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Plantagoside (5,74',5' -tetrahydroxyflavanone-3'-O-glucoside) and its aglycone (5,7,3',4',5' -pentahydroxyflavanone), isolated from
a 50% ethanol extract of Plantago major seeds (Plantaginaceae), were established to be potent inhibitors of the Maillard reaction.
These compounds also inhibited the formation of advanced glycation end products in proteins in physiological conditions and
inhibited protein cross-linking glycation. These results indicate that P. major seeds have potential therapeutic applications in the

prevention of diabetic complications.

1. Introduction

Nonenzymatic protein glycation in the body leads to vascular
and renal complications of diabetes [1]. Diabetic patients
tend to accumulate glycated proteins in their body tissues
because their blood glucose concentration is higher than that
in healthy individuals. The initial chemical modification step
is the reaction between the free amino group of proteins and
carbonyl group of glucose, which leads to the formation of
fructosamines via Schiff bases, followed by the Amadori rear-
rangement. The fructosamines are successively oxidized, de-
hydrated, and condensed to form cross-linked proteins and
eventually advanced glycation end products (AGEs). Some
AGEs have been isolated, and their structures have been
elucidated (e.g., pyrraline [2], N*-(carboxymethyl)lysine [3],
pentosidine [4], 2-(2-furoyl)-4(5)-(2-furanyl)-1H-imidazole
[5], and crossline [6]).

Various attempts have been made to identify effective
glycation inhibitors. Aminoguanidine has the capacity to pre-
vent the diabetes-induced formation of AGEs, including the
inhibition of protein cross-linking [7]. Aspirin [8] as well as
vitamin B¢ [9], taurine [10], quercetin [11], and other natural
inhibitors have also been reported. To identify effective gly-
cation inhibitors, we devised an improved screening system,
which was reported in a previous study [12]. In the present
report, we describe the screening results and the differ-
ences in the inhibitory mechanisms of plantagoside and ami-
noguanidine.

2. Materials and Methods

2.1. Materials. Plantago major seeds were purchased from
Ichimaru Pharcos Co., Ltd. (Gifu Japan). Plantagoside
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(5,7,4',5' -tetrahydroxyflavanone-3'-O-glucoside) (1) and its
aglycone (5,7,3',4,5'-pentahydroxyflavanone) (2) were iso-
lated from a 50% ethanol extract of P. major seeds (Plan-
taginaceae). 5,7-Dihydroxy-3',4’,5'-trimethoxyflavone (3),
myricetin (5,7,3',4',5'-pentahydroxyﬂavonol) (6), and dihy-
dromyricetin (5,7,3',4',5'-pentahydroxyflavanonol) (7) were
purchased from Funakoshi Co., Ltd. (Japan). Aminoguan-
idine hydrochloride, N-a-acetyl-lysine, and N-a-acetyl-ar-
ginine were purchased from Sigma-Aldrich (USA). Cell-ma-
trix type I-C collagen was purchased from Asahi Techno
Glass (Japan). All the other chemicals were purchased from
Nakarai Tesque, Inc. (Japan).

2.2. Evaluation of Glycation

2.2.1. Fluorometric Analysis. Our improved Maillard reaction
inhibitor screening system was used for bioassay-guided frac-
tionation and for isolating active compounds in the present
study [12]. In brief, a reaction mixture (500 yL) was prepared
in a plastic tube (1.5mL) that comprised bovine serum
albumin (BSA) (400 ug) and glucose (200 mM), with/without
an inhibitor or plant extract (10 L), in 50 mM phosphate
buffer, pH 7.4. The reaction mixture was heated at 60°C on
a heating block for 30 h. The blank sample and the unre-
acted solution without an inhibitor or plant extract were
maintained at 4°C until measurement. After cooling, an
aliquot (100 L) was transferred to a new plastic tube (1.5 mL),
and 100% w/v trichloroaceticacid (TCA) (10 L) was added to
each tube. The supernatant containing glucose, inhibitor, and
interfering substances was discarded after agitation and cen-
trifugation (15,000 rpm, 4°C, 4 min). The precipitate contain-
ing AGEs-BSA was then dissolved in alkaline PBS (400 uL).
Alkaline PBS contained NaCl (137 mM), Na,HPO, (8.1 mM),
KClI (2.68 mM), and KH,PO, (1.47 mM) and was adjusted
to pH 10 with 0.25N NaOH. The fluorescence intensity (ex.
360 nm, em. 460 nm) related to AGEs-protein was measured
using a Cytofluor II fluorescence multiwell plate reader
(PersSeptive Biosystems, USA). The true inhibition activity
was estimated by subtracting the quenching effect from the
apparent inhibitory activity. The apparent inhibitory activ-
ity was calculated using the method described above. The
quenching effect was measured using the same sample dis-
solved in alkaline PBS after TCA treatment of the mixed plant
extract solution (2 and 100 L) after incubating the control
solution for 30 h without the inhibitor or plant extract. The
Maillard reaction was performed for 96 h without TCA pre-
cipitation using N-a-acetyl-lysine or N-a-acetyl-arginine in-
stead of BSA as the substrate.

