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Abstract of dissertation
(in English)

Free radicals and reactive oxygen species do not only cause denaturation in foods but also
cause oxidative damage to the human body. The development of diabetic complications was
shown to be related with the excessive oxidation by these molecular species and hyperglycemia,
which produced reactive carbonyl species (RCS) and glycation of protein. Natural antioxidants
from plants such as flavonoids and polyphenols were found to reduce oxidative damage to food
during storage and protecting the human body cells from oxidative damage.

Okinawa plants are reported to contain richly in antioxidants, which might be contributed
to the development of good health to the Okinawa people. Two Okinawa plants, Ooitabi (Ficus
pumila L.) and Taumu (Colocasia esculenta S.) were selected in this research. The antioxidant
components in these plants were investigated and their structural-activity relationship was further
evaluated. One of the isolated antioxidant compounds from Ooitabi, rutin, was also investigated
for its potential in inhibiting the formation of RCS from glucose autoxidation and glycation of an
amine under high glucose concentration.

The separation of antioxidants from Ooitabi and Taumu were based on their DPPH radical
scavenging activities. Ooitabi and Taumu were extracted with aqueous ethanol and methanol,
respectively. The extracts of these plants were fractionated using C18 solid phase extraction
followed by a series of separation using reversed phase MPLC and HPLC. All isolated
compounds were identified with MS and NMR spectroscopies. Four flavonoid glycosides had
been isolated and identified from Ooitabi, which were apigenin 6-neohesperidosyl, kaempferol
3-robinobioside, kaempferol 3-rutinoside and rutin. As for Taumu, seven flavonoid glycosides
were also isolated and identified as isoorientin, isoschaftoside, isovitexin, luteolin 7-sophoroside,
orientin, schaftoside and vitexin.

The structural-activity relationship of these flavonoid glycosides were evaluated with
comparison to apigenin, isoquercitrin, kaempferol, luteolin, quercetin and quercitrin using DPPH
radical scavenging, superoxide radical inhibitory and -carotene bleaching assays. It was found
that not only the presence of hydroxyl groups in position 3 and 3' of the aglycone had an effect
on the antioxidant activities but also the glycosylation characteristics such as the glycosidic
bonding position, bonding type, the number of glycosides and the type of glycosides. Analysis
on the ranking of the antioxidant activities of these compounds in these three assays showed that
they have different mechanisms of actions.

Hyperglycemic is an important characteristic of diabetes mellitus. The formation of RCS
was found to increase under high sugar concentration and high temperature. The presence of air

and metal ions such as Cu?* and Fe?" were found to promote its formation. RCS was found to
react readily with lysine to form intermediate advanced glycation end products (AGEs), one of
the contributing factors of diabetic complications. Rutin as one of the strong flavonoid
antioxidant was shown to inhibit the formation of RCS as well as the glycation of lysine under
high glucose concentration. The results of this study suggested that the flavonoid glycosides in
Ooitabi and Taumu as antioxidants have potential in inhibiting the formation of intermediate
AGE:s. Hence, these Okinawa plants can be used as a part of dietary management for diabetes
patients and health promotion.

il



Abstract of dissertation
(in Japanese)

TN =T VANREERBBERIIEMOEN 2GSRI TOAR LT, MR bEBbEEZE 4
ZENHBNTND, THbDyFFEIZ K HAEEANTOWRZRBILAOSE, miibE Tzl 51
TINVTR =V DIERERER S X7 B O A L T, 2 WPERFOFREFKICHEEG L TnWbH 2 &
DI SN TV D, HEMERARIIBIL D THDL T TR /A4 RRORY 7= 7 —/id, Bihx R
fFT HERITEZ Y 2 DEAEBE IR 2R D720 Tle <L ARICB N T b a2z Bk 5 b IRE T
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ROBEFEIZHEBRL TWD R L T oalE b dH b, £ 2 TR TIIA A1 # £ (Ficus pumila
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KLz, $72bb, MRLIEAAA X EEL X T LDORE - EENThETY ) — VKK A Y )
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77514 Apigenin 6-neohesperidosyl, kaempferol3-robinobioside, kaempferol3-rutinoside &
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DPPH 7 V1 /ViliiiE, A—"—=AF L R VU UMliEE B~ v T iB@EiEZ VT,
HEEL7= 7 7 K /7 A4 KB B K. apigenin, isoquercitrin, kaempferol, luteolin,
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Chapter 1

Introduction

1.1 Oxidative stress and complications of diabetes mellitus

Oxidative reactions by free radicals and reactive oxygen species (ROS) could cause
denaturation in foods in terms of nutritional value and sensory quality (Yasaei et al., 1996;
Pokorny, Yanishlieva and Gordon, 2001). These reactions have been reported to cause oxidative
damages to the cellular constituents in our body such as DNA, lipids and proteins (Aniya, 2002;
Sies, 1991). External factors such as radiation exposure, ozone, pollutants and chemicals were
reported to produce free radicals and ROS. These species were also found to be generated from
the normal essential metabolic processes in our body (Bagchi and Puri, 1998).

The harmful effects ofthese radical species cause biological damages, which termed by
researchers as oxidative stress. Oxidative stress have been recognized to be involved in the
pathogenesis of various life threatening chronic diseases like atherosclerosis, cancer, diabetes
mellitus and reperfusion disorder (Benzie, 2002; Dalle-Donne et al., 2005; Kunimoto, 2007).

Diabetes mellitus (Type 2 diabetes) accounts for around 90% of all diabetes worldwide
(WHO, 2009). In a report by Roglic et al. (2005), diabetes accounted for 5.2% of the global death
in the year 2000. An important characteristic of diabetes mellitus is high blood sugar due to
insulin resistance and impaired insulin secretion (Porte, 2001). Brownlee and Cerami (1981)
suggested that because of high concentration of sugar in blood, the decreased uptake of glucose
into muscle and adipose tissue leads to chronic extracellular hyperglycemia. This would result
in tissue damage and pathophysiological complications, involving heart disease, atherosclerosis,

cataract formation, peripheral nerve damage, retinopathy and other diabetic complications.



The involvement of oxidative stress had been experimentally shown as one of the causes
of hyperglycemia-induced trigger of diabetic complications (Baynes, 1991; Kaneto et al., 1999;
Lipinsky, 2001). Since then, researchers have discovered several pathways to show the
relationship of oxidative stress and diabetic complications (Evans et al., 2002; Robertson and
Harmon, 2006). Among them is the formation of advanced glycation end products (AGEs) due

to chronic hyperglycemia (Ahmed and Thornalley, 2007; Goh and Cooper, 2008).

1.2 Advanced glycation end products (AGEs)

AGEs formation is a complex non-enzymatic reaction of reducing sugars, o-
oxoaldehydes and other sugar derivatives with proteins. The reaction was first proposed by
Maillard in 1912 in the chemistry of food processing.

Investigation on the mechanisms of the formation of AGEs to-date by the researchers
concluded with three pathways leading to the formation of AGEs in physiological systems as
summarized in Figure 1.1. Hodge proposed the first AGEs formation pathway (Hodge pathway)
in 1953. Reducing sugars reacted non-enzymatically with amines to form Schiff base products.
These unstable products underwent Amadori rearrangement to form Amadori products such as
fructosamine. The products continue to react within themselves as well as neighboring proteins
that end up as AGEs.

The second pathway (Namiki pathway) of the formation of AGEs was without the need for
Amadori rearrangement, i.e. through the fragmentation of Schiff’s base (Namiki and Hayashi,
1983). In their report, Schiff base intermediates reacted with free radicals to form AGEs without
proceeding to Amadori rearrangement. The third pathway (Wolff pathway) was reported by
Wolff and Dean (1987) where the formation of AGEs was also possible through autoxidation

of reducing sugars unlike the pathways described byHodge and Namiki (1983).
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Figure 1.1 The pathways of the formation of AGEs. AGEs are formed via the Wolff
pathway by autoxidative glycosylation, the Namiki pathway by autoxidation of Schiff
base adducts or the Hodge pathway by reactions of the Amadori adduct on protein
(Requena and Baynes, 2000).

Further researches supported Wolff and Dean’s finding that monosaccaharides could
autoxidize under physiological conditions generating reactive a-oxoaldehydes, which were
precursors of AGEs (Thornalley et al., 1984; Argirov et al., 2003). Autoxidation of glucose
generated glyoxal, glucosone, 3-deoxyglucosone, methylglyoxal and arabinose (Wells-Knecht et
al., 1995; Usui et al., 2007).

In adults, 97% of hemoglobin (Hb) is formed from hemoglobin A (HbA) (Lapolla, Traldi
and Fedele, 2005). It has three minor components called as HbAla, HbAlb and HbAlc (Allen,
Schroeder and Balog, 1958). Subsequent studies found that HbAlc was derived from the
non-enzymatic reaction between glucose and the amino groups of valine and lysine of B-globulin
(John, 1997). HbAlc was discovered by Rahbar (1968) to occur widely in diabetic patients.
Structural studies in the later years established that the diabetic hemoglobin was identical to
HbAlc, which was elevated two- to three-fold in diabetic patients (Rahbar, Blumenfeld and
Ranney, 1969).

The in vitro exposure of protein to glucose resulted in the non-enzymatic covalent
attachment of glucose to lysine side chains in a manner that resembled that observed in vivo
(Coussons et al., 1997). This process is normal in individuals with normal control of blood
glucose concentration. However, human serum albumin (HSA) was reported to be two to three

times more glycated in hyperglycemic condition especially during periods of poor control of



plasma glucose concentration (Guthrow et al, 1979). The extent of glycation of proteins in
physiological systems was typically 0.01-1% of lysine and arginine residues (Ahmed et al., 2002).
For HSA in blood plasma, the concentration ranges (mol/mol of albumin) of Schiff’s base adduct,
fructosamine and AGEs are about 1-5,6-15 and 0.01-7%, respectively (Day, Thorpe and Baynes,
1979; Thornalley, Langborg andMinhas, 1999).

Most AGEs were formed by the modification of lysine and arginine residues in
the proteins (Usui, Watanabe and Hayase, 2006). The same authors also stated that a-oxoaldehyde
compounds attack the lysine and arginine residues of proteins and the following glycation process
was accelerated.

Examples of AGEs that have been found in the physiological system are shown in Figure
1.2: Pyrraline (Hayase et al., 1989), CML (N¢-(carboxymethyl)lysine) (Ahmed et al., 1997),
GA-pyridine (glycoaldehyde-pyridine) (Nagaiet al., 2002), GLAP (3-hydroxy-5-hydroxymethyl-
pyridinium) (Usui and Hayase, 2003) and OP-lysine (2-aminio-6-(3-oxidopyridinium-1-
yl)hexanoate) (Argiov, Lin and Ortwerth, 2004). They were formed as a result of o.-oxoaldehyde

derived lysine dimer.
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HO o Y the AGEs that have been
—{ OP-Lysine O identified ~ in  the
GLAP CHs physiological system.



1..3 Natural antioxidants from Okinawan plants

Our body has unique enzymatic antioxidants such as superoxide dismutase, catalase and
glutathione peroxidase that protect the cells from oxidative damage (Rahman, Biswas and Kode,
2005). However, the imbalance of oxidative stress and endogenous antioxidant in the body leads
to deleterious effect of oxidative stress (Schafer and Buettner, 2001). Therefore, our body requires
“reinforcement”, which is antioxidant from food to defend against oxidative stress. Natural
antioxidants from plants are widely studied nowadays not just as preferred food preservatives
(Pokorny, Yanishlieva and Gordon, 2001) but also their potential in preventing oxidative
damages in thebody (Wiseman, 1996). Epidemiological studies showed that antioxidants from
plants such as polyphenols were effective in the protection against cancer and cardiovascular
diseases (Arts and Hollman, 2005; Manach, Mazur and Scalbert, 2005).

The subtropical climate of Okinawa has blessed the islands with various plants that have
important roles in the daily lives of Okinawans. The utilization of these plants in the Okinawan
food culture as well as medicinal purpose has attracted different communities from around the
world because Okinawans have the longest life expectancies (Okinawa Centenarian Study, 2009).
Sho (2001) expected that these plants might contain important components that contributed to
their excellent health.

Okinawan plants have been shown by researchers to contain rich polyphenols that have
antioxidant activities (Nakatani, 2003; Suda et al., 2005). The antioxidant activities of theseplants
were shown to protect liver from inflammation and preventing diabetes complications (Aniya,
Itokazu and Shimoji, 2002; Aniya et al., 2002). Nakatani (1992) suggested that the antioxidant
compounds contained in the Okinawan plants contributed to the good health of the Okinawans.
Table 1.1 shows some of the natural antioxidants that have been identified in the Okinawan

plants.



In consideration of the significance of the involvement of oxidative stress in diabetes
mellitus, a supplement of antioxidants is required in response to the inhibition of the formation of
AGE:s as theoretical strategy for the prevention of diabetic complications. Many researchers had
shown that antioxidants were capable in inhibiting the formation of AGEs (Morimitsu et al., 1995;
Kim and Kim, 2003) but they failed to explain how these antioxidants worked, i.e. the pathway
that the antioxidants could inhibit. The background study about this research had shown that there
were three pathways to the formation of AGEs from reducing sugars. Therefore, it was necessary
to identify the pathway the antioxidant could inhibit for the sake of future application in

preventing the development of diabetic complications.

Table 1.1 Natural antioxidants that have been identified in the Okinawan plants.

Plant name Antioxidant compounds References
Botanbofu Isoquercitrin, rutin, chlorogenic acid, Nakatani,
(Peucedanum japonicum) caffeoylquinic acids 2003
Ryukyu Yomogi Dicaffeoylquinic acids, methyl 3,5- Nakatani,
(Artemisia campestris) dicaffeoylquinate acid 2003

(+)-epicatechin, ethyl 4-feruloyl-glucoside,

Getto Masuda et al.,

(Alpinia speciosa) 4—hydr9xy—3—methoxyphenyl 4-feruloyl- 2000
glucoside

Hosobawadan Caffeic acid, chlorogenic acid, chicoric Maeda,

(Crepidiastrum lanceolatum) acid, luteolin 7-glucuronide 2009

The reactive dicarbonyls were shown to increase in diabetes and they were a potential
precursor of AGEs as a post-translational modification of protein. Hence, the pathway proposed
by Wolff and Dean (1987) was further investigated in this study. Lysine as one of the amino acid
in the albumin that was susceptible to glycation (Garlick and Mazer, 1983; Iberg and Fliickiger,
1986) was used as a model of study in this research.

