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Five new isopimarane diterpenes, robustaditerpene A-E (1–5), which include 19-nor-
isopimarane skeleton and isopimarane skeleton, were isolated from the liquid fermentation
of the endophytic fungus Ilyonectria robusta collected from Bletilla striata. The structure
elucidation and relative configuration assignments of all compounds were accomplished
by interpretation of NMR and HRESIMS spectrometric analyses and 13C NMR calculation.
And the absolute configuration of 1-5 were identified by single-crystal X-ray diffraction and
ECD calculation. Compound 3 inhibited lipopolysaccharide-induced B lymphocytes cell
proliferation with an IC50 value at 17.42 ± 1.57 μM while compound 5 inhibited
concanavalin A-induced T lymphocytes cell proliferation with an IC50 value at 75.22 ±
6.10 μM. These data suggested that compounds 3 and 5 may possess potential
immunosuppressive prospect.

Keywords: immunosuppressive activity, endophytic fungus, natural products, isopimarane diterpenes, ECD
calculation

INTRODUCTION

Immunosuppressive agents are a significant class of clinical drugs for organic transplantation and
treatment of autoimmune diseases, such as rheumatoid arthritis, systemic lupus, multiple sclerosis,
myasthenia gravis, and pemphigus (Dangroo et al., 2016). Although excellent advantages were taken,
these immunosuppressive agents have some inevitable and serious side effects including the renal
and liver toxicity, infection, malignancy, and others (Smith et al., 2003). Therefore, it is a significant
requirement to develop new, efficient, and safe immunosuppressive agents.

Natural products play a highly important role in the drug discovery and development process.
Many clinically applied drugs derived from or were natural products (Newman and Cragg, 2016).
Several immunosuppressive agents, such as mycophenolic acid, cyclosporin A, tacrolimus, sirolimus,
corticosteroids and so on, were also generated from natural products (Kahan, 2003; Wang et al.,
2019).

Endophytic fungi are a rich source of natural products (Ye et al., 2021). The number of natural
products from endophytic fungi are more than any other endophytic microorganism class, and they
have various structures and a broad spectrum of bioactivities. Furthermore, natural products from
endophytic fungi have various, even novel structures, which can be grouped into several types
including alkaloids, steroids, terpenoids, quinones and so on (Tan and Zou, 2001; Zhang et al., 2006).
One of the largest groups of bioactive natural products that have been identified is the terpenoids.
Diterpenoids derived from C20 precursor (E, E, E)-geranylgeranyl diphosphate with more than
12,000 described compounds (Quin et al., 2014; Zi et al., 2014). Some isopimarane diterpenes with
immunosuppressive activity have been reported (Chen et al., 2020).
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For searching the leading compounds with
immunosuppressive activity, we studied an endophytic fungus
Ilyonectria robusta, isolated from the medicinal plant Bletilla
striata. Five new isopimarane diterpenes (1–5) (Figure 1) were
obtained from the crude extract of this fungus. Biological
evaluation suggested that some compounds displayed
immunosuppressive activity against T and B lymphocytic cell
proliferation. Herein, we describe isolation, elucidation, and
biological activity of these isopimarane diterpenes.

MATERIALS AND METHODS

Fungal Material
The strain Ilyonectria robusta was isolated from the rhizome of
Bletilla striata collected from Enshi, Hubei province, and was
identified as Ilyonectria robusta via 18S rDNA-sequence and
deposited at South-Central University for Nationalities, China.
The sequence data for this strain had been submitted to the
DDBJ/EMBL/Genbank with accession No. JX045819.1.

Fungal Fermentation, Extraction and
Isolation
The strain Ilyonectria robusta was cultured on potato dextrose
agar medium at 25°C for 5 days to prepare the seed culture. The
agar plugs were cut into small pieces and inoculated to 500 ml
Erlenmeyer flasks each containing 300 ml of liquid medium (5%
glucose, 0.15% peptone from porcine meat, 0.5% yeast extract,
0.05% KH2PO4, and 0.05% MgSO4. Total volume was 50 L) and
fermented on a rotatory shaker at 25°C and 160 rpm for a month.

