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Abstract: Two new cembrane-type diterpenoids, lobophytins A (1) and B (3), and four new
prostaglandins, (5E)-PGB2 (10), (5E)-13,14-dihydro-PGB2 (11), 13,14-dihydro-PGB2 (12) and
13,14-dihydro-PGB2-Me (13), together with ten known compounds were isolated from the soft
coral Lobophytum sarcophytoides. The structures of these new secondary metabolites were identified by
high resolution mass spectrometry (HR-ESIMS), nuclear magnetic resonance (NMR) and electron
circular dichroism (ECD) analyses, as well as the modified Mosher’s method. Compounds 6, 7, 9, 10,
12, 13, 15 and 16 showed potential anti-inflammatory activity by inhibiting the production of nitric
oxide (NO) in RAW264.7 cells that were activated by lipopolysaccharide, with IC50 values ranging
from 7.1 to 32.1 µM and were better than the positive control indomethacin, IC50 = 39.8 µM.
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1. Introduction

Cembrane-type diterpenoids are a large and structurally varied group of natural products derived
from both terrestrial and marine organisms [1,2]. Among them, highly functionalized cembranoid
diterpenes, containing a five-membered lactone moiety, have been mainly isolated from marine soft
corals, especially from the genera Lobophytum, Sarcophyton and Sinularia [3,4]. Some of them have many
kinds of pharmacological activities, such as cytotoxic [2,5], anti-inflammatory [6,7], anti-protozoal [8],
antifouling [9] and anti-HIV [10].

Prostaglandins are biologically active lipid compounds, being 20-carbon fatty acids derived
enzymically from the essential fatty acids by cyclization and oxidation [11,12]. They are widely
distributed in animals and human-beings, which regulate a wide range of physiological activities.

Recently, we searched for anti-inflammatory secondary metabolites from the South China Sea and
the soft coral Lobophytum sarcophytoides was collected from Xisha Islands, China. EtOAc extract
of soft coral L. sarcophytoides showed anti-inflammatory activity in vitro by inhibiting nitric
oxide (NO) production in lipopolysaccharide activated in RAW264.7 cells. Subsequent chemical
investigation led to the isolation of 16 secondary metabolites, including two new cembrane-type
diterpenoids, lobophytins A (1) and B (3), and four new prostaglandins, (5E)-PGB2 (10),
(5E)-13,14-dihydro-PGB2 (11), 13,14-dihydro-PGB2 (12) and 13,14-dihydro-PGB2-Me (13), as well
as ten known compounds, sarcomililatin B (2), sarcomililatin A (4), (+)-isosarcophine (5),
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(1S,2E,4S,6E,8S,11R)-2,6,12(20)-cembratriene-4,8,11-triol (7), loliolide (8), apo-9′-fucoxanthinone (9),
(13E)-PGB2 (14), PGB2 (15) and PGA2 (16) (Figure 1). Compounds 6, 7, 9, 10, 12, 13, 15 and 16 showed
potential anti-inflammatory activity with IC50 values ranging from 7.1 to 32.1 µM. Herein, we report
the isolation, structure determination and anti-inflammatory bioactivity of the secondary metabolites.
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2. Results and Discussion

Compound 1 was obtained as colorless oil and its molecular formula was established as C20H28O4

(seven degrees of unsaturation) according to the negative HR-ESIMS ion at m/z 331.1906 [M − H]−

(calculated for C20 H27 O4, 331.1909) (Figure S1). The IR spectrum of 1 revealed the presence of hydroxy
(3450 cm−1) group and an α, β-unsaturated γ-lactone moiety (1737 and 1675 cm−1) (Figure S2). The 1H
NMR data (Table 1) showed resonances for two vinyl methyls [δH 1.79 (3H, s); 1.91 (3H, s)], a tertiary
methyl [δH 1.21 (3H, s)], three olefinic protons [δH 4.99 (1H, dd, J = 10.0, 1.0 Hz); 4.92 (1H, d, J = 0.9 Hz);
5.19 (1H, t, J = 1.6 Hz)], three oxygenated methines [δH 5.64 (1H, dd, J = 10.0, 1.7 Hz); 3.83 (1H, dd,
J = 10.7, 6.3 Hz); 2.69 (1H, dd, J = 10.3, 2.6 Hz)] (Figure S3). The 13C NMR data (Table 1) revealed the
presence of 20 carbons belonging to three methyls, seven methylenes, four methines and six quaternary
carbons. Detailed analysis of the 1H and 13C NMR data (Figure S4) suggested that 1 belongs to the
cembrane-type diterpenoid class, which was quite similar to sarcomililatin A (2) [13].
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Table 1. 1H (400 MHz) and 13C (100 MHz) NMR data of compounds 1 and 3 (in MeOH-d4, J in Hz).

No.
1 3

δC δH, Mult. δC δH, Mult.

1 162.8, C 161.4, C
2 79.8, CH 5.64, dd (10.0, 1.7) 79.2, CH 5.42, d (10.2)
3 122.9, CH 4.99, dt (10.0, 1.0) 120.1, CH 4.90, d (10.2)
4 143.5, C 143.7, C

5 36.7, CH2
2.19, m

2.56, ddd (13.1, 9.9, 3.3) 41.7, CH2
2.73, dd (13.8, 7.2)
2.81, dd (13.8, 7.2)

6 32.9, CH2
1.40, m
2.00, m 125.2, CH 5.83, dt (15.6, 7.2)