As mentioned above, Okinawan plants were found to have antioxidants that might

contribute to the good health of the Okinawan people. In this study, two Okinawan plants



were selected namely Ooitabi (Ficus pumila L.) and Taumu (Colocasia esculenta S.). Ooitabi
was used traditionally by the elderly folks of Okinawa as a leisure herbal tea or medication to
treat diabetes, dizziness, high blood pressure and neuralgia (Okada, 1988; Tobinaga, 1989).
Taumu was an important source of vegetable in the Okinawan diet mainly during the summer
(Shimono, 1980). Although the tuber of Taumu is mainly consumed, the stem is also used as
food. Taumu leaf'is not consumed and it was interesting to study whether there are any possibilities
of utilizing it as food. Therefore, it was necessary to investigate the active antioxidant compounds
in these plants as there were no reports about them.

With respect to these hypotheses, the objectives of this study were:

1. Investigation of the antioxidants in Ooitabi and Taumu.

2. Identification of the pathway for the formation of intermediate AGEs.

3. Investigation of the inhibitory activity of the antioxidant on the formation of AGEs.



Chapter 2

Antioxidants in Qoitabi

2.1 Introduction of Ooitabi

Ooitabi (Ficus pumila L.) of the Moraceae family is also known as Chita or Ishibaaki in
Okinawa. The plant is a scandent shrub with evergreen coriaceous leaves that is naturally grown
between the trees as well as on fragmented surface. It also can be found mostly in the southern
part of China, Taiwan and southern region of the mainland Japan.

The leaves of Ooitabi can be harvested throughout the year. The dried leaves are infused
either in hot water or in liquor for consumption (Okada et al., 1988). Figure 2.1 shows the
photographs of Ooitabi taken at the Okinawa Churaumi Aquarium at Motobu-cho of Okinawa in
April 2007. In this study, the antioxidants in the leaves of Ooitabi were investigated using
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay as the marker for antioxidant

activity.

Figure 2.1 Photographs of Ficus pumila L. taken at the Okinawa Churaumi Aquarium at
Motobu-cho in Okinawa. Coriaceous growth of the leaves (left) and a close-up view of the
leaves (right). The photographs were taken in April 2007.



2.2 Materials and methods

2.2.1 Chemicals and reagents

All chemicals and reagents used were of analytical grade. 2-Morpholinoethanesulfonic
acid (MES), bovine serum albumin (BSA), DPPH, ethanol, methanol, nitro blue tetrazolium
(NBT), a-tocopherol and xanthine were purchased from Nacalai Tesque, Inc. (Kyoto, Japan).
Copper (II) chloride, ethylenediaminetetraacetic acid (EDTA), dimethylsulfoxide-ds (DMSO-dy),
formic acid, methanol-dy, rutin and xanthine oxidase (XOD) from buttermilk were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). L(+)-Ascorbic acid was purchased
from Kanto Chemical Co., Inc. (Tokyo, Japan). Tetramethylsilane (TMS) for NMR was
purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). Water (18.3 (2) was purified using

a MilliQ-Labo purification system by Millipore Corp. (Osaka, Japan).

2.2.2 Instruments for chromatography

MPLC by Yamazen Corp. (Osaka, Japan) consisted of a GR-200 gradient mixer, a Pump
600A pump, and a Prep. UV254 UV detector. HPLC system by Shimadzu Corp. (Kyoto, Japan)
consisted of a SCL-6B system controller, a DGU-12A degasser, two units of LC-6A pump, a
CTO-6A column oven with a 1 ml sample loop injector (Rheodyne LLC Co., Rohnert Park, CA,

U.S.A.), a SPD-6A UV spectrophotometric detector, and a C-R4A chromatopac.

2.2.3 Plant material and extraction



The leaves of Ooitabi were collected from Motobu-cho in Okinawa in April 2006. The
leaves were washed with tap water and air-dried at 60°C for an overnight. The dried leaves were
pulverized using a household food processor. Then, 2 L of 50% aqueous ethanol was used to
extract about 600 g of the pulverized dried leaves at room temperature for 24 hr. The extract was
filtered and the residue was extracted for another twice with the same solvent giving a total
volume of 6 L of crude extract. These crude extracts were pooled and concentrated using rotary

evaporator.

2.2.4 Separation by chromatography

The separation scheme of the dried leaves of Ooitabi extract is shown in Figure 2.2. The
crude extract was chemically filtered using Sep-Pak C18 SPE cartridge (35 cc. reservoir) by
Waters Corp. (Milford, MA, U.S.A.). The filtrated extract was evaporated into syrup and then
dissolved in water. Then, this extract was fractionated using the same cartridge with a stepwise

elution to yield five eluates: water, 25, 50, 75% aqueous ethanol and ethanol.

Dried Ficus pumila L. leaves
(600 g)
T

Extracted by 50% aq. EtOH

I—I—I

Residue Crude extract
(462.8 )

Chemical filtration by C18-SPE
[

Fractionation by C18-SPE

Water 25% aq. 50% aq. 75% aq. EtOH

fraction EtOH fraction EtOH fraction EtOH fraction fraction
T

MPLC - ODS Column
1

ot | [ 2oz | [25v3 | [2sa |

MPLC - ODS Column
|

[ I 1
| 50M1 | | 50M2 | | 50M3 |
' Figure 2.2 The separation
HPLC - ODS Col .
olumn scheme of the dried leaves of

4 | Ficus pumila L.
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The 25% aqueous ethanol eluate was separated by MPLC using Ultra Pack ODS-S-50B
(300%26 mm i.d. column, 50 um) column by Yamazen Corp. (Osaka, Japan) with monitoring at
254 nm. A gradient elution from 10 to 60% aqueous methanol in 35 minutes at a flow rate of 9
ml/min was applied to the column. The MPLC chromatogram of the separation is shown in

Figure 2.3. Compound 1 was precipitated from fraction 25M4 after concentrated under vacuum

evaporation.

= R ]

[ S

Figure 23 MPLC

y ]
! 25MI1 25M2 5M3 ' 25M4 ! chromatogram  of the
1 0
separation of 25% aqueous
1 ethanol eluate.

The 50% aqueous ethanol eluate was also separated by MPLC using the same column. An
isocratic elution of 80% aqueous methanol was applied to the column. Figure 2.4 shows the

chromatogram of the separation. The fraction 50M2 showed DPPH radical scavenging activity
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and was further separated by HPLC using Cosmosil C18-AR-II Waters (250%10 mm i.d. column,
5 um) column by Nacalai Tesque, Inc. (Kyoto, Japan). A binary mobile phase was used in which
mobile phase A was water and mobile phase B was methanol. The elution was started with 2 min
of 30% of B, ascended to 50% of B in 28 min and to 60% of B in 5 min. The separation was
monitored at 254 nm. The separation afforded compounds 1, 2, 3 and 4. The HPLC

chromatogram of the separation is shown in Figure 2.5.
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\f‘\r—‘ \lr Figure 2.4 MPLC chromatogram of the separation of 50%
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H ]
$somt o osom2 'osoms f aqueous ethanol eluate.

P T

The isolated compounds were purified by crystallization. Compounds 1, 3 and 4 were

dissolved in DMSO-ds while compound 2 was dissolved in methanol-d,. TMS was added as an

internal reference prior to analysis by NMR spectrometer. NMR spectra ('H, 500 MHz; '3C,

125.65 MHz) were recorded at ambient temperature by JINM-a.500 (JEOL, Ltd., Tokyo, Japan).

2.2.5 DPPH radical scavenging assay
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DPPH radical scavenging assay by Suda (2000) was used. A reaction mixture of 0.3 ml

of 0.4 mM DPPH in methanol, 0.3 ml of 200 mM MES buffer (pH 6.0) and 0.3 ml of 50%

aqueous methanol was prepared. Then, 0.3 ml of sample in 50% aqueous methanol in different

concentrations up to 0.4 mM was mixed with the reaction mixture (total volume: 1.2 ml). The

assay was allowed to stand at room temperature for 1 hr before measuring its absorbance at 520

nm.
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Figure 2.5 HPLC chromatogram of the
semi-preparative  separation of 50M2
fraction.
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The DPPH radical scavenging activity (SC) of the sample was calculated using the

following formula: SC(%)=[1-(As/A¢)]*100 where A was the absorbance of the sample and Ag

was the absorbance of the blank. The SCso (the concentration required to scavenge 50% of DPPH

radicals) value was determined from the linear regression of curve. a-Tocopherol was used as a

positive control while 50% aqueous methanol was used as a blank.
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2.2.6  Superoxide radical inhibitory assay

The improved assay method for superoxide dismutase described by Imanari et al. (1977)
was used. Briefly, | mM EDTA, 0.05% (w/v) BSA, 0.25 mM NBT and test sample in different
concentrations up to 0.5 mM were prepared in water while | mM xanthine was prepared in 0.05
M sodium carbonate buffer (pH 10.2). A reaction mixture was made by adding 0.1 ml of each
solution into 2.4 ml of 0.05 M sodium carbonate buffer (pH 10.2). The reaction mixture was
pre-incubated at room temperature for 10 min. Then, 0.1 ml of XOD (0.1 U/ml) in water was
added to initiate the reaction. After 30 min of reaction, 0.1 ml of 6 mM copper (II) chloride was
added to stop the reaction. The formation of formazan was measured from the absorbance at 560
nm.

The superoxide radical inhibitory activity (IC) of the sample was calculated using the
following formula: IC (%)=[1-As/A0]*x100 where As was the absorbance of the sample and Ag
was the absorbance of the blank. The ICso (the concentration required to inhibit 50% of
superoxide radicals) value was determined from the linear regression of curve. Due to the
difficulty of dissolving the test samples in water, a maximum concentration of 0.5 mM was used.
L(+)-Ascorbic acid in different concentrations up to 2.0 mM was used as a reference compound

while water was used as a blank.

2.2.7 Quantification

The extraction capacities of water, 50% aqueous ethanol and ethanol on the dried Ooitabi

leaves were investigated. Glass weighing bottles (40x40 mm) were weighed and dried in an oven

at 90°C for an hour. The bottles were transferred into a desiccator contained with silica gel and
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left for 1 hr to cool down. The weight of each bottle was measured and these procedures were
repeated until a constant weight was attained on each bottle.

A hundred milliliter of water, 50% aqueous ethanol and ethanol was used to extract 1 g
of dried Ooitabi leaves. The extracts were filtered and filled up to 100 ml. Then, 5 ml of each
extract was transferred into the dried weighing bottles. These bottles with their contents were
dried in the oven and placed into the desiccator to cool down. The weight of each bottle was
measured and the procedures were repeated until constant weight was attained on each bottle.

The amount of the isolated compounds contained in these extracts of the dried Ooitabi
leaves was analyzed with HPLC. Each extract in a concentration of 1 mg/ml was prepared and
50 ul was injected into HPLC separately. Cosmosil SC18-AR-II Waters (4.6x150 mm, 5 um)
column by Nacalai Tesque, Inc. (Kyoto, Japan) at 40°C was used in the HPLC analyses. Mobile
phase A was 1% (v/v) formic acid in water while mobile phase B was 1% (v/v) formic acid in
methanol. The column was developed with a flow rate of 0.8 ml/min using a gradient elution from
30% of B (0-1 min) to 60% of B (1-34 min). The column was reconditioned in 30% of B for 15
minutes before every sample injection. Detection wavelength was set at 254 nm.

Apigenin 6-neohesperidosyl, kaempferol 3-robinobioside and kaempferol 3-rutinoside
isolated from Ooitabi (>95% purity by HPLC) as well as commercially obtained rutin were used
as the standard compounds for the quantification. Each standard compounds in concentrations of
0.0625, 0.125, 0.25, 0.5 and 1 mg/ml were prepared and 5 pl was subjected to HPLC separately.
The column was developed with the same HPLC parameters as described above.

A calibration curve was plotted as peak area (arbitrary units) obtained from the UV
absorbance at 254 nm against the known amount of standard compound (mg). The data points
were fitted into a line of best fit by the linear regression method. The amount of the isolated
compounds extracted by these three solvents was calculated based on the peak area of the

chromatogram of the extract with the calibration curve of the standard compounds.
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2.3 Results and discussion

DPPH assay was used in this research to detect antioxidant activity as it was considered
a valid and easy assay (Sanchez-Moreno, 2002). The result of the DPPH radical scavenging assay
for all eluates from the SPE cartridge is shown in Figure 2.6. The 25 and 50% aqueous ethanol
eluates reduced the absorbance of the purple color of DPPH radicals at 520 nm in concentration
dependent manner. The result showed that these two eluates contained antioxidants that have

DPPH radical scavenging activity. The other eluates did not show scavenging activity.

1.100
—e— Non-adsorbed

= 1.000 —a—25% aq. EtOH

S 0900 —a— 50% aq. EtOH

o

w 0,

% 0.800 F —*—75% aq. EtOH

3 —— FOH

§0.700 F

2

20.600 F

< Figure 2.6 DPPH radical
0500 F

scavenging activity of the eluates
0-400 ' ' from C18 SPE cartridge. Error bars
‘ 10 2 % shown were standard deviation of
Concentration (ug/m) mean of three independent

experiments.

Crystallization of all isolated compounds gave yellow amorphous solids. The 'H- and

BC-NMR spectral data are shown in Table 2.1 and Table 2.2, respectively. Compound 1 was
identified as rutin and confirmed with comparison made with authentic compound. Compound 2
was identified as apigenin 6-neohesperidosyl (apigenin 6-C-a-L-rhamnopyranosyl-(1—2)-3-D-
glucopyranoside). The NMR spectral data of compound 2 corresponded to the results by Rayyan,

Fossen and Andersen (2005).
The 'H-NMR spectral data of both compounds 3 and 4 were similar as shown in Table
2.1. However, the 3C-NMR spectra of these compounds were different. Comparison of these

I3C-NMR spectral data with the reported data by Brasseur and Angenot (1989) and Agrawal and
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Bansal (1989) found that compound 3 was identified as kaempferol 3-robinobioside (kaempferol

3-0-a-L-rhamnopyranosyl-(1—6)-p-D-galactopyranoside) while compound 4 was identified as

kaempferol 3-rutinoside (kaempferol 3-O-a-L-rhamnopyranosyl-(1—6)-B-D-glucopyranoside).

Hence, the isolated compounds were found to be flavonoid glycosides. The chemical structures

of each compound are shown in Figure 2.7.
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Table 2.2 BC-NMR spectral data for compounds 1, 2, 3 and 4.

