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Abstract: Tea is known as one of the most popular beverages in the world, which is
believed to be beneficial for health. The main components in tea will change a lot
depending on the different processes of fermentation, and thus the effects of different teas
on human health may differ. The aim of this study is to explore the varied abilities of
reactive oxygen species (ROS) and nitric oxide (NO) scavenging during the fermentation
of tea. In this study, we conducted the in vitro experiments which involved some reaction
systems indicating the abilities of scavenging ROS and NO. We also investigated the
effects of tea and their components (catechins, theabrownins, caffeine) on the intracellular
levels of ROS and NO, using Raw 264.7 cells as the model. We found that regardless of
whether it was out of cell system or in Raw 264.7 cells, the abilities of scavenging ROS
would decrease during the fermentation of tea. Further, the post-fermented pu-erh tea
showed the best effect on inhibiting the lipopolysaccharide (LPS)-induced production of
NO. These findings indicated that the fermentation process caused a change of the
components which might be due to the changes of their antioxidant properties and NO
scavenging abilities.
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1. Introduction

Tea is one of the most popular beverages. Tea consumption is part of many people’s daily life, as an
everyday drink and as a therapeutic aid in many illnesses. Thus, it is worthy to be investigated and has
attracted a lot of attention recently [1-3]. Tea is categorized into different types based on
manufacturing process: unfermented tea (green tea), fully fermented tea (black tea) and post-fermented
tea (pu-erh tea) [4,5]. In recent years, the legendary medicinal properties are well established. These
beneficial effects have been attributed to the presence of tea components such as catechins,
polysaccharides, theabrownins and caffeine [6-9]. The chemical compositions of the tea in different
forms were distinct and induced the change of the bioactivities, depending on the degree of
fermentation and the various modes of preparation [10].

Catechins are a group of natural polyphenols found in green tea. There are four main catechin
derivatives, including (-)-epicatechin, (-)-epigallocatechin, (-)-epicatechin gallate and (-)-epigallocatechin
gallate. In the manufacture of black tea, the monomeric catechins undergo polyphenol oxidase-dependent
oxidative polymerization leading to the formation of bisflavanols, theaflavins, thearubigins, and other
oligomers in a process commonly known as “fermentation”. The major theaflavins in black tea are
theaflavin, theaflavin-3-gallate, theaflavin-3’-gallate and theaflavin-3,3’-digallate. Theaflavins undergo
further oxidation during the fermentation of black tea and pu-erh tea to form more polymerized
thearubigins, and then condensed theabrownins [11-14]. The caffeine (1,3,7-trimethylxanthine) is a
purine alkaloid found in more than 60 different plant species. Its amount in the tea varies little during
the fermentation [15]. The chemical structures of components mentioned above are illustrated in Figure 1.

Figure 1. Chemical structures of the investigated components in tea (Adapted from [16]).
Catechins Theaflavins Thearubigins

R
2 OH

HO o _..»‘gmo'*
(Y
“OR A

OH

Epicatechin: R =R,=H
Epigallocatechin: R ;=H; R,=OH
Epicatechin-3-gallate: R,=Galloyl;
R,=H

Epigllocatechin-3-gallate:

Theaflavin: R |=R,=0H Thearubigins (R=Galloyl
Theaflavin-3-gallate: or other groups)

R =Galloyl; R,=0OH

Theaflavin-3'-gallate:

R,=Galloyl; R,=OH R,~OH; R ~Galloyl Caffeine
Theaflavin-3,3'-digallate:
Galloyl R,=R,=Galloyl s

OH HyCu

/
. N
_54@0" o)\n | "’/>
° L.



Int. J. Mol. Sci. 2011, 12 4576

Reactive oxygen species (ROS) are generated as byproducts of normal aerobic metabolism and are
increased under oxidative stress conditions, including superoxide anion, hydrogen peroxide, hydroxyl
radical [17]. Because of their high reactivity, free radicals can damage diverse cellular macromolecules,
including proteins, carbohydrates, lipids, and nucleic acids. Free radical-caused damage to these
molecules has been implicated in the causation of some degenerative diseases. For example,
destructive effects on proteins may play a role in cataract formation, oxidative damage to DNA may be
involved in the development of certain cancers, and lipid oxidative damage can lead to the occurrence
and progression of vascular disease [18]. Nitric oxide (NO) has a role in mediating macrophage
cytotoxicity, regulating blood pressure, and neurotransmission. A well-balanced level of NO has
shown to be an important regulator of various physiological processes, such as vasodilation,
neurotransmission and host defense [19]. Once NO is formed in the cell, it can react with superoxide
anions to form peroxynitrite, which is a potent oxidizing and nitrating molecule. Excess NO
production by inducible nitric oxide synthase (iNOS) has been implicated in the development of
several diseases such as cancer, diabetes, renal disease and cardiovascular disease [20]. Hence, a
considerable number of investigations have been focused on the prevention of oxidative damage
initiated by free radicals and damage by NO. Recently many researches have reported that tea have
excellent ability of ROS and NO scavenging [21], but the changes of antioxidant properties and NO
scavenging abilities during the fermentation of tea still remain unclear. Especially, the exact
components which cause these variations and the way they affect the scavenging abilities of tea during
the fermentation have not been reported so far.