7 70.1, CH 3.83, dd (10.7, 6.3) 140.2, CH 5.68, d (15.6)
8 155.1, C 72.6, C

9 31.3, CH2
2.13, m

2.37, (13.7, 7.9, 2.8) 39.6, CH2 1.81, m

10 31.7, CH2 1.41, m 24.1, CH2
1.64, m
1.77, m

11 62.1, CH 2.69, dd (10.3, 2.6) 62.0, CH 2.76, m
12 61.1, C 60.1, C

13 35.0, CH2
1.56, m
1.91, m 35.7, CH2

1.27, m
1.9, m

14 22.4, CH2 2.27, m 23.7, CH2
2.20, m
2.38, m

15 123.7, C 123.8, C
16 174.5, C 174.7, C
17 8.8, CH3 1.79, s 9.1, CH3 1.85, s
18 16.0, CH3 1.91, s 17.4, CH3 1.83, s

19 110.5, CH2
4.92, d (0.9)
5.19, t (1.6) 28.5, CH3 1.41, s

20 17.9, CH3 1.21, s 16.7, CH3 1.29, s

The 1H-1H COSY spectrum (Figure S5) revealed the appearance of four isolated proton spin
systems as depicted in Figure 2. The key heteronuclear multiple bond correlation (HMBC) correlations
from H-17 to C-1, C-15 and C-16; H-18 to C-3, C-4 and C-5; H-19 to C-7, C-8 and C-9; H-20 to C-11,
C-12 and C-13; H-2 to C-1, C-15 and C-16; and H-14 to C-1 and C-15 established the cembrane-type
diterpenoid skeleton as shown in Figure 2. The epoxy ring was located at C-11 and C-12 on the base
of the HMBC correlations from H-20 to C-11 and C-12, as well as the chemical shift values of C-11
(δC 62.1) and C-12 (δC 61.1). The position of the remaining hydroxy group was assigned at C-7 (δC 70.1)
according to the HMBC correlations from H-19 to C-7 and the 1H-1H COSY correlation between
H-6 and H-7. The relative configuration of 1 was deduced by analysis of the nuclear overhauser
effect spectroscopy (NOESY) data (Figure 3). The observed NOE correlations H-18 with H-2 and H-7
indicated they are α-orientation. NOE correlations H-11 with H-7, but not with H-20 suggested that
H-11 and H-20 are β and α-orientation, respectively. The absolute configuration of 1 was determined
by comparing experimental and calculated ECD spectra. The predicted ECD spectrum of (2S, 7R, 11R,
12R)-1 was in good agreement with that of the experimental one (Figure 4). Finally, the gross structure
of 1 was assigned as shown and was given the trivial name lobophytin A.
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Compound 3 was isolated as colorless oil. The molecular formula of 3 was determined as
C20H28O4 on the base of the positive HR-ESIMS ion at m/z 333.2058 [M −H]+ (calculated for C20H29O4,
333.2060) (Figure S9). The IR spectrum of 3 revealed the presence of hydroxy (3450 cm−1) group and
an α, β-unsaturated γ-lactone moiety (1737 and 1675 cm−1) (Figure S10). The 1H and 13C NMR data
(Table 1) of 3 revealed its structure possessed great similarity to the known cembrane-type diterpenoid,
sarcomililatin B (4) [13]. The main difference between them was that the hydroperoxy group in 4
was replaced by the hydroxyl group in 3. This replacement caused the chemical shift of C-8 to be
shifted upfield ∆δC 11.4 ppm (δC 72.6 in 3; 84.0 in 4). The significant 1H-1H COSY (Figure S13)
and HMBC correlations (Figure 2) allowed the complete assignment for the planar structure of 3.
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The relative configuration of 3 was deduced by analysis of the NOESY data (Figure 3). The observed
NOE correlations H-2 with H-13a and H-3; H-5a with H-13a and H-3 indicated they are α-orientation.
NOE correlations H-6 with H-18 and H-19; H-19 with H-11; H-20 with H-14a suggested that H-6,
H-14a, H-11, H-18, H-19 and H-20 are β-orientation. Compound 3 and sarcomililatin B (4) [13] showed
quite similar ECD spectra (Figure 4), with a positive Cotton effect at 223 nm (∆ε = +27.2) and a negative
Cotton effect at 248 nm (∆ε = −2.9), indicating that they have the same absolute configurations as 2S,
8R, 11R and 12R. Therefore, the structure of 3 was elucidated as depicted, named as lobophytin B.

Compound 10 was isolated as colorless oil. It has the molecular formula C20H28O4 (six degrees of
unsaturation), as deduced from the negative HR-ESIMS ion at m/z 333.2068 [M −H]− (calculated for
C20H29O4, 333.2071) (Figure S17). The 1H and 13C NMR spectra (Figures S19 and S20) of compound
10 were similar to those of known prostaglandin, PGB2 (15), except for chemical shift variation of
two olefinic (δC 131.8 and 128.3 in 10; 27.7 and 22.1 in 15) and two methylenes (δC 32.9 and 26.7 in 10;
27.7 and 22.1 in 15) carbons in 13C NMR spectrum (Table 2). This suggested that compound 10 was a
geometric isomer of compound 15 with the replacement of 5E geometry of the double bond by 5Z
(Figure 5) on the base of the 13C NMR chemical shifts of allylic methylene carbons (Z alkenes, δC < 28
ppm; E alkenes, δC > 30 ppm) of alkenes [14]. Detailed analysis of the 2D NMR spectroscopic data,
the structure of 10 was established as (5E)-PGB2.
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Compound 11 was isolated as colorless oil and its molecular formula was established as C20H28O4

(five degrees of unsaturation) according to the negative HR-ESIMS ion at m/z 335.2231 [M − H]−

(calculated for C20H31O4, 335.2227) (Figure S25). The 1H and 13C NMR spectra (Figures S27 and
S28) of compound 11 were similar to those of prostaglandin, (5E)-PGB2 (10), except for the absence
of two olefinic proton (δH 6.37 and 6.86; δC 124.3 and 143.7) and the presence of two additional
methylenes (δH 2.53, 2.61; 1.58, 1.67). It means that compound 11 was an analogue of (5E)-PGB2

(10) with the replacement of two olefinic by two methylene group, which was supported by the
1H-1H COSY correlations of H-14 with H-13 and H-15 (Figure 5). Detailed analysis of the 2D NMR
spectroscopic data (Figures S29–S31), the structure of 11 was established as shown in Figure 2 and
named as (5E)-13,14-dihydro-PGB2.

