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Summary

 

The present study was carried out to evaluate the promising potential of  poly-
mers and oligomers from proanthocyanidins of  persimmon peel as antioxidants and thera-
peutic agents for diabetes. Both polymers and oligomers showed the scavenging effect of  2,2-
diphenyl-1-picrylhydrazyl, with IC

 

50

 

 values of  4.35 and 2.41 

 

�

 

g/mL, respectively, and they
also showed a protective activity against protein oxidation induced by 2,2

 

′

 

-azobis (2-amidi-
nopropane) dihydrochloride. In particular, oligomers exerted a stronger activity against free
radicals than polymers. In addition, to investigate their protective potential against diabetes-
related pathological conditions, their inhibitory activities on digestive enzymes and
advanced glycation endproduct (AGE) formation were evaluated. Polymers showed a strong
inhibitory activity against 

 

�

 

-amylase, while oligomers had a relatively weak effect. This sug-
gests that the inhibition of  

 

�

 

-amylase activity would probably depend on the degree of  poly-
merization. On the other hand, against 

 

�

 

-glucosidase activity and AGE formation, oligomers
exerted a stronger protective effect than polymers. The present study suggests that polymers
and oligomers from proanthocyanidins of  persimmon peel could play a role as antidiabetic
agents with antioxidative effects. Moreover, oligomers rather than polymers from proantho-
cyanidins of  persimmon peel may be expected to be a more promising antioxidative and
antidiabetic agent in relation to utilization in biological systems.
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Oxidative stress, caused by the imbalance of  reactive
oxygen species (ROS) and antioxidative defense systems,
is considered as a major etiological and/or pathogenic
agent of  most degenerative diseases such as cancer,
Alzheimer’s, diabetes, and aging (

 

1–4

 

). Under conditions
of  diabetes, oxidative stress increases due to several fac-
tors: enhancement of  glucose autoxidation, stimulation
of  the polyol pathway, production of  advanced glycation
endproduct (AGE), reduction of  antioxidant defenses by
the depletion of  antioxidants such as glutathione and
vitamin E, and decrease in the activity of  antioxidative
enzyme (

 

5–7

 

). Therefore, antioxidants that can scav-
enge ROS and/or enhance antioxidant defense have
received much attention in an attempt to reduce the
risk of  diabetes-associated pathological damage as well
as diabetes itself.

Proanthocyanidins, which belong to a class of
polyphenols, are widely distributed in plants, fruits,
legume seeds, wine, and tea. Persimmon is one of  the
proanthocyanidin-rich foods, with the peel showing
higher contents than the pulp (

 

8, 9

 

). Various epidemio-
logical data have suggested that proanthocyanidins pre-

vent cancer and cardiovascular diseases in humans
(

 

10

 

). Ariga (

 

11

 

) suggested the utilization of  proantho-
cyanidins related with an antioxidative function and
preventive action on diseases. Proanthocyanidins are
absorbed through the gut barrier and their absorption
depends on the degree of  polymerization. It is consid-
ered that their polymers would play the functional roles
of  proanthocyanidins in biological systems. However,
the functional properties derived from their polymeriza-
tion are poorly understood. Therefore, in the present
study we extracted proanthocyanidins from persimmon
peel, and disintegrated polymers and oligomers from
these proanthocyanidins to investigate their potential
as antioxidants and therapeutic agents against diabetes.

 

Materials and Methods

 

Fractionation of  polymers and oligomers from proantho-
cyanidins of  persimmon peel.

 

A mixture of  freshly
crushed persimmon peel (green and 5–7 cm in diame-
ter, 3 kg) and dried green tea leaves (450 g) in water
containing citric acid (240 g) was boiled for 3 h. At this
stage, nucleophilic substitution at the C-4 positions of
polymeric proanthocyanidins with monomeric tea cat-
echins occurred, and consequently, the polymeric mole-
cules were converted into oligomers. After cooling,
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insoluble materials were removed by filtration, and the
filtrate was directly applied to a Sepabeads SP 825 col-
umn (10 cm i.d.