In this study, our aim is to explore the changes of valid components during fermentation and their
effects on the scavenging abilities of tea by choosing some representative teas with different degrees of
fermentation. We used green tea, black tea, pu-erh tea and their main components to explore variations
of antioxidant properties and NO scavenging abilities during fermentation of tea.

2. Results
2.1. Contents of Several Polyphenol Ingredients in Tea

In a previous study, we have already analyzed the contents of polyphenol ingredients in three kinds
of tea [22]. The chemical components in green tea, black tea and pu-erh tea aqueous extracts were
analyzed and compared. The polysaccharide levels were substantially higher in the fermented black tea
and pu-erh tea, while the polyphenol level was higher in the unfermented green tea (Table 1).

Table 1. Contents of several polyphenol ingredients in teas [22] °.

Sample (Yow/w) Polyphenols Polysaccharides Caffeine Theabrownins
Green Tea 56.23+5.17° 1.01£0.11° 8.62+0.14° -
Black Tea 4240 +3.35°¢ 3.42+0.05° 8.92+0.19° -
Pu-erh Tea 33.13+3.18 ¢ 481+0.13¢ 931+0.09°" 7.32-10.50

* Data are expressed as mean + SD of n = 3; > values in the same column followed by a different
letter represent a significant difference at p < 0.05.
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2.2. DPPH Radical Scavenging Activity and ABTS" Decolourisation Assay

The method of 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) scavenging assay is based on the
reduction of DPPH, a stable free radical. Because of the odd electron of DPPH, it gives a strong
absorption maximum at 517 nm by visible spectroscopy. As the odd electron of the radical becomes
paired off in the presence of a hydrogen donor, that is, a free-radical scavenging antioxidant, the
absorption strength is decreased, and the resulting decolorization is stoichiometric with respect to the
number of electrons captured. This reaction has been widely used to test the ability of components to
act as free-radical scavengers or hydrogen donors and to evaluate the antioxidative activity of
foods and plant extracts [23]. Various concentrations of tea extracts (0—1000 pg/mL) and their main
components (0-500 pg/mL) were incubated with DPPH for 30 min individually, and then their
absorbance values at 517 nm was measured. The results presented the decrease in absorbance of the
DPPH radical due to the scavenging abilities of the extracts of different teas (Figure 2A). The effects
of the different tea components to scavenge DPPH radical increased with higher concentrations of tea
extract, with an exception of caffeine (Figure 2B). The radical scavenging abilities of the tea extracts
decreased in the following order during fermentation: green tea > black tea > pu-erh tea; catechins >
theabrownins. The DPPH scavenging rate of green tea was 78.41% at the concentration of 1000 pug/mL,
while the DPPH scavenging rate of pu-erh tea was only 44.12%. The similar antioxidant activity of tea
and their components was also observed by 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonicacid)
radical cation (ABTS") decolourisation assay. The results showed that inhibition of ABTS' by
different teas was consistent with that of DPPH (Table 2), and the tea components exhibited the similar
inhibiting abilities of ABTS" to that of DPPH (Table 3). Among all the three kinds of tea, green tea
showed the best ability of scavenging ABTS" (88.23% at 1000 pg/mL), and accordingly, catechins
(90.23% at 500 ug/mL) inhibited ABTS" more than theabrownins (50.99% at 500 pg/mL). This is
mainly because of the high content of polyphenols in green tea, especially catechins.

Figure 2. The abilities of DPPH scavenging: (A) DPPH scavenging rate of green tea, black
tea and pu-erh tea extracts at the concentrations of 0—1000 pg/mL; (B) DPPH scavenging
rate of catechins, theabrownins and caffeine at the concentrations of 0-500 pg/mL. The
results were expressed as the mean of three independent experiments.
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Table 2. ABTS scavenging rate of three tea extracts at different concentrations .

Concentration (ug/mL)

Sample 313 62.5 125 250 500 1000

0
GreenTea 0 3021+083° 40.75+023° 5047+0.76% 62.49+058° 7822+0.127 88.23+0.73¢
BlackTea 0 2238+062° 2522+021° 3037+028¢ 39.10+062°¢ 4521+0.13" 58.12+091°¢
Pu-ethTea 0 11.35£091° 20.01+0.12° 2546+0.84¢ 3023+0.62° 31.2+094% 4500+0.61°"

“ Data are expressed as mean + SD of n = 3; ® ¢ values in the same line followed by a different letter represent

a significant difference at p < 0.05.

Table 3. ABTS" scavenging rate of three tea components at different concentrations *.

