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Abstract

A diversity of pharmacological effects on the cardiovascular system have been reported for Camellia

sinensis: antioxidative, antiproliferative and anti-angiogenic activity, and nitric oxide synthase activa-

tion. The purpose of this study was to investigate if the connection between tea and angiotensin-

converting enzyme (ACE) and nitric oxide (NO) might be an explanation of the pharmacological

effects of tea on the cardiovascular system. Cultured endothelial cells from human umbilical veins

(HUVEC) were incubated with extracts of Japanese Sencha (green tea), Indian Assam Broken Orange

Pekoe (black tea) and Rooibos tea, respectively. The main flavanols and purine alkaloids in green and

black tea were examined for their effects on ACE and NO. After incubation with green tea, black tea

and Rooibos tea for 10 min, a significant and dose-dependent inhibition of ACE activity in HUVEC was

seen with the green tea and the black tea. No significant effect on ACE was seen with the Rooibos tea.

After 10-min incubation with (�)-epicatechin, (�)-epigallocatechin, (�)-epicatechingallate and (�)-

epigallocatechingallate, a dose-dependent inhibition of ACE activity in HUVEC was seen for all four

tea catechins. After 24-h incubation, a significantly increased dose-dependent effect on NO produc-

tion in HUVEC was seen for the green tea, the black tea and the Rooibos tea. After 24-h incubation

with (�)-epicatechin, (�)-epigallocatechin, (�)-epicatechingallate and (�)-epigallocatechingallate,

a dose-dependent increased NO production in HUVEC was seen. In conclusion, tea extracts from

C. sinensis may have the potential to prevent and protect against cardiovascular disease.

Introduction

A diversity of pharmacological effects of Camellia sinensis (Theaceae) on the cardio-
vascular system has been reported: antioxidative (Locher et al 2002; Kurihara et al
2004), antiproliferative and anti-angiogenic activity (Locher et al 2002; Oak et al 2005),
and nitric oxide synthase activation (Nakagawa & Yokozawa 2002; Anter et al 2004;
Lorenz et al 2004). Epidemiological studies have shown reduced cardiovascular mor-
bidity among tea drinkers (Mukamal et al 2002; Hakim et al 2003).

Rooibos tea, produced from the leaves and stems of Aspalathus linearis
(Leguminosae), is a caffeine-free alternative. Reported pharmacological effects attrib-
uted to Rooibos tea have been antioxidative activity (Standley et al 2001; Lee & Lang
2004) and immunostimulatory effects (Lambert & Yang 2003).

The diversity of the pharmacological effects of C. sinensis and A. linearis have been
attributed to polyphenols. The unfermented leafs of C. sinensis, green tea, contain 30–
40% polyphenols (Yang et al 2000; Lambert & Yang 2003) such as flavanols, flava-
diols, flavonols and phenolic acids. The dominating group of polyphenols in green and
black tea is the tea flavanols i.e. catechins. The four major catechins in tea are (�)-
epicatechin, (�)-epicatechingallate, (�)-epigallocatechin and (�)-epigallocatechingal-
late (Balentine et al 1997; Nakagawa & Yokozawa 2002; Del Rio et al 2004).

The content of polyphenols in black tea is approximately 3–10% (Lambert & Yang
2003). In green tea, 77% of the polyphenols are catechins (Del Rio et al 2004). In black
tea, 3–4% of the polyphenols are catechins (Del Rio et al 2004). Catechin content is



thus reduced by approximatly 85% in black tea compared
with green tea (Balentine et al 1997). Purine alkaloids such
as caffeine, theobromine and theophylline are also present
in C. sinensis.

The main polyphenol compounds in A. linearis,
Rooibos tea, are dihydrochalcones, flavones and flavanols
e.g. aspalathin, nothofagin, isoorientin, orientin, isovi-
texin, vitexin and rutin (Bramati et al 2002, 2003).

The renin–angiotensin system (RAS) is one of the most
important mechanisms in the body concerning the regula-
tion of blood pressure, fluid and electrolyte balance. The
angiotensin-converting enzyme (ACE), a carboxypepti-
dase, is involved in the RAS, where it converts angiotensin
I to the octapeptide angiotensin II. The two active sites of
ACE contain a Zn2þ ion and ACE inhibitors are designed
on the basis of the ability to bind to the Zn2þ ion
(Sturrock et al 2004). ACE inhibitors are the first line
treatment of patients with hypertension and heart failure.

