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ABSTRACT: The endophytic fungus Colletotrichum gloeosprioides JS0419, isolated from the leaves of the halophyte Suaeda japonica,
produced four new β-resorcylic acid derivatives, colletogloeopyrones A and B (1 and 2) and colletogloeolactones A and B (3 and 4),
and seven known β-resorcylic acid lactones (RALs). The structures of these compounds were elucidated via analysis of the high-
resolution mass spectrometry and nuclear magnetic resonance data. Compounds 1 and 2 showed a dihydrobenzopyranone ring with
a linear C9 side chain, which is rarely observed in RALs. All isolated compounds were evaluated for their anti-inflammatory activities.
Colletogloeopyrone A (1), monocillin II (5), and monocillin II glycoside (6) were effective in reducing nitric oxide production
without cytotoxicity. They also inhibited the secretion of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), as
demonstrated by the expression of mRNA corresponding to IL-6 and TNF-α. Mechanistically, compounds 5 and 6 significantly
inhibited the protein expression of nuclear factor-κB, IκBα, IKKα/β, inducible nitric oxide synthase, and cyclooxygenase (COX)-2,
whereas compound 1 only inhibited COX-2 expression. This study indicated that RAL-type compounds 1, 5, and 6 demonstrated
potential anti-inflammatory activity by inhibiting the synthesis of pro-inflammatory cytokines.

■ INTRODUCTION
Endophytes live inside plants for a part of their life cycle and
produce biologically active metabolites in association with their
hosts.1 β-Resorcylic acid lactones (RALs) are produced by
endophytes. RALs are a class of fungal polyketide metabolites
comprising a β-resorcylic acid unit (2,4-dihydroxy-benzoic acid)
embedded in a 14-membered lactone.2 RAL-type compounds
exhibit extensive biological activities, including antifungal,
cytotoxic, antimalarial, antiviral, antiparasitic, nematicidal,
estrogenic, protein tyrosine kinase, and ATPase inhibition.3−6

This has led to significant interest in these compounds in the
field of natural product chemistry. To discover new bioactive
compounds in endophytes, we investigated the chemical profiles
of halophyte-associated endophytic fungal extracts using liquid
chromatography−mass spectrometry (LC−MS). The fungal
strain JS0419 of Colletotrichum gloeosporioides isolated from the
plant Suaeda japonica was selected because it produces a variety
of secondary metabolites with unique ultraviolet (UV) patterns.
After fermentation and subsequent purification, C. gloeospor-

ioides JS0419 was found to produce two distinctive classes of
compounds, cyclic lipodepsipeptides and polyketides, as
published by our group before.7,8 Further chemical inves-
tigations demonstrated new polyketides with RAL skeleton with
potent anti-inflammatory activities (Figure 1). In this study, we
report the isolation, structure elucidation, and anti-inflammatory
activities of these compounds.

■ RESULTS AND DISCUSSION
Isolation and Structure Elucidation. Four new (1−4)

and seven known (5−11) polyketides were isolated from
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cultures of C. gloeosporioides JS419 (Figure 1). Upon
comparison of the spectral data with those available in the
literature, the known compounds were identified as monocillin
II (5),3 monocillin II glycoside (6),3 10α-hydroxy monocillin II
(7),4 (5E)-3,4,7,8,9,10,11,12-octahydro-11,14,16-trihydroxy-3-
methyl-1H-2-benzoxacyclotetradecin-1-one (8),4 pochonin L
(9),5 monorden analogue-1 (10),6 and radicicol D (11).