 

�

 

45 cm, Mitsubishi Chemical Co.). Elu-
tion with water (4 L) washed out non-phenolic com-
pounds consisting of  citric acid, sugars, minerals,
amino acids, etc. Further elution with water containing
increasing amounts of  ethanol (20–80% ethanol, 20%
stepwise elution, each 2 L) yielded a mixture of  oligo-
meric proanthocyanidins and tea catechins (72.2 g).
The mixture was subsequently subjected to Sephadex
LH-20 column chromatography with ethanol. The
monomeric tea catechins were eluted out with ethanol,
and further elution with 50% aqueous acetone yielded
oligomers (51.5 g). The degree of  oligomeric polymer-
ization was estimated as 3.3 by quantitative HPLC anal-
ysis of  thiol degradation products (

 

12

 

), while the unit
ratios of  epigallocatechin, epicatechin, epigallocatechin-
3-

 

O

 

-gallate, and epicatechin-3-

 

O

 

-gallate in oligomers
were determined as 47, 15, 31, and 6%, respectively.
The preparation of  persimmon polymeric proanthocya-
nidins was as follows: an aqueous acetone extract of
fresh persimmon peel (500 g) was concentrated, and
the resulting insoluble precipitates were removed by fil-
tration. The filtrate was subjected to MCI-gel CHP 20P
(Mitsubishi Chemical. Co.) column chromatography
with water containing methanol (0–80%, 20% step-
wise elution) to give polymers (6.93 g).

 

Reagents.

 

2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2

 

′

 

-
azobis (2-amidinopropane) dihydrochloride (AAPH)
and glutathione were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan), and allophy-
cocyanin was obtained from Funakoshi Co., Ltd. (Tokyo,
Japan). 

 

�

 

-Amylase (from 

 

Bacillus licheniformis

 

), 

 

�

 

-glu-
cosidase (from 

 

Saccharomyces cerevisiae

 

) type I, 3,5-dini-
trosalicylic acid, sodium potassium tartrate (Rochelle
salt), and 

 

ρ

 

-nitrophenyl-

 

�

 

-

 

D

 

-glucopyranoside were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).

 

DPPH radical scavenging activity.

 

One hundred micro-
liters of  50% EtOH solution of  the sample (control: 100

 

�

 

L of  50% EtOH) was added to microwells followed by
100 

 

�

 

L of  60 

 

�

 

M

 

 DPPH in EtOH, according to the
method of  Hatano et al. (

 

13

 

). After being mixed gently
and left to stand for 30 min at room temperature, the
DPPH radical level was measured with a Microplate
Reader (GENios, TECAN Austria GmbH). The antioxi-
dant activity of  each sample was expressed as the IC

 

50

 

value (concentration in 

 

�

 

g/mL to scavenge DPPH by
50%) calculated from the log-dose inhibition curve. 

 

L

 

-
Ascorbic acid was used as a positive control.

 

AAPH-induced protein oxidation.

 

According to the
methods of  Courderot-Masuyer et al. (

 

14

 

), the reaction
mixture containing 37.5 n

 

M

 

 allophycocyanin, 3 m

 

M

 

AAPH, and aqueous solution of  test sample in 75 m

 

M

 

phosphate buffer (pH 7.0) was incubated at 37˚C. The
fluorescence obtained just before the addition of  the
radical generator AAPH was used as the 100% value
for that sample. Loss of  fluorescence was measured
every 5 min at an emission wavelength of  635 nm and
an excitation wavelength of  590 nm using a Microplate
reader (GENios, TECAN Austria GmbH).

 

�

 

-Amylase inhibitory activity.

