentiated 

cells to H2O2 (800 µM) gradually increased fluorescence, demonstrating that H2O2 causes 

intracellular oxidative stress. At 60 min the increase of fluorescence appeared to level 

off. EC efficiently reduced the development of fluorescence concentration-dependently 

(figure 5). Based on the recorded fluorescence, 1 µM already diminished intracellular 

oxidative stress and 10 µM EC reduced intracellular oxidative stress even below control 

level.

EC protects the anti-inflammatory potency of dexamethasone in oxidant exposed 

cells

As shown in previous experiments, oxidative stress induced GC resistance in the 

differentiated cells; pre-incubation with H2O2 doubled the LPS induced IL-8 production 

in the presence of dexamethasone. EC was able to protect the anti-inflammatory potency 

of dexamethasone in H2O2 exposed cells (figure 6). The protective effect of EC appeared 

to be time dependent.  EC (10 µM) reduced GC resistance by 50% at 60 and 120 min 
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pre-incubation. At 240 min no protective effect was seen. EC itself did not reduce the 

LPS induced inflammatory response in the control experiment where the cells were not 

exposed to H2O2 (data not shown). This indicates that EC displayed no significant direct 

anti-inflammatory effect in the experimental setup.

Figure 4. H2O2 concentration in the cell medium. Concentration of H2O2 in PBS, RPMI medium and 
medium with differentiated U937 cells was measured after several time points (mean ± SD, N=12).

Figure 5. Intracellular antioxidant effect of epicatechin (EC). Differentiated U937 cells were loaded 
with the fluorescent probe DCFH. Subsequently, cells were exposed to EC (10 µM) or H2O2 (800 µM) 
+/– EC (1 – 50 µM) and DCF fluorescence measured in time (mean ± SD, N=4).
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A B

Figure 6. Epicatechin (EC) prevents oxidative stress induced glucocorticoid resistance. 
Differentiated U937 cells were pre-incubated with H2O2 (800 µM) +/– EC (10 µM) for 60 - 240 min. 
and subsequently exposed to lipopolysaccharides (LPS) (10 ng/ml) and dexamethasone (10 nM) for 
16 h. (A) Concentrations IL-8 (%) after various pre-incubation periods. (B) IL-8 concentration (%) in 
medium after 60 min pre-incubation (*p<0.05 Mann-Whitney U test, mean ± SEM, N=6).
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Discussion
This study was designed to carefully characterize a macrophage-like-cell-system and 

examine the protection of the anti-inflammatory efficacy of dexamethasone by EC. 

We found that that in the developed macrophage-like cell system dexamethasone is 

a potent anti-inflammatory drug. Addition of H2O2 to these cells resulted in oxidative 

stress that induced GC resistance evidenced by the reduced anti-inflammatory potential 

of dexamethasone. In line with results obtained with the endogenous GC cortisol, we 

observed that the anti-inflammatory efficacy of the drug dexamethasone is partly 

protected by the flavanol EC.

 Dexamethasone is a synthetic GC that belongs to the group of drugs that is first 

choice in the pharmacotherapy of various inflammatory diseases [21]. The potency of 

dexamethasone is illustrated in this study by the efficient reduction of the inflammatory 

response in the cultured macrophage-like cells. However, a major impediment in the 

clinical application of these drugs is the occurrence of GC resistance [22]. In diseases like 

COPD, GC resistance hampers the efficacy of these anti-inflammatory drugs, which bears 

major clinical implications [23].

 Inflammation and oxidative stress usually go hand in hand and a dynamic cross 

talk between both patho-physiological processes exists [24]. In the present study we 

focused on the inhibitory effect of oxidative stress on the anti-inflammatory efficacy 

of dexamethasone. In our in vitro model of differentiated monocytes, H2O2 was used 

to induce oxidative stress. This ROS was selected because it is found at relatively high 

concentrations in exhaled condensate of patients with COPD [25], a condition we 

mimicked by exposing the cells to 800 µM H2O2. H2O2 is one of the molecules produced 

by inflammatory cells to combat pathogens like bacteria [26]. Adding H2O2 (800 µM) 

to the medium did induce intracellular oxidative stress, leading to GC resistance.  The 

differentiated U937 cells appear to withstand the hostile environment because this 

H2O2 concentration did not result in cell death. Apparently, these anti-inflammatory 

cells are equipped with an efficient defense. The H2O2 concentration in the cell medium 

decreased relatively quickly. After 60 min practically all the H2O2 was decomposed and 

the DCF fluorescence, used to monitor intracellular oxidative stress, reached a plateau 

(figure 5). Interestingly, the development of GC resistance also paralleled the time profile 

of the H2O2 concentration in the medium and the time course of oxidative stress. This 

association confirms the link between H2O2-induced intracellular oxidative stress and 

the development of GC resistance. So a relative short exposure to H2O2 triggers the 

occurrence of GC resistance that seems to persist over a long period of time.
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 Several mechanisms for the induction of GC resistance have been proposed. Akim 

et al [27] recently reported that oxidative stress reduces protein expression responsible 

for transport of the glucocorticoid receptor (GR) into the nucleus and prevents it from 

exerting its action. Alternative mechanisms for GC resistance include: decreased histone 

deacetylase 2 (HDAC2) activity, preventing repression of pro-inflammatory genes [28]; 

increased expression of the transcriptionally inactive GRβ [29]; reduced binding affinity, 

translocation or stability of GRα, PI3K signaling activation preventing the transcription of 

anti-inflammatory proteins [30]; and increased pro-inflammatory gene expression [31]. 

To prevent or attenuate GC resistance, HDAC2 has attracted special interest. Curcumin 

and theophylline improve GC response, presumably by restoring HDAC2 activity [32]. 

ROS suppress HDAC2 activity, which can lead to GC resistance. In fact, in COPD the ROS 

production is pronounced and frequently GC resistance develops. Preventing oxidative 

stress with antioxidants appears to be a promising strategy to prevent the development 

of GC resistance.

 The results obtained corroborate that oxidative stress induced by H2O2 leads to GC 

resistance in differentiated monocytes. In addition, EC appears to protect against the 

induction of GC resistance; ten µM EC reduced the effect of H2O2 on the anti-inflammatory 

response of dexamethasone by 50%. This shows the potential of EC as an adjuvant in GC 

treatment. 

 Several studies indicate that EC can also display a direct anti-inflammatory effect 

[19]. A direct anti-inflammatory effect was not observed in the present experimental 

setup in the macrophage-like cell system. This further substantiates the connection of 

the observed anti-inflammatory effect of EC with its antioxidant activity. Next to this 

indirect anti-inflammatory effect, a direct anti-inflammatory effect will also add to the 

effectiveness of EC as adjuvant of GC pharmacotherapy. This would help to interrupt the 

downward spiral of inflammation and oxidative stress.

 Two specific aspects in this study also gained our attention. One is the extent of 

protection against oxidative stress did not correlate with the extend of the protection 

against GC resistance. The flavanol EC at a concentration of 10 µM completely protected 

against intracellular oxidative stress in the cells, while it only partially protected against 

GC resistance. The other is that the protection of EC against H2O2-induced GC resistance is 

temporary. Over a period of 1 h intracellular oxidative stress increases and GC resistance 

develops. EC partially protects against the H2O2 induced GC resistance over a period of 

2 h. After 4 h the GC resistance is prominent and no protective effect of EC observed. 

In this respect it is important to consider that EC is a food compound and not a drug. 
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Drugs act on a specific target, such as an enzyme or receptor, and induce a strong effect. 

This is in contrast to food-derived compounds such as EC. Their action is not specific but 

multifarious [33-35]. A bioactive, like EC, exerts relative subtle and non-pharmacological 

effects, therefore the partial and temporary outcome on GC resistance could have been 

anticipated. The advantage of the subtle and the time-dependent nature of the effect of 

bioactives, like EC, is that overt toxicity is unlikely to occur. Moreover, compliance as well 

as acceptance of a nutritional intervention is expected to be relatively high. 

Conclusions

In this study we show that the anti-inflammatory efficacy of dexamethasone in monocytes 

exposed to oxidants is partially protected by EC. This bears therapeutic potential for 

chronic inflammatory diseases that are accompanied with GC resistance. It opens new 

therapeutic avenues in which antioxidants, either as supplement or from the diet, are 

applied as adjuvant therapy to restore or preserve the efficacy of GC drugs.
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Abstract

In chronic inflammatory diseases the anti-inflammatory effect of glucocorticoids (GCs) is 

often decreased, leading to GC resistance. Inflammation is related with increased levels of 

reactive oxygen species (ROS), leading to oxidative stress which is thought to contribute 

to the development of GC resistance. 

 Plant-derived compounds like flavonoids are known for their ability to protect against 

ROS. In this exploratory study we screened a broad range of food derived bioactives 

for their antioxidant and anti-inflammatory effects in order to investigate whether their 

antioxidant effects are associated with the ability to preserve the anti-inflammatory 

effects of cortisol. The anti-inflammatory potency of the test compounds was assessed 

by measuring the oxidative stress-induced GC resistance in human macrophage-like cells. 

Cells were pre-treated with H2O2 (0.8 mM) with and without bioactives and then exposed 

to lipopolysaccharides (LPS) (10 ng/ml) and cortisol (100 nM). Level of inflammation 

was deducted from the concentration of interleukin-8 (IL-8) in the medium. Intracellular 

oxidative stress was measured using the fluorescent probe 2´, 7´-dichlorofluorescein 

(DCFH).

 We found that most of the dietary bioactives display antioxidant and anti-

inflammatory action through the protection of the cortisol response. All compounds, 

except for quercetin, revealing antioxidant activity also protect the cortisol response. 

This indicates that the antioxidant activity of compounds plays an important role in the 

protection of the GC response. However, next to the antioxidant activity of the bioactives, 

also other mechanisms seem to be involved in this protective, anti-inflammatory effect. 
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Introduction

Our diet contains a wide variety of antioxidants and other bioactives which can help to 

preserve health. These health benefits have been extensively documented in literature 

and various modes of action have been proposed [1-4]. It is increasingly realized that a 

bioactive has a multitude of subtle effects via diverse cellular and molecular targets that 

become integrated in an overall, physiologically relevant response [5]. One of the best 

documented activity of flavonoids, an important group of bioactives, is their ability to 

protect against reactive oxygen species (ROS) [6-9]. 

 ROS are generated during the reduction of oxygen and can be derived from sources 

as diverse as mitochondria, activated inflammatory cells, drugs and cigarette smoke. ROS 

comprise two groups of molecules namely (i) free radicals with relatively short biological 

half-lives, such as superoxide anion (O2
•−) and hydroxyl radical (•OH) and (ii) nonradicals, 

such as hydrogen peroxide (H2O2) and hypochlorous acid (HOCl), which are relatively 

less reactive and has a longer half-life than free radicals [10]. ROS are noxious molecules 

and can damage virtually any cellular components. Beside the oxidative stress-mediated 

direct damage by ROS, also the induction of inflammation by ROS has been implicated in 

the etiology of numerous diseases [10-12].

 Inflammation is a natural process to combat infections and help in wound healing. 

During this process immune cells are attracted to the area of inflammation and various 

cytokines (e.g. tumor necrosis factor alpha (TNF-α) and chemokines (e.g. interleukin-8 

(IL-8)) are produced. It is a feed forward process that can spin out of control leading to 

a chronic inflammatory response. Inflammatory mediators activate NF-ĸB, initiating 

cytokine production and leucocyte activation. This in turn increases ROS production, 

resulting in antioxidant depletion and oxidative stress, which further stimulates nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-ĸB) [13, 14]. 

 Glucocorticoids (GCs) are the most effective anti-inflammatory drugs available for the 

treatment of many chronic inflammatory and immune diseases, including inflammatory 

bowel disease (IBD) and chronic obstructive pulmonary disease (COPD). The anti-

inflammatory effect of GCs is often decreased in these diseases, leading to GC resistance 

and a state of chronic inflammation [15-17]. These chronic inflammatory diseases are also 

associated with an increased level of oxidative stress, which is thought to contribute to 

the development of GC resistance [18]. This again illustrates how closely inflammation 

and oxidative stress are intertwined. 

 In previous research we showed that the cocoa flavanol (–)-epicatechin (EC) was able 

to preserve the anti-inflammatory effect of the endogenous GC cortisol [19] and the 
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synthetic GC dexamethasone in oxidant-exposed human macrophages [20]. These results 

revealed that the antioxidant activity of EC prevents the development of GC resistance 

in macrophage-like cells. In the present study we examined a wide array of bioactives, 

with a focus on flavonoids and some of their metabolites, for their antioxidant and anti-

inflammatory effect, i.e. the preservation of the anti-inflammatory effect of cortisol, 

in oxidant-exposed cells and correlated this to their antioxidant activity. Our data will 

enhance the understanding of the structural relation between antioxidant activity of 

dietary bioactives and their potency to protect the cortisol response.

Materials and methods

Chemicals

Phorbol 12-myristate 13-acetate (PMA), lipopolysaccharides (LPS) 2’, 7´-dichlorofluorescein-

diacetate (DCFH-DA), quercetin, chrysin, genistein, (±)-taxifolin, curcumin, resveratrol and 

theophylline were purchased from Sigma (St. Louis, MO, USA). Roswell Park Memorial 

Institute 1640 (RPMI 1640) medium, fetal calf serum (FCS), phosphate buffered saline 

(PBS), penicillin, and streptomycin were obtained from Gibco (Life Technologies, 

Carlsbad, CA, USA). (–)-Epicatechin (EC), quercetin-3-O-glucuronide (Q3G), quercetin-

3-O-methyl (Q3M) were purchased from Extrasynthese (Genay, France). 7-mono-O-(β-

hydroxyethyl)-rutoside (monoHER) was kindly provided by Novartis Consumer Health 

(Nyon, Switzerland). The flavanol metabolites 3’-O-methyl-EC (3’ME), 4’-O-methyl-EC 

(4’ME), 4’-O-methyl-EC-7-β-D-glucuronide (4’ME7G), EC-7-β-D-glucuronide (E7G), and 

EC-4’-sulfate (E4’S) were provided by Mars Incorporated (Hackettstown, NJ, USA) Stock 

solutions of 2-10 mM of compounds were prepared in 50 or 100% (v/v) ethanol and 50 

μl aliquots were stored at -80˚C until use. The dilutions of each flavanol were prepared 

immediately prior to experimental use. 

