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ABSTRACT: Catechin polymers were produced by laccase (12 U/mL) in a mixture of sodium acetate buffer (1% (+)-catechin,
100 mM, pH 5) and methanol (buffer:methanol = 95:5, v/v). The freeze-dried catechin polymers were recovered from the
precipitate after dialysis followed by centrifugation. Catechin polymers extracted with 20% ethanol had potent inhibitory activity
against α-glucosidase with an IC50 value of 4 μg/mL, and they were present as a mixture of dimers, trimers, and tetramers. The
antihyperglycemic effect of the catechin polymers was confirmed by an oral maltose tolerance test. The catechin polymers also
had significantly improved antiglycation and superoxide dismutase-like activities compared to those of (+)-catechin. Since
formation of advanced glycation end products and oxidative stress are accelerated in hyperglycemic conditions, we suggest that
enzymatic production of catechin polymers could have a potential protective effect in type 2 diabetes, diabetic complications, and
other free radical related diseases.
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■ INTRODUCTION

Catechins are major polyphenols in green tea, and their
beneficial health effects are well demonstrated.1,2 Procyanidins,
the naturally occurring catechin polymers, are formed by
condensation of catechins with C4−C8 and/or C4−C6 bonds.3
Procyanidins can regulate cell signaling either by direct
interaction with signaling proteins or via cell membrane
proteins and also exhibit strong protective effects against
oxidation and adipocyte-related abnormalities.4,5 This suggests
that the physiological effects of catechin polymers vary
depending on the structure and chain length of the catechin
polymers.
Laccase (p-diphenol oxidase, EC 1.10.3.2) is a kind of

polyphenol oxidase that can oxidize diverse phenolic substrates
such as polyphenols, methoxy-substituted phenols, and
diamines.6 During oxidation, phenolic substrates are converted
to free radicals, which undergo coupling-based polymerization.7

Laccase-catalyzed catechin polymers had improved superoxide
radical scavenging activity and xanthine oxidase inhibitory
activity compared with those of catechin monomers.8

Epicatechin oligomers prepared by horseradish peroxidase
(HRP) had enhanced antiproliferative activity against human
breast and colon cancer cells.9,10

Recently, it has been reported that polymerization of
epicatechin preferentially occurred at the dihdroxybenzene of
the A ring, and the lowest polar fraction of epicatechin
oligomers resulted in the greatest ORAC antiradical activity
compared to other fractions.11 However, most enzymatic
polymerization studies to date have been conducted from a
chemistry or engineering perspective,12,13 and the physiological
activities of flavonoid polymers other than antioxidant activity
have not been thoroughly explored.
Diabetes mellitus is a common endocrine disorder

characterized by high blood sugar, and the global prevalence
of type 2 diabetes is continuously rising. The rapid absorption
of glucose is regarded as a risk factor for type 2 diabetes, and
modulation of glucose absorption is therefore a potential
strategy for the control of hyperglycemia. α-Glucosidase (EC
3.2.1.20) is an enzyme that catalyzes the exohydrolysis of 1,4-α-
glucosidic linkages of carbohydrate and releases α-glucose for
absorbance into the body. The inhibition of α-glucosidase
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activity can delay absorption of carbohydrates and reduce the
postprandial elevation of blood glucose.14 Under hyperglycemic
conditions accumulation of advanced glycation end products
(AGEs) can increase in the body and plays an important role in
pathological diabetic complications, such as cataracts, retinop-
athy, and atherosclerosis.15

The objective of the present study was to evaluate the
inhibitory effects of laccase-catalyzed catechin polymers on α-
glucosidase and formation of AGEs. In addition, the molecular
weight profile of the potent catechin polymer fraction was
determined using LC−MS.