The culture broth (50 L) of Ilyonectria robusta was centrifuged
to separate the mycelium and liquid cultures. The liquid layer was

concentrated under reduced pressure to afford 8 L of extract and
further partitioned with ethyl acetate 24 L for three times at room
temperature. The mycelia were soaked with MeOH (total 6 L) at
room temperature. The extract was evaporated under reduced
pressure, resolved in water (2 L), and further extracted with ethyl
acetate 6 L three times.

Both ethyl acetate solutions were combined and evaporated
under reduced pressure to yield 169.1 g crude extract. The crude
extract was fractioned by column chromatography (CC) over
silica gel using a chloroform-methanol system (0–100%) to give 5
fractions (A-E). Fraction C (10 g) was chromatographed further
by MPLC with stepwise gradient of MeOH-H2O (0–100%) to
afford 12 fractions (C1-C12). Fraction C8 (0.5 g) was subjected to
silica gel CC (petroleum ether–acetone from v/v 5:1 to 0:1) and
yielded eight subfractions (C8-1-C8-5). Subfraction C8-5 (0.2 g)
was purified by prep-HPLC (MeCN-H2O: 28%–36%, 18min,
4 ml/min) to give compound 2 (tR � 12.0 min, 5.3 mg) and 3
(tR � 14.0 min, 19.9 mg). Fraction C9 (0.6 g) was subjected to
silica gel CC (petroleum ether–acetone from v/v 6:1 to 0:1) and
yield seven subfractions (C9-1-C9-7). Subfraction C9-3 (0.1 g)
was isolated by prep-HPLC (MeCN-H2O: 24%–28%, 18 min,
4 ml/min) to give compound 1 (tR � 11.5 min, 4.9 mg).
Subfraction C9-5 (0.2 g) was purified by prep-HPLC (MeOH-
H2O: 50%–58%, 20 min, 4 ml/min) to yield compound 4 (tR �
12.4 min, 11.3 mg) and 5 (tR � 13.1 min, 5.4 mg).

General Experimental Procedures
Optical rotations were measured on a Rudolph Autopol IV
polarimeter. UV spectra were obtained on a UH5300 UV-VIS
Double Beam Spectrophotometer. IR spectra were obtained by
using a Shimadu Fourier Transform Infrared spectrophotometer
with KBr pellets. 1D and 2D NMR spectra were run on Bruker
Avance III 600 MHz and Bruker Avance NEO 500 MHz

FIGURE 1 | Structures of compounds 1-5.
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spectrometer with TMS as an internal standard. X-ray
crystallographic analysis was on the Bruker D8 QUEST. High
Resolution Electrospray Ionization Mass Spectra (HRESIMS)
were recorded on a Thermo scientific Q Exactive Orbitrap MS
system. Column chromatography (CC) was performed on silica
gel (200–300 mesh, Qingdao Marine Chemical Ltd., Qingdao,
People’s Republic of China), RP-18 gel (20–45 μm, Fuji Silysia
Chemical Ltd., Japan), and Sephadex LH-20 (Pharmacia Fine
Chemical Co., Ltd., Sweden). Medium Pressure Liquid
Chromatography (MPLC) was performed on a Biotage SP1
equipment, and columns packed with RP-18 gel. Preparative
High Performance Liquid Chromatography (prep-HPLC) was
performed on an Agilent 1260 liquid chromatography system
equipped with Zorbax SB-C18 columns (5 μm, 9.4 × 150 mm or
21.2 × 150 mm, flow rate 4 ml/min) and a DAD detector.
Fractions were monitored by TLC (GF 254, Qingdao Haiyang
Chemical Co., Ltd. Qingdao), and spots were visualized by
heating silica gel plates sprayed with 10% H2SO4 in EtOH. A
Cell Counting Kit-8 assay kit was used to measure cell viability
(Dojindo, Kumamoto, Japan).

Spectroscopic Characterization of
Compounds 1-5
Robustaditerpene A (1): colorless acicular crystal (acetone/
MeOH). [α]17D -12.8 (c 0.10, MeOH); UV (MeOH) λmax (log ε)

210.0 nm (3.86); IR (KBr) ]max 3350.35, 2945.30, 2833.43,
1454.33, 1031.92 cm−1; 1H NMR (500 MHz, Methanol-d4) and
13C NMR (125 MHz, Methanol-d4) data, see Table 1; positive ion
HRESIMS m/z 345.20358 [M + Na]+ (calcd for C19H30O4Na
345.20363).