Compound 12 was isolated as colorless oil. The molecular formula of 12 was established
as C20H28O4 (five degrees of unsaturation) according to the negative HR-ESIMS ion at m/z
335.2231 [M − H]− (calculated for C20H31O4, 335.2227) (Figure S32). The 1H and 13C NMR spectra
(Figures S34 and S35) of compound 12 were similar to those of (5E)-13,14-dihydro-PGB2 (11), except for
chemical shift variation of two olefinic and two methylene carbons in 13C NMR spectrum (Table 2).
This suggested that compound 12 was a geometric isomer of compound 11 with the replacement of 5Z
geometry of the double bond by 5E according to the 13C NMR chemical shifts of allylic methylene
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carbons (Z alkenes, δC < 28 ppm; E alkenes, δC > 30 ppm) of alkenes. Therefore, the structure of 12
was established as 13,14-dihydro-PGB2.

Compound 13 was isolated as colorless oil. The molecular formula of 13 was assigned as C20H28O4

(five degrees of unsaturation) on the base of the negative HR-ESIMS ion at m/z 351.2535 [M − H]−

(calculated for C21H35O4, 351.2535) (Figure S40). The 1H and 13C NMR spectra (Figures S42 and S43)
of compound 13 were quite similar to those of 13,14-dihydro-PGB2 (12), except for the presence of
an additional methyl group at δH 3.62 (δC 51.5) (Table 2). The difference revealed that compound 13
was a methylated analogue of compound 12, which was supported by the HMBC correlations from
−OCH3 to C-1 (Figure 5). Finally, 2D NMR spectroscopic data (Figures S44–S46) further elucidated the
structure of 13, as shown in Figure 5 and named as 13,14-dihydro-PGB2-Me.

All isolated prostaglandins 10–16 shared a secondary alcohol at C-15. Their absolute configurations
at C-15 were assigned by the modified Mosher’s method and comparison of optical activity sign,
in combination with biosynthetic considerations. Initially, the known compound with most amount,
PGB2 (15) was used to determine absolute configuration by application of the modified Mosher’s
method because the chemical shifts of H-13 and H-14 at the double bond near the secondary alcohol at
C-15 would change obviously after the reaction with the Mosher’s reagent. The reaction of 15 with (R)-
and (S)-MTPA chloride afforded the corresponding (S)-MTPA ester (15a) and (R)-MTPA ester (15b).
The chemical shifts for H-14 and H-16 of 15a were δH 6.42 and 1.85, respectively, compared to δH 6.30
and 1.91 in 15b (Figures S49 and S51). The chemical shift values (∆δ = δS − δR) (Figure 6) suggested
that the absolute configuration of C-15 is S. Similarly, the absolute configuration of (5E)-PGB2 (10) was
clearly resolved by the modified Mosher’s method and was characterized as S. Then, we also tried to use
the modified Mosher’s method to analyse the absolute configuration of (5E)-13,14-dihydro-PGB2 (11),
13,14-dihydro-PGB2 (12) and 13,14-dihydro-PGB2-Me (13), but the chemical shifts of H-14 and H-16
are overlapped and difficult to classify with the help of heteronuclear singular quantum correlation
(HSQC) and 1H-1H COSY. Finally, optical rotations of all isolated prostaglandins 10–16 were measured
and they have the same optical activity sign. Thus, the configuration at the hydroxy-bearing C-15 was
deduced as S, as well as in combination with biosynthetic considerations.
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Figure 6. ∆δ = δS − δR values in ppm obtained from the MTPA esters of 10 and 15.

The known compound, sarcomililatin B (2) [13], sarcomililatin A (4) [13], (+)-isosarcophine (5) [15],
(1S,2E,4S,6E,8S,11R)-2,6,12(20)-cembratriene-4,8,11-triol (7) [16], loliolide (8) [17], apo-9′-fucoxanthinone
(9) [18], (13Z)-PGB2 (14) [19], PGB2 (15) [19,20] and PGA2 (16) [19] were identified by NMR, ESI-MS
and optical rotation data analysis and comparison of spectroscopic data with literatures.

All isolated compounds (except for 14 with limited amount) were tested for their inhibition activity
against LPS-activated NO production in RAW264.7 cells using the Griess assay. Two cembrane-type
diterpenoids 6 and 7 displayed promising inhibitory effects on the production of NO with IC50 values
26.7 and 17.6 µM (the positive control indomethacin, IC50 = 39.8 µM). apo-9′-Fucoxanthinone (9) had
good inhibition activity against LPS-activated NO production in RAW264.7 cells with 32.1 µM. Most of
the isolated prostaglandins, 10, 12, 13, 15 and 16 showed potential anti-inflammatory activity with IC50

values 20.4, 24.8, 16.1, 15.9 and 7.1 µM, respectively. The other compounds were displayed weak or not
anti-inflammatory. To evaluate the effects of all tested compounds on cell proliferation/viability, none of
the compounds (up to 50 µM) showed any significant cytotoxicity with LPS treatment for 24 h using the



Mar. Drugs 2019, 17, 481 7 of 11

thiazolyl blue tetrazolium bromide (MTT) method. The structure−activity relationships revealed that a
methylene group at C-16 of five-member ring among cembrane-type diterpenoids was much more
favorable than a carbonyl group for activity, as compound 5 was much more active than compounds
1−4. Among prostaglandins with 5E geometry, double bond at C-13 played an important role in their
anti-inflammatory action because (5E)-PGB2 (10) was much more active than (5E)-13,14-dihydro-PGB2

