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Abstract

Three new meroterpenoids, ganoleucirCA(1-3), together with five known
meroterpenoids 4(8), were isolated from the fruiting bodies d@anoderma
leucocontextumThe structures of the new compounds were elusidhy extensive
spectroscopic analysis, circular dichroism (CD) csmscopy, and chemical
transformation. The inhibitory effects af-8 on HMG-CoA reductase and-
glucosidase were test@uvitro. Ganomycin | 4), 5, and8 showed stronger inhibitory
activity against HMG-CoA reductase than the positicontrol atorvastatin.
Compoundsl, and3-8 presented potent noncompetitive inhibitory acyivagainsto-
glucosidase from both yeast and rat small intelstimacosa. Ganomycin K4, the
most potent inhibitor against botiglucosidase and HMG-CoA reductase, was
synthesized and evaluated for iitsvivo bioactivity. Pharmacological results showed
that ganomycin 14) exerted potent and efficacious hypoglycemic, fipmtemic, and

insulin-sensitizing effects in KK-Amice.

Keywords: Ganoderma leucocontextumMeroterpenes, HMG-CoA reductase

inhibition, a-Glucosidase inhibitiomnti-diabetic activities

Abbreviations: CD, circular dichroism; HMG-CoA redase, 3-hydroxy-3-

methylglutaryl co-enzyme A reductase; AUC, Area &ndhe Curve; OSTT, oral

sucrose tolerance test; IS, insulin sensitivitgder; OGTT, oral glucose tolerance
test; ITT, insulin tolerance test; NEFAgn-esterified fatty acid; TG, triglyceride; TC,
Total Cholesterol; LDL-C, Low Density LipoproteinaGlesterol; HDL, High Density

Lipoprotein-Cholesterol; AST, Aspartate Aminotrarstse; ALT, Alanine

transaminase



1. Introduction

Diabetes mellitus and the interrelated disorderthefmetabolic syndrome have
become an epidemic and worldwide public healthaqd4i2].Metabolic syndrome is
characterized by insulin resistance, central opesitevated blood pressure, and
dyslipidemia [3]. The current clinical drugs for the treatment of bdites and
metabolic syndrome (e.g. insulin, metfolin, statif#rates, and angiotensin-
converting enzyme inhibitors) are still facing sopreblems due to the limitation of
the therapeutic efficacy and the accompanying efféets [4,5]. Much effort has been
made to develop a new drug that can amelioratenitabolism of both glucose and
lipids without side effects in the pharmaceuticalustry.

Ganodermaspecies (Ganodermataceae, Polyporales) are walkm@s elixir in
China, and being widely used as functional foods &aditional medicine in Asian
country [6]. Recently, a great deal of work has been carriedoouthis fungus,
indicating that some ingredients fro@anodermaspecies have hypoglycemic and
hypolipidemic [7-10];The mushrooms of Ganoderma were reported to contain
lanostane triterpenes, meroterpenes, alkaloids, @olgsaccharides as bioactive
constituents [11,12].In our continuous research loactive components from
Ganoderma species, sixteen new triterpenes witlbitohy effects on HMG-CoA
reductase and-glucosidase were isolated from the fruiting &f leucocontextum
[13]. Further chemical investigation on this mushroomwh te the isolation of eight
meroterpenes including three new compourd3)( In recent years, a number of new
meroterpenes with unusual skeletons and interebiivartivities were reported from
Ganoderma species. Theseganodermeaderived meroterpenes presented various
bioactivities including renoprotective activity [[Ll4nti-fibrotic activity [15], anti-
allergic activity [16], anti-HIV activity [17], andinhibitory activities against
monocyte chemotactic protein 1(MCP-1) [1B}Smad3 [19], acetylcholinesterase
(AChE) [20],and Cg3.1 type calcium channel (TTCC) [2Herein, we would like to
describe the isolation, structure determinatianyitro bioactivities of1-8, and then

vivo anti-diabetic effect of ganomycin4)(

2. Results and discussion
2.1 Isolation and structure elucidation of compaosifheB.
The ethanol extract @. leucocontexurwas partitioned between water and ethyl

acetate. The ethyl acetate-soluble fraction wasjestdnl to chromatographic



separation using silica gel, ODS, Sephadex LH-2d, @eparative HPLC to yield 8
meroterpenoid4-8. Five known compoundgl{8) were identified as ganomycin4)(
[18],ganomycin B %) [23],fornicin C ©) [24], fornicin B (7) [24], and ganomycin C
(8) [25] by comparison of their spectroscopic data withliteeature data. (Supporting
information Table S1)