ACE proteolytically cleaves several peptides including
bradykinin; ACE inhibitors increase bradykinin levels.
Bradykinin causes smooth muscle relaxation by binding
to bradykinin receptors on the endothelial cell surface,
thereby activating eNOS and increasing nitric oxide
(NO) production. NO from endothelial cells relaxes vas-
cular smooth muscle and inhibits platelet aggregation.
Reduced bioavailability of NO is believed to be an initial
step in the development of cardiovascular disease.
Antioxidants may increase NO. It has been proposed
that part of the positive effect seen in tea drinkers regard-
ing cardiovascular disease is due to the tea’s antioxidative
effects (Tijburg et al 1997; Miura et al 2001; Locher et al
2002).

There are several interactions known between the RAS
and NO (Yan et al 2003). It has been shown that exogen-
ous and endogenous NO can inhibit ACE in pigs and man
in-vitro (Persson & Andersson 1999; Persson et al 2000).
This NO-mediated ACE inhibition is additive with tradi-
tional ACE inhibitors such as captopril, and of functional
importance concerning angiotensin II-induced vasocon-
striction and platelet aggregation.

We have investigated the effects of green tea, black tea
and Rooibos tea on ACE activity and NO production in
cultured human endothelial cells from umbilical veins.
The effects of the main flavanols and purine alkaloids in
green tea and black tea were examined.

For this study, teas were selected from the different
major tea-producing continents. Japanese Sencha is a
green tea from Asia, Assam B.O.P. is a black tea from
India, and Rooibos tea comes from Africa. The
extracts were prepared in the same way that tea is
usually prepared as an everyday beverage. This was
done to enable us to investigate if our ordinary tea-
drinking behaviour might have protective abilities on
the cardiovascular system.

Materials and Methods

The study on cultured endothelial cells from human umbi-
lical veins (HUVEC) was approved by the regional ethics

committee at the Faculty of Health Sciences, Linköping,
Sweden (Dnr 03-602).

C. sinensis and A. linearis extraction

Japanese Sencha was used for preparation of green tea
extract. Indian Assam B.O.P. (Broken Orange Pekoe) was
used for preparation of black tea extract. Rooibos tea was
used for preparation of A. linearis extract. Infusions were
made with 1 g tea leaves in 20mL fresh boiled sterile
phosphate-buffered saline (PBS) for 5min (the green tea
and the black tea) or 10min (the Rooibos tea). The infu-
sion was filtered twice, first through a standard filter and
then through a sterile filter 0.2�m (Millipore). The
obtained filtrate was considered as 1:20 and samples
were frozen at �20�C.

Cultured endothelial cells from HUVEC

Human umbilical cords were obtained after normal vagi-
nal delivery (after informed consent from the mothers),
and kept in sterile bottles containing PBS, penicillin,
streptomycin and gentamicin. Endothelial cells were then
isolated by treatment with 0.5mgmL�1 collagenase for
20min at 37�C as described by Nyhlén et al (2000). In
short, the collagenase þ cell perfusate was washed twice,
then resuspended in culture medium (Dulbecco’s modified
Eagle’s medium, DMEM, with normal glucose) supple-
mented with nonessential amino acids (NEAA, 1:100),
oxalacetic acid (1.2mM), insulin (0.24 IEmL�1), penicillin
(5UmL�1), streptomycin (0.5�gmL�1), HEPES (10mM),
endothelial cell growth factor (ECGF, 30�gmL�1) and
17% inactivated fetal calf serum (FCS). Resuspended
HUVEC were seeded in 25 cm2 tissue culture flasks coated
with 0.2% gelatin, and kept in an incubation chamber.
Medium was replaced every 48–72h. At confluence, cells
were harvested with trypsin-EDTA for 5–10min, and then
reseeded 1:2. Second passage was seeded in a 96-well
microtitre plate, and allowed to reach confluence.
Medium was then removed and replaced with medium
without FCS to avoid discrepancies in the results due to
ACE or NO present in the serum. Cells were treated with
green tea, black tea, Rooibos tea, (�)-epicatechin (EC), (�)-
epigallocatechin (EGC), (�)-epicatechingallate (ECG), (�)-
epigallocatechingallate (EGCG), caffeine, theobromine or
theophylline. Tea extracts were diluted in PBS, all other
drugs in dimethylsulfoxide (DMSO). Corresponding
volumes of PBS or DMSO were used as controls. After
10-min incubation with drugs, ACE activity and NO pro-
duction were analysed as described below. NO production
was also analysed after 24-h incubation with drugs.