Position 1 20 3a 4a
C-2 156.4 166.2 156.4 156.4
C-3 133.3 104.0 133.2 133.1
C-4 177.4 184.2 177.2 177.3
C-5 156.6 n.d. 161.0 161.1
C-6 98.7 109.5 98.7 98.6
C-7 164.0 164.9 164.0 164.0
C-8 93.6 96.0 93.7 93.6

94.9

C-4a 104.0 105.4 103.6 103.9
C-8a 161.2 158.8 156.4 156.7

C-1 121.2 123.1 120.7 120.8
C-2' 115.2 129.5 130.8 130.8
C-3' 144.7 118.0 114.9 115.0
C-4' 148.4 162.9 159.8 159.8
C-5' 116.2 117.1 114.9 115.0
C-6' 121.6 129.5 130.8 130.8
C-1" 101.2 73.4 101.9 101.2
Cc-2" 74.1 77.8 71.0 74.1
C-3" 76.4 81.6 72.8 76.2
C-4" 70.0 72.1 67.9 69.8
C-5" 75.9 82.6 73.4 75.6
C-6" 67.0 62.8 65.1 66.8
C-1" 100.7 102.5 99.9 100.7
c-2" 70.4 72.4 70.5 70.2
Cc-3" 70.5 72.2 70.3 70.5
c-4" 71.8 73.7 71.8 71.7
Cc-5" 68.2 69.9 68.2 68.1
C-6" 17.7 18.1 17.8 17.6

aSolvent: DMSO-ds. & values in ppm from TMS.
bSolvent: Methanol-dy. 6 values in ppm from TMS



Compound R1 R2 R3

Rutin O-a-L-rhamnopyrano sy%—( 1—6)- H OH
B-D-glucopyranoside
Apigenin 6-neohesperidosyl H C-a-L-thamnopyranosyl-(1-2)- o

B-D-glucopyranoside

O-a-L-thamnopyranosyl-(1—6)- H H

Kaempferol 3-robinobioside .
B-D-galactopyranoside

O-a-L-rhamnopyranosyl-(1—6)- H H

K ferol 3-rutinosid
aempferol 3-rutinoside B-D-glucopyranoside

Figure 2.7 Chemical structures of the flavonoid glycosides isolated from the dried leaves of
Ficus pumila L.

Table 2.3 shows the values of SCso and ICsg of the isolated flavonoid glycosides from
Ooitabi determined by DPPH radical scavenging and superoxide radical inhibitory assays,
respectively. Rutin had the highest DPPH radical scavenging activity with the SCso value of 0.04
mM followed by the reference compound, a-tocopherol (0.10 mM). The rest of the flavonoid
glycosides did not scavenge DPPH radicals as efficient as rutin.

Rutin also had the highest inhibitory activity on the formation of NBT formazan caused
by the superoxide radicals generated by xanthine oxidase with the ICso value of 0.14 mM.
L(+)-Ascorbic acid and the other flavonoid glycosides did not show inhibitory activity up to 2.0
and 0.4 mM, respectively.

Based on the chemical structures of each compound, the antioxidant strength were shown

to be affected by the number of hydroxyl group at the B-ring of the aglycone (Matsuda et al.,
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2003; van Acker et al., 1996b). This complied with rutin as it has two hydroxyl groups at the
B-ring compared with the other three flavonoid glycosides, which has only one hydroxyl group
at the B-ring.

Table 2.3 Antioxidant activities of the flavonoid glycosides isolated from the leaves of Ficus
pumila L.

Compound SCso of DPPH radical (mM)  ICsg of superoxide radical (mM)
o-Tocopherol 0.10 n.t.
L(+)-Ascorbic acid n.t. >2.0
Rutin 0.04 0.14
Apigenin 6-neohesperidosyl >0.4 >0.5
Kaempferol 3-robinobioside >0.4 >0.5
Kaempferol 3-rutinoside >0.4 >0.5

n.t.: not tested

Table 2.4 shows the results of the dry weight matter of the extracts of dried Ooitabi leaves
and the content of the flavonoid glycosides in these extracts. Water extract gave the highest yield
of dry weight matter followed by 50% aqueous ethanol and ethanol. Among these three solvents,

50% aqueous ethanol extracted the most quantity of apigenin 6-neohesperidosyl.

Table 2.4 The dry weight matter of the extracts of the dried leaves of Ficus pumila L. and the
content of the flavonoid glycosides in these extracts.

mg/g of dry weight of Ficus pumila L. leaves

Extract dry weight Rutin Api genip 6- Kae:mpf.ero'l Kaerr'lpfe.rol
matter neohesperidosyl 3-robinobioside  3-rutinoside
Water 12.6 1.69 0.90 trace 0.21
50% aq. EtOH 10.4 2.38 3.15 0.16 0.01
EtOH 1.5 trace 0.01 trace trace

Values are means of triplicate analyses.
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The most amount of flavonoid glycoside extracted by water was rutin followed by
apigenin 6-neohesperidosyl, kaempferol 3-rutinoside and kaempferol 3-robinobioside. Most
flavonoid glycosides extracted by ethanol could only be traced. The quantification by HPLC as
described in Section 2.2.7 showed that the retention time of apigenin 6-neohesperidosyl, rutin
kaempferol 3-robinobioside and kaempferol 3-rutinoside was 11.2, 12.8, 14.7 and 16.7 min,
respectively.

The strongest antioxidant, rutin, could be extracted from the leaves of Ooitabi using the
above solvents with 50% aqueous ethanol extracted the most. Although this experimental result
showed that 50% aqueous ethanol solvent was the best extraction solvent, considerable amount
of rutin could still be obtained using water. In conclusion, the antioxidants contained in the leaves
of Ooitabi were of flavonoid glycosides. Among these compounds, rutin was found to have the

highest antioxidant activity.
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Chapter 3

Antioxidants in Taumu

3.1 Introduction of Taumu

Taumu or Colocasia esculenta Schott var. aquatilis Kitamura is one of the traditional
plant foods in Okinawa. Taumu at one time was cultivated in various places in Okinawa.
Nowadays, the only main cultivation area is in Kin town and Ginowan due to the decrease of
paddy field (Kin Town Hall, 1994). The stem of Taumu can grow throughout the year although
the tuber of Taumu is harvested in between the month of December and April.

The stem of Taumu is eaten either as salad, stew or as soup (Kinjo, Higashimori and
Tahara, 2003). The leaf of Taumu is not being used as food. Hence, it was an interest to
investigate the antioxidants in the leaf and its potential as food. In this study, the antioxidants in
the shoots of Taumu, which included both the stems and the leaves (Figure 3.1), were

investigated by using DPPH radical scavenging assay as the marker for antioxidant activity.

Figure 3.1 Photographs of the leaves (left) (Satoimo, 2009) and the stem (right) (Hamada
Ichiro Shouten Manzokuya, 2009) of Colocasia esculenta S.
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32 Materials and methods

3.2.1 Chemicals and reagents

All chemicals and reagents used were the same as described in Chapter 2.

3.2.2 Instruments for chromatography

The MPLC and HPLC systems used are the same as described in Chapter 2.

3.2.3 Plant material and extraction

The shoots of Taumu were collected from Kin town in Okinawa in April 2008. They were
washed with tap water and freeze-dried. The dried shoots were pulverized using a household food
processor. About 750 g of pulverized shoots were extracted with methanol at room temperature
for 8 hr. The methanol extract was filtered and the residue was extracted twice again under the
same conditions giving a total volume of 8 L of crude extract.

These crude extracts were pooled and vacuum evaporated using rotary evaporator to
remove methanol. The dried extract was dissolved in 2 L of water. Hexane (1:1, v/v) was added
to remove low polarity compounds from the water phase solution. The liquid-liquid partition was

conducted five times.

3.2.4 Separation by chromatography
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The separation scheme of the dried Taumu shoots extract is summarized in Figure 3.2.
Fractionation of the water phase extract by Waters Sep-Pak C18 SPE cartridge (35 cc. reservoir)
with a stepwise elution from water to methanol yielded five fractions. The MPLC and HPLC

systems used for the separation of these eluates are the same as in Chapter 2.

Dried shoots of Colocasia esculenta S.
(750 g)
T

Extracted by MeOH

l_|—|

Residue Crude extract

277 g
T

Dissolved in water after evaporated into syrup
|
Liquid-liquid partition
(Hexane : Water, 1: 1)
l—l—|
Hexane fraction Water fraction
210.6 g
T
Fractionation by C18-SPE
[ I L 1 1 1
Water 25% aq. 50% aq 75% aq. MeOH
fraction MeOH fraction MeOH fraction MeOH fraction fraction
T
MPLC - ODS Column
1

[asmr | [2sv2 | [25m3 | [2swa | [2ws |
T

HPLC - ODS Column

MPLC - ODS Column

(oot | [sowz ] [ s | [ sowi |

HPLC - ODS Column

EE Figure 3.2 The separation scheme
HPLC — ODS Column

of the dried shoots of Colocasia
n H ﬂ esculenta S.

The 25% aqueous methanol eluate was separated by MPLC using Ultra Pack ODS-S-50B
(300%26 mm i.d. column, 50 pm) (Yamazen Corp., Osaka, Japan) with monitoring at 254 nm.
The following gradient profile at a flow rate of 7.5 ml/min was applied: 5 min of 40% aqueous
methanol, increased to 70% aqueous methanol in 15 min and held for 10 min. Five fractions were

obtained in this separation.
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Fraction 25M4 was further separated by HPLC using a Cosmosil SC18-AR-II (20x250
mm, 5 pm) (Nacalai Tesque, Inc., Kyoto, Japan) semi-preparative column at 40°C. The flow rate
of the mobile phase was 4.5 ml/min with monitoring at 254 nm. Separation of this fraction with

isocratic elution of 1% (v/v) formic acid in 30% aqueous methanol afforded compounds 1, 2 and

3. The HPLC chromatogram of the separation of fraction 25M4 is shown in Figure 3.3.

Ll
L
T
Lyl

Figure 3.3 Semi-preparative HPLC
chromatogram of the separation of
fraction 25M4.

The 50% aqueous methanol eluate was also separated by MPLC. Separation was achieved
using the following gradient elution: 10 min of 50% aqueous methanol increased to 80% aqueous
methanol in 20 min and held for 10 min. Four fractions were obtained. Compound 4 was
precipitated from fraction S0M4 when concentrated under vacuum evaporation.

The same semi-preparative column as described above was used for the separation of
fractions 5S0M2 and 50M3 by HPLC. Separation of fraction 50M2 with isocratic elution of 1%
(v/v) formic acid in 30% aqueous methanol afforded compounds 1 and 2. The HPLC
chromatogram is shown in Figure 3.4. Separation of fraction 50M3 with isocratic elution of 1%
(v/v) formic acid in 35% aqueous methanol afforded compounds 4, 5, 6 and 7. The HPLC

chromatogram is shown in Figure 3.5.

25



7

- 41.3

14. 805

e ——
——

811 19 ag;

28,85 ”
=TT
B
e
-d-t_'_
—

Figure 3.4 Semi-preparative HPLC chromatogram of the
separation of fraction SOM?2.

Sl S

All isolated compounds were purified by crystallization. These purified compounds were
dissolved in methanol for analysis by an Esquire 3000 plus ion-trap mass spectrometer in

electro-spray ionization mode (Bruker Daltronics, Billerica, MA, USA).
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For analysis by NMR spectrometer, the purified compounds were dissolved in DMSO-d5.

Both 1D ('H, 500 MHz; 3C, 125.65 MHz) and 2D ('H-'H COSY, HMBC and HMQC) NMR

spectra were recorded at ambient temperature by INM-a500 (JEOL, Ltd., Tokyo, Japan).

3.2.5 DPPH radical scavenging assay

The DPPH radical scavenging assay as described in Chapter 2 was used.

3.2.6 Superoxide radical inhibitory assay

The superoxide radical inhibitory assay as described in Chapter 2 was used.

3.2.7 Quantification

The method as described by Leong et al. (2008) was slightly modified to quantify the
extraction capacities of different solvents on the dried Taumu leaves and stems as well as the
content of the isolated compounds in these extracts. Glass weighing bottles (40x40 mm) were
weighed and dried in an oven at 90°C for an hour. The bottles were transferred into a desiccator
contained with silica gel and left for 1 hr to cool down. The weight of each bottle was measured
and these procedures were repeated until a constant weight was attained on each bottle.

A hundred milliliter of water and methanol was used to extract 2 g of pulverized dried
Taumu leaves and stems. The extracts were filtered and filled up to 100 ml. Each extracts (5 ml)
were withdrawn and placed into individual weighing bottles. The bottles with their contents were
dried in the oven and transferred into the desiccator. The weight of each bottle was measured and

the procedure was repeated until a constant weight was attained.
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The amount of the isolated compounds contained in these extracts of dried Taumu leaves
and stems was analyzed with HPLC. Each extract in a concentration of 20 mg/ml was prepared
and 100 pl was injected into HPLC separately. Cosmosil 5C18-AR-II Waters (4.6x150 mm, 5
um) column by Nacalai Tesque, Inc. (Kyoto, Japan) at 40°C was used for in the HPLC analyses.
Mobile phase A was 1% (v/v) formic acid in water while mobile phase B was 1% (v/v) formic
acid in methanol. The column was developed at a flow rate of 0.8 ml/min using a gradient elution
from 5% of B (0-1 min) to 100% of B (1-55 min). The column was washed with 100% of B for
5 min before reconditioning in 5% of B for 20 min. Detection wavelength was set at 254 nm.

The isolated compounds from the shoots of Taumu were used as standard compounds
(>95% purity by HPLC). Each standard compound was prepared in concentrations of 0.06, 0.1,
0.18, 0.3, 0.52 mg/ml. Five microlitres of the compounds were subjected to HPLC separately.
The column was developed with the same HPLC parameters as described above.

A calibration curve was plotted as peak area (arbitrary units) obtained from the UV
absorbance at 254 nm against the known amount of standard compound (mg). The data points
were fitted into a line of best fit by the linear regression method. The amount of the isolated
compounds extracted by these solvents was calculated based on the peak area of the

chromatogram of the extract with the calibration curve of the standard compounds.

3.2.8 Solvent extraction capacity

The extraction capacity of water and methanol based on DPPH radical scavenging assay

was investigated. Two grams of each leaf and stem of Taumu were extracted separately with 100

ml of water and methanol for 3 hours. Extraction was conducted once. Ekuseru-Toukei 2006 by

Social Survey Research Information Co., Ltd. (Tokyo, Japan) was used for statistical analysis.
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One-way ANOVA and Scheffé’s method of multiple comparison were applied with statistical

significance at p<0.05.

33 Results and discussion

Figure 3.6 shows the DPPH radical scavenging activity of the eluates from SPE at two
different concentrations. At the concentration of 1.25 mg/ml, the 25% aqueous methanol eluate
showed the highest DPPH radical scavenging activity followed by 50% aqueous methanol eluate.

These two fractions were selected for further separation.

MeOH eluate

75% aq. MeOH eluate

I
50% aq. MeOH eluate

25% aq. MeOH eluate I

Water eluate

sonk | : ,
. . . . Figure 3.6 DPPH radical scavenging

0 0.2 0.4 0.6 0.8 1 activity of the eluates from C18 SPE
Absorbance at 520 nm cartridge in different concentrations.