Robustaditerpene B (2): white powder. [α]17D -1.2 (c 0.10,
MeOH); UV (MeOH) λmax (log ε) 205.0 nm (3.66); IR (KBr)
]max 3350.35, 2945.30, 2831.50, 1452.40, 1031.92 cm

−1; 1H NMR
(600 MHz, Methanol-d4) and

13C NMR (150 MHz, Methanol-d4)
data, see Table 1; negative ion HRESIMS m/z 335.22449 [M–H]–

(calcd for C20H31O4 335.22278).
Robustaditerpene C (3): white powder. [α]17D -3.16 (c 0.16,

MeOH); UV (MeOH) λmax (log ε) 205.0 nm (2.76); IR (KBr) ]max

3358.07, 2945.30, 2831.50, 1454.33, 1031.92 cm−1; 1H NMR
(500 MHz, Methanol-d4) and 13C NMR (125 MHz, Methanol-
d4) data, see Table 1; negative ion HRESIMS m/z 349.20373
[M–H]– (calcd for C20H29O5 349.20205).

Robustaditerpene D (4): yellow amorphous solid. [α]17D +1.33
(c 0.10, MeOH); UV (MeOH) λmax (log ε) 205.0 nm (3.81); IR
(KBr) ]max 3350.35, 2945.30, 2833.43, 1454.33, 1031.92 cm

−1; 1H
NMR (500 MHz, Methanol-d4) and 13C NMR (125 MHz,
Methanol-d4) data, see Table 2; positive ion HRESIMS m/z
431.24045 [M + Na]+ (calcd for C23H36O6Na 431.24096).

Robustaditerpene E (5): yellow amorphous solid. [α]17D
-26.86 (c 0.11, MeOH); UV (MeOH) λmax (log ε) 205.0 nm
(3.65); IR (KBr) ]max 3338.78, 2945.30, 2831.50, 1452.40,

TABLE 1 | 1H NMR and13C NMR spectroscopic data for 1–3 (Methanol-d4).

No 1 2 3

δC, type
(125 MHz)

δH (J
in Hz)

(500 MHz)

δC, type
(125 MHz)

δH (J
in Hz)

(500 MHz)

δC, type
(150 MHz)

δH (J
in Hz)

(600 MHz)

1 40.2, CH2 1.86, m 49.6, CH2 2.13, m 49.5, CH2 2.13, m
1.03, m 0.96, m 0.98, m

2 18.5, CH2 1.84, m 65.3, CH 4.16, m 65.3, CH 4.16, m
1.46, overlapped

3 36.4, CH2 1.57, m 47.8, CH2 2.34, m 47.7, CH2 2.35, m
0.99, m 1.01, m

4 74.4, C 46.2, C 46.1, C
5 44.4, CH 1.45, overlapped 52.1, CH 1.30, dd (12.4, 4.1) 52.0, CH 1.32, dd (12.1, 4.3)
6 23.2, CH2 2.07, m 25.4, CH2 2.36, m 25.4, CH2 2.37, m

1.92, m 2.15, m 2.17, m
7 122.5, CH 5.36, m 122.4, CH 5.37, m 122.7, CH 5.39, m
8 136.8, C 136.0, C 135.7, C
9 52.3, CH 1.68, m 53.0, CH 1.73, m 52.7, CH 1.75, br s
10 36.0, C 38.4, C 38.4, C
11 21.3, CH2 1.56, m 22.1, CH2 1.59, m 22.0, CH2 1.62, m

1.37, overlapped 1.34, m 1.37, overlapped
12 38.0, CH2 1.63, m 38.3, CH2 1.54, m 38.0, CH2 1.66, m

1.37, overlapped 1.27, m 1.37, overlapped
13 34.6, C 33.9, C 34.6, C
14 48.1, CH2 2.01, m 48.4, CH2 1.91, m 47.8, CH2 2.02, m
15 50.6, CH2 2.13, s 48.5, CH2 1.47, m 49.9, CH2 2.15, s
16 176.8, C 59.1, CH2 3.64, m 176.0, C
17 22.1, CH3 0.91, s 22.1, CH3 0.79, s 22.0, CH3 0.90, s
18 69.2, CH2 3.43, d (10.9) 29.7, CH3 1.25, s 29.6, CH3 1.26, s