2.2.2. Protein Cross-Linking. The reaction mixtures (ImL
each), containing lysozyme (5.0 mg) and ribose (20 mM),
were prepared in phosphate buffer (100 mM, pH 7.4). Each
reaction mixture was sterile filtered into a plastic tube and
placed in an incubator at 37°C for 1 week. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
performed according to the method described by Laemmli
[13]. Aliquots (10 uL each) of the reaction mixtures were
heated at 95°C with a buffer (2uL) containing 4% SDS,
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10% [3-mercaptomethanol, 20% glycerol, 0.2 M glycine, and
1% methylene blue in 0.5MTris buffer (pH 6.7). After
electrophoresis, the gel was stained with Coomassie Brilliant
Blue (CBB), destained, and dried.

2.3. Purification and Structural Determination of Plantago-
side and 5,7,3' 4,5 -Pentahydroxyflavanone. P. major seeds
(213 g) were extracted with 50% ethanol (2.2L) for 1 week
at room temperature. A crude extract (7.6 g) was obtained
by concentration in vacuo and was suspended in H,O (1L)
before the solution was extracted with chloroform (1L). The
aqueous layer was further extracted with ethylacetate (2L).
The resulting extracts were concentrated to produce a crude
oil (0.64g), which was subjected to reversed-phase high-
performance liquid chromatography (HPLC). The HPLC
conditions were as follows: flow rate: 4.6 mL/min; detec-
tor: UV 210 nm; solvent: methanol: H,O (30:70); column
oven temperature: 40°C; and column: Mightysil RP-18, 10 x
250 mm. Two active fractions (fractions 1 and 2) were ob-
tained. Further purification of the active fractions using
HPLC yielded plantagoside (1) (148 mg) and 5,7,3',4',5'-pan-
tahydroxyflavanone (2) (23 mg).

Plantagoside (1): negative-ion FAB-MS m/z: 465 [M-H]";
"H-NMR (400 MHz, DMSO-d, + D,0) 8: 2.70 (1H, dd, J =
17 and 3 Hz, H-3), 3.07 (1H, dd, J = 17 and 12 Hz, H-3), 4.64
(1H, d, J] = 8Hz, H-1 of glucose), 5.32 (1H, dd, ] = 12 and
3Hz, H-2),5.81 (1H, d, ] = 2 Hz, H-6), 5.82 (1H, d, ] = 2 Hz,
H-8), 6.56 (1H, d, ] = 2Hz, H-6'), 6.70 (1H, d, ] = 2Hz,
H-2"); ®C-NMR (100 MHz, DMSO-d, + D,0) §: 41.9 (C-3),
60.7 (glc-6), 69.8 (glc-4), 73.3 (glc-2), 75.9 (glc-5), 771 (gle-3),
78.4 (C-2), 95.0 (C-8), 95.8 (C-6), 101.7 (C-10), 102.4 (glc-1),
106.4 (C-6"),109.2 (C-2'),128.6 (C-1'),135.2 (C-4'), 145.7 (C-
3'), 145.8 (C-5'), 162.8 (C-9), 163.4 (C-5), 166.7 (C-7), 196.1
(C-4).