Concentration (ug/mL)
0 15.6 31.3 62.5 125 250 500
Catechins 0 2212+042° 3540+080° 4223+0.71% 63.54+£0.38° 77.33+0.13" 90.23+0.71¢
Theabrownins 0 13.32+0.92° 2534+023° 29.13+021¢ 33.59+£022° 39.98+041" 50.99+0.62%
Caffeine 0 9.09+0.72° 12.78+0.72° 729+0.51¢ 11.32+0.32° 1545+0.72" 19.54+0.97¢

“ Data are expressed as mean + SD of n = 3; * ¢ values in the same line followed by a different letter represent

Sample

a significant difference at p < 0.05.

2.3. NO Scavenging Effect

Nitric oxide (NO) reacts with superoxide (O, ) to form the peroxynitrite anion, which is a potential
strong oxidant as the decomposition of this molecule produces hydroxyl radical and nitrogen dioxide.
During recent years, it has become increasingly apparent that NO contributes significantly to oxidative
cell damage. Therefore, it might be beneficial for human health if consumed foods could scavenge NO.
As shown in Figure 3A, all of the three kinds of tea inhibited the NO production in non-cellular
experiment to a smaller extent, but not in a dose-dependent manner. Furthermore they exhibited
similar scavenging NO ability, with an individual value of 30.03%, 34.25% and 39.91% at a
concentration of 1000 pg/mL. Similarly, the components in tea showed the same effects on inhibition
of NO production, with an individual scavenging rate of 40.19%, 33.25% and 41.56% at 1000 pg/mL
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(Figure 3B). Therefore, the effects of scavenging NO may be less relevant at different degrees of

tea fermentation.

Figure 3. The abilities of NO scavenging. (A) NO scavenging rate of green tea, black tea
and pu-erh tea extracts at concentrations of 0—1000 pg/mL; (B) NO scavenging rate of
catechins, theabrownins and caffeine at concentrations of 0-500 pg/mL. The results were

expressed as the mean of three independent experiments.
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2.4. Effect on Ameliorating H>O,-Induced Loss of Cell Viability and Decreasing H,O-Induced
Accumulation of ROS in Raw 264.7 Cells

To examine whether these tea extracts produce toxic effects on Raw 264.7 cells, we performed the
cell viability assay. As shown in Figure 4A and B, in three teas (0-250 pg/mL) and their main
components (0—125 pg/mL) treatment did not significantly affect cell viability. The data indicated that
these tea extracts were relatively safe for Raw 264.7 cells at the above concentrations. Therefore,
31.3 pg/mL, 62.5 pg/mL, 125 pg/mL of three tea extracts and 15.6 pug/mL, 31.3 ug/mL, 62.5 pg/mL of
their main components were used in the following experiments. The cell viability was expressed as
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) conversion rate. The effect of
three different fermentative tea extracts and their main components on H,O,-induced loss of Raw
264.7 cell viability as depicted in Figure 5. Treatment with 500 uM H,O, for 24 h decreased the
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viability of Raw 264.7 cells about 40% relative to the negative control. After the cells were treated
with H,O, simultaneously co-treated with one of three teas at different concentrations
(31.3-125 pg/mL) individually for 24 h, the cell viability was almost dose-dependent. Green tea
showed the best protective effect on the damaged Raw 264.7 cells. Figure SA shows that the cell
ability reached up to 90.98% when the cells were co-incubated with 125 pg/mL green tea. The cell
viability after treatment with catechins gradually increased in accordance with the concentration,
which was more significant than that treated with theabrownins (Figure 5B). In accordance with DPPH
and ABTS" assay results, caffeine had no obvious effects on anti OH~ damage to cells either.

Figure 4. The viability of Raw 264.7 cells exposed to various components by MTT assay.
(A) The cells were treated with three kinds of tea respectively at indicated doses for 24 h.
Cell viability was determined by MTT assay; (B) The cells were treated with distinct tea
components respectively at indicated doses for 24 h. The results were expressed as
percentage of control and were represented by mean + SE determined from three
independent experiments. All p values were for comparisons between control and tea
treated cells. The asterisk indicated p < 0.05 versus control.
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Figure 5. Protective effects of tea and their components on H,O,-induced decrease of Raw
264.7 cell viability. (A) Cell viability was estimated by MTT assay after treatment with
H,0, (500 uM) and together with one of the three tea extracts for 24 h (at indicated
concentrations); (B) Cell viability was estimated by MTT assay after treatment with H,O,
(500 uM) and together with one of three tea’s main components for 24 h (at indicated
concentrations). The results were expressed as percentage of control and were represented
by mean + SE determined from three independent experiments. All p values were for
comparisons between control and tea treated cells. The asterisk indicated p < 0.05 versus
control. # indicated p < 0.05 versus negative control.
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ROS are the main factor that causes oxidative stress, which results in decreasing cell viability. The
level of 2°,7’-dichlorofluorescin diacetate (DCF-DA) fluorescence is an indicator of ROS production.
After treatment with 500 uM H,O, for 24 h, the DCF-DA fluorescence intensity increased about
70-80% in comparison with the negative control. In this experiment, the cells were treated with
500 uM H,O,, and were simultaneously co-incubated with one of the three teas or one of their three
main components at the indicated concentrations. As shown in Figure 6 A and B, the increase in the
DCF-DA fluorescence intensity was eliminated partly when the cells were treated with different
concentrations of the three teas (31.3—125 pg/mL) and their main components (15.6—62.5 pg/mL). At
the concentration of 125 pg/mL, green tea showed the best inhibition of ROS formation in cells among
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the three teas, which decreased 66.21% fluorescence intensity more than the control group
(Figure 6A). As to their main components in different degrees of fermented tea, the less oxidized
catechins had better effect on scavenging intracellular free radical than more polymerized
theabrownins. Figure 6 B showed that 62.5 pg/mL catechins decreased the fluorescence intensity by
59.48%, while theabrownins at the same concentration decreased only 38.93% fluorescence intensity.