The molecular formula of compound 1, named colletogloeo-
pyrone A, was determined to be C18H24O5 based on the
HRESIMS data (observed [M + Na]+ m/z 343.1519, calculated
[M + Na]+ m/z 343.1516) with seven degrees of unsaturation.
Since its 13C NMR spectrum showed nine sp2 carbons
corresponding to four double bonds and a carboxylic group, it
must be a bicyclic compound to meet the unsaturation criterion
gleaned from the molecular formula (Table 1). The presence of
β-resorcylic acid (2,4-dihydroxybenzoic acid) was deduced from
the meta-coupled proton signals (J = 2.0 Hz) and the carboxylic
carbon signal. Interpretation of 1H−1H COSY allowed the
assignment of CH2−CH(O)−CH2−CH2−CH2−CH2−CH�
CH−CH2−CH(O)−CH3 corresponding to C-8 to C-18, and its
connection with the β-resorcylic acid moiety was confirmed by
the heteronuclear multiple bond correlation (HMBC) spectrum
(Figure 2). The HMBCs of the methylene protons H2-8 and the
oxymethine proton H-9 at δH 4.51 allowed connection of the
long chain with the aromatic ring. Characteristically, oxymethine
(C-9) was linked to C-1 through an ester linkage based on strong
HMBCs with C-7 (δC 143.7) of the aromatic ring and carboxylic
carbon, forming a benzopyranone ring. Thus, a planar structure
was established as shown in the figure. Although it was difficult
to assign the geometry of the double bond at C-14 and C-15 by
coupling constants because of the overlapping proton NMR
signals, it was assigned as trans (E) based on the 13C resonances
of C-13, 14, and 15.9 The absolute stereochemistry of C-9 was
tentatively assigned to be S by comparison of its optical rotation
with those in the reference. 6-Hydroxymellein with 9S showed
positive optical rotations, whereas 6-hydroxymellein with 9R
showed negative values. Unfortunately, C-17 bearing a hydroxyl
group could not be determined because the isolated amount was
not sufficient for the modified Mosher’s reaction.10 Therefore,
we tried a quantum mechanics-based computational analysis
using DP4 statistical calculation.11−14 Two possible isomers

with 17S and 17R configurations were calculated, in result, one
isomer with 17S has 87.9% of probability over the other isomer
with 17R (Table S3). Thus, it was hard to define the absolute
stereochemistry based on the quantum mechanics-based
calculations.

Compound 2, named colletogloeopyrone B, was also isolated
as a yellowish amorphous solid, and its MS showed a molecular
ion cluster at m/z 393/395 in a ratio of 3:1, indicative of the
presence of one chlorine atom. The molecular formula of 2 was
determined as C18H23ClO6 by HRESIMS analysis (observed [M
+ Na]+ m/z 393.1078, calculated [M + Na]+ m/z 393.1075).

Figure 1. Structures of the isolated compounds (1−11).

Table 1. 1H and 13C NMR Data for Compounds 1 and 2 in
CD3OD

1 2

no.
δC,

typeb δH (J in Hz)a
δC,

typeb δH (J in Hz)a

1 171.8 171.5
2 101.7 102.3
3 165.7 164.0
4 102.3 6.19 (d, 2.5) 103.1 6.37 (s)
5 166.4 162.5
6 108.1 6.22 (d, 2.5) 113.3
7 143.7 140.3
8 34.1 2.89 (dd, 16.0, 4.0) 31.9 3.24 (dd, 17, 3.0)

2.83 (dd, 16.0, 11.0) 2.79 (dd, 17, 12)
9 80.9 4.51 (m) 80.2 4.54 (m)
10 35.8 1.81 (m) 35.8 1.86 (m)

1.72 (m) 1.80 (m)
11 25.6 1.58 (m) 25.6 1.61 (m)

1.49 (m) 1.51 (m)
12 30.5 1.44 (m) 30.2 1.51 (m)
13 33.7 2.06 (m) 33.5 2.14 (m)
14 133.9 5.46 (m) 134.3 5.71 (dt, 16, 7.0)
15 128.1 5.49 (m) 131.0 5.55 (ddt, 16, 7.0, 1.5)
16 43.6 2.18 (m) 78.0 3.85 (dd, 7.0, 5.0)

2.10 (m)
17 68.8 3.73 (m) 71.8 3.66 (qd, 6.5, 5.0)
18 23.0 1.13 (d, 6.0) 18.8 1.13 (d, 6.5)

aMeasured at 500 MHz. bMeasured at 125 MHz.
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The structure of 2 was analogous to 1 based on a similar UV
pattern (λmax = 218 nm) and NMR. However, only one singlet
aromatic proton appeared in 2 unlike 1, suggesting an additional
substituent on the aromatic ring (Table 1). In addition,
compound 2 had an additional oxymethine group compared
to compound 1. Position C-6 was deduced to be chlorinated
based on its chemical shift and the HMBCs of C-6 with the
singlet aromatic proton and H2-8. In addition, careful analysis of
the 1H−1H COSY spectrum revealed the presence of a 1,2-diol
group connected by a double bond, whose position was also
confirmed by HMBCs. Strong HMBCs of the terminal methyl
doublet protons with two oxymethine carbons and of the
oxymethine protons with the double-bond carbons indicated
that the additional hydroxyl group was attached to C-16 of the
long chain compared to that in compound 1. The geometry of
the double bond in 2 was apparently trans based on the coupling
constant (16 Hz). The absolute stereochemistry of C-9 was also
tentatively assigned to be S based on the optical rotation.
Chemical reactions to establish the absolute configuration of C-
16 and C-17 could not be performed due to the limited amount
of sample.