Cell culture

The human monocyte cell line U937 (LGC standards, Teddington, UK) was cultured in 

RPMI 1640 medium supplemented with 10% FCS and 50 U/ml penicillin and 50 µg/ml 

streptomycin in a humidified atmosphere with 5% CO2 at 37 °C. Before exposure, cells 

were differentiated to macrophage like cells using 50 ng/ml PMA treatment for 4 hours. 

After incubation, cells were plated in a 24 well plate (4x105 cells/well) and allowed to 

differentiate for 48 hr. Medium was changed to 1% FCS for a further overnight incubation. 
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Cells were washed with PBS and all exposures were performed in medium without FCS. 

After each experiment, cell amount was determined using the sulforhodamine B (SRB) 

assay as previously described [19].

Intracellular oxidative stress

The fluorescent probe of 2´, 7´-dichlorofluorescein-diacetate (DCFH-DA) was used to 

quantify intracellular oxidative stress in differentiated monocytes. In the presence of ROS, 

the non-fluorescent DCFH is oxidized to the highly fluorescent dichlorofluorescein (DCF). 

The intensity of DCF fluorescence corresponds to the level of intracellular ROS formation. 

Cells were differentiated in a black/clear bottom 96-well plate and grown for 72 hours. 

Fifty µM DCFH-DA was added to the cells and incubated for 30 min. at 37°C, 5% CO2. After 

washing, cells were exposed to 100 µl serum-free medium containing H2O2 +/– bioactive 

and DCF fluorescence was measured with excitation and emission wavelengths of 485 

nm and 535 nm, respectively, at 37°C over a period of 60 min.

Determination of inflammation and GC resistance

Oxidative stress was induced by incubating differentiated monocytes with H2O2 (800 µM) 

for 60 min. Bioactives (10 µM) were added during the incubation with H2O2. Cells were 

washed with PBS and incubated with LPS (10 ng/ml) +/– cortisol (100 nM) for 16 h. The 

interleukin-8 (IL-8) concentrations in the medium were measured using a commercially 

available ELISA kit (Sanquin, Amsterdam, Netherlands) according to manufacturer’s 

protocol. 

Statistics

Data are expressed as mean ± SD or mean ± SEM. Statistical comparisons were performed 

by using a Mann-Whitney U test or ANOVA following Dunnett’s multiple comparison test 

with Prism v5 (GraphPad Software, San Diego, CA, USA). A two-tailed P-value < 0.05 was 

considered statistically significant.
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Results

Antioxidant effect of bioactives and protection against GC resistance

A wide array of dietary compounds was tested for their protective effect against oxidative 

stress and GC resistance in differentiated U937 cells (table 1). The bioactives efficiently 

protected the cells against oxidative stress induced GC resistance in order of potency: Cur 

(100 ± 10%) ≥ Res (99 ± 14%) ≥ Chr (97 ± 9%) ≥ Gen (92 ± 13%) ≥ MH (71 ± 16%) ≥ Theo 

(69 ± 13%) ≥ Tax (56 ± 11%) ≥ EC (49 ± 44%) (figure 1). Res, Gen, MH, Tax, Q, and EC also 

protected against oxidative stress and reduced DCF fluorescence even below background 

levels. The bioactives that displayed antioxidant activity also protected the GC response 

of cortisol, except for Q. Although Q reduced intracellular stress even below background 

level, this flavonol did not reduce the LPS induced IL-8 production in the macrophage-

like cells. This lack of protection indicates that more mechanisms are involved in the 

development and prevention of GC resistance. This is also illustrated by the compounds 

Theo, Chr and Cur which show the opposite: little to no antioxidant activity but efficient 

protection of the GC response by 69%, 97% and 100%, respectively. 

Antioxidant effect of flavonoid metabolites and protection against GC resistance

Several metabolites were investigated for their antioxidant and GC-protective effect 

(figure 2). Metabolism, i.e. methylation, glucuronidation or sulfation, especially at the 

3'- and 4'-carbon, results in a reduced antioxidant capacity. This was illustrated by 

the increased DCF fluorescence compared to the parent compound EC. However, the 

protective effect of the metabolites against GC resistance was similar to the protection by 

EC. Although Q appeared to enhance the IL-8 production in our cell model, its 3-O-methyl 

and 3-O-glucuronide metabolite reduced IL-8 release by 57% and 55% respectively. Both 

Q metabolites thus provide protection against oxidative stress-induced GC resistance 

(figure 3).
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Table 1. Antioxidant effect and protection of the cortisol response by bioactives

Class Compound Abbr. Anti-
oxidant 
effect*

Protection 
of cortisol 

response **

Flavanol (–)-epicatechin EC 86 ± 11 49 ± 44

3'-O-methyl(–)-epicatechin 3’ME 67 ± 13 36 ± 53

4'-O-methyl(–)-epicatechin 4’ME 56 ± 14 39 ± 31

(–)-epicatechin-7-β-D-glucuronide E7G 69 ± 7 42 ± 46

4'-O-methyl(–)-epicatechin-7-β-D-
glucuronide

4’ME7G 39 ± 21 35 ± 46

(–)-epicatechin-4'-sulfate E4’S 27 ±12 41 ± 12

Flavanonol 

(±)-Taxifolin Tax 78 ± 3 56 ± 11

Flavone 

Chrysin Chr 14 ± 2 97 ± 9

Flavonol 7-mono-O-(β-hydroxyethyl)-rutoside MH 88 ± 2 71 ± 16

Quercetin Q 100 ± 2 -30 ± 47

3-O-methyl-quercetin Q3M - 57 ± 6

Quercetin-3-O-glucuronide Q3G - 55 ± 24

Isoflavone

Genistein Gen 83 ± 3 92 ± 13

Curcuminoid 

Curcumin Cur -4 ± 6 100 ± 10

Stilbenoid 

Resveratrol Res 57 ± 3 99 ± 14

Methylxanthine 

Theophylline Theo 11 ± 4 69 ± 13

* % reduction of intracellular oxidative stress compared to H2O2 incubation without bioactives
** % reduction of IL-8 concentration in medium compared to H2O2 + LPS + CS incubation without bioactives
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Figure 1. Effect of bioactives on intracellular oxidative stress and glucocorticoid resistance 
arranged in accordance to their ability to restore the anti-inflammatory effect of cortisol. A) IL-8 
levels (%) in medium after cells were pre-incubated with H2O2 (800 µM) +/– bioactives (10 µM) for 1 
h and subsequently exposed to LPS (10 ng/ml) and cortisol (100 nM) for 16 h (N=6, mean ± SEM). B) 
Intracellular oxidative stress levels. Differentiated monocytes were incubated with DCFH for 45 min 
and then exposed to H2O2 (800 µM) +/– bioactives (10 µM) and fluorescence was recorded for 1h 
(N=4, mean ± SD, *p<0.05 Dunnett’s). C) Correlation of the ability to reduce intracellular oxidative 
stress and to protect the cortisol response.
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Figure 2. Effect of the flavanol EC and several metabolites on intracellular oxidative stress and 
glucocorticoid resistance. A) Cells were pre-incubated with H2O2 (800 µM) +/– flavanols (10 µM) for 
1 h and subsequently exposed to LPS (10 ng/ml) and cortisol (100 nM) for 16 h. IL-8 levels (%) were 
measured in the cell medium (N=6, mean ± SEM). B) Intracellular oxidative stress. Differentiated 
monocytes were incubated with DCFH for 45 min, exposed to H2O2 (800 µM) +/– flavanols and 
fluorescence was measured for 1 h (N=4, mean ± SD, *p<0.05 Dunnett’s).

Figure 3. Effect of quercetin (Q) metabolites on cortisol response. Cells were pre-incubated with 
H2O2 (800 µM) +/- Q metabolites (10 µM) for 1 h and subsequently exposed to LPS (10 ng/ml) and 
cortisol (100 nM) for 16 h and IL-8 levels (%) measured in the cell medium (N=6, mean ± SD, * p<0.05 
Mann-Whitney U test).
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Discussion
Bioactives from dietary sources have numerous health benefits which are achieved via 

a multitude of subtle effects. Best understood is the antioxidant activity, which could 

also contribute to the myriad of effects like their anti-inflammatory potential. In this 

exploratory study we determined the antioxidant effect and the capacity to protect 

the GC response of a wide array of food-derived compounds. Correlation of these data 

revealed to what extend these effects are interrelated for the structurally different 

compounds. Additionally, metabolites of the flavanol EC and the flavonol Q were tested, 

since flavonoids are extensively metabolized in the gastro-intestinal tract and upon 

entering the circulation [21, 22]. 

 We found that most of the food-derived bioactives displayed antioxidant and anti-

inflammatory activity through the protection of the cortisol response. All compounds, 

except for Q, showing antioxidant activity also protected the cortisol response. This 

indicates that the antioxidant activity of compounds plays an important role in the 

protection of the GC response. Since H2O2-induced oxidative stress impaired the anti-

inflammatory effect of cortisol, the antioxidant activity of EC could be directly linked to 

the protection of the GC response in our previous study [19]. Compounds like EC, MH, 

Gen and Tax display prominent antioxidant effects and provide protection to the GC 

response. The only exception seems to be Q, which showed a high antioxidant activity but 

no protection of the GC response. This finding was unexpected since other studies have 

reported anti-inflammatory effects of Q [23, 24]. The absence of the anti-inflammatory 

activity in our test system may be explained by the fact that in an environment high 

in oxidants Q may be converted into thiol-reactive quinone products as a result of the 

radical scavenging. These quinones can react with protein thiols causing reduction or loss 

of their function [25, 26].

 The bioactives Cur, Chr and Theo display little to no antioxidant activity but protect 

the GC response, indicating that the protection against oxidative stress is not the only 

way to maintain the anti-inflammatory effect of GCs. This is also corroborated by the 

results of the metabolites of EC. Although EC metabolites have a reduced antioxidant 

capacity, as illustrated by an increase in intracellular oxidative stress compared to the 

parent compound EC, the cortisol response is partially protected by these metabolites. 

Apparently more molecular mechanisms could be involved in the protection of the GC 

response.

 Several investigated bioactives, including their metabolites, are known for these 

pleiotropic cellular and molecular effects. Previous studies have shown that curcumin 
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and theophylline improve GC response, presumably by restoring HDAC2 activity [27, 

28]. Another mechanism to increase the anti-inflammatory effects of glucocorticoids is 

the inhibition of the enzyme phosphodiesterase 4 (PDE4) [29]. Flavonoids have been 

reported to exert beneficial effects on the cardiovascular system by the inhibition of PDE 

which elevates cyclic adenosine monophosphate (cAMP) levels and leads to an activation 

of the cAMP-dependent protein kinase A (PKA) [30]. As a consequence microvascular 

leakage is diminished, and trafficking and release of cytokines and chemokines from 

inflammatory cells is inhibited [31]. Another possible mode of action is the activation 

of peroxisome proliferator activated receptor α (PPARα). PPARs are transcription 

factors belonging to the nuclear hormone receptor family and play a central role in the 

regulation of lipid, lipoprotein and glucose metabolism. PPARs have also been identified 

as important regulators of inflammatory gene expression [32, 33]. Activated PPAR can 

inhibit the pro-inflammatory transcription factor NF-ĸB, and it has been demonstrated 

that various isoflavones are potent PPARα and PPARγ agonists [34]. By activating PPARα, 

these isoflavones can reduce the NF-ĸB mediated pro-inflammatory gene expression and 

attenuate the inflammatory response. To what extend all these different mechanisms are 

involved in the action of the investigated compounds needs to be addressed in further 

studies. 

 In summary we show that various food-derived bioactives have antioxidant and anti-

inflammatory activity by protecting the anti-inflammatory effect of cortisol in human 

macrophages exposed to oxidative stress. Next to the antioxidant activity of the bioactives, 

also other mechanisms seem to be involved in this protective, anti-inflammatory effect. 

This opens new options for the treatment of inflammation, and chronic inflammatory 

diseases, by boosting the anti-inflammatory effect of the endogenous GC cortisol. 

 The absence of a direct correlation between the antioxidant effect and the capacity to 

protect the cortisol response suggests that also other molecular mechanisms are involved 

in the activity of the investigated nutritionally relevant bioactives. The observation that 

a wide variety of plant derived food compounds, including metabolites, are able to 

preserve the endogenous GC response opens new possibilities for dietary approaches 

specifically targeted for patients with chronic inflammatory diseases.
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Abstract
Cardiovascular diseases are expanding to a major social-economic burden in the Western 

World and undermine man’s deep desire for healthy ageing. Epidemiological studies 

suggest that flavanol-rich foods (e.g. grapes, wine, chocolate) sustain cardiovascular 

health. For an evidenced-based application, however, sound clinical data on their efficacy 

are strongly demanded.

 In a double-blind, randomized, placebo-controlled intervention study we 

supplemented 28 male smokers with 200 mg per day of monomeric and oligomeric 

flavanols (MOF) from grape seeds. At baseline, after 4 and 8 weeks we measured macro- 

and microvascular function and a cluster of systemic biomarkers for major pathological 

processes occurring in the vasculature: disturbances in lipid metabolism and cellular 

redox balance, and activation of inflammatory cells and platelets.

 In the MOF group serum total cholesterol and LDL decreased significantly (P≤0.05) 

by 5% (n=11) and 7% (n=9), respectively in volunteers with elevated baseline levels. 

Additionally, after 8 weeks the ratio of glutathione to glutathione disulphide in 

erythrocytes rose from baseline by 22% (n=15, P<0.05) in MOF supplemented subjects. 

