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Abstract: Epigallocatechin gallate (EGCG) is the most abundant component of green tea catechins
and has strong physiological activities. In this study, two novel EGCG glycosides (EGCG-G1
and EGCG-G2) were chemoselectively synthesized by a chemical modification strategy. Each of
these EGCG glycosides underwent structure identification, and the structures were assigned as
follows: epigallocatechin gallate-4”’-O-B-D-glucopyranoside (EGCG-G1, 2) and epigallocatechin
gallate-4,4"-O-B-D-gluco-pyranoside (EGCG-G2, 3). The EGCG glycosides were evaluated for their
anticancer activity in vitro against two human breast cell lines (MCF-7 and MDA-MB-231) using MTT
assays. The inhibition rate of EGCG glycosides (EGCG-G1 and EGCG-G2) is not obvious. The EGCG
glycosides are more stable than EGCG in aqueous solutions, but exhibited decreasing antioxidant
activity in the DPPH radical-scavenging assay (EGCG > EGCG-G2 > EGCG-G1). Additionally, the
EGCG glycosides exhibited increased water solubility: EGCG-G2 and EGCG-G1 were 15 and 31 times
as soluble EGCG, respectively. The EGCG glycosides appear to be useful, and further studies
regarding their biological activity are in progress.
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1. Introduction

Green tea has been consumed by human beings for thousands of years and is an important
source of tea catechins. Tea catechins, including catechin (C), epicatechin (EC), gallocatechin
(GC), epigallocatechin (EGC), epicatechin-3-gallate (ECG), gallocatechin-3-gallate (GCG), and
epigallocatechin gallate (EGCG), have many reported biological activities, such as antioxidative,
anticarcinogenic and antitumor properties [1-3]. Specifically, epigallocatechin gallate (EGCG, 1,
Figure 1) is the most abundant catechin (accounting for approximately 50% of total catechins) [4] and
has been reported to have stronger physiological activities than others [5-8]. EGCG has been studied
previously for its effects in inducing breast cancer apoptosis and cell-cycle arrest [9,10]. Another study
also suggested that EGCG could be used as an agent to block smoking (Nic)- or hormone (E2)-induced
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breast cancer cell proliferation by inhibiting the ®9-nAChR signaling pathway [11] and could block
Wnt signaling by inducing the HBP1 transcriptional repressor to inhibit aspects of invasive breast
cancer [12]. These mechanisms reveal that EGCG may have significant chemopreventive applications
in human breast cancer. Accordingly, substantial attention has been paid to tea catechins for their
potential applications.

OH OH

@ <l
HO O w oH
OH
HO
Q In OH
OH 0 o OH
o HO
1 OH OH
2

Figure 1. Structures of EGCG (1), EGCG-G1 (2), and EGCG-G2 (3).

However, the use of EGCG is often hindered by problems such as its poor water solubility [13],
rapid metabolism [14], and ready degradation in aqueous solutions [13]. To obtain more potent
analogues and overcome this problem, a great deal of research has been performed. Examples include
permethyl EGCG [15], peracetyl EGCG [16,17], perbenzylated EGCG [18], EGCG-octa-O-TBDMS [19],
EGCG-3SH [20], EGCG monoester derivatives [21], and EGCG glycosides [13,22-24], which are more
active than EGCG or have been found to inhibit EGCG oxidation. Potential anticancer agents such as
the reported EGCG derivatives are often associated with undesirable side effects, including decreases
in the water solubility and stability of EGCG. Thus, the structural modification of EGCG to develop
new compounds with increased solubility and stability is highly desirable. As illustrated in the
literature [13,22-25], the glycosylated derivatives of catechins exhibited similar antioxidant properties,
increased solubility in water and stronger tyrosinase inhibitory effects. Thus, the transglycosylated
derivatives of EGCG are important for their utility as food additives and cosmetics.

Recently, preparation of glycoconjugates of small molecule drugs has become an attractive
strategy in order to overcome problems of water solubility and stability in aqueous solution
and reduce side effects [26,27]. Both epigallocatechin gallate-5-O-x-D-glucopyranoside [28] and
epigallocatechin gallate-4’,4”-O-«-D-glucopyranoside [28,29], two EGCG glycosides have been
synthesized by enzymatic reactions, are derivatives of EGCG x-D-glucopyranoside that exhibit similar
antioxidant effects and are more water soluble than EGCG. The corresponding (3-D-glucopyranosides
of EGCG are not reported in the previous literature. The chemical modification by glycosylation
is still not known for EGCG, and the chemical modification of compounds can be controlled with
respect to biosynthesis and should further broaden the potential industrial applications. Therefore, the
chemical modification of EGCG may be an effective strategy for synthesizing useful epigallocatechin
gallate glycosides.

