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Abstract

Located in tropical and subtropical region, Taiwan is an island with high algal species diversity. In this study, a
number of fungal strains were isolated from marine macroalgae collected from northeastern intertidal zone of Taiwan.
Preliminary anti-inflammatory screening has shown that the methanolic extracts of solid fermented products of the red
alga Mastophora rosea-derived fungal strain Acremonium sp. NTU492 exhibited significant bioactivity. In an attempt to
disclose the active principles from this fungal strain, a series of separation and purification was thus undertaken, which
has led to the isolation and characterization of seven compounds including four new peptides, namely acrepeptins A‒D
(1e4), along with previously reported destruxin B (5), guangomide A (6), and guangomide B (7). Their structures were
elucidated by spectroscopic analysis and compared with literatures. Of these, acrepeptins A (1) and C (3) showed
markedly inhibitory activities on nitric oxide production in lipopolysaccharide-activated microglial BV-2 cells with IC50

values of 12.0 ± 2.3 and 10.6 ± 4.0 mM, respectively. Furthermore, acrepeptins A (1) and C (3) significantly attenuated the
expression of inducible nitric oxide synthase in a concentration-dependent manner (5e40 mM).

Keywords: Acremonium, Acrepeptin, Nitric oxide, iNOS, Anti-inflammation

1. Introduction

T he macroalgae growing in the intertidal zone
that exists wide fluctuations of salt concentra-

tion, prolonged period of sunlight exposure, sharp
variation of moisture, changing tides, abundant
microorganisms, as well as lots of herbivore animals
would develop strategies to adapt to arduous envi-
ronment. Resembling those in higher plants, in

order to get over all the inexorable stress foisted on
the macroalgae, it seemed more likely that the
algae-associated fungi could exert profound effects
to improve the algal ability to withstand environ-
mental stresses [1]. Besides these, the algicolous
fungi would be a promising source of biologically
active secondary metabolites [2]. Although algae
have been reported to be the secondary largest
source of marine fungi only next to mangroves [3],
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most of the tropical and subtropical algae have not
been investigated intensively for associated micro-
organisms, whereas researches have been con-
ducting in temperate zones [4]. A diverse array of
novel chemical entities comprising wide spectrum
of bioactivities including anticancer, antioxidant,
antimycotic, antibacterial, and tyrosine kinase and
elastase inhibitory activities have been isolated from
algal endophytes in the recent studies [1].
Taiwan is located at tropical and subtropical re-

gion, where the macroalgae species diversity is
quite high, and of the over 200 species recorded so
far, 179 species have been identified [5]. Although
the chemical constituents research of local macro-
algae has been progressed incessantly; however, the
natural products of their derived fungal strains were
still rarely studied. In the preliminary screening, the
methanolic extracts of solid fermented products of
Acremonium sp. NTU492 derived from the red alga
Mastophora rosea were found to exhibit significant
anti-inflammatory activity. That prompted us to set
out to search for bioactive compounds from Acre-
monium sp. NTU492, and has resulted in the isola-
tion and identification of four new compounds 1e4
(Fig. 1) together with three known cyclic depsipep-
tides. This paper herein focused on the isolation and
structural elucidation of the new compounds
together with their anti-inflammatory activities.

2. Methods

2.1. General experimental procedures

Optical rotation was measured on a JASCO P-2000
polarimeter (Tokyo, Japan). 1H and 13C NMR were ac-
quired on a Bruker AVIII-500 spectrometer (Ettlingen,
Germany).High resolutionmass spectrawere obtained
using a Q Exactive Plus Hybrid Quadrupole-Orbitrap
Mass Spectrometer (Thermo Fisher Scientific, Bremen,
Germany), respectively. IR spectra were recorded on a
JASCO FT/IR 4100 spectrometer (Tokyo, Japan).
Sephadex LH-20 (GE Healthcare, Uppsala, Sweden)
andDiaion HP-20 (Mitsubishi Chemical, Tokyo, Japan)
was used for open column chromatography. An HPLC
pump L-7100 (Hitachi, Japan) equipped with a refrac-
tive index detector (Bischoff, Leonberg, Germany) was
used for compound purification.

