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Klaus-Dietrich Kröncke • Helmut Sies •

Wilhelm Stahl

Received: 28 October 2010 / Accepted: 25 January 2011 / Published online: 16 February 2011

� Springer-Verlag 2011

Abstract

Background The dietary flavanol (-)-epicatechin has

been suggested to mediate its vasodilatory effect by

increasing nitric oxide levels in endothelial cells.

Aim of the study To directly prove the formation of nitric

oxide (NO) in human endothelial cells (HUVEC) in vitro

by trapping NO to yield a fluorescent nitrosamine.

Methods HUVEC were treated with (-)-epicatechin;

nitrite and NO formation were determined by reductive

chemiluminescence detection and the NO-sensitive fluo-

rophore 5-methoxy-2-(1H-naphthol[2,3-d]imidazol-2-yl)-

phenol copper complex (MNIP-Cu), respectively. MNIP

was synthesized in a rapid and convenient one-step

microwave reaction. Endothelial nitric oxide synthase

(eNOS) mRNA levels and mRNA stability were measured.

Results Incubation with (-)-epicatechin (0.3–10 lM) led

to elevated NO levels in HUVEC measured via reductive

chemiluminescence detection and visualized as the fluo-

rescent NO derivative of MNIP. Expression of eNOS

mRNA and mRNA stability were not affected by

(-)-epicatechin treatment within the time frame studied.

Conclusion (-)-Epicatechin augments the level of NO in

endothelial cells, a process suggested to be responsible for

the vasodilatory properties of the compound.
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Introduction

(-)-Epicatechin is a flavan-3-ol, a secondary plant con-

stituent found in berries, grapes, apples, red wine, tea, or

cocoa [1]. There is evidence from epidemiological studies

that an increased intake of dietary flavanols or flavonoid-

rich products is associated with a lower risk for cardio-

vascular diseases [2]. Vasodilatory effects of plant con-

stituents likely play a role in the mechanism of protection,

and a number of natural products and plant extracts have

been shown to influence endothelial NO levels [3]. How-

ever, information on their mechanisms of action is sparse.

NO is a major mediator of vasodilation. Defects in gen-

eration of NO are associated with increased risk for car-

diovascular disease [4, 5]. Cardioprotective effects of

cocoa, improvement of endothelial function, and lowering

of blood pressure are attributed to flavanol-mediated ele-

vation of the NO level [6, 7]. Vasodilatory activity was also

observed after oral intake of isolated (-)-epicatechin

similar to the response observed upon consumption of

high-flavanol cocoa [8]. Thus, (-)-epicatechin appears to

be a major bioactive constituent of cocoa. The observed

improvement of endothelial function by dietary (-)-epi-

catechin attributed to the enhancement of the NO level is

reflected by an L-NMMA-sensitive augmentation in
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dilation of arterial vessels [8]. Increased levels of nitrite as

indirect proof of NO synthesis have been measured after

flavanol exposure in cell culture with human umbilical vein

endothelial cells (HUVEC) and in blood samples from

human intervention studies [9]. However, proof of an ele-

vation of NO levels after exposure to (-)-epicatechin is

missing. In the present paper, we used a NO-sensitive

fluorescent dye to directly visualize NO production within

HUVEC upon exposure to (-)-epicatechin.

Methods

Chemicals and reagents

(-)-Epicatechin was obtained from Sigma–Aldrich

(Steinheim, Germany) and used as 10 mM stock solution.

Iodine, copper sulfate pentahydrate and actinomycin D,

17b-estradiol were purchased from Sigma–Aldrich (Stein-

heim, Germany). Dimethylsulfoxide (DMSO) was obtained

from Roth (Karlsruhe, Germany). Diaminonaphthalene,

4-methoxysalicylic acid was from Acros Organics, Belgium.

Potassium iodide was purchased from Fluka (Buchs,

Switzerland) and acetic acid from Merck (Darmstadt,

Germany). Recombinant human cytokines were purchased

from Strathmann (Hannover, Germany).

