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Abstract

A series of chromatographic separation on the liquid-state fermented products of Didymocyrtis brachylaenae Km1530 
derived from the littoral medicinal herb Atriplex maximowicziana Makino, resulted in the isolation of compounds 
1—13. Their structures were determined by spectroscopic analysis as five previously unreported C13 polyketides, namely 
brachylactones A—D (1—4) and brachic acid (5), along with eight known compounds 6—13. Among these, brachy
lactones A (1) and B (2) exhibited nitric oxide production inhibitory activity in lipopolysaccharide-induced murine BV- 
2 microglial cells at a concentration of 20 μM without any cytotoxicity.
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1. Introduction

S ince endophytes were first described in 1809 by 
the German plant scientist Heinrich Friedrich 

Link, their definition has undergone numerous re
visions. They are widely recognized as microor
ganisms that spend part or all of their life cycles 
within the healthy tissues of host plants, without 
causing any apparent symptoms of disease. [1—5]. 
Endophytic fungi are supported and protected by 
the host plants under the symbiotic relationship, 
and in return, the microorganisms produce bioac
tive specialized metabolites to defend the plants 
from pathogens and herbivores or accelerating the 
growth of the host plants [6,7]. Especially, the host 
plants living in extreme environments might 
prompt the endophytic fungi to activate silent 
genes and induce unique biosynthetic gene 
expression for producing distinctive natural 

products with novel structures and particular 
mechanisms to survive under stress conditions 
[8,9]. Therefore, the attention of natural product 
researchers has been increasingly attracted to 
endophytic fungi from special environments for the 
sources of leading drug candidates [10,11]. Ac
cording to the statistical results of the literature, the 
number of new compounds produced by marine 
fungi has gradually increased from 2016 to 2019, 
especially accounted for 50% of the total in 2019 
[12].

The littoral plant Atriplex maximowicziana Makino 
(Chenopodiaceae) is distributed widely at sandy 
soils and coral-rocky seashores of Southeast China, 
Southern Japan, and Southwest Taiwan [13]. It has 
long been used as folk medicines for treating 
rheumatoid arthritis [13,14]. Given that it thrives in 
a challenging environment characterized by intense 
sunlight, strong tides, drastic salinity fluctuations, 
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and microbial infections, it is speculated that the 
presence of highly diverse endophytic fungi may 
serve as a crucial strategy, producing bioactive 
compounds to help the host withstand these harsh 
conditions [15,16].

In this study, the fungal strain Didymocyrtis bra
chylaenae Km1530 (Phaeosphaeriaceae) was isolated 
from the leaves of A. maximowicziana Makino. The 
fungal strain was cultured in PDY media and then 
furnished the crude extracts that exhibited signifi
cant anti-inflammatory activity at a concentration of 
100 μg/mL in a preliminary biological evaluation. In 
literatures, the one strain many compounds 
(OSMAC) strategy has been proven to be a pleio
tropic method for affecting the expression of mul
tiple genes simultaneously at different levels, which 
can be employed physically or chemically to acti
vate the silent or cryptic gene clusters for 
enhancing chemodiversity of secondary metabo
lites with both medical and biotechnological in
terests [17—19]. To date, the OSMAC has been 
recognized as a highly effective and widely adopted 
method in fungal natural product research, 
enabling natural product chemists to explore 
metabolic diversity without the need for genetic 
manipulation [20]. Thus, the chemical constituents 
of D. brachylaenae Km1530 was investigated inten
sively by applying OSMAC strategy. Consequently, 
five previously undescribed C13-polyketides, bra
chylactones A—D (1—4) and brachic acid (5) (Fig. 1), 
together with eight known compounds have been 
isolated and identified. Herein, the isolation and 
structural characterization of previously unreported 

compounds was discussed along with their nitric 
oxide (NO) production inhibitory activity in lipo
polysaccharide-induced murine microglial BV- 
2 cells.

2. Materials and methods

2.1. General experimental procedures

HRESIMS were measured on a Q Extractive Plus 
Hybrid Quadrupole-Orbitrap Mass Spectrometer 
(Thermo Fisher Scientific, Bremen, Germany). Op
tical rotations were recorded on a JASCO P-2000 
digital polarimeter (JASCO, Tokyo, Japan). UV 
spectra were obtained on a Thermo UV—visible 
Heλios α spectrophotometer (Bellefonte, CA, 
USA). IR spectra were received on a JASCO FT/IR 
4100 spectrometer (Tokyo, Japan). NMR spectra 
were measured on a Bruker AVIII 500 MHz FT- 
NMR spectrometer (Bruker BioSpin GmbH, Ettlin
gen, Germany). HPLC purification was performed 
on a Hitachi D-2000 system (Hitachi, Tokyo, Japan) 
coupled with an L-7100 pump (Hitachi, Tokyo, 
Japan), and Bischoff RI-8120 detector (Bischoff, 
Leonberg, Germany), and equipped with a Phe
nomenex Luna column (PFP, 5 μ, 10 i.d. × 250 mm) 
(Phenomenex, Torrance, CA, USA), and a Kinetex 
column (XB-C18, 5 μ, 4.6 i.d. × 250 mm) (Phenom
enex, Torrance, CA, USA). MPLC was performed on 
a SepaBean machine U200 (SepaBean®, Changz
hou, China) coupled with a Sepaflash™ Ruby col
umn (Spherical Silica, 15 μ, 50 Å, 25 g) (SepaBean®, 
Changzhou, China). Open column chromatography 