2.2. Fungal strain and culture

Acremonium sp. NTU492 was isolated from a ma-
rine alga M. rosea collected from the northeast coast
of Taiwan, and was identified by sequencing of the

internal transcribed spacer regions of the rDNA
(ITS). A BLAST search of the sequence (GenBank
accession no. KY753131) led to the best match as
Acremonium sp. The mycelium of Acremonium sp.
NTU492 was inoculated into 500 mL flasks, each
containing 50 g brown rice and 20 mL deionized
water with 2% yeast extract (Becton, Dickinson and
Company, Sparks, USA), 1% sodium tartrate, and
1% KH2PO4. The fermentation was conducted with
aeration at 25e30 �C for 10 days.

2.3. Extraction and isolation of secondary
metabolites

Fermented products were lyophilized, ground
into powder, and extracted three times with equal
volumes of methanol. Extracts were first partitioned
with n-hexane, and the methanol layer re-dissolved
in deionized H2O, then partitioned with ethyl ace-
tate and concentrated to obtain dried n-hexane
extract (2.2 g) and ethyl acetate extract (2.6 g). The
ethyl acetate extract was then subjected to Sephadex
LH-20 column chromatography (3.0 i.d. � 68.0 cm),
using methanol as the eluent at a flow rate of
2.3 mL/min to give 24 fractions (23.0 mL/fr.). All the
fractions were combined into six portions as I‒VI
based on the results of TLC analysis. Portion II (#fr. 8
and 9) was further purified by a Nucleodur 100-5
C18ec column, 4.6 i.d.� 250 mm, using 55% aceto-
nitrileaq containing 0.03% trifluoroacetic acid as
eluent at a flow rate of 1 mL/min to give 1
(Rt ¼ 11.39 min, 16.2 mg), 2 (Rt ¼ 10.89 min, 25.8 mg),
and 3 (Rt ¼ 15.40 min, 19.6 mg). Portions IV (#fr. 11)
was re-chromatographed on a Thermo Hypersil
ODS column, 10 i.d. � 250 mm, with 60% meth-
anolaq as eluent at a flow rate of 2 mL/min to afford
4 (Rt ¼ 19.90 min, 19.1 mg), 5 (Rt ¼ 35.79 min,
8.1 mg), and 6 (Rt ¼ 40.58 min, 4.6 mg). Portion V (#fr.
12e15) was further purified by the same HPLC
column using 55% acetonitrileaq as eluent to give 7
(Rt ¼ 29.96 min, 12.0 mg).

2.3.1. Acrepeptin A (1)
White powder; [a]D

27 �88.2 (c ¼ 0.065, MeOH); IR
(ZnSe) nmax: 3600e2500, 2964, 2938, 2871, 1707, 1670,
1636, 1538, 1464, 1399, 1311, and 1052 cm�1; 1H and
13C NMR data: see Tables 1 and 2; HRESIMS [M þ
H]þ at m/z 1036.7380 (calcd. 1036.7382 for
C53H98N9O11).

2.3.2. Acrepeptin B (2)
White powder; [a]D

27 �169.1 (c ¼ 0.075, MeOH); IR
(ZnSe) nmax: 3600e2500, 2931, 2876, 1715, 1670, 1627,
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1541, 1464, 1403, 1289, 1131, and 1097 cm�1; 1H and
13C NMR data: see Tables 1 and 2; HRESIMS [M þ
H]þ at m/z 1022.7243 (calcd. 1022.7224 for
C52H96N9O11).

2.3.3. Acrepeptin C (3)
White powder; [a]D

27 �190.4 (c ¼ 0.08, MeOH); IR
(ZnSe) nmax: 3600e2500, 2965, 2874, 1711, 1675, 1627,
1539, 1459, 1405, 1308, 1282, 1205, 1131, 1098, and
1053 cm�1; 1H and 13CNMR data: see Tables 1 and 2;
HRESIMS [M þ H]þ at m/z 1050.7544 (calcd.
1050.7537 for C54H100N9O11).

2.3.4. Acrepeptin D (4)
White powder; [a]D

27 �11.4 (c ¼ 0.08, MeOH); IR
(ZnSe) nmax: 3414, 2967, 2871, 1739, 1689, 1645, 1519,
1461, 1218, and 1055 cm�1; 1H and 13C NMR data:

see Tables 1 and 2; HRESIMS [M þ H]þ at m/z
518.3073 (calcd. 518.3072 for C24H44N3O9).