 

A reaction mixture
containing 1% starch solution and an aqueous solution
of  the test sample in 20 m

 

M

 

 phosphate buffer (pH 6.7)
was equilibrated to 20˚C, and then this mixture was
incubated for 3 min at 20˚C with 1 U enzyme solution.
After incubation, a reagent solution containing 3,5-
dinitrosalicylic acid and Rochelle salt dissolved in 2 

 

M

 

NaOH was added, and then boiled for 15 min. The
absorbance at 540 nm was read for estimation of  enzy-
matic activity and inhibitory activity was expressed as
the decrease in absorbance compared with the reaction
mixture containing buffer solution without the test
sample (

 

15

 

).

 

�

 

-Glucosidase inhibitory activity.

 

The bioassay method
was adopted and modified from Sigma-Aldrich (www.
sigmaaldrich.com) and Lee and Lee (

 

16

 

). A reaction
mixture containing 0.7 U enzyme solution, 3 m

 

M

 

reduced glutathione solution, and an aqueous solution
of  the test sample in 67 m

 

M

 

 phosphate buffer (pH 6.8)
was equilibrated to 37˚C, and then 10 m

 

M

 

 

 

ρ

 

-nitrophe-
nyl-

 

�

 

-

 

D

 

-glucopyranoside as a substrate was added to
initiate the enzyme reaction. After incubation for
exactly 20 min at 37˚C, this reaction was terminated by
the addition of  100 m

 

M

 

 Na

 

2

 

CO

 

3

 

. The absorbance at 400
nm was read for enzymatic activity and inhibitory
activity was expressed as a decrease in absorbance com-
pared with the reaction mixture containing buffer solu-
tion without the test sample.

 

Determination of  AGE formation.

 

According to the
method of  Vinson and Howard (

 

17

 

), test samples were
added to a reaction mixture comprised of  bovine serum
albumin (10 mg/mL) in 50 m

 

M

 

 phosphate buffer (pH
7.2) with 0.02% sodium azide to prevent bacterial
growth, 25 m

 

M

 

 glucose, and 25 m

 

M

 

 fructose and then
mixed. After incubation at 37

 

o

 

C for 2 wk, the fluores-
cent reaction products were assayed using a Microplate
reader (GENios, TECAN Austria GmbH) with excitation
and emission wavelengths set at 360 nm and 465 nm,
respectively. All incubations were conducted in quadru-
plicate. Aminoguanidine was used as a positive control.

 

Statistical analysis.

 

The results are presented as the
mean

 

�

 

SE. Differences among groups were analyzed by
Student’s 

 

t

 

-test and those at 

 

p

 

�

 

0.05 were considered
significant.

 

Results

 

DPPH radical scavenging activity

 

Table 1 shows the DPPH radical scavenging activity
of  polymers and oligomers from proanthocyanidins of
persimmon peel. Polymers and oligomers scavenged
DPPH radical by 50% at concentrations of  4.35 and
2.41 

 

�

 

g/mL, respectively; therefore, the oligomers
exerted a stronger inhibitory activity than the poly-
mers.

 

AAPH-induced protein oxidation

 

The protective effect of  polymers and oligomers
against protein oxidation induced by AAPH is repre-
sented in Fig. 1. At a concentration of  0.1 

 

�

 

g/mL, poly-
mers and oligomers showed a weak protective effect
against protein damage. However, via treatment with
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1 

 

�

 

g/mL of  oligomers, the fluorescence after exposure
to AAPH for 90 min was 81.7% compared with the
control value of  9.8%. On the other hand, polymers
exerted a relatively weaker inhibitory activity than oli-
gomers by showing a value of  22.1% at the same con-
centration.