In this study, we report the synthesis of EGCG glycosides by a chemical strategy, in which
a D-glucopyranosyl residue is attached to the 4”-hydroxyl group of the D-ring (EGCG-G1, 2) or both the
4’- and 4"’-hydroxyl groups of EGCG (EGCG-G2, 3, Figure 1). The glycosylated epigallocatechin gallate
derivatives were screened for biological activities, including antitumor activity and antioxidant activity.
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2. Results and Discussion

2.1. Chemical Synthesis and Structural Determination of EGCG Glycosides

The molecular ion of EGCG-G1 was observed at m/z 619 (M — H)~, indicating a molecular formula
CogHpg014 confirmed by HRESIMS (m/z 619.1295 [M — H] ™, calcd for 620.1377); mp. 182-185 °C;
[4]5%: —10.8 (c 0.12, DMSO). In its 'H-NMR spectrum (Table 1), the doublet signal at 4.87 ppm
(d, ] = 9.0 Hz) was assigned to the anomeric proton. In addition, C-1""” was observed at 106.0 ppm
in the 13C-NMR spectra, showing that only one glucosyl residue is -linked to EGCG. In the HBMC
data (Figure 2), the chemical shift of C-4"/ was observed at 137.1 ppm, and coupling appeared to
have occurred between C-4" and H-1""" (4.87 ppm, d, | = 9.0 Hz) of the glucosyl residue, which
indicated that the glucosyl residue had been attached to C-4"" of the EGCG, whereas C?’-H, C®’"-H
(6.82 ppm) occurred with C-2, C-1”, C-3", C-4"" and C-5" of the D ring; C2’-H, C6'-H (6.52 ppm)
occurred with C-1/, C-3", C-4"" and C-5" of the C ring; H-4 was observed at 2.89-2.69 ppm and
2.58-2.49 ppm, and its couplings occurred with C-2, C-3, C-5 and C-10 of EGCG. Based on these
results, we determined that the structure of EGCG-G1 could be most appropriately referred to as
epigallocatechin gallate-4’-O-f-D-glucopyranoside (2, Figure 1).

Table 1. 'H-NMR and 3C-NMR data of EGCG-G1 and EGCG-G2 in DMSO-d, 2.

. EGCG-G1 (57) EGCG-G2 (5,)
C Position
5¢c ou 5¢c ou
EGCG
2 77.3 5.03 (s) 77.2 5.03 (s)
3 69.3 5.37 (br s) 69.4 5.38 (br s)
4 25.6 2.89-2.69 (m) 25.6 2.99-2.89 (m)
2.58-2.49 (m) 2.70-2.66 (m)
5 156.7 156.7
6 95.7 5.94 (d, ] = 2.4 Hz) 95.7 5.94 (d, ] = 2.4 Hz)
7 155.3 155.3
8 94.2 584 (d, ] = 2.4 Hz) 94.3 584 (d, ] =2.4Hz)
9 156.5 156.5
10 92.0 92.1
1/ 125.6 125.6
2'/6 105.6 6.52 (s) 105.8 6.51 ()
3'/5 150.3 150.3
4/ 135.6 135.6
1 132.6 132.6
21 /6" 108.6 6.82 (s) 108.6 6.80 ()
3" /5" 149.8 149.8
4" 137.1 137.1
COO- 164.7 164.7
Glucose (-G1)
1" 106.0  4.87(d, ] =9.0 Hz) 106.0 4.70 (d, ] = 9.5 Hz)
21 75.1 3.33-3.15 (m) 75.8 3.30-3.22 (m)
3 76.4 5.25-5.24 (m) 76.7 5.14-5.13 (m)
4 73.6 3.33-3.15 (m) 73.6 3.30-3.22 (m)
5" 77.2 4.59-4.57 (m) 77.1 4.56-4.55 (m)
6" 60.4 3.60-3.58 (m) 60.4 3.61-3.57 (m)
Glucose (-G2)
/1 104.6 446 (d, ] = 9.5 Hz)
21 75.7 3.30-3.22 (m)
3/ 76.1 5.24-523 (m)
4 73.6 3.30-3.22 (m)
511 77.1 4.61-4.60 (m)
6" 61.2 3.61-3.57 (m)

2 TH.NMR (500 MHz), '3C-NMR (125 MHz).



Molecules 2016, 21, 620 4 0f 10

f;@‘:: s S
%@%“‘% e

Figure 2. HMBC correlations of EGCG-G1 (2) and EGCG-G2 (3).

The molecular ions of EGCG-G2 was observed at m/z 781 (M — H) ™, having a molecular formula
determined as C3sH330p1 by HRESIMS (m/z 781.1814 [M — H]~, calcd for 782.1906); mp. 208-212 °C;
[a ]23 7. —67.1 (c0.15, DMSO) In Table 1, the two doublet signals at4.70 ppm (d, ] =9.5 Hz) and 4.46 ppm
(d, ] =9.5 Hz) were assigned to the anomeric protons, showing that two glucosyl residues are (3-linked
to the EGCG.

Based on the HMBC data (Figure 2), coupling occurred between H-1"" (4.70 ppm, | = 9.5 Hz) of the
glucosyl residue and C-4’ (135.6 ppm) of the C ring and also between H-1""" (4.46 ppm, | = 9.5 Hz) of
the other glucosyl residue and C-4"/ (137.1 ppm) of EGCG. These signals indicated that the two glucoses
had been attached to the C-4’ and C-4”” of EGCG. The chemical shift for the proton at C>”’-H, C®"-H
(6.80 ppm) exhibited coupling with C-2, C-C-1”/, C-3", C-4" and C-5" of EGCG; C%'-H, C®-H (6.52 ppm)
occurred with C-1/, C-3", C-4"" and C-5" of the C ring; whereas H-4 was observed at 2.99-2.89 ppm and
2.70-2.66 ppm, and its couplings occurred with C-2, C-2, C-5 and C-10 of EGCG. These results indicate
that two B-glucosidic linkages (-1""'—4’ and -1"""’—4"") formed during the reaction, and EGCG-G2
could be most appropriately referred to as epigallocatechin gallate-4’,4”-O-3-D-glucopyranoside
(3, Figure 1).

