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An epigenetic modiﬁer enhances the production of anti-diabetic and anti-inﬂammatory sesquiterpenoids from Aspergillus sydowii
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a b  s t r a  c t  

The  addition of  a  DNA methyltransferase inhibitor, 5-azacytidine, to Aspergillus sydowii fungus culture broth changed its  secondary metabolites proﬁle. Analysis of the culture broth extract led  to the isolation of three new bisabolane-type sesquiterpenoids: (7S)-(+)-7-O-methylsydonol (1), (7S,11S)-(+)-12-hydrox- ysydonic acid (2)  and 7-deoxy-7,14-didehydrosydonol (3),  along with eight known compounds. The  iso- lated compounds were evaluated for  their anti-diabetic and anti-inﬂammatory  activities. Among the isolates, (S)-(+)-sydonol (4) did  not only potentiate insulin-stimulated glucose consumption but also pre- vented lipid accumulation in  3T3-L1 adipocytes.  Additionally, (S)-(+)-sydonol  (4)  exhibited signiﬁcant anti-inﬂammatory activity through inhibiting superoxide anion generation and elastase release by fMLP/CB-induced human neutrophils. This  is  the ﬁrst report on  isolating a  secondary metabolite with anti-diabetic and anti-inﬂammatory activities from microorganisms.
。 2013 Elsevier Ltd. All rights reserved.





1. Introduction

Fungi   as  a  separate unique kingdom represent  an  excellent source of food  and therapeutic agents for the next millennia. They have been the subject of intensive investigation since the break- through discoveries of  life  saving antibiotics from these cryptic creatures.1,2    Several medicinally approved  drugs  are   produced from fungi and many others are  under evaluation in different clin- ical phases.3–5 It is noteworthy to mention that 42% of over  twenty thousand bioactive products including antiviral, antibacterial, anti- fungal, cytotoxic and  immunomodulating  agents  are   produced from fungi.6–8
Fungal genomic studies have revealed exciting facts about the complexity and capabilities of  fungal genes in  orchestrating the biosynthetic routes of  their secondary metabolites.9–11   Genomes possess active and silent clusters in  which the silent clusters are inactive under normal environmental conditions. Activating these clusters  using speciﬁc promoters  has   led   to  the  production  of
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higher concentrations of known components or  even to  the pro- duction of  novel secondary metabolites.12,13    These novel com- pounds are  intriguing from different perspectives as they are produced  to   protect the  fungus from harmful predators thus making them compelling potential therapeutic agents.
Activating silent biosynthetic routes hold the potential of pro- ducing a plethora of unique compounds with novel skeletons, di- verse  stereochemistry,  and  unprecedented  heterocyclic rings.14
Manipulating the silent epigenome is  a  delicate task,  which can be  achieved through affecting speciﬁc proteins required for  chro- matin remodeling. These proteins possess signiﬁcant inﬂuence on gene expression and thus on  the silent biosynthetic pathways. Among the most important proteins, are  histones which undergo several modiﬁcations such as acetylation and methylation. Histone acetyltransferase catalyzes the addition of acetyl group to histones which is  reversed by  histone deacetylase (HDAC).  On  the other hand, the transfer of methyl groups is catalyzed by  DNA methyl- transferase (DNMT).6   Inhibiting HDAC or  DNMT is  an  interesting goal  because it leads to the activation of certain silent biosynthetic clusters. This  goal   was   successfully targeted  by  different small chemicals   promoting   the   production   of    novel   secondary
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Figure  1.  HPLC  proﬁle  of   the EtOAc   extracts  of   A.  sydowii cultivated   in  PDB
containing 5-AZ 100 lM (a)  and control (b)  as detected by UV absorption at 215 nm.


metabolites as  well  as  affecting fungi amino acids and carbohy- drate biosynthesis.15
We  recently applied this strategy to  ﬁlamentous fungi through the concomitant addition of SBHA (suberic bis-hydroxamic acid,  a HDAC inhibitor) and RG-108 (a DNMT inhibitor) to the fungal cul- ture medium. Two  new highly oxidized ergosterols, ﬁve  new isa- riotin  analogs from Gibellula   formosana and  one   novel skeletal polyketide from Isaria  tenuipes were obtained.16,17   These results encouraged  us   to   examine  the  effect of  epigenetic  modifying agents such as  5-AZ (5-azacytidine,  a DNMT inhibitor) and SBHA on the secondary metabolites proﬁle of different ﬁlamentous fungi.
We screened a test bed  of 10 fungi (species name and properties shown in Table  S1, Supplementary data) to assess changes in their biosynthetic products induced by  adding modiﬁers to  the culture
medium.  Interestingly, 5-AZ  caused a  signiﬁcant change in  the