Compoundl was obtained as a colorless oil. Its moleculamfda was assigned
to be GiH¢0s from its HRTOFMS at m/z 361.2011 [M+H] and NMR data (8
degrees of unsaturation) (Table 1). The 1H NMR spat of 1 contains a typical
ABX spin systemdH 6.87 (1H, dJ = 2.9 Hz), 6.75 (1H, dd] = 8.8, 2.9 Hz), 6.72
(1H, d,J = 8.8 Hz)], suggesting the presence of a 1, 2isdiistitued benzene ring,
two olefinic protons dH 6.19 (1H, t,J = 7.3 Hz), 5.14 (1H, tJ = 7.2)], one
oxygenated methanéH 3.73 (1H, tJ = 9.0 Hz)], and three methyl grougd] 1.52
(1H, s), 1.34 (1H, s), 1.05 (1H, s)]. Analysis &f *C NMR (Table 1) showed 21
carbon resonances, including three methyls, fivahphenes, six methines (four
olefinic, and one oxygenated), and seven quatersarpons (one carbonyl, five
olefinic, and one ketal). The NMR data bfwere similar to those of compourad
except for two oxygenated carbonsoat71.4 (C-10) andc 83.0 (C-11) instead of
two olefinic carbons. The above NMR evidence rex@a skeleton of prenylated
hydroquinone. The HMBC (Fig. 2) correlations fromlB [o4 3.73 (t,J = 9.0 Hz)] to
C-8 (¢ 35.8), C-9 §. 27.8), C-114; 83.0), C-12, and C-13, and from-#2 (13) Pn
1.05 (s)] to C-94; 27.8), C-104. 71.4), and C-115¢ 83.0) confirmed the substitution
of a hydroxyl group at C-10 and C-11, respectivélye large downfield shifts of C-
11 (. 83.0) and the upfield shift of C-18.(171.0) in combination with the mass data
supported the formation of the lactone ring betw@elb and C-11. The structure bf
was finally assigned by detailed interpretatiorttét"H COSY and HMBC spectra.
The geometry of the double bonds a& @d & were proposed by NOESY
correlations of H-2dy 6.19 (t,J = 7.3 Hz)]/H-4 [0 2.46 (m)], and H-6d4 5.14 (t,J
= 7.2 Hz)]/H-14 [on 1.52 (s)] (Fig. 2), respectively. The absolutefigumation at C-
10 in 1 was determined by the circular dichroism of arsitn formed complex with
[Rhy(OCOCR)4], with the inherent contribution subtracted. Upaadition of
[Rhy(OCOCR)4] to a solution ofl in CH,Cl,, a metal complex was produced as an
auxiliary chromophore. The Rh complex bfdisplayed a negative E band at about
350 nm (Figure 3), correlating with a RQOabsolute configuration. The alkaline

hydrolysis ofl yielded compoun®, which further confirmed the structure bf Thus,



compoundl was assigned as shown, and named as ganoleucin A.

The molecular formula of ganoleucin B)(was established as,,s0, by
HRTOFMS data at m/z [M+H] 345.2060. ItsH and'*C NMR spectroscopic data
revealed a similar structure to thatfKey differences were that H-2{7.01 (t,J =
7.4 Hz)] undergoes large downfield shifts due testigic effects® The NOESY
correlations of H-1 with H-4, 45 with H;-14 confirmed the geometry of the double
bonds as B and @, (Figure 2). The detailed interpretation of 2D NMiRectra
established the structure 2fs shown.

Ganoleucin C J) possessed a molecular formula ofil340s on the basis of
HRTOFMS data at m/z [M+H]345.2060. ThéH and**C NMR data of3 resembled
those o4 except for an additional carbonyl carbo®al96.0 (C-13) and the loss of a
methyl group. The above difference indicates thet imethyl group at C-13 is
replaced by an aldehyde group in compo@n@he HMBC correlations from 412
[0n1.74 (s)] and H-100 6.45 (t,J = 6.7 Hz)] to C-134c196.0) further confirmed the
substation of an aldehyde group at C-11(Fig. 2§ fedative configuration of2, 6E,
and 1@ in 3 was elucidated by NOE correlations Heg 6.17 (t,J = 7.3 Hz)]/H-4
[On 2.37 (t,J = 7.2 HZz)], H-6 §u 5.13 (t,J = 6.5 Hz)])/ H-8 Py 2.17 (t,J = 7.2 Hz)],
and H-9 py 2.42 (m)]J/H-12 § 1.74 (s)] (Fig. 2). The comparison of specificatain
data between7 and 3 confirmed the R configuration. Thus, the structure of

compound3 was assigned as shown.

2.2 a-Glucosidase and HMG-CoA reductase inhibitory attief compounds8.
a-Glucosidase (EC 3.2.1.26,D-glucoside glucohydrolase) is exo-acting enzyme
that plays essential roles in carbohydrate qualitytrol, processing and metabolism
[26]. Postprandial glucose absorption vivo can be attenuated by retarding the
cleavage of complex carbohydrates [27]. Therefaykicosidase inhibitors are
applicable to the treatment of numerous diseaskidmy diabetes mellitus type-2
[28-34]. 3-hydroxy-3-methylglutaryl co-enzyme A tedase (HMG-CoOA reductase)
catalyzes the conversion of HMG-CoA to mevalonat&ey precursor of cholesterol
biosynthesis [35]. Statins represent the majorsclafs hypolipidemic drugs in the
market which act through the inhibition of HMG-Caeéductase [36]. The biological
activities of the isolated meroterpendsg] were assessed againsglucosidase and
HMG-CoA reductase. Compounds 5, 7 and8 inhibited HMG-CoA reductase in a

concentration dependent manner witholi@ the range between 12.3 and 56M.



Compoundl and 3-8 showed strong inhibitory activity againgtGlucosidase from
Baker’s yeast and rat small intestinal mucosa WiéhlGs value in the range of 0.3 to
61.2 uM. Among them, ganomycin Kj was found to be the most potent inhibitor
against botlx-glucosidase and HMG-CoA reductase.