Compound 3 (colletogloeolactone A), with the molecular
formula of C23H30O9 was also a β-resorcylic acid derivative with
an aliphatic chain. Signals for β-resorcylic acid and an olefinic
group were observed in the NMR spectra (Table 2). In addition,
characteristic resonances for a pentose [(δH 5.67, δC 101.8; δH
4.19, δC 73.6; δH 4.09, δC 71.2; δH 4.11, δC 88.1; δH 3.70 and
3.64, δC 63.3)] were observed in NMR. The pentose was
confirmed to be ribose by comparing its NMR resonances with
those of the references.15 We confirmed the location of the
ribose by an HMBC from the anomeric proton at δH 5.67 with
C-5 (δC 162.8). The ribose moiety was in an α configuration
based on the coupling constant of the anomeric proton (3JHH =
4.5 Hz).15 An isolated methylene moiety appeared at δH 4.28
and 3.67 (each 1H, d, J = 18 Hz). HMBCs of the methylene
protons at δH 4.28 and 3.67 (H2-8) with the aromatic carbons C-
2, C-6, and C-7, together with the ketone carbon, indicated the
presence of a ketone group at C-9. Upon interpretation of the
1H−1H COSY spectrum, the double bond was observed at C-14
and C-15. A strong HMBC of the methyl-bearing oxymethine
proton with the carboxylic carbon C-1 suggested that the 14-
membered lactone was embedded in β-resorcylic acid, as
observed in well-known RAL-type compounds, radicicols, and
monocillins. The low-field-shifted methine proton at δH 5.29
also supported the formation of a 14-membered lactone ring.
Finally, the ribose was confirmed to be attached at C-5 based on

the HMBC of the anomeric proton H-1′ (δH 5.67) with C-5 (δC
162.8).

The molecular formula of compound 4 was established as
C18H20ClO6 by HRESIMS in the negative mode. Comparison of
its 1H and 13CNMR data with those of compound 3 showed that
compound 4 had a chlorinated β-resorcylic acid and one
oxymethine group in the lactone ring but lacked ribose (Table
2). Upon interpretation of 1H−1H COSY and HMBCs, the
positions of the chlorination and oxymethine groups were
confirmed. To establish the absolute configurations of C-12 and

Figure 2. 1H−1H COSY, key heteronuclear multiple bond correlation (HMBC) of compounds 1−4.

Table 2. 1H and 13C NMR Data for Compounds 3 and 4 in
CD3OD

3 4

No.
δC,

typeb δH (J in Hz)a
δC,

typeb δH (J in Hz)a

1 172.0 171.3
2 109.4 109.3c

3 165.5 163.1
4 104.3 6.65 (d, 2.5) 104.0 6.45 (s)
5 162.8 159.6
6 114.3 6.47 (d, 2.5) 116.4
7 140.0 137.1
8 50.7 4.28 (d, 18.0) 47.2 4.39 (d, 18.0)

3.67 (d, 18.0) 4.10 (d, 18.0)
9 210.7 209.0
10 42.0 2.52 (t, 6.5) 39.4 2.69 (ddd, 19.0, 9.0, 2.5)

2.57 (dt, 19.0, 6.0)
11 23.4 1.62 (m) 31.9 1.83 (m)
12 26.7 1.52 (m) 70.3 3.71 (m)
13 33.6 2.09 (m) 42.6 2.39 (m)

2.16 (dd, 9.0, 4.5)
14 135.8 5.47 (m) 131.4 5.51 (dd, 7.0, 5.0)
15 126.6 5.47 (m) 128.3 5.56 (m)
16 38.8 2.55 (m) 38.9 2.50 (ddd, 15.0, 7.0, 3.5)

