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Abstract

Important targets for the prevention and treatment of diabetic complications include aldose reductase
(AR) inhibitors (ARIs) and inhibitors of advanced glycation endproduct (AGE) formation. Here we
evaluate the inhibitory activities of prenylated flavonoids isolated from Sophora flavescens, a tradi-
tional herbal medicine, on rat lens AR (RLAR), human recombinant AR (HRAR) and AGE formation.
Among the tested compounds, two prenylated chalcones — desmethylanhydroicaritin (1) and
8-lavandulylkaempferol (2) — along with five prenylated flavanones - kurarinol (8), kurarinone (9),
(25)-2’-methoxykurarinone  (10), (25)-33,7,4-trihydroxy-5-methoxy-8-(y,7-dimethylally)-flavanone
(11), and kushenol E (13) were potent inhibitors of RLAR, with IC50 values of 0.95, 3.80, 2.13, 2.99,
3.77, 3.63 and 7.74 um, respectively, compared with quercetin (IC50 7.73 uv). In the HRAR assay, most
of the prenylated flavonoids tested showed marked inhibitory activity compared with quercetin
(IC50 2.54 ). In particular, all tested prenylated flavonols, such as desmethylanhydroicaritin
(1, IC50 0.45 ;v), 8-lavandulylkaempferol (2, IC50 0.79 xm) and kushenol C (3, 1C50 0.85 1), as well
as a prenylated chalcone, kuraridin (5, 1C50 0.27 um), and a prenylated flavanone, (25)-7,4-
dihydroxy-5-methoxy-8-(y,7-dimethylally)-flavanone (12, IC50 0.37 ), showed significant inhibitory
activities compared with the potent AR inhibitor epalrestat (IC50 0.28 uv). Interestingly, prenylated
flavonoids 1 (IC50 104.3,gmL™"), 2 (IC50 132.1ugmL™"), 3 (IC50 84.6 ,gmL™") and 11 (IC50
261.0 igmL™"), which harbour a 3-hydroxyl group, also possessed good inhibitory activity toward
AGE formation compared with the positive control aminoguanidine (IC50 115.7 ;LgmL‘1). Thus,
S. flavescens and its prenylated flavonoids inhibit the processes that underlie diabetic complications
and related diseases and may therefore have therapeutic benefit.

Introduction

According to a report from the US National Health and Nutrition Examination Survey
1999-2004, nearly 60% of patients with diabetes have more than one complication caused
by chronic diabetes (AACE 2007). Moreover, diabetic complications, including retinopathy,
neuropathy, nephropathy and cataracts, are leading causes of morbidity and death in
diabetic patients. There is therefore growing interest in drugs that alleviate the various
symptoms of diabetic complications.

Several studies have suggested that hyperglycaemia may have important roles in the
pathogenesis of diabetic complications by several mechanisms, including increased aldose
reductase (AR)-related polyol pathway flux, increased formation of advanced glycation
endproducts (AGE), activation of protein kinase C (PKC) isoforms, increased hexosamine
pathway flux and overproduction of superoxide (Brownlee 2001). There is much evidence
for increased formation of AGE and the overexpression of AGE receptors (RAGE), as well
as AR-related polyol pathway flux under conditions of chronic hyperglycaemia in-vivo
(Peyrou & Sternberg 2006). We have investigated two important targets to evaluate their
potential for the prevention and treatment of diabetic complications: one is to search for AR
inhibitors (ARIs) and the other is to search for inhibitors of AGE formation.

AR is an NADPH-dependent oxidoreductase, one of the important enzymes in the polyol
pathway that catalyses the reduction of various sugars to sugar alcohols, such as glucose to
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sorbitol, which is followed by fructose production catalysed
by NADH-dependent sorbitol dehydrogenase. Under normal
conditions, the affinities of cell-based AR for glucose and
galactose are low; however, in the diabetic condition, a
surge in the rate of the AR-related polyol pathway augments
intracellular concentrations of sorbitol and its metabolites (i.e.
fructose), followed by accumulation in cells due to their poor
penetration across membranes and inefficient metabolism; this
results in the development of diabetic complications (Kador
etal 1980; de la Fuente etal 2003; Kawanishi etal 2003).
Excess glucose is metabolized into sorbitol by the NADPH-
AR pathway, followed by fructose formation induced by
NADH-sorbitol dehydrogenase, leading to the formation of
reactive dicarbonyl species, which are highly related to forma-
tion of AGE (Ahmed & Thornalley 2007). Although several
synthetic ARIs exhibit potent effects, either their use is lim-
ited, or they have been withdrawn from clinical trials because
of relatively low efficacy, poor pharmacokinetics and unsatis-
factory safety (Kawanishi etal 2003; Manzanaro etal 2006;
Peyrou & Sternberg 2006). In the case of one potent AGE forma-
tion inhibitor, aminoguanidine, there is still relatively little
human data; side-effects in human trials included abnormali-
ties in liver function, gastrointestinal disturbances, nausea and
headaches, despite very low toxicity in both human and ani-
mal trials (Thornalley 2003). Although these synthetic agents
have been proposed as prototypes for new promising drugs,
pharmaceutical companies and many researchers have tried to
find new potent and safe ARIs and AGE formation inhibitors
from natural materials (Nakagawa et al 2002; de la Fuente etal
2003; Kawanishi etal 2003). There is growing interest in the
benefits of dietary supplements as nutraceuticals, as well as
traditional herbal medicines as pharmaceuticals that lack toxic
and/or side-effects.