All isolated compounds gave yellow amorphous solids after crystallization. Both mass

and "H-NMR spectral data of the compounds are summarized in Table 3.1 while the *C-NMR
spectral data are listed in Table 3.2. Compounds 1 and 2 were identified as schaftoside (apigenin

6-C-B-D-glucopyranosyl-8-C-a-L-arabinopyranosyl) and isoschaftoside (apigenin 6-C-a-L-

arabinopyranosyl-8-C-f-D-glucopyranosyl), respectively. Their 3C-NMR spectral data was

confirmed by comparison with the report by Agrawal and Bansal (1989).
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Table 3.2 BC-NMR spectral data for compounds 1, 2, 3,4, 5, 6 and 7.

Position 1 2 3 4 5 6 7
C-2 164.12 164.14 164.05 163.39 163.78 164.45 163.95
C-3 102.64 102.64 102.39 102.73 10291 103.11 102.47
C-4 182.45 18235 182.00 181.87 182.01 181.92 182.14
C-5 159.16 16097 160.35 103.18 160.79 161.08 160.41
C-6 108.04 108.14 98.09 160.70 108.95 99.65 98.14
C-7 160.83 158.22 162.51 10891 163.38 162.75 162.60
C-8 104.06 105.14 104.50 - 93.62 94.74 104.61
C-4a 103.32  103.76 104.01 93.68 103.51 105.33 104.04
C-8a 153.77 155.12 15598 156.27 156.32 156.85 156.01
C-1 121.45 121.57 122.01 121.09 121.52 12133 121.62
Cc-2' 129.14 129.09 114.06 128.47 11336 113.52 129.01
C-3' 116.05 115.86 145.79 11594 14586 14579 115.82
Cc-4' 161.28 161.24 149.57 160.70 149.83 14998 161.16
C-5' 116.05 11586 115.60 11594 116.17 11597 115.82
C-6' 129.14 129.09 119.36 128.47 119.11 119.15 129.01
C-1" 73.64 73.83 73.37 73.08 73.13  104.65 73.39
Cc-2" 70.97 68.44 70.74 70.64 70.72 82.71 70.82
C-3" 78.56 74.19 78.73 78.97 79.04  75.652 78.65
Cc-4" 69.98 69.63 70.66 70.15 70.27  69.15b 70.51
C-5" 81.14 70.91 81.98 81.62 81.68  76.94¢ 81.88
C-6" 61.27 - 61.61 61.49 61.60 60.554 61.27
c-1" 74.96 73.29 - - - 98.35 -
c-2" 68.86 70.56 - - - 74.69 -
c-3" 75.21 78.89 - - - 76.192 -
c-4" 69.60 70.14 - - - 69.56b -
C-5" 70.97 81.94 - - - 76.94¢ -
C-6" - 61.22 - - - 60.464 -

»-dAgsignments with the same superscripts may be interchanged.
0 values are in ppm.

DMSO-ds was used as the internal reference standard.
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Compound 3 was identified as orientin (luteolin 8-C-B-D-glucopyranosyl) while
compound 4 was identified as isovitexin (apigenin 6-C-B-D-glucopyranosyl). NMR spectral data
of both compounds 3 and 4 corresponded to the results by Mun’im, Negishi and Ozawa (2003)
and Peng et al. (2005), respectively. Compound 5 was identified as isoorientin (luteolin 6-C-3-D-
glucopyranosyl) and was confirmed upon comparison with Mun’im et al. (2003).

Analysis of the NMR spectral of compound 6 found it was luteolin with a diglucoside at
C7. The data were compared with the report by Imperato and Nazzaro (1996) and identified the
compound as luteolin 7-sophoroside (luteolin  7-O-B-D-glucopyranosyl-(1—2)-B-D-
glucopyranoside). Compound 7 was identified as vitexin (apigenin 8-C-B-D-glucopyranosyl),
corresponded to the results by Zhou et al. (2005). Hence, the isolated compounds were flavonoid

glycosides. Their chemical structures are shown in Figure 3.7.

Compound R1 R2 R3 R4
Schaftoside C-B-D-glucopyranosyl OH C-B-D-arabinopyranosyl ~H
Isoschaftoside  C-a-L-arabinopyranosyl OH C-B-D-glucopyranosyl  H
Orientin H OH C-B-D-glucopyranosyl ~ OH
Isovitexin C-B-D-glucopyranosyl OH H H
Isoorientin C-B-D-glucopyranosyl OH H OH
Lot T T o PR S
Vitexin H OH C-B-D-glucopyranosyl  H

Figure 3.7 Chemical structures of the flavonoid glycosides isolated from the dried shoots of
Colocasia esculenta S.
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The SCso and ICso values of the isolated flavonoid glycosides determined by DPPH
radical scavenging and superoxide radical inhibitory assays are shown in Table 3.3. Isoorientin
had the highest DPPH radical scavenging activity (SCs0=0.031 mM) followed by luteolin
7-sophoroside and orientin when compared to a-tocopherol. Isovitexin and vitexin also showed
radical scavenging activity but they had higher SCso values than a-tocopherol. The SCso values

of schaftoside and isoschaftoside could not be determined, as 0.4 mM was the maximum

concentration used in this assay.

Table 3.3 Antioxidant SCso of DPPH ICso of superoxide

activities of the flavonoid Compound radical (mM) radical (mM)

glycosides isolated from the o _Tocopherol 0.095 nt.

shoots of Colocasia esculenta L(+)-Ascorbic acid ot >2.0

S. Schaftoside >0.4 >0.5
Isoschaftoside >0.4 >0.5
Orientin 0.038 0.171
Isovitexin 0.325 >0.5
Isoorientin 0.031 0.067
Luteolin 7-sophoroside 0.032 0.037
Vitexin 0.129 >0.5

n.t.: not tested.

In the superoxide radical inhibitory assay, luteolin 7-sophoroside showed the highest
inhibitory activity with the ICso value of 0.037 mM followed by isoorientin and orientin.
L(+)-Ascorbic acid in various concentrations up to 2.0 mM did not show any inhibitory activity.
The ICso values of the rest of the flavonoid glycosides could not be determined, as 0.5 mM was
the maximum concentration used in this assay.

Based on the chemical structures of each compound, the number of the hydroxyl groups
at the B-ring of the aglycone affected the antioxidant activities of these flavonoid glycosides.

Luteolin 7-sophoroside, isoorientin and orientin have two hydroxyl groups, which explained their
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higher antioxidant activities than the other flavonoid glycosides that have only one hydroxyl
group at the B-ring. This observation was similar as in Chapter 2 and the report by Matsuda et al.
(2003).

Table 3.4 shows quantification results of the dry weight matter of the extracts of dried
Taumu leaf and stem as well as the flavonoid glycosides content in these extracts. Water has a
higher extraction capacity than methanol in which 28.8 mg/g of dry weight of the leaf and 33.5

mg/g of dry weight of the stem of Taumu had been extracted.

The linear equations and the R? values of the individual flavonoid glycosides used as the

standard compounds for the quantification were as follow: schaftoside (y=112766x+4672.8,
R?=0.9995), isoschaftoside (y=73284x+1978.2, R?=0.9994), orientin (y=115035x-955.35,
R?=0.9989), isovitexin (y=91286x+11320, R?=0.9955), isoorientin (y=136877x-3987.1,
R?=0.9998), luteolin  7-sophoroside (y=77199x+2392.9, R?=0.9998), and vitexin

(y=109338x+3327, R?=0.9990). The y-axis was the peak area (arbitrary units) of the HPLC
chromatogram while the x-axis was the known amount of standard compound (mg).

Quantification on the content of the flavonoid glycosides in these extracts by HPLC found
isovitexin was the main compound in both water (0.28 mg/g of dry weight extract) and methanol
(0.51 mg/g of dry weight extract) extracts of the leaf of Taumu. Only a trace amount of isovitexin
was detected in the water and methanol extracts of the stem. Schaftoside (0.06 mg/g of dry weight
extract) was the main compound in the water extract of the stem. The retention times for
schaftoside, isoschaftoside, orientin, isoorientin, luteolin 7-sophoroside, vitexin and isovitexin
determined by HPLC as described in Section 3.2.7 were 24.50, 24.87, 25.20, 25.59, 26.76, 26.77
and 28.02 min, respectively.

Luteolin 7-sophoroside and vitexin could not be quantified individually because of the
closeness of their retention times (0.01 min). The two compounds were quantified together based

on the calibration curve of vitexin. The overall quantification results showed that the flavonoid
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glycosides content in the leaf was higher than in the stem. As shown in Table 3.4, considerable
amount of flavonoid glycosides can be extracted with water for both the leaf and stem of Taumu.

The DPPH radical scavenging activities of the water and methanol extracts of the Taumu
leaves and stems are shown in Table 3.5. The methanol extract of the leaf had higher DPPH
radical scavenging activity than the water extract. However, the DPPH radical scavenging
activity of the water extract of the stem was higher than the methanol extract. This might due to

the flavonoid glycosides content in these plant parts, which has been shown in Table 3.4.

Tablf’ 3.5 DPPH radical scavenging Plant Dry weight DPPH radical scavenging activity (%)
activity of the water and methanol

extracts of the leaves and stems of part (me) Water extract MeOH extract
Colocasia esculenta S. against blank. ~ Leaves 0.03 12.140.6 2 158429
0.3 65.0£2.5¢ 83.9+3.20

Stems 0.03 4.1+1.14 4.740.8 4

0.3 17.8+1.4f 14.4+1.1¢

Values are meanststandard deviation of triplicate
analyses. Values with different letters are significantly
different at p<0.05.

In conclusion, the antioxidants in the shoot of Taumu are flavonoid glycosides. Luteolin 7-

sophororide had the highest overall antioxidant activity among these compounds. In addition to

the stem, the Taumu leaf'is proposed to be used as food as it contained high amount of antioxidants.
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Chapter 4

Structural-activity relationship of flavonoid glycosides

4.1 Introduction of flavonoid glycosides study

The background study in Chapter 1 mentioned that long-term consumption of plant foods
rich in antioxidants were effective in the protection against chronic diseases. Flavonoids are
attributed to their protective effects on the biological systems due to their capacity to transfer
electrons free radicals, chelate metal catalysts (Ferrali et al., 1997), reduce a-tocopherol radicals
(Hirano et al., 2001) and inhibit oxidases (Cos et al., 1998). These observations suggested on the
possible role of flavonoids in plant foods as radical scavenging nutrients.

Flavonoids are benzo-y-pyrone derivatives consisting of phenolic and pyrone rings as
shown in Figure 4.1. They are classified in accordance to the substitutions as described in the
references (Heim, Tagliaferro and Bobilya, 2002; Andersen and Markham, 2006). The
antioxidant activity of flavonoids depends upon the arrangement of functional groups about their

molecular structures.

Figure 4.1 Basic chemical structure of a flavonoid.

The presence of an ortho-hydroxylation on the B-ring of the flavonoid molecule was

generally pointed as the condition of antioxidant activities as found in the previous studies in
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Chapter 2 and 3. Other conditions included the number of hydroxyl groups, the presence of a
double bond in between C2-C3 and the presence of a hydroxyl group at C3 (van Acker et al.,
1996b; Matsuda et al., 2003).

It was generally accepted that the antioxidant activities of the aglycones are higher than
their corresponding glycosides (Ioku et al. 1995; Gao et al., 1999). However, dietary flavonoids
occur in food primarily as glycosides (Hammerstone, Lazarus and Schmitz, 2000; Williams,
2006). The most common glycosidic unit is glucose but other examples include glucorhamnose,
galactose, arabinose and rhamnose (Cook and Samman, 1996).

The position and the type of glycosides play an important role in the antioxidant activity
of a flavonoid besides their mere presence and numbers. Ioku et al. (1995) reported that
glucosidic bonding at C4' had higher antioxidant activity than at C3 or C7 of quercetin. In their
same report, O-glycosylation at C7 instead of at C3, weakens the antioxidant effect of flavonoids
in rat mitochondria. Although glycosides are considered as weaker antioxidants than aglycones,
the bioavailability of a flavonoid is sometimes enhanced by a glycosidic moiety (Hollman et al.,
1999).

Therefore, it was necessary to know the effect of glycosidic moiety on the antioxidant
activity of the flavonoids. In this study, eleven flavonoid glycosides have been isolated from
Ooitabi and Taumu as reported in Chapter 2 and 3, respectively. In addition to some known
flavonoids, the objective of this part of study was to elucidate the relationship between the

chemical structures of the isolated flavonoid glycosides with their antioxidant activities.

4.2 Materials and methods

4.2.1 Chemicals and reagents
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Analytical grade chemicals and reagents were used for the DPPH radical scavenging and
superoxide radical inhibitory assays were as described in Chapter 2. B-Carotene, linoleic acid,
polysorbate 20 (Tween 20), a-tocopherol, quercetin and quercitrin were purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). Chloroform was purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan).

Apigenin 6-neohesperidosyl, kaempferol 3-robinobioside, kaempferol 3-rutinoside and
rutin used were isolated from Ooitabi as described in Chapter 2. Luteolin 7-sophoroside,
1soorientin, isoschaftoside, isovitexin, orientin, schaftoside and vitexin used were isolated from
Taumu as described in Chapter 3. Apigenin, luteolin, isoquercitrin and kaempferol were

purchased from Funakoshi Co., Ltd. (Tokyo, Japan).

4.2.2 DPPH radical scavenging assay

The DPPH radical scavenging assay as described in Chapter 2 was used.

4.2.3 B-Carotene bleaching assay

The assay by Kumaran and Karunakaran (2006) was used with modifications. A mixture
containing 0.5 ml of B-carotene (1 mg/ml), 0.2 ml of linoleic acid (0.1 g/ml) and 1 ml of Tween
20 (0.2 g/ml) was prepared in chloroform. Chloroform solvent was removed under a stream of
nitrogen. Then, 90 ml of water and 8 ml of sodium phosphate buffer (0.2 M, pH 6.8) were added
into the dried mixture. The solution mixture was thoroughly mixed and 4.8 ml of the mixture
were withdrawn into test tubes. After adding 0.2 ml of 1 mM samples prepared in methanol, the

zero time absorbance of the resulting mixture (t=0 min) was measured at 470 nm. These tubes
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were incubated at 50°C for 2 hours. After that, the absorbance of the solution mixtures was
measured again.

The inhibitory activity was calculated using the following formula: Inhibitory activity
(%)=[1-(AL-A29)/(AL-A29)]x100 in which A" was the absorbance of the sample at 0 min,

A0 was the absorbance of the sample at 120 min, A.° was the absorbance of the control at 0 min

and A.'?? was the absorbance of the control at 120 min. a-Tocopherol was used as a positive

control while methanol was used as a blank.

4.2.4 Superoxide radical inhibitory assay

The superoxide radical scavenging assay as described in Chapter 2 was used.

4.3 Results and discussion

The chemical structures of the flavones and their glycosides are shown in Figure 4.2 while
the chemical structures of the flavonols and their glycosides are shown in Figure 4.3.