We preliminarily analyzed the structure-activityateonship for compounds 1-8
based on above bioassay results. The double botwkde C-2 and C-3 and its
configuration significantly influences the poteralythese inhibitors. Comparing with
compound5, compound2 did not exert any inhibitory againstGlucosidase and
HMG-CoA reductase when?®bond turned intoE configuration. The inhibitory
activity of 8 (ICsp =3.2uM) was 10-fold more potent than that of compo@@dCsg
=32.1uM) againsta-glucosidase and 2-fold more against HMG-CoA reaiset It can
be concluded that th& configuration at 423 favors inhibitory against botla-
glucosidase and HMG-CoA reductase.

2.3 Enzyme kinetic analysis of ganomycid)lggainsta-Glucosidase and HMG-CoA
reductase

The enzyme inhibition property againsGlucosidase and HMG-CoA reductase
of the most potent inhibitor, ganomycin 4)( was analyzed by using Lineweaver-
Burk and Dixon plots. The initial velocity ‘V' ofhe reaction catalyzed by-
glucosidase and HMG-CoA reductase was determinedditierent substrate
concentrations (S) in the presence and absenaeghilfitors (1), as shown in Fig. 4.
The double reciprocal plot showed straight lines fmnomycin | 4) with p-
nitrophenyle-D-glucopyranoside (fora-glucosidase assay) and HMG-CoA (for
HMG-CoA reductase) as the substrate. Both the shomd vertical axis intercept
increase with the enhancement of inhibitor conegiain. These results indicated that
compound4 was a noncompetitive inhibitor against bettylucosidase and HMG-
CoA reductase.

2.4 Docking studies on ganomycin | (4) with yeagtucosidase

The sequence identity betweerglucosidase (gi number 411229) from baker’s
yeast and isomaltase (PDB ID: 3A4A) frdBaccharomyces cerevisiae 72%. The
protein structure validation program PROCHECK pecesti that 97.9% residues are
in the allowed region, 1.7% residues are in maigegion, only 0.4% are outliers. So
the a-glucosidase homology model can be used in theidgck

In Silico docking study of ganomycin #) with yeasta-glucosidase was then



conducted to confirm the interaction. Ganomycin4) éxhibits a strong binding
affinity with the protein by its low binding enerdy10.48 kcal/mol). Fig. 5a. shows
the homology model of the yeastglucosidase with the ligand docking into the
binding site. Fig. 5b. displays the close viewls binding site with the best predicted
orientation of ligand ganomycin BY. The molecular docking results showed that
the binding pocket involves the amino acid residi®el157, Phel77, Phelb58,
Asp214, Thr215, Leu218, His239, Asn241, His245,X38) Val277, Ala278, Phe300,
Asp349, GIn350, Asp408 and Arg439. There was tH®hRd interaction between the
hydroxyl group of ganomycin | (4) and Arg439 (thistdnce: 1.75 A). And the chain
of ganomycin | (4) was inserted into the hydroplolpiocket. This calculation
observation is in good agreement with the enzymadgay where ganomycin | (4)
shows a low 16 value (0.3+£0.1uM).

2.5 Acute toxicity of ganomycind)(

Ganomycin | was synthesized according to the raferemethod:’ In the acute
oral toxicity study, the dosage of ganomycid) @p to 3 g/kg of body weight did not
show any overt symptoms of toxicity (including npparent differences in physical
activity or other behaviors, no significant changeshe nature of stool and urine, no
convulsion, sleep or coma) during 24 hours and dys'dobservation. Moreover, no

mortality was observed throughout 14 days monitprin

2.6 Effects of ganomycin4)(on blood glucose levels and body weight.

To evaluate the anti-hyperglycemic and hypolipideeffects for ganomycin |,
we used KK-A diabetic mice foin vivoassay. The clinical drug of rosiglitazone with
both antidiabetic and hypolipidemic effects wasduas positive control. C57BL/6J
mice was treated as normal control group. Ganomly¢inmg/kg and 5 mg/kg) was
daily administered by gavage method. In KK+Aice, sequential monitoring of blood
glucose showed that rosiglitazone and ganomycinan@d 5 mg/kg groups) decreased
the fasted blood glucose and free diet blood gleiadter 3-day treatment (Figure 6B
and 6C). Glycosylated hemoglobin A1C levels werereased significantly after a
21-day treatment (Figure 6D). Ganomycin | exhibiégglivalent hypoglycemic effect
to rosiglitazone. The body weight for each group weeasured every three days. The
body weight in ganomycin | treated KKAroup remained almost unchanged in the
course of first two weeks and showed the trend emfrese compared with that of

KK-AY model (Figure 6A and supporting information figus&). Whereas, the body



weight gained in the rosiglitazone group increaseath higher than that of the KK-
AY model.

2.7 Effects of ganomycin4)(on oral sucrose tolerance test (OSTT).

In KK-AY mice, after a 3-week treatment with ganomycid)| the higher blood
glucose level was markedly reversed in OSTT. TheaAdnder the Curvé AUC)
of the ganomycin 14) groups were significantly lower than that in #i€-AY model
group (P<0.01) (Figure 7B). These results demotestrthat ganomycin 14§ inhibit

the action ofx-glucosidaseén-vivo efficiently [37,38].
2.8 Effects of ganomycin4)(on insulin resistance.