Figure 6. Tea and their components reduced H,O,-induced accumulation of ROS in Raw
264.7 cells. (A) The fluorescence intensity of DCF-DA was measured after Raw 264.7
cells were exposed to one of the three tea extracts and together to H,O, (500 uM) for 24 h;
(B) The fluorescence intensity of DCF-DA was measured after Raw 264.7 cells were
exposed to one of the three tea components at indicated concentrations and together to
H,O, (500 uM) for 24 h. The results were expressed as percentage of control and were
represented by mean + SE determined from three independent experiments. All p values
were for comparisons between control and tea treated cells. The asterisk indicated p < 0.05
versus control. # indicated p < 0.05 versus negative control.
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2.5. Suppressing Effects of Tea Extracts on LPS-Induced NO Production in Macrophages

The Raw 264.7 cells were treated with 1 pug/mL lipopolysaccharide (LPS) to induce NO production.
LPS-treated cells produced a high level of nitrite which was about 10~20-fold higher than that produced
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by the unstimulated cells. Control cells were only treated with 1 pg/mL LPS. Significant
concentration-dependent inhibition of NO production was observed when cells were co-treated with
LPS and various concentrations of tea extracts or their components for 24 h. Among the three teas,
pu-erh tea had the most visible effects in restraining the cells to generate NO in a dose-dependent way
(Figure 7A). When Raw 264.7 cells were incubated with 125 pg/mL pu-erh tea extract, the cells could
only produce 38.18% NO compared to the control group, while the level of NO production was
65.00% with 125 pg/mL green tea. However, the main components, catechins, theabrownins and
caffeine, did not decrease NO production of LPS-induced Raw 264.7 cells very much, as shown in
Figure 7B.

Figure 7. Effect of teas with various fermentation degrees on the NO production in
LPS-activated Raw264.7 cells. (A) The level of NO was measured after Raw 264.7 cells
were exposed to one of the three tea extracts and LPS (1 pg/mL) for 24 h; (B) The level of
NO was measured after Raw 264.7 cells were exposed to one of the three tea components
at indicated concentrations and LPS (1 pg/mL) for 24 h. The results were expressed as
percentage of control and were represented by mean + SE determined from three
independent experiments. All p values were for comparisons between control and tea
treated cells. The asterisk indicated p < 0.05 versus negtive control.

A
12 ¢ O Green Tea
B Black Tea
= 1 r OFu-eth Tea
B
4 08 1
&
% 06 r
w04
=02 |
A
] _iﬁll L
Samples (pgfml) 0 0
LPs
B
12 ¢ O Catechins
n o _* + &  ETheabrovmns
g 17 O Caffeine
ki
2 05 |
g
A
o
204 |
(=)
To2f
5, L]
0 ' -
Samples (ug/ml) 0 15.6 31.3 62.5

LPs



Int. J. Mol. Sci. 2011, 12 4584

3. Experimental Section
3.1. Materials

Dulbecco’s modified Eagle medium (DMEM), newborn calf serum, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliunbromide (MTT) were purchased from GIBCO BRL (Grand Island, NY, USA).
Trypsin, penicillin, streptomycin, DPPH, ABTS, DCF-DA and all other chemicals employed in this
study were of analytical grade and were purchased from Sigma Chemical Co (St. Louis, USA).
Catechins, theabrownins and caffeine were provided by China Academy of Pu-erh Tea Research (Pu
Erh, Yunnan, China). The tea fermentation processes are carried out by tea-making experts in the
China Academy of Pu-erh Tea Research. The resulting tea products are classified according to the
degree of fermentation as unfermented tea (green tea), fully fermented tea (black tea) and
post-fermented tea (pu-erh tea), and they were provided by China Academy of Pu-erh Tea Research
(Pu Erh, Yunnan, China).