Table 4.1 shows the antioxidant activities of the flavones and their glycosides. Luteolin
showed the highest DPPH radical scavenging activity among all the flavones with the SCso value
of 0.023 mM. This was followed by isoorientin, luteolin 7-sophoroside, orientin, a-tocopherol,
vitexin and isovitexin. These results suggested that the antioxidant mechanism of flavones were
reduction of DPPH radicals through electron transfer (Prior, Wu and Schaich, 2005).

In the B-carotene bleaching assay, o-tocopherol showed the highest inhibitory activity
(81.8%) followed by luteolin and luteolin 7-sophoroside with more than 50% of inhibitory
activity. The rest of the flavones and their glycosides also showed inhibitory activity but with

lower effect. The results suggested that these compounds could donate hydrogen atoms to quench
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the peroxyl radicals induced by heat that was necessary to oxidize B-carotene (Prior et al., 2005).
For the result of superoxide radical inhibition assay, luteolin 7-sophoroside showed the highest

inhibitory activity (ICs0=0.037 mM) followed by isoorientin and orientin.

Compound R1 R2
Kaempferol OH H
Kaempferol 3-robinobioside O-a-L-rhamnopyranosyl-(1—6)-B-D-galactopyranoside H
Kaempferol 3-rutinoside O-a-L-rhamnopyranosyl-(1—6)-B-D-glucopyranoside H
Quercetin OH OH
Quercitrin O-a-L-rhamnopyranoside OH
Isoquercitrin O-B-D-glucopyranoside OH
Rutin O-a-L-rhamnopyranosyl-(1—6)-f-D-glucopyranoside OH

Figure 4.3 Chemical structures of flavonols and their glycosides.

Table 4.2 shows the antioxidant activities of flavonols and their glycosides. Quercetin
showed the highest DPPH radical scavenging activity (SCsp=0.016 mM) followed by quercitrin,
rutin, a-tocopherol and isoquercitrin. It also showed the highest superoxide radical inhibitory
activity followed by quercitrin and rutin. In the B-carotene bleaching assay, the compounds that
showed more than 50% of inhibitory activity were oa-tocopherol (81.8%), quercetin (80.6%),
kaempferol (72.5%) and kaempferol 3-robinobioside (52.8%).

As reported by van Acker et al. (1996b) and Matsuda et al. (2003), the presence of the
catechol moiety (C3’, C4’-dihydroxyl group) in the B-ring increased the antioxidant activities of

flavonoids as observed for apigenin with luteolin and kaempferol with quercetin. The additional
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hydroxyl group at C3 also enhanced the antioxidant activity of kaempferol and quercetin when
compared to apigenin and luteolin, respectively. In these results, the aglycone had more potent
antioxidant activities than their corresponding glycosides. Glycosylation of flavonols at C3
reduced the antioxidant activities as observed on quercitrin, isoquercitrin, rutin, kaempferol

3-robinobioside and kaempferol 3-rutinoside.

Table 4.1 Antioxidant activities of the flavones and their glycosides.

SCso of DPPH  B-Carotene bleaching inhibitory ICso of superoxide

Compound radical (nM) activity at 1 mM (%) radical (nM)
L(+)-Ascorbic acid n.t. n.t. >2000
a-Tocopherol 95 81.8 n.t.
Apigenin >400 -14.1 >500
Apigenin 6-neohesperidosyl >400 28.9 >500
Vitexin 130 2.3 >500
Isovitexin 333 33 >500
Schaftoside >400 18.4 >500
Isoschaftoside >400 11.1 >500
Luteolin 23 63.1 >500
Luteolin 7-sophoroside 32 52.0 37
Orientin 38 17.6 171
Isoorientin 31 17.0 67

n.t.: not tested

Although it was reported that the aglycone had higher antioxidant activities than the
glycosides, an exception was found for luteolin and luteolin 7-sophoroside. Glycosidic
conjugation of luteolin at C7 had a significant effect on the inhibitory activity than luteolin
against the formation of formazan caused by superoxide radical generated by xanthine oxidase.
This could be due to the effect of the sugar moiety on the antioxidant activity of the luteolin

against superoxide radicals, which requires further research.
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Table 4.2 Antioxidant activities of the flavonols and their glycosides.

SCso of DPPH  B-Carotene bleaching inhibitory ICso of superoxide

Compound radical (nM) activity at 1 mM (%) radical (nM)
L(+)-Ascorbic acid n.t. n.t. >2000
a-Tocopherol 95 81.8 n.t.
Kaempferol >400 72.5 >500
Kaempferol 3-robinobioside >400 52.8 >500
Kaempferol 3-rutinoside >400 21.4 >500
Quercetin 16 80.6 63
Quercitrin 29 42.5 102
Isoquercitrin 374 29.6 >500
Rutin 40 47.4 138

n.t.; not tested

Isoorientin and orientin showed higher DPPH radical scavenging and superoxide radical
inhibitory activities among all the flavone glycosides yet they did not scavenge peroxyl radical
as effective as compared to luteolin 7-sophoroside. Luteolin 7-sophoroside has an O-
glycosylation bond to 7 of the aglycone while the other compounds have C-glycosyl bonded to 6
and 8. The result suggested that C-glycosylation in the A-ring could have a negative effect on the
antioxidant activity of the flavone towards peroxyl radical inhibition compared to O-
glycosylation. Similar result was also reported by Mora et al. (1990) that C-glycosylation in the
A-ring decreases the antioxidant activity of a flavone in the lipid peroxidation assay.

The glycosidic bonding site also affected the antioxidant activities of orientin, isoorientin,
vitexin and isovitexin as shown in Table 4.1. Vitexin has a C-f-D-glucopyranose bonded at C8
while isovitexin has a C-B-D-glucopyranose bonded at C6. DPPH radical scavenging activity of
these two compounds differed about 2.5 times with such bonding site difference. The same was
observed for orientin and isoorientin in which their superoxide radical inhibitory activity differed

about 2.5 times. Isoorientin has a C-B-D-glucopyranose bonded at C6 while orientin has a

C-B-D-glucopyranose bonded at C8.
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The type of glycoside also played an important role in the antioxidant strength of the
flavonol as observed for quercitrin and isoquercitrin. Quercitrin has an a-L-rhamnopyranoside
while isoquercitrin has a 3-D-glucopyranoside bonded at C3. The three assays used in this study
showed that quercitrin had a higher antioxidant activity than isoquercitrin. The same observation
was upon kaempferol 3-robinobioside and kaempferol 3-rutinoside in which the different
glycoside moeity gave the latter weaker antioxidant activity when evaluated by [-carotene
bleaching assay.

The conjugation of quercetin with two glycosides also reduced the antioxidant activities
compared with the aglycone alone. Based on the results of the three assays used, the antioxidant
activities of rutin were almost halved than quercetin. Although there was a difference in the chain
length of the glycoside when compared to quercitrin and isoquercitrin, the overall results
suggested that the type of glycoside played more significant role than the chain length of the
glycoside in the antioxidant activity of a flavonol glycoside.

Glycosylation at C7 of luteolin 7-sophoroside showed better antioxidant activities than at
C3 of rutin. This was observed especially in the superoxide radical inhibitory activity in which
the 1Cso values of luteolin 7-sophoroside was 0.037 mM while rutin was 0.138 mM. This result
suggested that the glycosylated position at C3 and C7 interfered with the coplanarity of the B-ring
with the rest of the flavonoids and the ability to delocalize the electrons (van Acker et al., 1996a).

Flavonoid glycosides are usually weaker antioxidants than aglycones as shown in this
study. Hollman and Arts (2000) reported that an aglycone was easily absorbed into the body than
a flavonoid glycoside. However, in their same report, a flavonoid glycoside could be absorbed
and metabolized in the body. Hattori et al. (1988) reported that C-glycosylflavones could be
metabolized in our body. Hence, it was possible that the flavonoid glycosides in Ooitabi and

in the shoots of Taumu could be absorbed into the body.
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This study showed that luteolin 7-sophoroside had the highest antioxidant activities among the
flavone glycosides while rutin had the highest antioxidant activities among the flavonol
glycosides isolated from Ooitabi and Taumu. In conclusion, besides the flavonoid glycosides
isolated from Ooitabi and Taumu had different antioxidant mechanism of actions, the glycosyls

moieties in the aglycones had an important effect towards their antioxidant activities.
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Chapter 5

Rutin as antioxidant inhibiting AGEs formation

5.1 Introduction

An important characteristic of diabetes mellitus is high sugar level in the blood. In
Chapter 1, background study found that autoxidation of glucose produced a-oxoaldehydes
(a-dicarbonyl compounds such as glyoxal, methylglycoxal and 3-deoxyglucosone) as well as
reactive oxygen species as described by Wolff and Dean (1987). a-Oxoaldehydes are potential
precursors of AGEs as a post-translational modification of protein (Niwa et al., 1997).

Most AGEs were formed by the modification of lysine and arginine residues in the protein
(Usui, Watanabe and Hayase, 2006). Amino acid analysis on human serum albumin after
glycation with glucose showed significant losses of lysine (Coussons et al., 1997). Usui et al.
(2006) reported that lysine and arginine residues of proteins were susceptible to attack by
a-oxoaldehyde compounds.

In the previous study, luteolin 7-sophoroside had the highest antioxidant activities among
the flavone glycosides while rutin had the highest antioxidant activities among the flavonol
glycosides isolated from Ooitabi and Taumu. However, quantification study showed that rutin
was more abundant (Leong et al., 2008) than luteolin 7-sophoroside (Leong et al., 2010). Also,
rutin is a common flavonoids in fruits, vegetables and plant-derived beverages such as tea and
wine (Lata, Trampczynska and Paczesna, 2009; Shou, Lu and Huang, 2007).

With respect to these background studies, the formation of a-oxoaldehydes were

characterized using glucose as no study was made before. Rutin as antioxidant was investigated
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for its inhibitory activities on the formation of a-oxoaldehydes and the formation of intermediate

AGEs by using lysine as the model of glycation.

5.2 Materials and methods

5.2.1 Chemicals and reagents

All chemicals and reagents used were of analytical grade. Aminoguanidine
hydrochloride, copper (II) chloride, D(+)-glucose and ethylenediaminetetraacetic acid (EDTA)
were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). L(+)-Ascorbic acid
and Girard-T reagent were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan) while 40%
of glyoxal solution, L-lysine monohydrochloride and nitro blue tetrazolium (NBT) were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Water (18.3 Q) was purified using a
MilliQ-Labo purification system by Millipore Corp. (Osaka, Japan). Rutin used was from the

separation of Ooitabi (Ficus pumila L.) as described in Chapter 2.

5.2.2  Generation of a-oxoaldehydes

The effect of temperature on the formation of a-oxoaldehydes was investigated with the
following conditions: temperatures at 37, 60 and 80°C was used to incubate 500 mM of glucose,
which has been dissolved with 0.75 ml of sodium phosphate buffer (0.1 M, pH 7.4) for 49 hr
period. Glucose in various concentrations (5, 25, 100 and 500 mM) dissolved in 0.1 M of sodium

phosphate buffer (pH 7.4) was incubated at 80°C for 2 hr to investigate the effect of glucose

concentration on the formation of a-oxoaldehydes.
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For the investigation of the effect of air, a final concentration of 0.5 M of glucose in 0.75
ml of sodium phosphate buffer (0.1 M, pH 7.4) was aerated with air for 15 min while another
same concentration of glucose was aerated with nitrogen gas for 15 min to purge all the oxygen
dissolved in the solution. The samples were incubated at 80°C for 2 hr.

The effect of metal ions on the formation of dicarbonyls was also studied. A solution
mixture with the final concentration of 0.1 M of copper (II) chloride and 0.5 M glucose in 0.75
ml of sodium phosphate buffer (0.1 M, pH 7.4) was incubated at 80°C for 6 hr. EDTA at a final
concentration of 1 mM was used as a negative control.

All samples were cooled with running water after incubation prior to Girard-T assay. The
samples studied for the metal effect were diluted with 6.7 ml of 0.05 M of sodium phosphate
buffer (pH 7.4) before conducting Girard-T assay. The a-oxoaldehydes generated from glucose
was determined as glyoxal equivalent from the glyoxal standard curve. Sodium phosphate buffer

(0.1 M, pH 7.4) was used as a blank.

5.2.3 Girard-T assay

The utilization of Girard-T assay to determine the dicarbonyls in glucose was adapted
from Mitchel and Birnboim (1977) with slight modification. A reaction mixture contained 0.3 ml
of sample, 0.1 ml of 0.5 M sodium formate buffer (pH 2.9) and 0.1 ml of 0.1 M Girard-T solution
was incubated at 30°C for 10 min. Then, 0.5 ml of 0.1 M sodium formate buffer (pH 2.9) was
added into the sample for dilution. The UV absorbance of the diluted sample was measured at
295 nm.

A glyoxal standard curve was prepared by diluting 40% of glyoxal solution in sodium
phosphate buffer (0.1 M, pH 7.4) to make a series of concentrations of 0.005, 0.02, 0.05, 0.1 and

0.2 mM. For the blank, the sample in the reaction mixture was substituted with sodium phosphate
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buffer (0.1 M, pH 7.4). A regression of curve of y=11.443x-0.0086 with R?=0.9994 was obtained.
The y-axis was the UV absorbance of glyoxal at 295 nm determined by the Girard-T assay while

the x-axis was the amount of glyoxal standard (nmol) used in the Girard-T assay.

5.2.4 Generation of intermediate AGEs

Reaction mixtures containing final concentrations of 0.3 M lysine and various
concentrations of glyoxal (1, 2, 5 and 25 mM) in 0.75 ml of sodium phosphate buffer (0.1 M, pH
7.4) were incubated at 80°C for 30 min. The samples were cooled with running water after
incubation. Each samples were diluted with 2 ml of 0.05 M sodium phosphate buffer (pH 7.4).
The samples were spot on TLC silica gel 60 F»s4 (Merck, Darmstadt, Germany) using a 2 ul glass

capillary. These spots were observed under black light at 365 nm.

5.2.5 a-Oxoaldehydes inhibitory assay

Reaction mixtures containing final concentrations of 0.5 M glucose and rutin in two
different concentrations was prepared in 0.75 ml of sodium phosphate buffer (0.1 M, pH 7.4).
The reaction mixture was incubated at 80°C for one hour. After incubation, they were cooled with
running water. Each samples were diluted with 0.05 M sodium phosphate buffer (pH 7.4) prior
to Girard-T assay. o-Oxoaldehydes generated from glucose was determined as glyoxal
equivalent from a glyoxal standard curve. L(+)-Ascorbic acid was used as a reference compound
while sodium phosphate buffer (0.1 M, pH 7.4) was used as a blank. Inhibitory activities of rutin
and L(+)-ascorbic acid on the formation of dicarbonyls were determined as follows: Inhibitory
activity (%) = [1-(Asample/ Ablank) ] X 100, where Asampie Was the UV absorbance of the test sample at

295 and Apiank Was the UV absorbance of the blank at 295 nm.
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5.2.6  Amadori products inhibitory assay

Reaction mixtures containing final concentrations of 0.5 M glucose, 0.3 M lysine and
rutin in two different concentrations was prepared in 0.1 M sodium phosphate buffer (pH 7.4).
The reaction mixture was incubated at 80°C for one hour. The samples were cooled with running
water after incubation. Each samples were diluted with 0.05 M sodium phosphate buffer (pH 7.4)
prior to NBT reduction assay. Aminoguanidine was used as a control while sodium phosphate
buffer (0.1 M, pH 7.4) was used as a blank. Inhibitory activities of rutin and aminoguanidine on
the formation of Amadori compounds were determined as follows: Inhibitory activity (%) =
[ 1-(Asample/ Ablank) ] 100, where Asample Was the absorbance of the test sample at 530 nm and Apjank

was the absorbance of the blank at 530 nm.

