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Abstract

A series of lanostane-type triterpenoids, known as ganoderma acids were isolated from the
fruiting body of Ganoderma lucidum. Some of these compounds were identified as active inhibitors
of the in vitro human recombinant aldose reductase. To clarify the structural requirement for
inhibition, some structure-activity relationships were determined. Our structure-activity studies of
ganoderma acids revealed that the OH substituent at C-11 is an important feature and the carboxylic
group in the side chain is essential for the recognition of aldose reductase inhibitory activity.
Moreover, double bond moiety at C-20 and C-22 in the side chain contributes to improving aldose
reductase inhibitory activity. In the case of ganoderic acid C2, all of OH substituent at C-3, C-7 and
C-15 is important for potent aldose reductase inhibition. These results provide an approach to
understanding the structural requirements of ganoderma acids from G. lucidum for aldose reductase
inhibitor. This understanding is necessary to design a new-type of aldose reductase inhibitor.

Keywords : Ganoderma lucidum, structure-activity relationships, Ganodermataceae, aldose
reductase inhibitor, ganoderma acid, triterpenoid



Diabetes mellitus is a metabolic disease characterized by high blood sugar levels ensuing
from a deficiency in insulin secretion, insulin action, or both. As one of the most prevalent metabolic
syndromes world-wide, this disease is characterized by hyperglycemia resulting in short-term
metabolic changes in lipid and protein metabolism and long-term irreversible vascular and
connective-tissue changes. These changes consist of diabetes-specific complications such as
retinopathy, nephropathy and neuropathy, etc’.

Aldose reductase (alditol:NAD(P)" 1-oxidoreductase, EC 1.1.1.21) is the first enzyme in the
polyol pathway. It is a cytosolic, monomeric oxidoreductase that catalyses the NADPH-dependent
reduction of a wide variety of carbonyl compounds, including glucose. In a hyperglycemic condition,
increased intracellular glucose results in increased enzymatic conversion to sorbitol, with
concomitant decreases in NADPH. At the same time, another sorbitol dehydrogenase oxidizes
sorbitol to fructose. However, in diabetic conditions, the glucose level in this pathway is increased,
causing faster sorbitol production®. The accumulation of sorbitol leads to diabetic complications.
These inhibitors seem to offer the possibility of preventing the development of these long-term
diabetic complications, despite high blood glucose levels and with no risk of hypoglycemia, since
they have no effect on plasma glucose®. Hence, aldose reductase inhibitors (ARIs) have been known
to offer a window for the treatment of diabetic complications.

A large variety of structurally diverse compounds have been identified to date as potent in
vitro aldose reductase inhibitors. The currently known ARIs can be divided into four main classes
according to their structures: (1) acetic acid derivatives, such as tolrestat and epalrestat; (2) cyclic
imides such as sorbinil; (3) phenolic derivatives such as quercetin, and (4)
phenylsulfonylnitromethane derivatives such as ZD 5522*. Although many aldose reductase
inhibitors have been reported, lanostane-type triterpenoid is rarely reported as aldose reductase
inhibitors>.

The fruiting body of Ganoderma lucidum (Leyss; Fr) Karst. (Ganodermataceae) is a
well-known woody mushroom that is called “Lingzhi” in Chinese, “Reishi” in Japanese and
“Yeongji” in Korean. It has been used as traditional medicine to increase youth, vigor and vitality. G.
lucidum has been reported to produce many biologically active compounds such as polysaccharides
and triterpenoids®. Over 120 triterpenoids have been isolated from G. lucidum and the genus
Ganoderma’. Furthermore, this mushroom has long been reputed. The specific reported attributes of
G. lucidum include cytotoxic®, anti-HIV®, 5a-reductase inhibitor', anti-inflammatory™, anti-tumor™,
anti-microbial®®, anti-cancer', anti-fungal™ and anti-herpetic*® properties.

In a prior study, we screened 17 edible and medicinal mushrooms for aldose reductase
inhibitory activities. We revealed that the MeOH extract of G. lucidum showed the strongest aldose
reductase inhibitory activity. Additionally, the treatment of the EtOH extract of G. lucidum
significantly decreased the galactitol accumulation in the eye lens of galactosemic rats'’. As part of
our ongoing search for aldose reductase inhibitors from natural sources, we evaluated both the
activities of the fractions and constituents from the fruiting body of G. lucidum®. We selected CHCl;



extract for further experiment because it has higher inhibition than that of EtOH_or MeOH extract®.
The biologically active constituents of this mushroom have mainly been examined for lanostane-type
triterpenoids. From this mushroom, a new compound was isolated and confirmed to have strong
aldose reductase inhibition'®. Among the constituents isolated in this study, aldose reductase
inhibitory activities have already been demonstrated in some compounds, but other analogs and the
structure-activity relationships have not yet been fully confirmed. In the present study we
investigated the structure-activity relationships of the aldose reductase inhibition against ganoderma
acids isolated from G. lucidum.