3.13, d (10.9)
19 180.9, C 180.8, C
20 15.6, CH3 1.07, s 15.5, CH3 0.79, s 15.5, CH3 0.80, s
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1031.92 cm−1; 1H NMR (500 MHz, Methanol-d4) and 13C
NMR (125 MHz, Methanol-d4) data, see Table 2; positive ion
HRESIMS m/z 445.21960 [M + Na]+ (calcd for C23H34O7Na
445.22022).

X-Ray Crystallographic Analysis of
Robustaditerpene A (1)
A block-like specimen of C19H30O4, M � 322.43, approximate
dimensions 0.153 × 0.214 × 0.312 mm, was used for the X-ray
crystallographic analysis on the Bruker D8 QUEST. The
integration of the data using an orthorhombic unit cell
yielded a total of 43,720 reflections to a maximum θ angle
of 79.36° (0.78 Å resolution), of which 3,851 were
independent (average redundancy 11.353, completeness �
99.8%, Rint � 3.83%, Rsig � 1.94%) and 3,788 (98.65%)
were greater than 2σ (F2). The final cell constants of a �
5.8402 (2) Å, b � 12.6315 (5) Å, c � 24.0621 (9) Å, α � 90.00°, β
� 90.00°, c � 90.00°, V � 1775.07 (11) Å3, T � 298 (2) K. Data
were corrected for absorption effects using the Multi-Scan
method (SADABS). The structure was solved and refined
using the Bruker SHELXTL Software Package (Sheldrick,
2008), using the space group P 21 21 21, Z � 4, μ (Cu Kα)
� 1.54178. The final anisotropic full-matrix least-squares
refinement on F2 with 216 variables converged at R1 �
2.90%, for the observed data and wR2 � 8.00% for all data.
The goodness of fit was 1.043. The absolute configuration was
determined by the Flack parameter � 0.01 (3), which was
determined using 1,597 quotients [(I+)—(I-)]/[(I+) + (I-)].
Crystallographic data for the structure of 1 were deposited at
the Cambridge Crystallographic Data Centre (deposition
number: 2105380).

Quantum Chemical Calculation Methods
Systematic conformational analyses were performed by
SYBYL-X 2.1.1 based on molecular mechanics with
MMFF94s force field (Goto and Osawa, 1989). The
conformers with a distribution higher than 1% will be
further optimized. The optimization and frequency of
conformers were calculated on B3LYP/6-31G(d) level of
theory with the IEF-PCM solvent model (MeOH) in the
Gaussian09 software package (Frisch et al., 2013).

13C NMR Calculation
After analyzing and optimizing the conformer candidates of
(2′R*)-4 and (2′S*)-4, the conformers within 4 kcal/mol of the
global minimum were selected for further 13C NMR
calculations. Gauge-independent atomic orbital (GIAO)
calculations of the shielding values of (2′R*)-4 and (2′S*)-4
were accomplished by the time-dependent density functional
theory (TDDFT) at the ωB97x-D/6-31G(d) level with IEF-
PCM solvent model (MeOH) in the Gaussian09 software
package (Frisch et al., 2013). The calculated NMR data of
these conformers were averaged according to the Boltzmann
distribution theory and their relative Gibbs free energies. The
linear correlation coefficient (R2) and root-mean-square
deviation (RMSD) were calculated for the evaluation of the
deviations between the experimental and calculated results.
The calculation results were processed by an in-house Excel-
based program.

ECD Calculation
The optimized conformers were selected for further electronic
circular dichroism (ECD) calculation. The ECD (TDDFT)
calculation of all conformations was performed on B3LYP/6-
311G(d) Level of theory with IEF-PCM solvent model (MeOH).
All the DFT calculations were performed by Gaussian09 software
package (Turney et al., 2012). The calculated and weighted ECD
curve were all generated by SpecDisv 1.71 (Bruhn et al., 2013),
respectively.