5.2.7 NBT reduction assay

NBT reduction assay by Johnson, Metcalf and Baker (1982) was used to determine

Amadori products produced by the glycation of glucose and lysine. Briefly, 0.1 ml sample was

diluted with 0.8 ml of phosphate buffer saline. Then 0.2 ml of 0.25 M NBT solution in 0.1 M

sodium carbonate buffer (pH 10.8) was added into the diluted sample. The mixture was incubated

at 37°C for 15 min. Absorbance at 530 nm was measured.

5.2.8 Intermediate AGEs inhibitory assay

Reaction mixtures containing final concentrations of 0.3 M lysine, 5 mM glyoxal and

rutin in two different concentrations was prepared in 0.75 ml of sodium phosphate buffer (0.1 M,
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pH 7.4). The reaction mixture was incubated at 80°C for 30 min. Samples were cooled with
running water after incubation. Each samples were diluted with 2 ml of sodium phosphate buffer
(0.05 M, pH 7.4). The samples were spot on TLC silica gel 60 F»s4 using a 2 ul glass capillary.
After dried, the spots were observed under black light at 365 nm. Aminoguanidine was used as a

reference compound while sodium phosphate buffer (0.1 M, pH 7.4) was used as a blank.

5.2.9 Statistical analysis

All values and the error bars were shown as the standard deviation of the means (SDM)
of triplicate independent analysis. SPSS ver. 16 (SPSS Inc., Chicago, IL, USA) was used for
statistical analysis. One-way ANOVA and Scheffe’s method for multiple comparison were

applied with statistical significance at p<0.05.

53 Results and discussion

Figure 5.1 shows the formation of a-oxoaldehydes as glyoxal equivalent when 0.5 M
glucose was incubated at different temperatures for a period of time. Glyoxal was chosen as a
reference as it was more stable and cheaper than methylglyoxal and 3-deoxyglucosone. After 24
hours of incubation, 55 nmol of glyoxal were formed at 80°C while 10 nmol and 3 nmol of
glyoxal was formed at 60 and 37°C, respectively. At 37°C, the formation of dicarbonyls was
increasing slowly with time. However, it was impractical to such temperature to generate
dicarbonyls in this study as it required a long time for the autoxidation of glucose. Instead of
using 37°C of reaction temperature, this study used 80°C of reaction temperature to accelerate

the formation of dicarbonyls.
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In Figure 5.2, the formation of glyoxal increased as concentration-dependent manner after
2 hr of incubation at 80°C. As shown in the figure, glucose at the concentration of 500 mM
produced the highest amount of glyoxal (14 nmol). Diabetic concentration (25 mM) produced
dicarbonyls more than physiological glucose concentration (5 mM) (Coussons et al., 1997). This

result suggested that under prolonged exposure of high concentrations of glucose, more

dicarbonyls are formed.

18.0
16.0
14.0 —
12.0
10.0
8.0
6.0
4.0
20 |'—| |_Y_‘ Figure 5.2 The formation of glyoxal
0o L1 .1, - - - from different concentrations of

0 5 25 100 500 glucose. Different alphabetical letters

Concentration of glucose (mM) showed significant differences at
p<0.05.

Glyoxal equivalent (nmol)

53



The effect of excessive air on the formation of glyoxal was shown in Figure 5.3. Glucose
solution saturated with air was found to contain more glyoxal (1.5 nmol) than nitrogen-treated
(0.1 nmol) and non-treated (0.9 nmol) glucose solutions before incubation. After incubation at
80°C for 2 hr, glyoxal content in the air-saturated glucose solution increased to 8.3 nmol. Glyoxal

content in nitrogen-saturated and non-treated glucose solution increased to 3.6 and 5.6 nmol,

respectively.
120 | b
S 100 |
< [
E 80 1 ONone
[
Z 60 f N2
o .
5 40 | a T W Air . :
g —_ Figure 5.3 The formation of
3 20 glyoxal from glucose when
0.0 = . . treated with nitrogen and air.
Before After Different alphabetical letters
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p<0.05.

The result showed that the presence of air promoted the formation of ai-oxoaldehydes.
Oxygen was considered to play an important role in this process (Thornalley, Langborg and
Minhas, 1999; Usui et al., 2007). However, even without the presence of excess air, the formation
was still possible as observed for the nitrogen-treated sample. It could be due to the degradation
of glucose under high temperature or the presence of phosphate anions because of the acid/base
catalysis of aldehyde dehydration/enolization (Thornalley et al., 1984).

Transition metals such as copper, iron and manganese are essential in most biological
systems but their accumulation in an excessive capacity in the cellular compartment is cytotoxic
due to their involvement in the promotion of free radicals production (Sayre, Perry and Smith,
1999). The cause of cardiovascular disease as one of the complications in diabetes, was strongly

related with the Fenton reaction generated physiologically (Sayre et al., 2005; Stadler, Lindner
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and Davies, 2009). In Fenton reaction, the hydrogen peroxides are converted into hydroxyl
radicals by a metal-catalyzed reaction (Brewer, 2007). This highly reactive hydroxyl radicals
increased oxidative stress, which were found to be strongly related to atherosclerosis (Duffy et
al., 2001).

In this part of study, the formation of glyoxal was promoted by the presence of metal as
shown in Figure 5.4. At a concentration of 0.1 mM of copper (II) chloride, 111.7 nmol of glyoxal
was generated from glucose compared with control, which produced 41.9 nmol of glyoxal. When
a metal chelator agent, EDTA, was added, the amount of glyoxal was reduced to less than 15
nmol. The result suggested that autoxidation of glucose is a metal-catalyzed process. In overall,

oxygen and traces of metal ions were required to form a-oxoaldehydes from glucose.
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Cooper et al. (2005) reported that copper metabolism in a diabetic person was shown to

be abnormal and the basal urinary output of Cu?* was higher than a normal person. The increase

was suggested to be originated from the fragmentation of the copper and zinc-superoxide
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dismutase enzyme due to glycation (Ookawara et al., 1992). Another suggestion was the
fragmentation of ceruloplasmin by hydroxyl radicals under hyperglycemia (Islam et al., 1995).
With these reports, transition metals were the promoter of oxidative stress and glucose
autoxidation. However, the origins of the transition metals in vivo level and the precise pathways
in the promotion of oxidative stress and glucose autoxidation remained unclear due to the
complexity of diabetic complications (Monnier, 2001).

When lysine was reacted with glyoxal, the solution mixture became yellowish-brown in
color. Figure 5.5 shows these spots on the TLC silica gel 60 Fs4 fluorescence-like when observed
under the black light. The fluorescent-like substance of these spots might be intermediate AGEs
as suggested by Coussons et al. (1997). As the amount of glyoxal increased, the amount of
intermediate AGEs also increased as shown by the area of the spot. The reacted solution of lysine
with glyoxal did not show any NBT reduction activity (data not shown), which suggested that the
formation of intermediate AGEs is possible without having to undergo Amadori rearrangement

when radical compounds react with protein.

Glyoxal (mhd) 1 2 5 25

Figure 5.5 Fluorescence-like effects after different concentrations of glyoxal were incubated
with lysine. [llumination with normal fluorescence light, (a), and with black light at 365, (b).
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Figure 5.6 summarizes the pathway of the formation of intermediate AGEs in this part of
study. As shown in the results above, glucose produced a-oxoaldehyde compounds after
undergone autoxidation, which in turn reacted with lysine to produce intermediate AGEs.
Denoted by the broken line as shown in the figure, such pathway was cofirmed with the studies
conducted by Wolff et al. (1987) and Wells-Knecht et al. (1995). Another pathway to the
formation of intermediate AGEs was through glycation with lysine to form Schiff base products
and proceeded to produce Amadori products that lead to the formation of intermediate AGEs
denoted by the solid lines. Thornalley et al. (1999) and Gopalkrishnapillai et al. (2003) also

reported such pathway.
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The inhibitory activities of rutin, L(+)-ascorbic acid and aminoguanidine on the formation
of a-oxoaldehydes from glucose and Amadori products from the glycation of lysine are shown
in Table 5.1. The formation of glyoxal was inhibited by rutin as dose-dependent. Rutin at 0.2 mM
inhibited 42.9% of glyoxal compared to 0.2 mM L(+)-ascorbic acid, which inhibited 8.4% of
glyoxal formation. The results showed that rutin effectively suppressed o-oxoaldehydes
formation. Rutin also inhibited the formation of Amadori products in which 0.2 mM rutin

inhibited 37.7% of Amadori products formation compared to 0.2 mM aminoguanidine.
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Table 5.1 Inhibitory activities of rutin, L(+)-ascorbic acid and
aminoguanidine on the formations of ai-oxoaldehydes and Amadori products.

Inhibitory activity (%)

Sample -
o-Oxoaldehydes ~ Amadori products

0.1 mM L(+)-Ascorbic acid -6.9+1.2 n.t.

0.2 mM L(+)-Ascorbic acid 8.4+0.8 n.t.

0.1 mM Aminoguanidine n.t. 3.310.3

0.2 mM Aminoguanidine n.t. 23.240.2

0.1 mM Rutin 14.2+0.5 13.6+1.3

0.2 mM Rutin 42.940.8 37.7t£1.4

Values are means+SD of triplicate analyses.
n.t.: not tested.

The inhibitory activities of rutin and aminoguanidine towards the formation of
intermediate AGEs are shown in Figure 5.7. After incubation, all samples produced fluorescent-
like spots when observed on TLC silica gel 60 F2s4 under the black light. However, the intensities
of the spots decreased as the concentrations of rutin and aminoguanidine increased. This result
suggested that rutin and aminoguanidine were effective for inhibiting the formation of
intermediate AGEs. Although such method was easy to implement qualitatively, it was
insufficient to quantify the inhibitory activities of these two compounds.

The beneficial effects of flavonoids on cardiovascular disease and cancer risk are well-
documented. In diabetes mellitus, controlling the blood sugar level is important to mitigate the
illnesses and prevent hyperglycemic and diabetes complications (Mertes, 2001). Flavonoids were
reported to be able to inhibit a-glucosidase activity to control blood sugar level (Lee and Lee,
2001; Kawaguchi, Tanabe and Nagamine, 2004; Li et al., 2009). This enzyme is located at the
brush-border surface membrane of the intestinal cells that is important for carbohydrate ingestion

(Li et al., 2009).
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A research by Odetti et al. (1990) showed that rutin has positive effect on the prevention
of the formation of fluorescence compound in streptozotocin-induced diabetic rats. The
prevention of the later stage of AGEs by rutin and its metabolites in collagen was also possible
(Cervantes-Laurean et al., 2006; Urios, Grigorova-Borsos and Sternberg, 2007). Although these
reports claimed the efficacy of rutin in inhibiting the formation of AGEs, they did not mention in
which pathway rutin inhibited. In this study, it was found that rutin could inhibit the formation
of intermediate AGEs by inhibiting the formations of a-oxoaldehydes and Amadori products as

shown in Figure 5.8.

Blank AG R AG R
otmMm O01mM 02mM 0.2mM

Figure 5.7 Effect of different concentrations of aminoguanidine and rutin on the intensities of
fluorescent-like spots before, (a), and after, (b), incubation. AG=Aminoguanidine and R=Rutin.
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Figure 5.8 Inhibitory activities of rutin on the pathways of the
formation of intermediate AGEs determined in vitro.

The prevention of the formation of AGEs through inhibition of these pathways are important in
reducing oxidative stress that could cause complications in diabetes. The experimental results
showed that rutin was capable in inhibiting glucose autoxidation and protein glycation. However,
further experiments especially in vivo are needed to investigate whether rutin could be used in the
prevention of the formation of AGEs.

This experiment showed the potential of antioxidant compound with rutin as an example
in the prevention of intermediate AGEs. Both Okinawan plants, Ooitabi and Taumu, contained
antioxidants as shown in this study. It is possible that the antioxidants of these plants could inhibit
the formation of intermediate AGEs. In conclusion, Ooitabi and Taumu could be used as a

functional food in the prevention and management of diabetes mellitus.
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Chapter 6

Conclusion of the studies

Oxidative stress was associated with the development of diabetic complications under
hyperglycemic through the formation of advanced glycation end products (AGEs). Natural
antioxidants were found to have potential in preventing the deleterious effects of oxidative stress.

The antioxidants contained in the leaves of Ooitabi (Ficus pumila L.) and Taumu
(Colocasia esculentai S.) were flavonoid glycosides. The flavonoid glycosides contained in the
leaves of Ooitabi were identified as apigenin 6-neohesperidosyl, kaempferol 3-robinobioside,
kaempferol 3-rutinoside and rutin. In Taumu, the antioxidants contained were identified as
isoorientin, isoschaftoside, isovitexin, luteolin 7-sophoroside, orientin, schaftoside and vitexin.
These flavonoid glycosides have antioxidant capabilities that could scavenge DPPH radicals by
electron transfer, inhibiting superoxide radical by inhibiting xanthine oxidase and inhibiting
peroxyl radicals through hydrogen donation.

Luteolin 7-sophoroside had the highest antioxidant activities among the flavone
glycosides while rutin had the highest antioxidant activities among the flavonol glycosides
isolated from these plants. Rutin was the major flavonoid glycoside in the water extract of the
leaves of Ooitabi. In Taumu, isovitexin was the main flavonoid glycoside in the leaves while
schaftoside was the main flavonoid glycoside in the water extract of the stem. The leaves of
Taumu contained more flavonoid glycosides than the stems. Hence, the leaves of Taumu could
also be used as food.

The formation of intermediate AGEs in vitro level was established through autoxidation

of glucose. Besides possessing antioxidant activities, rutin was found to inhibit the early
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formation of intermediate AGEs through inhibitions of glucose autoxidation and Amadori
products formation.

Both Ooitabi and Taumu contained flavonoid glycoxides that not only have antioxidant
activities but also inhibitory activity on the formation of intermediate AGEs. Hence, these
Okinawan plants could be used as functional foods in the prevention and management of diabetes

mellitus.

62



Chapter 7

References

Agrawal, P. K., and Bansal M. C., 1989. Flavonoid glycosides. /n: P. K. Agrawal, ed. Carbon-13
NMR of flavonoids. Amsterdam: Elsevier Science, pp. 283-364.