2.4. HPLC chiral analysis of acid hydrolysates of
1‒4

The chirality of each amino acid of 1‒4 was
analyzed by HPLC as described previously in the
literature [6]. Compounds 1e4 (each 1.5 mg) were
subjected to hydrolysis with 6N HCl (0.5 mL) in a
sealed tube at 110 �C for 20 h. Upon cooling, the acid
in the hydrolysate was removed by Sep-Pak C18 SPE
column (0.5 g, Waters), and the analyte eluted by
aqueous methanol was subjected to chiral analysis
on a Chirex 3126 (D)-penicillamine column, 4.6
i.d. � 250 mm, with an eluent system containing
2 mM CuSO4aq at a flow rate of 1 mL/min in an

Fig. 1. Chemical structures of compounds 1e4 isolated in this study.

JOURNAL OF FOOD AND DRUG ANANLYSIS 2020;28:283e291 285

O
R
IG

IN
A
L
A
R
T
IC

L
E



either isocratic or gradient mode. The detector was
set at UV 254 nm. All the analytical conditions and
data of the hydrolysates and authentic standards
were supplemented in Tables S1‒S4.

2.5. Tandem mass spectrometric analysis of 1‒3

The instruments used and parameters set were
the same as those in our previous report [7]. All the
mass spectrometric raw data were interpreted by
Xcalibur. The MS/MS spectra of 1e3 were supple-
mented in Fig. S20eS25.

2.6. Microglial culture

The murine microglial cell line BV-2 was cultured
as described in our previous reports [8]. Briefly, BV-
2 cells were cultured in DMEM containing 10% fetal
bovine serum (FBS), penicillin/streptomycin, L-
glutamine and HEPES at 37 �C under a humidified
5% CO2 atmosphere. Prior to the study, BV-2 cells
were cultured in 0.5% FBS media, then pretreated
with vehicle or the various concentrations of com-
pound 1 or 3 for 15 min, and collected after 24 h
stimulation with LPS (150 ng/mL). The conditioned
medium was also collected and frozen at �80 �C.

2.7. Cell viability assays

The cellular viability of BV-2 cells with 24 h
treatment of compounds 1 or 3 was assessed using
the MTT test as described previously [8].

2.8. Detection of nitric oxide production

Cellular nitric oxide (NO) productions from acti-
vated BV-2 cells were evaluated by measuring the
nitrite levels of NO metabolite in the conditioned
medium. Their nitrite levels were determined by
Griess method as previously described [9].

2.9. Western blotting

Western blot analyses were performed as previ-
ously described [10]. The quantitative supernatants of
BV-2-manipulated cellular lysates were subjected to
SDS-PAGE, and then transferred onto polyvinylidene
fluoride membrane. These membranes were blocked
with non-fat milk, washed three times, and then pro-
bed with the primary antibodies (anti-iNOS and -b-
actin). After undergoing wash three times, the mem-
braneswere incubatedwith secondary antibodies and
detected by enhanced chemiluminescence. The target
protein levels were presented as the relativemultiples
as comparison with the control groups.

3. Results and discussion

In this study, the red alga M. rosea derived fungal
strain Acremonium sp. NTU492 was cultured in solid

Table 1. 13C NMR data for compounds 1e4 (d in ppm, mult.).