The KK-AY mice displayed apparent hyperinsulinemia (Figufd, 8and the
insulin sensitivity index (ISI) levels decreasedhwihe progress of disease (Figure
8B). Rosiglitazone and all doses of ganomyci#) Isfgnificantly decreased the serum
insulin levels (Figure 8A) and increased the ISgdFe 8B). Moreover, In the oral
glucose tolerance test (OGTT) and insulin toleratest (ITT), KK-A' mice treated
by ganomycin | 4) showed decrease of blood glucose levels at 30 Gfhanin
compared with the KK-Adiabetic mice (Figure 8C and Figure 8E). The AUCHef
ganomycin | 4) groups in both OGTT and ITT were much lower thhat in the
control group P<0.01). Overall, ganomycin |, administered at tlosedof 5 mg/Kg,

presented much stronger efficacy in improving imstgsistance than rosiglitazone.
2.9 Effects of ganomycin4)(on blood lipids, hepatic glycogen, and AST, ALT.

As shown in Figure 9, compared with the normal BI58J mice, the KK-A
diabetic mice showed significant elevation in teeels of blood lipids, including
NEFA (Figure 9A), TG (Figure 9B), TC (Figure 9C)DL-C (Figure 9D), and HDL-
C (Figure 9E). After 3 weeks of treatment, the serNEFA, TG, TC, LDL-C
concentrations were significantly lowered in KK-fice treated with ganomycin |
(4) than that in the KK-A diabetic mice (P<0.01). In terms of NEFA, TG, ar@,
Ganomycin | displayed equivalent hypolipidemic wtfito rosiglitazone.

In the KK-AY mice, via a 4-week treatment with ganomycid)| ¢he lower liver
hepatic glycogen was markedly reversed. The liegralic glycogen concentrations of
the ganomycin 14) group were significantly higher than that in tentrol group

(P<0.01) (Figure 9F). These results demonstratatlganomycin | 4) can promote



the synthesis of hepatic glycogen. The levels off A8d ALT in the serum of the
C57BL/6J and KK-A mice were presented in Figure 9G and 9H. KKdabetic

mice exhibited much higher serum ALT and AST th&YBL/6J mice. Following the
3-week treatment with ganomycin #)( the serum AST level was significantly
decreased. Rosiglitazone did not show any actigitythe level of AST and the

synthesis of hepatic glycogen.
2.10 Histopathological examination

Histological analysis of liver. Coincident with increased hepatic TG content
(P<0.05), the untreated KK¥Amice showed hypertrophy of hepatocytes and hepatic
steatosis (Figure 10A). Unlike rosiglitazone, whiedd no obvious impact on hepatic
TG and TC contents in KK-Amice, ganomycin | (5 mg/kg) ameliorated the

hepatocyte hypertrophy and significantly loweree lipid droplet accumulation.

Histological analysis of adipose tissue. In KK-AY mice, both rosiglitazone and
ganomycin | § mg/kg) decreased the size of the adipocytes in itiicating the

increase in number of adipose cells.

3. Conclusion

In conclusion, three new meroterpenoids, GanoleAe (1-3), together with 5
known meroterpenoid€l{8), were isolated and identified from the fruitingdies of
Ganoderma leucocontexturthe inhibitory effects ofli-8 on HMG-CoA reductase
and a-glucosidase were testéal vitro. Ganomycin | 4), 5, and8 showed stronger
inhibitory activity against HMG-CoA reductase théwe positive control atorvastatin.
Compoundsdl, and3-8 presented potent noncompetitive inhibitory acigainsto-
glucosidase. Preliminary structure-activity relatbip (SAR) analysis indicated that
the existence and geometry of the double bond ltw@-2 and C-3 play an
important role in the inhibitory activity againsbth HMG-CoA reductase ang-
glucosidase.

Ganomycin | 4), the most potent inhibitor against betlglucosidase and HMG-
CoA reductase, was further evaluated foriftsvivo bioactivity. Ganomycin 14)
exhibited potent and efficacious hypoglycemic, Hypdemic, and insulin-sensitizing
effects in KK-A' mice. Based on the results obtained in the custmty, we suppose
that ganomycin 14) could be a promising anti-diabetic and anti-lgidic candidate

for new drug developments. The action mechanisnvjvo efficacy, and long term



toxicity of ganomycin 14) deserve further investigation.

4, Materials and methods

4.1 General apparatus and chemicals.

Solvent used for extraction and chromatographieaisgon was analytical grade.
TLC was carried out on Silica gel HSGF254 and commgs were visualized by
spraying with 10% bSO, and heating. Silica gel (Qingdao Haiyang Chem(zal,
Ltd., People’s Republic of China) and Sephadex I0H{Amersham Biosciences)
were used for column chromatography. HPLC separatias performed on an
Agilent 1200 HPLC system using an ODS column (2H) x 9.4 mm, YMC Pak, 5
[m; detector: UV) with a flow rate of 2.0 mL/min. Uahd IR spectral data were
acquired using a ThermoGenesys-10S UV-Vis and HNicolS5 FT-IR
spectrophotometer, respectively. Optical rotatioslese measured on an Anton Paar
MCP 200 Automatic Polarimeter. NMR spectral datas vabtained with Bruker
Avance-500 spectrometer (CRCloy 7.26/ 6c 77.16). The HSQC and HMBC
experiments were optimized for 145.0 and 8.0 Hgpeetively. HRTOFMS data was
measured using an Agilent Accurate-Mass-Q-TOF LCBA830 instrument.