We also observed that MOF supplementation exerts anti-inflammatory effects in blood 

towards ex vivo added bacterial endotoxin and significantly reduces expression of 

inflammatory genes in leukocytes. Conversely, alterations in macro- and microvascular 

function, platelet aggregation, plasma levels of nitric oxide surrogates, endothelin-1, 

C-reactive protein, fibrinogen, prostaglandin F2alpha, plasma antioxidant capacity 

and gene expression levels of antioxidant defense enzymes did not reach statistical 

significance after 8 weeks MOF supplementation. However, integrating all measured 

effects into a global, so-called vascular health index revealed a significant improvement 

of overall vascular health by MOF compared to placebo (P≤0.05).

 Our integrative multi-biomarker approach unveiled the pleiotropic vascular health 

benefit of an 8 weeks supplementation with 200 mg/d MOF in humans.
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Introduction
Cardiovascular diseases (CVD) are expanding to a major social-economic burden in the 

Western World [1, 2]. Despite a diverse disease pattern in advanced states, the early 

onset of CVD is characterized by the occurrence of several general pathophysiological 

mechanisms. Persistently increased levels of inflammation and oxidative stress, elevated 

serum lipid levels as well as the development of a prothrombotic state crucially contribute 

to the occurrence of an impaired vascular function [3]. Chronic cigarette smoking is one 

of the lifestyle factors that essentially fuels and exaggerates these processes. It is well 

established that cigarette smoke contains large quantities of free radicals and pro-oxidant 

compounds [4] and additionally increases endogenous free radical production by the 

activation of macrophages and neutrophils, uncoupling endothelial nitric oxide synthase 

(eNOS) and mitochondrial transport chain [5-7]. As a consequence markers of oxidative 

stress and inflammation are significantly elevated in the systemic circulation of smokers 

compared to non-smokers [8-12]. Heightened serum lipid levels and the activation of 

platelets further promote the manifestation of a proatherogenic state in smokers [13, 14] 

and contribute to the development of endothelial dysfunction in coronary and peripheral 

conductance and resistance vessels [15, 16]. Furthermore, dietary antioxidants like 

vitamin C have been shown to improve or even reverse proatherogenic, proinflammatory 

and prothrombotic conditions in smokers [17, 18].

 In search of strategies which are able to sustain long-term cardiovascular health and 

are easily implementable in peoples’ everyday life, dietary supplementation may indeed 

offer valuable opportunities. Epidemiological studies performed over the past decades 

underpin that a traditional Mediterranean diet reduces the risk of CVD [19, 20]. Since 

polyphenols, in particular monomeric and oligomeric flavan-3-ols (MOF) consisting of up 

to 5 flavanol units, are an integral part of this diet, these compounds have been widely 

studied in vitro and in vivo in order to elucidate their mechanism of action to prevent CVD 

[21-24]. The seeds of grapes (Vitis vinifera L.) are in particular rich in MOF. Since grape seed 

extracts consist of different mixtures of MOF and other polyphenols, a thorough analysis 

of their composition is indispensable for characterizing the active principle. Moreover, 

various MOF are supposed to modulate diverse (patho)physiological processes, which 

requires the assessments of multiple clinical endpoints. Beyond such multifaceted 

mechanisms of action, nutrients, in contrast to drugs, are known to modulate human’s 

body function in a subtle manner. As a consequence, the classical way of proving clinical 

effectiveness by the assessment of a single primary end point does not adequately reflect 

the mode of action of these compounds and frequently fails to unveil significant effects 
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[25]. Therefore, the present pilot study aimed to investigate the pleiotropic effects of a 

relatively low dose supplementation with a well characterized MOF composition from 

grape seeds in the human vasculature in a holistic manner. 

 The meticulous selection of outcome parameters led to a spectrum of makers that 

comprised established as well as novel cardiovascular risk factors and systemic biomarkers 

reflecting the most essential pathomechanisms in the human vasculature on a functional 

and (sub)cellular level. The integration of the changes in these biomarkers into a vascular 

health index enabled us to demonstrate the beneficial effects of MOF on vascular health 

in general. This is the first trial that applies an integrative biomarker approach in order to 

determine the health effects of a dietary supplementation in the human vasculature.

Material and methods

Subjects and study design

The study was designed as a randomized, placebo-controlled, double-blind trial 

and conducted at the Maastricht University and Academic Hospital Maastricht, The 

Netherlands. Non-obese men were eligible when they were between 30 and 60 years 

old and smoked ≥10 cigarettes per day for at least 5 years. Exclusion criteria were a 

history or presence of any metabolic, cardiovascular and/or malignant disease, excessive 

consumption of alcohol (>28 consumptions, i.e. approximately 250 g/week), a vegetarian/

vegan life style, medically prescribed diet or slimming diet and the use of any supplement 

and functional food containing vitamins, antioxidants and/or polyphenolic compounds 

for 4 weeks before and during the study. Thirty-three eligible subjects were included and 

randomized in the study. Five subjects dropped out either before or after the 1st study 

visit due to personal reasons which were not related to the study.

 All subjects gave their written informed consent prior to their participation. The 

study was approved by the Medical Ethical Committee of the Maastricht University and 

Academic Hospital Maastricht, The Netherlands and conducted in accordance with the 

World Medical Association Declaration of Helsinki of 1975 as revised in 2008.

Subjects were randomly assigned to one of the two test groups under taking into account 

that the groups became balanced with respect to the number of cigarettes smoked per 

day.

 The two parallel supplementation regimes consisted of capsules containing either 

100 mg MOF from Vitis vinifera L. seeds (MASQUELIER’s® Original OPCs) or an equivalent 
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amount of microcrystalline cellulose (placebo). The composition of the verum capsules 

regarding its standardized MOF content is shown in Table 1. The MOF and the placebo 

material were provided by International Nutrition Company (INC) BV, Loosdrecht, The 

Netherlands, in indistinguishable opaque capsules which were packaged in blisters and 

boxes labeled with the treatment code. Subjects and investigators were blinded for the 

treatment code until data analysis was completed. The subjects were asked to daily take 

2 capsules with a glass of water in the morning directly before breakfast and to note the 

time of intake in their study diary. In addition, subjects were instructed not to change 

their daily eating, smoking and life style habits and to record all potential deviations in 

their study diary on a daily base. Every 2 weeks subjects were invited for a control visit 

at the investigational site in order to control their well-being and the occurrence of 

potential adverse events. At these occasions a comparable number of subjects of both 

test groups reported discomfort from common cold, headache, nausea, and shoulder and 

ankle injury during the 8 study weeks. All these events were classified by the subjects as 

mild and were not related to the intervention. The intake of the test capsules was checked 

based on the entries in the study diary and the blisters returned. These controls revealed 

full intake compliance in both test groups (median, 100%).

 The outcome parameters were measured prior to the start of the supplementation 

(baseline), and after 4 and 8 weeks of supplementation in the morning after an overnight 

fast and refraining from smoking and drinking alcohol- and/or caffeine-containing drinks 

for at least 12 h in advance.

Table 1. Composition of monomeric and oligomeric flavanols isolated from grape (Vitis vinifera L.) 
seeds and incorporated in the verum test capsules.

Compound Amount % (wt:wt)

Total catechins 25.6

(+)-catechin 10.9

(–)-epicatechin 12.2

(–)-epicatechin-3-O-gallate 2.5

Total dimers 27.5

proanthocyanidin B1 7.7

proanthocyanidin B2 8.3

proanthocyanidin B3 2.8

proanthocyanidin B4 1.6

proanthocyanidin B2-gallate 7.1

Total tri-, tetra- and pentameric 
proanthocyanidins

46.9
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 The vascular function measurements took place in a quiet, air-conditioned room of the 

Academic Hospital Maastricht with a constant temperature of 23°C. After arrival, subjects 

rested in supine position for at least 15 min before the measurements commenced. The 

sequence of the vascular function measurements was for each subject at random, but 

remained the same for every individual on the three test sessions.

 Subsequent to the vascular measurements venous blood was collected. Plasma and 

serum were obtained by centrifugation at 800 g and 4°C for 10 min and immediately 

processed as described for the individual parameter. Plasma samples for the quantification 

of the trolox equivalent antioxidant capacity (TEAC), 8-isoprostaglandine F2α (8-iso-

PGF2α), nitrate and nitrite (NOx) and endothelin-1 (ET-1) concentrations were stored at 

−80°C until analysis.

Sample size

A conclusive sample size calculation was infeasible for the effects of an 8 weeks MOF 

supplementation on our primary study parameter, i.e. vascular function assessed as either 

brachial artery flow-mediated dilation (FMD) or Laser-Doppler-flowmetry (LDF) due to a 

lack of effect magnitude. In persons at low risk of coronary heart disease, an increase in 

FMD of 1.4% lowered their Framingham risk by 1% [26]. Assuming a variance of 1.8% for 

the change in brachial FMD, we would be able to detect a change of 1.4% in FMD in a 

group of n=[2σ (zα+zβ)2](μx−μy)2 = 15 subjects with a power of 80% (β = 0.20; zβ = 0.84) 

and an α-value of 0.05 (zα = 1.96) upon the MOF supplementation.

Measurement of macrovascular function

Macrovascular function was assessed as flow-mediated dilation (FMD) of the brachial 

artery in accordance with the recommendations of the International Brachial Artery 

Reactivity Task Force [27]. FMD values were calculated as the maximal increase in diameter 

relative to the baseline diameter (in percentage).

Measurement of microvascular function

Microvascular function was assessed by measuring skin blood flow responses by means 

of Laser-Doppler-flowmetry (LDF) following iontophoretical application of 9 subsequent 

dosages of either acetylcholine (ACh), a mix of ACh and L-NG-monomethyl-arginine 

(L-NMMA) or sodium nitroprusside (SNP) using the Periflux System 5000 (Perimed AB, 

Stockholm, Sweden). Maximal blood flow perfusion (in percentage of baseline blood 

flow) and dosage interval resulting in half maximal blood flow response (ED50) were 
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determined from the accumulative blood flow response curves by visual inspection.

Measurement of biochemical vascular parameters

Plasma NOx concentrations were determined by the Griess method as described 

by Giustarini et al. [28]. Plasma ET-1 was measured by a commercially available 

radioimmunoassay kit (S2024, Bachem, Switzerland) after plasma extraction by passage 

through SepPak C18 cartridges (Waters, Netherlands). Arginase activity in erythrocytes 

was measured following a modified Schimke’s method as described by Corraliza and 

colleagues [29].

Measurement of serum lipid levels

Total cholesterol (tChol), low-density lipoprotein cholesterol (LDL), high density 

lipoprotein cholesterol (HDL) and triglycerides (TG) were quantified by means of 

enzymatic colorimetric assays on a Roche/Hitachi Modular analyzer (Roche Diagnostics 

GmbH, Mannheim, Germany).

Measurement of platelet function

Platelet function was measured in platelet-rich plasma by classical light transmission 

aggregometry, using a Chronolog aggregometer (Chrono-log Corporation, Havertown, 

PA, USA). Collagen (1.5 mg/L) induced platelet aggregation (CPA) and rate (CPAR) as well 

as adenosine diphosphate (ADP, 10 µM) induced percentage aggregation (APA) and rate 

(APAR) were measured in triplicate per subject and time point in the study.

Measurement of plasma fibrinogen

Fibrinogen (Fib) plasma concentrations were determined on a STA-R Evolution analyzer 

(Roche Diagnostics GmbH, Mannheim, Germany).

Measurement of systemic inflammatory parameters

The inflammatory resistance of subjects’ blood was investigated ex vivo as described by 

Swennen et al. [30], with some minor modification. Freshly collected heparinized blood 

was aliquoted into 24-well sterile plates and diluted 1:4 with RPMI 1640 (Invitrogen). 

Cytokine production in the blood was induced by the addition of 100 ng/mL LPS (O26:B6, 

Sigma). After incubating the plates in 5% CO2 at 37°C for 6 h, the cell-free supernatant was 

collected by centrifugation (19,720 g, 10 min, 4°C) and stored at -80°C until quantification 

of the cytokines. Tumor necrosis factor (TNF)-α and interleukin (IL)-10 were quantified 
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by means of commercially available ELISA kits (PeliKine Compact human ELISA kits, CLB/

Sanquin). The limits of sensitivity were 1 pg/mL for both cytokines.

C-reactive protein (CRP) serum concentrations were measured by particle-enhanced 

immunoturbidimetry on a Roche/Hitachi Modular analyzer (Roche Diagnostics GmbH, 

Mannheim, Germany).

Measurement of redox state parameters

Plasma antioxidant capacity was quantified as TEAC according to Fischer et al. [31] and 

corrected for plasma uric acid concentrations. Glutathione and glutathione disulphide 

(GSH/GSSG) concentrations in erythrocytes were assessed as described by Julicher et 

al. [32] and Griffith [33]. Plasma total 8-iso-PGF2α concentrations were determined after 

alkaline hydrolysis and solid phase extraction by using a commercially available enzyme 

immunoassay (Cayman Chemical Company, Ann Arbor, MI, USA).

Real-time (RT)-Polymerase chain reaction (PCR)

Expression of genes coding for inflammatory mediators and redox enzymes in whole 

blood were measured by real-time RT-PCR. In order to preserve RNA freshly collected 

whole blood was added to RNALater® (Ambion, Austin, TX, USA) and stored at -80˚C. Total 

RNA was isolated from whole blood using RiboPure-Blood kit (Ambion, Austin TX, USA) 

and A260/280 measured to determine concentration and purity. 500 ng of total RNA was 

reverse transcribed using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) followed 

by DNA digestion with DNase I. Quantitative real-time PCR (qPCR) was performed in a total 

volume of 25 µl containing 5 µl cDNA, 2.5 µl (3 µM) of each primer and 12.5 µl SensiMix 

SYBR & Fluorescein Kit (Quantace, London, UK). The cycling conditions comprised an 

initial denaturation step at 95ºC for 10 min. followed by 40 cycles of 15 sec. at 95ºC and 45 

sec. at 60ºC using an iCycler (Bio-Rad, Hercules, CA, USA). Data were expressed as relative 

gene expression values (RE) by calculating for each time point in the study the ΔCt 

values under consideration of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as 

housekeeping gene and normalizing the values at 4 and 8 weeks for baseline ΔCt values.