2.2. Anticancer Activity

The EGCG glycosides EGCG-G1 and EGCG-G2 were tested for their anticancer activity against
two human breast cancer cell lines, MCF-7 and MDA-MB-231. Cisplatin (CDDP) was used as a reference
compound. The screening procedure was based on the standard MTT method [30], Figure 3 illustrates
the cell viability results, while treatment of EGCG (20 uM) for 48 and 72 h markedly increased the
percentage of apoptotic cells (32%-51%) in MCF-7 cells compared to that of non-EGCG treated cells
(8%—-14%) [31], treatment of EGCG (20 uM) for 48 h and 72 h increased the percentage of apoptotic cell
(71%-75%) in MDA-MB-231 [32]. The EGCG glycosides show weak activity against the two cancer cell
lines tested compared with EGCG. As shown in Figure 3, the concentration of EGCG-G2 (25.56 uM)
with the lowest of cell viability is 74% whereas EGCG-G1 (64.52 uM) is 69%. From these results, the
inhibition rate of EGCG glycosides (EGCG-G1 and EGCG-G2) is not obvious.
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Figure 3. In vitro anticancer activity of EGCG glycosides: EGCG-G1 (2) and EGCG-G2 (3). MTT cell
viability assays of human breast cancer cell lines MCF-7 (A) and MDA-MB-231 (B) treated with cisplatin
(CDDP), EGCG-G1 (2) and EGCG-G2 (3). The cells were seeded in 96-well plates and, after overnight
incubation, treated with various agent concentrations for 48 h. The viability values are represented as
percentages with respect to the untreated cells (regarded as 100% viability). The bars demonstrate the
means of triplicate experiments with SD.
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2.3. Antioxidant Activity

DPPH is a stable free radical that has been widely used to determine antioxidant capacity. Figure 4
shows the DPPH radical scavenging activities of EGCG and EGCG glycosides. Our first observation is
that the compounds with glucose residues (EGCG-G1, EGCG-G2) mostly show lower activity than
EGCG. Previously, Rise [33] and Moon [29] reported the antioxidant activities of EGCG glycosides.
Moon and Lee [22] reported that the 4-hydroxy moiety in the C ring plays an important role in
DPPH radical scavenging. We found that the DPPH radical scavenging activity ranking of EGCG and
EGCG glycosides was EGCG > EGCG-G2 > EGCG-G1. According to Nanjo [34], the EGCG glycoside
epigallocatechin gallate-4’-O-«-D-glucoside exhibited lower antioxidant activity than epigallocatechin
gallate-4’ 4"'-O-«-D-glucoside. These values showed a pattern similar to that of our results. Thus, we
confirmed that the O-trihydroxyl group in the C ring and the galloyl moiety are the most important
structural features for scavenging activity in the DPPH radicals.
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Figure 4. DPPH radical-scavenging activities of EGCG and EGCG glycosides: EGCG-G1 (2) (100 puL of
4.04,8.07,16.13, 24.20, 241.95, 483.90, 873.60 uM), EGCG-G2 (3) (100 uL of 3.20, 6.39, 12.78,19.17, 191.70,
383.40, 511.20 uM) or EGCG (100 uL of 5.46, 10.92, 21.84, 32.76, 327.60, 655.20, 870.4 uM) was mixed
with 0.13 uM 1,1-diphenyl-2-picrylhydrazyl (100 uL) in darkness at room temperature for 30 min, and
the absorbance was monitored at 519 nm. Each value is the mean + standard deviation (1 = 3).

2.4. Stability Investigation

Hydrogen peroxide (H,0O,) is a by-product of biological oxidation processes and has been used as
a method for investigating the stability of compounds. Figure 5 shows the H,O, concentrations of the
three compounds EGCG, EGCG-G1 and EGCG-G2. EGCG is readily degraded in aqueous solutions,
whereas the EGCG glycosides EGCG-G1 and EGCG-G2 are more stable. This result indicates that
the glucose residue is significant for the EGCG derivatives, but the effect of the number of glucosyl
residues attached to EGCG shows no significant difference in this study. For example, the H,O,
concentration of EGCG-G1 (0.007 pM) is nearly the same as for EGCG-G2.

0.0101
0.0084
0.006

0.0044

Concentration of H,0,(uM)

0.002

¢ A v %
Type of Compound

Figure 5. H,0O, concentrations of EGCG and EGCG glycosides: EGCG (1), EGCG-G1 (2) and
EGCG-G2 (3), tested using a HyO, Quantitative Assay Kit (Water-Compatible).
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2.5. Effects of Glycosylation on Water Solubility

We also determined the water solubilities of the EGCG and EGCG glycosides. The solubility
of EGCG was 16.05 mM, whereas the solubilities of EGCG-G1 and EGCG-G2 were 240.93 mM and
504.73 mM, or 15 and 31 times higher than for EGCG. Table 2 shows the increase in the water solubility
of the EGCG glycosides and that the number of glycol units improved the aqueous solubility of
the compounds.