■ MATERIALS AND METHODS
Materials. Laccase (EC 1.10.3.2) from Aspergillus oryzae (Denilite

IIS) was kindly provided by Novozymes (Bagasvaerd, Denmark).
Black tea (Akbar Brothers Ltd., Colombo, Sri Lanka) was purchased
from the local supermarket as a source of theaflavin. (+)-Catechin
hydrate, α-glucosidase (EC 3.2.1.20), p-nitrophenyl α-D-glucopyrano-
side (p-NPG), nitroblue tetrazolium (NBT), nicotinamide adenine
dinucleotide (NADH), phenazine methosulfate (PMS), amino-
guanidine (AG), dimethyl sulfoxide (DMSO), and all other chemicals
were of analytical grade and were purchased from Sigma Chemical Co.
(St. Louis, MO).
Synthesis and Fractionation of Catechin Polymers. Catechin

polymers were synthesized by a previously described method with
slight modification.8 Catechin (1 g) was dissolved in a mixture of 0.1
M sodium acetate buffer (50 mL, pH 5) and methanol (95:5, v/v)
with gentle stirring. Enzymatic polymerization was started by the
addition of laccase (50 mL, 12 U/mL) to the reaction mixture and
continued for 24 h at room temperature. The precipitate was
recovered from the reaction mixture after centrifugation (2000g for 10
min; Hanil Science Industrial Co., Seoul, Korea) followed by two
washings with methanol (5%, v/v). The precipitate was dialyzed
(MWCO = 1000; Spectra/Por dialysis membrane, Spectrum
Laboratories, Inc., CA) against distilled water and lyophilized. The
freeze-dried catechin polymers were kept at −20 °C until further use.
Catechin polymers (0.2 g) were extracted successively with ethanol
(10%, 20%, 30%, 40%, 60%, and 100%, v/v; 50 mL) and acetone (80%
and 100%, v/v; 50 mL). After two rounds of extraction with solvent
under sonication (KODO Technical Research Co., Gyeonggi, Korea)
for 30 min, the sample was centrifuged at 2000g for 10 min. The
extraction was continued with the next solvent using the precipitate.
Catechin polymers were recovered from the supernatant after every
extraction.
Preparation of Theaflavins. Theaflavins were extracted from

black tea by a previous method.16 Briefly, black tea powder (100 g)
was boiled in hot water (2.5 L) and filtered. Concentrated sulfuric acid
(20 mL) was added to the filtrate, and the precipitate was recovered by
centrifugation at 500g. The wet precipitate was extracted four times
with ethyl acetate (150 mL). The combined ethyl acetate phases were
washed with sodium bicarbonate solution (2.5%, w/v) and then
sulfuric acid (0.1 M). The extract was redispersed in acetone (10 mL),
and the precipitate was obtained after addition of chloroform (80 mL)
followed by centrifugation. The theaflavin powder was obtained after
removal of solvent using a rotary evaporator (Eyela, Tokyo, Japan).
The total theaflavin content (the mixture of theaflavin, theaflavin
gallate, and theaflavin digallate) was calculated using the molecular
extinction coefficient reported previously.16

Characterization of Catechin Polymers. UV/vis spectra of the
samples [monomeric (+)-catechin and catechin polymers] were
obtained using a spectrophotometer (Ultrospec 2100 pro, Amersham
Pharmacia Biotech, Little Chalfont, U.K.). The FT-IR spectra of the
samples were taken using a Fourier transform infrared spectrometer
(Vertex70, Bruker Optics, Ettlingen, Germany). The spectral data of
each sample were collected in the range of 4000−400 cm−1 at room
temperature. For background and sample readings 16 scans were
performed at a nominal resolution of 4 cm−1. Opus software (Bruker
optics) was used for data acquisition and instrument control. The mass