2.30 (m) 2.33 (m)
17 74.3 5.29 (m) 74.1 5.33 (m)
18 19.5 1.37 (d, 6.5) 19.3 1.37 (d, 6.5)
1′ 101.8 5.67 (d, 4.5)
2′ 73.6 4.19 (dd, 6.5, 4.5)
3′ 71.2 4.09 (dd, 6.5, 3.5)
4′ 88.1 4.11 (m)
5′ 63.3 3.70 (dd, 13.0, 3.0)

3.64 (dd, 13.0, 4.0)
aMeasured at 500 MHz. bMeasured at 125 MHz.
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C-17 in 4, the quantummechanics-based computational analysis
using DP4 was performed. Four possible isomers (12R and 17R;
12R and 17S; 12S and 17R; 12S and 17S) were calculated, in
result, one isomer with 12R and 17R and another isomer with
12S and 17S had 38.3 and 61.7% probabilities, respectively
(Table S4). Compound 4 possibly had the same absolute
configurations at C-12 and C-17, but it was also hard to define
them based on relatively low values of probability on DP4
analysis.

A cell viability assay was conducted to determine the nontoxic
concentrations of compounds 1−11 in RAW 264.7 cells.
Compounds 4, 5, 7, and 8 were weakly cytotoxic, as cell survival
reduced to less than 80% at concentrations of 12.5, 25, 12.5, and
25 μM, respectively (Supporting Figure S25). The anti-
inflammatory effects of these compounds were assessed at
nontoxic concentrations. The inhibitory effect of compounds
1−11 on NO production was examined. All compounds
reduced nitrite concentration (Figure 3) compared to those
observed in the lipopolysaccharide (LPS) control group (66.57
± 0.49). In particular, co-treatment with compounds 5 and 6
together with LPS showed the lowest NO production of 3.13 ±
0.00 and 4.74 ± 4.74 μM at 12.5 and 50 μM concentrations, and
the new compound (1) was more effective in inhibiting nitrite
production than compound (2) with similar structure. These

results indicate that compounds 1, 5, and 6 may demonstrate
anti-inflammatory activity in LPS-activated RAW 264.7 cells.

Secretion of IL-6 increased after treatment with LPS in cells
and then decreased upon treatment with 12.5 and 50 μM 5 and
6, respectively. TNF-α secretion was also significantly inhibited
upon treatment with compounds 1, 5, and 6 compared to that in
the LPS alone treatment group. As a result, compound 1 was
effective in inhibiting TNF-α secretion at a concentration of 50
μM, and compounds 5 and 6 were effective in inhibiting IL-6
and TNF-α (Figure 4).

In addition, themRNA expression of IL-6 andTNF, which are
involved in NO and cytokine production, was analyzed. The
LPS-mediated increase in the mRNA expression of IL-6 and
TNFwas significantly inhibited by treatment with compounds 1,
5, and 6. The inhibitory effects of compounds 5 and 6 were
stronger than the effect of compound 1, which showed a pattern
similar to that of cytokine secretion (Figure 5).

Western blot analysis was conducted to investigate the effects
of compounds 1, 5, and 6 on the protein levels of NF-κB, IκBα,
and IKKα/β and to examine the inhibition of the expression of
pro-inflammatory factors iNOS and COX-2. As shown in Figure
6, when stimulated with LPS alone (1 μg/mL) for 24 h, the
protein expression of NF-κB, IκBα, and IKKα/β increased,
whereas it was suppressed after treatment with compounds 5
and 6. In addition, the increase in the protein expression of

Figure 3. Effects of compounds 1−11 on the nitric oxide (NO) production in RAW 264.7 mouse macrophages treated with lipopolysaccharide (LPS).
The experiments were conducted in triplicate. (A−K) Effects of compounds 1−11 and NO synthase inhibitor on RAW 264.7 mouse macrophages
treated with LPS were investigated (mean ± SD, *p < 0.05, **p < 0.01 compared to the group treated with 1 μg/mL of LPS alone).
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iNOS and COX-2 following LPS stimulation was significantly
inhibited by compounds 5 and 6. Compound 1 was effective
only at inhibiting COX-2 expression at a concentration of 50
μM.