The triterpenoids isolated from G. lucidum were divided into two groups. The first group is
called ganoderma acids, with a carboxyl group at the side chain. The second group is namely
ganoderma alcohols, with a hydroxyl group at the side chain. Acidic fraction mostly provides
ganoderma acids and neutral fraction provides ganoderma alcohols™. Acidic fraction showed higher
aldose reductase inhibition than that of neutral fraction, therefore we focused on acidic fraction®.

Phytochemical study of acidic fraction of the CHCI; extract from the fruiting body of G.
lucidum led to the isolation of 13 ganoderma acids (1-5, 8-15) and two their methyl esters (6, 7)
(Table 1). The compounds isolated from the acid fraction of the CHCI;3 extract of G. lucidum were
ganoderic acid Df (1)*®, ganoderic acid C6 (2)*°, ganoderenic acid A (3)**, ganoderic acid A (4)%,
ganoderic acid J (5)?°, methyl ganoderate A (6)??, methyl ganoderenate A (7) 2%, ganoderic acid C2
(8)*, and ganoderic acid G (9)%°, ganolucidic acid B (10)%, ganoderic acid B (11) %, ganoderic acid
K (12)%, ganoderic acid H (13)%°, ganoderenic acid D (14)** and ganoderic acid C1 (15)**. The
isolated compound 2 was identified as compound C6%°, which was recently named ganoderic acid
C6%"2%. We also synthesized methyl esters of 1 (16) and 8 (17).

The effects of the isolated compounds on aldose reductase were examined. The aldose
reductase inhibitory activity was measured by a method previously reported by Fatmawati et al*°.
Table 1 indicated that the I1Cso of ganoderic acid Df (1) is 22.8 uM, whereas its methyl ester (16) is
more than 189.4 uM. Also, the 1Cs values of ganoderic acid C2 (8) and ganoderenic acid A (3) were
estimated to be 43.8 uM and 119.2 uM, respectively. In contrast, methyl ganoderate C2 (17: 1Csp>
183.9 uM) and methyl ganoderenate A (7: 1Cso > 183.9 uM) were found to be much weaker than
ganoderic acid C2 (8) and ganoderenic acid A (3). Thus, the carboxyl group of ganoderma acids is
essential for revealing potent aldose reductase inhibitory activity. A previous paper reported that an
aldose reductase inhibitor with a carboxyl group showed a charge that was complementary between
its carboxyl group and aldose reductase®. The COOH hydrophilic head is similar to the heads of
many aldose reductase inhibitors such as tolrestat and zopolrestat, and has the potential of binding to
aldose reductase in the form (CO0)™ *2.

Ganoderic acid Df (1) showed the highest inhibition against aldose reductase among the
isolated compounds from G. lucidum. By comparing 1 and ganoderic acid C1 (15: ICso> 194.4 uM),
the hydroxyl group at C-11 is responsible for the potent aldose reductase inhibition. 1 has a hydroxyl
group at C-11, which is the only structural difference between it and the other isolated compounds.



Thus, the hydroxyl group at the C11-position is an important factor in obtaining enhanced potency of
aldose reductase inhibitors in ganoderma acids.

Ganoderic acid C2 (8) and ganoderenic acid A (3) also showed high inhibitory activities.
The aldose reductase inhibition of 8 was higher than that of 3. 8 has a hydroxyl group at C-3, which
is the only structural difference between it and ganoderic acid A (4: ICso > 193.5 uM), which has a
carbonyl group instead of a hydroxyl group at C-3. This is evidence that the hydroxyl group at C-3
in 8 is important with regard to the inhibitory activity based on the lower activity level of 3. Also, in
comparison between ganoderic acid C2 (8) and ganolucidic acid B (10: 1Csy > 199.2 uM), the
difference of between both compounds was only functional group (8: OH, 10: H,) at C-7.
Furthermore, the difference of between ganoderic acid C2 (8) and ganoderic acid B (11: 1Csp > 193.5
pMM) was only functional group (8: OH, 11: C=0) at C-15. These indicate that all of hydroxyl groups
at C-3, C-7 and C-15 in 8 are also important for aldose reductase inhibition.