Fig. 1. Chemical structures of compounds 1—5 isolated in this study.
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was performed using Sephadex LH-20 (2.5 i. 
d. × 67.0 cm) (Sigma-Aldrich, St. Louis, MO, USA). 
TLC was carried out with precoated silica gel 60 F254 

(Merck, Darmstadt, Germany). Compounds were 
detected by UV 254 nm irradiation and 10% 
aqueous H2SO4 spraying reagent followed by 
heating at 105 ◦C for 30 s. The solvents were LC 
grade methanol (Merck, Darmstadt, Germany) for 
HPLC purification, AR grade n-hexane, acetone, 
methanol (Merck, Darmstadt, Germany), and ethyl 
acetate (Duksan, Ansan, Korea) for extraction and 
MPLC and open column elution, and methanol-d4 

(Sigma-Aldrich, St. Louis, MO, USA) and pyridine- 
d5 (Sigma-Aldrich, St. Louis, MO, USA) for NMR 
acquisition.

2.2. Fungal strain and culture

The fungal strain Didymocyrtis brachylaenae 
Km1530 was isolated from a fresh leaf of Atriplex 
maximowicziana Makino that was collected from 
Kinmen County (24◦27′04.0′′N118◦15′06.5′′E), 
Taiwan, in November 2017. The fungal strain was 
identified according to morphological characteris
tics and the molecular biology method using the 
28S rRNA gene sequence. The sequence data for 
this strain have been deposited in GenBank with 
the accession number PP388219. The purified strain 
was initially cultivated on PDA medium (Becton, 
Dickinson and Company, Sparks, MD, USA) at 
26 ◦C for 7 days. The resulting agar culture was cut 
into small cubes (approximately 1 × 1 × 1 cm3) and 
transferred into 250 mL flasks containing 100 mL of 
different seed media (ME, PDY, and PDB), each 
sterilized at 121 ◦C for 20 min and incubated at 
26 ◦C with shaking at 180 rpm for 7 days.

For the ME group, the medium consisted of 20 g 
of malt extract (Becton, Dickinson and Company, 
Sparks, MD, USA) per liter of seawater. After initial 
cultivation, the seed broth was transferred into 
10 × 5 L bottles, each containing 3.5 L of the same 
malt extract medium, and incubated at 26 ◦C under 
aeration for 20 days. The seawater used was 
collected from the northeastern coast of Taiwan, 
filtered prior to use, and had a salinity of 35‰, 
measured using a salinometer; for the PDY group, 
the medium consisted of 10 g dextrose (Sigma- 
Aldrich, St. Louis, MO, USA), 2 g peptone (Becton, 
Dickinson and Company, Sparks, MD, USA), and 
1 g yeast extract (Becton, Dickinson and Company, 
Sparks, MD, USA) per liter of seawater. The 
resulting seed culture was inoculated into 
72 × 250 mL flasks, each containing 100 mL of the 
same PDY medium, and cultured at 26 ◦C with 
shaking at 180 rpm for 20 days; for the PDB group, 

the medium was prepared using 24 g of PDB 
powder (Becton, Dickinson and Company, Sparks, 
MD, USA) per liter of distilled water. Following the 
initial cultivation, the seed broth was transferred 
into 10 × 5 L bottles, each containing 3.5 L of the 
same PDB medium, and cultured at 26 ◦C under 
aeration for 20 days.