Sophora flavescens Ait. (Leguminosae) is a perennial shrub
that occurs in the wild and is also cultivated throughout North
East Asia. The dried root of S. flavescens, Sophorae Radix, is
an important herbal medicine that is used in folk medicine
as an antipyretic, analgesic, anthelmintic and stomachic, and is
used for the treatment of gastrointestinal haemorrhage, diar-
rhoea and eczema (Tang & Eisenbrand 1992; Huang 1993).
S. flavescens is reported to harbour quinolizidine alkaloids,
triterpenoid saponins and prenylated flavonoids (Tang &
Eisenbrand 1992), which are responsible for its various biolog-
ical and pharmacological properties, including anti-diabetic
(Jung etal 2006; Kim etal 2006), anti-apoptotic (Jiang etal
2007), anti-bacterial (Chen etal 2005), anti-inflammatory
(Kim etal 2002), antioxidant (Jung etal 2005a,b; Piao etal
2006), anti-viral (Ding etal 2006) and cytotoxic effects (Kang
etal 2000; Ko etal 2000). On the basis of their quantitative and
qualitative aspects, many researchers have focused on the
matrine-type alkaloids and prenylated flavonoids (Chen etal
2005; Zhang etal 2007). In particular, there is growing interest
in the prenylated flavonoids, which are implicated in the anti-
inflammatory (Kim etal 2002), antioxidant (Jung etal 2005a,b;
Piao etal 2006), anti-diabetic (Kim etal 2006), monoamine
oxidase inhibitory (Hwang etal 2005) and cytotoxic effects
(Kang etal 2000; Ko etal 2000) of S. flavescens. Among these
flavonoids, sophoraflavanone G and kurarinone have been
reported to have potent cytotoxic activity (Kang etal 2000; De
Naeyer etal 2004) and radical scavenging activity (Piao etal

2006), as well as inhibitory activities against tyrosinase (Kim
etal 2003; Son etal 2003), a-glucosidase and S-amylase (Kim
etal 2006). Also, kuraridin, kurarinone and sophoraflavanone
G have been reported to inhibit cyclo-oxygenases and lipoxy-
genases (Chi etal 2001; Kim etal 2002). We have previously
demonstrated the antioxidant properties of desmethylanhyd-
roicaritin and 8-lavandulylkaempferol from S. flavescens as
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical and peroxyni-
trite (ONOQ") scavengers in vitro (Jung etal 2005a,b).

As mentioned above, S. flavescens and its isolated pre-
nylated flavonoids have exhibited anti-diabetic activities in
several enzymatic systems (Kim etal 2006) and inhibit the
Na'-glucose cotransporter (Sato etal 2007), implicated in
diabetes. Also, Jung etal (2006) have previously shown that
Sophora species exhibit antioxidant-capacity-related anti-
diabetic effects in rats with streptozotocin-induced diabetes.
However, comprehensive examinations of S. flavescens-
derived prenylated flavonoids and their effects on diabetic
complications mediated via different enzymes have not been
done. Moreover, there has been limited investigation of the
AR inhibitory activities of prenylated flavonoids, despite
numerous studies on various flavonoids functioning as ARIs.
The aims of our research were therefore to evaluate the inhib-
itory effects of S. flavescens and fourteen prenylated flavo-
noids against rat lens AR (RLAR), human recombinant AR
(HRAR) and formation of AGE. The flavonoids included
three flavonols: desmethylanhydroicaritin (1), 8§-C-lavandu-
lylkaempferol (2) and kushenol C (3); three chalcones: kurar-
idinol (4), kuraridin (5) and xanthohumol (6); and eight
flavanones: sophoraflavanone G (7), kurarinol (8), kurarinone
(9), (2S)-2’-methoxykurarinone (10), (2S)-33,7,4’-trihydroxy-5-
methoxy-8-(v,7-dimethylallyl)-flavanone ~ (11), (2S)-7,4'-
dihydroxy-5-methoxy-8-(v,y-dimethylallyl)-flavanone  (12),
kushenol E (13) and leachianone G (14).

Materials and Methods

The 'H- and '">C-NMR spectra were determined using a
JEOL JNM ECP-400 spectrometer (Tokyo, Japan) at
400MHz for 'H-NMR and 100MHz for '3C-NMR in
DMSO-dg¢. Column chromatography was performed using
silica gel 60 (70-230 mesh, Merck, Darmstadt, Germany),
RP-18 Lichroprep (40-63 um, Merck) and Sephadex LH-20
(20-100 pam, Sigma, St Louis, MO, USA). Thin-layer chroma-
tography was conducted on precoated Kieselgel 60 F254
plates (20x20cm, 0.25 mm; Merck) and RP-18 F,s,, plates
(5 x 10 cm; Merck), using 50% H,SO, as a spray reagent.

Chemicals

Bovine serum albumin, aminoguanidine hydrochloride, D-(-)-
fructose, D-(+)-glucose, NADPH, quercetin, kaempferol, and
DL-glyceraldehyde dimer were purchased from Sigma.
Sodium azide was purchased from Junsei Chemical Co.
(Tokyo, Japan) and and HRAR (0.4 units) was from Wako
Chemicals (Osaka, Japan). Epalrestat was generously donated
by Dr J. S. Kim from the Korea Institute of Oriental Medicine.
All solvents used in the column chromatography were of rea-
gent grade, and were purchased from commercial sources.
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Plant materials

The S. flavescens Aiton roots were collected from Yeong-
Cheon, Kyeong Buk Province, Korea, in March 2004, and
were authenticated by Professor J. H. Lee (Dong Guk Uni-
versity, Seoul, Korea). A voucher specimen (no.
20040320) was deposited in the author’s laboratory (J. S.
Choi).