Table 2. Solubilities of EGCG and EGCG glycosides.

Compound Solubility in Water  (mM) Relative Solubility
EGCG 16.05 + 1.23 1

EGCG-G1 240.93 £ 191 15

EGCG-G2 504.73 + 0.57 31

a. Mean + standard deviation (n = 3).

3. Experimental Section

3.1. General Information

D-Glucose was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
EGCG was obtained from Chengdu Biopurify Phytochemicals, Ltd. (Chengdu, China). 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Sigma Aldrich (St. Louis,
MO, USA). Quantitative Assay Kit was purchased from Sangon Biotech Co., Ltd. (Shanghai, China).
H,0; Quantitative Assay Kit was purchased from Sangon Biotech Co., Ltd. The ZORBAX SB-Cig
HPLC column was purchased from Agilent Technologies Co., Ltd. (Guangzhou, SC, China). KQ-300DE
ultrasonic cleaner was purchased from Kun Shan Ultrasonic Instruments Co., Ltd. (Jiangsu, China).
MCEF-7 and MDA-MB-231 were purchased from the American Type Culture Collection (Rockville,
MD, USA). All other chemicals used were of analytical grade. MS data were obtained in the ESI
mode on an Qstar Pulsar instrument (API, Manchester, UK). HRMS data were obtained in the ESI
mode on an LCMS-IT-TOF instrument (Shimadzu, Kyoto, Japan). NMR spectra were acquired on
a Bruker AV-400 or DRX-500 instrument (Bruker BioSpin GmbH, Rheinstetten, Germany), using
tetramethylsilane (TMS) as an internal standard. Column chromatography (CC) was performed on
flash silica gel (200-300 mesh; Qingdao Makall Group Co., Ltd.; Qingdao, China). All reactions were
monitored using thin-layer chromatography (TLC) on silica gel plates.

3.2. General Procedure for the Synthesis of EGCG-G1 and EGCG-G2

D-Glucose (18 g, 100 mmol) was suspended in acetic anhydride (100 mL), and sodium acetate
(11 g, 130 mmol) was added with heating and stirring at 100 °C for 20 min. The mixture was
cooled, poured into 500 mL of ice water and stirred for 1 h. The product was washed with aqueous
saturated sodium bicarbonate solution and brine, dried, and evaporated to a syrup, from which
the pentacetate crystallized from 95% alcohol. Next, the crystals were treated with a 33% (w/w)
solution of hydrobromic acid in acetic acid (90 mL, 0.5 mmol). After 90 min, the solution was
diluted with dichloromethane (150 mL) and washed with ice-cold water (3 x 150 mL), followed by
aqueous saturated sodium bicarbonate solution (150 mL). The organic phase was dried with anhydrous
magnesium sulfate, filtered and concentrated to afford crude 2,3,4,6-tetra-O-acetyl-x-D-glucopyranosyl
bromide as a white solid (38 g, 94%) [35]. EGCG (1 g, 2.2 mmol) was dissolved in acetone (10 mL),
and potassium carbonate (0.6 g, 4.3 mmol) was added with slow stirring over 30 min. Then, glucosyl
bromide (0.9 g, 2.2 mmol) was added with heating and stirring at 55 °C for 12 h. The mixture was
cooled and filtered, the filtrate was concentrated and dried in vacuo overnight. A potassium hydroxide
solution (1.2 mmol dissolved in 3 mL of H,O) was added to an ice-cooled solution of crude product
in CH30H (3 mL). The mixture was stirred at 0—4 °C for 3 days and then neutralized with Dowex
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50WX4-400 ion-exchange resin to pH 7. The solvent was evaporated, and the residue was purified
by column chromatography (CHCl3/CH30H/H0O, 64%:31%:0.5%) to afford the major products
EGCG-GI1 (110 mg, 11%) and EGCG-G2 (270 mg, 27%). The synthesized EGCG glycosides were
characterized by TH-NMR, 3C-NMR (results are summarized in Table 1), 'H-COSY, HSQC, HMBC,
ESI-MS, and HRESI-MS (see Figures S1-514 for more details).

3.3. Cell Culture and Cytotoxicity Assay

The following human breast cancer cell lines were used: MDA-MB-231 and MCEF-7. All cells were
cultured in RMPI-1640 or DMEM medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (Hyclone) at 37 °C in a humidified atmosphere with 5% CO,. Cell viability was assessed
by conducting colorimetric measurements of the amount of insoluble formazan formed in living cells
based on the reduction of MTT. Briefly, cells were plated at a density of 20,000 cells/well in 96-well
plates. After overnight incubation, the cells were treated with different concentrations of EGCG and
EGCG glycosides, EGCG (1), EGCG-G1 (2) and EGCG-G2 (3), for 48 h. After incubation for specified
times at 37 °C in a humidified incubator, 20 uL of MTT (5 mg/mL in PBS solution) was added to each
well, and the cells were incubated for a further 4 h. After removal of the medium, 150 uL. of DMSO
was added to each well. The absorbance was recorded on a microplate reader at the wavelength of
490 nm. The effects of the agent(s) on growth inhibition were assessed as percent cell viability, where
the untreated cells were taken as 100% viability [30].