spectral analysis of catechin polymers (20% ethanol extract) was
analyzed using a Waters 2695 separation module equipped with a
photodiode array (PDA) detector and a Waters micromass ZQ mass
spectrometer (Waters, Milford, MA). The sample (10 uL) was applied
to a C-18 reversed-phase column (2.1 mm i.d. × 100 mm length, 3.5
μm particle size; Waters XTerra MS C18) and eluted with 40%
methanol at a flow rate of 0.1 mL/min. PDA detection was monitored
between 190 and 800 nm. The MS parameters are as follows:
ionization mode, ES−; capillary voltage, 3.0 kV; extractor voltage, 2 V;
source temperature, 130 °C; desolvation temperature, 300 °C;
desolvation N2 flow, 300 L h−1; cone N2 flow, 50 L h−1; scan range,
2−2000 amu; scan rate, 1 scan s−1; cone voltage, 30 eV.

α-Glucosidase Inhibitory Activity. α-Glucosidase inhibitory
activity was determined using a previously described method17 with
modifications. α-Glucosidase (0.6 U/mL) and substrate (p-nitrophenyl
α-D-glucopyranoside, 0.07%) were dissolved in potassium phosphate
buffer (100 mM, pH 6.8), and all samples were dissolved in DMSO.
The reaction mixture containing the sample solution (50 μL), p-NPG
solution (100 μL), and buffer (1 mL) was preincubated at 37 °C for 10
min, and α-glucosidase solution (50 μL) was added to the reaction
mixture. After incubation at 37 °C for 15 min, the reaction was
stopped by adding sodium hydroxide (1 N, 1 mL). The amount of p-
nitrophenol released from p-NPG was determined using a
spectrophotometer (Amersham Pharmacia Biotech) at 400 nm, and
the α-glucosidase inhibitory activity was calculated as follows:

α‐

=
Δ − Δ

Δ
×

⎡
⎣⎢

⎤
⎦⎥

glucosidase inhibitory activity (%)

Abs(control) Abs(sample)
Abs(control)

100

By means of the inhibitory potency of the samples, the half-maximal
inhibitory concentration (IC50) was determined.

Antiglycation Assay. Antiglycation assays were performed using
two model systems.18 For the BSA−glucose assay, samples (100 μL)
were added to a glycation reaction mixture (1 mL) containing BSA (50
mg/mL), fructose (0.2 M), and 0.02% (w/v) sodium azide in
potassium phosphate buffer (100 mM, pH 7). In the BSA−MGO
(methylglyoxal) assay, BSA (10 mg/mL) and MGO (25 mM) were
used in the reaction mixture. After incubation of the reaction mixture
at 37 °C for designated periods, the formation of total fluorescent
AGEs was determined using a fluorescent microplate reader (Synergy
HT, Biotek Instrument Inc., Winooski, VT) with an excitation
wavelength of 360 and an emission wavelength of 460 nm. AG was
used as a positive control. The inhibition activity was calculated using
the following equation:

=
Δ − Δ

Δ
×

⎡
⎣⎢

⎤
⎦⎥inhibition (%)

Abs(control) Abs(sample)
Abs(control)

100

Superoxide Dismutase (SOD)-like Activity. SOD-like activity
was determined by a previously described method with slight
modification.19 To prepare the reaction mixture, NBT (156 μM),
NADH (468 μM), and PMS (60 μM) were dissolved in potassium
phosphate buffer (100 mM, pH 7.4). The reaction mixture containing
the sample (0.5 mL), NBT (0.5 mL), and NADH (0.5 mL) was
preincubated at 37 °C for 5 min, and PMS (0.5 mL) was added to the
reaction mixture. After incubation at 30 °C for 10 min, the absorbance
at 560 nm was measured. SOD-like activity was calculated using the
following equation:

‐

=
Δ − Δ

Δ
×

⎡
⎣⎢

⎤
⎦⎥

SOD like activity (%)

Abs(control) Abs(sample)
Abs(control)