■ CONCLUSIONS
Four new β-resorcylic acid lactones (1−4), together with seven
known ones (5−11), were isolated from the cultures of the
endophytic fungus Colletotrichum gloeosprioides. The structures
of these compounds were elucidated using high-resolution mass
spectrometry (HRMS) and NMR analyses. Compounds 1 and 2
were named colletogloeopyrones A and B. These compounds
demonstrated dihydrobenzopyranone ring with a linear C9 side
chain. The efforts to establish the absolute configurations using
quantum mechanics-based computational analysis using DP4

statistical calculation were made. However, this approach did
not provide definitive results. Although most of RALs are β-
resorcylic acids embedded in a 14-membered lactone system, to
our knowledge, only two precedents for a dihydrobenzopyr-
anone ring with a long aliphatic side chain are cladosporin, an
antimalarial agent and penicisimpins.16,17 Compounds 3 and 4,
named colletogloeolactones A and B, respectively, are β-
resorcyclic acid compounds fused with a 14-membered lactone.
Colletogloeopyrone A (1), monocillin II (5), and monocillin II
glycoside (6) significantly decreased NO production but did not
show cytotoxicity at concentrations of 6.25, 12.5, and 25 μM,
which prompted us to perform additional mechanical experi-
ments. Macrophages stimulated by LPS produce TNF-α, which
induces the production of IL-6, amplifying the inflammatory
response.18 Our investigation showed that compounds 1, 5, and

Figure 4. Effect of compounds 1, 5, and 6 on interleukin (IL)-6 and tumor necrosis factor (TNF)-α secretion in lipopolysaccharide (LPS)-stimulated
RAW264.7 cells. RAW264.7 cells were treated with various concentrations of compounds 1, 5, and 6 for 2 h and subsequently with LPS (1 μg/mL) for
22 h. (A−C) IL-6 and (D−F) TNF-α concentrations were measured using enzyme-linked immunosorbent assay (ELISA) (mean ± SD, *p < 0.05, **p
< 0.01 compared to the group treated with 1 μg/mL of LPS alone).

Figure 5. Effect of compounds 1, 5, and 6 on interleukin (IL)-6 and tumor necrosis factor (TNF)-α mRNA expression in lipopolysaccharide (LPS)-
stimulated RAW264.7 cells. RAW264.7 cells were treated with compounds 1 (50 μM), 5 (12.5 μM), and 6 (50 μM) for 2 h and subsequently with LPS
(1 μg/mL) for 4 h. (A, B) IL-6 and TNF-α mRNA levels were measured using quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) (mean ± SD, *p < 0.05, **p < 0.01 compared to the group treated with 1 μg/mL of LPS alone).
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6 inhibited the production of IL-6 and TNF-α induced by LPS
stimulation. Hence, they inhibited the initial stage of the
inflammatory response stimulated by LPS. IκBα, an inhibitor of
NF-κB activation, is phosphorylated by IKKβ. NF-κB isolated
from IκB-α migrates to the nucleus and contributes to the
expression of inflammatory genes.19 In addition, NF-κB
regulates the expression of iNOS and COX-2.20 Therefore, we
conducted western blotting to examine whether compounds 1,
5, and 6 inhibited the expression of NF-κB, IκBα, IKKα/β,
iNOS, and COX-2. Compounds 1, 5, and 6 inhibited iNOS and
COX-2 expression by inhibiting the NF-κB/I-κBα pathway.
Based on the biological data of the isolated compounds, β-
resorcylic acid lactones with a ketone group at C-9 position were
more active than those with hydroxyl groups. In addition, two
double bonds at C-10/C-11 and C-14/C-15 seem to affect the
better activity, as shown in compounds 5 and 6. In conclusion.
Compounds 1, 5, and 6 demonstrated the potential to effectively
induce anti-inflammatory activity by inhibiting the synthesis of
pro-inflammatory cytokines.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations

were measured at room temperature with a JASCO P-2000
polarimeter (JASCO, Easton, PA) using a 1 cm cell. The infrared
(IR) spectra were recorded using an Agilent Cary 630 FTIR
spectrometer (Agilent Technologies, Santa Clara, CA). High-
resolution electrospray ionization mass spectrometry (HRE-
SIMS) data were acquired using a UHR electrospray ionization
quadrupole time-of-flight (ESI Q-TOF) mass spectrometer
(Bruker, Billerica, MA). Nuclear magnetic resonance (NMR)
spectra were obtained using Varian NMR systems 500 MHz
(1H: 500 MHz, 13C: 125 MHz) (Varian, Palo Alto, CA) with
CD3OD (Cambridge Isotope Laboratories, Inc., Tewksbury,
MA).