Extraction, fractionation and isolation

The dried roots of S. flavescens (10kg) were refluxed with
methanol (MeOH) for 3h (3x10L). The total filtrate was
then concentrated to dryness in vacuo at 40°C in order to
render the MeOH extract (2.2 kg). This extract was suspended
in distilled water and then successively partitioned with
methylene chloride (CH,Cl,), ethyl acetate (EtOAc) and
n-butanol (BuOH) to yield CH,Cl, (230g), EtOAc (250g)
and n-BuOH (610g) fractions, respectively, as well as an
aqueous residue (1110 g). Repeated chromatography of the
CH,(l, fraction over a silica-gel column and Sephadex LH20
yielded desmethylanhydroicaritin (1, 20 mg), xanthohumol (6,
15mg), (25)-2’-methoxykurarinone (10, 50 mg), (25)-33,7,
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4’-trihydroxy-5-methoxy-8-(v,y-dimethylallyl)-flavanone
(11, 35 mg) and (2S)-7,4’-dihydroxy-5-methoxy-8-(v,y-dimethy-
lallyl)-flavanone (12, 50 mg).

The EtOAc fraction (250 g) was subject to successive
chromatography using silica gel, RP-18 gel and Sephadex
LH20 to obtain 8-C-lavandulylkaempferol (2, 25 mg),
kushenol C (3, 80 mg), kuraridinol (4, 1.08 g), kuraridin
(5, 20 mg), sophoraflavanone G (7, 30 mg), kurarinol (8,
3.20 g), kurarinone (9, 107 mg), kushenol E (13, 20 mg)
and leachianone G (14, 15 mg) (Jung et al 2005a,b, 2008).

All isolated compounds were characterized and identified
by spectroscopic methods, including "H-NMR (400 MHz)
and '*C-NMR (100 MHz), as well as by comparisons with
published data (i.e. three flavonols: desmethylanhydroicaritin
(1), 8-C-lavandulylkaempferol (2) and kushenol C (3); three
chalcones: kuraridinol (4), kuraridin (5) and xanthohumol (6);
and eight flavanones: sophoraflavanone G (7), kurarinol (8),
kurarinone (9), (2S)-2"-methoxykurarinone (10), (2S)- 343,7,4-
trihydroxy-5-methoxy-8-(v,7-dimethylallyl)-flavanone (11),
(2S)-7,4’-dihydroxy-5-methoxy-8-(v,7-dimethylallyl)-flavanone
(12), kushenol E (13) and leachianone G (14) (Ryu etal 1997;
Wu etal 1985; Jung etal 2004, 2005a,b). The structures of the
prenylated flavonoids are shown in Figure 1.

7 Ri= R,=H R3=0H Rg=H Rs=0H
8 Ri1=C Ro=H R3=0CH3 Rs=H Rs=0OH
9 Ri= Ro=H R3=0CH;3 Rg4=H Rs=OH
10 Ry= Ro=H R3=0CH3 Rg=H R5=0CH3
1 Ri=A Ro=H R3=0CH3 R4=0H Rs=H
12 Ri=A Ro=H R3=0CH3 Rgs=H Rs=H
13 R1=A R2=A R3=OH R4=H R5=OH
14 Ri=A Ro=H R3=0H Rgs=H Rs=0H
A= >I B= C=

= HO

Figure 1 Structures of prenylated flavonoids from S. flavescens.
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Assay for RLAR inhibitory activity

In these experiments we followed The Guidelines for Care
and Use of Laboratory Animals as approved by Pukyong
National University. Rat lens homogenate was prepared
according to the modified method of Hayman & Kinoshita
(1965). Briefly, the lenses were removed from the eyes of
Sprague-Dawley rats (Samtako BioKorea, Inc., Osan, Korea)
weighing 250-280 g. The lenses were homogenized in sodium
phosphate buffer (pH 6.2), which was prepared from dibasic
sodium phosphate (Na,HPO,-H,O, 0.66g) and monobasic
sodium phosphate (NaH,PO,-H,O, 1.27g) in 100mL of double-
distilled water. The supernatant was obtained by centrifuga-
tion of the homogenate at 10000 revmin~' at 4°C for 20 min
and was frozen until use. A crude AR, with a specific activity
of 6.5 Umg_l, was used in the evaluations of enzyme inhibi-
tion. The partially purified material was separated into 1.0 mL
aliquots and stored at —40°C. Each 1.0 mL cuvette contained
equal units of enzyme, 100 mM sodium phosphate buffer (pH
6.2) and 1.6 mm NADPH, both with and without 50 mm of the
substrate, DL-glyceraldehyde, and an inhibitor (final concen-
tration ~1-100 pg mL~! for the extract and fractions, and
~0.4-10 ugmL_1 for the compounds, dissolved in DMSO).
The AR activity was determined by measuring the decrease
in NADPH absorption at 340nm over 4min, using a
Ultrospec2100pro  UV/Visible  spectrophotometer — with
SWIFT II Applications software (Amersham Biosciences,
New Jersey, USA). Quercetin and epalrestat, which are well
known ARIs, along with kaempferol were used as references.
The inhibition percentage was calculated as [1—-(AA
sample —AA blank) / (AA control —AA blank)] x 100, where
AA represents the change in absorbance in 4 min with the test
sample plus substrate (glyceraldehyde), or control (100%
DMSO+ glyceraldehyde). The concentration that produced
50% inhibition (IC50) is expressed as the mean+s.e.m.