2.3. Extraction and isolation of secondary metabolites

The fermented ME broth (35.0 L) was filtered, the 
filtrate was extracted with EtOAc (2 × 35.0 L), and 
the resulting extract was evaporated under reduced 
pressure to afford a viscous solid (1.9 g), which was 
absorbed by spherical silica gel (25 μm, 50 Å, 12 g) 
and applied to MPLC eluted with n-hexane： 
acetone in the ratio of 4:1 (v：v) for 5 min, n-hex
ane：acetone in the ratio of 3:1 (v：v) for 7.5 min, n- 
hexane：acetone in the ratio of 2:1 (v：v) for 
7.5 min, n-hexane：acetone in the ratio of 1:1 (v：v) 
for 7.5 min, 100% acetone for 5 min, and 100% 
methanol for 10 min to afford 20 fractions 
(MI− MXX) based on TLC analyses. Fraction MVII 
was further purified by semipreparative HPLC 
using a Phenomenex Luna PFP column (5 μm, 
100 Å, 250 × 10 mm) with 35% MeOH/H2O con
taining 0.1% formic acid (2.0 mL/min) as eluent to 
obtain 8 (6.7 mg, tR = 29.3 min). Fraction MIX was 
further purified by semipreparative HPLC using a 
Phenomenex Luna PFP column (5 μm, 100 Å, 
250 × 10 mm) with 60% MeOH/H2O containing 
0.1% formic acid (2.0 mL/min) as mobile phase to 
give 7 (10.1 mg, tR = 8.5 min). Fraction MXII was 
further purified by semipreparative HPLC using a 
Phenomenex Luna PFP column (5 μm, 100 Å, 
250 × 10 mm) with 45% MeOH/H2O containing 
0.1% formic acid (2.0 mL/min) as eluent to yield 3 
(8.4 mg, tR = 25.7 min) and mixture (tR = 20.8 min), 
and then was further clarified by analytical HPLC 
using a Kinetex XB-C18 (5 μm, 250 × 4.6 mm) with 
40% MeOH/H2O containing 0.1% formic acid 
(1.0 mL/min) as mobile phase to yield 4 (4.9 mg, 
tR = 8.4 min). Fraction MXIV was further purified by 
semipreparative HPLC using a Phenomenex Luna 
PFP column (5 μm, 100 Å, 250 × 10 mm) with 50% 
MeOH/H2O containing 0.1% formic acid (2.0 mL/ 
min) as eluent to afford 1 (63.9 mg, tR = 12.6 min), 2 
(36.8 mg, tR = 13.9 min), and 6 (6.0 mg, 
tR = 41.8 min). The fermented PDY broth (7.2 L) was 
filtered, the filtrate was extracted with EtOAc 
(2 × 7.2 L), and the resulting extract was evaporated 
under reduced pressure to afford a viscous solid 
(0.3 g). The crude extract was initially purified by 
semipreparative HPLC using a Phenomenex Luna 
PFP column (5 μm, 100 Å, 250 × 10 mm) with 30% 
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MeOH/H2O containing 0.1% formic acid (2.0 mL/ 
min) as eluent to obtain mixture (tR = 31.7 min), and 
then was further clarified by analytical HPLC using 
a Kinetex XB-C18 (5 μm, 250 × 4.6 mm) with 20% 
MeOH/H2O containing 0.1% formic acid (1.0 mL/ 
min) as mobile phase to yield 9 (5.2 mg, 
tR = 12.1 min). The fermented PDB broth (35.0 L) 
was filtered, the filtrate was extracted with EtOAc 
(2 × 35.0 L), and the resulting extract was evapo
rated under reduced pressure to afford a viscous 
solid (1.8 g), which was applied to a Sephadex LH- 
20 column (2.5 i.d. × 67.0 cm) eluted with MeOH, to 
afford 11 fractions (PI− PXI) based on TLC analyses. 
Fraction PV was further purified by semi
preparative HPLC using a Phenomenex Luna PFP 
column (5 μm, 100 Å, 250 × 10 mm) with 60% 
MeOH/H2O containing 0.1% formic acid (2.0 mL/ 
min) as eluent to obtain 5 (6.7 mg, tR = 31.7 min) and 
a mixture (tR = 9.3 min), which was further purified 

by the same column with 40% MeOH/H2O con
taining 0.1% formic acid (2.0 mL/min) to furnish 11 
(9.9 mg, tR = 16.6 min). Fraction PVI was further 
purified by semipreparative HPLC using a Phe
nomenex Luna PFP column (5 μm, 100 Å, 
250 × 10 mm) with 40% MeOH/H2O containing 
0.1% formic acid (2.0 mL/min) as eluent to obtain 10 
(9.5 mg, tR = 33.8 min) and a mixture (tR = 16.5 min), 
which was further purified by the same column 
with 25% MeOH/H2O containing 0.1% formic acid 
(2.0 mL/min) to give 12 (17.7 mg, tR = 12.7 min). 
Fraction PVII was further purified by semi
preparative HPLC using a Phenomenex Luna PFP 
column (5 μm, 100 Å, 250 × 10 mm) with 45% 
MeOH/H2O containing 0.1% formic acid (2.0 mL/ 
min) as eluent to obtain 13 (14.9 mg, tR = 24.1 min).

2.3.1. Brachylactones A (1)
Yellowish powder; [α]25

D +182.4 (c 0.5, MeOH); UV 
(MeOH) λmax (log ε) 297 (4.17) nm; IR (ATR) νmax 

3402, 2962, 1743, 1616, 1246, 1103, 930, 833 cm− 1; 1H 
NMR data (methanol-d4, 500 MHz) see Table 2; 13C 
NMR data (methanol-d4, 125 MHz) see Table 1; 
HRESIMS m/z 237.1122 [M − H2O + H]+ (calcd. 
237.1127 for C13H17O4) and 253.1069 [M − H]−

(calcd. 253.1076 for C13H17O5).