5,7,3',4',5'-Pentahydroxyﬂavanone (2): negative-ion FAB-
MS m/z:303 [M-H]*; "H-NMR (400 MHz, DMSO-dj) 8:2.70
(1H,dd, J = 17 and 3 Hz, H-3),3.07 (1H, dd, ] = 17 and 12 Hz,
H-3), 532 (14, dd, J = 12 and 3Hz, H-2), 5.81 (1H, d, ] =
2IHZ, H-6), 5.82 (1H, d, J = 2 Hz, H-8), 6.56 (2H, s, H-2' and
6).

2.4. Synthesis of 5,7,3',4',5'-Pentahydroxyflavone (4). 5,7-Di-
hydroxy-3',4',5' -trimethoxyflavone (3; 15 mg) was added to
AICI; (8 g) and NaCl (1.4 g) and melted by heating at 180°C.
After 10 min, the reaction mixture was cooled and dissolved
in 2N HCI, and 3 (2 mg) was extracted with ethylacetate. 'H-
NMR (400 MHz, acetone-dj) 6: 6.20 (1H, s, H-3), 6.46 (2H,
brs, H-6, 8), 710 (2H, s, H-2, 6'), 12.98 (1H, brs, Cs-OH).

3. Results and Discussion

We examined 200 natural plant extracts to determine their
inhibitory effects on the Maillard reaction and obtained sat-
isfactory results with an extract of P. major seeds. The active
compounds were characterized as plantagoside (1) and its
aglycone (2) after analyzing the FAB-MS, 'H-NMR, and "*C-
NMR spectral data (Figure 1). Flavanones 1 and 2 were first
isolated from P. asiatica var. japonica [14] and Helichrysum
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FIGURE L: The structures of the flavonoids that inhibited glycation. 1: Plantagoside (R = glucose), 2: 5,7,3',4',5'-pentahydroxyﬂavanone (R=H),3:
5,7—dihydr0xy—3',4',5'—trimeth0xyﬂav0ne (R'= R%= CH,),4: 5,7,3',4',5'—pentahydroxyﬂav0ne (R'=R%*= H), 5: 5,7,4',5'—tetrahydroxyﬂavone—
3'-0O-glucoside (R' = glucose, R* = H), 6: myricetin, and 7: dihydromyricetin.

bracteatum [15]. a-Mannosidase inhibitory activity has also
been reported for 1 [16]. The Maillard reaction inhibitory ac-
tivities of 1 (ICs, 1.2 uM) and 2 (ICs, 18.0 uM) were approx-
imately 83- and 5.5-times stronger, respectively, than that of
aminoguanidine (ICy;, 100 uM), which was used as a known
Maillard reaction inhibitor [17] in our established assay sys-
tem [12]. It has been reported that some natural flavonoids,
that is, baicalin, baicalein [17], quercetin [11], and maritimein
(18], inhibit the Maillard reaction, and these compounds also
showed inhibitory activities when our assay system was used
(baicalin (ICs, 25.0 uM), baicalein (ICs;, > 100 uM), quer-
cetin (ICs), 1.4 uM), and maritimein (ICs,, 10.0 uM)). These
results indicated that 1 had the highest inhibitory activity
among the known isolated natural products.

To clarify the inhibitory activities of 1 and 2 in physio-
logical conditions, collagen, one of the major proteins in the
human body, was used as a substrate instead of BSA. The in-
cubation temperature was changed to 37°C from 60°C. The
inhibitory activities (IC5,) were 14 uM for 1, 42 uM for 2, and
2500 uM for aminoguanidine. The inhibitory activity of each
compound was 2-25-times lower than that obtained using
the original conditions. When BSA was used as the substrate

and the reaction temperature was high, the rank order of the
inhibitory activity of each compound remained unchanged.
These results demonstrated that our improved Maillard reac-
tion inhibitor screening method is very useful for bioassay-
guided isolation of effective compounds and evaluation of
the inhibitory activities of such compounds. Plantagoside was
identified using this assay, and it was found to inhibit the for-
mation of AGEs in physiological conditions at a lower con-
centration.