Assay for HRAR inhibitory activity

Inhibition of HRAR was determined according to the method
of Nishimura etal (1991). The reaction mixture was prepared
as follows: 100 L 0.15mMm NADPH, 100uL 10mM DL-
glyceraldehyde as a substrate, 5pL RHAR and various
concentrations of the samples (final concentration ~0.04—
5 /LgmL_l, dissolved in DMSO) in a total volume of 1.0 mL
100 mMm sodium phosphate buffer (pH 6.2). The AR activity
was determined by measuring the decrease in NADPH absorp-
tion at 340nm over 1 min. Quercetin and epalrestat, well
known ARIs, along with kaempferol, were used as references.
The percentage inhibition was calculated as for the RLAR
assay above, except that AA samplemin™' represents the
decrease in absorbance in 1 min with the test samples and sub-
strate. The IC50 values are means from triplicate experiments.

Inhibition of AGE formation

Inhibition of AGE formation was determined according to the
modified method of Vinson & Howard (1996). To prepare the
AGE reaction solution, 10 mg mL~! bovine serum albumin in
50 mm sodium phosphate buffer (pH 7.4), with 0.02% sodium
azide to prevent bacterial growth, was added to 0.2 M fructose

and 0.2M glucose. The reaction mixture (950 uL) was then
mixed with various concentrations of the samples (50 yL,
final concentration ~4-200 pg mL~! for the extracts, fractions
and compounds) dissolved in 10% DMSO. After incubating
at 37°C for 7 days, the fluorescence intensity of the reaction
products was determined using a spectrofluorometric detector
(FLx800 microplate fluorescence reader, Bio-Tek Instruments,
Inc., Winooski, VT, USA), with excitation and emission
wavelengths at 350nm and 450 nm, respectively. The per-
centage inhibition of AGE formation was determined from a
graphical plot of the data and is expressed as the mean=
s.e.m. (triplicate experiments). The nucleophilic hydrazine
aminoguanidine hydrochloride was used as a reference in the
AGE assay.

Statistical analysis

The Kruskal-Wallis and Mann—Whitney U tests were used to
determine the statistical significance of differences between
values for various experimental and control groups. Data
are expressed as the mean (determined graphically)=*s.e.m.
performed in triplicate.

Results

Inhibition of aldose reductase

To evaluate the likely effects of the roots of S. flavescens on
diabetic complications, inhibition of RLAR activity by the
MeOH extract and its fractions were measured by the modi-
fied method of Hayman and Kinoshita (1965). As shown in
Table 1, the MeOH S. flavescens extract and its CH,Cl, and
EtOAc fractions exhibited potent inhibitory activities in
the RLAR assay, with mean IC50 values of 8.24, 6.21 and
6.92 ugmL~!, respectively, compared with the positive

Table 1 [Inhibitory activities of the MeOH extract and its fractions
from S. flavescens against rat lens aldose reductase

Test Concn Inhibition (%) I1C50

sample (pgmL™1)? (pgmL P

Quercetin 5 68.67 68.67 67.47 2.16+£0.06

1 4337 4217 4217

MeOH 10 56.63 5542 56.63 8.24+0.16
extract 1 2771 2289  21.69

CH,Cl, 10 62.32  71.01 71.01 6.21+0.35
fraction 1 24.64  27.54 24.64

EtOAc 10 60.87 66.67 66.67 6.92+0.03
fraction 1 28.99 18.84 17.39

n-BuOH 100 46.88 48.44 112.26+£4.09
fraction 10 29.69 31.25

Aqueous 100 26.56  29.69 261.42+15.75
fraction 10 15.62 15.63

“Final concentrations of test samples were 1-100 ,ugmL’1 for the extract
and fractions and 1-10 ugmL™! for quercetin, dissolved in DMSO. The
concentration that caused 50% inhibition (IC50) is given as the
mean *s.e.m. of triplicate experiments.
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control, quercetin (IC50 2.16 uygmL™"). On the other hand,
two polar fractions, including the n-BuOH and aqueous frac-
tions, showed marginal inhibitory activities, even at higher
concentrations (IC50 values 112.26 and 261.42 ugranl,
respectively).

The inhibitory activities of the fourteen prenylated flavo-
noids isolated from the CH,Cl, and EtOAc fractions of
S. flavescens against RLAR are shown in Table 2. On the
whole, the prenylated flavonols and prenylated flavanones
showed higher activities than the prenylated chalcones in
the RLAR assay. Among the tested compounds, two pre-
nylated flavonols — desmethylanhydroicaritin (1) and
8-lavandulylkaempferol (2) — exhibited remarkable inhibi-
tion of RLAR activities, with IC50 values of 0.95 yum and
3.80uM, respectively, compared with IC50 values of 7.73 ym
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and 0.28 um for quercetin and epalrestat, respectively, two
well known ARIs. Also, most of the prenylated flavanones,
kurarinol (8), kurarinone (9), (2S5)-2’-methoxykurarinone
(10), (25)-33,7,4’-trihydroxy-5-methoxy-8-(v,7-dimethylallyl)-
flavanone (11) and kushenol E (13), were potent inhibitors
of RLAR, with IC50 values of 2.13, 2.99, 3.77, 3.63 and
7.74 1M, respectively. Xanthohumol (6) and leachianone G (14)
showed good inhibition of RLAR, with IC50 values of
10.73 and 12.97 uMm, respectively, followed by two pre-
nylated chalcones 4 and 5, with IC50 values of 22.14 and
21.60 um, respectively. The prenylated flavonoids 7 and 12
showed marginal inhibitory capacity (IC50 values 59.58 and
32.69 uM, respectively).