Synthesis of MNIP and MNIP-Cu

5-methoxy-2-(1H-naphtho[2,3-d]imidazol-2-yl)phenol (MNIP)

was synthesized in a rapid and convenient one-step

microwave reaction modified according to [10, 11]. An

amount of 158 mg (1.0 mmol) of 2,3-diaminonaphthalene

and 168 mg (1.0 mmol) of 4-methoxysalicylic acid are

dissolved in 5 mL dry pyridine. A volume of 0.35 mL

(1.23 mmol) triphenyl phosphite is added, and the reaction

vessel is sealed. The reaction mixture is heated to 220 �C

for 10 min in a microwave reactor (CEM Discover, Kamp-

Lintfort, Germany). After cooling, 100 mL water is added,

and the mixture extracted three times with ethyl acetate

(3 9 50 mL). After drying with sodium sulfate, the solvent

is removed. Column chromatography was performed on

silica gel with hexane/ethyl acetate (2/1) as the eluent. The

product is a yellow solid (66.0 mg/0.227 mmol/23%) of

blue-greenish color in solution.
1H-NMR (Bruker Advance DRX 200 MHz, DMSO-d6);

in accordance with [10]: d = 13.80–12.70 (2H), 8.15–7.95

(5H), 7.45–7.35 (2H), 6.70–6.60 (2H), 3.84 (3H) ppm.

The MNIP copper complex is prepared directly before use.

Equimolar amounts of MNIP (10 mM in DMSO) and CuSO4

(50 mM in H2O) are mixed and vortexed for 5 min excluding

light. The mixture is used without further purification.

The secondary amine group of MNIP reacts with NO to

form a stable fluorescent nitrosamine and releases copper

from the molecule (Fig. 1), which has been demonstrated

in model systems and in cell culture [10].

Cell culture

Human umbilical vein endothelial cells (HUVEC) were

obtained from Promocell (Heidelberg, Germany) and used

at passages 2–5. HUVEC were cultured in endothelial cell

growth medium (PromoCell) supplemented with 2% fetal

calf serum, 4% endothelial cell growth supplement/hepa-

rin, 0.1 ng/mL human epidermal growth factor, 1 ng/mL

human basic fibroblast growth factor, and 1 lg/mL

hydrocortisone. Cells were kept at 37 �C in a humidified

atmosphere containing 5% CO2. For experiments, HUVEC

were grown in six-well plates to a confluence of 80–90%.

Growth medium was then removed, and a customer-for-

mulated, nitrite- and nitrate-free as well as serum-free

medium (PromoCell) was added. Appropriate amounts of

(-)-epicatechin from a stock solution (10 mM in PBS/

ethanol 1/1) were added immediately.

Nitrite determination

HUVEC were treated with (-)-epicatechin for 2 h at 37 �C

as described earlier. After incubation, the concentration of

nitrite was determined in cell culture supernatant employ-

ing the nitric oxide analyser CLD 88 (Eco Physics,

München, Germany). One hundred microliters of the

supernatant was injected into a solution of acidified tri-

iodide in order to reduce nitrite to NO gas, which was

determined in a chemiluminescence reaction with ozone.

The tri-iodide solution was adjusted to a final concentration

of 0.05 M potassium iodide and 0.01 M iodine in acetic

Fig. 1 Reaction of the non-fluorescent MNIP-Cu to the fluorescent NO derivative
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acid and placed in the purge vessel into which samples

were injected at 60 �C. Nitrite concentrations were nor-

malized to protein content, measured by Bio-Rad Dc Pro-

tein Assay (Bio-Rad, München, Germany).

Direct detection of NO in HUVEC

HUVEC were grown on coverslip-bottomed 30-mm Petri

dishes as described elsewhere. Cells were then incubated

with Hank’s balanced salt solution supplemented with 1 or

10 lM (-)-epicatechin or 0.1 lM 17-b-estradiol at 37 �C,

while 10 lM MNIP-Cu was applied simultaneously.

Fluorescence was monitored after 2 and 4 h with fluores-

cence microscopy (Axiovert 100 TV, Zeiss, Jena, Ger-

many) at excitation and emission wavelengths of 395 and

490 nm, respectively.

eNOS expression and mRNA stability

HUVEC were incubated with (-)-epicatechin for 24 h at

37 �C as described elsewhere. Cells incubated with a proin-

flammatory cytokine mix (TNF-a, IL-1b, each 500 U/mL)

instead of (-)-epicatechin were used as a positive control.