(11). The side chain possessing a terminal carbonyl acid group made a more positive contribution to the
anti-inflammatory activity than those with methoxycarbonyl group (12 vs. 13). The structure of PGA2

made a more positive contribution to the anti-inflammatory activity than those of PGB2 (16 vs. 15).
In addition, the secondary metabolites (except for 14 with limited amount) were evaluated for their
cytotoxicity using A549 (lung cancer), HepG2 (liver cancer) and MCF-7 (breast cancer) human cell
lines and showed no cytotoxicity against all three cell lines at 50 µM.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were recorded on an MCP 200 (Anton Paar, Shanghai, China) polarimeter.
UV data were measured on a Shimadzu UV-240 spectrophotometer (Shimadzu, Kyoto, Japan).
IR spectra were detected on a Fourier transformation infra-red spectrometer coupled with infra-red
microscope EQUINOX 55 (Bruker, Rheinstetten, Germany). 1D and 2D NMR spectra were performed
on a Bruker Avance 400 MHz spectrometer with tetramethylsilane as internal standard. HR-ESIMS
data were carried out on an LTQ-Orbitrap LC-MS spectrometer (Thermo Corporation, Waltham, MA,
USA). ESIMS spectra were obtained on an ACQUITY QDA (Waters Corporation, Milford, MA, USA).
HPLC was carried out on Essentia LC-16 with an SPD-16 Detector (Shimadzu, Shanghai, China).
Column chromatography was performed on silica gel (200–300 mesh, Qingdao Marine Chemical
Factory, China) and Sephadex LH-20 (GE Healthcare, Littile Chalfont, UK).

3.2. Biological Material

Lobophytum sarcophytoides SYSU-MS001 were collected along the coast of Xisha Islands
(17◦06′14.50′′ N, 111◦28′35.03′′ E), South China Sea, in July 2018, at a depth of −25 m and were
frozen immediately after collection. The soft coral has been preserved at the school of marine sciences,
Sun Yat-Sen University.

3.3. Extraction, Isolation and Characterization

The soft coral (0.9 kg) was cut into small pieces and extracted three times with CH2Cl2/MeOH (1:1,
1 L) to afford the organic extract (10.3 g). The extract was subjected to silica gel column eluted with
PE-EtOAc (from 80:20 to 0:100) to give seven fractions (A–F). Fr. B was separated by Sephadex LH-20
(CC, 3 × 50 cm) eluted with MeOH-CH2Cl2 (1:1) to give Fr.B.1-Fr.B.4. Fr.B.2 was further subjected to
silica gel CC by elution by PE-EtOAc (75:25) to afford Fr.B.2.1-Fr.B.2.6 and Fr.B.2.3 was compound 5
(5 mg). Fr.B.2.4 was separated by the PR-HPLC (MeOH- H2O 75:25, flow rate 1.5 mL/min, Ultimate C18

column 10 × 250 nm, 5 µm) to give 4 (3 mg, tR = 15.5 min) and 2 (2 mg, tR = 17.0 min). Fr.B.3 was
subjected to silica gel CC by elution by PE-EtOAc (75:25) to afford Fr.B.3.1- Fr.B.3.6, and Fr.B.3.5 was
compound 6 (6 mg). Then Fr.B.3.5 was applied to the normal-phase HPLC (n-hexane/2-propanol 92:8,
flow rate 1.5 mL/min, Ultimate SiO2 column 10 × 250 nm, 5 µm) to afford 9 (5 mg, tR = 19.0 min),
3 (2 mg, tR = 21.5 min). Fr. C was applied to a Sephadex LH-20 column with MeOH-CH2Cl2 (1:1) to
Fr.C.2.1-Fr.C.2.5 and Fr.C.2 was fractionated on a silica gel column with PE-EtOAc (70:30) to give five
fractions (Fr.C.2.1-Fr.C.2.5). Fr.C.2.3 was purified by the normal-phase HPLC (n-hexane/ 2-propanol
90:10, flow rate 1.5 mL/min, Ultimate SiO2 column 10 × 250 nm, 5 µm) to give 1 (3 mg, tR = 23 min) and
10 (8 mg, tR = 26 min). Fr.C.2.4 was separated by PR-HPLC (MeOH-H2O 75:25, flow rate 1.5 mL/min,
ACE 5 C18-PFP column 250 × 10 mm, 5 µm) to give 8 (4 mg, tR = 17 min). Fr. D was subjected to a
Sephadex LH-20 column with MeOH-CH2Cl2 (1:1) to Fr.D.4.1- Fr.D.4.4, then Fr.D.4.4 was purified



Mar. Drugs 2019, 17, 481 8 of 11

by PR-HPLC (MeOH-H2O 75:25, flow rate 1.5 mL/min, ACE 5 C18-AR column 250 × 10 mm, 5 µm)
to obtain 16 (10 mg, tR = 16.5 min), 15 (25 mg, tR = 24 min) and 11 (12 mg, tR = 18.5 min). Fr. E
was subjected to a Sephadex LH-20 column with MeOH-CH2Cl2 (1:1) to Fr.E.1-Fr.E.4, then Fr.E.3 was
fractionated on a silica gel column with PE-EtOAc (70:30) to give four fractions (Fr.E.3.1- Fr.E.3.4).
Fr.E.3.3 was purified by PR-HPLC (MeOH-H2O 75:25, flow rate 1.5 mL/min, ACE 5 C18-AR column
250 × 10 mm, 5 µm) to obtain 12 (5 mg, tR = 17 min), 13 (7 mg, tR = 19 min) and 14 (1 mg, tR = 22
min). Fr.E.3.4 was also purified by PR-HPLC (MeOH-H2O 75:25, flow rate 1.5 mL/min, ACE 5 C18-AR
column 250 × 10 mm, 5 µm) to give 7 (5 mg, tR = 15 min).