The inhibition of HRAR by the prenylated flavonoids
isolated from S. flavescens is shown in Table 3. Prenylated

Table 2 Inhibitory activities of prenylated flavonoids from S. flavescens against rat lens aldose reductase

Flavonoid Concn Inhibition (%) 1C50P
(sgmL~y?
ugmL_I M

Quercetin 5 71.95 73.17 2.61£0.10 7.73£0.29
2.5 47.56 50.24

Kaempferol 5 65.00 65.00 2.77+0.06 9.67%0.13
1 37.50 38.75

Epalrestat 0.1 55.56 59.26 0.09+0.00 0.28+£0.01
0.01 —6.17 —-4.94

Flavonols

1 0.4 60.29 55.88 0.34+0.03 0.95+0.04
0.08 20.59 11.76

2 2 63.79 56.60 1.61£0.13 3.80+£0.23
0.4 22.41 15.22

3 10 60.87 55.43 8.12+0.34 18.54+0.55
2 21.74 27.17

Chalcones

4 10 53.66 47.56 10.10£1.51 22.14£2.34
2 32.93 35.37

5 10 52.44 51.22 9.46+0.19 21.60£0.31
2 25.61 23.17

6 10 74.39 75.61 3.80+0.20 10.73£0.40
2 43.90 41.46

Flavanones

7 50 70.73 70.73 25.26+£0.45 59.58£0.75

10 36.59 37.80

8 2 69.51 62.20 0.97+0.19 2.13£0.29
0.4 43.90 39.02

9 2 65.85 62.20 1.31+£0.05 2.99+0.08
0.4 31.71 31.71

10 2 57.81 58.49 1.70+£0.00 3.77+0.00
0.4 15.62 13.04

11 2 62.50 60.38 1.34+0.14 3.63+£0.27
0.4 37.50 28.26

12 10 51.72 41.67 11.57+4.24 32.69 £8.47
2 46.55 30.19

13 10 74.67 73.33 3.29+0.29 7.74+£0.47
2 44.00 46.67

14 10 66.67 64.00 4.62+0.62 12.97+1.23
2 38.67 45.33

Final concentrations of test samples were 0.4—10 ;zgmL’1 for the compounds, which were dissolved in DMSO. ®The con-
centration giving 50% inhibition (IC50, in pgmL™' and ;M) were calculated from the log dose inhibition curve and

expressed as the mean * s.e.m of duplicate experiments.
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flavonols, including desmethylanhydroicaritin (1), 8-C-
lavandulylkaempferol (2) and kushenol C (3), showed marked
inhibitory activities, with IC50 values of 0.45, 0.79 and
0.85 M, respectively, compared with an IC50 value of
2.54m for quercetin. Among the prenylated chalcones
tested, xanthohumol (6) with a 4’-hydroxyl group, had no
inhibitory activity, whereas kuraridinol (4) and kuraridin (5),
with a 2’,4’-dihydroxyl group and 5-methoxyl group, exhib-
ited marked inhibitory activities (IC50 1.32 and 0.27 M,
respectively). Interestingly, one prenylated flavonol (com-
pound 3) and two prenylated flavanones (compounds 7 and 12)

Table 3 Inhibitory activities of prenylated flavonoids from S. flaves-

cens against recombinant human aldose reductase

Flavonoid Concn Inhibition 1C50°¢

(igmL™H* (%)
;tgmL_] M

Quercetin 2.5 80 0.86 2.54
0.5 50
0.1 30

Kaempferol 2.5 53 2.30 8.04
0.5 20

Epalrestat 0.05 83 0.09 0.28
0.125 8

Flavonols

1 0.2 62 0.16 0.45
0.04 23

2 1 75 0.33 0.79
0.2 45

3 1 87 0.37 0.85
0.2 40

Chalcones

4 1 65 0.60 1.32
0.2 35

5 5 70 0.12 0.27
0.2 65
0.04 35

6 10 - - -

Flavanones

7 1 65 0.60 1.42
0.2 35

8 5 65 2.00 4.39
1 45

9 5 75 1.67 3.81
1 45

10 5 50 5.00 11.06
1 45

11 5 75 1.67 4.50
1 45

12 5 90 0.13 0.37
0.2 65
0.04 30

13 5 80 0.89 2.09
0.2 45

14 5 80 0.89 2.49
0.2 45

Final concentrations were 0.04-5pugmL~! for the compounds, in
DMSO. PThe % inhibition and Sconcentration giving 50% inhibition
(IC50) are means from triplicate experiments.

showed poor inhibitory activities in the RLAR assay (IC50
18.54, 59.58, and 32.69 1M, respectively) but showed potent
inhibitory activities in the HRAR assay, with IC50 values of
0.85, 1.42 and 0.37 M, respectively. In particular, kuraridin
(5) and (2S)-7,4’-dihydroxy-5-methoxy-8-(v,y-dimethylal-
lyl)-flavanone (12) were potent inhibitors of HRAR com-
pared with the ARI epalrestat (IC50 0.28 zm). Inhibition of
RLAR by the prenylated flavanones 13 and 14 was moderate
(IC50 7.74 and 12.97 um) but these compounds had similar
potency to quercetin against HRAR (IC50 2.09 ;M for 13,
2.49 um for 14 vs 2.54 um for quercetin). Even though pre-
nylated flavanones 8—11 showed significant inhibitory activi-
ties in the RLAR assay, they had moderate activities in the
HRAR assay, with IC50 values of 4.39, 3.81, 11.06 and
4.50 1M, respectively.

