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(£)-Mycosphatide A (1a/1b), a pair of highly oxidized enantiomeric polyketides featuring a unique
5/5/6/5-fused tetracyclic ring system, were isolated from the mangrove endophytic fungus Mycosphaerella
sp. SYSU-DZGO1. Their structures were established by extensive spectroscopic analyses, single crystal X-
ray diffraction, and experimental electronic circular dichroism (ECD) spectra comparison. The plausible

biosynthetic pathway of 1 was proposed, which involved the generation of a key spiro[4.5]decane scaf-
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fold. Compounds (+)-1a and (—)-1b exhibited significant lipid-lowering activity in 3T3-L1 adipocytes
model, with ECso values of 7.85+1.56 and 8.87 4 0.80 umol/L, respectively.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Obesity represents an important public health problem, which
is associated with various complications, particularly cardiovascu-
lar diseases, type 1I diabetes mellitus, obstructive sleep apnea hy-
popnea syndrome and several cancers [1-3]. So the prevention
and control of obesity have become an increasing concern. Al-
though behavioral modification is important for the treatment of
obesity, it is a challenge for obese people to sustain weight loss in
a long-term by means of lifestyle adjustments [4]. Consequently,
clinical practice guidelines strongly recommend medical treatment
for the overweight people [5]. Currently, six anti-obesity medi-
cations (orlistat, phentermine/topiramate, naltrexone/bupropion, li-
raglutide, semaglutide, and setmelanotide) have been approved by
Food and Drug Administration (FDA). However, they have certain
side effects, such as gastrointestinal symptoms, insomnia, and hy-
pertension [6]. Therefore, the discovery of anti-obesity new drugs
with low toxicity is necessary.

Natural products are a definitely important supplier for innova-
tive drug discovery, and over the nearly four decades, more than a
third of FDA-approved medications are related with natural prod-
ucts [7,8]. Mangrove-associated fungi, living in a complex ecosys-
tem, have reported to be prolific source of fascinating natural prod-
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ucts possessing diverse pharmacological activities [9], such as an-
titumor diterpenoids [10], antifouling indole diketopiperazine al-
kaloid dimers [11], antituberculous and antiplasmodial sesterter-
penoids [12,13], antimicrobial polyketides [14]. Hence, the discov-
ery of new drugs from the secondary metabolites of the mangrove-
associated fungi seems feasible.

During our ongoing search for novel and bioactive natural prod-
ucts from mangrove endophytic fungi, a pair of highly oxidized
novel polyketides (£)-mycosphatide A (1a and 1b), featuring a fan-
tastic 5/5/6/5 tetracyclic ring system, were isolated from a strain
of Mycosphaerella sp. SYSU-DZGO1 (Fig. 1). In the bioassay, com-
pounds (+)—1a and (—)—1b showed potent lipid-lowering effects
in 3T3-L1 adipocytes. Herein, the details of isolation, structure elu-
cidation, putative biogenetic pathway, and lipid-lowering activity
of these polyketides are described.

Mycosphatide A (1), which has the form of colorless nee-
dles, has a molecular formula of C;;H,40¢;, as deduced by high-
resolution electrospray ionization mass spectrometry (HRESIMS)
([IM+Na]*t m/z 475.12123, calcd. 475.12108), corresponding to 10
degrees of unsaturation (DOUs). The 'H nuclear magnetic reso-
nance (NMR) data (Table 1) revealed two singlet methyls [§y 2.00
(s, H3-16) and 2.41 (s, H3-1)], four singlet methoxyls [§y 3.53
(s, H3-21), 3.65 (s, H3-20), 3.68 (s, H3-18) and 3.90 (s, H3-19)],
four oxygenated methines [§y 4.05 (d, J=5.2Hz, H-5), 4.34 (d,
J=5.2Hz, H-4), 5.06 (d, J=3.8Hz, H-11), and 5.68 (s, H-15)], and
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Fig. 1. Structure of mycosphatide A (1).

Table 1
TH (400MHz) and 3C (100 MHz) NMR data of compound 1 (§ ppm) in CDCls.