After incubation, total mRNA was isolated using RNeasy

Mini Kit (Qiagen, Hilden, Germany) and reverse transcribed

using Omniscript RT Kit (Qiagen). The mRNA expression

level of eNOS was then determined by real-time PCR using

LightCycler FastStart DNA Master SYBR-Green I and the

Roche LightCycler� 2.0 (Roche Diagnostics, Mannheim,

Germany). PCR reactions were performed in a total volume of

20 lL containing 40 ng cDNA, 19 FastStart Reaction Mix

SYBR-Green I, 2 mM MgCl2, and 0.5 lM of both, forward

primer (50-CTAGCCAAAGTCACCATCGT-30) and reverse

primer (50-CGGGGACAGGAAATAGTTG-30). The ampli-

fication program consisted of 1 cycle at 95 �C followed by 50

cycles at 95 �C, an optimal annealing temperature of 61 �C for

20 s, and finally 20 s at 72 �C for PCR product elongation.

Samples were quantified (LightCycler� analysis software,

version 3.5) using the housekeeping gene GAPDH as standard

and the untreated control probe as calibrator.

For determination of eNOS mRNA stability, HUVEC

were treated with 0.5 lg/mL actinomycin D alone and in

combination with 3 lM (-)-epicatechin for 12, 24, 36, and

48 h. The relative mRNA content after actinomycin D

incubation compared to untreated control cells was estab-

lished using real-time PCR. The PCR reactions and con-

ditions were the same as described elsewhere.

Results

In endothelial cells, NO is formed by the endothelial-

derived NO synthase (eNOS). Nitrite is a major oxidation

product of NO and frequently is quantified to estimate NO

production. Nitrite in cell culture medium was determined

using the reductive chemiluminescence method. Compared

to untreated HUVEC, exposure to 0.3 and 1 lM (-)-epi-

catechin significantly increased nitrite levels after 2 h of

incubation by 35 ± 3% and 45 ± 11%, respectively

(Fig. 2). At higher concentrations of 3 and 10 lM, this

effect was abolished.

Intracellular NO formation was followed with the NO-

sensitive fluorophore 5-methoxy-2-(1H-naphthol[2,3-

d]imidazol-2-yl)-phenol (MNIP). Cells are incubated with

the non-fluorescent MNIP-Cu complex. The secondary

amine group of MNIP reacts with cellular NO to form a

stable fluorescence nitrosamine and releases copper from

the molecule.

Figure 3 shows fluorescence images of HUVEC after

incubation with 1 and 10 lM (-)-epicatechin for 2 h.

Compared to solvent control, NO-associated fluorescence

was increased, while no effect was observed at lower levels

of the flavanol. Fluorescence intensity was comparable to

that of the positive control 0.1 lM 17b-estradiol. After 4 h

of incubation, fluorescence in cells exposed to (-)-epi-

catechin or 17b-estradiol was further elevated whereas

only a small effect was observed in the solvent control.

Applying two different methods, the present data

provide evidence that (-)-epicatechin increases levels of

NO. Expression of eNOS mRNA as well as mRNA sta-

bility was investigated (Fig. 4a). For this purpose, HUVEC

were incubated with (-)-epicatechin as described above.

(-)-Epicatechin did not affect eNOS mRNA expression

neither after 2 nor 24 h of incubation. The slight

decrease after 2 h of incubation observed with 3 and
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Fig. 2 Effect of (-)-epicatechin on nitrite level in the medium

of human endothelial cells. HUVEC were cultured in the presence of

(-)-epicatechin for 2 h. Nitrite concentration in cell culture super-

natant was measured by reductive chemiluminescent detection. Data

represent the means of three individual experiments ± SD; *p \ 0.05

versus solvent control
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10 lM (-)-epicatechin correlates with the nitrite levels

(Fig. 1) but was statistically not significant. For control, a

mixture of proinflammatory cytokines was applied known

to decrease eNOS mRNA levels [12].

In order to determine eNOS mRNA stability, HUVEC

were treated with the transcription inhibitor actinomycin D,

in the presence or absence of (-)-epicatechin. mRNA was

quantified by real-time PCR and compared to untreated

control (Fig. 4b). The data demonstrate that the eNOS

mRNA stability is not influenced by (-)-epicatechin. (-)-

Epicatechin has no effect on eNOS mRNA level in human

endothelial cells.