T and B Cell Proliferation Inhibitory Activity
Assay
All the compounds were subjected to evaluate their inhibition
on the proliferation of T and B lymphocytes. Fresh spleen
cells were obtained from female BALB/c mice (18–20 g).
Spleen cells (1 × 106 cells) were seeded in triplicate in 96-
well flat plates and cultured at 37°C for 48 h in 96-well flat
plates, in the presence or absence of various concentrations of

FIGURE 2 | Key 2D NMR correlations of compound 1.

FIGURE 3 | OPTER drawing of compound 1.
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compounds, in a humidified and 5% CO2-containing
incubator. A certain amount of CCK-8 was added to each
well at the final 8–10 h of culture. To the end of the culture,
the OD values with a microplate reader (Bio-Rad 650) were
measured at 450 nm. If the cell viability was higher than 85%,
the compound was further screened for its suppressive
activity against the T and B lymphocytes. Fresh spleen
cells were obtained from female BALB/c mice (18–20 g).
The 5×105 spleen cells were cultured at the same
conditions as those mentioned above. The cultures, in the

presence or absence of various concentrations of compounds,
were stimulated with 5 μg/ml of ConA or 10 μg/ml of LPS to
induce T cells or B cells proliferative responses, respectively.
Proliferation was assessed in terms of uptake of [3H]-
thymidine during 8 h of pulsing with 25μL/well of [3H]-
thymidine, and then cells were harvested onto glass fiber
filters. The incorporated radioactivity was counted using a
Beta scintillation counter (MicroBeta Trilux, PerkinElmer
Life Sciences). Cells treated without any stimuli were used
as the negative control. The immunosuppressive activity of

FIGURE 4 | Key 2D NMR correlations of compound 2 and 3.

FIGURE 5 | ECD calculation of compound 2 and 3.
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each compound was expressed as the concentration of
compound that inhibited ConA-induced T cell
proliferation or LPS-induced B cell proliferation to 50%

(IC50) of the control value. The studies involving animals
were reviewed and approved by Animal Ethics Committee of
South-Central University for Nationalities (SYXK (Wuhan)
2016-0089, No. 2021-SCUEC-AEC-033).

RESULTS AND DISCUSSION

Structure Elucidations
Robustaditerpene A (1) was obtained as a colorless acicular
crystal (acetone/MeOH). It has a molecular formula of
C19H30O4 as determined by (+)-HRESIMS analysis,
corresponding to five degrees of unsaturation. The 1D NMR
(Table 1) showed signals ascribe to two methyl singlets at δH 0.91
(Me-17), 1.07 (Me-20), nine sp3 methylenes including one
oxygenated carbon [δc 18.5 (C-2), 21.3 (C-11), 23.2 (C-6), 36.4
(C-3), 38.0 (C-12), 40.2 (C-1), 48.1 (C-14), 50.6 (C-15), 69.2 (C-
18)], two sp3 methines [δc 44.4 (C-5), 52.3 (C-9)], two
trisubstituted olefin bond carbons at δc 122.5 (C-7) and 136.8
(C-8), and a carbonyl carbon at δc 176.8 (C-16), accounting for
two degree of five unsaturation, which indicated the presence of
three rings in 1. NMR analysis indicated that one was a diterpene-
related compound. According to the 2D NMR spectra, both its
planar structure and relative configuration were confirmed. The
1H–1H COSY showed signals of H-1/H-2/H-3, H-5/H-6/H-7,
and H-9/H-11/H-12, allowing the connections as shown by bold
lines in Figure 2. The HMBC correlations fromMe-20 to C-1, C-
5, C-9, and C-10, in combination with the HMBC correlations
from H-3 to C-4 and C-5, from H-9 to C-8, revealed the presence
of two six-membered rings, the ring A and ring B. Furthermore,
the key HMBC correlations fromMe-17 to C-12, C-13, C-14, and
C-15, and from H-7 to C-14 constructed ring C. The additional
hydroxymethyl was assigned to substitute at C-4 by the HMBC
correlations from the protons at δH 3.43/3.13 to C-3, C-4 and C-5.

TABLE 2 | 1H NMR (500 MHz) and13C NMR (125 MHz) spectroscopic data for 4
and 5 (Methanol-d4).