3.3.1. Lobophytin A (1)

Colorless oil; [α]20
D = 53.1 (MeOH, c 0.05); UV (MeOH) λmax (log ε) 212 (4.12) nm; CD (MeOH) λmax

(∆ε) 223 (+26.3), 248 (−2.5) nm; IR (neat) νmax 3450, 2921, 2854, 1737, 1675, 1446, 1093, 998, 904 cm−1;
1H NMR (400 MHz, MeOD) and 13C NMR (100 MHz, MeOD) data see Table 1; HR-ESIMS m/z 331.1906
[M − H]− (calculated for C20 H27 O4, 331.1909).

3.3.2. Lobophytin B (3)

Colorless oil; [α]20
D = 33.3 (MeOH, c 0.06); UV (MeOH) λmax (log ε) 209 (4.10), 280 (3.74) nm;

CD (MeOH) λmax (∆ε) 216 (+27.2), 250 (−2.9) nm; IR (neat) νmax 3422, 2922, 2853, 1733, 1671, 1438,
1364, 1243, 981 cm−1; 1H NMR (400 MHz, MeOD) and 13C NMR (100 MHz, MeOD) data see Table 1;
HR-ESIMS m/z 333.2058 [M − H]+ (calculated for C20H29O4, 333.2060).

3.3.3. (5E)-PGB2 (10)

Colorless oil; [α]20
D 1.3 (c 0.21, MeOH); UV (MeOH) λmax (log ε) 280 (4.06); IR (neat) νmax 3357,

3191, 2920, 2852, 1694, 1624, 1415 cm−1; 1H NMR (400 MHz, MeOD) and 13C NMR (100 MHz, MeOD)
data see Table 2; HR-ESIMS m/z 333.2068 [M − H]− (calculated for C20H29O4, 333.2071).

Table 2. 1H (400 MHz) and 13C (100 MHz) NMR data of compounds 10–13.

No.
10 a 11 a 12 a 13 b

δC, Type δH, Mult (J in Hz) δC, Type δH, Mult
(J in Hz) δC, Type δH, Mult

(J in Hz) δC, Type δH, Mult
(J in Hz)

1 177.6, C 178.0, C 174.1, C 177.8, C
2 34.7, CH2 2.19, t (6.9) 34.6, CH2 2.22, t (7.4) 33.8, CH2 2.33, t (7.5) 34.6, CH2 2.30, t (7.4)
3 26.0, CH2 1.59, m 25.9, CH2 1.61, m 25.6, CH2 1.66, m 26.1, CH2 1.66, m
4 32.9, CH2 1.97, m 32.9, CH2 1.99, m 27.2, CH2 2.20, q (7.2) 27.7, CH2 2.20, q (7.1)
5 131.8, CH 5.37, m 131.5, CH 5.39, m 129.8, CH 5.32, m 130.6, CH 5.34, m
6 128.3, CH 5.37, m 128.4, CH 5.39, m 128.2, CH 5.32, m 128.0, CH 5.30, m
7 26.7, CH2 2.95, m 26.8, CH2 2.89, m 21.9, CH2 2.92, m 22.1, CH2 2.94, d (6.6)
8 139.3, C 139.3, C 139.1, C 139.9, C
9 211.9, C 212.4, C 208.3, C 212.3, C

10 34.7, CH2 2.40, m 35.2, CH2 2.36, m 34.5, CH2 2.25, m 35.2, CH2 2.35, m
11 26.7, CH2 2.71, m 30.4, CH2 2.59, m 29.6, CH2 2.55, m 30.3, CH2 2.58, m
12 167.5, C 178.8, C 174.6, C 178.2, C
13 124.3, CH 6.86, d (15.7) 28.7, CH2 2.53, m 28.3, CH2 2.55, m 28.8, CH2 2.55, m

2.61, m 2.62, m 2.61, m
14 143.7, CH 6.37, dd (15.7, 5.8) 35.9, CH2 1.58, m 36.0, CH2 1.59, m 35.9, CH2 1.59, m

1.67, m 1.69, m 1.67, m
15 72.8, CH 4.23, q (5.8) 72.2, CH 3.53 71.2, CH 3.57 72.2, CH 3.53, m
16 38.1, CH2 1.54, m 38.4, CH2 1.45, m 38.4, CH2 1.45, m 38.4, CH2 1.45, m
17 26.2, CH2 1.32, m 26.5, CH2 1.32, m 26.2, CH2 1.34, m 26.5, CH2 1.32, m

1.41, m 1.45, m 1.46, m 1.45, m
18 32.9, CH2 1.31, m 33.1, CH2 1.31, m 32.7, CH2 1.30, m 33.1, CH2 1.31, m
19 23.7, CH2 1.31, m 23.7, CH2 1.32, m 23.4, CH2 1.31, m 23.7, CH2 1.32, m
20 14.4, CH3 0.88, t (6.7) 14.3, CH3 0.90, t (6.9) 14.3, CH3 0.88 t (6.7) 14.4, CH3 0.90, t (6.7)

OCH3 51.5, CH3 3.62, s

a in MeOH-d4, b in acetone-d6.
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3.3.4. (5E)-13,14-dihydro-PGB2 (11)

Colorless oil; [α]20
D 0.4 (c 0.13, MeOH); UV (MeOH) λmax (log ε) 237 (4.07); IR (neat) vmax 3392, 2939,

2858, 1691, 1637, 1454, 1363, 1250, 1055 cm−1; 1H NMR (400 MHz, MeOD) and 13C NMR (100 MHz,
MeOD) see Table 2; HR-ESIMS m/z 335.22312 [M − H]− (calculated for C20H31O4, 335.22278).