3.4. DPPH Radical-Scavenging Assay

DPPH free radical scavenging capability was tested by the method described by Hung [36].
First, DPPH (10 mg) was mixed with ethanol (200 mL). After storage at room temperature for 30 min,
the absorbance of the reaction mixture was recorded at 519 nm against a blank. The percentage of
inhibition of DPPH radical-scavenging activity (I%) was calculated according to the following equation:
[% = [(Aplank — Asample)/ Ablank] % 100, where Agample is the absorbance of a sample solution, and
Aplank is the absorbance of the blank solution (containing all reagents except the test sample). The ICs
value is the effective concentration that could scavenge 50% of the DPPH radicals.

3.5. Stability Assay

The H,O, concentrations of EGCG and the EGCG glycosides, EGCG (1), EGCG-G1 (2) and
EGCG-G2 (3), were detected using the H,O, Quantitative Assay Kit (Water-Compatible) (Sangon
Biotech Co., Ltd.). Briefly, 20 pL samples and 100 pL of caspase reagents were added to each well of
a 96-well microtiter plate (Thermo Scientific, Waltham, MA, USA) and incubated for 20 min on a rotary
shaker at room temperature. The absorbance was recorded on a microplate reader at the wavelength
of 595 nm.

3.6. Water Solubility Analysis

The concentrations of the EGCG and EGCG glycosides were calculated as described by Li’s
method [37]. All compounds were mixed in 200 pL of water in an Eppendorf tube at room temperature.
A KQ-300DE ultrasonic cleaner was used to maximize solubility. After 1 h of sonication, each sample
was diluted and then filtered through a 0.45 um MFS membrane for HPLC analysis to determine the
concentrations. Analytical HPLC was performed on an Agilent 1100 liquid chromatograph equipped
with a ZORBAX SB-Cyg (4.6 x 250 mm) column. The detection wavelength was 280 nm. The injection
volume was 10 pL. The flow rate was 1 mL/min. Mixed solvents of methanol and water (30% for
EGCG 1, 23% for EGCG-G1 2, 45% for EGCG-G2 3) were used as the mobile phase.
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3.7. Statistical Analysis

Data were analyzed by SPSS and expressed as the mean + standard deviation (SD) for at least
three replicates for each sample. A significant difference was evaluated at a level of p < 0.05.

4. Conclusions

In summary, we have used D-glucose and epigallocatechin gallate (EGCG) in a chemical
modification strategy to synthesize two novel glycosylated EGCG derivatives EGCG-G1 and EGCG-G2
and characterized their structures. EGCG-G1 (2) contains one B-glucosidic linkage (3-1""—4'") on
the D ring of EGCG, and EGCG-G2 (3) contains two B-glucosidic linkages (3-1""/—4" and p-1""""—4"")
on the C and D rings, respectively. The EGCG glycosides have been assessed for their anticancer
activities against two human breast cancer cell lines (MCF-7, MDA-MB-231). The inhibition rate
of EGCG glycosides (EGCG-G1 and EGCG-G2) is not obvious. The EGCG glycosides exhibited
decreasing antioxidant activity by DPPH radical-scavenging assay (EGCG > EGCG-G2 > EGCG-G1).
Furthermore, EGCG glycosides show increased water solubility, and increasing the number of glycol
units improved the aqueous solubility. Thus, our results suggest that some of these EGCG glycosides
will be more useful as food additives and cosmetics. In addition, EGCG derivatives have the potential
for further development as anticancer agents by structure modification.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/
21/5/620/s1.

Acknowledgments: This work was sponsored by the Key Laboratory of Pu-er Tea Science, Ministry of Education,
Yunnan Agricultural University and the State Key Laboratory of Phytochemistry and Plant Resources in West
China, Kunming Institute of Botany, Chinese Academy of Sciences.

Author Contributions: Xin Zhang and Jing Wang performed the experiments; Cheng-Ting Zi and Xuan-Jun Wang
wrote the paper; Xuan-Jun Wang and Jun Shen conceived and designed the experiments; Jiang-Miao Hu analyzed
the data; Ye-Wei Huang and Xiao-Yun Wu contributed reagents/materials/analysis tools.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Yang, C.S.; Lambert, ].D.; Sang, S. Antioxidative and anti-carcinogenic activities of tea polyphenols.
Arch. Toxicol. 2009, 83, 11-21. [CrossRef] [PubMed]

2. Yuan, J.M.; Sun, C.; Butler, L.M. Tea and cancer prevention: Epidemiological studies. Pharmacol. Res. 2011,
64, 123-135. [CrossRef] [PubMed]

3. Yang, Y,; Qiao, L.L.; Zhang, X.; Wu, Z.F; Weng, PF. Effect of methylated tea catechins from Chinese oolong
tea on the proliferation and differentiation of 3T3-L1 preadipocyte. Fitoterapia 2015, 104, 45-49. [CrossRef]
[PubMed]

4. Cabrera, C.; Gimenez, R.; Lopez, M.C. Determination of tea components with antioxidant activity. J. Agric.
Food Chem. 2003, 51, 4427-4435. [CrossRef] [PubMed]