(1), (7S,11S)-(+)-12-hydroxysydonic acid  (2) and 7-deoxy-7,14- didehydrosydonol   (3)    along  with   eight   known   compounds including   (S)-(+)-sydonol    (4),18     (S)-(+)-sydonic    acid     (5),19,20
anhydrowaraterpol B (6),21 (E)-5-(hydroxymethyl)-2-(60 -methylh-
ept-20 -en-20 -yl)phenol (7),22   AGI-B4  (8),23   sydowinin  B  (9),24,25
sydowinin A (10),24  and diorcinol (11)26  (Fig. 2). All isolates were identiﬁed by comparing their physical and spectroscopic data with the corresponding authentic samples or  reported  values. In  the current investigation, we  describe the isolation, structural elucida- tion, evaluation  of  biological activities (anti-diabetic and anti- inﬂammatory activities), and plausible biosynthetic pathways as well   as  the structure–activity relationship (SAR) analysis of  the compounds isolated from A. sydowii.

2. Results and discussion

2.1.  Structure elucidation

Compound 1 was  obtained as a colorless gum with the molecu- lar   formula  C16H26O3    indicating  four   degrees  of  unsaturation, which was  conﬁrmed by HRESIMS at m/z 289.1779 [M+Na]+ (calcd
for C16H26O3Na, 289.1780). The UV spectrum exhibited absorptions at 223  and 279  nm  suggesting an  aromatic chromophore.27  The IR spectrum displayed absorption for  a benzene ring  and a hydroxy
group at 1575 and 3308 cm-1,  respectively.  Analysis of 13C  NMR
and DEPT spectra of 1 showed 16 carbons including one  quaternary oxygenated aromatic carbon, two quaternary aromatic carbons, three tertiary aromatic carbons, one  quaternary oxygenated car- bon,  one  secondary oxygenated carbon, one  methoxy, three meth- ylene, one  methine, and three methyl groups. The 1H NMR spectra displayed an ABX system of an aromatic ring  [dH  7.00  (d, J = 7.8 Hz, H-5),   6.86   (d,  J = 1.8 Hz,  H-2),   6.84   (dd,   J = 7.8,  1.8 Hz,  H-4)],   a methoxy group (dH   3.21), and an  isopropyl group [dH   1.49  (m,  H-
11),  0.83  (d, J = 6.6 Hz, H-12), 0.83  (d, J = 6.6 Hz, H-13)]. The above
data indicated that compound 1  is  similar to  (S)-(+)-sydonol  (4), which was  isolated previously from Aspergillus  sp.,  except for  the presence of a methoxy group (dH   3.21  and dC  50.4)  attached to  C-
7 in  1 instead of a hydroxy group in  4.28  The  planar structure  of
1 was  conﬁrmed by 2D NMR (1H–1H COSY, HSQC and HMBC) spec- tra (Fig. 3). The absolute conﬁguration of C-7 in 1 was  assigned as S, identical to that of 4, on  the basis of optical rotation data [(S)-(+)-
sydonol (4),  ½a川25  þ 7:2  (c 1.0,  CH3OH)  and 1, ½a川25

D 	D   þ 1:87  (c 1.69,

Aspergillus  sydowii  HPLC proﬁle compared to  the control (Fig.  1). We  found that the addition of  5-AZ  enhanced the production of several compounds which are  present in  minor quantities under normal culture condition. Further chemical investigation of the culture broth treated with 5-AZ, led  to  the isolation of three new bisabolane-type   sesquiterpenoids:    (7S)-(+)-7-O-methylsydonol

CH2Cl2)].  Consequently, compound 1  was  elucidated as  a methyl
derivative of sydonol and named (7S)-(+)-7-O-methylsydonol.
Compound 2 was  isolated as colorless oil. The IR spectrum of 2
revealed the presence of a hydroxy group (3385 cm-1). The  HRE- SIMS of 2 displayed a pseudomolecular ion  peak at m/z 305.1362
[M+Na]+, corresponding to  the formula of  C15H22O5Na  (calcd for
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Figure 2.  Structures of the isolated compounds 1–11.
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Figure 3.  Compounds 1–3 of 1H–1H COSY (red line) and HMBC  (blue line) correlation.