2.3.2. Brachylactones B (2)
Yellowish powder; [α]25

D +183.8 (c 0.5, MeOH); UV 
(MeOH) λmax (log ε) 301 (4.23) nm; IR (ATR) νmax 

3390, 2958, 2681, 1739, 1616, 1442, 1389, 1261, 1091, 
833 cm− 1; 1H NMR data (methanol-d4, 500 MHz) see 
Table 2; 13C NMR data (methanol-d4, 125 MHz) see 
Table 1; HRESIMS m/z 237.1123 [M − H2O + H]+

(calcd. 237.1127 for C13H17O4) and 253.1070 [M −
H]− (calcd. 253.1076 for C13H17O5).

Table 1. 13C NMR spectroscopic data for compounds 1—5 (δ in ppm).

No. 1 a 2 a 3 a 4 a 5 b

1 168.2 168.2 167.7 167.3 169.3
2 145.6 145.7 146.7 147.6 123.2
3 110.5 110.3 109.6 109.4 151.4
4 146.6 145.9 147.1 147.9 134.8
5 122.7 122.0 116.7 114.5 129.9
6 50.7 49.4 58.8 57.9 159.6
7 48.2 48.2 46.0 47.1 95.4
8 79.2 79.3 186.0 213.2 166.3
9 50.8 51.0 130.8 207.2 103.4
10 75.6 75.4 209.8 29.9 164.6
11 16.9 17.2 12.3 12.4 19.5
12 10.8 11.0 17.4 16.1 14.4
13 29.6 29.8 17.5 29.2 9.7
10-OCH3 56.9

a Measured in methanol-d4 (125 MHz).
b Measured in pyridine-d5 (125 MHz).

Table 2. 1H NMR spectroscopic data for compounds 1—5 [δ (in ppm) mult. (J in Hz)].

No. 1 a 2 a 3 a 4 a 5 b

1
2 6.21 q (2.3)
3 6.70 s 6.71 s 6.69 s 6.87 s
4 7.11 brs
5
6 3.21 dd (6.5, 9.5) 3.71 dd (6.5, 9.5) 3.08 d (3.5) 3.86 d (11.0)
7 2.10 qd (7.5, 9.5) 2.16 qd (7.5, 9.5) 2.85 dq (3.5, 7.0) 3.31 qd (7.0, 11.0) 6.42 s
8
9 2.04 dd (6.5, 13.5) 2.03 dd (6.5, 13.5) 6.00 s

2.10 dd (6.5, 13.5) 2.09 dd (6.5, 13.5)
10 4.32 q (6.5) 4.34 q (6.5) 2.13 s
11 2.14 s 2.08 s 1.70 s 1.73 s 2.46 dd (0.9, 2.3)
12 0.90 d (7.5) 0.89 d (7.5) 1.26 d (7.0) 1.11 d (7.0) 2.01 d (2.0)
13 1.30 s 1.30 s 2.19 s 2.10 s 2.13 s
10-OCH3 3.83 s

a Measured in methanol-d4 (500 MHz).
b Measured in pyridine-d5 (500 MHz).
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2.3.3. Brachylactones C (3)
Yellowish powder; [α]25

D − 12.6 (c 0.1, MeOH); UV 
(MeOH) λmax (log ε) 228 (3.84), 294 (3.81) nm; IR 
(ATR) νmax 3113, 2966, 1755, 1685, 1612, 1439, 1381, 
1257, 1180, 1089 cm− 1; 1H NMR data (methanol-d4, 
500 MHz) see Table 2; 13C NMR data (methanol-d4, 
125 MHz) see Table 1; HRESIMS m/z 235.0966 [M +
H]+ (calcd. 235.0970 for C13H15O4) and 233.0813 [M 
− H]− (calcd. 233.0814 for C13H13O4).

2.3.4. Brachylactones D (4)
Yellowish powder; [α]25

D − 160.8 (c 0.1, MeOH); UV 
(MeOH) λmax (log ε) 288 (3.99), 310 (3.94) nm; IR 
(ATR) νmax 3116, 2935, 1759, 1709, 1624, 1373, 1238, 
1165, 1092, 957, 833 cm− 1; 1H NMR data (methanol- 
d4, 500 MHz) see Table 2; 13C NMR data (methanol- 
d4, 125 MHz) see Table 1; HRESIMS m/z 253.1071 [M 
+ H]+ (calcd. 253.1076 for C13H17O5) and 251.0918 
[M − H]− (calcd. 251.0919 for C13H15O5).