Calculation of the vascular health index (VHI)

As an integrative measure of the diverse effects of the MOF supplementation on vascular 

health, the VHI was established. This index was calculated per subject after 4 and 8 weeks 

intervention by adding up the percentage change from baseline of those parameters 

for which it was expected that an increase indicates a beneficial effect on cardiovascular 
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health. The percentage change from baseline of parameters for which it was expected 

that a decrease reflects a beneficial health effect were subtracted. The gene expression 

data were not taken into account, because up- or down-regulation of the assessed genes 

could not be unambiguously related to health benefits. These considerations led to the 

construction of the following formula:

Statistical methods

All data were tested for normal distribution by visual inspection of the histograms, 

taking into account the outcomes of the Kolmogorov-Smirnov- and Shapiro-Wilk- tests. 

Normally distributed data are presented as mean ± SEM. If log-transformation did not 

result in a normal distribution, data are given as median and range (tables) or 10th and 90th 

percentiles (figures).

 Changes after 4 and 8 weeks intervention with respect to baseline were appraised 

within a test group by one-tailed paired-samples t-tests in case of normally distributed 

data and by Wilcoxon Signed Ranks tests in case of not normally distributed data.

Differences between the test groups at each of the 3 time points (baseline, 4 and 8 weeks) 

as well as in the changes after 4 and 8 weeks with respect to baseline were tested by 

two-tailed independent samples t-tests in case of normally distributed data and Mann-

Whitney U-tests in case of not normally distributed data. Level of significance was set at 

P≤0.05. Statistical analyses were performed using PASW statistics 17.0 (SPSS Inc, Chicago, 

IL, USA) and GraphPad Prism® (Graphpad Software, Inc., San Diego, CA, USA).
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Table 2. Primer sequences used for the RT-PCR experiments.

Gene1 Forward-primer 5`- 3` Reverse-primer 5`- 3`

CAT1 GACTGACCAGGGCATCAAAAA CGGATGCCATAGTCAGGATCTT

GAPDH GCACCACCAACTGCTTAGCA TGGCAGTGATGGCATGGA

GPX1 CCCGTGCAACCAGTTTGG CGGACGTACTTGAGGGAATTCA

GPX4 CCTTTGCCGCCTACTGAAG CACAGCGCCAGTCGTCC

GSR CAAGCTGGGTGGCACTTG TTGGAAAGCCATAATCAGCA

HMOX1 CTTCTTCACCTTCCCCAACA GCTCTGGTCCTTGGTGTCAT

ICAM1 CTGAGCAATGTGCAAGAAGATAGC CCCGTTCTGGAGTCCAGTACA

IL-1β TCCCCAGCCCTTTTGTTGA TTAGAACCAAATGTGGCCGTG

IL-6 AGTGAGGAACAAGCCAGAGC GTCAGGGGTGGTTATTGCAT

IL-8 GGACAAGAGCCAGGAAGAAA AAATTTGGGGTGGAAAGGTT

IL-10 GCTGTCATCGATTTCTTCCC CTCATGGCTTTGTAGATGCCT

NFKBIA CTACACCTTGCCTGTGAGCA TCCTGAGCATTGACATCAGC

NOS2 TTCAAGACCAAATTCCACCAG ATTCTGCTGCTTGCTGAGGT

SOD2 ATCAGGATCCACTGCAAGGAA CGTGCTCCCACACATCAATC

TNF-α TCAATCGGCCCGACTATCTC CAGGGCAATGATCCCAAAGT

VCAM1 TGGGAAAAACAGAAAAGAGGTG GTCTCCAATCTGAGCAGCAA

1CAT, catalase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPX1, glutathione peroxidase 
1; GPX4, glutathione peroxidase 4; GSR, glutathione reductase; HMOX1, hemeoxygenase 1; ICAM1, 
intercellular adhesion molecule 1; IL-1β, interleukin 1 beta; IL-6, interleukin 6; IL-8, interleukin 8; 
IL-10, interleukin 10; NFKBIA, nuclear factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor alpha; NOS2, nitric oxide synthase 2; SOD2, superoxide dismutase 2; TNF-α, tumor necrosis 
factor alpha; VCAM1, vascular adhesion molecule 1.
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Table 3. Clinical characteristics of the study population.1

Time (weeks) MOF (n=15) Placebo (n=13) P value2

Age (y) 0 46 (30–58) 48 (30–60) 0.982

BMI (kg/m2) 0 24±1 25±1 0.221

Years of smoking 0 28 (14–45) 29 (15–45) 0.982

Cigarettes/day 0 17 (10–28) 15 (9–30) 0.799

Pack years 0 19 (7–62) 18 (9–54) 0.928

SBP (mmHg) 0 114 (103–124) 115 (102–149) 0.580

4 115 (101–136) 114 (100–154) 0.771

8 115 (100–134) 108 (100–150) 0.240

DBP (mmHg) 0 74 (60–85) 76 (59–99) 0.695

4 71 (61–85) 74 (58–100) 0.942

8 72 (56–84) 73 (58–99) 0.645

tChol (mM) 0 5.7 (4.0–7.1) 5.7 (3.6–8.5) 0.945

4 5.7 (4.0–6.3) 5.5 (4.5–8.8) 0.730

8 5.9 (3.8–6.8)  5.7 (3.6–8.8) 0.800

LDL (mM) 0 3.8±0.2 3.9±0.3 0.890

4 3.7±0.2 3.8±0.3 0.601

8 3.8±0.2 3.8±0.3 0.821

HDL (mM) 0 1.2±0.1 1.3±0.1 0.418

4 1.2±0.1 1.4±0.1 0.305

8 1.2±0.1 1.4±0.1 0.190

tChol/HDL ratio  0 4.8 (2.9–8.8) 4.0 (2.9–9.5) 0.433

4 4.9 (2.6–6.1) 4.0 (2.7–8.5) 0.344

8 4.9 (2.9–7.5) 4.3 (2.8–9.8) 0.299

TG (mM) 0 1.2 (0.9–4.0) 1.4 (0.8–4.3) 0.872

4 1.6 (0.9–3.7) 1.5 (0.8–3.6) 0.549

8 1.6 (0.6–2.8) 1.4 (0.7–4.5) 0.533

CRP (mg/l) 0 2 (0–6) 1 (0–5) 0.196

4 2 (0–10) 1 (0–6) 0.317

8 2 (0–6) 1 1 (0–6) 0.055

Fibrinogen (g/l)  0 3.5 (2.4–4.8) 3.3 (2.8–5.3) 0.460

4 3.3 (2.4–6.3) 3.5 (2.2–4.9) 0.800

8 3.9 (2.6–5.7) 3.3 (2.7–4.6) 0.146

1 Values are mean ± SEM or median (range); BMI, body mass index; CRP, Creactive protein; DBP, 
diastolic blood pressure; HDL, high density lipoprotein; LDL, low density lipoprotein; MOF, 
monomeric and oligomeric flavanols; SBP, systolic blood pressure; tChol, total cholesterol; TG, 
triglycerides. 2 P value for between-groups differences assessed by independent Student’s t-test or 
Mann-Whitney U-test where median (range) is indicated.
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Results

Both test groups did not differ significantly at baseline with respect to their anthropometric 

characteristics, smoking habits, blood pressure and serum lipid concentrations (Table 3). 

Blood pressure values were within the normal range and did not fluctuate significantly 

over the intervention period. Eleven subjects of the MOF group and 10 subjects of the 

placebo group exhibited elevated tChol concentrations, i.e. >5 mM [34]. In both groups 9 

subjects revealed LDL concentrations >3.2 mM. TG serum concentrations were within the 

normal range for both groups [35].

Effects of the MOF supplementation on vascular function

Macrovascular function assessed as FMD of the brachial artery did not differ between the 

MOF and the placebo group throughout the study period (table 5).

 In addition, MOF supplementation did not affect the maximal ACh-induced blood 

flow response and the maximal endothelial nitric oxide synthase (eNOS)-mediated 

blood flow response, which was obtained from the maximal blood flow induced by ACh 

with and without the eNOS inhibitor L-NMMA (data not shown). Large within-subject 

fluctuations of the blood flow responses upon SNP application reduced the sensitivity of 

the assessment of these data.

 After 4 weeks the ED50 of ACh was one dosage interval lower in the MOF group than in 

the placebo group (P<0.05) indicating an increased sensitivity towards the endothelium-

dependent vasodilator ACh. However, at the end of the study the ED50 in both test groups 

were not significantly different (P = 0.26) (table 5).

Effects of the MOF supplementation on biochemical vascular parameters

No effects of the MOF supplementation on plasma nitrite, nitrate and ET-1 concentrations 

as well as arginase activity in erythrocytes were detected (table 5).

Effects of the MOF supplementation on serum lipid concentrations

Serum lipid concentrations did not change significantly during the 8 weeks intervention 

in both test groups (table 3). However, in the subgroup of individuals with baseline 

tChol>5 mM (n=11) MOF supplementation significantly lowered tChol by 9% after 4 

weeks (P<0.05 vs. baseline) and by 5% after 8 weeks (P = 0.05 vs. baseline). In contrast, in 

the similar placebo subgroup (n=10), no significant effects on tChol were seen during the 

study (figure 1A).

 LDL concentrations in the subgroup with baseline levels >3.2 mM (n=9) decreased 
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significantly by 11% after 4 weeks (P<0.05 vs. baseline) and 7% after 8 weeks MOF intake 

(P<0.05 vs. baseline; figure 1B). In relation to that, in the similar placebo subgroup (n=9) 

no significant effect on LDL was observed.

 In the MOF and the placebo subgroup the tChol-HDL-ratio did not differ significantly 

during the intervention (figure 1C).

 Five subjects of the MOF group and 4 of the placebo group had TG concentrations 

>1.7 mM, which is defined by the American Heart Association as “borderline high” [35]. 

Figure 1. Changes from baseline in median (10th to 90th percentile) serum lipid concentrations after 
4 and 8 wk supplementation with either 200 mg/d monomeric and oligomeric flavanols (MOF) or 
placebo: (A) total cholesterol (tChol) concentrations of subjects with tChol baseline concentrations 
>5.0 mM (MOF group: n=11, placebo group: n=10); (B) low density lipoprotein (LDL) concentrations 
of subjects with LDL baseline concentrations >3.2 mM (MOF group: n=9, placebo group: n=9); (C) 
ratio of tChol to high density lipoprotein (HDL) of subjects with tChol baseline concentrations >5.0 
mM (MOF group: n=11, placebo group: n=10); (D) triglycerides (TG) concentrations of subjects with 
TG baseline concentrations >1.7 mM (MOF group: n=5, placebo group: n=4).
Within-group changes were appraised by Wilcoxon Signed Ranks test, between-group changes by 
Mann-Whitney U test; *Significantly different from baseline in the same group, P<0.05. There were 
no significant differences between the MOF and the placebo group at the same time points.
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After 4 weeks the average TG concentrations dropped by 13% (MOF, P = 0.16 vs. baseline) 

and 16% (placebo, P = 0.06 vs. baseline). While in the placebo subgroup TG concentrations 

returned to baseline after 8 weeks (P = 0.44 vs. baseline), in the MOF subgroup TG 

concentrations remained on the low 4 weeks level (P = 0.31 vs. baseline; Fig. 1D).

Effects of the MOF supplementation on platelet aggregation ex vivo and plasma 

fibrinogen levels

Whereas the total percentage of collagen-and ADP-induced platelet aggregation did not 

change by the 8 weeks MOF supplementation (table 4), the rate of the collagen-induced 

aggregation was lower in the MOF group than in the placebo group after 8 weeks 

(P<0.01, Table 4). In contrast to this, the rate of the ADP-induced aggregation increased 

significantly from baseline in the MOF group (P<0.05). Plasma fibrinogen concentrations 

were unaffected by the MOF supplementation (table 3).

Effects of the MOF supplementation on systemic inflammatory parameters

Ex vivo LPS-induced release of the proinflammatory cytokine TNF-α decreased from 

baseline by 14% (P<0.05) after 8 weeks MOF supplementation. This reduction was also 

Table 4. Platelet aggregation parameters.1

Time
(weeks)

MOF 
(n=15)

Placebo 
(n=13)

P value2

APA (%) 0 75 (65–86) 77 (58–96) 0.872

4 74 (65–81) 71 (48–84) 0.117

8 74 (57–85) 74 (62–83) 0.835

APAR (slope) 0 102 (59–135) 109 (74–133) 0.140

4 107 (62–127) 97 (83–141) 0.872

8 112 (77–139) 101 (81–138) 0.278

CPA (%) 0 76 (70–81) 77 (71–96) 0.151

4 78 (65–84) 78 (71–83) 0.746

8 78 (60–81) 79 (71–82) 0.782

CPAR (slope) 0 88±13 94±17 0.338

4 92±12 95±11 0.486

8 86±12 99±8 0.003

1 Values are mean ± SEM or median (range); APA, ADP-induced platelet aggregation; APAR, ADP-
induced platelet aggregation rate; CPA, collagen-induced platelet aggregation; CPAR, collagen-
induced platelet aggregation rate.
2 P value for between-groups differences assessed by independent Student’s t-test or Mann-
Whitney U-test where median (range) is indicated.
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significant compared to the placebo group at 8 weeks (P<0.05; Fig. 2A). The release of 

the anti-inflammatory IL-10 did not deviate significantly from baseline in the MOF 

supplemented group and was similar to the alterations observed in the placebo group. 

However, the significantly lower ratio of the pro- and the anti-inflammatory cytokine 

(TNF-α/IL-10: baseline median = 105 vs. 8 weeks median = 62, P<0.05) underlines the anti-

inflammatory effect of the MOF supplementation.