4.2 Fungal Material.

The fungiG. leucocontextumnwere collected in Nyingchi, Tibet, China in 2015,
and identified by Xin-cun Wang (Institute of Micriolbgy, Chinese Academy of
Sciences) comparing its morphological characteristith those published foG.
leucocontexuni22].

4.3 Extraction and Isolation.

The air-dried and powdered fruiting bodies ®f leucocontexung5 kg) were
extracted three times with ethyl alcohol (3 x 20 Bnhd organic solvent was
evaporated to dryness under vacuum to afford thdecextract (233 g). The ethanol
extract was partitioned between ethyl acetate aagrwThe EtOAc extract (90.5 Q)
was subjected to silica gel column chromatografgb@)(using hexane-ethyl acetate
in a gradient elution (v/v, 100:0, 100:2, 100:50:8) 100:10, 100:15, 100:20, 100:40,
100:50), followed by dichloromethane-methanol eti(v/v, 100:1, 100:2, 100:3,
100:5, 100:10, 100:15, 100:20, 0:100) to give ®ticms (GL-FGL-9). Fraction 6
(10.45 g) eluted with dichloromethane-methamnal,(50:1) was further separated on
Sephadex LH-20 CC eluted with 50% methanol in wadegive 7 subfractions (GL-



6-1-GL-6-7). Compoundd (3.2 mg,tr 24.1 min) and3 (12.3 mg,tr26.2min) were
purified from subfraction GL-6-2 (40.2 mg) by RPHHP using 52% acetonitrile in
water. Compound2 (16.2 mg,tg 36.2 min),4 (30.2 mg,tg 38.9 min), and (10.1 mg,
tr 40.1 min) were isolated from GL-6-3 (120.2mg) by -RPLC using 48%
acetonitrile in water. Subfraction GL-6-5 (202.3 )ngas separated by RP-HPLC
using 45 % acetonitrile in water to afford compoudd23.1 mg,tg 22.1 min).
Compounds/ (22.3 mg,tgr 22.5 min),8 (8.2 mg,tr 24.2 min) were purified from
fraction GL-6-6 (90.2 mg) by RP-HPLC using 65% nagthl in water. The physical

properties, spectroscopic data of the new compoarelas follows.
4.3.1Ganoleucin Al

Colorless powder,d]®; +25.10 ¢ 0.1, MeOH); UV (MeOH)Anax (I0g ) 211
(4.10), 320 (2.05) nm; IR (neathax3310, 2845, 2810, 1685, 1435, 1323, 122245,
723 cm’; for 'H and**C NMR data see Tables 1; positive HRTOFkh& [M+ H] *
361.2011 (calcd. for ££H,¢0s, 361.2011).

4.3.2 Ganoleucin B2

Colorless powder,d]*°s +2.00 € 0.1, MeOH); UV (MeOH)imax (log &) 210
(3.54), 315 (2.00) nm; IR (neat)x3310, 1723, 1725, 1623, 1470, 1325, 1222, 725,
623 cm’; for *H and®*C NMR data see Tables 1; positive HRTOFkh%& [M+ H] *
345.2060 (calcd. for £H2¢04, 345.2064).

4.3.3 Ganoleucin C3)

Yellow powder, {1]250 +36.20 € 0.1, MeOH); UV (MeOH)Amax (log &) 220
(2.10), 320 (2.45) nm; IR (neat}3335, 2986, 2928, 2836, 1725, 1711, 1645, 1612,
1488, 1345, 1324, 1235, 736, 625 tnfor 'H and *C NMR data see Tables 1;
positive HRTOFMSn/z[M+H] "357.1697 (calcd. for £H240s, 357.1695).

4.4 Absolute configuration of the C-101ifi39].

A sample ofl (1 mg) was dissolved in a dry solution of CH@.5 mL). The
starting CD spectrum was recorded. Then, the GH@Glution of1 was mixed with
[Rhy(OCOCR)4] complex (1.1 mg), and reaction’s time evolutioasamonitored until
stationary (5 min after mixing). The inherent CDsmgaubtracted. The observed sign of
the E band at 350 nm in the induced CD spectrum seaielated to the absolute

configuration of the C-10 moiety.



4.5 Alkaline Hydrolysis of Compounid

According to a published procedure [4&3mpoundl (3.0 mg) dissolved in 2%
sodium methylate-methanol (4 mL) was stirred atmo@mperature for 1 h. The
reaction mixture was neutralized with 10% aceticl.adfter removal of the solvent
from the filtrate under reduced pressure, the uesigdas dissolved in water (10 mL)
and extracted with ethyl acetate (10 mL). The aaolvents were evaporated and
purified by preparative TLC on silica gel (dichlamethane: methanol, 20:1) to give
compound® (1.8 mg).

4.6 Synthesis of ganomycir).(

The chemical synthesis of ganomycird) (s operated as the original synthesis
donor ofYajima et al[17], which proved to be effective in this compdusupporting

information scheme 1).
4.7 Inhibition Assay againstGlucosidase from Baker’s yeast

As described in our earlier work [41], the biogssas conducted using a 96-well
plate, and the absorbance was determined at 40%5using a Spectra Max 190
microplate reader (Molecular Devices Inc.). Thetognwas prepared by adding a
phosphate buffer instead of tested compounds. Téekbwvas prepared by adding
phosphate buffer instead of theglucosidase. The inhibition rates (%) = [(Qdaoi -
OD control bian) = (OD test = OD test bian)}/ (OD control = OD control bian * 100%. Acarbose
was utilized as the positive control with arsd©f 273.1uM.