2.3.5. Brachic acid (5)
Yellowish powder; UV (MeOH) λmax (log ε) 218 

(4.35), 263 (4.16), 343 (4.17) nm; IR (ATR) νmax 3336, 
2939, 2835, 1658, 1412, 1111, 1018 cm− 1; 1H NMR data 
(pyridine-d5, 500 MHz) see Table 2; 13C NMR data 
(pyridine-d5, 125 MHz) see Table 1; HRESIMS m/z 
265.1065 [M − H2O + H]+ (calcd. 265.1076 for 
C14H17O5) and 263.0927 [M − H2O − H]− (calcd. 
263.0919 for C14H15O5).

2.4. Cell culture

The murine microglial cell line BV-2 was cultured 
as described previously [21]. Before experiments, a 
confluence of 85% of cells were changed to 0.5% 
FBS media. Thereafter, cells were treated with 
vehicle or the indicated concentration of com
pounds 1—13 for 15 min and then stimulated with 
LPS (150 ng/mL) for 24 h. The conditioned medium 
was freshly collected and frozen at − 80 ◦C.

2.4.1. Cell viability
The viability of the BV-2 cells was determined by 

the MTT method. Approximately 1 × 105 cells were 
seeded in 24-well plates per well and grown for 24 h 
before use. Then, the cells were pretreated with test 
compounds at 20 μM for 24 h [22]. The final con
centration of DMSO in the culture medium of the 
treated cells was adjusted to less than 0.5% (v/v) to 
prevent a solvent effect. DMSO was also treated as 
a vehicle control. The absorbance was checked at 
550 nm was obtained by a microplate reader (MRX). 
All of the experiments were performed in triplicate.

2.4.2. Assay for nitric oxide (NO) inhibitory activity
NO inhibitory activity of selected compounds was 

evaluated by using an LPS-induced cell model. 
Production of NO was evaluated by measuring the 
levels of nitrite in a conditioned medium as previ
ously described with some modification. The 
treated concentrations of test compounds, cell cul
ture plates, and positive control (curcumin) were 
modified in this study [23]. The culture superna
tants were allowed to react with reconstituted 
cofactor solution and reconstituted nitrate reduc
tase solution for 10 min at room temperature in the 
dark according to the manufacturer's instructions of 
the nitrate/nitrite colorimetric assay kit (Cayman). 
Absorptions were measured at 550 nm using a 
microplate reader (MRX). Nitrite concentrations 
were calculated from the standard solutions of so
dium nitrite.

2.5. Preparation of (S)- and (R)-MTPA esters of 1 and 2

Compounds 1 and 2 (each 0.5 mg) were dissolved 
in 500 μL of pyridine-d5. Then, 5 μL of (S )- or (R)-α- 
methoxy-α-trifluoromethylphenylacetyl chloride 
(MTPA-Cl) was added to the above solutions, which 
were allowed to react at room temperature for 4 h. 
The mixtures were subjected to measurement of a 
500 MHz NMR spectrometer [24—26].

3. Results and discussion

The EtOAc extracts of fermented broths of D. 
brachylaenae Km1530 were fractionated and purified 
sequentially by column chromatography on 
Sephadex LH-20 or MPLC and followed by semi- 
preparative HPLC to yield undescribed compounds 
1—5 as well as eight known compounds 6—13.

Compound 1 was obtained as yellowish powder, 
and was determined to have the molecular for
mula C13H18O5 as deduced from a dehydrated 
pseudo-molecular ion [M − H2O + H]+ at m/z 
237.1122 (calcd. 237.1127 for C13H17O4) and a 
deprotonated molecular ion [M − H]− at m/z 
253.1069 (calcd. 253.1076 for C13H17O5) in the 
HRESIMS, as supported by analysis of 13C NMR 
data of 1 (Table 1), indicating five degrees of 
unsaturation. Its IR spectrum displayed absorption 
bands at 3402 and 1743 cm− 1, revealing the pres
ence a hydroxy and a conjugated γ-lactone moiety, 
respectively. The 1H NMR spectrum of 1 showed 
signals for three methyls at δH 0.90 (3H, d, 
J = 7.5 Hz, H3-12), 1.30 (3H, s, H3-13), and 2.14 (3H, 
s, H3-11), one methylene at δH 2.04 (1H, dd, J = 6.5, 
13.5 Hz, Ha-9) and 2.10 (1H, dd, J = 6.5, 13.5 Hz, Hb- 
9), two aliphatic methines at δH 2.10 (1H, qd, 
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J = 7.5, 9.5 Hz, H-7) and 3.21 (1H, dd, J = 6.5, 9.5 Hz, 
H-6), one olefinic protons at δH 6.70 (1H, s, H-3), 
and one carbinoyl methine at δH 4.32 (H, q, 
J = 6.5 Hz, H-10) (Table 2). Interpretation of the 13C 
NMR accompanied by phase-sensitive HSQC 
spectra revealed 13 carbon signals attributable to 
three methyls at δC 10.8 (C-12), 16.9 (C-11), and 29.6 
(C-13), one methylene at δC 50.8 (C-9), three 
aliphatic methines at δC 48.2 (C-7), 50.7 (C-6), and 
75.6 (C-10), one olefinic methine at δC 110.5 (C-3), 
and five nonprotonated carbons at δC 79.2 (C-8), 
122.7 (C-5), 145.6 (C-2), 146.6 (C-4), and 168.2 (C-1) 
(Table 1). Among, these, two distinctive signals at 
δC 75.6 (C-10) and 168.2 (C-1) were assigned to be 
carbinoyl carbon and lactone carbonyl carbon, 
respectively. Cross-peaks of H-6/H-7; H-6/H-10; 
H-7/H3-12; and H2-9/H-10 in the COSY spectrum 
together with key cross-peaks of H-3/C-1, -2, and 
-4; H-6/C-4 and -5; H2-9/C-6, -8, and -10; H3-11/C- 
4, -5, and -6; H3-12/C-6, -7, and -8; and H3-13/C-7, 
-8, and -9 in the HMBC spectrum (Fig. 2) 
confirmed the planar structure of 1 as shown. 
Based on the key cross-peaks of H-3/H-6; H-10/H3- 
11 and -13; and H3-11/H3-12 and -13 in the NOESY 
spectrum (Fig. 2), the configuration of Δ4(5) was 
deduced to be E form, and the relative 