 Moreover, the MOF supplementation significantly attenuated gene expression of 

the cytokines IL-6 (after 4 weeks: −18%, P<0.05 vs. baseline) as well as TNF-α (after 8 

weeks: −12%, P<0.05 vs. baseline) and IL-10 (after 8 weeks: −27%, P<0.05 vs. baseline) 

in whole blood (figure 3A, C, E). Contrary, MOF supplementation did not alter serum CRP 

concentrations (table 3) and the expression of genes coding for IL-1β and IL-8, NOS2, 

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha, 

intercellular adhesion molecule 1 and vascular cell adhesion molecule 1 (figure 3B, D, F-I).

Table 5. Macro- and microvascular function and biochemical vascular parameters.1

Time
(weeks)

MOF 
(n=15)

Placebo 
(n=13)

P value2

FMD (%) 0 3.5 (0.9–5.8) 4.8 (0–11.8) 0.294

4 3.0 (20.8–11.5) 4.7 (1.3–10.7) 0.149

8 3.5 (0.8–5.6) 3.7 (1.9–5.2) 0.678

ED50ACh 0 5 (2–7) 5 (0–7) 0.384

4 4 (3–6) 5 (0–8) 0.039

8 4 (2–6) 3 (0–6) 0.257

NOX (µM) 0 25.862.1 24.363.3 0.518

4 23.861.7 25.762.9 0.637

8 23.261.8 21.962.2 0.525

ET-1 (pM) 0 6.6 (4.8–7.9) 6.8 (5.7–8.4) 0.322

4 6.2 (5.0–12.0) 6.3 (4.9–8.4) 0.790

8 6.3 (4.9–7.3) 6.3 (5.6–7.8) 0.596

Arg. activity, 
(µM urea x mg 
protein-1 x h-1) 

0 1.6 (1.2–3.4) 1.6 (1.0–2.0) 0.627

4 1.7 (1.1–2.9) 1.4 (1.0–2.0) 0.277

8 1.7 (1.2–3.0) 1.5 (1.1–2.0) 0.391

1 Values are mean ± SEM or median (range); Arg. activity, erythrocytes’ arginase activity; ED50ACh, 
ACh dose interval resulting in 50% of the maximum dermal blood flow response; ET-1, plasma 
endothelin-1; FMD, flow mediated dilation; MOF, monomeric and oligomeric flavanols; NOx, plasma 
nitrite and nitrate.
2 P value for between-groups differences assessed by independent Student’s t-test or Mann-
Whitney U-test where median (range) is indicated.
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Effects of the MOF supplementation on redox state parameters and oxidative stress

The antioxidant capacity of plasma, quantified as TEAC and corrected for uric acid as major 

antioxidant in blood, tended to increase by the 8 weeks MOF supplementation. However, 

significant differences compared to the placebo group could not be found (figure 4A).

Circulating levels of the lipid peroxidation product 8-iso-PGF2α were not affected by the 8 

weeks supplementation with MOF (figure 4B).

Subjects allocated to the MOF group revealed 22% higher GSH/GSSG concentrations 

in erythrocytes after 8 weeks compared to baseline (P<0.05, figure 4C). This increase 

appeared to originate from a reduction in the GSSG quantities rather than from a 

substantial increase in the amount of erythrocytes’ GSH (data not shown).

No effect on the systemic expression of genes coding catalase (CAT), glutathione 

peroxidase (GPX)1 and 4, glutathione reductase (GSR), heme oxygenase 1 (HMOX1) and 

superoxide dismutase 2 (SOD2) were observed in both groups (figures 5A–F). In the MOF 

group the expression of CAT, GSR and HMOX1 tended to decline after 8 weeks regarding 

baseline (figures 5A, 5D, 5E).

Figure 2. Changes from baseline in median (10th to 90th percentile) cytokine concentrations released 
upon LPS addition (100 ng/mL) to subjects’ blood ex vivo after 4 and 8 wk supplementation with 
either 200 mg/d monomeric and oligomeric flavanols (MOF, n=15) or placebo (n=13): (A) TNF-α, 
percentage change; (B) IL-10, percentage change; (C) ratio of TNF-α to IL-10, absolute change.
Within-group changes were appraised by Wilcoxon Signed Ranks test, between-group changes by 
Mann-Whitney U test; *Significantly different from baseline in the same group, P<0.05. #Significant 
difference between groups at the same time, P<0.05.
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Effects of the MOF supplementation on the VHI

The VHI is used to integrate the multiple effects monitored in the present study. After 4 

weeks the VHI tended to be higher in the MOF group (mean ± SD = 62±75) than in the 

placebo group (mean ± SD = −35±61, Figure 6A). The difference increased after 8 weeks 

resulting in significantly higher VHI levels in the MOF group (mean ± SD = 123±47, P<0.05 

vs. baseline) compared to the placebo group (mean ± SD = −66±79, P≤0.05, Figure 6B).

 

Figure 3. Mean ± SEM (bars or median (10th and 90th percentile) (box and whiskers) relative gene 
expression (RE) of tumor necrosis factor alpha (TNF-α) (A), interleukin 1 beta (IL-1β) (B), interleukin 6 
(IL-6) (C), interleukin 8 (IL-8) (D), interleukin 10 (IL-10) (E), nitric oxide synthase 2 (NOS2) (F), nuclear 
factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (NFKBIA) (G), intercellular 
adhesion molecule 1 (ICAM1) (H), vascular adhesion molecule 1 (VCAM1) (I) in blood of subjects 
at baseline (0 wk) and after 4 and 8 wk supplementation with either 200 mg/d monomeric and 
oligomeric flavanols (MOF, n=15) or placebo (n=13). Within-group changes were appraised by 
either one-tailed paired-samples t-test (bar plots) or Wilcoxon Signed Ranks test (box and whiskers 
plots), between-group changes by either two-tailed independent samples t-test (bar plots) or 
Mann-Whitney U test (box and whiskers plots); *Significantly different from baseline in the same 
group, P < 0.05. There were no significant differences between the MOF and the placebo group at 
the same time points.
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Figure 4. Mean ± SEM (bars) or median (10th and 90th percentile) (box and whiskers) antioxidant 
capacity of plasma measured as trolox equivalent antioxidant capacity (TEAC) and corrected for 
uric acid plasma concentrations (A), 8-isoprostaglandine F2α (8-iso-PGF2α) plasma concentrations 
of subjects at baseline (0 wk) (B) and and ratio of glutathione (GSH) to glutathione disulphide 
(GSSG) in erythrocytes  (C) after 4 and 8 wk supplementation with either 200 mg/d monomeric and 
oligomeric flavanols (MOF, n=15) or placebo (n=13). The insert displays for each of the parameter 
the changes from baseline after 4 and 8 weeks intervention. Within-group changes were appraised 
by either one-tailed paired-samples t-test (bar plots) or Wilcoxon Signed Ranks test (box and 
whiskers plots), between-group changes by either two-tailed independent samples t-test (bar 
plots) or Mann-Whitney U test (box and whiskers plots); *Significantly different from baseline in 
the same group, P<0.05. There were no significant differences between the MOF and the placebo 
group at the same time points.
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Figure 5. Mean ± SEM (bars) or median (10th and 90th percentile) (box and whiskers) relative gene 
expression (RE) of catalase (CAT) (A), glutathione peroxidase 1 (GPX1) (B), glutathione peroxidase 4 
(GPX4) (C), glutathione reductase (GSR) (D), heme oxygenase 1 (HMOX1) (E), superoxide dismutase 
2 (SOD2) (F) in blood of subjects at baseline (0 wk) and after 4 and 8 wk supplementation with 
either 200 mg/d monomeric and oligomeric flavanols (MOF, n=15) or placebo (n=13). Within-group 
changes were appraised by either one-tailed paired-samples t-test (bar plots) or Wilcoxon Signed 
Ranks test (box and whiskers plots), between-group changes by either two-tailed independent 
samples t-test (bar plots) or Mann-Whitney U test (box and whiskers plots). There were no significant 
differences from baseline in the same group and between both groups at the same time points. 
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Figure 6. Mean ± SD vascular health index (VHI) of individual subjects after 4 (A) and 8 wk (B) 
supplementation with either 200 mg/d monomeric and oligomeric flavanols (MOF, n=15) or placebo 
(n=13). Within-group changes were appraised by one-tailed paired-samples t-test, between-group 
changes by two-tailed independent samples t-test; *Significantly different from baseline in the 
same group, P<0.05. #Significant difference between groups at the same time, P<0.05.
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Discussion
The beneficial effects of food derived flavanols on vascular health are becoming 

increasingly aware. However, the clinical efficacy of these compounds in particular long-

term is yet unclear and limits their purposive application in daily medical practice. The 

results of the present pilot study unveiled the potency of MOF from Vitis vinifera L. to 

improve vascular health when regularly applied for 8 weeks in relatively small amounts of 

200 mg per day in addition to the normal diet. The frequently observed positive trends on 

single endpoints add up to a distinctive overall vascular health benefit, as indicated by a 

significantly higher vascular health index compared to placebo.

 In order to study health effects of dietary supplements the study population, while 

generally healthy, should have or produce under stress elevated levels of the relevant 

parameters. The disturbances should be mild so that no pharmacological intervention 

is required. The group of 28 smokers recruited in the present trial fulfilled these 

criteria adequately. The majority of the volunteers exhibited a number of established 

cardiovascular risk factors, e.g. elevated serum total cholesterol and LDL [34], as well as 

slightly increased CRP concentrations [34, 36], but were neither diagnosed with a vascular 

disease nor on cardiovascular medication. Notably, the averaged endothelial function 

of smokers measured non-invasively by means of brachial artery FMD at baseline (mean 

FMD ± SD = 4±3%) was in good agreement with data from Celermajer and colleagues 

who reported impaired macrovascular function of smokers (mean FMD ± SD = 4±4%) 

compared to age- and sex-matched non-smokers (mean FMD ± SD = 10±3%) [37]. 

Considering cardiovascular risk classification by the Framingham Risk Scores [38] and by 

an approach based on brachial artery FMD values [26], indicates that the healthy subjects 

in our test groups might be at a moderate cardiovascular risk.

 Interestingly, it has been found that in a population at low cardiovascular risk 

FMD values are inversely correlated with cardiovascular risk, while in populations at 

intermediate or high risk this correlation diminishes and disappears, respectively [26]. 

This phenomenon has been explained by the observation that people with elevated 

cardiovascular risk possess a limited distensibility of the brachial artery [39]. As a 

result FMD values may not reflect any longer an exclusively endothelial NO•-mediated 

response. Irrespective from this aspect, evidence is lacking yet that MOF may improve 

macrovascular function in humans upon a long-term ingestion period, i.e. more than 4 

weeks [40]. Interestingly, dermal microvasculature became transiently more sensitive 

to the endothelium-dependent stimulus ACh upon 4 weeks MOF intake. However, we 

cannot rule out that this effect was due to chance, since after 8 weeks of intervention a 
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similar increase in sensitivity was observed in the placebo group.

 Despite a wealth of animal studies demonstrating serum cholesterol-lowering effects 

of various mixtures of grape seed flavanols, studies in humans are less conclusive [22, 

41]. Species differences as well as variations in flavanolic composition might result in 

altered clinical efficacy [42]. Our trial clearly emphasized the potential of MOF to reduce 

hypercholesterolemia to a significant and clinically relevant extent over an 8 weeks 

consumption period. Although the cholesterol-lowering effects were more pronounced 

after 4 than after 8 weeks, the median LDL concentrations remained 0.2 mM lower at the 

end of the study compared to baseline. The same efficacy was reported for green tea and 

soy protein isolate [41] and was estimated to reduce all-cause mortality by 3% and CHD-

related mortality and total CHD events by 6% [43].

 Moreover, our study showed a significant enhancement of the smokers’ resistance 

against inflammatory stimuli, such as bacterial endotoxin, upon the 8 weeks MOF 

supplementation. Remarkably, MOF alleviated the inflammatory response in blood not 

only by mitigating the LPS-induced secretion of the pro-inflammatory cytokine TNF-α, 

but also by enhancing the release of the anti-inflammatory cytokine IL-10. Likewise we 

could demonstrate that the MOF-mediated increase in systemic inflammatory resistance 

extends in humans to the modulation of the gene expression of inflammatory cytokines, 

in particular TNF-α, IL-6 and IL-10. Although cell culture experiments suggest a direct 

interference of isolated MOF with NF-κB-mediated gene expression [44], the unaltered 

expression of the inhibitory subunit NFKBIA did not indicate an effect on the NF-κB 

pathway by MOF. Additionally, we could not detect significant changes in the gene 

expression of adhesion molecules, which are also regulated by the transcription factor 

NF-κB.

 Smokers are known to exhibit elevated levels of oxidative stress, which has been 

established among others as reduced antioxidant status [45, 46] as well as a rise in 

biomarkers for lipid peroxidation such as F2 isoprostanes [11, 47]. We thus determined the 

systemic extra- and intracellular redox state of the smokers under MOF supplementation 

by measuring TEAC in plasma, GSH/GSSG concentrations in erythrocytes and gene 

expression levels of the redox enzymes CAT, GPX1, GPX4, GSR, HMOX1 and SOD2 in 

blood. The trend of increasing plasma TEAC values and the considerable augmentation 

of the GSH/GSSG ratio in erythrocytes indicate that MOF improve extra- and intracellular 

redox status in the circulation. These effects, however, could not be ascribed to 

alterations of gene expression of the most important enzymatic antioxidant defense 

systems in circulatory white blood cells as discussed above. The systemic oxidative stress 
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levels assessed as plasma concentrations of the lipid peroxidation marker 8-iso-PGF2α 

were unaffected upon the 8 weeks MOF intake. Similarly, it has been reported that a 

daily ingestion of 1000 mg grape seed polyphenols for 6 weeks did not lower plasma 

isoprostane levels in hypertensive subjects.