C15H22O5Na, 305.1365). The molecular weight of compound 2 was found to  be  larger than (S)-(+)-sydonic acid  (5)  by  16  mass units. Comparing the NMR data of 2 to  the data of 5, revealed that the major difference was  the presence of a geminal coupling between the  two protons on   C-12   [dH    3.35   (m)   and 3.26   (dd,   J = 10.4,
6.4 Hz)],  suggesting that a  hydroxy group is  connected to  C-12
(dC   68.4) in  2.  Further analysis of  the NMR  (HMBC,  COSY, and HSQC) supported the planar structure of 2 (Fig. 3). Determination of the absolute conﬁguration at C-7  and C-11  in  2  was  achieved by optical rotation experiments. The observed speciﬁc optical rota-
tion of 2 ½a川25  þ 3:9  (c 0.39,  CH OH)) was  correlated to  the optical
D 	3
S	S)-(+)-12-acetoxysydonic   acid   (½a川25  þ 23:0   (c
,11

the chemical shift values of H2-14. In 3, the signals were shifted downﬁeld to  dH   5.39  (d,  J = 1.2 Hz)  and 5.12  (d,  J = 1.2 Hz), on  the other hand the same signals in 7 appeared at dH  1.68.  In 13C NMR of 3, the observed downﬁeld shift for  C-7 (dC  127.6) and C-14  (dC
115.1) suggested the presence of a vinylidene group which was  ab- sent in 7 (Fig. 2). The HMBC data supported the correlations of H2-
14  to  C-7, C-8, and C-6 as  well  as  H2-8 to  C-6, C-7 and C-14.  The
aforementioned spectral data also  implied that the structure of 3 closely resembled another metabolite previously isolated from Aspergillus  sp.,  7-deoxy-7,14-didehydrosydonic acid.30  The  only difference was   the presence of  a  carboxylic acid   group on  C-3
which is  absent in  3.  Based  on  these ﬁndings, the structure of 3

rotation  of   (7 	D

0.11,  CH3OH))  indicating an  S conﬁguration of  C-7  and C-11  in

was

determined and named 7-deoxy-7,14-didehydrosydonol.

2.29  According to  the reported literature data and the NMR analy-
ses,   the  structure  of   2   was    deduced  as   shown  and  named
(7S,11S)-(+)-12-hydroxysydonic acid.
Compound 3 was  obtained as colorless oil with a pseudomolec- ular ion  peak at m/z 257.1516 [M+Na]+ in  the HRESIMS. The molecular formula was   deduced as  C15H22O3Na  (calcd for C15H22O3Na,  257.1517) with ﬁve  degrees of  unsaturation. The  IR spectrum  featured strong absorption at  3335 (hydroxy group)
and 1608 (conjugated vinylidene) cm-1.  Careful analysis  of  the
1H NMR spectrum, suggested that compound 3  differs from 7  in

The structural similarities of the newly isolated sesquiterpenes with their previously isolated analogs suggested a biosynthetic rela- tionship which is proposed in Scheme 1. The addition of an isopen- tenyl diphosphate (IPP) unit to  a geranyl diphosphate (GPP) in an extension of the prenyltransferase reaction leads to  the formation of the fundamental sesquiterpene precursor, farnesyl diphosphate (FPP).31,32 Folding of the carbon chain and cyclization by an electro- philic attack on the appropriate double bond provide the bisabolane nucleus. Consequently, 1–3 are formed through a series of oxidation, hydration, carboxylation and reduction of the bisabolane nucleus.
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Scheme 1.  Plausible biosynthetic relationship among compounds 1–3.