3.3.5. 13,14-dihydro-PGB2 (12)

Colorless oil; [α]20
D 0.3 (c 0.29, MeOH); UV (MeOH) λmax (log ε) 238 (4.11); IR (neat) vmax 3413,

2935, 2868, 1697, 1628, 1450, 1358, 1250, 1240, 1051 cm−1; 1H NMR (400 MHz, MeOD) and 13C NMR
(100 MHz, MeOD) see Table 2; HR-ESIMS m/z 335.22312 [M −H]− (calculated for C20H31O4, 335.22278).

3.3.6. 13,14-dihydro-PGB2-Me (13)

Colorless oil; [α]20
D 0.9 (c 0.20, MeOH); UV (MeOH) λmax (log ε) 237 (4.09); IR (neat) νmax 3445, 2931,

2858, 1737, 1695, 1635, 1440, 1361, 1045 cm−1; 1H NMR (400 MHz, MeOD) and 13C NMR (100 MHz,
MeOD) see Table 2; HR-ESIMS m/z 351.2535 [M − H]− (calculated for C21H35O4, 351.2535).

3.4. Preparation of (S)-MTPA Ester and (R)-MTPA Ester

3.4.1. (S)-MTPA Ester (15a) and (R)-MTPA Ester (15b)

A sample of 15 (1.0 mg, 4 µmol), (R)-MPTACl (5.0 µL, 25 µmol) and pyridine-d5 (0.5 mL) were
used to react in an NMR tube at room temperature for 24 h, with the 1H NMR data of the (S)-MTPA
ester derivative (15a) were obtained directly on the reaction mixture [21,22]. 1H NMR (selected signals,
pyridine-d5, 400 MHz) δH: 7.21 (1H, d, H-13), 6.42 (1H, dd, H-14), 5.95 (1H, q, H-15), 1.85 (2H, m, H-16).

Similarly, the reaction mixture from another sample of 15 (1.0 mg, 4 µmol), (S)-MPTACl (5.0 µL,
26 µmol) and pyridine-d5 (0.5 mL) was processed as described above for 15a to afford 15b. 1H NMR
(selected signals, pyridine-d5, 400 MHz) δH: 7.10 (1H, d, H-13), 6.30 (1H, dd, H-14), 5.94 (1H, q, H-15),
1.91 (2H, m, H-16).

3.4.2. (S)-MTPA Ester (10a) and (R)-MTPA Ester (10b)

Similar method was allowed to afford (S)-MTPA ester (10a) and (R)-MTPA Ester (10b). 1H NMR
(selected signals, pyridine-d5, 400 MHz) 10a δH: 7.26 (1H, d, H-13), 6.46 (1H, dd, H-14), 5.95 (1H, q,
H-15), 1.85 (2H, m, H-16). 10b δH: 7.11 (1H, d, H-13), 6.30 (1H, dd, H-14), 5.93 (1H, q, H-15), 1.91 (2H,
m, H-16).

3.5. Calculation of ECD Spectra

Molecular Merck force field (MMFF) and density functional theory/time-dependent density
functional theory (DFT/TD-DFT) calculations were performed on Spartan’14 (Wavefunction, Inc.,
Irvine, CA, USA) and the Gaussian 09 software (Gaussian, Wallingford, CT, USA), respectively [23].
Using DFT calculations at the B3LYP/6-31G (d) level was to generate and optimize conformers.
Conformers with a Bolzmann distribution over 1% were chosen for ECD calculations in MeOH at the
B3LYP/6311+G (2d, p) level. ECD spectra were generated by the software SpecDis 1.7.1 (University of
Würzburg, Würzburg, Germany) and Origin Pro 8.5 (OriginLab, Ltd., Northampton, MA, USA)
from dipole-length rotational strengths by applying Gaussian band shapes with sigma = 0.16 eV.
All calculations were carried out on Tianhe-2 in the National Super Computer Center in Guangzhou.

3.6. Cytotoxic Assay

A549 (lung cancer), HepG2 (liver cancer) and MCF-7 (breast cancer) was used to evaluate the
cytotoxicity of all tested compounds. The three human tumor cell lines human lung adenocarcinoma
(A549), human hepatocellular carcinoma (HepG2), and the human breast adenocarcinoma cell line
(MCF-7) were bought from the cell bank of the Chinese Academy of Sciences (Shanghai, China).
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The cytotoxic activities of the tested compounds were assayed according to the MTT method by using
96 well plates on the base of the previous reported procedures [24].

3.7. Anti-Inflammation Bioassays

The anti-inflammation activity of the isolated compounds was evaluated according to the reported
procedures [25].

4. Conclusions

In summary, two new cembrane-type diterpenoids, lobophytins A (1) and B (3), and four
new prostaglandins, (5E)-PGB2 (10), (5E)-13,14-dihydro-PGB2 (11), 13,14-dihydro-PGB2 (12) and
13,14-dihydro-PGB2-Me (13), together with ten known compounds were isolated from the soft coral
Lobophytum sarcophytoides. The structures of new compounds were determined by analysis of HR-ESIMS,
1D and 2D NMR spectroscopic data and the absolute configurations were further determined by
comparison of the experimental and calculated ECD spectra, as well as the modified Mosher’s method.
Two cembrane-type diterpenoid displayed promising inhibitory effects on the production of NO with
IC50 values 26.7 and 17.6 µM (the positive control indomethacin, IC50 = 39.8 µM). Most of the isolated
prostaglandins, 10, 12, 13, 15 and 16 showed potential anti-inflammatory activity with IC50 values
ranging from 7.1 to 24.8 µM.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/8/481/s1,
Figures S1–S8: HR-ESIMS, IR, 1D and 2D NMR spectra of compound 1; Figures S9–S16: HR-ESIMS, IR, 1D and
2D NMR spectra of compound 2; Figures S17–S24: HR-ESIMS, IR, 1D and 2D NMR spectra of compound 10;
Figures S25–S31: HR-ESIMS, IR, 1D and 2D NMR spectra of compound 11; Figures S32–S39: HR-ESIMS, IR,
1D and 2D NMR spectra of compound 12; Figures S40–S46: HR-ESIMS, IR, 1D and 2D NMR spectra of compound
13; Figures S47–S52: 1H NMR and 1H-1H COSY spectra of 10a, 10b, 15a and 15b.