stereochemistry of H-6, H-10, H3-12, and H3-13 
were determined to be α-, β-, β-, and β-oriented, 
respectively. In order to establish the absolute 
configuration of 1, the modified Mosher's method 
was applied to observe the differences in chemical 
shifts (Δδ = δS − δR) of S/R-MTPA-derivatives 
(Fig. 3), indicating the absolute configuration of C- 
6, -7, -8, and -10 in 1 is S, S, S, and R, respectively.

The HRESIMS of compound 2 showed a dehy
drated pseudo-molecular ion peak at m/z 237.1123 
[M − H2O + H]+ (calcd. 237.1127 for C13H17O4) and 
a deprotonated molecular ion at m/z 253.1070 [M −
H]− (calcd. 253.1076 for C13H17O5). When 
comparing the 1H and 13C NMR data of 2 with those 
of pestalotiolactone B [27], they were almost 
consistent except that δC 48.9 (C-6) in pestalotio
lactone B shifted apparently to δC 49.4 in compound 
2 (Table S1 https://doi.org/10.38212/2224-6614.3560), 
suggesting 2 was a stereoisomer of pestalotio
lactone B. Key cross-peaks of H-3/H3-11; H3-11/H- 
10, H3-12, and -13; and H3-12/H3-13 in the NOESY 
spectrum of 2 (Fig. 2) established the relative 
configuration of 2 as shown. The absolute configu
rations of 2 were assigned as 6S, 7S, 8S, and 
10R based on the chemical shift differences of 
S/R-MTPA-esters of 2 (Fig. 3).

Fig. 2. COSY, key HMBC, and NOESY correlations of compounds 1—5.
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Compound 3 was deduced to have a chemical 
formula of C13H14O4 by HRESIMS of a protonated 
ion peak at m/z 235.0966 [M + H]+ (calcd. 235.0970 
for C13H15O4) as well as a deprotonated molecular 
ion at m/z 233.0813 [M − H]− (calcd. 233.0814 for 
C13H13O4). The IR spectrum displayed absorptions 
at 3113, 1755, and 1685 cm− 1, indicating the pres
ence of a hydroxy group, a conjugated γ-lactone, 
and a conjugated ketone group. The 1H NMR 
spectrum of 3 showed signals for three methyls at 
δH 1.26 (3H, d, J = 7.0 Hz, H3-12), 1.70 (3H, s, H3-11), 
and 2.19 (3H, s, H3-13), two aliphatic methines at δH 

2.85 (1H, dq, J = 3.5, 7.0 Hz, H-7) and 3.08 (1H, d, 
J = 3.5 Hz, H-6), and two olefinic methines at δH 6.00 
(1H, s, H-9) and 6.69 (1H, s, H-3) (Table 2). Inter
pretation of the 13C NMR supported by HSQC 
spectrum revealed 13 carbon signals including 
three methyls at δC 12.3 (C-11), 17.4 (C-12), and 17.5 
(C-13), two aliphatic methines at δC 46.0 (C-7) and 
58.8 (C-6), two olefinic methines at δC 109.6 (C-3) 
and 130.8 (C-9), and six nonprotonated carbons at 
δC 116.7 (C-5), 146.7 (C-2), 147.1 (C-4), 167.7 (C-1), 
186.0 (C-8), and 209.8 (C-10) (Table 1). Of these as
signments, the conspicuous signals at δC 167.7 (C-1) 
and 209.8 (C-10) were assigned to be a lactone 
carbonyl group and a ketone carbonyl functionality, 
respectively. Cross-peaks of H-6/H-7 and H-7/H3- 
12 in the COSY spectrum and key correlations of H- 
3/C-1 and -4; H-6/C-4 and -12; H-7/C-8; H-9/C-6 
and -8; H3-11/C-4, -5, and -6; H3-12/C-6, -7, and -8; 
and H3-13/C-7, -8, and -9 in the HMBC spectrum 
(Fig. 2) confirmed the plain structure of compound 
3. On the basis of key cross-peaks of H-3/H-6 and 
H-6/H3-12 in the NOESY spectrum of 3 (Fig. 2), the 
configuration of Δ4(5) was deduced to be E form and 
the relative configurations of C-6 and C-7 in 3 were 
concluded to be S* and R*, respectively.