Inhibition of AGE formation

We also examined the inhibitory activities of the S. flavescens
derived-prenylated flavonoids against AGE formation. Most
of the prenylated flavonoids exhibited no inhibitory effects in
the AGE assay at the higher concentration (200 ugmL™"). How-
ever, desmethylanhydroicaritin (1), 8-C-lavandulylkaempferol
(2), kushenol C (3), and (2S)-33,7,4 -trihydroxy-5-methoxy-
8-(v,7-dimethylallyl)-flavanone (11) possessed good inhibi-
tory activities against AGE formation with IC50
values of 104.3, 132.1, 84.6 and 261.0ugmL_l, respectively,
compared with the positive control, aminoguanidine (IC50
115.7 ygmL™") (Table 4). In particular, the prenylated flavo-
noids 1-3 and 11 were more potent inhibitors of AGE forma-
tion than aminoguanidine, with IC50 values of 294.6, 313.1,
193.1 and 705.4 1M, respectively, compared with 1051.5 ym
for aminoguanide.

Discussion

AR and AGE formation have been implicated in the onset of
many diabetic complications, including atherosclerosis,
cardiac dysfunction, retinopathy, neuropathy and nephropathy.
In particular, AGE formation and the AR-related polyol path-
way are highly connected with each other, and to hypergly-
caemia (Kaneko etal 2005; Peyrou & Sternberg 2000).
Several ARIs and AGE formation inhibitors have been pro-
posed for preventing and treating various diabetic complica-
tions but had undesirable side-effects (de la Fuente et al 2003;
Thornalley 2003). We have therefore investigated the inhibi-
tory effects of S. flavescens, a traditional medicine, on these
two activities that contribute to diabetic complications. We
have evaluated the inhibitory activities of fourteen prenylated
flavonoids, along with the MeOH extract and its fractions
from S. flavescens, on AR (RLAR and HRAR) and AGE
formation.

As shown in Table 1, the CH,Cl, and EtOAc fractions
were predominantly loaded with components that were
bioactive in the RLAR system. Interestingly, most prenylated
flavonoids are reported as being isolated mainly from the
CH,Cl, and EtOAc fractions (Ryu etal 1997; Kim etal 2003;
Sato etal 2007; Zhang etal 2007), indicating that the
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Table 4 Inhibitory activities of prenylated flavonoids from S. flavescens against formation of advanced glycation endproducts

Flavonoids Concn Inhibition (% )b 1C50¢
(sgmL™")?
pgmL™! M
1 200 83.14 83.33 83.38 104.3£0.20 294.6£0.57
100 49.24 49.95 49.31
20 19.40 19.59 20.18
2 200 66.99 67.16 67.11 132.1£0.23 313.1+£0.53
100 47.82 48.15 47.92
20 11.23 12.39 11.91
3 100 56.87 56.82 56.91 84.6+0.02 193.1£0.04
20 21.90 22.16 21.95
4 10.40 9.86 10.31
11 200 38.85 39.02 38.97 261.0£0.32 705.4+0.87
100 26.29 26.67 26.39
20 9.27 9.98 9.11
AGY 200 71.53 71.20 71.46 115.7+0.16 1051.5+1.41
100 51.06 50.94 50.92
20 20.08 20.48 19.47

3Final concentrations of test samples were 4-200 ug mL™! for the compounds, which were dissolved in 10% DMSO. "The % inhibition and
Cconcentration giving 50% inhibition (IC50) were determined for triplicate experiments. ‘Aminoguanidine (AG) was used as a positive control.

prenylated flavonoids may be, at least in part, associated with
the inhibitory activities of S. flavescens against AR. In our
previous research on the antioxidant capacities of S. flavescens
and its prenylated flavonoids, we demonstrated that the
CH,Cl, and EtOAc fractions showed powerful antioxi-
dant activities in the DPPH assay (Jung etal 2005a,b).
The previous and present findings on several fractions of
S. flavescens support the proposal that the EtOAc fraction
must contain the bioactive components that possess the
effects against diabetic complications, in which the antioxidant
system has been implicated. Although the data are not shown,
two alkaloids, matrine and oxymatrin, and one ptercarpan,
trifolirhizin, were major compounds of S. flavescens, but
exhibited no inhibitory activity against RLAR at a higher
concentration (50 ygmL™"), indicating that these major
components do not contribute to the effects against diabetic
complications.

Repeated column chromatography of the active EtOAc
fraction yielded three flavonols: desmethylanhydroicaritin
(1), 8-C-lavandulylkaempferol (2) and kushenol C (3); three
chalcones: kuraridinol (4), kuraridin (5) and xanthohumol (6);
and eight flavanones: sophoraflavanone G (7), kurarinol (8),
kurarinone (9), (2S)-2’-methoxykurarinone (10), (2S)-383,7,4’-
trihydroxy-5-methoxy-8-(v,7-dimethylallyl)-flavanone (11),
(2S)-7,4-dihydroxy-5-methoxy-8-(v,y-dimethylallyl)-flavanone
(12), kushenol E (13) and leachianone G (14) (Figure 1).
Although there have been numerous studies on various flavo-
noids functioning as ARIs, the inhibitory activities of pre-
nylated flavonoids against AR have not been studied in detail.
We therefore examined the AR inhibitory activities of the pre-
nylated flavonoids, and further evaluated their relevance to
specific structures via the RLAR and HRAR assays.