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

1 22.6 q 22.5 q 22.5 q 71.5 d

2 169.8 s 169.7 s 169.2 s 31.4 d

3 52.1 d 52.0 d 51.8 d 16.2 q

4 28.4 t 28.3 t 28.3 t 19.1 q

5 31.8 t 31.6 t 31.6 t 173.4 s

6 174.2 s 173.7 s 173.7 s 55.4 d

7 171.8 s 171.5 s 171.5 s 36.8 d

8 52.9 d 54.1 d 52.8 d 24.6 t

9 36.4 d 30.1 d 36.2 d 11.3 q

10 24.4 t 18.8 q 24.1 t 15.3 q

11 10.5 q 17.9 q 10.9 q 171.0 s

12 15.0 q 172.0 s 14.5 q 78.0 d

13 172.6 s 30.6 q 172.2 s 30.1 d

14 30.9 q 58.9 d 30.7 q 17.0 q

15 59.2 d 32.2 d 58.9 d 18.7 q

16 32.4 d 24.0 t 32.3 d 167.9 s

17 24.2 t 10.4 q 24.0 t 47.9 d

18 10.6 q 14.9 q 10.5 q 18.2 q

19 14.9 q 169.9 s 14.8 q 172.7 s

20 170.1 s 52.7 d 169.9 s 57.8 d

21 53.0 d 35.5 d 52.6 d 66.3 d

22 35.8 d 24.1 t 35.6 d 20.1 q

23 24.3 t 10.4 q 24.2 t 171.0 s

24 10.6 q 14.6 q 10.5 q 51.9 q

25 14.7 q 172.3 s 14.7 q

26 172.6 s 30.0 q 172.2 s

27 30.2 q 57.3 d 30.0 q

28 57.5 d 26.7 d 55.8 d

29 26.9 d 18.3 q 32.7 d

30 18.1 q 18.8q 23.5 t

31 18.9 q 169.8 s 10.4 q

32 170.2 s 30.0 q 14.7 q

33 30.3 q 55.5 d 169.8 s

34 55.8 d 32.7 d 30.1 q

35 32.9 d 23.5 t 55.5 d

36 23.8 t 10.5 q 32.7 d

37 10.7 q 14.6 q 23.6 t

38 14.8 q 170.1 s 10.3 q

39 170.5 s 30.0 q 14.6 q

40 30.3 q 55.2 d 170.2 s

41 55.5 d 32.7 d 30.1 q

42 32.9 d 23.5 t 55.2 d

43 23.7 t 10.3 q 32.7 d

44 11.0 q 15.0 q 23.5 t

45 15.2 q 170.2 s 10.7 q

46 170.4 s 31.1 q 15.0 q

47 31.3 q 54.0 d 170.2 s

48 54.3 d 36.5 t 31.1 q

49 36.8 t 24.5 d 54.0 d

50 24.8 d 20.1 q 36.5 t

51 21.1 q 23.2 q 24.5 d

52 23.4 q 172.7 s 20.8 q

53 173.0 s 23.2q

54 172.7 s

a Measured in DMSO-d6 (125 MHz).
b Multiplicities were obtained from phase-sensitive HSQC

experiments.
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Table 2. 1H NMR data for compounds 1e4 (d in ppm, mult., J in Hz).

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

-OH 5.51 br s

1 1.82 s 1.81 s 1.82 s 3.73 d (3.9)

2 1.97

-NH 7.97 d (8.2) 7.97 d (8.4) 7.95 d (8.2)

3 4.25 4.27 4.27 0.76 d (6.8)

4 1.75; 1.60 1.74; 1.61 1.76; 1.61 0.90

5 2.03; 2.01 2.06; 2.03 2.08; 2.03

-NH 7.64 d (8.5)

6 4.37 dd (8.5, 5.5)

-NH2 7.25 s; 6.72 s 7.22 s; 6.72 s 7.20s; 6.71 s

7 1.87

-NH 8.13 d (8.6) 8.08 d (8.5) 8.12 d (8.7)

8 4.48 4.43 4.48 1.20

1.52 qd (7.2, 4.8)

9 1.75 1.95 1.76 0.86

10 1.48; 1.04 0.77 1.51; 1.05 0.88

11 0.63e0.87 0.69 0.70e0.84

12 0.52e0.97 0.65e0.89 4.75 d (4.9)

13 3.05 s 2.01

14 3.05 s 4.78 d (11.3) 3.07 s 0.87

15 4.76 d (11.2) 1.86 4.80 d (11.1) 0.92

16 1.85 1.43; 1.17 1.87

-NH 8.15 d (7.5)

17 1.40; 1.04 0.69e0.83 1.43; 1.05 4.44

18 0.63e0.87 0.64e0.87 0.70e0.84 1.23 d (7.2)

19 0.52e0.97 0.65e0.89

-NH 8.28 d (7.9) 7.95 d (8.5)

20 4.47 4.26 dd (8.5, 3.3)

-NH 8.27 d (8.3) 8.28 d (8.0)

21 4.48 1.78 4.48 4.10

-OH 5.08 br s

22 1.77 1.43; 1.06 1.79 1.04 d (6.4)