3.2. Preparation of Tea Extracts [22]

The tea leaves of Green tea, Black tea and Pu-erh tea were collected from plants grown in the
Yunnan Highlands of China. Green tea leaves were collected and heated, dried at <60 °C and molded
to make unfermented tea. To make fermented Black tea and post fermented pu-erh tea, the tea leaves
were dampened and fermented. Then dried at <60 °C and packed. Green tea, Black tea and Pu-erh tea
were extracted three times by placing in boiling distilled water for 10 min each time. The solution was
collected, lyophilized to obtain the aqueous extract.

3.3. Determination of Polyphenol, Polysaccharides, and Caffeine Content in Concentrated Tea
Extracts [22]

Polyphenol content were performed under the guidelines of national standards using the ferrous
tartrate method. Briefly, the tea extraction solution, buffer solution and ferrous tartrate tetrahydrate
solution were mixed in 25-mL capacity bottle. Absorbance (A) at 540 nm with a 10 mm quartz cell
was used to calculate the extraction of tea polyphenols. Polysaccharides were quantitated using the
anthrone—sulfuric acid method using glucose as standard as described. A standard curve was generated
with glucan, which was linear between the concentration range of 5 and 30 pg. The calibration curve
equation was y = 0.063x + 0.0579 and had a correlation coefficient of R* = 0.9957. Caffeine was
quantitated using the lead subacetate method. A standard curve was generated with caffeine, which
was linear between the concentration range of 50 and 300 pg. The calibration curve equation was
y=62.911x + 0.0058 and had a correlation coefficient of R* = 0.9997.

3.4. DPPH-Radical Scavenging Activity

The DPPH method [24] was employed here to evaluate the free radical scavenging abilities of
various samples. Tea extract samples were dissolved in distilled methanol, and solutions of different
concentrations were prepared in different test tubes. 4 mL of 0.1 mM DPPH solution in methanol was
added to these test tubes and shaken vigorously. The tubes were then incubated in the dark at room
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temperature for 30 min. A DPPH blank sample was prepared without any extract, and methanol was
used for the baseline correction. Changes (or decrease) in the absorbance at 517 nm were measured
using a UV visible spectrophotometer (SHIMADZU UV 2550). The DPPH solution was freshly
prepared daily, stored in a flask covered with aluminum foil, and kept in the dark at 4 °C between
measurements. The percent decrease in the absorbance was recorded for each concentration, and
percent quenching of DPPH was calculated on the basis of the observed decrease in absorbance of the
radical. The radical scavenging activity was expressed as the inhibition percentage and was calculated
using the following formula:

% DPPH scavenging = [(Acontrol ~ Asample) X 100/Acontrol]
3.5. ABTS" Decolorization Assay

ABTS' radical scavenging activities of the samples were determined by the method of Re et al. [25].
In brief, ABTS" was dissolved in water to a 7 mM concentration. ABTS" radical cation was produced
by reacting ABTS' stock solution with 2.45 mM potassium persulfate (final concentration) and
allowing the mixture to stand in the dark at room temperature for 16 hours before use. For the
determination of antioxidant activity, the ABTS" radical solution was diluted with ethanol to an
absorbance of 0.70 (£0.02) at 734 nm. After addition of 1.0 mL of diluted ABTS" radical solution to
10 mL of the sample, the absorbance was recorded in 5 minutes after initial mixing. Percentage
inhibition was calculated by using the following equation:

% ABTS" scavenging = [(Acontrol = Asample) % 100/Acontrol]
3.6. NO-Scavenging Activity

To estimate possible NO-scavenging activity of tea extracts, different concentrations of sodium
nitroprusside (SNP) (I, 2 or 5 mM) were incubated alone or in combination with different
concentrations of tea extracts. All solutions were made in 0.1 M phosphate buffer (pH 7.4) and added
directly into tubes. SNP was an inorganic complex where NO was found as NO" and light irradiation
was necessary for release of NO. Therefore, incubation mixtures were incubated on light, at room
temperature, and nitrite levels were determined exactly after 30 min. For nitrite measurements, sample
aliquots of 1 mL were mixed with an equal volume of Greiss reagent system [26] containing 1%
sulphanilamide and 0.1% naphthylethylenediamine in 5% phosphoric acid. The mixture was then
incubated at room temperature for 10 min and the absorbance was measured at 546 nm [27].