100

Animal Study. All animal procedures were approved by the
Institutional Animal Care and Use Committees at Chonnam National
University (Grant CNU IACUC-YB-2012-1). Six week old male
C57BL/6 mice (25 ± 3 g) were purchased from Damul Science
(Seoul, Korea) and maintained on a 12 h light−dark cycle at 24 °C. All
mice were fed a standard chow diet (protein, 20%; carbohydrate, 64%;
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fat, 16%; 4000 kcal/kg; Damul Science) for a week prior to the
experiment. A single oral administration of sample (catechin monomer
vs catechin polymers, 20 mg/kg) was achieved by oral gavage in mice
that had been fasted for 16 h. After 5 min, maltose solution (1 g/kg of
body mass) was given to the mice using oral gavage. Blood samples
were collected by tail bleeding, and the blood glucose level was
measured using an automatic One Touch glucometer (Lifescan,
Milpitas, CA) at the indicated times.
Statistical Analysis. All experiments were performed at least in

triplicate. Statistical analysis was performed by analysis of variance
(ANOVA) via a statistical program package (SPSS, version 18.0, SPSS
Inc., Chicago, IL). When ANOVA revealed a significant difference,
Tukey’s HSD test was used for multiple comparisons. The level of
significant difference was set at p < 0.05.

■ RESULTS AND DISCUSSION
Synthesis of Catechin Polymers. The catechin polymers

were synthesized by laccase at room temperature. The color of
catechin turned dark brown as oxidation proceeded, and the
yield of polymerization was typically greater than 60%. The
development of a dark brown color indicates coupling and
oxidation of m-diphenol to quinones. It has been reported that
laccase is able to oxidize o- and p-diphenols.20 The UV−vis
spectra of (+)-catechin and catechin polymers synthesized by
laccase are shown in Figure 1. The characteristic UV absorption
peak of monomeric (+)-catechin at 280 nm disappeared, while
a large broad absorption peak at 370 nm was observed by
enzymatic polymerization. A similar transition of UV
absorption spectra was reported in catechin polymers produced
by enzymatic polymerization.8,10,21

Figure 1. UV−vis spectra of (+)-catechin and catechin polymers synthesized by laccase. (+)-Catechin and catechin polymers (1%) were dissolved in
methanol.

Figure 2. FT-IR spectra of (+)-catechin (red) and catechin polymers (green) synthesized by laccase. The spectral data of each sample (1% in
methanol) were collected in the range of 4000−400 cm−1 at room temperature. For background and sample readings 16 scans were conducted.
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The FT-IR absorption spectra of (+)-catechin and catechin
polymers are presented in Figure 2. The FT-IR spectrum of
catechin polymers was broadened by enzymatic polymerization.
Notably, the characteristic absorption regions for the OH group
(3400−3100 cm−1) became weak and stretched, indicating an
involvement of molecular OH in hydrogen bond formation.
Enzymatic oxidation also increased the region around 1600
cm−1 that corresponded to aromatic CC vibration. This
reflects an increase in aromatic ring structures in catechin
polymers. The FTIR absorption spectrum of catechin polymers
was similar to that of polymeric polyphenols in black tea.22 On
the basis of the above results, formation and recovery of
catechin polymers were confirmed. Although the peak pattern
and peak intensity of the FTIR spectra are informative, they
only provide an overview of chemical bonds rather than their
exact structure. We are currently using more highly purified
catechin polymers to elucidate the precise chemical structures.
α-Glucosidase Inhibitory Effect of Catechin Polymers.