2.2.  Biological activity

Recent research has  revealed a close relationship between obes- ity and type 2 diabetes.33 Cellular glucose uptake triggered by insu- lin is the rate-limiting step in glucose regulation and any  defect in this regulatory mechanism leads to insulin resistance.34 Enhancing insulin sensitivity is one  of the pivotal hallmarks of anti-diabetic therapeutic  agents.35   Thiazolidinedione (TZD)  is  a  famous insu- lin-sensitizing agent widely used as  an  anti-diabetic drug. Recent evidence demonstrated that TZD does not  only  possess anti-dia- betic but also  anti-inﬂammatory activities.36–38  However, the pro- longed use  of  TZD may lead   to  serious side   effects, particularly weight gain  from lipid  accumulation.35,39,40  TZD dual mode of ac- tion is critical in controlling diabetes due to  the positive feedback loop  relationship between insulin resistance and inﬂammation.41
Thus,  discovering novel secondary metabolites from microorgan- isms, which  can   be   easily cultivated  on   mass  scale,   targeting
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diabetes and inﬂammation with minimum side  effects is the holy grail  of  producing a  new effective anti-diabetic  agent. Targeting this goal,  we  examined the anti-diabetic (insulin-stimulated glu- cose  consumption and lipid  accumulation) and the anti-inﬂamma- tory (superoxide anion generation and elastase release) activities of all isolated compounds.
The  anti-diabetic assay results revealed that the culture med- ium glucose concentration of the control group was  427.4 mg/dL and  after  insulin  treatment   (0.32 lM)   the  value dropped  to
404  mg/dL  (Fig. 4). Compounds 1, 2, 4 and 6 increased the medium glucose consumption of the differentiated 3T3-L1 adipocytes com- pared with the insulin only  group.
Among these isolates, 4 reduced signiﬁcantly glucose concen- tration in  the culture medium to  324.6 mg/dL  which represents a
24% drop compared to glucose concentration in the control culture medium (427.4 mg/dL). Preliminary structure–activity relationship analysis indicated that the presence of a hydroxy group on  C-7 as in  4 improved the anti-diabetic activity compared to  1 with a methoxy group on  C-7. Additionally, the presence of a carboxylic acid  functionality on C-3 as in compound 5 decreased the cells  glu- cose  consumption (381.4 mg/dL). These ﬁndings revealed that the presence of certain substituents (methylene alcohol on C-3 and hy- droxy group on C-7) in bisabolane-type sesquiterpenes is essential for stimulating glucose uptake by 3T3-L1  adipocytes.
An effective anti-diabetic agent should reduce lipid  accumula- tion in adipocytes facilitating lipid  burning and metabolism. Lipid accumulation can  cause devastating side   effects in  diabetic pa- tients such as  diabetic cardiomyopathy.42   The  effect of  isolates on lipid  metabolism was  evaluated by detecting lipid  accumulation in differentiated 3T3-L1  adipocytes using Oil Red O stain. The data indicated that 4  signiﬁcantly inhibited lipid   accumulation up  to
48% in 3T3-L1 adipocyte culture medium (Fig. 5). These ﬁndings re- vealed that 4  not   only   promoted glucose consumption but also inhibited lipid  accumulation in adipocytes.

control  insulin 	1 	2

4 	5 	6

Aiming to develop a lead  compound which can  target diabetes- inﬂammation  vicious cycle,   the anti-inﬂammatory effect of  the

Figure 4.  Effect of A. sydowii isolated compounds on medium glucose consumption
of 3T3-L1 adipocytes.  Cells were treated with 0.32 lM insulin and 30 lg/mL of the tested compound. Results are expressed as mean ± SEM (n = 3).  ⁄P <0.05, ⁄⁄P <0.01,
⁄⁄⁄P  <0.001 compared to insulin-only group (0.32 lM);  ###P  <0.001 compared to control.

isolated compounds was   evaluated  (Table 2).  Compounds 4,  7 and  8   showed   activity   against   fMLP/CB-induced superoxide anion  generation  by   human  neutrophils  with  IC50     values  of
5.23  ± 0.55,   6.11  ± 0.28,   and 6.00 ± 0.17  lM,  respectively. In  the

























Figure 5.  Effect of 4 isolated from A. sydowii on lipid accumulation in 3T3-L1 adipocytes. (a)  Cells stained in red indicated lipid accumulation which was markedly reduced in[image: ]


4 treated group compared to the control and insulin-stimulated groups; (b)  quantiﬁcation of (S)-(+)-sydonol (4) effect on lipid accumulation in 3T3-L1 adipocytes. Results are obtained spectrophotometrically at 490 nm and are presented as the percentage of lipid accumulation (%) at 30 lg/mL as mean ± SEM (n = 3). ⁄⁄⁄P <0.001 compared to insulin- only group; ###P <0.001 compared to control.


Table 1
1H and 13C NMR data for  compounds 1–3a

Position	1b 	2c	3b

	
	dC
	dH   (J in Hz)
	
	dC
	dH   (J in Hz)
	
	dC
	dH   (J in Hz)

	1
	156.0
	—
	
	156.6
	—
	
	152.4
	—

	2
	115.3
	6.86, d (1.8)
	
	118.5
	7.35, d (2.0)
	
	113.8
	6.95, d (1.8)

	3
	142.0
	—
	
	134.9
	—
	
	141.6
	—

	4
	117.9
	6.84, dd (7.8, 1.8)
	
	121.4
	7.41, dd (8.0, 2.0)
	
	118.5
	6.90, dd (7.8, 1.8)

	5
	127.6
	7.00, d (7.8)
	
	127.4
	7.22, d (8.0)
	
	128.1
	7.09, d (7.8)