5. Salah, N.; Miller, N.J.; Paganga, G.; Tijburg, L.; Bolwell, G.P,; Rice-Evans, C. Polyphenolic flavanols as
scavengers of aqueous phase radicals and as chain-breaking antioxidant. Arch. Biochem. Biophys. 1995, 322,
339-346. [CrossRef] [PubMed]

6. Huh, SW.,; Bae, SM.; Kim, Y.W.; Lee, ] M.; Namkoong, S.E.; Lee, LP.,; Kim, S.H.; Kim, C.K.; Ahn, W.S.
Anticancer effects of (—)-epigallocatechin-3-gallate on ovarian carcinoma cell lines. Gynecol. Oncol. 2004, 94,
760-768. [CrossRef] [PubMed]

7. Jung, Y.D.; Kim, M.S,; Shin, B.A.; Chay, K.O.; Ahn, BW.; Liu, W.; Bucana, C.D.; Gallick, G.E; Ellis, L.M.
EGCG, a major component of green tea, inhibits tumour growth by inhibiting VEGF induction in human
colon carcinoma cells. Br. J. Cancer 2001, 84, 844-850. [CrossRef] [PubMed]

8. Lee, KM.; Yeo, M,; Choue, ].S,; Jin, ].H.; Park, S.J.; Cheong, J.Y.; Lee, K.J.; Kim, J.H.; Hahm, K.B. Protective
mechanism of epigallocatechin-3-gallate against Helicobacter pylori-induced gastric epithelial cytotoxicity
via the blockage of TLR-4 signaling. Helicobacter 2004, 9, 632-642. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00204-008-0372-0
http://www.ncbi.nlm.nih.gov/pubmed/19002670
http://dx.doi.org/10.1016/j.phrs.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21419224
http://dx.doi.org/10.1016/j.fitote.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26002426
http://dx.doi.org/10.1021/jf0300801
http://www.ncbi.nlm.nih.gov/pubmed/12848521
http://dx.doi.org/10.1006/abbi.1995.1473
http://www.ncbi.nlm.nih.gov/pubmed/7574706
http://dx.doi.org/10.1016/j.ygyno.2004.05.031
http://www.ncbi.nlm.nih.gov/pubmed/15350370
http://dx.doi.org/10.1054/bjoc.2000.1691
http://www.ncbi.nlm.nih.gov/pubmed/11259102
http://dx.doi.org/10.1111/j.1083-4389.2004.00281.x
http://www.ncbi.nlm.nih.gov/pubmed/15610077

Molecules 2016, 21, 620 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Pan, M.H.; Lin, C.C,; Lin, ] K,; Chen, W.J. Tea polyphenol (—)-epigallocatechin-3-gallate suppresses
heregulin-betal-induced fatty acid synthase expression in human breast cancer cells by inhibiting
phosphatidylinositol 3-kinase/Akt and mitogen-activated protein kinase cascade signaling. ]. Agric.
Food Chem. 2007, 55, 5030-5037. [CrossRef] [PubMed]

Stuart, E.C.; Rosengren, R.J. The combination of raloxifene and epigallocatechin gallate suppresses growth
and induces apoptosis in MDA-MB-231 cells. Life Sci. 2008, 82, 943-948. [CrossRef] [PubMed]

Tu, S.H.; Ku, C.Y;; Ho, C.T;; Chen, CS.; Huang, C.S.; Lee, C.H.; Chen, L.C.; Pan, M.H.; Chang, HW.;
Chang, C.S,; et al. Tea polyphenol (—)-epigallocatechin-3-gallate inhibits nicotine- and estrogen-induced
a9-nicotinic acetylcholine receptor upregulation in human breast cancer cells. Mol. Nutr. Food Res. 2011, 55,
455-466. [CrossRef] [PubMed]

Kim, J.; Zhang, X.W.; Rieger-Christ, KM.; Summerhayes, 1.C.; Wazer, D.E.; Paulson, K.E.; Yee, A.S.
Suppression of Wnt signaling by the green tea compound (—)-epigallocatechin-3-gallate (EGCG) in invasive
breast cancer cells. J. Biol. Chem. 2006, 16, 10865-10875. [CrossRef] [PubMed]

Kitao, S.; Matsudo, T.; Saitoh, M.; Horiuchi, T.; Sekine, H. Enzymatic syntheses of two stable
(—)-epigallocatechin gallateglucosides by sucrose phosphorylase. Biosci. Biotechnol. Biochem. 1995, 59,
2167-2169. [CrossRef]

Hong, J.; Lu, H.; Meng, X.; Ryu, ].H.; Hara, Y.; Yang, C.S. Stability, cellular uptake, biotransformation,
and efflux of tea polyphenol (—)-epigallocatechin-3-gallate in HT-29 human colon adenocarcinoma cells.
Cancer Res. 2002, 62, 7241-7246.

Wong, IL.L.K.,; Wang, B.C.; Yuan, J.; Duan, L.X,; Liu, Z.; Liu, T; Li, XM.; Hu, X,; Zhang, X.Y,; Jiang, T.;
et al. Potent and Nontoxic Chemosensitizer of P-glycoprotein-mediated Multidrug Resistance in Cancer:
Synthesis and Evaluation of Methylated Epigallocatechin, Gallocatechin, and Dihydromyricetin Derivatives.
J. Med. Chem. 2015, 58, 4529-4549. [CrossRef] [PubMed]

Qsanai, K.; Landis-Piwowar, K.R.; Dou, Q.P.; Chan, T.H. A para-amino substituent on the D-ring of green
tea polyphenol epigallocatechin-3-gallate as a novel proteasome inhibitor and cancer cell apoptosis inducer.
Bioorg. Med. Chem. 2007, 15, 5076-5082.