For evaluating the inhibitory activity of plantagoside
against glycation-dependent cross-link formation, each in-
hibitor, that is, plantagoside and aminoguanidine, which in-
hibit cross-link formation by linking with the carbonyl
groups of Amadori products [7], or NaCNBH;, which in-
hibits by reducing Amadori products to a secondary amine
[19], was incubated at 37°C with lysozyme and ribose in phos-
phate buffer. Figure 2 presents the effects of plantagoside
against glycation-dependent cross-link formation. A dimer
of lysozyme (ca. 29kDa) was clearly observed after 1 week
(lane 1). It was found that 100 mM aminoguanidine (lane 2)
and 100 mM NaCNBH; (lane 3) inhibited the dimerization
of lysozyme, while 12.5-200 uM plantagoside also caused
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FIGURE 2: Inhibition of cross-ink formation by plantagoside (1). This assay was performed at pH 7.4 in phosphate buffer, which contained
20 mM ribose, 5 mg/mL lysozyme, 100 mM of aminoguanidine or NaCNBHj, or the indicated concentration of plantagoside dissolved in
dimethylsulfoxide, for 1 week at 37°C. Each sample was then subjected to 17.5% SDS-PAGE and stained with Coomassie Brilliant Blue. DMSO:

dimethylsulfoxide containing no inhibitor; AG: aminoguanidine.

inhibition in a concentration-dependent manner (lanes 4-
8). The results showed that plantagoside can inhibit the
formation of protein-protein cross-links via glycation and the
formation of AGEs in proteins.

To investigate the change in the inhibitory activity due to
the formation of AGEs by plantagoside with different types
of amino acids as the substrate, we performed assays using
either N-a-acetyllysine or N-a-acetylarginine. Plantagoside
with N-a-acetyllysine and N-a-acetylarginine as the sub-
strate possessed 46% and 73% inhibitory activities, respec-
tively, (A, 27%) at a concentration of 25 uM and strongly in-
hibited the formation of AGEs with N-a-acetylarginine (Fig-
ure 3). In contrast, aminoguanidine possessed 91% and 80%
of the inhibitory activities (A, 11%) at a concentration of
10 uM, while there was no major selectivity of the inhibitory
activity. These results indicate that the inhibitory mechanism
employed by plantagoside differed from that employed by
aminoguanidine.

To develop a more effective inhibitor, we investigated the
relationship between the skeletal structures of the aglycones
of plantagoside (flavone, 4; flavonol, 6; flavanone, 2; and
flavanonol, 7; Figure 1) and their inhibitory activity. The re-
sults showed that the order of the inhibitory activity of the
compounds (highest first) was 5,7,3',4',5'-pentahydroxyfla-
vone, 4 (75uM); myricetin, 6 (7.9 uM); 5,7,3',4",5 -penta-
hydroxyflavanone, 2 (18.0 uM); and dihydromyricetin, 7
(45.0 uM); 5,7,3' 4’ ,5'-pentahydroxyflavone possessed the hi-
ghest activity among the aglycones. The results suggested that
the putative compound 5,7,4',5'-tetrahydroxyflavone-3'-O-
glucoside (5) would possess a potent inhibitory activity at a
submicromolar concentration, given that the inhibitory ac-
tivity was 15-times higher after 3'-O-glycosylation of 5,7,3,4’,
5'-pentahydroxyflavanone (2). Therefore, we intend to syn-
thesize 5, which has not been obtained from natural
resources.

In this study, we demonstrated the inhibitory activity of
plantagoside and its aglycone against the Maillard reaction.
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FIGURE 3: Differences in AGE formation inhibitory activity with
different types of amino acids as the substrate. The inhibitory
activities were determined at concentrations of 25uM plantago-
side and 10 mM aminoguanidine using N-a-acetyllysine or N-«-
acetylarginine as the substrate for glycation. The inhibitory activity
was examined by measuring the increase in the fluorescence inten-
sity because of the formation of AGEs. Each value represents the
mean + standard error of three experiments.

In Europe and the USA, the P. major seeds that contain
these flavanones are known as “Shazenshi,” which is a well-
known crude drug. The seed of P. asiatica is used as a diu-
retic in traditional Chinese medicine. There are no reports on
the treatment or prevention of diabetic complications using
this drug; however, the present study suggests that Shazenshi
has potential as a therapeutic agent to combat diabetic
complications.
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BSA: Bovine serum albumin
dd: Double doublet

DMSO: Dimethylsulfoxide

FAB-MS:  Fast atom bombardment mass spectrum

glc: Glucose

PBS: Phosphate-buffered saline

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide
gel electrophoresis.
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