 Our study also revealed that chronic MOF consumption did not affect ADP- and 

collagen stimulated platelet aggregation ex vivo. Whereas platelet-inhibiting effects could 

be clearly proven in humans upon ingestion of cocoa-related products [48], the clinical 

evidence for MOF from Vitis vinifera L. is less clear and might be related to a difference 

in polyphenolic composition and dose [48]. Moreover, experiments with isolated 

human platelets suggest that grape seed extract inhibits aggregation only in quite high 

concentrations (100 mg/l blood) [49], which fairly exceed plasma levels achievable in 

vivo. A prothrombotic state has also been associated with elevated fibrinogen plasma 

concentrations, typically occurring in smokers [50]. This glycoprotein has been identified 

to promote plasma viscosity, platelet aggregation, coagulation and inflammation, 

thereby fueling atherogenesis. Therefore, agents that lower circulatory fibrinogen might 

be valuable [51]. The 8 week MOF intervention, however, remained ineffective in this 

respect.

 In the past decade in vitro and in vivo studies unraveled several molecular mechanisms 

of flavanols that are essential in the beneficial mediation of their vascular effects. These 

mechanisms comprise a reduction in arginase activity that may contribute among others 

to an increased endothelial NO• level [52], as well as a decline in plasma ET-1 concentration 

[53]. In the setting of our clinical trial we could not find significant changes in plasma 

nitrate and nitrite concentration measured as surrogate for endothelial NO• production 

[54], as well as in arginase activity in erythrocytes and ET-1 plasma concentration.

 Already during the screening of the volunteers we carefully checked by means of 

an investigator-guided interview and a suitable questionnaire the intake of coffee, tea 

and chocolate containing drinks as well as the consumption of chocolate and chocolate 

containing food products and alcoholic beverages, including beer, red and white wine. 

Also the use of any vitamins and/or food supplements, adherence to a vegetarian and 

vegan diet, a regular (at least 3 times a day) eating pattern as well as fluctuations in body 

weight were evaluated and had to comply with the in- and exclusion criteria of the study 

(see Methods, “Subjects and study design”). In this way we could exclude beforehand 

extreme and unusual behaviors and recruit a quite homogenous group of typical Dutch 

middle-aged men [55]. Since, however, we neither used food frequency questionnaires to 

determine the exact daily food intake before and during the study nor measured plasma 
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levels of relevant flavanol metabolites, we could not accurately assess the total intake of 

these compounds in both test groups. The rational for imposing no restriction regarding 

diet and lifestyle was, that in this way clinical data were collected on the vascular health 

effects of a relatively low-dose supplementation with MOF under real-life conditions.

 Food scientists are facing the challenge to proof the clinical efficacy of nutrients that 

modulate human physiology in a subtle and non-specific manner [25]. In drug research, 

where the one-target-one-hit concept is imperative, randomized clinical trials with a 

well-defined single endpoint are the gold standard of efficacy testing. However, a single 

endpoint neither sufficiently reflects the multifarious nature of nutrients’ functions in 

humans nor the complexity of pathomechanisms underlying virtually all diseases.

 Our study pioneered the implementation of a pragmatic solution for this problem: 

Carefully select a representative panel of markers that reflect the major relevant 

pathological aberrations and integrate all measured effects into a global health index. 

This concept is in particular elegant, since it can easily be applied to practically any other 

field of diseases.

 In conclusion, our integrative multi-biomarker approach proved to be a sensitive 

and therefore powerful strategy to unveil the pleiotropic benefit of an 8 weeks 

supplementation with 200 mg/d MOF on vascular health in humans.
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Daily we consume many foods and drinks consisting of a vast amount of different 

compounds. Most of these compounds are derived from plants, which contain flavonoids, 

a major group of polyphenols [1]. Numerous epidemiological and clinical studies have 

demonstrated the health benefits of these flavonoids. High intake of flavonoid-rich foods 

have been indicated to prevent cardiovascular diseases, improve cognitive function, 

reduce the risk for developing cancer and prevent chronic inflammatory diseases like 

chronic obstructive pulmonary disease (COPD) and rheumatoid arthritis (RA) [2-5]. 

However, the mode of action and the cellular and molecular targets of flavonoids in the 

human body have not been fully elucidated yet. 

 To increase our understanding of the effects of flavonoid-rich diets have on health 

and the prevention of diseases, more experimental studies are needed. One of the major 

current debates concern the antioxidant and anti-inflammatory effects of flavonoids and 

their impact on health and disease prevention. Therefore, the aim of this thesis was to 

further investigate the antioxidant and anti-inflammatory activity of flavonoids and to 

elucidate how these effects can contribute to their health promoting properties.

Antioxidant effect of (-)-epicatechin and several metabolites

Oxidative stress is defined as an imbalance between oxidants and antioxidants in favor of 

the oxidants, potentially leading to cellular and subcellular damage [6]. In chapter 2 we 

determined the antioxidant effect of the flavanol (+)-catechin (Cat), (–)-epicatechin (EC) 

and several metabolites in human umbilical vein endothelial cells (HUVECs). Additionally, 

we determined the superoxide (O2
•–) radical scavenging activity in a test tube assay. 

This study showed that Cat and EC are effective O2
•– scavengers, but glucuronidation, 

methylation and sulfation significantly reduced this scavenging activity. A catechol 

moiety proved to be important for the antioxidant activity [7, 8]. The 7-β-D-glucuronide 

metabolite showed O2
•– radical scavenging activity comparable with EC, which is 

probably due to the unmodified catechol moiety in both compounds. In line with this, 

O-methylation of the catechol moiety drastically reduced the radical scavenging activity. 

The O-methylated metabolites still significantly decreased H2O2-induced oxidative stress 

levels in HUVECs. 

 Although the direct scavenging plays a major role in the antioxidant effect of 

these flavanols, on a cellular level the protective effect of O-methylated metabolites 

might also involve other mechanisms that reduce intracellular oxidative stress. These 

potential mechanisms include inhibition of free radical-producing enzymes like the O2
•–-

producing enzymes nicotinamide adenine dinucleotide phosphate-oxidase (NOX) and 
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xanthine oxidase (XO), chelation of transition metals, inhibition of lipid peroxidation, 

or the metabolite could show similar antioxidant effects as the parent compound in 

cells because it can more easily cross the cell membrane and thereby have a higher 

intracellular concentration [7, 9, 10]. In our experiments inducing the innate antioxidant 

machinery of the Nrf2 pathway does not seem to be involved. The results do indicate that 

EC and its metabolites provide protection against oxidative stress via a direct antioxidant 

mechanism. 

Protection of the glucocorticoid response by flavonoids and other bioactives

An imbalance between oxidants and antioxidants has also been reported in patients 

with chronic inflammatory diseases, which also leads to increased systemic oxidative 

stress. To investigate the potential health effect of flavonoids in chronic inflammatory 

diseases, an in vitro cell system was developed mimicking the occurrence of oxidative 

stress and successive inflammation. For this purpose, human monocytes (U937 cells) 

were differentiated to macrophage-like cells. These cells were exposed to H2O2-induced 

oxidative stress and subsequently an inflammatory response was elicited by adding 

lipopolysaccharide (LPS). Under these conditions the anti-inflammatory activity of the 

endogenous glucocorticoid (GC) cortisol was determined. In chapter 3 we show that 

oxidative stress extinguishes this anti-inflammatory effect of cortisol, leading to a state 

of cortisol resistance. The cocoa flavanol EC reduced intracellular oxidative stress and 

prevented the occurrence of cortisol resistance. This finding demonstrates a synergy 

of EC and cortisol in coping with inflammation and exemplifies the crosstalk between 

oxidative stress and inflammation. Reducing oxidative stress, and in this way protecting 

the cortisol response, appears to be a promising strategy to strengthen the endogenous 

anti-inflammatory mechanism. 

 In chapter 4 we extended the study performed with cortisol and determined the 

effect of EC on the anti-inflammatory efficacy of the synthetic GC drug dexamethasone. 

Additionally, the cell model was further characterized by investigating the influence of 

cell differentiation, concentration of dexamethasone and H2O2, incubation times and 

the fate of H2O2 in cell medium. In this study we showed that the anti-inflammatory 

efficacy of dexamethasone in differentiated monocytes exposed to oxidants was partially 

maintained by EC. Moreover, this protective effect was time-dependent. EC prevented the 

H2O2-induced decline in anti-inflammatory GC activity over a period of 2 h. However, after 

4 h GC resistance occurred and no protective effect of EC could be observed anymore. This 

illustrates the importance of measuring over time to accurately determine the efficacy 



122

Chapter 7

of bioactives. Also, a bioactive like EC exerts relative subtle and non-pharmacological 

effects, therefore the partial and temporary outcome on GC resistance could have been 

anticipated. The advantage of the subtle and the time-dependent nature of the effect 

of bioactives like EC is that overt toxicity is unlikely to occur. These results show that EC 

may be used as adjuvant therapy to restore or preserve the efficacy of GC drugs in the 

treatment of inflammation.

 Plant-derived food products contain a large variety of different polyphenols and 

other natural compounds. This prompted us in chapter 5 to investigate a broad array of 

food-derived compounds with respect to their ability to preserve the anti-inflammatory 

activity of cortisol under oxidative stress conditions. The food-derived bioactives showed 

antioxidant and anti-inflammatory activity by reducing intracellular stress and protecting 

the cortisol response in human macrophages exposed to oxidative stress. The level 

of protection against GC resistance did not directly correlate with their intracellular 

antioxidant effect. This indicates that next to the antioxidant activity of the bioactives, 

also other mechanisms seem to be involved in their capability to preserve the anti-

inflammatory activity of GC in the presence of oxidative stress.  

Potential mechanisms of glucocorticoid resistance

The induction of GC resistance is still not fully understood, but several mechanisms 

have been proposed which could be modulated by flavonoids and other food-derived 

bioactives. In COPD systemically ROS production is pronounced and frequently GC 

resistance develops [11]. ROS suppress histone deacetylase 2 (HDAC2) activity [12] and 

previous studies have shown that curcumin and theophylline improve GC response, 

presumably by restoring HDAC2 activity [13, 14]. Additionally, a recent study by Hakim 

et al. [15] showed that oxidative stress reduces protein expression responsible for the 

transport of the glucocorticoid receptor (GR) into the nucleus thereby impairing the 

intracellular action of GC.

 As outlined above, we have also demonstrated that the anti-inflammatory effect of GC 

drugs can be protected by EC in oxidant exposed cells. Flavonoids exert their beneficial 

effects through direct scavenging of ROS and thereby decreasing oxidative stress. Next to 

their antioxidant activity, flavonoids are known to modulate various enzymes and signaling 

cascades involved in inflammation. For example, flavonoids have been reported to exert 

beneficial effects on the cardiovascular system by the inhibition of phosphodiesterase 

(PDE) which leads to an activation of the cAMP-dependent protein kinase A (PKA) [16, 

17]. As a consequence, microvascular leakage is diminished and trafficking and release 
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of cytokines and chemokines from inflammatory cells is inhibited [18]. Another possible 

mode of action is the activation of peroxisome proliferator activated receptor α (PPARα). 

Activated PPAR can inhibit the pro-inflammatory transcription factor NF-ĸB and it has 

been demonstrated that various isoflavones are potent PPARα and PPARγ agonists [19-

21]. By activating PPARα, isoflavones can reduce NF-ĸB-mediated pro-inflammatory 

gene expression and attenuate the inflammatory response. Other mechanisms currently 

proposed for GC resistance include: increased expression of the transcriptionally inactive 

GRβ [22]; reduced binding affinity, translocation or stability of GRα by activation of PI3K 

signaling, preventing the transcription of anti-inflammatory proteins [23]; and increased 

pro-inflammatory gene expression [24]. To which extend these different mechanisms are 

also involved in the action of the investigated dietary compounds needs to be addressed 

in further studies.

Strength and limitation of in vitro studies

Although extrapolation of in vitro data into the pathophysiology of oxidative stress on 

inflammatory and cardiovascular diseases in humans remains difficult, our data suggest 

a beneficial effect of flavanols in low micromolar concentrations. An in vitro cell system 

is a very powerful tool to identify mechanisms involved in specific processes. In general, 

it is relatively easy to control the exposure conditions. During our studies, however, it 

became clear that also in cell systems a lot of variables can influence the outcome. The 

experiments in macrophage-like cells with cortisol and dexamethasone were repeated 

on different days. It appeared that the response to LPS and the resulting protective effect 

of the bioactives often was variable, even though the circumstances and exposures were 

very well controlled. A possible explanation could be the procedure to differentiate 

monocytes to macrophage-like cells using phorbol 12-myristate 13-acetate (PMA). The 

differentiation was required to get a pronounced inflammatory response with LPS, but 

PMA also induces oxidative stress which increases the complexity of the cellular model.

 The cell line used can be a major confounder in experimental outcomes. In chapter 2 

primary HUVECs were used, selected from 5 different batches based on their inflammatory 

response. The cells showed an high inflammatory response when exposed to TNFα. When 

comparing gene expression of these primary HUVECs with a HUVEC cell line (CRL-1730) 

after TNFα stimulation, the primary cells showed a 20-fold increase in the gene expression 

of vascular cell adhesion protein 1 (VCAM-1), while the CRL-1730 cells did not show any 

VCAM gene expression at all. When this pro-inflammatory gene is a major parameter, this 

difference could have far reaching consequences for the outcome of the experiment.
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 Another mechanism by which flavonoids could exert their beneficial, protective, 

effect is by modulating endogenous oxidants-producing enzymes. One of these enzymes 

is nicotinamide adenine dinucleotide phosphate-oxidase 4 (NOX4), an important radical 

producing enzyme. This enzyme can be activated with angiotensin (AT) II [25], as previous 

shown by experiments in fibroblasts (unpublished data) and HUVECs [26]. Indeed, the 

presence of the NOX4 gene in HUVECs was confirmed with real-time PCR. However, using 

multiple incubation methods and probes for detecting O2
•– production, we were neither 

able to activate NOX4 in primary HUVECs nor in vascular smooth muscle cells (VSMC) 

from rat aorta with ATII. 