In a comparison of the chemical structures of ganoderenic acid A (3: 1Cs, = 119.2 uM) and
ganoderic acid A (4: ICsp > 193.5 uM), the difference of between both compounds was found to be
the presence of a double bond at C-20 and C-22. Hence, the presence of double bond moiety
between C-20 and C-22 also improved the aldose reductase inhibitory activity.

In summary, for ganoderma acids isolated from G. lucidum, the carboxylic group in the side
chain is essential for recognizing aldose reductase inhibitory activity and the OH substituent at C-11
dramatically increases aldose reductase inhibitory activity. In the case of ganoderic acid C2 (8), all
of OH substituent at C-3, C-7 and C-15 are important for potent aldose reductase inhibition. Double
bond moiety at C-20 and C-22 is also an important factor for aldose reductase inhibition (Figure 1).

Further studies are ongoing, but these results provide an approach to understanding the
structural requirements of lanostane-type triterpenoids from G. lucidum. This understanding is
needed to develop a new-type of aldose reductase inhibitor.
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Table 1 Aldose reductase inhibition of compounds 1-17

Compounds R! R? R® R* R® R® Double bond ICso (LM)
1 = B-OH B-OH H = H N8 22.8

2 B-OH = = B-OH = H N8 >193.5
3 = B-OH = H 0-OH H ABS, NP2 119.2
4 = B-OH = H o-OH H N8 >193.5
5 = = = H 0-OH H N8 >194.4
6 = B-OH =0 H 0-OH  CHs N8 >189.4
7 = B-OH =0 H 0-OH  CHs N8I, p2022 >183.9
8 B-OH B-OH = H o-OH H i 43.8

9 B-OH B-OH = B-OH = H i >187.9
10 B-OH H = H 0-OH H i >199.2
11 B-OH B-OH = H = H i >193.5
12 B-OH B-OH = B-OAc =0 H N8 >174.2
13 B-OH = =0 B-OAc =0 H N8 >174.7
14 = B-OH =0 H =0 H N8I, p2022 >195.3
15 = B-OH = H = H N8 >194.4
16 = B-OH PB-OH H = CH; N8 >189.4
17 B-OH PB-OH = H 0-OH  CHs N8 >183.9
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Figure 1 Summarized structure-activity relationships of ganoderma acids from Ganoderma lucidum
on aldose reductase inhibition
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Isolation and extraction

G. lucidum (BMC9049) was provided by Bisoken Inc. (Oita, Japan). The voucher specimen
(BMC9049) was deposited at the herbarium of the Department of Forest and Forest Products
Sciences, Kyushu University, Japan. The dried and milled fruiting bodies of G. lucidum (3 kg) were
extracted with CHCI; (3 x 8 L) at room temperature for 24 h. The extract was filtered through
ADVANTEC No. 2 filter paper, concentrated under vacuum to obtain CHCI3 extract (111 g) and then
freeze-dried. The concentrated extract (85.5 g) was suspended in H,O and 5% NaHCOj3, and CHClI3
was then used to extract the neutral fraction (59.7 g). The aqueous layer was acidified with 2M HCI
to pH 3 and then re-extracted with CHCI; to yield the acidic fraction (24.5 g).

A portion of acidic fraction (23.2 g) was chromatographed over silica-gel (550 g of Wakogel
C-200, 6 x 36 cm) and eluted with CHCIl3/MeOH [1:0 (1000 mL), 50:1 (1020 mL), 40:1 (2665 mL),
30:1 (930 mL), 25:1 (1040 mL), 20:1 (1050 mL), 15:1 (800 mL), 10:1 (1100 mL), 9:1, 8:2, 7:3, 6:4,
1:1 and MeOH, each 1000 mL) to afford 25 fractions (Fr. Al-Fr. A25).