Discussion

Vasodilatory effects of flavanol-rich cocoa have already

been demonstrated in humans measuring pulse wave

amplitude or flow-mediated dilation of the brachial artery

[6, 13]. Following a single intake, vasodilation is observed

a few hours after consumption, thus representing acute

effects. Here, the vascular response was tightly associated

in time with the changes in plasma levels of polyphenols

and their metabolites [8]. In clear distinction from the acute

effects, there are longer-term effects as a sustained increase

in FMD baseline levels with high-flavanol cocoa [7, 14]. In

human skin, blood flow was increased after ingestion of a

high-flavanol cocoa beverage [15]. Effects were correlated

with increased blood levels of (-)-epicatechin, the major

flavonoid in cocoa, and evidence has been provided that

vasodilation is mediated via NO-dependent mechanisms

[8]. In a randomized placebo-controlled human study,

treatment with (-)-epicatechin increased plasma S-nitros-

othiols, plasma nitrite, and urinary nitrate concentrations

[16]. After 24 h of incubation with (-)-epicatechin, (-)-

epigallocatechin, (-)-epicatechin gallate, and (-)-epigal-

locatechin gallate, a dose-dependent increase in nitrite was

Fig. 3 NO levels in HUVEC visualized by the fluorescent MNIP NO

derivative. Cells were treated with (-)-epicatechin or 17b-estradiol

(an activator of eNOS), and 10 lM MNIP-Cu was applied simulta-

neously. Control cells were only exposed to 10 lM MNIP-Cu. After

2- and 4-h fluorescence, images were taken (excitation 395 nm,

emission 490 nm)

Fig. 4 Effect of (-)-epicatechin on eNOS mRNA expression and

mRNA stability. a HUVEC were incubated with (-)-epicatechin for 2

and 24 h. mRNA was extracted, reversely transcribed, and amplified

by real-time PCR. Relative expression was calculated and normalized

using the housekeeping gene GAPDH. A cytokine mix (TNF-

a ? IL-1b, each 500 U/mL) was used as a positive control. b HUVEC

were incubated with 0.5 lg/mL actinomycin D in the presence or

absence of 3 lM (-)-epicatechin. Data represent the means of three

individual experiments ± SD; *p \ 0.05 versus solvent control
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determined in HUVEC [9]. Here, we provide direct evi-

dence that (-)-epicatechin increases NO levels in HUVEC

trapping NO in a direct reaction to yield a fluorescent

nitrosamine. The method is highly sensitive; the resulting

fluorescent compound is stable and accumulates within

cells over time. As shown in Fig. 3, fluorescence after 4 h

of incubation is more pronounced than at 2 h. Flavonoids

are efficient chelators [17], and (-)-epicatechin may

complex the Cu2? ion from the non-fluorescent MNIP-Cu.

However, such a reaction does not induce the formation of

a fluorescent molecule, thus not interfering with specificity

for NO (data not shown).

The biochemical mechanism underlying the regulation

of NO synthesis by (-)-epicatechin and related compounds

is not completely understood. Interference with NO scav-

enging pathways by inhibition of NADPH oxidase [18],

modulation of competing arginine-dependent enzymes

[19], or direct effects on eNOS expression have been

proposed [20]. In vitro, data provide evidence for NO-

preserving activity of (-)-epicatechin, based on the inhi-

bition of endothelial NADPH oxidase by O-methyl ethers

of the parent flavanol. Structural similarity suggests an

apocynin-like mechanism [21].

At present, there is no evidence that (-)-epicatechin

directly influences the transcription of eNOS (Fig. 4). In an

in vitro study with human coronary artery endothelial cells,

it was shown that epicatechin activates eNOS via serine

633 and serine 1177 phosphorylation and threonine 495

dephosphorylation [22]. Phosphatidylinositol 3-kinase-

dependent pathways are apparently involved in posttrans-

lational eNOS activation.

Applying the present method for direct detection of NO

at least in cell culture will provide further insight into the

mechanisms underlying the regulation of NO-dependent

vasodilatory effects. It is obvious that dietary components

have impact on NO signaling, which may be related to the

effects of these compounds in the protection against car-

diovascular disease.
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