The HRESIMS of compound 4 revealing a pro
tonated molecular ion peak at m/z 253.1071 [M +
H]+ (calcd. 253.1076 for C13H17O5) and a deproto
nated molecular ion at m/z 251.0918 [M − H]−

(calcd. 251.0919 for C13H15O5) allowed the assign
ment of its molecular formula to be C12H16O5. The 
IR spectrum showed absorptions at 3116, 1759, and 
1708 cm− 1, indicating the presence of a hydroxy 
group, a conjugated γ-lactone, and a ketone group. 
The 1H NMR spectrum displayed signals for four 
methyls at δH 1.11 (3H, d, J = 7.0 Hz, H3-12), 1.73 
(3H, s, H3-11), 2.10 (3H, s, H3-13), and 2.13 (3H, s, H3- 
10), two aliphatic methines at δH 3.31 (1H, qd, 
J = 7.0, 11.0 Hz, H-7) and 3.86 (1H, d, J = 11.0 Hz, H- 
6), and one olefinic proton at δH 6.87 (1H, s, H-3) 
(Table 2). The 13C NMR accompanied with HSQC 
spectra of 4 showed 13 resonances, which were 
ascribed to four methyls at δC 12.4 (C-11), 16.1 (C- 
12), 29.2 (C-13), and 29.9 (C-10), two aliphatic 
methines at δC 47.1 (C-7) and 57.9 (C-6), one olefinic 
methine at δC 109.4 (C-3), and six nonprotonated 
carbons at δC 114.5 (C-5), 147.6 (C-2), 147.9 (C-4), 
167.3 (C-1), 207.2 (C-9), and 213.2 (C-8). Among 
these, the signals at δC 167.3 (C-1) was assigned to 
γ-lactone carbonyl group, and both the signals at δC 

207.2 (C-9) and 213.2 (C-8) were deduced as ketone 
carbonyl functionalities. Correlations of H-6/H-7 
and H-7/H3-12 in the COSY spectrum and key 
correlations of H-3/C-1 and -4; H-6/C-4 and -5; H-7/ 
C-8; H3-10/C-6 and -9; H3-11/C-4, -5, and -6; H3-12/ 
C-6, -7, and -8; and H3-13/C-7 and -8 in the HMBC 
spectrum established the gross structure of com
pound 4. The relative configurations of C-6 and C-7 
in 4 was assigned to be threo form (6S* and 7S*) due 
to the coupling constant of mutually-coupled H-6 
and H-7 (JH-6/H-7 = 11.0 Hz) and compared with the 
literatures [28,29].

Fig. 3. ΔδS-R values (in ppm) of 1H NMR obtained from (S )- and (R)-MTPA esters of compounds 1 and 2 in pyridine-d5 (500 MHz).
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Compound 5 was obtained as yellow crystal, and 
was confirmed to have the molecular formula of 
C14H18O6 as deduced from a pseudo-molecular ion 
[M − H2O + H]+ at m/z 265.1065 (calcd. 265.1076 for 
C14H17O5) and a pseudo-molecular ion [M − H2O −
H]− at m/z 263.0927 (calcd. 263.0919 for C14H15O5) in 
the positive ion mode and negative ion mode of 
HRESIMS, respectively, as supported by the anal
ysis of 13C NMR data (Table 1), indicating 6 degrees 
of unsaturation. The IR spectrum showed absorp
tions at 3400− 2500 and 1658 cm− 1, indicating the 
presence of a conjugated carboxylic acid. Analysis 
of its 1H NMR spectrum revealed the presence of 
three methyls at δH 2.01 (3H, d, J = 2.0, H3-12), 2.13 
(3H, s, H3-13), and 2.46 (3H, dd, J = 0.9, 2.3 Hz, H3- 
11), one methoxy at δH 3.83 (3H, s, OCH3-10), and 
three olefinic protons at δH 6.21 (1H, q, J = 2.3 Hz, 
H-2), 6.42 (1H, s, H-7), and 7.11 (1H, brs, H-4) 
(Table 2). The 13C NMR spectrum of 5 revealed 14 
resonances for three methyls at δC 9.7 (C-13), 14.4 
(C-12), and 19.5 (C-11), one methoxy at δC 56.9 
(OCH3-10), three olefinic methines at δC 95.4 (C-7), 
123.2 (C-2), and 134.8 (C-4), and seven non
protonated carbons at δC 103.4 (C-9), 129.9 (C-5), 
151.4 (C-3), 159.6 (C-6), 164.6 (C-10), 166.3 (C-8), and 
169.3 (C-1). The postulated structure of 5 was 
confirmed by the HMBC correlations of H-2/C-1 
and -4; H-4/C-5 and -6; H-7/C-5, -6, -8, and -9; H3- 
11/C-2, -3, and -4; H3-12/C-4, -5, and -6; H3-13/C-8, 
-9, and -10; and OCH3-10/C-10. Key correlations of 
H-2/H3-12; H-4/H3-11; and H-7/H3-12 and -14 in the 
NOESY spectrum corroborated the configurations 
of Δ2(3), Δ4(5), Δ6(7), and Δ8(9) to be E, E, Z, and E 
forms, respectively.