Purification of Fr. A10 (850 mg) was repeatedly chromatographed over silica-gel column
(36 g of Wakogel C-200, 3 x 11 cm) and eluted with CH,Cl,/MeOH (10:0 100 mL, 70:5 75mL, 60:5
65 mL, 45:5 50 mL, 4:1 50 mL, 3:2 50 mL and MeOH 150 mL) to give seven fractions (Fr. A10-1 to
Fr. A10-7). Fr. A10-2 to Fr. A10-6 was applied to p-HPLC, the mobile phase was composed of 1%
AcOH/H,0-CH3CN (0 min, 60:40; 45 min, 58:42), Inertsil Prep-ODS:20 mm i.d. x 250 mm with
flow rate: 8 mL/min and the detecting wavelength was set at 252 nm. This fractionation afforded
some compounds with the purity more than 95% included Fr A10-3-7 (1, Ry: 21.5 min, 17 mg), Fr.
A10-4-3 (2, Ry: 14.4 min, 7 mg), Fr A10-3-5 (3, R1:17.8 min, 25 mg), Fr A10-3-6 (4, Rr: 19.5 min,
176 mg), Fr A10-3-8 (5, Ry: 33.7 min, 13 mg), Fr A10-3-9 (6, Rt: 36.5 min, 3 mg), Fr A10-3-10 (7,
Rt: 39.6 min, 4 mg).

Fr. A19 (618 mg) and Fr. A20 (351 mg) were subjected to p-HPLC, the mobile phase was
composed of 1% AcOH/H,0-CH3CN (40 min, 66:34), Inertsil Prep-ODS:20 mm i.d. X 250 mm with
flow rate: 8 mL/min and the detecting wavelength was set at 252 nm to give Fr. A19-2 and Fr. A20-6
(8, Retention Time (Rt): 20.1 min, 162 mg).

Fr. A15 (106 mg) was subjected to p-HPLC, the mobile phase was composed of 2%
ACcOH/H;0-CH3CN (0 min, 75:25; 55 min, 70:30; 65 min, 60:40), Agilent Prep-ODS:9.4 mm i.d. X
250 mm with flow rate: 4 mL/min and the detecting wavelength was set at 252 nm to give Fr. A15-5
(9, (R7): 17.8 min, 5 mg) and Fr. A15-16 (10, (Rt): 35.1 min, 13 mg).

Fr. A5 (500 mg) was subjected to p-HPLC, the mobile phase was composed of 1%
AcOH/H,0-CH3CN (70 min, 35:65) GL sciences, Inc inertsil Prep-ODS:20 mm i.d. x 250 mm with
flow rate: 8 mL/min and the detecting wavelength was set at 252 nm to give Fr. A5-2 (11, (Ry): 25.9
min, 39 mg), Fr. A5-4 (12, (Rt): 28.9 min, 9 mg), Fr. A5-6 (13, (Ry): 32.7 min, 12 mg ), Fr. A5-8 (14,
(Rt): 43.9 min, 5 mg) and Fr. A5-9 (15, (Ry): 47.8 min, 6 mg).



The compounds were isolated with p-HPLC by using Waters™ 600 Controller, Waters'™
486 Tunable absorbance detector, and Waters 600 Multisolvent Delivery System with Inertsil C-18
ODS column (20 mm x 250 mm). HRESIMS were measured with a AccuTOFCS JMS-T100CS
mass spectrometer (JEOL). The compound structures were analyzed at 400 MHz on JNM-AL400 FT
NMR spectrometer (JEOL). Optical rotation was measured on a JASCO DIP-370 digital Polarimeter.
Column chromatography was carried out on silica-gel (Wakogel C-200 particle size 75-150 um,
Wako). Thin layer chromatography (TLC) was carried out on pre-coated Silica-gel 60 F,s4 plates
(0.25 mm, Merck) and spot were detected with I, detection and under UV light.

Preparation of methyl esters

Methyl ester of 1 or 8 was synthesized by using trimethylsilyl diazomethane (TMSDA)
produced by Nacalai tesque (Kyoto, Japan). 0.01 mol of TMSDA was dropped to 0.01 mol of 1 or 8
which was dissolved in 20% of MeOH and 80% of benzene (100 uL) and put at room temperature
for 30 min. The synthesized compound was dried by nitrogen then extracted with ethyl acetate. Then
purification was done by using HPLC (Inertsil ODS: 4.6 mm i.d. x 150 mm) with gradient method,
the mobile phase was composed of 1% AcOH/H,0-CH3CN (0 min, 70:30; 20 min, 60:40, 25 min,
55:45), flow rate: 1 mL/min and the detecting wavelength was set at 252 nm. The chemical
structures of 16 and 17 were confirmed by TLC, HPLC and NMR experiment.