The used concentrations of tea extracts, flavanols and
purine alkaloids corresponded to the amount expected in
tea taken as a beverage (Balentine et al 1997; Del Rio et al
2004).

ACE activity

After stimulation of the cells with drugs, ACE activity
was analysed with a commercial radioenzymatic assay
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(ACE-direct REA, Bühlmann Laboratories, Allschwil,
Switzerland) with the following modifications. Blank or
standard serum was added to wells with corresponding
volumes of medium without FCS. The synthetic substrate
[3H]hippuryl-glycyl-glycine was then added directly to all
the wells of the microtitre plate. Cells were incubated with
substrate for 2 h at 37�C to allow for the ACE present to
cleave the substrate to [3H]hippuric acid. After this time,
150�l medium þ substrate was transferred from each well
into scintillation vials containing 50�L 1M HCl (to stop
the enzymatic reaction). Scintillation fluid was added and
the samples were counted in a scintillation counter.

NO determination

After incubation with the different substances, medium
was removed and stored at �20�C until nitrite analysis.
Nitrite was analysed as a marker of NO production as
proposed by Lauer et al (2001). Nitrite concentration in
the medium was analysed with a commercially available
nitrite/nitrate assay: nitric oxide (NO2

�/NO3
�) assay kit

obtained from R&D Systems, UK. The principle for the
colorimetric detection of nitrite is the Griess reaction. In
short, diazonium ions are produced when acidified nitrite
reacts with sulfanilic acid. These diazonium ions form
chromophore agents when reacting with N-(1-naphthyl)
ethylenediamine. Optical density was determined with a
Spectramax reader at 540 nm.

Liquid chromatography–mass spectrometry–mass

spectrometry (LC-MS-MS)

For quantifications of EC, EGC, ECG and EGCG an
ESI-LC-MS-MS system for gradient chromatography
was used. The instrumentation consisted of a Perkin
Elmer 200 chromatographic system equipped with two
micro pumps, a solvent degasser and an autosampler
(Norwalk, CT, USA). Mass detection was performed on
a Sciex API 2000 triple quadrupole instrument equipped
with a turbo ion-spray interface (PE Sciex, Ontario,
Canada) operating in positive ion mode. The interface
probe was set at 350�C and the ion-spray needle was
operated at �4500V. Nitrogen was used as nebulizer-,
auxiliary-, curtain- and CAD-gas and was set at 25, 50,
30 psi and a value of 5, respectively. The HPLC was
carried out on a Hypersil Polar-RP 150� 3.0mm
(Phenomenex, Torrance, CA, USA) equipped with an
Opti-Solv 2�m column inlet filter (Optimize, Portland,
Oregon, USA). The mobile phases consisted of acetoni-
trile, methanol and 20mM ammonium formiate buffer, pH
3, in mixtures of 5:5:90 (v/v/v) for phase A and 40:40:20
(v/v/v) for phase B. A linear gradient chromatography
from 0 to 100% B-phase over 7min was run. Total run-
time including wash and reconditioning was 10min. A
flow-rate of 0.25mLmin�1 at ambient temperature was
used. The detection and quantification of the selected
compounds were performed in the Multiple Reaction
Monitoring mode (MRM). MS-MS product ion spectra
were produced by collision activated dissociation (CAD)

of the de-protonated molecule ion (Mþ1)�. The most
intense transitions; 289/245 (EC), 305/179 (EGC) 441/
169 (ECG), 457/169 (EGCG) were used for quantifica-
tion. Linear calibration curves were performed ranging
from 0.5 to 20�gmL�1. Tea extracts were diluted in
methanol and buffer 1:10 and 1:100, respectively, before
analysis. Instrument control, integration and calculation
were performed with the PC based PE Sciex software,
Analyst 1.4.