The structure of 3-methylorsellinic acid (6) was 
elucidated by comparison with literature data [30]. 
2-Furylhydroxymethylketone (7) was considered to 
be a potential strategy for producing cefuroxime as 
the second-generation cephalosporin antibiotic 
[31]. (+)-Pestalotiolactone A (8) was found to exhibit 
mild antimicrobial activities against Vibrio anguil
larum QDIO-8 and V. harveyi QDIO-9 with the 
same MIC value of 32 μg/mL [32]. Cyclo[L-(4- 
hydroxyprolinyl)-L-leucine] (9) has ever been found 
to be a plant growth promoter [33]. Phenylacetic 
acid (10) exhibited moderate antimicrobial activities 
against Ralstonia solanacearum and Escherichia coli 
with MIC values of 25 and 150 μg/mL [34], respec
tively. N-acetyltyramine (11) was reported to reveal 
potent antimicrobial activities against many drug- 
resistant pathogens [35]. 4-Hydroxyphenylacetate 
(12) and methyl 4-hydroxyphenylacetate (13) are 
phenolic compounds, and have ever been isolated 
from cultures of a medicinal plant-derived fungus 
Aspergillus flavipes DZ-3 [36]. As the structural 

features classified by different culturing media, γ- 
lactone compounds 1—4 and 8 along with two pol
yketides 6 and 7, aromatic compounds 10—13 
together with a C13 polyketide 5, and a cyclopeptide 
compound 9 were isolated from ME, PDB, and PDY 
groups, respectively.

Compounds 1− 13 was assayed for anti-neuro
inflammatory activity. The anti-neuroinflam
matory activity of 1− 13 was assessed by measuring 
the amount of nitric oxide (NO) production in 
lipopolysaccharide (LPS)-induced microglial BV- 
2 cells. Of all the tested compounds, 1 and 2 
inhibited 45.6% and 41.8% of NO production 
(Fig. 4A), respectively, at a concentration of 20 μM 
without any cytotoxicity (Fig. 4B). The positive 
control curcumin exhibited 100% inhibition of 
NO production under the same concentration. In 
the literatures, compounds 6, 7, 11, and 13 have 
also been evaluated their NO production inhibitory 
activities by employing in vitro cell culture plat
forms, and all their IC50 exceeded 50 μM which 
indicated relatively slight anti-inflammatory activ
ities [37—40].

Fig. 4. Effects of compounds 1—13 on LPS-induced NO production (A) 
in BV-2 microglial cells and their cytotoxicities (B). The concentration 
of test compounds was 20 μM. Data are expressed as the mean ± SD 
(n = 3). ###p < 0.001, compared with the resting group (R); *p < 0.05, 
compared with the group of stimulation (V).
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In summary, the fungal strain D. brachylaenae 
Km1530 was cultured in three different media 
(PDY, ME, and PDB), and thirteen compounds 
1—13, including five previously undescribed poly
ketides, brachylactones A-D (1—4) and brachic acid 
(5), were isolated and identified from the fer
mented products. Of these, brachylactones A and B 
(1 and 2) were E/Z-tautomers, and they tauto
merized readily in solution by the ratio of 3:2, 
respectively. In the previous report, it was pointed 
out that the γ-crotonolactone containing a conju
gated exocyclic double bond was prone to tauto
merize, and it was found when the exocyclic 
double bond contained a substituent, it had higher 
stereoselectivity for E form [41], the same as 
observed for compounds 1 and 2 in this report 
(Fig. 5). In view of the wide range of bioactive po
tential of lactone compounds [42—46], many other 
platforms should remain to be employed for 
further understanding the pharmacological prop
erties of 1—4. This is the first report to demonstrate 
the anti-neuroinflammatory activities of the C13 

polyketides from D. brachylaenae.
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