23 1.41; 1.04 0.69e0.83 1.41; 1.05

24 0.63e0.87 0.64e0.87 0.70e0.84 3.61 s

25 0.52e0.97 0.65e0.89

26 3.02

27 3.01 s 5.09 3.02 s

28 5.08 d (10.8) 2.20 5.19

29 2.18 0.71 2.00

30 0.67 0.78 1.14; 0.77

31 0.77 0.70e0.84

32 2.94 s 0.65e0.89

33 2.92 s 5.17

34 5.15 d (11.1) 2.00 2.95 s

35 1.98 1.13; 0.77 5.18

36 1.11; 0.75 0.69e0.83 2.01

37 0.63e0.87 0.64e0.87 1.15; 0.87

38 0.52e0.97 0.70e0.84

39 3.02 s 0.65e0.89

40 2.93 s 5.19

41 5.18 d (11.0) 2.00 2.95 s

42 1.99 1.14; 0.87 5.20

43 1.05; 0.75 0.69e0.83 2.00

44 0.63e0.87 0.64e0.87 1.14; 0.77

45 0.52e0.97 0.70e0.84

46 2.94 s 0.65e0.89

47 2.92 s 5.03 dd (11.9, 4.2)

48 5.00 dd (11.9, 4.0) 1.72; 1.56 2.94 s

49 1.70; 1.55 1.21 5.04 dd (12.0, 4.1)

50 1.19 0.83 1.73; 1.56

51 0.76 0.78 1.23

52 0.82 0.95

53 0.78

a Measured in DMSO-d6 (500 MHz).
b Signals without multiplicity were overlapped, and were obtained from HSQC or HMBC experiments.
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state, and seven compounds including four new
peptides 1e4 and three known compounds were
obtained from the fermented products. The known
compounds, destruxin B, guangomide A, and
guangomide B were identified by comparison of
spectroscopic data with literatures [11e13].
Compound 1, obtained as white powder, was

determined to have a molecular formula of
C53H97N9O11, as evidenced by its 13CNMR spectrum
(Table 1) and a pseudo-molecular ion [M þ H]þ at m/
z 1036.7380 (calcd. 1036.7382 for C53H98N9O11) in the
positive mode of HRESIMS analysis. The IR ab-
sorptions at 3600e2500 coupled with 1707, and 1670,
1636, 1538, and 1311 cm�1 revealed the presence of
carboxylic acid and amide functionalities, respec-
tively. Considering the patterns of 1H and 13C NMR
spectra along with its MS data, compound 1 was
deduced to be a molecule comprised by amino acids
with five sets of unusual N-methyl functionalities.
The 1H NMR (DMSO-d6, 500 MHz) in combination of
phase-sensitive HSQC spectrum of 1 revealed over-
lapped resonances corresponding to fifteen methyl
signals at dH 0.52e0.97 (H3-1, �11, �12, �18, �19,
�24, �25, �30, �31, �37, �38, �44, �45, �51, and
�52), five nitrogen-bearing three-proton singlets at
dH 2.92 (H3-33), 2.92 (H3-47), 2.93 (H3-40), 3.01 (H3-27),
and 3.05 (H3-14), eight methylene signals at dH 1.05,
0.75 (each 1H, H2-43), 1.11, 0.75 (each 1H, H2-36), 1.40,
1.04 (each 1H, H2-17), 1.41, 1.04 (each 1H, H2-23), 1.48,
1.04 (each 1H, H2-10), 1.70, 1.55 (each 1H, H2-49), 1.75,
1.60 (each 1H, H2-4), and 2.03, 2.01 (each 1H, H2-5),
eight a-methine signals at dH 4.25 (H-3), 4.48 (H-8),
4.48 (H-21), 4.76 (d, J ¼ 11.2 Hz, H-15), 5.00 (dd,
J ¼ 11.9, 4.0 Hz, H-48), 5.08 (d, J ¼ 10.8 Hz, H-28), 5.15
(d, J ¼ 11.0 Hz, H-34), and 5.18 (d, J ¼ 11.0 Hz, H-41),
six b-methine signals at dH1.75 (H-9), 1.77 (H-22), 1.85
(H-16), 1.98 (H-35), 1.99 (H-42), and 2.18 (H-29), one
g-methine signal at 1.19 (H-50), and four amine sig-
nals at dH 6.72 and 7.27 (each 1H, s, NH2-Gln1), 7.97
(1H, d, J ¼ 8.2 Hz, NH-Gln1), 8.13 (1H, d, J ¼ 8.6 Hz,
NH-allo-Ile2), and 8.27 (1H, d, J ¼ 8.3 Hz, NH-allo-
Ile4) (Table 2). The 13C NMR (DMSO-d6, 125 MHz)
coupled with phase-sensitive HSQC spectrum of 1
showed fifty-three signals including fifteen methyl
carbons at dC 10.5 (C-11), 10.6 (C-18), 10.6 (C-24), 10.7
(C-37), 11.0 (C-44), 14.7 (C-25), 14.8 (C-38), 14.9 (C-19),
15.0 (C-12), 15.2 (C-45), 18.1 (C-30), 18.9 (C-31), 21.1
(C-51), 22.6 (C-1), and 23.4 (C-52), five N-methyl
carbons at dC 30.2 (C-27), 30.3 (C-33), 30.3 (C-40), 30.9
(C-14), and 31.3 (C-47), eight methylene carbons at
dC23.7 (C-43), 23.8 (C-36), 24.2 (C-17), 24.3 (C-23), 24.4
(C-10), 28.4 (C-4), 31.8 (C-5), and 36.8 (C-49), eight a-
methine carbons at dC 52.1 (C-3), 52.9 (C-8), 53.0 (C-
21), 54.3 (C-48), 55.5 (C-41), 55.8 (C-34), 57.5 (C-28),
and 59.2 (C-15), six b-methine carbons at dC 26.9 (C-