Lam, WH.; Kazi, A.; Kuhn, D.J.; Chow, LM.C.; Chan, A.S.C.; Dou, Q.P,; Chan, T.H. A potential prodrug
for a green tea polyphenol proteasome inhibitor: Evaluation of the peracetate ester of (—)-epigallocatechin
gallate [(—)-EGCG]. Bioorg. Med. Chem. Lett. 2004, 12, 5587-5593. [CrossRef] [PubMed]

Qin, X.L.; Li, XM.; Yuan, J.; Chen, D.; Jiang, T.; Dou, Q.P; Chan, T.H.; Wan, S.B. Semisynthesis of
fluoro-substituted benzoates of epi-gallocatechin. Synth. Commun. 2012, 42, 3524-3531. [CrossRef]
Anderson, ].C.; Headley, C.; Stapleton, P.D.; Taylor, PW. Synthesis and antibacterial activity of hydrolytically
stable (—)-epicatechin gallate analogues for the modulation of 3-lactam resistance in Staphylococcus aureus.
Bioorg. Med. Chem. Lett. 2005, 15, 2633-2635. [CrossRef] [PubMed]

Unnadkat, N.R; Elias, R.J. Oxidative stability of (—)-epigallocatechin gallate in the presence of thiols. ]. Agric.
Food Chem. 2012, 60, 10815-10821. [CrossRef] [PubMed]

Mori, S.; Miyake, S.; Kobe, T.; Nakaya, T.; Fuller, S.D.; Kato, N.; Kaihatsu, K. Enhanced anti-influenza A virus
activity of (—)-epigallocatechin-3-O-gallate fatty acid monoester derivatives: Effect of alkyl chain length.
Bioorg. Med. Chem. Lett. 2008, 18, 4249-4252. [CrossRef] [PubMed]

Moon, Y.H; Lee, ] H.; Ahn, ].5.; Nam, S.H.; Oh, D.K,; Park, D.H.; Chung, H.J.; Kang, S.; Day, D.F,; Kim, D.
Synthesis, structure analyses, and characterization of novel epigallocatechin gallate (EGCG) glycosides
using the glucansucrase from Leuconostoc mesenteroides B-1299CB. J. Agric. Food Chem. 2006, 54, 1230-1237.
[CrossRef] [PubMed]

Kitao, S.; Ariga, T.; Matsudo, T.; Sekine, H. The syntheses of catechin-glucosides by transglycosylation
with Leuconostoc mesenteroides sucrose phosphorylase. Biosci. Biotechnol. Biochem. 1993, 57, 2010-2015.
[CrossRef]

Sato, T.; Nakagawa, H.; Kurosu, J.; Yoshida, K.; Tsugane, T.; Shimura, S.; Kirimura, K.; Kino, K.; Usami, S.
R-Anomerselective glucosylation of (+)-catechin by the crude enzyme, showing glucosyl transfer activity, of
Xanthomonas campestris WU-9701. ]. Biosci. Bioeng. 2000, 90, 625-630. [CrossRef]

Nakano, H.; Hamayasu, K.; Nakagawa, K.; Tabata, A.; Fujita, K.; Hara, K.; Kiso, T.; Murakami, H.; Kitahata, S.
Transglycosylation of hydroquinone and epicatechin by p-fructofuranosidase from Arthrobacter sp.
J. Appl. Glycosci. 2002, 49, 115-121. [CrossRef]


http://dx.doi.org/10.1021/jf070316r
http://www.ncbi.nlm.nih.gov/pubmed/17539658
http://dx.doi.org/10.1016/j.lfs.2008.02.009
http://www.ncbi.nlm.nih.gov/pubmed/18371987
http://dx.doi.org/10.1002/mnfr.201000254
http://www.ncbi.nlm.nih.gov/pubmed/21370452
http://dx.doi.org/10.1074/jbc.M513378200
http://www.ncbi.nlm.nih.gov/pubmed/16495219
http://dx.doi.org/10.1271/bbb.59.2167
http://dx.doi.org/10.1021/acs.jmedchem.5b00085
http://www.ncbi.nlm.nih.gov/pubmed/25985195
http://dx.doi.org/10.1016/j.bmc.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15465336
http://dx.doi.org/10.1080/00397911.2011.585269
http://dx.doi.org/10.1016/j.bmcl.2005.03.063
http://www.ncbi.nlm.nih.gov/pubmed/15863332
http://dx.doi.org/10.1021/jf302939p
http://www.ncbi.nlm.nih.gov/pubmed/23035942
http://dx.doi.org/10.1016/j.bmcl.2008.02.020
http://www.ncbi.nlm.nih.gov/pubmed/18547804
http://dx.doi.org/10.1021/jf052359i
http://www.ncbi.nlm.nih.gov/pubmed/16478241
http://dx.doi.org/10.1271/bbb.57.2010
http://dx.doi.org/10.1016/S1389-1723(00)90007-0
http://dx.doi.org/10.5458/jag.49.115