The α-glucosidase inhibitory activity of catechin polymers was
evaluated. (+)-Catechin barely inhibited α-glucosidase, whereas
the α-glucosidase inhibitory activity of catechin polymers was
remarkably increased by more than 70-fold (Table 1). To

identify potent fractions, catechin polymers were successively
extracted with different solvents, and the IC50 values of each
fraction were compared. The 20% and 30% ethanol extracts
were more effective than other fractions, and the 20% ethanol
extract had the highest inhibitory activity, with an IC50 value of
4 μg/mL. The yield of the 20% ethanol extract was
approximately 18% of the initial catechin polymers (data not
shown).
The molecular weight profile of the potent fraction was

analyzed using LC−MS. As shown in Figure 3, the molecular
weights of major catechin polymers obtained from 20% ethanol
extraction were 575, 863, and 1151, and they were identified as
dimers, trimers, and tetramers, respectively. These values were
close to those reported for catechin trimers (m/z of 865) and
tetramers (m/z of 1153) for the [M + H] species in FAB-MS.23

This result suggests that catechin oligomers with 2−4 degrees
of polymerization (DP) had greater potency against α-
glucosidase than higher DP polymers. Although various
structures of oligomeric (+)-catechin oxidation products can
be generated by enzymatic oxidation, the repeated condensa-
tion structure between the A ring of one molecule and the B
ring of another (head to tail polymerization) is a commonly
found structure.24,25

Previously, α-glucosidase (maltase) inhibitory activities of
catechin and theaflavins were compared.26 According to the
results, theaflavins had greater inhibitory activity than catechins.
The authors maintained that a gallate moiety and free OH
group at the 3′-position were required for potent maltase
inhibition. It has been demonstrated that the α-glucosidase
inhibitory activity of black or oolong tea was greater than that
of green tea using an in vitro digestion study.27 On the basis of
the IC50 values, theaflavins prepared from black tea (54 μg/mL)
had greater α-glucosidase inhibitory activity than catechin
monomers, but theaflavins were less active than catechin
polymers, especially those prepared with 20% ethanol
extraction.
Flavan-3-ol refers to flavonoid molecules that have a

characteristic saturated C-ring and 3-OH, and procyanidins
indicate dimeric and oligomeric flavan 3-ols. Proanthocyanidin
oligomers (DP = 3.3) isolated from perisimmon peel showed a
stronger inhibitory activity than the polymers (DP > 3.3).28

The potency of flavan-3-ols isolated from Cynomorium
songaricum also increased as the oligomerization state of the
catechins progressed from monomers to pentamers.29

The presence of functional groups at specific locations makes
a significant impact on enzyme inhibition. Polyphenols have an
ability to interact with an enzyme via hydrophobic interactions,
hydrogen bonds, and π−π interactions of the aromatic ring.30

The laccase-catalyzed catechin oligomers consisting of 2−4
monomer units possibly increase the hydrogen bond potential
and therefore bind more effectively to α-glucosidase than the
monomeric forms. In addition, the planarity of the molecule
plays a crucial role in their potency against α-glucosidase.
(+)-Catechin showed relatively weak inhibitory activity, with
IC50 > 500 μM, while its planar analogues displayed much
greater inhibitory activity, with IC50 values over a range
between 0.7 and 47.5 μM.31 Catechin with planar arrangements
might facilitate access to the hydrophobic pockets in α-
glucosidase.
Although many flavonoids show α-glucosidase inhibitory

activity in vitro, only limited compounds maintain their activity
in vivo. To validate their antidiabetic effects, the blood glucose
level of mice fed with catechin polymers was monitored after a
single oral administration of maltose (1 g/kg). As shown in
Figure 4, mice fed on diets containing either catechin polymers
or (+)-catechin had improved glucose tolerance compared with
the control group. The glucose-lowering effects of catechin
polymers at 30 and 90 min were significantly higher than that of
monomeric (+)-catechin. This result suggests that catechin
polymers effectively delay the rise in postprandial glucose in
mice.
The α-glucosidase inhibiton of catechin polymers could

explain their antihyperglycemic effect, but the exact mecha-
nisms underlying the antihyperglycemic effect require further
clarification. According to recent reports, reduced plasma
glucose and glycosylated hemoglobin contents were found in
diabetic rats by administration of green tea extract, catechin-
based oligomeric procyanidins, or polymeric procyanidins.32,33