29), 32.4 (C-16), 32.9 (C-35), 32.9 (C-42), 35.8 (C-22),
and 36.4 (C-9), one g-methine carbon at dC 24.8 (C-
50), and ten non-protonated signals at dC 169.8 (C-2),
170.1 (C-20), 170.2 (C-32), 170.4 (C-46), 170.5 (C-39),
171.8 (C-7), 172.6 (C-13), 172.6 (C-26), 173.0 (C-53),
174.2 (C-6) (Table 1). The COSY spectrum of 1 dis-
played eight sets of contiguous protons as follows:
NH/H-3/H2-4/H2-5; NH/H-8/H-9 (H3-12)/H2-10/H3-
11; H-15/H-16 (H3-19)/H2-17/H3-18; NH/H-21/H-22
(H3-25)/H2-23/H3-24; H-28/H-29 (H3-30)/H3-31; H-
34/H-35 (H3-38)/H2-36/H3-37; H-41/H-42 (H3-45)/H2-
43/H3-44; H-48/H2-49/H-50 (H3-52)/H3-51 (Fig. 2),
which were further confirmed by the TOCSY spec-
trum of 1. The HMBC spectrum showed key cross-
peaks of dH 1.82 (H3-1)/dC 169.8 (C-2); dH 2.03, 2.01
(H2-5)/dC 174.2 (C-6); dH 7.25, 6.72 (NH2eN-Ac-Gln1)/
dC 31.8 (C-5); dH 4.25 (H-3)/dC 171.8 (C-7); dH 8.13
(NH-Ile2)/dC 171.8 (C-7); dH 4.48 (H-8)/dC 172.6 (C-13);
dH 3.05 (H3-14)/dC 172.6 (C-13) and 59.2 (C-15); dH 4.76
(H-15)/dC 170.1 (C-20); dH 8.27 (NH-Ile4)/dC 170.1 (C-
20); dH 4.48 (H-21)/dC 172.6 (C-26); dH 3.01 (H3-27)/dC
172.6 (C-26) and 57.5 (C-28); dH 5.08 (H-28)/dC 170.2
(C-32); dH 2.92 (H3-33)/dC 170.2 (C-32) and 55.8 (C-34);
dH 5.15 (H-34)/dC 170.5 (C-39); dH 2.93 (H3-40)/dC 170.5
(C-39) and 55.5 (C-41); dH 5.18 (H-41)/dC 170.4 (C-46);
dH 2.92 (H3-47)/dC 170.4 (C-46) and 54.3 (C-48); dH 5.00
(H-48)/dC 173.0 (C-53) (Fig. 2), corroborating the
gross structure of 1 to be N-acetyl-glutamine1/
isoleucine2/N-methyl-isoleucine3/isoleucine4/N-
methyl-valine5/N-methyl-isoleucine6/N-methyl-
isoleucine7/N-methyl-leucine8. The amino acid
sequence of 1 was also confirmed by the m/z dif-
ference of the fragment ions from MS/MS spectral
interpretation (Fig. 3). HPLC chiral analysis of the
acid hydrolysate of 1 revealed that the absolute
configurations of glutamine, isoleucine, N-methyl-
isoleucine, N-methyl-valine, and N-methyl-leucine
were L-, L-allo-, L-, D-, and L-forms, respectively.
Thus, the structure of 1 was determined to be shown
in Fig. 1, and it was named acrepeptin A.
The physical and NMR data of 2 and 3 were