Molecules 2016, 21, 620 10 of 10

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Calvaresi, E.C.; Hergenrother, P.J. Glucose conjugation for the specific targeting and treatment of cancer.
Chem. Sci. 2013, 4, 2319-2333. [CrossRef] [PubMed]

Arafa, HM.M. Possible contribution of (-glycosidases and caspases in the cytotoxicity of novel
glycoconjugates in colon cancer cells. Investig. New Drugs 2010, 28, 306-317. [CrossRef] [PubMed]

Ochiai, M.; Fukami, H.; Nakao, M.; Noguchi, A. Method for Glycosylation of Flavonoid. U.S. Patent
2010/0256345 A1, 17 April 2013.

Moon, Y.H.; Kim, GK; Lee, ] H.; Jin, X.J.; Kim, D.W.; Kim, D. Enzymatic synthesis and characterization of
novel epigallocatechin gallate glucosides. . Mol. Catal. B Enzym. 2006, 40, 1-7. [CrossRef]

Lu, L.D.; Ning, Q.; Lu, Q.B. Antioxidant Induces DNA Damage, Cell Death and Mutagenicity in Human
Lung and Skin Normal Cells. Sci. Rep. 2013, 3, 9-10. [CrossRef] [PubMed]

Mittal, A.; Pate, M.S.; Wylie, R.C.; Tollefsbol, T.O.; Katiyar, S.K. EGCG down-regulates telomerase in human
breast carcinoma MCE-7 cells, leading to suppression of cell viability and induction of apoptosis. Int. J. Oncol.
2004, 24, 703-710. [PubMed]

Scandlyn, M.].; Stuart, E.C.; Somers-Edgar, TJ.; Menzies, A.R.; Rosengren, R.J. A new role for tamoxifen in
oestrogen receptor-negative breast cancer when it is combined with epigallocatechin gallate. Br. ]. Cancer
2008, 99, 1056-1063. [CrossRef] [PubMed]

Utenova, B.T.; Malterud, K.E.; Rise, F. Antioxidant activity of O-protected derivatives of (—)-epigallocatechin-
3-gallate: Inhibition of soybean and rabbit 15-lipoxygenases. ARKIVOC 2007, 9, 6-16.

Nanjo, F; Mori, M.; Goto, K.; Hara, Y. Radical scavenging activity of tea catechins and their related
compounds. Biosci. Biotechnol. Biochem. 1999, 63, 1621-1623. [CrossRef] [PubMed]

Czechura, P,; Tam, R.Y,; Dimitrijevic, E.; Murphy, A.V.; Ben, R.N. The Importance of Hydration for Inhibiting
Ice Recrystallization with C-Linked Antifreeze Glycoproteins. . Am. Chem. Soc. 2008, 130, 2928-2929.
[CrossRef] [PubMed]

Hung, P.V.; Maeda, T.; Miyatake, K.; Morita, N. Total phenolic compounds and antioxidant capacity of wheat
graded flours by polishing method. Food Res. Int. 2009, 42, 185-190. [CrossRef]

Li, D.; Park, S.H.; Shim, ].H.; Lee, H.S,; Tang, S.Y.; Park, C.S.; Park, K.H. In vitro enzymatic modification of
puerarin to puerarin glycosides by maltogenic amylase. Carbohydr. Res. 2004, 339, 2789-2797. [CrossRef]
[PubMed]

Sample Availability: Samples of the compounds EGCG (1), EGCG-G1 (2), and EGCG-G2 (3) are available from
the authors.

@ © 2016 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

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/c3sc22205e
http://www.ncbi.nlm.nih.gov/pubmed/24077675
http://dx.doi.org/10.1007/s10637-009-9248-2
http://www.ncbi.nlm.nih.gov/pubmed/19415182
http://dx.doi.org/10.1016/j.molcatb.2006.01.030
http://dx.doi.org/10.1038/srep03169
http://www.ncbi.nlm.nih.gov/pubmed/24201298
http://www.ncbi.nlm.nih.gov/pubmed/14767556
http://dx.doi.org/10.1038/sj.bjc.6604634
http://www.ncbi.nlm.nih.gov/pubmed/18797454
http://dx.doi.org/10.1271/bbb.63.1621
http://www.ncbi.nlm.nih.gov/pubmed/10610125
http://dx.doi.org/10.1021/ja7103262
http://www.ncbi.nlm.nih.gov/pubmed/18275198
http://dx.doi.org/10.1016/j.foodres.2008.10.005
http://dx.doi.org/10.1016/j.carres.2004.09.017
http://www.ncbi.nlm.nih.gov/pubmed/15542087
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Results and Discussion
	Chemical Synthesis and Structural Determination of EGCG Glycosides
	Anticancer Activity
	Antioxidant Activity
	Stability Investigation
	Effects of Glycosylation on Water Solubility

	Experimental Section
	General Information
	General Procedure for the Synthesis of EGCG-G1 and EGCG-G2
	Cell Culture and Cytotoxicity Assay
	DPPH Radical-Scavenging Assay
	Stability Assay
	Water Solubility Analysis
	Statistical Analysis

	Conclusions