In the RLAR assay, prenylated flavonols 1 and 2, as well
as prenylated flavanones 8-11 and 13, exhibited marked
inhibitory activities against RLAR compared with quercetin
(Table 2). In particular, desmethylanhydroicaritin (1) was the

most potent RLAR inhibitor, showing eight-fold greater
inhibition than quercetin. Taking into account the detailed
structure—activity relationships of the prenylated flavonols
and prenylated chalcones, compounds 1, 2, and 6, bearing a
4’-hydroxyl group, showed relatively potent inhibitory activ-
ities in the RLAR assay compared with compounds 3-5,
which bear a 2’,4’-dihydroxyl group. Rastelli etal (2000)
have also shown that the 4’-hydroxyl group of the chalcones
may play an important role in the inhibition of AR. When it
comes to prenylated flavanones 8 and 9, which contain a
2’ 4’-dihydroxyl group, a 5-methoxyl group and an 8-lavandulyl
group, both had more potent inhibitory effects in the RLAR
assay than their counterparts, prenylated chalcones 4 and 5.
However, with regard to xanthohumol (6) and (2S)-7,4-
dihydroxy-5-methoxy-8-(v,7-dimethylallyl)-flavanone (12),
both of which possess a 4’-hydroxyl group, a 5-methoxyl
group and an 8-prenyl group, the former chalcone was three-
fold more potent than the latter flavanone, suggesting that
this prenylated chalcone might exhibit more activity than its
counterpart prenylated flavanone. Most studies on flavo-
noids, in the absence of the prenyl and lavandulyl groups,
have reported that 2’,4’-dihydroxyl chalcones exert the most
potent inhibitory effects, and chalcones have usually exhib-
ited higher activities than flavanones in the RLAR assay
(Lim etal 2001; Kawanishi etal 2003). However, our present
results on prenylated flavonoids revealed that the prenylated
chalcones, which contain a 4’-hydroxyl group rather than a
2’,4’-hydroxyl group, and the prenylated flavanones rather
than prenylated chalcones exhibited superior inhibitory
activities in the RLAR assay, indicating that the prenylated
and lavandulyl groups at the C-8 position might be the main
contributors to the augmentation and/or modification of their
effects. Matsuda etal (2002) suggested that the C2—-C3 dou-
ble bond increases RLAR inhibitory effects; our studies have
yielded inconsistent results, which may have resulted from
the functional groups, such as the prenyl and lavandulyl
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groups of the prenylated flavonoids. Some evidence has also
suggested that certain flavanones possess strong RLAR
inhibitory activities (Kadota etal 1994; Yoshikawa etal
1998; Matsuda etal 2002). Considering our results, by and
large the prenylated flavanones and prenylated flavonols
showed higher activities than the prenylated chalcones in the
RLAR assay. These apparently contradictory results for the
flavonoids and prenylated flavonoids remain to be resolved,
but the prenyl and lavandulyl groups at the C-8 position of
the flavonoid skeleton may be responsible for the contrasting
results. To elaborate on the differences between the pre-
nylated flavonoids and flavonoids, the inhibitory effects of
keampferol, quercetin and prenylated flavonols 1-3 against
RLAR were measured, and their IC50 values were in the
order of desmethylanhydroicaritin (1, 0.95 pm) > 8-C-lavan-
dulylkaempferol (2, 3.80.m)> quercetin  (7.73 um) >
kaempferol (9.67 um) >kushenol C (3, 18.54 ;m). By com-
parison with kaempferol, the RLAR inhibitory activities of
prenylated flavonols 1 and 2 were ten times and three times
greater than that of kaempferol, respectively, indicating that
the prenyl and lavandulyl groups may play important roles in
the RLAR inhibitory activity. The important structural char-
acteristics of ARI may be harboured within the polar portion
as well as the hydrophobic ring system (Peyrou & Sternberg
2006; El-Kabbani & Podjarny 2007). The hydrophobic ring
systems of the ARIs are tightly bound adjacent to the anion-
binding site of AR, and the polar systems are bound in an
anion-binding site adjacent to the nicotinamide ring of the
coenzyme (El-Kabbani & Podjarny 2007). As mentioned,
prenylated flavanones, which possess the C-ring of a flavo-
noid unit as the hydrophobic ring system, may be deemed
reasonable ARIs in the RLAR system.

As shown in Table 3, most of the prenylated flavonoids
tested, including prenylated flavonols 1-3, prenylated chal-
cones 4 and 5 and some prenylated flavanones (7 and 12-14),
exerted significant inhibitory activity against HRAR.

The results suggest that S. flavescens-derived prenylated
flavonoids may be promising therapeutic agents and have
benefits applicable to humans. Although the AR enzymes
from several sources, including muscle, blood and lens, have
similar structures, there are several reports of differences in
their activities and the effects of different agents (Kador etal
1980; Nishimura etal 1991). Unlike with RLAR, the pre-
nylated chalcones and prenylated flavonols exhibited more
potent activity than the prenylated flavanones in the HRAR
assay. There are a few reports on the inhibitory activity of
chalcones, indicating that 2’,4’-dihydroxychalcones exhib-
ited strong activity against HRAR (Iwata etal 1999). Both the
prenylated flavonols 1-3 and the prenylated chalcones 4 and
5 exhibited marked inhibitory activities, with IC50 values of
approximately 0.27-1.32 ;M compared with quercetin (IC50
2.54 um) and epalrestat (IC50 0.28 um). In particular, the
remarkably active prenylated flavonols 1-3 contain the kaemp-
ferol moiety with a 3,5,7,4’-tetrahydroxy group, suggesting
that the kaempferol-like hydroxyl functional groups may
participate in their HRAR inhibitory activities. To confirm
the relevance of the prenyl group in prenylated flavonoids,
the HRAR inhibitory effects of kaempferol, quercetin and
prenylated flavonols 1-3 were measured, and their IC50
values were in the order of desmethylanhydroicaritin (1,