 

Activities of  

 

�

 

-amylase and 

 

�

 

-glucosidase

 

Table 2 shows the inhibitory activity of  polymers and
oligomers against 

 

�

 

-amylase and 

 

�

 

-glucosidase. Poly-
mers exerted an inhibitory activity against 

 

�

 

-amylase
in a dose-dependent manner, while oligomers showed a
weak effect. At a concentration of  100 

 

�

 

g/mL, poly-
mers and oligomers showed inhibitory activities of  53.9
and 4.6%, respectively. Against 

 

�

 

-glucosidase, polymers
and oligomers exerted inhibitory activities in a concen-
tration-dependent manner. In particular, oligomers
showed a strong inhibitory activity of  53.6% even at a
low concentration of  5 

 

�

 

g/mL, but polymers didn’t

show such activity. Moreover, oligomers exerted an
inhibitory activity over 90% at a higher concentration
of  25 

 

�

 

g/mL. Although polymers showed a relatively
low inhibitory activity compared with oligomers, they
also exerted inhibitory activities of  53.3 and 74.0% at
concentrations of  50 and 100 

 

�

 

g/mL, respectively.

 

AGE formation

 

Figure 2 represents the effect of  polymers and oligo-
mers on AGE formation. They inhibited AGE formation
dose-dependently; in particular, they showed a stronger
effect than aminoguanidine. Oligomers showed a stron-
ger inhibitory effect on AGE formation than polymers at
a concentration lower than 25 

 

�

 

g/mL, while both poly-
mers and oligomers showed a higher than 95% inhibi-
tory effect on AGE.

 

Discussion

 

A large number of  synthetic and natural antioxi-
dants, which are potent scavengers of  free radicals and
promote the defense system, have been demonstrated to
induce beneficial effects on human health and disease
prevention (

 

18

 

,

 

 19

 

). In particular, proanthocyanidins
are the most abundant polyphenolic compounds in
plants and are common constituents of  many foods and
beverages. Several reports demonstrated that proantho-
cyanidins have been shown to be more effective antiox-

 

Fig. 1. Effect of  proanthocyanidins from persimmon peel on free radical-mediated protein damage. 

 

�

 

: control, 

 

�

 

: polymers,

 

�

 

: oligomers.

 

Table 1. DPPH radical scavenging activity of  proantho-
cyanidins of  persimmon peel.

Material IC

 

50

 

 (

 

�

 

g/mL)

Polymers 4.35
Oligomers 2.41

Ascorbic acid 0.97

Table 2. Inhibitory activity of  proanthocyanidins of
persimmon peel against 

 

�

 

-amylase and 

 

�

 

-glucosidase.

Enzyme
Concentration 

(

 

�

 

g/mL)
Polymers Oligomers

 

�

 

-Amylase 5 3.9

 

�

 

1.1 —
25 17.4

 

�

 

1.0 —
50 35.9

 

�

 

1.3 —
100 53.9

 

�

 

1.2 4.6

 

�

 

4.0

 

*

 

�

 

-Glucosidase 5 — 53.6

 

�

 

2.8
25 29.9

 

�

 

4.1 90.4

 

�

 

0.4

 

*

 

 
50 53.3

 

�

 

2.6 96.2

 

�

 

0.3

 

*

 

100 74.0

 

�

 

1.0 97.4

 

�

 

0.1

 

*

 

*

 

p

 

�

 

0.001 vs. polymers.

Fig. 2. Effect of  proanthocyanidins from persimmon
peel on AGE. 

 

�

 

: polymers, 

 

�

 

: oligomers, 

 

�

 

: amino-
guanidine. *

 

p

 

�0.001 vs. polymers.
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idants than vitamins E and C on a molar basis (8, 19).
Moreover, the number of  their phenolic functional
groups is at the origin of  three essential properties,
including the formation of  complexes with proteins, for-
mation of  chelators with metal ions, and reducing
capacity. The functional properties play a protective role
against cancer and cardiovascular disease (10).