4.8 Inhibition Assay against-Glucosidase, Sucrase, and Maltase from Rat's Small

Intestinal Mucosa

A slightly modified method of the rat intestinal ousa assay developed by Kwon
et al. was used [42,43]. Each compound dissolvdaM$O (10uL) was mixed with
20 puL of substrate (maltose, sucrose, p-nitrophenil-glucopyranoside,
respectively), 1QuL of enzyme solution, and 6@L of 0.1 M phosphate buffer (pH
6.9). After pre-incubation for 40 minutes, a comamr kit (GOD assay, Jiancheng
Biological Engineering Institute, Najing, China) svased to test the production of
glucose. The absorbance was read at 550 nm un8eeetra Max 190 microplate
reader (Molecular Devices Inc.). The blank was areg by adding potassium

phosphate buffer instead of enzyme. The control prapared by adding potassium



phosphate buffer instead of tested compounds. Athibition rates (%) = [(ORontrol -
oD control blanl) - (ODtest' ODtest blan&] / (OD control = oD control blanl) x 100%.

4.9 Inhibition Assay against HMG-CoA Reductase.

As described in our earlier work [13], The assayswanducted in a 96-well
plate, and the absorbance was determined at 34Qusing a Spectra Max 190
microplate reader (Molecular Devices Inc.). Thenklavas prepared by adding
potassium phosphate buffer instead of HMG-CoA reakec The control was
prepared by adding potassium phosphate bufferaddstd tested compounds. The
inhibition rates (%) = [(ODQest - OD test blan) - (OD controt blank= OD contro)] / (OD control
blank = OD contro) X 100%.

4.10 Enzyme inhibition kinetic

The type of inhibition ofi-glucosidase and HMG-CoA Reductase by compound
4 (in the concentrations of 0.3 touM for a-glucosidase and 5 to 20M for HMG-
CoA Reductase) was established by using the Michdgnton equation and
Lineweaver-Burk plotsp-NPG and HMG-CoA, in the concentrations afiid, 4 uM,

6 uM, and 8uM, were used as substrates.
4.11. Molecular modeling and docking studies

The sequence oSaccharomyces cerevisigbaker’'s yeastl-glucosidase (gi
number 411229) was taken from the protein sequeda&ga bank (http:/
www.ncbi.nim.nih.gov/protein/), and the crystal ustiure of isomaltase from
Saccharomyces cerevisig@db code: 3A4A) [44] was selected as template by
blasting. Theo-glucosidase homology model was generated using FIQIBR9v3
[45]. The finala-glucosidase model was validated by the Ramachanal using
the PROCHECK program [46].

Molecular docking simulation was performed using @&k from ArgusLab [47].
The dimensions for the cubic boundary box centerethe centroid of Asp349 were
setto 25 A x 25 A x 25 A. Docking behavior wasdiceed using genetic algorithm
method: a population size of 100 with 3,000 gemenat a gene mutation rate of 0.02,
and a crossover of 0.8. The final ligand-proteimptex was visualized using PyMOL
0.99 [48].



4.12 Animal and treatment

All procedures were performed in accordance witle ttandards of the
Department of Health and Human Services and undetogpls approved by the
Novartis Animal Care and Use Committee. Care ansbaundry followed standard

guidelines.
4.12.1 KK-A mouse study.

Normal female C57BL/& mice (8 weeks old) and insulin-resistant male KK-A
mice (8 weeks old) were purchased from the ExpariaieAnimal Center, Chinese
Academy of Medical Sciences. Both C56BLAnd KK-A' mice were provided with
a high-fat diet and watead libitum At the beginning of the study, KK¥Anice were
weighed, bled via the tail vein in the fasted s{dté) and sorted into four groups (n =
8 each) based on their blood glucose levels atidlibiody weight: Rosiglitazone (10
mg-kg'- day"), ganomycin | 4) (1, 5 mg-kg-day" respectively), and KK-Amodel.
C57BL/&) mice were weighed and sorted into C57BLontrol group. All five
groups were administered by gavage once a daylfaa®s. Individual body weight
and cage food consumption were measured every 3. dat the end of the
experimental period, blood samples were collected ilnmediate assessment of

serum biochemical parameters.
4.12.2 Metabolic studies

Serum glucose, total cholesterol (TCHO), triglydes (TG), non-esterified fatty
acids (NEFA), high density lipoprotein cholestertil(L-C), low density lipoprotein
cholesterol(LDL-C), and insulin levels were measluas Cheret al. described [49].
The insulin sensitivity index (ISI) was calculatiedm the values of FBG and fasting
blood insulin (FBI). 1SI=1/(FBG*FBI)1000, where FBi& expressed as mg-dland
FBl as mU- L.

4.12.3 Oral sucrose tolerance test (OSTT)

OSTT was performed by giving a sucrose bolus (499 ky gavage after
overnight fasting. Glycaemia was measured through tail tip before and after
glucose load at the times indicated. The area uthdecurves (AUC)generated from

the data collected during the OSTT was calculated.