Author Contributions: S.C. and L.L. conceived and designed the experiments; H.S. and X.L. performed the
experiments; M.J., G.L., Z.W., B.C. and J.L. participated in the experimental process. H.S. and S.C. analyzed the
data. S.C. wrote the paper.

Funding: This work was financially supported by grants from the National Natural Science Foundation of
China [grant number 41806155]; Guangdong MEPP Fund [NO.GDOE (2019) A21]; Special Fund for Economic
Development of Guangdong Province (Uses for Marine Economic Development) (GDME-2018C004); the Natural
Science Foundation of Guangdong Province, China (2018A030310304).

Acknowledgments: We thank you for the Summer Voyage of Marine Science Investigation of Sun Yat-sen
University in 2018 to support and afford us samples. The authors are grateful to the members of the analytical
group of Test Center for data test, for measuring the spectroscopic data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wen, T.; Ding, Y.; Deng, Z.; Van Ofwegen, L.; Proksch, P.; Lin, W. Sinulaflexiolides A−K, cembrane-type
diterpenoids from the chinese soft coral Sinularia flexibilis. J. Nat. Prod. 2008, 71, 1133–1140. [CrossRef]
[PubMed]

2. Rodrigues, I.G.; Miguel, M.G.; Mnif, W. A Brief Review on New Naturally Occurring Cembranoid Diterpene
Derivatives from the Soft Corals of the Genera Sarcophyton, Sinularia, and Lobophytum since 2016. Molecules
2019, 24, 781. [CrossRef] [PubMed]

3. Yang, B.; Zhou, X.F.; Lin, X.P.; Liu, J.; Peng, Y.; Yang, X.W.; Liu, Y. Cembrane Diterpenes Chemistry and
Biological Properties. Curr. Org. Chem. 2012, 16, 1512–1539. [CrossRef]

4. Berrue, F.; Kerr, R.G. Diterpenes from gorgonian corals. Nat. Prod. Rep. 2009, 26, 681–710. [CrossRef]
[PubMed]

5. Zhang, W.; Krohn, K.; Ding, J.; Miao, Z.H.; Zhou, X.H.; Chen, S.H.; Pescitelli, G.; Salvadori, P.; Kurtan, T.;
Guo, Y.W. Structural and stereochemical studies of α-methylene-γ-lactone-bearing cembrane diterpenoids
from a South China Sea soft coral Lobophytum crassum. J. Nat. Prod. 2008, 71, 961–966. [CrossRef] [PubMed]

http://www.mdpi.com/1660-3397/17/8/481/s1
http://dx.doi.org/10.1021/np070640g
http://www.ncbi.nlm.nih.gov/pubmed/18553926
http://dx.doi.org/10.3390/molecules24040781
http://www.ncbi.nlm.nih.gov/pubmed/30795596
http://dx.doi.org/10.2174/138527212800672583
http://dx.doi.org/10.1039/b821918b
http://www.ncbi.nlm.nih.gov/pubmed/19387501
http://dx.doi.org/10.1021/np800081p
http://www.ncbi.nlm.nih.gov/pubmed/18512986


Mar. Drugs 2019, 17, 481 11 of 11

6. Cheng, S.Y.; Wen, Z.H.; Wang, S.K.; Chiou, S.F.; Hsu, C.H.; Dai, C.F.; Duh, C.Y. Anti-inflammatory
cembranolides from the soft coral Lobophytum durum. Bioorg. Med. Chem. 2009, 17, 3763–3769. [CrossRef]
[PubMed]

7. Lai, K.H.; You, W.J.; Lin, C.C.; El-Shazly, M.; Liao, Z.J.; Su, J.H. Anti-Inflammatory Dembranoids from the
Soft Coral Lobophytum crassum. Mar. Drugs 2017, 15, 327. [CrossRef]

8. Thao, N.P.; Luyen, B.T.; Brun, R.; Kaiser, M.; Van Kiem, P.; Van Minh, C.; Schmidt, T.J.; Kang, J.S.; Kim, Y.H.
Anti-Protozoal Activities of Cembrane-Type Diterpenes from Vietnamese Soft Corals. Molecules 2015, 20,
12459–12468. [CrossRef]

9. Zhang, J.; Tang, X.; Han, X.; Feng, D.; Luo, X.; Ofwegen, L.V.; Li, P.; Li, G. Sarcoglaucins A-I, new antifouling
cembrane-type diterpenes from the South China Sea soft coral Sarcophyton glaucum. Org. Chem. Front. 2019,
6, 2004–2013. [CrossRef]

10. Rashid, M.A.; Gustafson, K.R.; Boyd, M.R. HIV-inhibitory cembrane derivatives from a Philippines collection
of the soft coral Lobophytum species. J. Nat. Prod. 2000, 63, 531–533. [CrossRef]

11. Peng, H.; Chen, F.E. Recent advances in asymmetric total synthesis of prostaglandins. Org. Biomol. Chem.
2017, 15, 6281–6301. [CrossRef]

12. Bergström, S.; Carlson, L.A.; Weeks, J.R. The prostaglandins: A family of biologically active lipids.
Pharmacol. Rev. 1968, 20, 1–48.