	6
	127.3
	—
	
	136.5
	—
	
	127.6
	—

	7
	82.8
	—
	
	77.8
	—
	
	146.5
	—

	8
	40.1
	1.82, m
	
	43.7
	1.96, m
	
	38.0
	2.38, t (7.8)

	
	
	
	
	
	1.78, m
	
	
	

	9
	21.6
	1.34, m
	
	22.5
	1.40, m
	
	25.7
	1.40, m

	
	
	1.17, m
	
	
	1.16, m
	
	
	

	10
	39.1
	1.11, m
	
	34.6
	1.33, m
	
	38.5
	1.18, m

	
	
	
	
	
	1.05, m
	
	
	

	11
	27.8
	1.49, m
	
	36.8
	1.50, m
	
	27.8
	1.51, m

	12
	22.6
	0.83, d (6.6)
	
	68.4
	3.35, m
	
	22.5
	0.84, d (6.6)

	
	
	
	
	
	3.26, dd (10.4, 6.4)
	
	
	

	13
	22.5
	0.83, d (6.6)
	
	17.0
	0.83, d (6.8)
	
	22.5
	0.84, d (6.6)

	14
	22.3
	1.58, s
	
	28.9
	1.60, s
	
	115.1
	5.39, d (1.2)

	
	
	
	
	
	
	
	
	5.12, d (1.2)

	15
	65.0
	4.64 br s
	
	172.4
	—
	
	65.0
	4.65, s

	OMe
	50.4
	3.21 s
	
	—
	—
	
	—
	—

	1-OH
	—
	8.87
	
	—
	—
	
	—
	—


a   Assignments were based on HSQC  and HMBC  experiments.
b   Recorded with 600 MHz NMR  in CDCl3.
c  Recorded with 400 MHz NMR  in CD3OD.




Table 2
Inhibitory effect of  compounds 1–11 on  superoxide anion and elastase release in fMLP-induced human neutrophilsa

Compound	Superoxide anion	Elastase release

signiﬁcant activity (IC50 21.20 ± 0.68  lM) compared to 10 in super- oxide anion generation assay, which may be attributed to the pres- ence  of  a  hydroxy  group  on   C-7.  Interestingly, the  structural similarity of xanthone derivatives (8 and 10) did not  correlate with
their   anti-inﬂammatory   activity.   Compound   8    resulted   in

 	IC50

b (lM)	Inh% 	IC50

(lM)b	Inh%

101.58% ± 2.12    inhibition  of   superoxide  anion  generation  in

1 	13.80 ± 0.61	69.02 ± 5.08c 	>10  lg/mL	29.82 ± 5.51d
c

fMLP-induced human  neutrophils  compared  to   10   with  only

2 	31.95 ± 0.46	58.93 ± 4.50

>10  lg/mL	7.25 ± 4.87

38.10% ± 5.15  inhibition.

3 	N.D.e	N.D.e	N.D.e	N.D.e
4 	5.23 ± 0.55	86.99 ± 2.76c 	16.39 ± 1.64	65.29 ± 1.05c
5 	27.82 ± 1.12	60.18 ± 5.00c 	>10  lg/mL	2.56 ± 4.25
6 	21.52 ± 0.50	71.67 ± 2.89c 	>10  lg/mL	6.68 ± 3.64



3. Conclusions

7 	6.11 ± 0.28	97.79 ± 4.83c

8.80 ± 0.07	84.26 ± 4.76c

In  this treatise, we   studied the effects of  different chemical

8 	6.00 ± 0.17	101.58 ± 2.12c 	6.60 ± 0.16	98.92 ± 4.02c
9 	21.20 ± 0.68	66.25 ± 6.95	12.62 ± 0.13	85.03 ± 4.13
10	>10  lg/mL	38.10 ± 5.15	>10  lg/mL	28.73 ± 3.25
11 	12.21 ± 1.10	91.99 ± 7.24	>10  lg/mL	39.78 ± 2.70


epigenetic modiﬁers on  Aspergillus  sydowii  secondary metabolites proﬁle.  The   addition of  a  DNA  methyltransferase inhibitor, 5-
azacytidine,  signiﬁcantly enhanced the production of  two types

    Sorafenibf


1.27 ± 0.08	70.94 ± 7.55c

5.62 ± 0.43	83.03 ± 4.70c

of  secondary metabolites, bisabolane-type sesquiterpenoids and

a  Percentage of  inhibition  (Inh%) at  10 lg/mL  concentration. Results are pre- sented as mean ± SEM  (n = 3–4).
b  Concentration necessary for  50% inhibition (IC50).
c  P <0.001 compared to control.
d  P <0.01 compared to control.
e  Not determined.
f   Sorafenib was used as positive control for   superoxide anion generation and elastase release.