4.12.4 Insulin tolerance test (ITT)



ITT was performed by giving an insulin injection§0U-kg") by intraperitoneal
injection after a 4 hours fasting. Glycaemia wassueed through the tail tip before
and after insulin injection at the times indicatd@the area under the curves (AUC)

generated from the data collected during the IT$ walculated.
4.12.5 Oral glucose tolerance test (OGTT)

OGTT was performed by giving a glucose bolus (2gd)kby gavage after
overnight fasting. Glycaemia was measured through tail tip before and after
glucose load at the times indicated. The area utgecurves (AUC) generated from

the data collected during the OGTT was calculated.
4.12.6 Histopathological examination and electraoroscopy

Samples of liver, abdominal white adipose tissu&{Wvere resected and fixed
with 10% formaldehyde phosphate buffered saline (pH), then embedded in
paraffin, sectioned, stained with haematoxylinf/eosind analyzed by either

microscopy or morphometry.
4.13 Statistical analysis

All results are expressed as mean +SEM. For maltipimparisons, the statistical
analysis was performed by using one-way or two-wdyOVA followed by the
Tukey’s multiple comparison tests with Graph P&l ©.< 0.05 was considered to be

statistically significant.
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Figure 1. Structures of compounds9.

Figure 2. Key *H-'H COSY, HMBC, and NOSEY correlations b3

Figure 3. Experimental CD spectrum of the Rh compleA @fith the inherent CD
spectrum subtracted.

Figure 4. Line-weaver -Burk plot (1/V vs 1/[S]) for ganomydi4). (A) againsi-
glucosidase using pNPG as substrégagainst HMG-CoAeductase using HMG-
CoA as substrate.

Figure 5. (a) Homology model of the yeast a-glucosidase i ligand (green
color) into the binding site. surrounding the birglisite, the amino acid was labeled
in green (b).

Figure 6. Effects of ganomycin 14) on body weight and blood glucose levels. (A)
Body weight in KK-A mice, (B) Sequential monitoring of blood glucose<kK-AY
mice after 4h fasting, (C) Free diet blood glucimskK-AY mice, (D) HbAlc in KK-

AY mice. Values are means SEM (n = 8 for KK-A mice); *P<0.05, **P<0.01,

*** P<0.001 versus KK- model group. Col -, C57BL/6J mice control; KK-M,

-+ KK-AY model; Ros-10,=+ , rosiglitazone 10 mg/kg; C-e-, gagoin | @) 5
mg/kg; GI-l. & GI-l 1 mg/kg.

Figure 7. Effects of ganomycin I4) on oral sucrose tolerance test (OSTT). (A) OSTT
and (B) AUC of the OSTT on the 20th day of treattrierKK-A” mice. Values are
means +SEM. (n = 8 for KK-A mice); *P<0.05, **P<0.01, ***P<0.001 versus
KK-AY model group. Coi-=-, C57BL/6J mice control; KK-M, #  KK-Amodel;
Ros-10, = , rosiglitazone 10 mg/kg; G -  ganomyc{d)|5 mg/kg; Gl- &

Gl-I 1 mg/kg.

Figure. 8 Effects of ganomycin I4) on insulin resistance. (A) Serum insulin in KK-
AY mice, (B) ISl in KK-A mice, (C) OGTT and (D) AUC of OGTT on the 21th day
of treatment in KK-A mice. (E) ITT and (F) AUC of the ITT on the 19taydof
treatment in KK-A mice. Values are means SEM (n = 8 for KK-A mice);

*P<0.05, **P<0.01, ***P<0.001versus KK-Amodel group. Co -=-, C57BL/6J

mice control; KK-M, = KK-A model; Ros-10,=+ , rosiglitazone 10 mg/kg; Gl-h,



-e- ganomycin 1 4) 5 mg/kg; Gl-l-& GI-l 1 mg/kg.

Figure 9. Effects of ganomycin 14) on AST, ALT, blood lipids. (A) Serum NEFA in
KK-AY mice, (B) Serum TG in KK-Amice (C) Serum TC in KK-Amice and (D)
Serum LDL-C in KK-A mice, (E) Serum HDL-C in KK-Amice, (F) liver hepatic
glycogen in KK-A mice (G) Serum AST in KK-Amice, (H)Serum ALT in KK-A
mice. Values are mear: SEM (n = 7-8 for KK-A mice); *P<0.05, **P<0.01,

*** P<0.001 versus KK-Amodel group. Con, C57BL/6J mice control; KK-M, KK-
AY model; Ros-10, rosiglitazone 10 mg/kg; Gl-h, gagoim | (4) 5 mg/kg; Gl-I, GI-I
1 mg/kg.

Figure 10. Photomicrographs of liver, WAT sections of the KK-ice treated with
ganomycin | 4). (A) Liver. Hypertrophy of hepatocytes and hepateatosis are
evident. (B) WAT. (HE: 2X). Con, C57BL/6J mice control; KK-M, KK-Amodel;
Ros-10, rosiglitazone 10 mg/kg; Gl-h, ganomycid)I§ mg/kg;

Table 1. *H and®C NMR data of1-3 (in CDCh)