0.45 ;m) > 8-C-lavandulylkaempferol (2, 0.79 ;m)>kushenol C
3, 0.85uM)>quercetin  (2.54 ;M) > kaempferol (8.04 um).
Kaempferol is also reported to have comparable inhibitory
activity to the potent ARI quercetin (Lim etal 2006). As for
prenylated flavonols 1 and 2, differences in their HRAR
inhibitory activity (IC50 0.45 pm for 1 and IC50 0.79 pm for
2) may have resulted from the presence of a prenyl group or a
lavandulyl group at the C-8 position. Kato etal (2006) sug-
gested that the methoxyl group and the side alkyl chain length
in the aromatic ring may be key characteristics for enzyme
recognition and binding. Among three of the prenylated
flavonols, the HRAR inhibitory activity of compound 1 was
double that of compounds 2 and 3, indicating that a prenyl
group rather than a lavandulyl group at the C-8 position
contributed to their effects. Among the tested prenylated
flavonoids, kuraridin (5), with a lavandulyl group at the C-8
position and a 2’,4’-dihydroxyl group, was the most potent
HRAR inhibitor (IC50 0.27 um), followed by (2S)-7,4’-dihy-
droxy-5-methoxy-8-(v,7-dimethylallyl)-flavanone (12; IC50
0.37 M), compared with epalrestat (IC50 0.28 (m).

According to our results, there were remarkable differ-
ences in the inhibitory potencies of the compounds against
HRAR and RLAR. Overall, the prenylated flavanones and
prenylated flavonols showed higher activities than the pre-
nylated chalcones in the RLAR assay, whereas the pre-
nylated chalcones and prenylated flavonols exhibited
greater activity than the prenylated flavanones in the
HRAR assay (Tables 2 and 3). In particular, prenylated fla-
vonol 3 and the two prenylated chalcones 4 and 5 had
remarkable HRAR inhibitory activity but exhibited mar-
ginal inhibitory activity in the RLAR assay. The prenylated
flavanones 7, 12, and 14 possessed significant inhibitory
activities in the HRAR assay, but not in the RLAR assay.
The results clearly demonstrate that the differences in
potency can be attributed to the chemical structures of the
ARIs, as well as to different AR sources, such as the spe-
cies, organ and tissue (Brownlee 2001). We found that the
susceptibility of AR to various ARIs can exhibit striking
differences, depending on human and animal sources,
which may occur, at least partly, as a result of different
degrees of bulk tolerance for the various enzymes (Kador
et al 1980; Nishimura etal 1991).

We also examined the inhibitory activities of S. flavescens
derived-prenylated flavonoids against AGE formation, given
the high degree of connection between AGE formation, AR
and diabetic complications. Most of the prenylated flavonoids
had no effect in the AGE assay. However, prenylated flavonols
1-3 and the prenylated flavanone 11 possessed good inhibi-
tory activities against AGE formation compared with the
standard aminoguanidine (Table 4). All active prenylated
flavonoids have a hydroxyl group at the 3 position, indicat-
ing that the 3-hydroxyl group may be one of the structural
requirements for inhibition of AGE formation. Matsuda et al
(2003) proposed that the number of hydroxyl groups at the
3’, 4%, 5 and 7 positions may play an important role in the
potency of AGE formation inhibitors. Auercetin and kaemp-
ferol are more potent inhibitors of AGE formation than
aminoguanidine, with IC50 values of approximately 200 um
(Wirasathien etal 2007). Similar to the structure of querce-
tin, kushenol C (3), with four hydroxyl groups at the 2, 4’, 5



Protective effects of prenylated flavonoids against diabetic complications

AR inhibitor

AGE inhibitor

Figure 2 Key functional groups of desmethylanhydroicaritin (1) from
S. flavescens that relate to prevention of diabetic complications. AGE,
advanced glycation endproducts; AR, aldose reductase.

and 7 positions, was the most potent inhibitor of AGE
formation.

S. flavescens-derived prenylated flavonoids may therefore
have a promising role as therapeutic agents for diabetic com-
plications, based on their simultaneous activities against AR
and AGE formation. With regard to desmethylanhydroicaritin
(1), a prenyl group at the C-8 position, along with a 3,4’-dihy-
droxyl group, may contribute, at least in part, to the overall
effects against diabetic complications, including the inhibi-
tion of RLAR, HRAR and AGE formation (Figure 2).

Conclusion

S. flavescens and its prenylated flavonoids may exert com-
prehensive inhibitory effects against diabetic complications
via the AR-polyol pathway and AGE formation systems,
which are highly implicated in oxidative stress. Prenylated
flavonol 2 and prenylated flavanone 11 exhibited antioxi-
dant activities in our antioxidant assays, including the
DPPH and ONOO™ systems (Jung etal 2005a,b). Our
previous and current results suggest that prenylated fla-
vonols and prenylated chalcones may possess good inhibi-
tory activities against diabetic complications, implicated by
their significant antioxidant activity. Also, most of the pre-
nylated flavonoids exerted potent inhibitory activity in the
RLAR as well as the HRAR assays, clearly suggesting their
potential for use in the development of therapeutic or
preventive agents for diabetic complications and related
diseases.
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