Proanthocyanidins differ from all other natural
polyphenols by their polymeric nature (20). They are
made of  flavan-3-ol units and their average degree of
polymerization generally varies between 3 and 11. The
polymerization degree was found to vary with the spe-
cies, tissues or methods of  extraction. The proanthocya-
nidins of  persimmon peel are oligomers or polymers of
flavan-3-ols characterized by a single interflavan bond
linkage usually between C4 of  the “upper” extension
units and C8 or C6 of  the “lower” or “starter” unit (21).
Furthermore, structure of  the proanthocyanidins was
characterized as (�)-epicatechin-(4�-8)-(�)-epigallo-
catechin-3-O-gallate, (�)-epigallocatechin-(4�-8)-(�)-
epigallocatechin-3-O-gallate and (�)-epigallocatechin-
3-O-gallate-(4�-8)-(�)-epigallocatechin-3-O-gallate. We
investigated the ratios of  oligomer from persimmon peel
by thiol degradation analysis (12). In this result, epicat-
echin gallate, epicatechin, epigallocatechin gallate and
epicatechin gallate in oligomer were determined as 47,
15, 31 and 6%, respectively. In the case of  oligomers of
proanthocyanidins from persimmon peels used in the
present study, the polymerization degree was 3.3 and
the higher degree was classified as polymers.

Absorption of  proanthocyanidins through gut bar-
rier depends on their degree of  polymerization. Under in
vitro experiments, only dimers and trimers, but not
polymers with an average polymerization degree of  7,
were absorbed through an intestinal epithelium cell
monolayer (20, 22, 23). Low molecular proanthocyani-
dins are known as sustained release antioxidants; on
the contrary, high molecular proanthocyanidins can
exert their antioxidant activity in the digestive tract and
protect lipids, proteins and carbohydrates from oxida-
tive damage during digestion and spare soluble antioxi-
dants (18). Accordingly, differences in their antioxida-
tive activity and therapeutic potential due to their
structural nature in relation to their utilization in bio-
logical systems have to be elucidated. In the present
study, we analyzed the antioxidative and inhibitory
activities against digestive enzymes and AGE formation
with a comparison of  the activities of  polymers and oli-
gomers.

As shown in the results of  the DPPH radical scaveng-
ing effect, oligomers showed a stronger scavenging
effect than polymers. It is well accepted that the DPPH
radical scavenging by antioxidants is due to their hydro-
gen-donating activity. Since proanthocyanidins differ
structurally according to the number of  hydroxyl
groups and oligomers contain a greater number of
hydroxyl groups than polymers, oligomers probably
would lead to stronger DPPH scavenging activity than
polymers. In addition, the present results showed that
oligomers had a more effective protective activity

against protein oxidation induced by free radicals than
polymers. Oxidative damage to a specific protein, espe-
cially at the active site, can induce a progressive loss of
a particular biochemical function. Several types of  ROS-
induced protein modifications have been demonstrated,
including the loss of  sulfhydryl groups, formation of
carbonyls, disulphide cross-links, nitrotyrosine, and
glyoxidation and lipid peroxidation adducts, among
others. Modified proteins and amino acids contribute to
pathologies such as diabetes, aging, atherosclerosis,
and neurodegenerative disease (24, 25). Therefore, we
investigated the protective effect against protein oxida-
tion induced by free radicals, using allophycocyanin as
one of  the phycobiliproteins of  phycobilisomes, the
accessory light-harvesting complexes in cyanobacteria
and red algae, as a protein donor (26). The present
study suggests that proanthocyanidins from persim-
mon peel exert radical scavenging activities and protec-
tive effects against oxidation induced by ROS. In partic-
ular, the activity of  oligomers was more effective than
that of  polymers. The higher contents of  hydroxyl group
in oligomers than polymers would probably result in
the stronger protective effect from protein oxidation by
free radicals.

Oxidative stress is implicated as an important cause
of  degenerative diseases including diabetes (1–4), since
hyperglycemia in diabetes increases oxidant production
by multiple processes. Therefore, under the condition of
diabetes, control of  increased glucose flux plays an
important role in diabetes progression and treatment.
Moreover, inhibition of  the digestive enzymes would
delay the degradation of  starch and oligosaccharides,
which would in turn cause a decrease in the absorption
of  glucose and consequently inhibit the increase in post-
prandial blood glucose (27, 28). In particular, �-amy-
lase and �-glucosidase participate in carbohydrate
digestion, and are considered as key enzymes that can
control postprandial hyperglycemia.