Clinical study

To study the effect of dietary flavonoids in humans, a clinical intervention study was 

conducted. In chapter 6, 28 male smokers were supplemented with 200 mg/day of 

monomeric and oligomeric flavanols (MOF) from grape seeds for 8 weeks. At baseline, 

after 4 and 8 weeks macro- and microvascular function and a cluster of systemic 

biomarkers were measured. This study showed that an 8 weeks MOF supplementation 

significantly enhanced the smokers’ resistance against inflammatory stimuli, such 

as LPS. Gene expression of inflammatory cytokines, in particular TNF-α and IL-6, was 

attenuated in blood after MOF supplementation. A recent publication by Milencovic et al. 

demonstrated that an 8 week daily supplementation with MOF modulates the expression 

of genes associated with cardiovascular disease pathways [27]. 

 The trend of increasing plasma TEAC values and the considerable augmentation of 

the GSH/GSSG ratio in erythrocytes indicate that MOF improve extra- and intracellular 

redox status in the circulation. These effects, however, could not be ascribed to alterations 

of gene expression of the most important enzymatic antioxidant defense systems in 

circulatory white blood cells (e.g. CAT, GPX1, HO1 and SOD2).

 The multi-biomarker approach proved to be a successful strategy to unveil the 

pleiotropic benefit of an 8 weeks supplementation with MOF on vascular health in humans. 

When combining all the subtle and multifarious effects of MOF supplementation, a clear 

health promoting effect was seen with flavanols. The decrease in oxidative stress markers, 

attenuation of the inflammatory response and improvement of vascular function resulted 

in an improved vascular health index. 

 In drug research, where the one-target-one-hit concept is imperative, randomized 

clinical trials with a well-defined single endpoint are the gold standard of efficacy 

testing. However, a single endpoint neither sufficiently reflects the multifarious nature 
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of nutrients’ functions in humans nor the complexity of pathomechanisms underlying 

virtually all diseases. Our findings fit into the idea of health as being dynamic and defined 

as the ability to adapt to changes, rather than a static state of perfection. In this dynamic 

concept of health, a bioactive compound has a multitude of effects. Accumulation of 

these effects empower the buffering capacity of the body to maintain homeostasis and 

to prevent relatively mild but nevertheless insidious and persistent perturbations which 

may gradually progress into severe pathological conditions.

Recommendations for future research

In chapter 2 the antioxidant activity of Cat and EC was determined, and the effect of the 

metabolism of epicatechin on its radical scavenging activity. Although e.g. methylation 

of the B-ring significantly reduced the superoxide scavenging activity, methylated EC 

metabolites still reduce intracellular oxidative stress. The results corroborate that EC and 

its metabolites can protect against oxidative stress in primary endothelial cells via a direct 

antioxidant mechanism. Next to this direct protection other molecular mechanisms have 

been implied and experimental proof needs to be provided to establish the role of the 

direct antioxidant effect as well as the alternative mechanisms.

 Next to the antioxidant effect, that seems to be involved in the GC-protective and anti-

inflammatory effect of flavonoids, also other mechanism might contribute, as reported 

in chapter 3, 4 and 5. Plant-derived compounds like flavonoids - even investigated 

separately - do not have one specific molecular mechanism of action, but modulate a 

wide variety of molecular targets and signaling pathways. Even though several modes of 

action and pathways have been identified in literature and described in this thesis, the 

effect of specific compounds on these mechanisms still needs to be elucidated. In this 

respect also the crosstalk between pathways needs to be incorporated. For example the 

process of inflammation and oxidative stress are tightly intertwined and should not be 

treated separately.

 As discussed above, in vitro studies are mandatory to understanding of the mode 

of action of flavonoids on a cellular and molecular level. To fully validate the potential 

of flavonoids as an adjuvant in anti-inflammatory therapy, a human intervention 

study is indispensable. In chapter 6 we revealed the pleiotropic benefits of MOF in the 

vascular of healthy subjects. In order to extend these findings it would be interesting 

to investigate a regular flavanol supplementation in patients suffering from chronic 

systemic inflammatory diseases like COPD, RA or irritable bowel syndrome. In particular 

patients who are regularly treated with GCs and are at risk to develop GC resistance 
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should be included in such a trial. Proof of the clinical efficacy of EC and other food-

derived bioactives to enhance or prolong the efficacy of anti-inflammatory steroids could 

considerably improve the therapy of those patients.  
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Summary
Numerous epidemiological and clinical studies have demonstrated various health effects 

of flavonoids. Intake of flavonoid-rich foods has been indicated to prevent cardiovascular 

diseases, reduce the risk for developing cancer and prevent chronic inflammatory diseases 

like chronic obstructive pulmonary disease (COPD) and rheumatoid arthritis (RA). The 

research presented in this thesis focusses on de antioxidant and anti-inflammatory effect 

of dietary flavonoids. We aimed at further elucidating the mechanism for the potential 

health effects of flavonoids, with an emphasis on the flavanol (–)-epicatechine (EC). 

What are the antioxidant properties of (–)-epicatechin and its metabolites? 

In chapter 2 we determined the antioxidant effect of the flavanol (+)-catechin (Cat), EC and 

several metabolites in human umbilical vein endothelial cells (HUVECs) and in a test tube 

assay. This study showed that Cat and EC are effective antioxidants, and glucuronidation, 

methylation and sulfation reduced this antioxidant activity. The relative potency of the 

tested compounds to scavenge superoxide anion radicals indicated that a free catechol 

(1,2-dihydroxybenzene) moiety in the molecule is important for the direct antioxidant 

activity. The results show that EC and its metabolites protect against oxidative stress in 

HUVECs via a direct antioxidant effect.

Can (–)-epicatechin prevent oxidative stress induced endogenous glucocorticoid 

resistance? 

Oxidative stress extinguishes the anti-inflammatory effect of the endogenous 

glucocorticoid (GC) cortisol, leading to cortisol resistance. In chapter 3 we corroborated 

the results of chapter 2 that EC reduces intracellular oxidative stress and further 

demonstrated that this prevents the oxidative stress induced GC resistance. The crosstalk 

between both processes further deciphers the enigmatic anti-inflammatory action of EC. 

Can (–)-epicatechin maintain the anti-inflammatory efficacy of therapeutic 

glucocorticoids? 

We show in chapter 4 that dexamethasone could efficiently suppress LPS induced 

inflammation and that exposure to H2O2 induced GC resistance. The anti-inflammatory 

effect of dexamethasone was protected by EC in the oxidant exposed cells. These results 

show that the natural antioxidant EC may be used as adjuvance to restore or preserve the 

efficacy of GC drugs which will improve the treatment of inflammation.
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Which other plant-derived compounds are able to restore the anti-inflammatory 

action of endogenous glucocorticoids? 

In the exploratory study described in chapter 5 a broad range of food derived bioactives 

were screened for their antioxidant and anti-inflammatory effects in order to investigate 

whether their antioxidant effects are associated with the ability to preserve the anti-

inflammatory effects of cortisol. We found that most of the dietary bioactives protect 

against the inhibition of the cortisol response induced by oxidative stress. This again 

demonstrates the crosstalk between both processes and implies that the antioxidant 

activity of compounds plays an important role in the protection of the GC response. Next 

to the antioxidant activity of the bioactives, also other mechanisms might be involved in 

the anti-inflammatory effect.

Can flavanols improve (cardio)vascular health in humans? 

To study the effect of dietary flavonoids in humans, a clinical intervention study was 

conducted. In chapter 6, 28 male smokers were supplemented with 200 mg/day of 

monomeric and oligomeric flavanols (MOF) from grape seeds for 8 weeks. When 

combining all the subtle and multifarious effects of MOF supplementation, a clear health 

promoting effect was seen with flavanols. The decrease in oxidative stress markers, 

attenuation of the inflammatory response and improvement of vascular function resulted 

in an improved vascular health index. 

 Our findings fit into the concept that health is a dynamic process characterized 

by the ability to adapt to changes. In this dynamic process various pathways are 

tightly intertwined as shown by the extensive crosstalk between inflammation and 

oxidative stress. Moreover, a bioactive compound like EC has a multitude of effects. The 

combination of these subtle effects empowers the buffering capacity of the body to 

maintain homeostasis and prevents that relatively mild but nevertheless insidious and 

persistent perturbations gradually progress into severe pathological conditions.
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Samenvatting
Epidemiologische en klinische studies laten zien dat flavonoïden op verschillende 

manieren onze gezondheid kunnen verbeteren. Zo vermindert de consumptie 

flavonoïden-rijke voeding de kans op het krijgen van hart- en vaatziekten, kanker en 

chronische inflammatoire ziekten zoals chronisch obstructieve longziekte (COPD) en 

reuma. In dit proefschrift is het onderzoek naar de anti-inflammatoire en antioxidant 

werking van flavonoïden beschreven. Het doel was om de gezondheidsbevorderende 

effecten van flavonoïden in kaart te brengen. De nadruk van het onderzoek in dit 

proefschrift ligt op het flavonoïde (−)-epicatechin (EC).

De werking van (−)-epicatechine en metabolieten als antioxidant. In hoofdstuk 2 

is de directe antioxidant werking van (+)-catechine (Cat), (EC) en enkele metabolieten 

in endotheelcellen beschreven. Het onderzoek toont aan dat EC en Cat efficiënte 

antioxidanten zijn en dat metabolisme, via glucuronidering, methylering en 

sulfatering, de antioxidantactiviteit vermindert. Door de moleculaire structuur aan de 

antioxidantactiviteit te koppelen, kwam naar voren dat een vrije catecholgroep (een 

1,2-dihydroxybenzeengroep) belangrijk is voor de antioxidantwerking. De resultaten 

laten ook zien dat EC en metabolieten de endotheelcellen beschermen door middel van 

een directe antioxidantactiviteit, dat wil zeggen het direct wegvangen van reactieve 

oxiderende species.

De bescherming door (−)-epicatechine tegen oxidatieve stress geïnduceerde 

glucocorticoïd resistentie. Oxidatieve stress vermindert de anti-inflammatoire 

werking van glucocorticoïden (GC), hetgeen resulteert in GC resistentie. In hoofdstuk 

3 bevestigen we de resultaten die zijn gevonden in hoofdstuk 2, namelijk dat EC de 

intracellulaire oxidatieve stress vermindert. Daarnaast blijkt dat deze antioxidantactiviteit 

de ontwikkeling van GC resistentie voorkomt. Dit geeft aan dat in de anti-inflammatoire 

werking van EC de antioxidantwerking een rol speelt. Dit is een voorbeeld van een 

wisselwerking tussen twee pathofysiologische processen, namelijk oxidatieve stress en 

ontsteking, die tot nu toe onderbelicht is gebleven.

De bescherming van de anti-inflammatoire werking van het glucocorticoïd 

dexamethason door (−)-epicatechine. In hoofdstuk 4 is beschreven dat de anti-

inflammatoire werking van dexamethason in witte bloedcellen ook wordt verminderd 

door oxidatieve stress. Een dergelijke GC resistentie heeft grote klinische gevolgen. 
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Het blijkt dat EC de anti-inflammatoire werking van dexamethason in cellen, die zijn 

blootgesteld aan oxidatieve stress, in de hand houdt. Deze resultaten geven aan dat EC de 

effectiviteit van GC medicatie kan bevorderen, waardoor de behandeling van chronische 

inflammatie verbetert.

Het herstel van de anti-inflammatoire werking van endogene glucocorticoïden 

door plantaardige bioactieve stoffen. In de studie beschreven in hoofdstuk 5 zijn 

verschillende plantaardige bioactieve stoffen gescreend op hun antioxidantwerking en 

hun vermogen om de GC resistentie te voorkomen. De meeste stoffen die wij hebben 

getest bezaten zowel een antioxidantwerking als het vermogen om de GC respons te 

beschermen. Dit bevestigt de wisselwerking tussen inflammatie en oxidatieve stress en 

geeft aan dat het antioxidanteffect een belangrijke rol speelt in de bescherming van de 

GC respons. Naast de antioxidantactiviteit van de bioactieve stoffen spelen waarschijnlijk 

ook andere eigenschappen een rol in hun anti-inflammatoire effect.

Het (cardio)vasculaire gezondheidseffect van flavanolen. Een klinische studie 

is uitgevoerd om de potentiële gezondheidseffecten van flavonoïden in mensen te 

onderzoeken. In het onderzoek beschreven in hoofdstuk 6 kregen 28 mannelijke rokers 

gedurende 8 weken 200 mg/dag flavanol monomeren en oligomeren (MOF) uit een 

druivenpitextract. Door de subtiele effecten van MOF op verschillende processen te 

combineren kon het gezondheidsbevorderende effect van MOF supplementatie op hart 

en bloedvaten worden aangetoond. De gesommeerde vermindering van oxidatieve stress 

markers, vermindering van ontstekingsreacties en het verbeteren van de vaatfunctie 

resulteerde in een verbeterde vasculaire gezondheidsindex door de MOF interventie. 

 Onze bevindingen passen in het concept dat gezondheid een dynamisch proces is, 

waarin het aanpassingsvermogen centraal staat. In dit dynamisch proces is een intensieve 

wisselwerking tussen meerdere processen en mechanismen. Een bioactieve stof als EC 

heeft verschillende, maar relatief subtiele, effecten. De combinatie van deze subtiele 

effecten zorgt ervoor dat de bufferende capaciteit en aanpassingsvermogen toenemen 

wat resulteert in het gezondheidsbevorderende effect van EC.
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Valorisatie
De maatschappelijke relevantie van de onderzoeksresultaten 

Ons dagelijks dieet bevat een breed scala aan voedingsstoffen. Dat voeding ook kan 

helpen bepaalde ziektes te voorkomen of zelfs te genezen wordt steeds meer bevestigd. 