No. 8¢, Type Sy, mult (J in Hz)
1 13.3, CH3 241, s

2 152.8, C

3 1174, C

4 78.1, CH 434,d (5.2)
5 85.8, CH 4.05, d (5.2)
6 163.5, C

7 134.7, C

8 203.3, C

9 89.1, C

10 62.8, C

11 67.0, CH 5.06, d (3.8)
12 136.3, C

13 135.2, C

14 161.2, C

15 100.1, CH 5.68, s

16 9.9, CH; 2.00, s

17 169.2, C

18 53.6, CH; 3.68, s

19 52.7, CHs3 3.90, s

20 58.9, CH3 3.65, s

21 55.6, CH3 3.53, s
9-OH 3.99, s
11-OH 6.50, d (3.8)

~~ X HMBC s

— 'H-'H cosy "\ NOESY

Fig. 2. Key '"H-'H COSY, HMBC and NOESY correlations of mycosphatide A (1).

two hydroxy groups [y 3.99 (s, 9-OH) and 6.50 (d, J=3.8Hz, 11-
OH)]. The 13C and heteronuclear single quantum coherence (HSQC)
spectra indicated the presence of 21 carbon signals, including one
ketone carbonyl (§c 203.3), two ester carbonyls (§c 161.2, and
169.2), six sp? quaternary carbons (8¢ 117.4, 134.7, 135.2, 136.3,
152.8, and 163.5), two sp? quaternary carbons [8¢ 62.8, and 8¢ 89.1
(oxygenated)], four oxygenated methines (6¢ 67.0, 78.1, 85.8, and
one acetal carbon at §¢c 100.1), four methoxyls (6¢ 52.7, 53.6, 55.6,
and 58.9), and two methyls (§¢c 9.9 and 13.3).

The planar structure of 1 was established by 2D NMR analy-
sis (Fig. 2). The TH='H correlation spectroscopy (COSY) spectrum
revealed connectivity of H-4/H-5. This fragment was further con-
nected with hydrogen-free tertiary carbons and functionalities by
detailed heteronuclear multiple-bond correlation (HMBC) analysis.
The HMBC associations from an olefinic methyl singlet (H3-16) to
two hydrogen-free sp? carbon (C-6 and C-7) and a ketocarbon (C-
8) linked C-6, C-16, and C-8 to C-7. The HMBC associations from
9-OH to an oxygenated quaternary carbon (C-9), a sp3 quaternary
carbon (C-10), an ester carbonyl (C-17), and C-8 linked C-10, C-17,
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Fig. 3. Single-crystal X-ray structure of (—)—1b (the ellipsoid contour probability
level is 50%).
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Fig. 4. ECD spectra of compounds (+)-1a and (—)-1b in MeOH.

and C-8 to C-9. Two methoxy groups were connected to C-17 and
an acetal carbon (C-15), respectively, by HMBC associations from
H3-18 to C-17, and from Hs3-21 to C-15. Moreover, The HMBC as-
sociations from H-15 to C-6 linked C-15 and C-6, while an oxy-
genated methine (C-5) was connected to C-6 via C-10 by HMBC
associations of H-5/C-10, C-15 and C-6. The above connections gen-
erated a 5/5 (A/B) fused ring system. In addition, the oxygenated
methine hydrogen (H-11) was observed in the HMBC spectrum to
correlated with C-10 and a hydrogen-free sp? carbon (C-12), sug-
gesting the connectivities of C-10 and C-12 via C-11, while another
oxygenated methine (C-4) was connected to C-12 via a hydrogen-
free sp? carbon (C-3) by HMBC associations of H-4/C-3, and C-12.
Therefore, a six-membered carbon C-ring was established, shar-
ing C-5 and C-10 with ring B. A methoxyl was located at C-4 by
HMBC associations from H3-20 to C-4. On the basis of the de-
gree of unsaturation and the HMBC associations from an olefinic
methyl singlet (H;-1) to two hydrogen-free sp? carbon (C-2 and
C-3), from a methoxyl singlet (H3-19) to an ester carbonyl (C-14)
and a hydrogen-free sp? carbon (C-13), and from H-11 to C-13, the
furan ring D was then built. To sum up, the planar structure of 1
with an unusual 5/5/6/5 fused ring system was established.

The relative stereochemistry of 1 was partly elucidated based
on the interpretation of NOESY correlations (Fig. 2). The nuclear
overhauser effect (NOE) correlations of H-4/H-11 and H-4/H3-21
indicated that H-4, H-11 and Hs;-21 were co-facial and arbitrar-
ily designated as S-orientations, while the NOE cross-peak of H-
5/H-15 assigned these protons as «-oriented. However, due to the
complex multi-ring system with densely substituted, the assign-
ment of remaining relative configuration of mycosphatide A (1) by
further analyses of its NOESY correlations faced great challenges.
Ultimately, the single-crystal X-ray diffraction structure (Fig. S8 in
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Scheme 1. Hypothetical biogenetic pathway for mycosphatide A (1).
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Fig. 5. TG-lowering efficacy of (+)-1a and (—)-1b in 3T3-L1 cells. (A) TG levels under the treatments of (+)-1a and (—)-1b with different concentrations. (B) Represen-
tative ORO staining photomicrographs under the treatment of (+)-1a and (—)—1b with different concentrations. Blank: undifferentiated cells; control: differentiated cells
without compound treatment. Data represented the mean + standard deviation (SD) of at least three independent experiments. #*##P < 0.001 vs. the blank group; **P < 0.01,

***P < 0.001 vs. the control group.

Supporting information) established the relative configuration of 1,
which unexpectedly showed that compound 1 was a racemic mix-
ture.