3.7. Cell Culture and Assessment of Cell Viability

Raw 264.7 cells were cultured in DMED supplemented with 10% ednotoxin-free, heat-inactivated
fetal calf serum (Gibco, Grand Island, NY). Cell viability was measured by quantitative colorimetric
assay with MTT, showing the mitochondrial activity of living cells as described in the literature [28,29].
Cells were cultured at a density of 2 x 10° cells/mL on 96-well plates and cultured 24 h before
treatment. Initially, the culture medium was replaced with fresh medium containing various
concentrations of tea extracts or components, to determine the optimal concentration of tea or
components for the following experiments (Figure 4). In the following experiments (Figure 5), tea
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extracts were added together with H,O, for 24 h. After co-treatment with H,O, and tea for 24 h, the
medium was removed and fresh medium containing 0.5 mg/mL MTT was added to each well,
followed by incubation for 3 h at 37 °C. Finally the medium containing MTT was removed, and cells
were lysed with dimethyl sulfoxide (DMSO). The absorbance at 570 nm was measured on a Bio-Rad
3350 microplate reader. Control cells were treated in the same way without H,O,, and the value of

different absorbance was expressed as a percentage of control.
3.8. Measurement of Intracellular Reactive Oxygen Species

The level of intracellular reactive species was quantified by fluorescence with DCF-DA as
described by Yamamoto et al. [30]. DCF-DA is a cell permeable and nonfluorescent agent. Cells
(2 x 10° cells/well) were incubated with Hallam’s physiological saline (HPS) containing DCF-DA
(10 uM) in a 96-well microplate for 30 min at 37 °C. After the incubation, cells were washed three
times with HPS and incubated with HPS containing samples (with different concentration) for 30 min,
then incubated with HPS containing H,O, (500 uM) for the indicated time periods. The intracellular
reactive species levels were measured by using a fluorescence plate reader (Fluoroskan Ascent 2.4), at
an excitation wavelength of 485 nm and an emission wavelength of 538 nm. The measured fluorescence
values were expressed as a percentage of the fluorescence in control cells.

3.9. Determination of NO Production

To determine the effect of tea extract on the NO production, the cells were seeded at a density of
2 x 10° cells per well in 96-well culture dishes. Following incubation for 24 h, the adherent cells were
washed three times with Phosphate Buffered Saline (PBS). The cells were then incubated in the
medium with extracts from one of three teas or components, with or without 1 pg/mL LPS. After
incubation for 24 h, the medium was collected and stored at —70 °C until assay. Finally, medium nitrite
concentration was measured as an indicator of NO production by the Griess reaction [26]. Control cells
were only treated with LPS without tea, and the value of different levels of NO production was

expressed as a percentage of control.
3.10. Statistical Analysis

The results were presented as mean + SE. Student’s t test was used for a statistical comparison.
(A probability level of 5%, p < 0.05 was considered statistically significant).

4. Discussion

Our previous study has shown that the degree of fermentation had a profound effect on the levels of
polyphenols. Total polyphenol levels in tea aqueous were significantly decreased during fermentation,
which were the most beneficial components for human health. In addition, polysaccharide levels
increased during the fermentation process. The caffeine content of different teas did not change much
with the degree of fermentation [22]. Thus, the distinct physiologic functions of tea will vary during
fermentation. The aim of this study is to explore the changes of antioxidant properties and NO

scavenging abilities during fermentation of tea.



Int. J. Mol. Sci. 2011, 12 4587

Free-radical-initiated autoxidation of cellular membrane lipids could lead to cellular necrosis and a
variety of pathological conditions such as cancer and even aging [37]. Hence, a considerable number
of investigations have focused on the prevention of oxidative damage initiated by free radicals. In this
study, we found that green tea exhibited the strongest ability of scavenging ROS, such as DPPH and
ABTS". As fermentation went on, the effect of antioxidation would attenuate, which coincided with
the result that the catechins’ capacity of decreasing extracellular and intracellular ROS was better than
theabrownins’. Catechins are a group of natural polyphenols most enriched in green tea, which is
known as a powerful deoxidizer due to its antioxidative active group, such as phenolic hydroxyl group.
When the tea undertgoes fermentation, catechins would react with each other to generate polymers,
known as theaflavins. Then theaflavins continue to converge into thearubigins. After post fermentation,
the small molecular polyphenols polymerize into polymer with higher molecular weight, theabrownins.
Throughout the entire reaction course, the antioxidative active groups are lost due to polymerization.
Thus, the reduction of ability to clearing ROS may result from the fact that the polyphenols and their
effective antioxidative activity would abate during fermentation.

NO is a gaseous free radical that can be formed by nitric oxide synthase (NOS) in cells. Following
induction, iNOS can be expressed quantitatively in various cells, such as macrophages, smooth muscle
cells and hepatocytes. However, if the balance of NO in vivo is disrupted, a lot of damage would be
caused to the body, leading to conditions such as cancer, diabetes, renal disease and cardiovascular
disease [39—41]. One aim of our study is to find out whether the function of tea to inhibit NO
production would vary under different degrees of fermentation. Interestingly, opposite to the effects on
scavenging the oxidative free radicals, the post-fermentated pu-erh tea displayed a better function on
NO suppression according to Figure 7A. This result may have little relevance with the variations of the
polyphenols in tea, according to the effect on inhibition of NO production as shown in Figure 7B. The
results in Figure 3 show that in the non-cellular experiment, the effects of three tea extracts and their
components on scavenging NO did not increase in a dose-dependent way, while in the cellular
experiment (Figure 7) three teas inhibited the cell to produce NO in a dose-dependent manner but for
their components. The reason may be that the active ingredients of the tea can permeate into or be
absorbed by the cells, and suppress the expressions or the functions of NOS or other related proteins.
That the pu-erh tea showed the most effective inhibition on NO generation was probably caused by the
increase of polysaccharide levels during the fermentation process.