No 4 5

δC, type δH (J in Hz) δC, type δH (J in Hz)

1 49.5, CH2 2.13, m 45.6, CH2 2.22, m
0.97, m 1.12, m

2 65.3, CH 4.16, m 70.8, CH 5.43, m
3 47.7, CH2 2.35, m 43.8, CH2 2.34, m

1.00, m 1.25, m
4 46.2, C 46.2, C
5 52.0, CH 1.30, overlapped 51.8, CH 1.40, dd (12.1, 4.0)
6 25.4, CH2 2.37, m 25.3, CH2 2.36, m

2.17, m 2.18, m
7 122.6, CH 5.39, m 122.6, CH 5.41, m
8 135.8, C 135.7, C
9 52.9, CH 1.75, m 52.5, CH 1.78, br s
10 38.4, C 38.6, C
11 22.0, CH2 1.61, m 22.0, CH2 1.56, m

1.34, m 1.36, overlapped
12 38.1, CH2 1.55, m 37.9, CH2 1.65, m

1.30, overlapped 1.36, overlapped
13 34.1, C 34.6, C
14 48.1, CH2 1.94, m 47.7, CH2 2.03, m
15 44.1, CH2 1.57, t (7.3) 49.9, CH2 2.15, s
16 62.8, CH2 4.23, m 175.9, C
17 21.9, CH3 0.82, s 22.0, CH3 0.90, s
18 29.6, CH3 1.26, s 29.3, CH3 1.28, s
19 180.8, C 180.3, C
20 15.5, CH3 0.80, s 15.1, CH3 0.86, s
1′ 176.4, C 176.0, C
2′ 67.9, CH 4.22, m 68.0, CH 4.20, m
3′ 20.5, CH3 1.36, d (6.9) 20.6, CH3 1.37, overlapped

FIGURE 6 | Key 2D NMR correlations of compound 4 and 5.
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And the HMBC correlations from H-15 to C-16 confirmed the
location of carbonyl. The diagnostic ROESY correlations of Me-
20/H-2β, Me-20/H-6β, Me-20/H-11β/Me-17/H-14/H-7/H-6α,
and H-1/H-5/H-9/CH2OH helped to determine the relative
configuration of 1, indicating its skeleton to be 19-nor-
isopimarane or ent-18-nor-isopimarane. The absolute
configuration of one was determined by single-crystal X-ray
diffraction analysis with a Flack parameter of 0.01 (3)
(Figure 3). Thus, compound 1 was characterized as a 19-nor-
isopimarane derivative.

Robustaditerpene B (2) was isolated as a white powder. Its
molecular formula is C20H32O4 as determined by
(-)-HRESIMS analysis (m/z 335.22449 [M–H]–),
corresponding to five degree of unsaturation. The 1D NMR
spectra (Table 1) displayed three methyls, eight methylenes,
three methines, five quaternary carbons including a carbonyl
carbon, and a trisubstituted olefin double bond. The 1D NMR

data of 2 were similar to those of 16-hydroxyisopimar-7-en-
19-oic acid (Shiono et al., 2009), indicating skeleton of 2 to be
isopimarane. However, a significant difference between 2 and
16-hydroxyisopimar-7-en-19-oic acid was that the presence
of an additional oxymethine at δH 4.16 (1H, m) in 2 replaced
the methylene at C-2 in 16-hydroxyisopimar-7-en-19-oic
acid. The location of the hydroxy group at C-2 was
determined by the HMBC correlations (Figure 4) from
Me-20 to C-1, C-5, C-9, and C-10 and the 1H–1H COSY
correlations (Figure 4) of H-1 (δH 0.96/2.13)/H-2 (δH 4.16)/
H-3 (δH 0.99/2.34). The ROESY correlations of Me-20/H-2β,
Me-20/H-6β, Me-20/H-11β/Me-17/H-14/H-7/H-6α, and
Me-18/H-3/H-5/H-9 helped to determine the α-orientation
of the hydroxy group at C-2 and the relative configuration of
2. The absolute configuration of two was determined by
comparing the calculated ECD with that of the
experimental CD, which displayed a similar tendency to

FIGURE 7 | Regression analysis of the NMR calculations of the two possible configurations, (2′R*) and (2′S*)-4, and ECD calculation result of 4.
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that shown in Figure 5. Thus, compound 2 was determined to
be an isopimarane diterpene.