The antidiabetic potential of  polymers and oligomers
was evaluated through their inhibitory activities
against �-amylase and �-glucosidase. In the results,
polymers showed an inhibitory activity against �-amy-
lase, but oligomers exerted a low inhibitory activity
against �-amylase. �-Amylase inhibitors could have a
synergistic and potential therapeutic effect on post-
meal blood glucose levels. The difference in inhibitory
activity between polymers and oligomers may be
caused by their structural differences. Horigome et al.
(29) reported that the inhibitory activities of   digestive
enzymes such as �-amylase, trypsin, and lipase were
dependent on the polymerization degree of  proanthocy-
anidin. In particular, the inhibitory activity of  �-amy-
lase was positively and linearly related to the degree of
polymerization. Therefore, polymers with a higher
degree of  polymerization than oligomers would exert a
stronger activity against �-amylase. On the other hand,
the activity of  �-glucosidase is not related to the degree
of  polymerization, although further study also has to be
supported. The present result showed both polymers
and oligomers exerted effective inhibitory activities
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against �-glucosidase activity; oligomers, particularly,
showed a stronger inhibitory activity than polymers. �-
Glucosidase is involved in a variety of  metabolic disor-
ders and other diseases such as diabetes, viral attach-
ment, and cancer progression (30–32). Because of  their
importance, glucosidase inhibitors can be useful tools
for studying their action mechanisms and are also pro-
spective therapeutic agents for some degenerative dis-
eases. �-Glucosidase inhibitors reduce glucose absorp-
tion by inhibiting disaccharide digestion, and thus
delay the subsequent monosaccharide absorption. Sev-
eral reports demonstrated that oral administration of
specific �-glucosidase inhibitors could effectively
improve hyperglycemia as well as diabetic complica-
tions (33, 34). The present results support the role of
oligomers as �-glucosidase inhibitors, suggesting their
promising potential against diabetes-related pathologi-
cal conditions.

Under diabetes, the formation of  AGE as glycated pro-
teins results in the aggravation of  diabetes and develop-
ment of  diabetic complications (35). In addition, AGE is
themselves able to produce free radicals via complex
biochemical mechanisms, and oxidative stress also
accelerates AGE formation (36). Therefore, agents
which can inhibit AGE formation and scavenge free rad-
icals could be of  great interest. In the present results,
the oligomers and polymers inhibited AGE formation; in
particular, oligomers showed a higher inhibitory effect
than polymers under low concentration. This effect is
probably associated with the structural characteristics
of  proanthocyanidins with hydroxyl and galloly groups.
The glycosylation of  proanthocyanidins with proteins
increases their binding affinity in the presence of  galloyl
groups (10). The result in the reduction of  AGE by treat-
ment with polymers and oligomers suggests that they
have a protective potential against diabetic complica-
tions induced by hyperglycemia as well as hyperglyce-
mia itself.

The present study demonstrated that oligomers and
polymers from proanthocyanidins of  persimmon peel
showed radical scavenging effects and protective activi-
ties against radical-induced protein damage. In addi-
tion, oligomers exerted an antidiabetic potential by
inhibiting �-glucosidase activity and AGE formation.
On the other hand, polymers were suggested as effective
�-amylase inhibitors, while they showed a relatively
weak inhibitory effect against �-glucosidase. The differ-
ence between polymers and oligomers may be associ-
ated with their structures and activity sites. With con-
sideration of  their absorption in biological systems and
functional properties, oligomers rather than polymers
from proanthocyanidins of  persimmon peel are
expected as promising agents against diabetes. The
functional properties support the utilization of  persim-
mon peel, requiring further studies both in vivo and
concerning related protective mechanisms.
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