Ahmed, M. U., Brinkmann, F. E., Degenhardt, T. P., Thorpe, S. R., and Baynes, J. W., 1997.

Ne-(Carboxyethyl)lysine, a product of the chemical modification of protein by
methylglyoxal, increases with age in human lens proteins. Biochemical Journal, 324, pp.
565-570.

Ahmed, N., and Thornalley, P. J., 2007. Advanced glycation endproducts: what is their relevance
to diabetic complications? Diabetes, Obesity and Metabolism, 9(3), pp. 233-245.

Ahmed, N., Argirov, O. K., Minhas, H. S., Cordeiro, C. A. A., and Thornalley, P. J., 2002. Assay
of advanced glycation endproducts (AGEs): surveying AGEs by chromatographic assay
with derivatization by 6-aminoquinolyl-N-hydroxysuccinimidyl-carbamate and application
to  Ng-carboxymethyl-lysine- and  Ng-(1-carboxylethyl)lysine-modified albumin.
Biochemical Journal, 364, pp. 1-14.

Allen, D. W., Schroeder, W. A., and Balog, J., 1958. Observations on the chromatographic
heterogeneity of normal adult and fetal human hemoglobin: a study effects of
crystallization and chromatography on the heterogeneity and isoleucine content. Journal of
the American Chemical Society, 80(7), pp. 1628-1634.

Andersen, Q. M., and Markham, K. R., eds., 2006. Flavonoids: Chemistry, Biochemistry and

Applications. Boca Raton: CRC Press.

63



Aniya, Y. 2002. Antioxidants in traditional foods and medicinal plants from Okinawa. In: D.
Itokazu, H. Sho and Y. Nakahara, eds. Okinawa international conference on longevity
proceedings, 12-13 November 2001 Nago. Naha: OICL, p. 50.

Aniya, Y., Itokazu, S., and Shimoji, E., 2002. Effect of antioxidants in Okinawa medicinal herbs
on aldose reductase activity. The Journal of Toxicological Sciences, 27(4), p. 384.

Aniya, Y., Miyagi, C., Nakandakari, A., Kamiya, S., Imaizumi, N., and Ichiba, T., 2002. Free
radical scavenging action of the medicinal herb Limonium wrightii from the Okinawa
islands. Phytomedicine, 9(3), pp. 239-244.

Argiov, O. K., Lin, B., and Ortwerth B. J., 2004. 2-Ammonio-6-(3-oxidopyridinium-1-
yl)hexanoate (OP-lysine) is a newly identified advanced glycation end product in
cataractous and aged human lenses. The Journal of Biological Chemistry, 279(8), pp.
6487-6495.

Argirov, O. K., Lin, B., Olesen, P., and Ortwerth, B. J., 2003. Isolation and characterization of a
new advanced glycation endproduct of dehydroascorbic acid and lysine. Biochimica et
Biophysica Acta, 1620(1-3), pp. 235-244.

Arts, I. C. W., and Hollman, P. C. H., 2005. Polyphenols and disease risk in epidemiologic
studies. The American Journal of Clinical Nutrition, 81(1), pp. 317S-325S.

Bagchi, K., and Puri, S., 1998. Free radicals and antioxidants in health and disease. Eastern
Mediterranean Health Journal, 4(2), pp. 350-360.

Baynes J. W., 1991. Role of oxidative stress in development of complications in diabetes.
Diabetes, 40(4), pp. 405-412.

Brasseur, T., and Angenot, L., 1986. Flavonol glycosides from leaves of Strychnos variabilis.

Phytochemistry, 25(2), pp. 563-564.

64



Benzie, I.F.F., 2002. Assessing oxidative stress and its role in ageing and age-related disease. In:
D. Itokazu, H. Sho and Y. Nakahara, eds. Okinawa international conference on longevity
proceedings, 12-13 November 2001 Nago. Naha: OICL, p. 38.

Bonnefont-Rousselot, D., 2002. Glucose and reactive oxygen species. Current Opinion in
Clinical Nutrition and Metabolic Care, 5(5), pp. 561-568.

Brewer, G. J., 2007. Iron and copper toxicity in diseases in aging, particularly atherosclerosis and
Alzheimer’s disease. Experimental Biology and Medicine, 232(2), pp. 323-325.

Brownlee, M., and Cerami, A., 1981. The biochemistry of the complications of diabetes-mellitus.
Annual Review of Biochemistry, 50, pp. 385-432.

Cervantes-Laurean, D., Schramm, D. D., Jacobson, E. L., Halaweish, I., Bruckner, G. G., and
Boissonneault, G. A., 2006. Inhibition of advanced glycation end product formation on
collagen by rutin and its metabolites. Journal of Nutritional Biochemistry, 17(8), pp.
531-540.

Cook, N. C., and Samman, S., 1996. Flavonoids — Chemistry, metabolism, cardioprotective
effects, and dietary sources. The Journal of Nutritional Biochemistry, 7(2), pp. 66-76.
Cooper, G. J. S., Chan, Y., Dissanayake, A. M., Leahy, F. E., Keogh, G. F., Frampton, C. M.,
Gamble, G. D., Brunton, D. H., Baker, J. R., and Poppitt, S. D., 2005. Demonstration of a
hyperglycemia-driven pathogenic abnormality of copper homeostatis in diabetes and its
reversibility by selective chelation: Quantitative comparisons between biology of copper
and eight other nutritionally essential elements in normal and diabetic individuals.

Diabetes, 54(5), pp. 1468-1476.

Cos, P., Ying, L., Calomme, M., Hu, J. P., Cimanga, K., Van Poel, B., Pieters, L., Vlietinck, A.
J., and Vanden Berghe, D., 1998. Structure-activity relationship and classification of
flavonoids as inhibitors of xanthine oxidase and superoxide scavengers. Journal of Natural

Products, 61(1), pp. 71-76.

65



Coussons, P. J., Jacoby, J., McKay, A., Kelly, S. M., Price, N. C., and Hunt, J. V., 1997. Glucose
modification of human serum albumin: A structural study. Free Radical Biology and
Medicine, 22(7), pp. 1217-1227.

Dalle-Donne, 1., Scaloni, A., Giustarini, D., Cavarra, E., Tell, G., Lungarella, G., Colombo, R.,
Rossi, R., and Milzani, A., 2005. Proteins as biomarkers of oxidative/nitrosative stress in
diseases: The contribution of redox proteomics. Mass Spectrometry Review, 24(1), pp.
55-99.

Day, J. F., Thorpe, S. R., and Baynes, J. W., 1979. Nonenzymatically glycosylated albumin /n
vitro preparation and isolation from normal human serum. The Journal of Biological
Chemistry, 254(3), pp. 595-597.

Dufty, S. J., Biegelsen, E. S., Holbrook, M., Russell, J. D., Gokce, N., Keaney, J. F. Jr., and Vita,
J. A., 2001. Iron chelation improves endothelial function in patients with coronary artery
disease. Circulation, 103(23), pp. 2799-2804.

Evans, J. L., Goldfine, I. D., Maddux, B. A., and Grodsky, G. M., 2002. Oxidative stress and
stress-activated signaling pathways: A unifying hypothesis of type 2 diabetes. Endocrine
Review, 23(5), pp. 599-622.

Ferrali, M., Signorini, C., Caciotti, B., Sugherini, L., Ciccoli, L., Giachetti, D., and Comporti, M.,
1997. Protection against oxidative damage of erythrocyte membranes by the flavonoid
quercetin and its relation to iron chelating activity. FEBS Letters, 416(2), pp. 123-129.

Gao, Z., Huang, K., Yang, H., and Xu, H., 1999. Free radical scavenging and antioxidant
activitities of flavonoids extracted from the radix of Scutellaria baicalensis Georgi.
Biochimica et Biophysica Acta, 1472(3), pp. 643-650.

Garlick, R., and Mazer, J., 1983. The principal site of nonenzymatic glycosylation of human

serum albumin in vivo. The Journal of Biological Chemistry, 258(10), pp. 6142-6146.

66



Goh, S. Y., and Cooper, M. E., 2008. The role of advanced glycation end products in progression
and complications of diabetes. The Journal of Clinical Endocrinology & Metabolism,
93(4), pp. 1143-1152.

Gopalkrishnapillai, B., Nadanathangam, V., Karmakar, N., Anand, S., and Misra, A., 2003.
Evaluation of autofluorescent property of hemoglobin-advanced glycation end product as
a long-term glycemic index of diabetes. Diabetes, 52(4), pp. 1041-1046.

Guthrow, C. E., Morris, M. A., Day, J. F., Thorpe, S. R., and Baynes, J. W., 1979. Enhanced
nonenzymatic glycosylation of human serum albumin in diabetes mellitus. Proceedings of
the National Academy of Sciences of the United States of America, 76(9), pp. 4258-4261.

Hamada Ichiro Shouten Manzokuya, 2009. Available from:
http://manzokuya.cocolog-nifty.com/blog/cat12172937/index.html [Accessed on: 15
October 2009].

Hammerstone, J. F., Lazarus, S. A., and Schmitz, H. H., 2000. Procyanidin content and variation
in some commonly consumed foods. The Journal of Nutrition, 130(8), pp. 2086S-2092S.

Hattori, M., Shu, Y. Z., el-Sedawy, A. 1., Namba, T., Kobashi, K., and Tomimori, T., 1988.
Metabolism of homoorientin by human intestinal bacteria. Journal of Natural Products,
51(5), pp. 874-878.

Havsteen, B. H., 2002. The biochemistry and medical significance of the flavonoids.
Pharmacology & Therapeutics, 96(2-3), pp. 67-202.

Hayase, F., Nagaraj, R. H., Miyata, S., Njoroge, F. G., and Monnier, V. M., 1989. Aging of
proteins: immunological detection of a glucose-derived pyrrole formed during Maillard
reaction in vivo. The Journal of Biological Chemistry, 264(7), pp. 3758-2764.

Heim, K. E., Tagliaferro, A. R., and Bobilya, D. J., 2002. Flavonoid antioxidants: chemistry,
metabolism and structural-activity relationships. Journal of Nutritional Biochemistry,

13(10), pp. 572-584.

67



Hirano, R., Sasamoto, W., Matsumoto, A., Itakura, H., Igarashi, O., and Kondo, K., 2001.
Antioxidant activity of various flavonoids against DPPH radicals and LDL oxidation.
Journal of Nutritional Science and Vitaminology, 47(5), pp. 357-362.

Hodge, J. E., 1953. Dehydrated foods, chemistry of browning reactions in model systems.
Journal of Agricultural and Food Chemistry, 1(15), pp. 928-943.

Hollman, P. C., bijsman, M. N., van Gameran, Y., Cnossen, E. p., de Vries, J. H., and Katan, M.
B., 1999. The sugar moiety is a major determinant of the absorption of dietary flavonoid
glycosides in man. Free Radical Research, 31(6), pp. 569-573.

Hollman, P. C. H., and Arts, I. C. W., 2000. Flavonols, flavones and flavanols — nature,
occurrence and dietary burden. Journal of the Science of Food and Agriculture, 80(7), pp.
1081-1093.

Iberg, N., and Fliickiger, R., 1986. Nonenzymatic glycosylation of albumin iz vivo. Identification
of multiple glycosylated sites. The Journal of Biological Chemistry, 261(29), pp. 13542-
13545.

Imanari, T., Hirota, M., Miyazaki, M., Hayakawa, K., and Tamura, Z., 1977. Improved assay
method for superoxide dismutase. Igaku no Ayumi, 101(6), pp. 496-497. [in Japanese]

Imperato, F., and Nazzaro, R., 1996. Luteolin 7-O-sophoroside from Pteris cretica.
Phytochemistry, 41(1), pp. 337-338.

Islam, K. N., Takahashi, M., Higashiyama, S., Myint, T., Uozumi, N., Kayanoki, Y., Kaneto, H.,
Kosaka, H., and Taniguchi, N., 1995. Fragmentation of ceruloplasmin following non-
enzymatic glycation reaction. The Journal of Biochemistry, 118(5), pp. 1054-1060.

John, W. G., 1997. Glycated hemoglobin analysis. Annals of Clinical Biochemistry, 34(1), pp.

17-31.

68



Johnson, R. N., Metcalf, P. A., and Baker, J. R., 1982. Fructosamine: A new approach to the
estimation of serum glycosylprotein. An index of diabetic control. Clinica Chimica Acta,
127(1), pp. 87-95.

Kaneto, H., Kajimoto, Y., Miyagawa, J., Matsuoka, T., Fujitani, Y., Umayahara, Y., Hanafusa,
T., Matsuzawa, Y., Yamasaki, Y., and Hori, M., 1999. Beneficial effects of antioxidants in
diabetes: possible protection of pancreatic B-cells against glucose toxicity. Diabetes,
48(12), pp. 2398-2406.

Kawaguchi, M., Tanabe, H., and Nagamini, K., 2007. Isolation and characterization of a novel
flavonoid possessing a 4,2"-glycosidic linkage from green mature acerola (Malpighia
emarginata DC.) fruit. Bioscience, Biotechnology, and Biochemistry, 71(5), pp. 1130-1135.

Kim, H. Y., and Kim, K., 2003. Protein glycation inhibitory and antioxidative activities of some
plant extracts in vitro. Journal of Agricultural and Food Chemistry, 51(6), pp. 1586-1591.

Kin Town Hall, 1994. Kincho no Taumu Ryouri: Waga Machi no Taumu. Kin Town (Okinawa):
Kin Town Hall Economic Affairs Division. [In Japanese].

Kinjo, S., Higashimori, K., and Tahara, M., 2003. Okinawa Tokusan no Taimo Ryouri. The
Japan Society of Cookery Science, 36(2), pp. 106-108.

Knecht, K. J., Feather, M. S., and Baynes, J. W., 1992. Detection of 3-deoxyfructose and
3-deoxyglucosone in human urine and plasma: Evidence intermediate stage of the Maillard
reaction in vivo. Archives of Biochemistry and Biophysics, 294(1), 130-137.

Kumaran, A., and Karunakaran, R. J., 2006. Antioxidant and free radical scavenging activity of
aqueous an extract of Coleus aromaticus. Food Chemistry, 97(1), pp. 109-114.

Kunimoto, M., 2007. Oxidative stress and atherosclerosis. Yakugaku Zasshi, 127(12), pp. 1997-
2014. [In Japanese]

Lapolla, A., Traldi, P., and Fedele, D., 2005. Importance of measuring products of non-enzymatic

glycation of proteins. Clinical Biochemistry, 38(2), pp. 103-115.

69



Lata, B., Trampczynska, A., and Paczesna, J., 2009. Cultivar variation in apple peel and whole
fruit phenolic composition. Food Chemistry, 121(2), pp. 176-181.

Lee, D. S., and Lee, S. H., 2001. Genistein, a soy isoflavone, is a potent a-glucosidase inhibitor.
FEBS Letters, 501(1), pp. 84-86.