Fungal Materials. The fungal strain (JS0419) was isolated
from S. japonica Makino collected from a swamp in Suncheon,
South Korea, in September 2011. The tissues of this plant were
cut into small pieces (0.5 × 0.5 cm2) and rinsed sequentially for 1
min with 2% sodium hypochlorite, 70% ethanol, and sterilized
distilled water to remove external microorganisms. After air
drying, the sterilized plant tissues were incubated on the malt
extract agar (MEA) medium (4 g of yeast extract, 10 g of malt
extract, 4 g of potato dextrose broth, and 18 g of agar per 1 L
sterilized distilled water) with 50 ppm kanamycin, 50 ppm
chloramphenicol, and 50 ppm Rose Bengal at 22 °C for 7 days.
The actively growing fungus was transferred to the potato
dextrose agar (PDA) medium (24 g potato dextrose broth and
18 g agar per 1 L of sterilized distilled water). The fungal strain
was identified as C. gloeosporioides by Dr. Soonok Kim at
National Institute of Biological Resources, South Korea based
on the internal transcribed spacer (ITS) sequences. It was
deposited as 20% glycerol stock in a liquid nitrogen tank at the
Wildlife Genetic Resources Bank of the National Institute of
Biological Resources (Incheon, Korea).

Mass Cultivation of the Fungus. The JS0419 strain was
cultured on the solid PDA medium for 7 days at room
temperature. Agar plugs were cut into small pieces (0.5 × 0.5
cm2) under aseptic conditions and inoculated on a solid rice
medium (60 g of rice, 90 mL of distilled water per 500 mL
Erlenmeyer flasks). After incubation at room temperature for 30
days, 200 mL of ethyl acetate was added to each culture flask (50
× 500 mL Erlenmeyer flasks) followed by extraction for 1 day.
They were then filtered to separate the supernatant from the
solid mycelia. The supernatant was evaporated under reduced
pressure at 35 °C to obtain the extract (110 g).

Extraction and Isolation. The crude extract (110 g) was
fractionated by vacuum liquid column chromatography over
silica gel using a stepwise gradient of n-hexane/acetone/MeOH
(from 1:0:0, 60:1:0, 25:1:0, 7:1:0, 5:1:0, 4:1:0, 3:1:0, 2:1:0,

Figure 6. Effects of compounds 1, 5, and 6 on the lipopolysaccharide (LPS)-induced expression of nuclear factor (NF)-κB p65, I-κBα, IKKα/β,
inducible nitric oxide synthase (iNOS), and cyclooxygenase (COX)-2 proteins in RAW 264.7 mouse macrophages. RAW 264.7 cells were treated with
compounds 1 (50 μM), 5 (12.5 μM), and 6 (50 μM) for 2 h and subsequently with LPS (1 μg/mL) for 4 h. (A) Representative western blots for NF-κB
p65, I-κBα, IKKα/β, iNOS, COX-2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein expression. (B) Quantitative graph for P-NF-
κB p65. (C)Quantitative graph for P-I-κBα. (D)Quantitative graph for P-IKKα/β. (E) Quantitative graph for iNOS. (F)Quantitative graph for COX-
2 (mean ± SD, *p < 0.05, **p < 0.01 compared to the group treated with 1 μg/mL pf LPS alone).
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0:1:0, to 0:0:1) to obtain RM01−RM10 fractions. The RM6
fraction (1.65 g) was subjected to silica gel vacuum liquid
column chromatography by elution with a gradient of CHCl3/
acetone to obtain subfractions RM6A to RM6J. Fraction RM6G
(300 mg) was separated by C18 vacuum liquid column
chromatography using a gradient of aqueous MeOH from 30
to 100% to obtain compounds 1 (4.6 mg), 7 (7.0 mg), and 8 (30
mg). The RM8 fraction (2.02 g) was separated by silica gel
vacuum liquid column chromatography and eluted using a
gradient of CHCl3/acetone/MeOH (from 12:1:0, 10:1:0, 8:1:0,
7:1:0, 6:1:0, 5:1:0, 3:1:0, 1:1:0, 0:1:0, to 0:0:1) to obtain
fractions RM8A to RM8L. Fraction RM8C (176 mg) was
further separated into RM8C1-RM8C7 by C18 vacuum liquid
column chromatography using a gradient of aqueous MeOH
from 20 to 100%. Fraction RM8C5 (45 mg) was subjected to
reverse-phase high-performance liquid chromatography
(HPLC) (Phenomenex, Luna C18 (2), 5 μm, 250 mm × 10.0
mm, room temperature, 2.0 mL/min, isocratic 33% aqueous
acetonitrile, UV 210 nm) to obtain compounds 9 (4.7 mg, tR =
19 min), 10 (2.0 mg, tR = 20.5 min), and 11 (2.9 mg, tR = 16
min). Compounds 2 (3.0 mg, tR = 35.5 min) and 4 (3.7 mg, tR =
29.5 min) were isolated from RM8C6 (42 mg) using reversed-
phase HPLC (Phenomenex, Luna C18 (2), 5 μm, 250 mm ×
10.0 mm, room temperature, 2.0 mL/min, 60−80% aqueous
MeOH, UV 210 nm). Fraction RM9G4 (33 mg) was purified by
column chromatography using Sephadex LH-20, followed by
reverse-phase HPLC (Phenomenex, Luna C18 (2), 5 μm, 250
mm × 10.0 mm, room temperature, 2.0 mL/min, 30−50%
aqueous acetonitrile, UV 280 nm) to yield compounds 5 (2.0
mg, tR = 36.0 min) and 6 (3.7 mg, tR = 33.0 min). Fraction
RM9G5 (75 mg) was subjected to reversed-phase HPLC
(Phenomenex, Luna C18 (2), 5 μm, 250 mm × 10.0 mm, room
temperature, 2.0 mL/min, 50−100% aqueous ACN, UV 210
nm) to obtain compound 3 (1.4 mg, tR = 15 min).
Colletogloeopyrone A (1). Yellowish amorphous solid;