The results in this study will provide us clues to find new drugs against diseases caused by
overproduction of ROS or NO.

5. Conclusions

The results acquired from chemical components and scavenging activity analysis in this study
provide clues to the key molecules that contribute to the inhibition of ROS and NO production. The
data showed that catechins, the main green tea phenolic components, had the best ability of scavenging
ROS and helping cells to survive against H,O, damage, which indicated that the antioxidative effects
of tea would attenuate during fermentation. However, the abilities of tea to inhibit NO production in
cells were elevated when tea was fermented, rather than the components in tea not directly scavenging
NO outside the cells. Hence, we proposed that the components of tea might permeate into or be
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absorbed by cells, and then they function to restrain the proteins which were in charge of NO
production. Although further studies are required to elucidate the molecular mechanism, these results
demonstrated that tea extract and their constituents could be candidate agents for the therapy of
diseases caused by overoxidation or NO.

Acknowledgements
The study was supported by the Pu-erh Tea Institute of China, Foundation (No.120091109089002).
References

1. Binns, C.W.; Lee, A.H.; Fraser, M.L. Tea or coffee? A case study on evidence for dietary advice.
Public Health Nutr. 2008, 11, 1132-1141.

2. McKay, D.L.; Blumberg, J.B. The role of tea in human health: An update. J. Am. Coll. Nutr.
2002, 217, 1-13.

3. Melgarejo, E.; Urdiales, J.L.; Sdnchez-Jiménez, F.; Medina, M.A. Targeting polyamines and
biogenic amines by green tea epigallocatechin-3-gallate. Amino Acids 2010, 38, 519-523.

4. Jayabalan, R.; Marimuthu, S.; Swaminathan, K. Changes in content of organic acids and tea
polyphenols during kombucha tea fermentation. Food Chem. 2007, 102, 392-398.

5. Zhao, J.W.; Chen, Q.S.; Huang, X.Y. Qualitative identification of tea categories by near infrared
spectroscopy and support vector machine. J. Pharm. Biomed. Anal. 2006, 41, 1198—1204.

6. Grove, K.A.; Lambert, J.D. Laboratory, epidemiological, and human intervention studies show
that tea (Camellia sinensis) may be useful in the prevention of obesity. J. Nutr. 2010, 140, 446—453.

7.  Moore, R.J.; Jackson, K.G.; Minihane, A.M. Green tea (Camellia sinensis) catechins and vascular
function. Br. J. Nutr. 2009, 102, 1790-1802.

8. Rains, T.M.; Agarwal, S.; Maki, K.C. Antiobesity effects of green tea catechins: A mechanistic
review. J. Nutr. Biochem. 2011, 22, 1-7.

9. Hodgson, J.M.; Croft, K.D. Tea flavonoids and cardiovascular health. Mol. Aspects Med. 2010,
31,495-502.

10. Yanagimoto, K.; Ochi, H.; Lee, K.G.; Shibamoto, T. Antioxidative activities of volatile extracts
from green tea, oolong tea, and black tea. J. Agric. Food Chem. 2003, 51, 7396-7401.

11. Yao, L.H.; Liu, X.; Jiang, Y.M.; Caffin, N.; D’Arcy, B.; Singanusong, R.; Datta, N.; Xu, Y.
Compositional analysis of teas from Australian supermarkets. Food Chem. 2006, 94, 115-122.

12. Lin, Y.L.; Juan, LM.; Chen, Y.L.; Liang, Y.C.; Lin, J.K. Composition of polyphenols in fresh tea
leaves and associations of their oxygen-radical-absorbing capacity with antiproliferative actions in
fibroblast cells. J. Agric. Food Chem. 1996, 44, 1387—1394.

13. Yang, Z.Y.; Tu, Y.Y.; Baldermann, S.; Fang Dong, F.; Xu, Y.; Watanabe, N. Isolation and
identification of components from the ethanolic extract of flowers of the tea (Camellia sinensis)
plant and their contribution to the antioxidant capacity. LWT-Food Sci. Technol. 2009, 42,
1439-1443.

14. Gong, J.; Peng, C.; Chen, T.; Gao, B.; Zhou, H. Effects of theabrownin from pu-erh tea on the
metabolism of serum lipids in rats: Mechanism of action. J. Food Sci. 2010, 75, 182—189.



Int. J. Mol. Sci. 2011, 12 4589

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

35.

36.

Yadav, S.K.; Ahuja, P.S. Towards generating caffeine-free tea by metabolic engineering. Plant
Foods Hum. Nutr. 2007, 62, 185-191.

Lambert, J.D.; Yang, C.S. Cancer chemopreventive activity and bioavailability of tea and tea
polyphenols. Mutat. Res. 2003, 523-524,201-208.