13. Li, S.; Ye, F.; Zhu, Z.; Huang, H.; Mao, S.; Guo, Y. Cembrane-type diterpenoids from the South China Sea soft
coral Sarcophyton mililatensis. Acta Pharm. Sin. B 2018, 8, 944–955. [CrossRef]

14. Su, B.N.; Takaishi, Y. Morinins H−K, Four Novel Phenylpropanol Ester Lipid Metabolites from
Morinachinensis. J. Nat. Prod. 1999, 62, 1325–1327. [CrossRef] [PubMed]

15. Kusumi, T.; Yamada, K.; Ishitsuka, M.O.; Fujita, Y.; Kakisawa, H. New cembranoids from the Okinawan soft
coral Sinularia mayi. Chem. Lett. 1990, 19, 1315–1318. [CrossRef]

16. Olsson, E.; Eklund, A.M.; Wahlberg, I. Tobacco Chemistry. 72. Five New Cembratrienetriols from Tobacco.
Acta Chem. Scand. 1991, 45, 92–98. [CrossRef]

17. Hiraga, Y.; Taino, K.; Kurokawa, M.; Takagi, R.; Ohkata, K. (−)-Loliolide and Other Germination Inhibitory
Active Constituents in Equisetum Arvense. Nat. Prod. Lett. 1997, 10, 181–186. [CrossRef]

18. Doi, Y.; Ishibashi, M.; Yamaguchi, N.; Kobayashi, J.I. Isolation of Apo-9′-fucoxanthinone from the Cultured
Marine Dinoflagellate Amphidinium sp. J. Nat. Prod. 1995, 58, 1097–1099. [CrossRef]

19. Reina, E.; Ramos, F.A.; Castellanos, L.; Aragon, M.; Ospina, L.F. Anti-inflammatory R-prostaglandins from
Caribbean Colombian soft coral Plexaura homomalla. J. Pharm. Pharmacol. 2013, 65, 1643–1652. [CrossRef]

20. Panosyan, A.G. Methods of analyzing prostaglandins. Chem. Nat. Comp. 1978, 14, 666–673. [CrossRef]
21. Hoye, T.R.; Jeffrey, C.S.; Shao, F. Mosher ester analysis for the determination of absolute configuration of

stereogenic (chiral) carbinol carbons. Nat. Protoc. 2007, 2, 2451–2458. [CrossRef]
22. Chen, S.; Liu, Z.; Li, H.; Xia, G.; Lu, Y.; He, L.; Huang, S.; She, Z. β-Resorcylic acid derivatives with

α-glucosidase inhibitory activity from Lasiodiplodia sp. ZJ-HQ1, an endophytic fungus in the medicinal plant
Acanthus ilicifolius. Phytochem. Lett. 2015, 13, 141–146. [CrossRef]

23. Chen, S.; Ding, M.; Liu, W.; Huang, X.; Liu, Z.; Lu, Y.; Liu, H.; She, Z. Anti-inflammatory meroterpenoids from
the mangrove endophytic fungus Talaromyces amestolkiae YX1. Phytochemistry 2018, 146, 8–15. [CrossRef]

24. Chen, S.; Chen, D.; Cai, R.; Cui, H.; Long, Y.; Lu, Y.; Li, C.; She, Z. Cytotoxic and Antibacterial Preussomerins
from the Mangrove Endophytic Fungus Lasiodiplodia theobromae ZJ-HQ1. J. Nat. Prod. 2016, 79, 2397–2402.
[CrossRef]

25. Zhang, P.; Deng, Y.; Lin, X.; Chen, B.; Li, J.; Liu, H.; Chen, S.; Liu, L. Anti-inflammatory Mono- and Dimeric
Sorbicillinoids from the Marine-Derived Fungus Trichoderma reesei 4670. J. Nat. Prod. 2019, 82, 947–957.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bmc.2009.04.053
http://www.ncbi.nlm.nih.gov/pubmed/19433363
http://dx.doi.org/10.3390/md15100327
http://dx.doi.org/10.3390/molecules200712459
http://dx.doi.org/10.1039/C9QO00386J
http://dx.doi.org/10.1021/np990372p
http://dx.doi.org/10.1039/C7OB01341H
http://dx.doi.org/10.1016/j.apsb.2018.06.004
http://dx.doi.org/10.1021/np990145n
http://www.ncbi.nlm.nih.gov/pubmed/10514326
http://dx.doi.org/10.1246/cl.1990.1315
http://dx.doi.org/10.3891/acta.chem.scand.45-0092
http://dx.doi.org/10.1080/10575639708041192
http://dx.doi.org/10.1021/np50121a020
http://dx.doi.org/10.1111/jphp.12138
http://dx.doi.org/10.1007/BF00937625
http://dx.doi.org/10.1038/nprot.2007.354
http://dx.doi.org/10.1016/j.phytol.2015.05.019
http://dx.doi.org/10.1016/j.phytochem.2017.11.011
http://dx.doi.org/10.1021/acs.jnatprod.6b00639
http://dx.doi.org/10.1021/acs.jnatprod.8b01029
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Experimental Procedures 
	Biological Material 
	Extraction, Isolation and Characterization 
	Lobophytin A (1) 
	Lobophytin B (3) 
	(5E)-PGB2 (10) 
	(5E)-13,14-dihydro-PGB2 (11) 
	13,14-dihydro-PGB2 (12) 
	13,14-dihydro-PGB2-Me (13) 

	Preparation of (S)-MTPA Ester and (R)-MTPA Ester 
	(S)-MTPA Ester (15a) and (R)-MTPA Ester (15b) 
	(S)-MTPA Ester (10a) and (R)-MTPA Ester (10b) 

	Calculation of ECD Spectra 
	Cytotoxic Assay 
	Anti-Inflammation Bioassays 

	Conclusions 
	References