Semi-preparative enantioseparation (Fig. S9 in Supporting in-
formation) was achieved by chiral-phase high performance lig-
uid chromatography (HPLC) using a chiral ND column (5pum,
250 mm x 4.6 mm) to yield the enantiomers, (+)-1a ([oz]%-r’ =+19.1,
tg =6.5min) and (-)—1b ([«]?’ = —18.8, tr =9.0 min).

Fortunately, the qualified single crystal of (—)—1b was acquired
[Flack parameter of 0.01(11)], which defined the absolute config-
uration of (—)—1b (Fig. 3). Combined with the experimental elec-
tronic circular dichroism (ECD) spectra (Fig. 4), the absolute con-
figurations of (+)-1a and (—)—1b were unambiguously identified
as 4S5,55,95,10R,11R,15R and 4R,5R,9R,105,115,15S, respectively.

To the best of our knowledge, mycosphatide A (1) represents
the first example of polyketide with an unprecedented 5/5/6/5-
fused ring system to date. What is more, according to the single
crystal structure of (—)—1b, ring C presents rare boat conformation.
A hypothetical biogenetic pathway for compound 1 was proposed
(Scheme 1).

First, one acetyl-CoA, six malonyl-CoA and two S-adenosyl-L-
methionine (SAM) molecules as starter substrates are condensed

under polyketide synthase [15,16], then intermediate I is gener-
ated catalyzing by the thioesterase (TE) domain [17], which via
esterification and epoxidation between C-5 and C-10 forms inter-
mediate II. The rearrangement reactions in intermediate Il gener-
ates a spiro[4.5]decane scaffold (key intermediate III). After that, a
further reduction and dehydration of III followed by methylation
[18] affords an intermediate IV, which undergoes a series of oxi-
dation at C-9, C-16, C-17 and C-13 to yield intermediate V. Subse-
quently, the enol interconversion in V followed by 1,4-conjugated
addition between H,0 and the «,B-unsaturated ketone (C-11 to
C-13) generates intermediate VI, which ultimately constructed a
5/5/6/5 fused tetracyclic intermediate VII through two simulta-
neous nucleophilic additions. Finally, the (+)-mycosphatide A is
formed through methylation reactions [18].

Compounds (+)—1a and (—)—1b were evaluated for the triglyc-
eride (TG)-lowering activity in a 3T3-L1 adipocyte model, and met-
formin (10 mmol/L) was used as the positive control. As shown
in Fig. 5A, the treatment of (+)—1a and (—)-1b significantly de-
creased the TG levels in a dose-dependent manner from 5pumol/L
to 40pmol/L, with a TG-reduction ratio of 67.3% and 45.0% at
40umol/L, respectively. Besides, no obvious cytotoxicity to 3T3-L1
cells was observed under the effective doses (Fig. S14 in Support-
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ing information). Subsequent study showed that the median ef-
fective concentration (ECsg) values of (+)—1a and (—)-1b were
7.85+1.56 and 8.87 £0.80 umol/L, respectively. The apparent TG-
lowering efficacy of (+)-1a and (—)—1b was also demonstrated by
an Oil-Red O (ORO) staining experiment (Fig. 5B), indicating that
the 5/5/6/5 tetracyclic chemical scaffold could be a candidate for
future lipid-lowering drug development.

In summary, (4)-mycosphatide A (1a and 1b), a pair of highly
oxidized and densely substituted novel polyketides featuring an
unprecedently constructed 5/5/6/5 tetracyclic ring system, were
isolated from the mangrove endophytic fungus Mycosphaerella sp.
SYSU-DZGO1. The optically pure enantiomers were separated by
chiral-phase HPLC, and their absolute configurations were un-
doubtedly solved by single crystal X-ray diffraction and experimen-
tal ECD spectra comparison. The single crystal structure of (—)—1b
displayed an uncommon boat conformation of ring C. (+)-1a and
(—)—1b with significant lipid-lowering activity may serve as privi-
leged structures for future anti-obesity drug discovery.
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