[α]D25 = +10.8 (c 0.1, MeOH); for 1H and 13C NMR data
(500 MHz in CD3OD), see Table 1; (+) HRESIMS m/z
343.1519 [M + Na]+ (Calculated for C18H24O5Na, 343.1516).
Colletogloeopyrone B (2). Yellowish amorphous solid;

[α]D25 = +2.7 (c 0.1, MeOH); for 1H and 13C NMR data (500
MHz in CD3OD), see Table 1; (+)HRESIMS m/z 393.1078 [M
+ Na]+ (Calculated for C18H23ClO6Na, 393.1075).
Colletogloeolactone A (3). Yellowish amorphous solid;

[α]D25 = +5.5 (c 0.1, MeOH); for 1H and 13C NMR data (500
MHz in CD3OD), see Table 2; (+)HRESIMS m/z 473.1787 [M
+ Na]+ (Calculated for C23H30O9Na, 473.1782).
Colletogloeolactone B (4). Yellowish amorphous solid;

[α]D25 = −4.7 (c 0.1, MeOH); for 1H and 13C NMR data
(500 MHz in CD3OD), see Table 2; (-)HRESIMS m/z
367.0952 [M − H]− (Calculated for C18H20ClO6, 367.0954).

Conformational Search and DP4 Analyses for 1 and 4.
Spartan’s 18 performed conformational investigations on two
candidates of 1 using the Molecular Mechanic Force Field
(MMFF), which is based on molecular mechanics (Wave-
function, Irvine, CA). The density functional theory (DFT)
method was used to further optimize conformers with a relative
energy threshold of 10 kJ/mol in chloroform using the
polarizable continuum model (PCM) model (Gaussian, Inc.,
Wallingford, CT). It produced 11 conformers for 17S
diastereomers and 9 conformers for 17R diastereomers when
the GIAO approach was applied at B3LYP/6-31G(d,p) using
Gaussian 16 W and the Solvation Model Based on Density
(SMD) solvent model. The Boltzmann distribution was used to

average the conformer shielding tensors that were calculated.
The Excel spreadsheet given by the original authors was used to
apply the DP4+ analysis on the calculated shielding tensors. The
same procedure was used to compute the shielding tensors of
tetramethylsilane (TMS), a reference. The values of the GIAO
magnetic shielding tensor were used to calculate chemical shifts.

For compound 4, MacroModel (version 9.9, Schrödinger
LLC) andMaestro (version 9.9, Schrödinger LLC) were used to
perform a conformational search. Twenty-eight conformers for
the 12R and 17R diastereomers were obtained using the Merck
molecular force field (gas phase) with a 10 kJ/mol upper energy
limit as the cutoff, 5 conformers for the 12R and 17S
diastereomers, 10 conformers for the 12S and 17R diaster-
eomers, and 35 conformers for the 12S and 17S diastereomers.
Density functional theory (DFT) calculations using the
TurbomoleX 4.3.2 program with the basis set def-SVP for all
atoms and the functional B3-LYP were used to determine the
shielding tensor values. The computed 1H and 13C chemical
shift values were averaged using Boltzmann populations.