almost compatible with those of 1 except that only a
structural change around their C-11 and -31 (Tables
1 and 2), respectively. The quasi-molecular ion [M þ
H]þ at m/z 1022.7243 in the HRESIMS of 2, 14 Da less
than that of 1, coupled with m/z 270.15 for the frag-
ment of N-acetyl-glutamine1/valine2 in the MS/
MS data of 2 (Fig. 3), 14 Da less than that of 1,
confirmed that the isoleucine2 in 1 was substituted
by a valine2 in 2. The quasi-molecular ion [M þ H]þ

at m/z 1050.7544 in the HRESIMS of 3, 14 Da more
than that of 1, along with m/z 651.44 for the fragment
of N-acetyl-glutamine1/isoleucine2/N-methyl-
isoleucine3/isoleucine4/N-methyl-isoleucine5 in
the MS/MS data of 3 (Fig. 3), 14 Da more than that of
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1, indicated that the N-methyl-valine5 in 1 was
replaced by a N-methyl-isoleucine5 in 3. HPLC
chiral analysis of the acid hydrolysates of 2 and 3
confirmed the absolute configurations of the valine2
in 2 and the N-methyl-isoleucine5 in 3 to be D- and
L-forms, respectively. Therefore, the structures of 2
and 3 were deduced to be shown.

So far, two analogues of compounds 1e3, RHM1
and RHM2, have been isolated from a sponge-
derived Acremonium sp. [14]; however, 1e3 had
different amino acid compositions and dissimilar
configurations of some amino acids from those in
the known analogues. Due to the presence of high
proportion of unusual amino acids such as D-valine,

Fig. 2. Key COSY and HMBC correlations of acrepeptin A (1).

Fig. 3. The MS/MS fragments of acrepeptins AeC (1e3).
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L-allo-isoleucine, N-methyl-L-isoleucine, N-methyl-
D-valine, and N-methyl-L-leucine along with modi-
fied C- and N-termini, compounds 1e3 were likely
the products of non-ribosomal peptide synthase
(NRPS).
Compound 4 was assigned a molecular formula

of C24H43N3O9 by HRESIMS and 13C NMR. The IR
spectrum indicated the presence of amide car-
bonyls (1645 and 1689 cm�1), an ester carbonyl
(1739 cm�1), and a hydroxy and an amine
(3414 cm�1). Analysis of the 1H NMR (DMSO-d6,
500 MHz) in combination with HSQC spectrum of
4 showed four methyl signals at dH 0.76 (d,
J ¼ 6.8 Hz, H3-3), 1.04 (d, J ¼ 6.4 Hz, H3-22), 1.23 (d,
J ¼ 7.2 Hz, H3-18), and 3.61 (s, H3-24) and five
overlapped three-proton resonances at dH
0.86e0.92 (H3-4, �9, �10, �14, and �15), one