In dit proefschrift hebben we de gezondheidseffecten van flavonoïden onderzocht. 

Flavonoïden zijn stoffen die in allerlei voedingsproducten voor komen. Wij hebben ons 

speciaal gericht op flavanolen, een subgroep van de flavonoïden. (–)-Epicatechine is één 

van deze flavanolen en thee en cacao bevatten relatief hoge concentraties van deze stof. 

 Wij hebben de antioxidant- en ontstekingsremmende werking van (–)-epicatechine 

onderzocht. Deze werking kan van groot belang zijn bij chronische inflammatoire ziektes 

zoals reumatoïde artritis, chronische darmontsteking, astma en COPD. Deze ziektes 

worden namelijk gekenmerkt door verhoogde mate van ontsteking (inflammatie) en 

eveneens een verhoogde mate van oxidatieve stress. Inflammatie is een belangrijk 

mechanisme om het fysiologisch systeem intact te houden. Het helpt bij genezing, het 

afweren van ziektekiemen en het verwijderen van parasieten. Als deze ontstekingsreactie 

echter te heftig is of te lang aanhoudt kan dit tot negatieve gezondheidseffecten leiden. 

Het lichaam heeft meerdere terugkoppelmechanismen en mogelijkheden om de 

ontsteking onder controle te houden. Eén van deze mechanismen wordt gevormd door 

het cortisol, een glucocorticoïd dat geproduceerd wordt door de bijnieren. Cortisol werkt 

ontstekingsremmend en zorgt er dus voor dat ontstekingsreacties onder controle blijven 

en geen schade veroorzaken. Bij chronische inflammatoire ziektes is de endogene cortisol 

ontoereikend en worden veelal glucocorticoïd geneesmiddelen, zoals dexamethason, 

gebruikt. Wanneer dit ook geen verlichting meer van de ontstekingsreactie geeft spreken 

we over glucocorticoïdresistentie. De inflammatie is dan moeilijk te beheersen hetgeen 

leidt tot allerlei klachten met soms levensbedreigende gevolgen. Resistentie maakt dat 

de behandeling langer duurt wat verhoging van de ziektekosten met zich meebrengt. 

Het verbeteren van de behandeling bij chronische ziektes en het verlichten van de 

symptomen door juiste voedingskeuze of voedingssupplementen zal een grote bijdrage 

aan de gezondheidszorg kunnen leveren. Uit ons onderzoek blijkt dat flavonoïden, en 

dan vooral (–)-epicatechine, een antioxidant en anti-inflammatoire werking hebben en 

de effectiviteit van zowel het endogene cortisol als het geneesmiddel dexamethason 

verbeteren. 

 Cellen van het immuunsysteem die aan oxidatieve stress worden blootgesteld 

reageren minder op de ontstekingsremmende werking van glucocorticoïden. Wanneer 

vervolgens flavonoïden worden toegevoegd vermindert de oxidatieve stress en wordt 
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de anti-inflammatoire werking van glucocorticoïden hersteld. Vooralsnog is dit alleen in 

celsystemen getest. De mogelijkheden die deze waarneming biedt voor de optimalisering 

van de behandeling van patiënten met chronische ziektes is echter enorm.

 Onze onderzoeksresultaten laten ook een positief effect zien van flavanolen op 

vasculaire gezondheidskenmerken. Een periode van acht weken met inname van 

flavanolen uit druivenpitten verbeterde de vasculaire functie in proefpersonen en 

verminderde markers van oxidatieve stress en inflammatie in het bloed. Deze resultaten 

vergroten ons begrip van het effect van flavanolen uit de voeding op het lichaam en de 

gezondheid.

Doelgroep

Meer kennis over de effecten van voedingsstoffen op processen in het lichaam is 

relevant voor iedereen. Voor mensen die een verhoogd gezondheidsrisico lopen (zoals 

rokers) is het mogelijk om een gebalanceerd en gepersonaliseerd dieet samen te stellen 

dat de gezondheid bevordert. Patiënten die lijden aan een chronische inflammatoire 

ziekte en behandeld worden met glucocorticoïden kunnen baat hebben bij deze 

onderzoeksresultaten. Met gerichte voedingsaanpassingen zouden deze patiënten 

beter behandeld kunnen worden met minder glucocorticoïden. Een effectievere 

behandeling zal een reductie in zorgkosten met zich meebrengen. De maatschappelijke 

relevantie van het beter in kaart brengen van de gezondheidsbevorderende effecten van 

voedingsstoffen is evident. Voor de patiënten heeft dit als bijkomend voordeel dat de 

medicatie beter tot zijn recht kan komen.

Producten, diensten of processen die uit de onderzoekresultaten kunnen komen

Met de verkregen kennis is het mogelijk om een speciaal dieet of voedingssupplementen 

rijk aan epicatechine en andere flavanolen te ontwikkelen om ontstekingen beter te 

controleren. Vooral bij chronische ontstekingen waar de werking van glucocorticoïden 

verminderd is, kan dit voordeel bieden. De flavanolen zouden een positief effect kunnen 

hebben op de werking van medicijnen die bijvoorbeeld worden ingezet bij COPD-

patiënten. 

 Voor producenten in de voedingsindustrie laten deze onderzoeksresultaten zien 

dat uit planten afkomstige grondstoffen waardevolle voedingsstoffen bevatten. Bij de 

verwerking van grondstoffen naar het uiteindelijke product is het belangrijk om deze 

stoffen intact te houden zodat zij ook in het uiteindelijke product aanwezig zijn. Zo is 

bekend dat, afhankelijk van het productieproces, veel waardevolle stoffen, waaronder 
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epicatechine, uit cacao verloren gaan voordat ze in de chocolade eindigen. Door nadruk 

te leggen op het belang van behoud van de gunstige voedingsstoffen kan de producent 

het verwerkingsproces optimaliseren om zoveel mogelijk degradatie te voorkomen. 

Tevens kunnen producten ontwikkeld worden die rijk zijn aan epicatechine en andere 

flavanolen.

Innovatie 

Het nieuwe aspect van dit onderzoek is dat er onderzocht is wat het effect is van specifieke 

flavanolen (en enkele belangrijke metabolieten) op ontstekingscellen. Hierdoor is duidelijk 

in beeld gekomen wat de effecten zijn van deze belangrijke stoffen uit de voeding op de 

ontstekingsreactie. Uit dit onderzoek is gebleken dat epicatechine en andere flavonoïden 

oxidatieve stress in cellen kunnen verminderen en de inflammatoire respons kunnen 

remmen. Vooral de link tussen oxidatieve stress en inflammatie is een belangrijk punt. 

Aangezien chronische inflammatoire ziektes vaak gepaard gaan met oxidatieve stress en 

daardoor medicatie niet meer goed werkt is de behandeling moeilijk. In ons onderzoek 

kwam naar voren dat epicatechine deze oxidatieve stress vermindert en de werking van 

zowel het endogene cortisol als het medicijn dexamethason kan verbeteren bij cellen 

van het immuunsysteem. Door dieetaanpassingen of voedingssupplementen kunnen in 

de toekomst inflammatoire ziektes beter behandeld worden.

 Tevens heeft ons onderzoek laten zien dat de vaatfunctie zelfs bij gezonde vrijwilligers 

kan verbeteren met behulp van flavanolen. Om dit te kunnen meten is een nieuwe 

methodiek voorgesteld. 

Planning en realisatie.

Het onderzoek is uitgevoerd in humane cellen van het immuunsysteem en 

gedeeltelijk getest in een klinische studie. Tijdens de klinische studie kwamen 

al gezondheidsverbeterende effecten naar voren van flavanolen op het gebeid 

van het vaatstelsel. Het effect van flavonoïden, en dan vooral epicatechine, op 

glucocorticoïdresistentie is tijdens deze studie op cellen getest. Het is van belang het 

onderzoek uit te breiden met een klinische interventiestudie. Vooral bij patiënten 

met chronische inflammatie zou een klinische studie naar de effecten van een dieet 

rijk aan flavanolen zeer relevant zijn. Tevens moet bepaald worden wat de werkzame 

concentraties zijn en of dit haalbaar is met alleen een dieet of dat voedingssupplementen 

nodig zijn om het beoogde effect te bewerkstelligen. Om de potentie van flavanolen 

te onderzoeken is klinisch onderzoek nodig waarbij de verbetering van de effectiviteit 
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van glucocorticoïden bij mensen met een chronische inflammatie wordt nagegaan. In 

dit vervolgonderzoek kan dan de progressie van de ziekte, de frequentie en de ernst 

van exacerbatie van de inflammatie bestudeerd worden. Deze studie zou inclusief 

voorbereiding en dataverwerking waarschijnlijk twee jaar in beslag nemen. Hieruit zal 

waardevolle informatie gegenereerd worden die de behandeling van inflammatoire 

ziektes zou kunnen verbeteren en kan leiden tot een significante kostenvermindering in 

de gezondheidszorg. 

 Op basis van onze bevindingen is het te verwachten dat epicatechine en andere 

flavonoïden de werking van anti-inflammatoire geneesmiddelen weer herstellen. Het is 

in de toekomst dus niet ondenkbaar dat beide tegelijkertijd worden voorgeschreven. 

Het is zelfs mogelijk dat enkel de toediening van flavonoïden zelf al voldoende is om een 

ontsteking af te remmen.
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Dankwoord
Een aantal jaartjes geleden, december 2009 om precies te zijn, begon ik aan mijn 

promotieonderzoek bij de afdeling toxicologie, die toen nog de naam Farmacologie en 

Toxicologie droeg. Na 4 jaar onderzoek, gevolgd door 1 jaar schrijven te combineren met 

een nieuwe baan, staat de openbare verdediging dan eindelijk te gebeuren. Met het 

schrijven van dit dankwoord (zoals gebruikelijk laat op de avond) ben ik aan het laatste 

stukje van dit boekje aangekomen Een goede plek om na te denken wat er allemaal 

onderzocht, bezocht, berekend, gepresenteerd, gepipetteerd, gefeest, gezwoegd, 

gelachen, geventileerd, gezongen, gekweekt en gediscussieerd is voordat het resultaat 

van al dit werk naar de drukker gaat. In dit onderdeel wil ik dan ook graag alle mensen 

bedanken die dit mede mogelijk hebben gemaakt.

Allereerst natuurlijk een groot woord van dank en waardering voor mijn promotieteam 

prof dr. A. Bast, dr. G.R.M.M Haenen en dr. A.R. Weseler! Zoals meerdere dingen in 

het leven kun je niet zonder de hulp en begeleiding van mensen om je heen. Een 

promotieonderzoek is hier geen uitzondering van, je doet 4 jaar lang onderzoek in een 

team!

Aalt, als promotor heb ik veel van je geleerd. De deur stond altijd open voor even een 

korte of even een lange vraag te beantwoorden. Ook de hoeveelheid kennis en feitjes die 

je altijd paraat had staan bleef mij verbazen. Tijdens onze wekelijkse vergaderingen werd 

er altijd veel wetenschap besproken maar was er ook altijd ruimte om iets uit te wijden 

over andere onderwerpen wat de vergaderingen zowel nuttig als prettig maakte. 

Guido, als copromotor had je altijd nieuwe ideeën voor experimenten en ook tijdens 

het schrijven was je altijd een goede hulp. Soms stuurde ik iets ‘s middags door en de 

volgende dag, of zelfs dezelfde avond nog had ik al je verbeteringen en suggesties 

binnen. Ook onze discussies over andere onderwerpen dan de wetenschap waardeer ik 

nog steeds!

Antje, ik kon er altijd op rekenen dat de resultaten en geschreven stukken aandachtig 

werden bekeken en voldoende suggesties waren om deze resultaten en teksten nog 

beter te maken. Tijdens de tripjes die we “moesten” maken voor het Flaviola project was je 

altijd een goed reisgezelschap en was er, naast het wetenschappelijke programma, altijd 

genoeg gespreksstof over andere leuke dingen. 
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Ik wil ook graag de leden van de beoordelingscommissie, bestaande uit prof. dr. C. Neef, 

prof. dr. B.J. Blaauboer, prof. dr. G. Haegeman, prof. dr. P.W. de Leeuw en prof. dr. E.F.M. 

Wouters, bedanken voor het beoordelen van mijn proefschrift.

I would also like to thank all partners of the Flaviola consortium for making this an 

exciting project. The meetings we had in 6 different countries with people of different 

nationalities and backgrounds made this a very international and multi-disciplinary 

project. This allowed me to extend my knowledge beyond my own field of research. Many 

thanks for the great experience!

Een belangrijk onderdeel tijdens de promotie zijn je kamergenoten, ofwel je “roomies”. 

Aangezien deze in hetzelfde schuitje zitten kun je hier veel van leren en zowel je 

frustraties als successen mee delen. Aangezien er enkele kamerverhuizingen zijn geweest 

in de afgelopen 4 jaar zijn het meerdere roomies geworden. In het eerste jaar was het 

Nuria, Erik en Max. Bedankt voor de hulp die vooral tijdens de eerste weken nodig waren 

om mijn weg te vinden. 

Kristien, daarna kwam jij me op de kamer vergezellen. Bedankt voor al je steun en geduld 

bij het aanhoren van mijn geklaag af en toe. We hadden altijd goede gesprekken over 

de wetenschap en (..vul maar in..). En natuurlijk bedankt dat je mijn paranimf wil zijn en 

de hulp tijdens de laatste voorbereidingen! Waar ik je ook heel dankbaar voor ben is het 

onder controle houden van onze muzikale, spraakwaterval en boefje Matt die ons kwam 

vergezellen. Matt, het was zeker ook een eer om je op de kamer te hebben en bedankt 

voor de discussies en alle andere onzin. It goes you good in the US.

Even belangrijk als je roomies zijn de andere AiOs die het mogelijk maken de 4 jaar vol te 

houden. De AiO-uitjes waren altijd een succes en ook de dagelijkse lunch zorgde voor de 
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