fMLP/CB-induced elastase release assay, compounds 4, 7 and 8 also exhibited the most potent inhibitory activity with IC50   values of
16.39 ± 1.64,   8.80  ± 0.07,   and 6.60  ± 0.16  lM,  respectively.  Com-
pounds 1, 2, 5 and 6 displayed  selective  inhibition  against  fMLP/ CB-induced superoxide anion generation  by  human neutrophils. Interestingly, the anti-inﬂammatory activity of 4 was  higher than the activity of 1 suggesting the crucial importance of the hydroxy group on  C-7.  Moreover, compounds with methylene alcohol on C-3  (1,  4  and 7)  showed more potent anti-inﬂammatory activity compared to  the derivatives with carboxylic acid  functionality (2 and 5).  Taken   together, the anti-diabetic and anti-inﬂammatory activity of bisabolane-type derivatives are  signiﬁcantly improved by the presence of a hydroxy group on C-7 and a methylene alcohol on  C-3.  On  the other hand, the xanthone derivative (9)  showed

xanthones  analogs. The  culture medium of  A. sydowii  cultivated without inhibitors contained a  large amount of  AGI-B4  (8)  and sydowinin B (9).  However, the addition of the 5-AZ to  the culture medium remarkably increased the production of  diorcinol (11) and bisabolane-type sesquiterpenoids, particularly (7S)-(+)-7-O- methylsydonol (1),  (S)-(+)-sydonol  (4),  and (S)-(+)-sydonic  acid (5).  In addition, biosynthetic routes of the new isolates were pro- posed. All isolated compounds were evaluated for  their anti-dia- betic and anti-inﬂammatory activities with (S)-(+)-sydonol (4) exhibiting the most potent activity. To the best of our  knowledge, this the ﬁrst report on  isolating secondary metabolites from a microorganism showing dual anti-diabetic and anti-inﬂammatory activities. These ﬁndings suggest that  advances in  the chemical epigenetic modiﬁers approach can  surmount barriers in discover- ing  unique natural products with novel biological activity.

4. Experimental section

4.1.  General

TLC was  performed on  silica  gel  60, F254  (0.20  nm,  Merck), and spots were viewed under ultraviolet light at 254  and 365  nm  and



stained by  spraying with 50% H2SO4   followed heating on  a  hot plate. For  column chromatography,  silica   gel  (Kieselgel 60,  70–
230  and 230–400 mesh, Merck) and Sephadex LH-20  were used. Further puriﬁcation of  some compounds was  achieved by  a  pre- parative HPLC (Shimadzu LC-10AT) system equipped with a Ther-
mo  ODS Hypersil column (10 x 250  mm, 5 lm).  1H NMR and 13C
NMR spectra were recorded on Varian Inova 600  and Varian Unity Plus  400 MHz  spectrometers using TMS as  an  internal standard. Chemical shifts were reported in ppm (parts per  million) and cou- pling constants (J) were expressed in Hz. HRESIMS measurements were performed on a Shimadzu LC–MS-IT-TOF liquid chromatogra- phy  mass spectrometer with ESI interface. Optical rotations were measured utilizing a JASCO DIP-370 digital polarimeter. CD mea- surements were carried out  under N2 gas  on  a JASCO 810  spectro- polarimeter.  UV  spectra were obtained using a  Hitachi 220-20 spectrophotometer.  IR  spectra  were  measured  using a  Hitachi
260-30 spectrophotometer. 5-AZ  was  purchased from the Sigma chemical Co. (St. Louis,  MO, USA).

4.2.  Fungal material

The fungus Aspergillus  sydowii  was  obtained from a marine sed- iment, Hsinchu, Taiwan. It was  identiﬁed by Bioresource Collection and Research Center (BCRC) and stored under the voucher number:
33976.