Duh, P.D.; Yen, G.C.; Yen, W.J.; Wang, B.S.; Chang, L.W. Effects of pu-erh tea on oxidative
damage and nitric oxide scavenging. J. Agric. Food Chem. 2004, 52, 8169-8176.

Cheng, Z.; Yan, G.; Li, Y.; Chang, W. Determination of antioxidant activity of phenolic
antioxidants in a Fenton-type reaction system by chemiluminescence assay. Anal. Bioanal. Chem.
2003, 375, 376-380.

Lin, Y.S.; Tsai, Y.J.; Tsay, J.S.; Lin, J.K. Factors affecting the levels of tea polyphenols and
caffeine in tea leaves. J. Agric. Food Chem. 2003, 51, 1864—1873.

Lin, C.C.; Lu, M.J.; Chen, S.J.; Ho, S.C. Heavy fermentation impacts NO-suppressing activity of
tea in LPS-activated Raw 264.7 macrophages. Food Chem. 2006, 98, 483—489.

Yang, Z.; Jie, G.; Dong, F.; Xua, Y.; Watanabe, N.; Tu, Y. Radical-scavenging abilities and
antioxidant properties of theaflavins and their gallate esters in H,O,-mediated oxidative damage
system in the HPF-1 cells. Toxicol. in Vitro 2008, 22, 1250-1256.

Zhao, H.; Zhang, M.; Zhao, L.; Ge, Y.; Sheng, J.; Shi, W. Changes of constituents and activity to
apoptosis and cell cycle during fermentation of tea. Int. J. Mol. Sci. 2011, 12, 1862—-1875.

Zhu, Q.Y.; Hackman, R.M.; Ensunsa, J.L.; Holt, R.R.; Keen, C.L. Antioxidative activities of
oolong tea. J. Agric. Food Chem. 2002, 50, 6929—6934.

Jayaprakasha, G.K.; Singh, R.P.; Sakariah, K.K. Antioxidant activity of grape seed (Vitis
Vinifera) extracts on peroxidation models in vitro. Food Chem. 2001, 73, 285-290.

Re, R.; Pelegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity
applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26,
1231-1237.

Kim, H.; Lee, H.S.; Chang, K.T.; Ko, T.H.; Baek, K.J.; Kwon, N.S. Chloromethyl ketones block
induction of nitric oxide synthase in murine macrophages by preventing activation of nuclear
factor-jB. J. Immunol. 1995, 154, 4741-4748.

Green, L.C.; Wagner, D.A.; Glogowski, J.; Skipper, P.L.; Wishnok, J.S.; Tannenbaum, S.R.
Analysis of nitrate, nitrite and [15N] nitrite in biological fluids. Anal. Biochem. 1982, 126, 131-138.
Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to
proliferation and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55-63.

Denizot, F.; Lang, R. Rapid colorimetric assay for cell growth and survival: Modifications to the
tetrazolium dye procedure giving improved sensitivity and reliability. J. Immunol. Methods 1986,
89,271-277.

Yamamoto, T.; Hsu, S.; Lewis, J.; Wataha, J.; Dickinson, D.; Singh, B.; Bollag, W.B.; Lockwood, P.;
Ueta, E.; Osakil, T.; Schuster, G. Green tea polyphenol causes differential oxidative environments
in tumor versus normal epithelial cells. J. Pharm. Exp. Ther. 2003, 307, 230-236.

Larsen, C.A.; Dashwood, R.H.; Bisson, W.H. Tea catechins as inhibitors of receptor tyrosine
kinases: Mechanistic insights and human relevance. Pharm. Res. 2010, 62, 457-464.

Baruah, A.M. Fermentation characteristics of some sssamica clones and process optimization of
black tea manufacturing. J. Agric. Food Chem. 2003, 51, 6578—6588.



Int. J. Mol. Sci. 2011, 12 4590

37.

38.

39.

40.

41.

Pryor, W.A. Oxy-radicals and related species: Their formation, lifetimes, and reactions. Annu.
Rev. Physiol. 1986, 48, 657—667.

Mayer, B.; Hemmens, B. Biosynthesis and action of nitric oxide in mammalian cell. Trends
Biochem. Sci. 1997, 22, 477-481.

Beckman, J.S.; Koppenol, W.H. Nitric oxide, superoxide, and peroxynitrite: The good, the bad,
and ugly. Am. J. Physiol. 1996, 271, 1424—1437.

Cooke, J.P.; Dzau, V.J. Nitric oxide synthase: Role in the genesis of vascular disease. Annu. Rev.
Med. 1997, 48, 489-509.

Yermilov, V.; Rubio, J.; Becchi, M.; Friesen, M.D.; Pignatelli, B.; Ohshima, H. Formation of
8-nitroguanine by the reaction of guanine with peroxynitrite in vitro. Carcinogenesis 1995, 16,
2045-2050.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