Table 2. HMG-CoA reductase amngtGlucosidase inhibitory activity df-8
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Figure5. (a) Homology model of the yeast a-glucosidase wighligand (green color) into

the binding site. surrounding the binding site,dh@no acid was labeled in green (b).
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Figure 8. Effects of ganomycin I4) on insulin resistance. (A) Serum insulin in KK-
AY mice, (B) ISI in KK-A mice, (C) OGTT and (D) AUC of OGTT on the 21th day
of treatment in KK-A mice. (E) ITT and (F) AUC of the ITT on the 19thydof
treatment in KK-A mice. Values are means SEM (n = 8 for KK-A mice);
*P<0.05, **P<0.01, **P<0.001versus KK-A model group. Coi-s-, C57BL/6J
mice control; KK-M, - KK-A model; Ros-10,+ , rosiglitazone 10 mg/kg; Gl-h,
-e- ganomycin | 4) 5 mg/kg; Gl-l-& GI-l 1 mg/kg.
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Figure 9. Effects of ganomycin 14) on AST, ALT, blood lipids. (A) Serum NEFA in
KK-AY mice, (B) Serum TG in KK-Amice (C) Serum TC in KK-Amice and (D)
Serum LDL-C in KK-A mice, (E) Serum HDL-C in KK-Amice, (F) liver hepatic
glycogen in KK-A mice (G) Serum AST in KK-Amice, (H)Serum ALT in KK-A
mice. Values are mea-SEM (n = 7-8 for KK-A mice); *P<0.05, **P<0.01,
*** P<0.001 versus KK-Amodel group. Con, C57BL/6J mice control; KK-M, KK-
AY model; Ros-10, rosiglitazone 10 mg/kg; Gl-h, gagoim | (4) 5 mg/kg; GI-l, G-I

1 mg/kg.
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Figure 10. Photomicrographs of liver, WAT sections of the KK-#ice treated with
ganomycin | 4). (A) Liver. Hypertrophy of hepatocytes and hepadteatosis are
evident. (B) WAT. (HE: 2(X). Con, C57BL/6J mice control; KK-M, KK-Amodel;
Ros-10, rosiglitazone 10 mg/kg; Gl-h, ganomycid)I§ mg/kg;



Table 1. *H and**C NMR data ofl-3 (in CDCh)

No 1 2 3
' oy (M, Jin HZ) oc oy (M, Jin Hz) oc oy (M, Jin Hz) oc
3.67 (dd,15.9 7.3)

1 3.81 (dd. 15.9 7.3) 28.6 3.49 (d, 7.4) 29.5 6.17 (s) 78.2
2 6.19 (t, 7.3) 141.4 7.01(, 7.4) 142.6 7.23(s) 148.3
3 131.3 132.3 132.7
4 2.46 (m);2.63 (m) 32.8 2.44 (t, 7.6) 26.9 AB37.2) 25.4

5 2.32 (m) 25.4 2.17 (td, 14.8,7.6) 27.6 23D (m 25.9

6 5.14 (t, 7.2) 126.0 5.18 (t, 7.0) 123.3 5.13(t,6.5) 124.0
7 134.9 136.4 135.3
8 2.34 (m);2.01 (m) 35.8 1.97 (t, 7.0) 39.8 A1.7.2) 37.9

9 1.48 (m) 27.8 2.06 (td, 14.7,7.0) 26.8 242 (m 27.3

10 3.73(t, 9.0) 71.4 5.09 (t, 7.0) 1245 6.4%(f) 155.2
11 83.0 131.6 139.5
12 1.05 (s) 22.9 1.67 (s) 25.8 1.74 (s) 9.4
13 1.34 (s) 22.2 1.59 (s) 17.8 196.0
14 1.52 (s) 15.5 1.59 (s) 16.2 1.61 (s) 16.2
15 171.0 172.2 1745
16 126.5 126.6 123.2
17 149.1 149.7 150.2
18 6.72 (d, 8.8) 116.3 6.63 (d, 8.4) 117.0 69 ( 117.0
19 6.75(dd, 8.8,2.9)) 123.0 6.59 (s) 116.4 6.69 (s) 116.4
20 147.7 147.5 146.6

21 6.87 (d, 2.9) 124.3 6.58 (s) 114.3 6.64(s)  112.6




Table 2. HMG-CoA reductase angGlucosidase inhibitory activity dif-8

HMG-CoA  a-glucosidase inhibition Small intestinal mucosa from rat
reductase (from Baker’s yeast)  g-glucosidase  sucrase  maltase
inhibition (1Gs0, uM) inhibition inhibition  inhibition
(ICs0, M) (ICso, M) (ICso,uM)  (ICs0, M)

1 >100 6.31.1 3.6t0.6 >100 45.88.1
2 >10C >10C >10C >10C >10C
3 >10C 12.71+2.1 15.8+2.2 >10C 80.1+10.3
4 12.31.7 0.3:0.1 0.4:0.1 67.6:10.2 3.6:0.3
5 29.32.5 1.6t0.2 5.90.5 35.56.5 17.84.7
6 >10C 32.1+5.2 61.2+10.2 >10C 46.2£12.3
7 56.%12.1 10.2+2.3 15.6+2.3 >10C 23.&5.9
8 45.27.1 3.20.7 6.4:0.8 >100 18.32.9
Positive  Atorvastatin Acarbose Acarbose Acarbose  Acarbose

control 32.47.7 273.130.5 38.1+6.0 20.24.5 16.1+4.1
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Highlights

« Three new meroterpenoids, together with five known meroterpenoids, were
isolated from the fruiting bodies of Ganoderma |eucocontextum.

« Theinhibitory effects of 1-8 on HMG-CoA reductase and a-glucosidase were
tested in vitro.

« Docking studies of compound 4 into a-glucosidase.

« Ganomycin | (4) exerted potent and efficacious hypoglycemic, hypolipidemic, and
insulin-sensitizing effectsin KK-AY mice.