This hypolglycemic effect was related to suppression of
gluconeogenic enzymes such as glucose-6-phosphatase, fruc-
tose-1,6-bisphosphatase, and phosphoenol pyruvate carboxy-
kinase. Also, the insulinotrophic effect of green tea extract was
observed in the same studies. Consistent with our results,
previous in vitro studies have reported that oolong tea extract,
which contains catechin polymers, showed antihyperglycemic

Table 1. α-Glucosidase Inhibitory Activity (IC50) of
Catechin Polymers and Their Solvent Extracts

sample
IC50

a

(μg/mL) sample
IC50

a

(μg/mL)

catechin monomer >1200 40% ethanol extract 21
catechin polymers 17 60% ethanol extract 41
theaflavinsb 54 100% ethanol extract 50
10% ethanol extract 18 80% acetone extract 185
20% ethanol extract 4 100% acetone extract 119
30% ethanol extract 11
aConcentration required for 50% inhibition of the enzyme activity
under the assay conditions. bTheaflavins were extracted from black tea
and a mixture of theaflavin, theaflavin monogallate, and theaflavin
digallate.
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effects in sucrose-, maltose-, or glucose-fed rats and in type 2
diabetes.34,35

Antiglycation Effect of Catechin Polymers. AGEs are
the final heterogeneous products produced by a Maillard-type
reaction between reducing sugar and proteins (or nucleic acid)
containing an amino group. As AGEs are known to be involved
in the development of the pathological process of various

diseases, many efforts have focused on the isolation of AGE
inhibitors from natural resources. In this regard, phenolic
antioxidants are increasingly viewed as promising AGE
inhibitors.36 The antiglycation effect of catechin polymers has
been examined in two model systems. In the BSA−fructose
model, the AGE inhibitory activity increased in the order
monomeric (+)-catechin, 20% ethanol extract of catechin

Figure 3. Molecular weight profile of catechin polymers in the 20% ethanol extract: dimer (m/z 575), trimer (m/z 863), tetramer (m/z 1151). The
mass spectrum was obtained with negative mode ESI-MS.

Figure 4. Effects of catechin polymers on the plasma glucose level after single oral administration of maltose in mice. A single oral administration of
sample (catechin monomer vs catechin polymers, 200 mg/kg) was achieved by oral gavage in mice that had been fasted for 16 h. After 5 min,
maltose solution (1 g/kg of body mass) was given to the mice using oral gavage. Each point represents the mean ± SD of five mice. Different letters
at the data points indicate significant differences (p < 0.05).

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf400791r | J. Agric. Food Chem. 2013, 61, 4577−45844581



polymers, and whole catechin polymers (Figure 5). Consider-
ing that whole catechin polymers have a greater molecular
weight that those isolated from the 20% ethanol extract, the
antiglycation activity appears to increase proportionally with
increased DP of the catechin polymer.
MGO is a major precursor of AGEs and is produced by

various biochemical pathways. It was reported that the
concentrations of glyoxal and MGO were elevated in diabetic
patients and were associated with high oxidative stress.37 In the
BSA−MGO model, catechin polymers and the 20% ethanol
extract were equally able to prevent formation of AGEs, while
monomeric (+)-catechin showed significantly lower antiglyca-
tion activity (Figure 6).

The reactive carbonyl trapping ability of tea polyphenols was
evaluated.38 Theaflavins resulted in greater MGO reduction
ability than monomeric catechins, such as epicatechin (EC),
epicatechin-3-gallate (ECG), epigallocatechin (EGC), and
epigallocatechin-3-gallate (EGCG). It has been reported that
catechin, epicatechin, and procyanidin B2 (a dimer-type
proanthocyanidin) isolated from cinnamon bark extract
exhibited antiglycation activities.39 All compounds displayed
greater MGO trapping activity than AG, the well-known MGO
scavenger, and procyanidin B2 showed the greatest inhibition
of AGE formation and MGO trapping activity. The authors also
commented that proanthocyanidin oligomers and polymers
maintained antiglycation activity.