The molecular formula of Robustaditerpene C (3), a white
powder, was determined as C20H30O5 by (-)-HRESIMS (m/z
349.20373 [M–H]–). Analysis of the 1D NMR data (Table 1)
of 3 suggested that it was an isopimarane derivative bearing
the structural similarities to 2, except that the oxygenated
methylene at δc 59.1(C-16) in two became a carboxyl group at
δc 176.0 (C-16) in 3. This finding was supported by the HMBC
correlations (Figure 4) from H-15 (δH 2.15) to C-16 (δc
176.0), and from Me-17 (δH 0.90) to C-12 (δc 38.0), C-13
(δc 34.6), C-14 (δc 47.8), and C-15 (δc 49.9). The ROESY
analysis (Figure 4) indicated relative configuration of 3 was
the same as that of 2. Biosynthetically, compounds 2 and 3
shared the same isopimarane skeleton, and the absolute
configuration was determined based on the comparison of
calculated ECD and experimental CD spectra (Figure 5). The
structure of 3 was assigned as shown.

Robustaditerpene D (4), white powder, gave a molecular
formula C23H36O6, as established by HRESIMS data (m/z
431.24045 [M + Na]+). The 1D NMR data (Table 2) were
closely related to those of 2, except for three additional
carbons at δc 176.4 (C-1′), δc 67.9 (C-2′), and δc 20.5 (C-3′),
and the downfield-shifted carbon C-16 (δc 62.8 in 4, δc 59.1 in 2).
In combination with comparison of molecular mass of 2 and 4,
the HMBC correlations from H-16 to C-1′ and H-3′ to C-1′ and
the 1H–1H COSY correlations of H-2′/H-3′ (Figure 6) indicated
that the three additional carbons (C-1′ C-2′, and C-3′) were a
lactic acid esterified with the hydroxyl at C-16. Further analysis of
2DNMR data suggested other parts of 4were the same as those of
2. In accordance with the biogenetic pathway rules, the absolute
configuration of 2 would be the same as the other parts of 4,
which indicated other of 4 to be the isopimarane skeleton.
Therefore, 4 consisted of esterification of the hydroxyl at C-16
of 2 and a lactic acid. However, the R/S configuration of C-2′ can’t
be determined by the ROESY signals. To further confirm the
relative configuration of 4, especially at C-2′, 13C NMR
calculations of two possible conformers (2′R*)-4 and (2′S*)-4

were performed. As shown in Figure 7, the correlation coefficient
(R2), mean absolute deviation (MAE), and the largest deviations
(Δmax) of the (2′R*)-4 isomer [R2 � 0.9991, MAE � 1.16 ppm,
Δmax � 3.2 ppm (C-19)] were better than (2′S*)-4 isomer [R2 �
0.9985, MAE � 1.58 ppm, Δmax � 3.4 ppm (C-19)]
(Supplementary Material), which suggested that the relative
configuration of C-2′ is R. The absolute configuration of 4, the
R/S configuration of the lactic acid part, was determined by the
comparison of calculated ECD and experimental CD spectra
(Figure 7). Compound 4 was characterized as shown.

Robustaditerpene E (5) was isolated as a yellow amorphous
solid, and its molecular formula C23H34O7 (m/z 445.21960 [M +
Na]+), was established by HRESIMS. The 1DNMR data (Table 2)
were similar to those of 3, but three additional carbons at δc 176.0
(C-1′), δc 68.0 (C-2′), and δc 20.6 (C-3′) and downfield-shifted C-
2 (δc 70.8 in 5, δc 65.3 in 3). According to the HMBC correlations
from H-2 to C-1′ (δc 176.0) and H-3′ to C-1′, the 1H–1H COSY
signals (Figure 6) of H-2′/H-3′, and the comparison of molecular
mass of 3 and 5, these additional carbons also belonged to a lactic
acid esterified with the hydroxyl at C-2. Other parts of 5 were
identical to those of 3 after the analysis of 2D NMR spectra. Thus,
5 consisted of esterification of the hydroxy at C-2 of 3 and a lactic
acid. Biogenetically, other parts of 5 and 3 shared the same
isopiamarane skeleton, and absolute configuration. The absolute
configuration of 5, in particular the R/S configuration of lactic
acid part was based on the comparison of calculated ECD and
experimental CD spectra (Figure 8). Thus, compound 5 was
determined as shown.