RAW 264.7 Cell Culture. RAW 264.7 cell line (American
Type Culture Collection, Rockville, MD) was examined in this
study. Dulbecco’s modified Eagle’s medium (Manassas, VA)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin solution was used as the medium for cell
culture. The cells were cultured at 37 °C in an atmosphere
containing 5% CO2.

Analysis of the Viability of RAW 264.7 Cells. The MTT
assay was conducted to measure cytotoxicity. In a 96-well plate,
1 × 104 cells were dispensed per well and cultured for 24 h. After
removing the supernatant, compounds 1−11 were treated at
each concentration and cultivated for 24 h, and the absorbance
of viable cells was measured at a wavelength of 450 nm using a
spectrophotometer microplate (PowerWave XS; Bio-Tek
Instruments, Winooski, VT).

Determination of the Production of Nitric Oxide (NO),
Interleukin (IL)-6, and Tumor Necrosis Factor (TNF)-α.
RAW 264.7 cells were seeded in a 96-well plate with 1 × 104

cells/well and after treating compounds 1−11 at each
concentration. The cells were then treated with 1 μg/mL of
lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO) for 24
h, and the supernatant was collected and mixed with the Griess
reagent. NO production was measured at a wavelength of 540
nm using a spectrophotometer microplate, and the levels of IL-6
and tumor necrosis factor-α (TNF-α) were measured using an
ELISA kit according to the guidelines of the manufacturer (BD
Biosciences; San Diego, CA).

Quantitative Real-Time Reverse Transcription-Poly-
merase Chain Reaction (qRT-PCR). RAW 264.7 cells were
treated with compounds 1, 5, and 6 and 1 μg/mL of LPS, lysed
using an RNeasymini kit (Qiagen, Valencia, CA), and total RNA
purification was conducted according to the manufacturer’s
protocol. RNA was converted to complementary DNA (cDNA)
using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, Madison, WI). The sense and antisense primers of
each gene, which are specific to mice, are listed in Table S1.21

PCR amplification was conducted using the Power SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA).
Relative expression levels were calculated using real-time reverse
transcription PCR based on the Quant 3 real-time PCR system
(Applied Biosystems), and the 2−ΔΔCq method was applied by
normalizing the expression using β-actin as the reference gene.

Western Blot Analysis. RAW 264.7 cells were cultured in a
six-well plate at a density of 2 × 106 cells/well for 24 h. The cells
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were then treated with 1, 5, 6, and 1 μg/mL LPS and then lysed
with radioimmunoprecipitation assay (RIPA) buffer supple-
mented with 1× protease inhibitor cocktail and 1 mM sodium
orthovanadate (Na3VO4) phosphatase inhibitor. Cell extracts
with the same amount of protein (10 μg/lane) were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using the Pierce BCA protein analysis kit
(Thermo Scientific). Proteins were electrophoresed on poly-
(vinylidene fluoride) (PVDF) membranes. Phosphonuclear
factor-κB (NF-κB) p65, NF-κB p65, phospho-I-κBα (inhibitor
of κBα), IκBα, phospho-IKKα/β, IKKα (IκB kinase α), IKKβ
(IκB kinase β), inducible nitric oxide synthase (iNOS), and
cyclooxygenase-2 (COX-2) were used as primary antibodies for
each PVDF membrane, and secondary antibodies were used to
label the target protein with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Cell Signaling, Boston, MA). The
combined antibodies were detected using Pierce ECL Advance
western blotting detection reagents (Thermo Scientific) and
visualized using a FUSION Solo Chemiluminescence System
(PEQLAB Biotechnologie GmbH, Germany).

Statistical Analysis. All data are presented as the average
values and standard deviation (SD). Statistical analyses were
conducted using one-way analysis of variance (ANOVA) and
Bonferroni’s post-test to evaluate the differences among various
experimental groups (GraphPad Prism 7.0, GraphPad Software,
Inc., San Diego, CA). p < 0.05 and p < 0.01 were considered
significant.
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