Chemicals

All chemicals for culturing cells were obtained from Life
Technologies (Scotland, UK), with the exception of the
ECGF that was bought from Boehringer-Mannheim
(Germany) and heparin (Heparin LEO) from LEO
Pharma AB (Malmö, Sweden). The catechins were bought
from Sigma Chemical Co. (St Louis, MO, USA). Japanese
Sencha (imported by Charabang, Stockholm, Sweden),
Assam B.O.P. (imported by Norrköpings Kolonial,
Sweden) and Rooibos tea (imported by Norrköpings
Kolonial, Sweden) were a kind gift from Tebladet,
Linköping, Sweden.

Viability

A viability test was performed by incubating HUVEC
with 1:200 green tea, black tea or Rooibos tea for 24 h.
Trypan blue 0.05% was then added for 5min at room
temperature before counting the cells.

Calculations

Results are presented as mean� s.e.m. (standard error of
the mean). One unit (U) of ACE activity was defined as
the amount of the enzyme required to release 1�mol
hippuric acidmin�1 and L�1. Graph Pad Prism 3.0 was
used for the statistical calculations. One way analysis of
variance was performed followed by Dunnett’s post test.
Statistical significance is denoted as *P<0.05,
**P<0.01 and ***P<0.001.

Results

ACE activity

After incubation with the green tea, black tea or Rooibos
tea for 10min, a significant and dose-dependent inhibition
of ACE activity in HUVEC was seen with the green tea
and the black tea (Figure 1). No significant effect on ACE
was seen with the Rooibos tea (Figure 1).

After 10-min incubation with (�)-epicatechin, (�)-epi-
gallocatechin, (�)-epicatechingallate and (�)-epigalloca-
techingallate, a dose-dependent and significant inhibition
of the ACE activity in HUVEC was seen for the four tea
catechins (Figure 2).

Compared with the DMSO control, the purine alka-
loids caffeine, theobromine and theophylline did not show
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any significant effect on the ACE activity after 10-min
incubation (data not shown).

NO production

After 10-min incubation with the green tea, black tea or
Rooibos tea, an increase in NO production was seen
(Figure 3).

After 24-h incubation, an increased dosage-dependent
and significant effect on the NO production in HUVEC
was seen for the green tea, the black tea and the Rooibos
tea (Figure 3).

After 24-h incubation with (�)-epicatechin, (�)-epigal-
locatechin, (�)-epicatechingallate and (�)-epigallocate-
chingallate, a dose-dependent and significant increase in
NO production was seen (Figure 4).

After 24-h incubation with caffeine, theobromine and
theophylline, NO production was significantly increased
(P<0.05) for caffeine 5.15�M, while no significance was
shown for theobromine or theophylline (data not shown).

LC-MS-MS

The green tea contained a higher amount of the four
catechins (epicatechin, epigallocatechin, epicatechingal-
late and epigallocatechingallate) compared with the
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Figure 1 ACE activity in HUVEC after 10-min incubation with

green tea, black tea or Rooibos tea. *P<0.05 and **P<0.01, n¼ 5.
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Figure 2 ACE activity in HUVEC after 10-min incubation with:
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black tea, while no catechins where traced in Rooibos tea.
Table 1 shows the amount of the four catechins found in
Japanese Sencha (green tea), Assam B.O.P. (black tea)
and Rooibos tea.

Viability

The cell viability after exposure to the different tea
extracts was green tea 99.9%� 0, black tea 99.6%� 0.4,
Rooibos tea 100%� 0. PBS control was 99.7%� 0.3,
n¼ 3.

Discussion

ACE inhibition decreases the amount of angiotensin II
production by interuption of the conversion of angioten-
sin I to angiotensin II. Reduced levels of angiotensin II
decrease blood pressure, and inhibit smooth muscle cell
proliferation and superoxide anion production. ACE inhi-
bitors decrease cardiovascular morbidity and mortality.
An inhibitory effect of C. sinensis on ACE activity may
be one explanation for the beneficial effects seen of this
plant on cardiovascular diseases.