Leong, C. N. A., Tako, M., Hanashiro, 1., and Tamaki, H., 2008. Antioxidant flavonoid
glycosides from the leaves of Ficus pumila L. Food Chemistry, 109(2), pp. 415-420.
Leong, A. C., Kinjo, Y., Tako, M., Iwasaki, H., Oku, H., and Tamaki, H., 2010. Flavonoid
glycosides in the shoot system of Okinawa Taumu (Colocasia esculenta S.). Food

Chemistry, 119(2), pp. 630-635.

Li, Y. Q., Zhou , F.C., Gao, F., Bian, J. S., and Shan, F., 2009. Comparative evaluation of
qurcetin, isoquercetin and rutin as inhibitors of a-glucosidase. Journal of Agricultural and
Food Chemistry, 57(24), pp. 11463-11468.

Lipinsky, B., 2001. Pathophysiology of oxidative stress in diabetes mellitus. Journal of Diabetes
and its Complications, 15(4), pp. 203-210.

Maillard, L. C., 1912. Action des amines sur les sucres: formation des mélanoidines par voie
méthodique. Council of Royal Academy Science, 154, pp. 66-68. [In French]

Manach, C., Mazur, A., and Scalbert, A., 2005. Polyphenols and prevention of cardiovascular
diseases. Current Opinion in Lipidology, 16(1), pp. 77-84.

Matsuda, H., Wang, T., Managi, H., and Yoshikawa, M., 2003. Structural requirements of
flavonoids for inhibition of protein glycation and radical scavenging activities. Bioorganic
and Medicinal Chemistry, 11(24), pp. 5317. 5323.

Mertes, G., 2001. Safety and efficacy of acarbose in the treatment of Type 2 diabetes: data from

a 5-year surveillance study. Diabetes Research and Clinical Practice, 52(3), pp. 193-204.

70



Mitchel, R. E. J., and Birnboim, H. C., 1977. The use of Girard-T reagent in a rapid and sensitive
method for measuring glyoxal and certain other o-dicarbonyl compounds. Analytical
Biochemistry, 81(1), pp. 47-56.

Monnier, V. M., 2001. Transition metals redox: reviving an old plot for diabetic vascular disease.
The Journal of Clinical Investigation, 107(7), pp. 799-801.

Mora, A., Paya, M., Rios, J. L., and Alcaraz, M. J., 1990. Structure-activity relationships of
polymethoxyflavones and other flavonoids as inhibitors of non-enzymic lipid peroxidation.
Biochemical Pharmacology, 40(4), pp. 793-797.

Morimitsu, Y., Yoshida, K., Esaki, S., and Hirota, A., 1995. Protein glycation inhibitors from
Thyme (Thymus vulgaris). Bioscience, Biotechnology, and Biochemistry, 59(11), pp. 2018-
2021.

Mun’im, A., Negishi, O., and Ozawa, T., 2003. Antioxidative compounds from Crotalaria
sessiliflora. Bioscience, Biotechnology, and Biochemistry, 67(2), pp. 410-414.

Nagai, R., Hayashi, C. M., Xia, L., Takeya, M., and Horiuchi, S., 2002. Identification in human
atherosclerotic lesions of GA-pyridine, a novel structure derived from glycolaldehyde-
modified proteins. The Journal of Biological Chemistry, 277(50), pp. 48905-48912.

Nakatani, N., 1992. Natural antioxidants from spices. /n: M. T. Huang, C. T. Hoand C. Y. Lee,
eds. ACS Symposium Series 507: Phenolic Compounds in Food and Their Effects on Health
1I: Antioxidants and Cancer Prevention. Washington: American Chemical Society, pp.
72-86.

Nakatani, N., 2003. Antioxidants in herbs of Okinawa islands. /n: C. T. Ho, J. K. Linand Q. Y.
Zheng, eds. ACS Symposium Series 859: Oriental Foods and Herbs: Chemistry and Health
Effects. Washington: American Chemical Society, pp. 166-175.

Namiki, M., and Hayashi, T., 1983. A new mechanism of the Maillard reaction involving sugar

fragmentation and free radical formation. /n: G. R. Waller and M. S. Feather, eds. ACS

71



Symposium Series: The Maillard Reaction in Foods and Nutrition, Volume 215,
Washington: American Chemical Society, pp. 21-46.

Niwa, T., Katsuzaki, T., Miyazaki, S., Miyazaki, T., Ishizaki, Y., Hayase, F., Takemichi, N., and
Takei, Y., 1997. Immunohistochemical detection of imidazolone, a novel advanced
glycation end product, in kidneys and aortas of diabetic patients. The Journal of Clinical
Investigation, 99(6), pp. 1272-1280.

Odetti, P. R., Borgoglio, A., de Pascale, A., Rolandi, R., and Adezati, L., 1990. Prevention of
diabetes-increased aging effect on rat collagen-linked fluorescence by aminoguanidine and
rutin. Diabetes, 39(7), pp. 796-801.

Okada, M., Nunome, S., Terabayashi, S. and Miki, E., eds., 1988. lllustrated medicinal plants of
the world in colour. Tokyo: Hokuryukan, p. 24.

Ookawara, T., Kawamura, N., Kitagawa, Y., and Taniguchi, N., 1992. Site-specific and random
fragmentation of Cu, Zn-superoxide dismutase by glycation reaction. The Journal of
Biological Chemistry, 267(26), pp. 18505-18510.

Peng, J., Fan, G., Hong, Z., Chai, Y., and Wu, Y., 2005. Preparative separation of isovitexin and
isoorientin from Patrinia villosa Juss by high-speed counter-current chromatography.
Journal of Chromatography A, 1074(1-2), pp. 111-115.

Pokorny, J., Yanishlieva, N., and Gordon, M., eds., 2001. Antioxidants in food: Practical
applications. Cambridge: Woodhead Publishing Ltd., pp. 7-21.

Porte, D. Jr., 2001. Clinical importance of insulin secretion and its interaction with insulin
resistance in the treatment of type 2 diabetes mellitus and its complications.
Diabetes/Metabolism Research and Reviews, 17(3), pp. 181-188.

Prior, R. L., Wu, X., and Schaich, K., 2005. Standardized methods for the determination of
antioxidant capacity and phenolics in foods and dietary supplements. Journal of

Agricultural and Food Chemistry, 53(10), pp. 4290-4302.

72



Rahbar, S., 1968. An abnormal hemoglobin in red cells of diabetics. Clinica Chimica Acta, 22(2),
pp- 296-298.

Rahbar, S., Blumenfeld, O., and Ranney, H. M., 1969. Studies of an unusual hemoglobin in
patients with diabetes mellitus. Biochemical and Biophysical Research Communications,
36(5), pp. 838-843.

Rahman, L., Biswas, S. K., and Kode, A., 2005. Oxidant and antioxidant balance in the airways
and airway diseases. European Journal of Pharmacology, 533(1-3), pp. 222.239.

Rayyan, S., Fossen, T., and Andersen, @. M., 2005. Flavone C-glycosides from leaves of Oxalis
triangularis. Journal of Agricultural and Food Chemistry, 53(26), pp. 10057-10060.
Requena, J. R., and Baynes, J. W., 2000. Studies in animal models on the role of glycation and
advanced glycation end-products (AGEs) in the pathogenesis of diabetic complications:
pitfalls and limitations. /n: A. A. F. Sima, ed. Chronic complications in diabetes: Animal
models and chronic complications. Amsterdam: Harwood Academic Publishers, pp. 43-69.

Robertson, R. P., and Harmon, J. S., 2006. Diabetes, glucose toxicity, and oxidative stress: A case
of double jeopardy for the pancreatic islet B cell. Free Radical Biology and Medicine,
41(2), pp. 177-184.

Roglic, G., Unwin, N., Bennett, P. H., Mathers, C., Tuomilehto, J., Nag, S., Connolly, V., and
King, H., 2005. The burden of mortality attributable to diabetes: realistic estimates for the
year 2000. Diabetes Care, 28(9), pp. 2130-2135.

Sanchez-Moreno, C., 2002. Review: methods used to evaluate the free radical scavenging
activity in foods and biological systems. Food Science and Technology International, 8(3),
pp. 121-137.

Satoimo, 2009. Available from:

http://www.weblio.jp/content/%E9%87%8C%E8%8A%8B/ [Accessed 15 October 2009].

73



Sayre, L. M., Perry, G., and Smith, M. A., 1999. Redox metals and neurodegenerative disease.
Current Opinion in Chemical Biology, 3(2), pp. 220-225.

Sayre, L. M., Moreira, P. 1., Smith, M. A., and Perry, G., 2005. Metal ions and oxidative protein
modification in neurological disease. Annali dell’Istituto Superiore di Sanita, 41(2), pp.
143-164.

Schafer, F. Q., and Buettner, G. R., 2001. Redox environment of the cell as viewed through the
redox state of the glutathione disulfide/glutathione couple. Free Radical Biology and
Medicine, 30(11), pp. 1191-1212.

Shimono, T., ed., 1980. Nansei Syotou no Minzoku I. Tokyo: Hosei University Press. [In Japanese]

Sho, H., 2001. History and characteristics of Okinawan longevity food. Asia Pacific Journal of
Clinical Nutrition, 10(2), pp. 159-164.

Shou, S., Lu, G., and Huang, X., 2007. Seasonal variations in nutritional components of green
asparagus using the mother fern cultivation. Food Chemistry, 112(3), 251-257.

Sies, H., 1991. Oxidative stress: from basic research to clinical application. The American
Journal of Medicine, 91(3C), pp. 31S-38S.

Stadler, N., Lindner, R. A., and Davies, M. J., 2009. Direct detection and quantification of
transition metal ions in human atherosclerotic plaques: Evidence for the presence of
elevated levels of iron and copper. Arteriosclerosis, Thrombosis, and Vascular Biology, 24,
pp- 949-954.

Suda, I., 2000. Determination of DPPH radical scavenging activity by spectrophotometry. /n: K.
Shinohara, T. Suzuki and S. Kaminogawa, eds. The Methods of Food Functions Analysis.
Tokyo: Korin, pp. 218-220. [In Japanese]

Suda, L., Oki, T., Nishiba, Y., Masuda, M., Kobayashi, M., Nagai, S., Hiyane, R., and Miyashige,

T., 2005. Polyphenol contents and radical-scavenging activity of extracts from fruits and

74



vegetables in cultivated in Okinawa, Japan. Nippon Shokuhin Kagaku Kogaku Kaishi,
52(10), pp. 462-471. [In Japanese]

The Okinawan Centenarian Study, 2009. Investigating the world’s longest-lived people [online].
Available from: http://www.okicent.org/ [Accessed 6 October 2009].

Thornalley, P., Wolff, S., Crabbe, J., and Stern, A., 1984. The autoxidation of glyceraldehyde and
other simple monosaccharides under physiological conditions catalysed by buffer ions.
Biochimica et Biophysica Acta, 797(2), pp. 276-287.

Thornalley, P. J., Langborg, A., and Minhas, H. S., 1999. Formation of glyoxal, methylglyoxal
and 3-deoxyglucosone in the glycation of proteins by glucose. Biochemical Journal, 344,
pp. 109-116.

Tobinaga, S., 1989. Okinawa Minzoku Yakuyou Dousyokubutsusushi. Naha: Niraisya.

Urios, P., Grigorova-Borsos, A., and Sternberg, M., 2007. Flavonoids inhibit the formation of the
cross-linking AGE pentosidine in collagen incubated with glucose, according to their
structure. European Journal of Nutrition, 46(3), 139-146.

Usui, T., and Hayase, F., 2003. Isolation and identification of the 3-hydroxy-5-hydroxymethyl-
pyridinium compound as a novel advanced glycation end product on glyceraldehyde-
related Maillard reaction. Bioscience, Biotechnology, and Biochemistry, 67(4), pp. 930-932.

Usui, T., Watanabe, H., and Hayase, F., 2006. Isolation and identification of 5-methyl-
imisazolin-4-one derivative as glyceraldehyde-derived advanced glycation end product.
Bioscience, Biotechnology, and Biochemistry, 70(6), pp. 1496-1498.

Usui, T., Yanagisawa, S., Ohguchi, M., Yoshino, M., Kawabata, R., Kishimoto, J., Arai, Y.,
Aida, K., Watanabe, H., and Hayase, F., 2007. Identification and determination of o-
dicarbonyl compounds formed in the degradation of sugars. Bioscience Biotechnology and

Biochemistry, 71(10), pp. 2465-2472.

75



van Acker, S. A. B. E., de Groot, M. J., van den Berg, D., Tromp, M. N. J. L., den Kelder, G. D.,
van der Vijgh, W. J. F., and Bast, A., 1996. A quantum chemical explanation of the
antioxidant activity of flavonoids. Chemical Research in Toxicology, 9(8), pp. 1305-1312.

van Acker, S. A. B. E., van den Berg, D., Tromp, M. N. J. L., Griffioen, D. H., van Bennekom,
W. P., van der Vijgh, W.J. F., and Bast, A., 1996. Structural aspects of antioxidant activity
of flavonoids. Free Radical Biology and Medicine, 20(3), pp. 331-342.

Wells-Knecht, K. J., Zyzak, D. V., Litchfield, J. E., Thorpe, S. R., and Baynes, J. W., 1995.
Mechanism of autoxidative glycosylation: identification of glyoxal and arabinose as
intermediates in the autoxidative modification of proteins by glucose. Biochemistry,
34(11), pp. 3702-3709.

WHO, 2009. Diabetes program [online]. Available from: http://www.who.int/diabetes/en/
[Accessed 17 September 2009].

Williams, C. A., 2006. Flavone and flavonol O-glycosides. In: @. M. Andersen and K. R.

Markham, eds. Flavonoids: Chemistry, Biochemistry and Applications. Boca Raton: CRC
Press, pp. 749-856.

Wiseman, H., 1996. Dietary influences on membrane function: importance in protection against
oxidative damage and disease. The Journal of Nutritional Biochemistry, 7(1), pp. 2-15.

Wolff, S. P., and Dean, R. T., 1987. Glucose autoxidation and protein modification. The potential
role of ‘autoxidative glycosylation’ in diabetes. Biochemical Journal, 245(1), pp. 243-250.

Yasaei, P. M., Yang, G. C., Warner, C. R., Daniels, D. H., and Ku. Y., 1996. Singlet oxygen
oxidation of lipids resulting from photochemical sensitizers in the presence of antioxidants.
Journal of the American Oil Chemists’ Society, 73(9), pp. 1177-1181.

Zhou, X., Peng, J., Fan, G., and Wu, Y., 2005. Isolation and purification of flavonoid glycosides

from Trollius ledebouri using high-speed counter-current chromatography by stepwise

76



increasing the flow-rate of the mobile phase. Journal of Chromatography A, 1092(2), pp.

216-221.

77