4.3.  Fermentation, extraction and isolation

The fungus Aspergillus  sydowii  was  placed on Petri dishes (pota- to dextrose agar) at room temperature (25 OC) for 7 days. One piece (0.5 x 0.5 cm2) of  the  mycelial agar was   cut   and inoculated in
24 x 500  mL  Erlenmeyer ﬂasks, each  containing  200 mL  potato dextrose broth (24 g of potato-dextrose broth dissolved in  1 L of
seawater) treated with 5-azacytidine (100 lM).  The  ﬂasks were incubated on  a rotator shaker (150 rpm) at 25 OC. After  10 days of
cultivation, 4.8 L of whole broth was  ﬁltered under suction to sep- arate the broth ﬁltrate from the mycelia. The ﬁltrate was  extracted three times with ethyl acetate and concentrated under reduced pressure to  obtain a  dry  extract (0.80  g).  This  extract was   chro- matographed on  a Sephadex LH-20  column eluted with MeOH  to yield four  fractions (F1–F4).  Fraction F1 was  puriﬁed using a silica gel ﬂash column with CH2Cl2:MeOH (29:1) as the eluent to obtain six   subfractions  (F1-1   to   F1-6).   Fraction  F1-2   (150.6 mg)   was subjected to  a  silica  gel  column eluted with a  stepwise gradient solvent system  of  increasing polarity starting  from 10%  EtOAc and 90% dichloromethane to 100% EtOAc which yielded ﬁve subfractions (F1-2-1 to F1-2-5). Further puriﬁcation of subfraction F1-2-3 (24.6 mg)  was  achieved by  reversed-phase HPLC on  a ODS
Hypersil column (250 x 10 mm, 5 lm,  2.5 mL/min) with acetoni-
trile and water (80:20 v/v)  as  the eluent to  isolate compound 1 (18.9 mg).  Subfraction F1-2-4 (47.2 mg)   was   separated by  silica gel ﬂash column eluted with CH2Cl2:EtOAc (9:1) and further puri- ﬁed  by reversed-phase HPLC using acetonitrile and water (80:20 v/ v)  as  the eluent to  yield compounds 3  (2.1 mg)  and 7  (9.4 mg). Compound  4   (236.2 mg)   was   obtained  from  subfraction  F1-4 (350.5 mg)  using a  silica  gel  ﬂash column eluted with CH2Cl2:E- tOAc  (6:1) and puriﬁed by  reversed-phase  HPLC with acetoni- trile  and  water  (60:40  v/v)   as   the  eluent.  Subfraction  F1-5 (98.2 mg)   was   repeatedly chromatographed over   silica   gel  with CH2Cl2:MeOH (14:1) and puriﬁed by  reversed-phase HPLC with acetonitrile  and  water   (35:65  v/v)    to    afford  compounds  6 (5.2 mg)  and 11  (70.0  mg).  Subfraction F1-6  (149.9 mg)  was  sepa- rated by  silica  gel  ﬂash column eluted with CH2Cl2:MeOH  (6:1) to   yield compounds  2  (3.1 mg)   and 5  (34.9 mg).   Compound 8 (20.4 mg)   was   obtained from fraction F2  (52.3 mg)   eluted with CH2Cl2:MeOH (14:1) on  silica  gel ﬂash column and puriﬁed by re-

versed-phase HPLC using acetonitrile and water (50:50 v/v)  as the eluent. Fraction F4 (57.0 mg)  was  further puriﬁed by silica  gel with a solvent system of CH2Cl2:MeOH  to  give  compounds 9  (8.0 mg) and 10  (4.1 mg).
(7S)-(+)-7-O-Methylsydonol  (1):  colorless gum; ½a川25  þ 1:87  (cD

1.69,  CH2Cl2); IR (Neat) mmax  3308, 2952, 2869, 1627, 1575, 1459,
1265, 1160, 1042 cm-1;  UV (CH3OH)  kmax   (log e) 207  (4.30), 223
(3.99), 279   (3.64) nm; 1H NMR  (CDCl3,  600 MHz)  and 13C  NMR
(CDCl3,  150  MHz)  data are  given in  Table  1; MS  (ESI+)  m/z 289
[M+Na]+;   HRMS   (ESI+)    m/z   calcd   for    C16H26O3Na    [M+Na]+
289.1779, found 289.1780.
(7S,11S)-(+)-12-Hydroxysydonic	acid 	(2): 	colorless	oil;
½a川25  þ 3:9   (c  0.39,   CH3OH);   IR  (Neat)  mmax    3385,  2928,  1704,D

1575, 1392, 1228, 1030 cm-1; UV (CH3OH) kmax  (log e) 210  (4.59),
241   (4.15), 294   (3.70) nm; 1H NMR  (CD3OD,  400 MHz)  and 13C
NMR (CD3OD,  100 MHz)  data are  given in  Table  1; MS (ESI+) m/z
305   [M+Na]+;  HRMS  (ESI+)  m/z  calcd  for   C15H22O5Na  [M+Na]+
305.1362, found 305.1365.
7-Deoxy-7,14-didehydrosydonol  (3):   colorless  oil;   IR  (Neat) mmax  3335, 2953, 2927, 1608, 1423, 1289, 1027 cm-1; UV (CH3OH) kmax   (log e) 209  (4.75), 238  (4.22), 283  (3.95), 333  (3.58) nm; 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150  MHz) data are  gi- ven  in Table  1; MS (ESI+) m/z 257  [M+Na]+; HRMS (ESI+) m/z calcd
for C15H22O2Na [M+Na]+ 257.1516, found 257.1517.