The pharmacological mechanism of the allopathic
ACE inhibitors is their ability to bind to the Zn2þ at
the active site of ACE. Catechins are known to have
chelate-binding capacity to metal ions like Zn2þ and
Fe2þ. A diversity of metal ions are essential elements
for plants, and Fe2þ and Zn2þ are so called micronutri-
ents. Zinc is known as an activator or component of
many plant enzymes. The dihydroxy or the trihydroxy
structure of the catechins probably contributes to the ion
metal-chelating properties.

The results of this study showed that extracts of green
tea and black tea inhibited ACE activity and increased
NO production in cultured human endothelial cells. The
inhibitory effect on ACE activity was associated with the
flavanols i.e. epicatechin, epigallocatechin, epicatechingal-
late and in particular epigallocatechingallate. An
increased number of hydroxy groups and addition of a
double-bound oxygen seemed to increase the inhibitory
effect on ACE activity.

The ability of catechins to form insoluble compounds
with proteins and to chelate metal ions like Zn2þ may

explain the action of green and black tea as ACE
inhibitors. This could be one explanation of the phar-
macological effect of C. sinensis on the cardiovascular
system.

This study showed significantly increased NO produc-
tion from HUVEC. The effect on NO was seen after
10-min incubation but was more pronounced after 24-h
treatment with the tea extracts.

Epigallocatechingallate is considered to have antiox-
idative properties (Miura et al 2001; Ahmed et al 2002).
Since antioxidants are known to increase the bioavail-
ability of NO, the results of our study were not surpris-
ing. Studies have described that the antioxidative ability
can be explained by the chelate binding to Fe2þ

(Balentine et al 1997; Ishizaka et al 2002; Saito et al
2004).

NO inhibits platelet aggregation. The result of an
increased NO production should be inhibition of plate-
let aggregation. Chang & Hsu (1991) showed that epi-
gallocatechingallate inhibited platelet aggregation. The
most significant results on NO production in our study
was achived by epigallocatechingallate. Thus, epigallo-
catechingallate acted as an ACE inhibitor and as an
NO producer. There are several interactions known
between the RAS and NO (Yan et al 2003); ACE inhi-
bitors increase bradykinin levels and bradykinin acti-
vates eNOS and increases NO production. Tea
polyphenols have been shown to activate eNOS
(Anter et al 2004).

Compared with green tea, black tea had less effect on
ACE activity and NO production. This could be explained
by the fermentation process, which is known to reduce the
content of tea flavanols (Balentine et al 1997). According
to the results of this study, the effects of tea on ACE and
NO may be explained by the catechins e.g. epigallocate-
chingallate. In the fermentation process, polyphenol oxi-
dases come into contact with polyphenols in the resins,
thereby degrading the content of flavanols. The amount of
polyphenolic constituents in tea plants varies with climate,
season, age of the leafs and species of the tea (Lin et al
2003). According to this, the effect of tea on ACE and NO
may vary.

Roobois tea contained no catechin compounds, which
may explain why Rooibos tea did not show any significant
effects on ACE activity. However, Rooibos tea (1:200
dosage) had a significant effect on NO production. As
Rooibos tea is considered to have antioxidative effects
(Bramati et al 2002, Lee & Lang 2004) and antioxidants
may increase NO, this could be the possible pharmacolo-
gical mechanism of Rooibos tea. Rooibos tea does contain
several other polyphenols and so Rooibos tea may have
other possibilities.

Conclusions

Tea extracts and the flavanols of green tea and black tea
inhibited ACE activity and increased NO production in
human endothelial cells in-vitro. Camellia sinensis as a
beverage may have the potential to prevent and protect
against cardiovascular disease.

Table 1 The quantity of four catechins (epicatechin (EC),

epigallocatechin (EGC), epicatechingallate (ECG) and

epigallocatechingallate (EGCG)) in Japanese Sencha (green tea),

Assam B.O.P. (black tea) and Rooibos tea

Tea extract 1:20 EC

(mgmL
---1
)

EGC

(mgmL
�1
)

ECG

(mgmL
---1
)

EGCG

(mgmL
---1
)

Green tea

Japanese Sencha

140 410 220 730

Black tea

Indian Assam

B.O.P.

35 10 140 100

Rooibos tea 0 0 0 0
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