Figure 5. Inhibitory effect of catechin polymers on AGE formation in the BSA−fructose model at 37°C for 3 days. AG (left hatched bar, 1 mM;
middle criss-crossed bar, 2.5 mM; right dotted bar, 5 mM) was used as a positive control. The results are expressed as means ± SD. Bars with
different letters indicate significant differences (p < 0.05).

Figure 6. Inhibitory effect of catechin polymers on AGE formation in the BSA−methylglyoxal model at 37°C for 7 days. Aminoguanidine (10 mM)
was used as a positive control. The results are expressed as means ± SD. Bars with different letters indicate significant differences (p < 0.05).
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Although the exact mechanisms are not clear, the blocking of
sugar attachment to proteins and scavenging of reactive
dicarbonyls and free radicals are suggested as the principal
mechanisms underlying the inhibiton of AGE formation.36 The
antiglycation activities of 25 plant ethanol extracts correlated
highly with antioxidant activity determined with lipid
peroxidation (r =0.75) or DPPH radical scavenging activity (r
= 0.76).40

Superoxide radicals are naturally generated in the metabolism
of the human body. The scavenging of superoxide radicals is
physiologically important since these radical anions are
potential precursors of highly reactive radical species, such as
hydroxyl radicals.41 The SOD-like activity of catechin polymers
was also examined. As shown in Figure 7, catechin polymers

resulted in significantly higher SOD-like activity than
monomeric (+)-catechin, and 20% ethanol extract showed
the greatest SOD-like activity. It was reported that the SOD-
like activity of procyanidins increased proportionally with the
degree of polymerization, at least up to the trimeric state.42

However, procyanidin oligomers above the trimeric state had
decreased SOD-like activity. This trend was very similar to tha
tof catechin polymers synthesized by laccase. On the basis of
the structure−activity relationship, catechol B rings of
flavonoids are essential for strong radical scavenging and
chain breaking activity.43,44 The SOD-like activity of catechin
polymers was improved about 4−5-fold by acetaldehyde
condensation of catechin monomer.45 The authors reported
that the increase of repeating catechol B rings in catechin
polymers was responsible for the amplification of superoxide
radical scavenging activity. It has been demonstrated that the
level of serum SOD in rats fed various tea leaves increased in
the order green tea < oolong tea < black tea.46 This result
suggests that fermented tea leaves containing oxidized catechin
polymers consistently have better radical scavenging activity
than unfermented green tea in vivo.
The antioxidant activity of catechin polymers in the human

body also varies depending on their bioavailability. Generally,
compounds with low molecular weight seem to be absorbed
more easily than those with high molecular weight in the
digestive tract. Procyanidin dimers and trimers were absorbed
across monolayers in human intestinal epithelial cells (Caco-2)

without difficulty.47 Procyanidins in the form of dimers, trimers,
and tetramers were directly absorbed in the digestive tract and
were not degraded into lower molecular weight compounds in
an animal study.48 On the basis of the above studies, catechin
oligomers with low DP could easily be absorbed in the digestive
tract and might act as potent antioxidants in the human body
after consumption.
Laccase-catalyzed polymerization of (+)-catechin signifi-

cantly improved antidiabetic potential. Catechin polymers,
and particularly the 20% ethanol extract containing 2−4
monomer units, exerted potent α-glucosidase inhibitory
activity, with an IC50 of 4 μg/mL. The antihyperglycemic
effect of catechin polymers was confirmed by an oral glucose
(maltose) tolerance test. The catechin polymers also had
significantly improved antiglycation and SOD-like activities
compared to those of (+)-catechin. Considering that AGE
formation and oxidative stress are accelerated during hyper-
glycemia, enzyme-produced catechin polymers may have a
potential protective effect in type 2 diabetes, diabetic
complications, and other free radical related diseases.
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