4.4.  3T3-L1  adipocyte culture and insulin-stimulated glucose uptake

Equal   amounts (5 x 105 cells) of  3T3-L1  pre-adipocytes were seeded and cultured in normal D-glucose (100 mg/dL) DMEM with
10% FBS, 1% PS (penicillin–streptomycin) in  a  humidiﬁed atmo- sphere of  95%  air  and 5% CO2   at 37 OC.  When the cell  density
reached 100% conﬂuence, 3T3-L1  preadipocytes were induced to be differentiated by treating the culture with 450  mg/dL  D-glucose,
0.32  lM  insulin, 0.5 mM  3-isobutyl-1-methylxanthine and 1 lM
dexamethasone for 2 days. Then,  the culture medium of the differ- entiated adipocytes was  changed to  DMEM containing 450  mg/dL D-glucose with or  without the administration of the tested com- pounds. After  24 h,  the anti-diabetic activity was  determined by measuring the medium glucose concentration. The  coefﬁcient  of variation (CV)  of  the  analyzer was   0.62–0.92%  within-run and
1.1–1.2%  between  days. To  conﬁrm whether our  in  vitro model was   sufﬁcient  to   measure  the  glucose-lowering effect, insulin was  used as the positive control. The insulin powder was  dissolved in 0.01 M acetic acid  (pH 3.0) to provide a 102 M stock solution and then  diluted in   distilled water.  Compounds were  dissolved in
DMSO to make 30 lg/lL stock solutions and then diluted in DMSO;
the ﬁnal concentration of DMSO in the medium was  0.1%.43,44

4.5.  Oil Red  O staining

Differentiated 3T3-L1  adipocytes were treated with the tested compounds for 8 days. On day  8, the cells  were washed twice with phosphate buffered saline (PBS) and were ﬁxed with 10% parafor- maldehyde for  30 min at room temperature  and ﬁnally washed with PBS. The  ﬁxed cells  were stained for  one  hour with 0.5% Oil Red O which was  diluted with propylene glycol  and then washed with PBS. Lipid  droplets were stained and photographed by  light microscopy. Stained oil  droplets were dissolved with isopropanol and quantiﬁed by spectrophotometrical analysis at 490  nm.

4.6.  Human neutrophil superoxide anion generation

Human neutrophils were obtained by  means of dextran sedi- mentation and Ficoll  centrifugation. Superoxide anion production was  assayed by  monitoring the superoxide dismutase-inhibitable



reduction of  ferricytochrome c.45   In  brief,  after supplementation with 0.5 mg/mL ferricytochrome  c  and 1 mM   Ca2+,  neutrophils
were equilibrated at 37 OC for 2 min and incubated with the tested
compound for 5 min. Cells were incubated with cytochalasin B (CB) (1 lg/mL) for 3 min,  before activation by the tripeptide N-formyl-L- methionyl-L-leucyl-L-phenylalanine  (fMLP)  (100 nM)   for  10 min. Changes in absorbance with the reduction of ferricytochrome c at
550  nm  were continuously monitored in  a  double-beam, six-cell positioner spectrophotometer under constant stirring. Calculations were based on the differences in reaction with and without super- oxide dismutase (100 U/mL)  divided by  the extinction coefﬁcient
for the reduction of ferricytochrome c (e 21.1  mM/10 mm).

4.7.  Measurement of elastase release

Degranulation of  azurophilic granules in  human neutrophils was   determined by   elastase  release  as   described  previously.46
Experiments were performed using MeO-Suc-Ala-Ala-Pro-Val-p- nitroanilide as the elastase substrate. After  supplementation with MeO-Suc-Ala-Ala-Pro-Val-p-nitroanilide   (100 lM),     neutrophils
(6 x 105/mL) were equilibrated at 37 OC  for  2 min and incubated
with each tested compound for 5 min. Cells were activated by fMLP (100 nM)/CB  (0.5 lg/mL),  and changes in  absorbance at 405  nm were monitored continuously for elastase release. The results were expressed as the percentage of the initial rate of elastase release in
the fMLP/CB-activated cells  compared to  the test compound-free
(DMSO) control system.
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