methylene signal at dH 1.20 and 1.52 (qd, J ¼ 7.2,
4.8 Hz, H2-8), nine methine signals dH 1.87 (H-7),
1.97 (H-2), 2.01 (H-13), 3.73 (d, J ¼ 3.9 Hz, H-1), 4.10
(H-21), 4.26 (dd, J ¼ 8.5, 3.3 Hz, H-20), 4.37 (dd,
J ¼ 8.6, 5.5 Hz, H-6), 4.44 (H-17), and 4.75 (d,
J ¼ 4.9 Hz, H-12), three amine signals at dH 7.64 (d,
J ¼ 8.3 Hz, NH-Ile2), 7.95 (d, J ¼ 8.5 Hz, NH-Thr
methyl ester5), and 8.15 (d, J ¼ 7.5 Hz, NH-Ala4),
and two hydroxy signals at dH 5.08 (br s, OH-21)
and 5.51 (br s, OH-1) (Table 2). The 13C NMR
(DMSO-d6, 125 MHz) coupled with phase-sensitive
HSQC spectrum of 4 showed twenty-four signals
including nine methyl carbons at dC 11.3 (C-9), 15.3
(C-10), 16.2 (C-3), 17.0 (C-14), 18.2 (C-18), 18.7 (C-
15), 19.1 (C-4), 20.1 (C-22), and 51.9 (C-24), one
methylene carbon at dC 24.6 (C-8), nine methine
carbons at dC 30.1 (C-13), 31.4 (C-2), 36.8 (C-7), 47.9

Fig. 4. Effects of compounds 1 and 3 on LPS-induced NO production (A and C) and iNOS expression (B and D) in BV-2 microgial cells. Data are
expressed as the mean ± SD (n ¼ 3). ###p < 0.001, compared with the resting group; *p < 0.05 and **p < 0.01, compared with the group of
stimulation.
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(C-17), 55.4 (C-6), 57.8 (C-20), 66.3 (C-21), 71.5 (C-
1), and 78.0 (C-12), and five non-protonated car-
bons at dC 167.9 (C-16), 171.0 (C-23), 171.0 (C-11),
172.7 (C-19), and 173.4 (C-5). Analysis of COSY
spectral data of 4 allowed the assignments of three
spin systems as follows: OH-1/H-1/H-2 (H3-3)/(H3-
4); NH/H-6; H-7/H3-10; H2-8/H3-9; H-12/H-13 (H3-
14)/H3-15; NH/H-17/H3-18; NH/H-20; H3-22/H-21/
OH-21. In the HMBC spectrum of 4, key correla-
tions including dH 3.73 (H-1)/dC 173.4 (C-5); dH 7.64
(NH-Ile2)/dC 173.4 (C-5); dH 4.37 (H-6)/dC 36.8 (C-7);
dH 1.20, 1.52 (H2-8)/dC 36.8 (C-7); dH 4.37 (H-6)/dC
171.0 (C-11); dH 4.75 (H-12)/dC 171.0 (C-11) and
167.9 (C-16); dH 4.44 (H-17)/dC 167.9 (C-16) and
172.7 (C-19); dH 7.95 (NH-Thr methyl ester5)/dC
172.7 (C-19); dH 4.26 (H-20)/dC 66.3 (C-21) and 171.0
(C-23); dH 3.61 (H3-24)/dC 171.0 (C-23) established
the structure of each amino acid and their con-
nectivity to be 2-hydroxy-3-methylbutanoic acid1-

/isoleucine2/2-hydroxy-3-methylbutanoic
acid3/alanine4/threonine methyl ester5. HPLC
chiral analysis of the acid hydrolysate of 4 indi-
cated that the absolute configurations of 2-hy-
droxy-3-methylbutanoic acid, isoleucine, alanine,
and threonine methyl ester were R-, L-allo-, D-,
and L-forms, respectively. Accordingly, the struc-
ture of 4 was determined to be a linear penta-
depsipeptide as shown.
All seven compounds were subjected to nitric

oxide production inhibitory activity assays. Of the
compounds tested, acrepeptins A (1) and C (3)
showed moderate inhibitory activities on NO pro-
duction in LPS-activated microglial BV-2 cells with
IC50 values of 12.0 ± 2.3 and 10.6 ± 4.0 mM, respec-
tively (Fig. 4A and C). Curcumin was used as a
positive control with an IC50 value of 6.0 ± 0.3 mM
(n ¼ 3). The cellular viabilities of 1 and 3 (20 mM) was
86 ± 2% and 82 ± 6%, respectively. Furthermore, it
was also found that compounds 1 and 3 concentra-
tion-dependently inhibited microglial iNOS
expression stimulated by LPS (Fig. 4B and D). It was
speculated that the L-allo-isoleucine2 in 1 and 3
instead of D-valine2 in 2 could play a crucial role in
the anti-inflammatory activity.
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