T and B Cell Proliferation Inhibitory Activity
The relatively abundant compounds 1-5 were evaluated for their
inhibitory activity against cell proliferation of concanavalin A
(Con A)-induced T lymphocytes and lipopolysaccharide (LPS)-
induced B lymphocytes. As shown in Table 3, robustaditerpene C
3) and E (5) showed the suppressive activity against the cell
proliferation of LPS-induced B lymphocytes with IC50 value at
17.42 ± 1.57 μM and Con A-induced T lymphocytes with IC50

value at 75.22 ± 6.10 μM, respectively. These data indicate that
compounds 3 and 5 have certain research value in
immunosuppression.

Isopimarane diterpenes are biosynthetically formed from the
conversion of geranylgeranyl pyrophosphate into (+)-copalyl
cation and then in turn into sandaracopimaraneyl cation
(Dewick, 2009). Interestingly, these diterpenes are generally
obtained from plants and fungi, which showed diverse
bioactivity (Reveglia et al., 2018). Until now, isopimarane
diterpenes with immunosuppressive activity were first reported

FIGURE 8 | ECD calculation of compound 5.

TABLE 3 | T and B cell proliferation inhibitory activity for compounds 3 and 5

Compound ConA-induced
T-cell proliferation

LPS-induced
B-cell proliferation

IC50 (μM) IC50 (μM)

3 17.42 ± 1.57
5 75.22 ± 6.10
CsAa 0.05 ± 0.002 0.37 ± 0.01

aPositive control.
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in 2020 (Chen et al., 2020). This research provides several
isopimarane scaffolds with potential immunosuppressive
activity and enriched structure diversity. These compounds
give more choices to develop new agents with inhibition on
the steps of immune response. And these isopimarane scaffold
compounds will be modified by organic synthesis to improve the
immunosuppressive activity.

CONCLUSION

Herein, five new isopimarane diterpenes, which possess 19-nor-
isopimarane skeleton or isopimarane skeleton, were obtained from
the endophytic fungus Ilyonectria robusta. According to 1D and
2D NMR analysis, X-ray single crystal diffraction analysis, 13C
NMR calculation, and ECD calculation, the absolute configuration
of these compounds was confirmed. Biological evaluation for
immunosuppressive activity indicated that compound 3 and 5
displayed some activity against cell proliferation of B lymphocytes
and T lymphocytes, respectively. Among these compounds, single
crystal of compound 1 was obtained.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving animals were reviewed and approved by
Animal Ethics Committee of South-Central University for

Nationalities [SYXK (Wuhan) 2016-0089, No.2021-SCUEC-
AEC-033].

AUTHOR CONTRIBUTIONS

H-LA isolated and provided the fungus. H-LA, J-KL, and
D-KZ designed experiments. KY was responsible for
compounds isolation and elucidated the structures. KY,
XL, XZ, and P-PW performed chemical calculation. Z-HL
was responsible for the evaluation of immunosuppressive
activity. KY wrote the paper. All authors read and
approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (31870513, 32000011, 31960082).

ACKNOWLEDGMENTS

We thank the Analytical and Measuring Center, School of
Pharmaceutical Sciences, SCUN for their help with NMR
measurements.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.766441/
full#supplementary-material

REFERENCES

Bruhn, T., Schaumlöffel, A., Hemberger, Y., and Bringmann, G. (2013). SpecDis:
Quantifying the Comparison of Calculated and Experimental Electronic
Circular Dichroism Spectra. Chirality 25 (4), 243–249. doi:10.1002/
chir.22138

Chen, H. P., Zhao, Z. Z., Cheng, G. G., Zhao, K., Han, K. Y., Zhou, L., et al. (2020).
Immunosuppressive Nor-Isopimarane Diterpenes from Cultures of the
Fungicolous Fungus Xylaria Longipes HFG1018. J. Nat. Prod. 83 (2),
401–412. doi:10.1021/acs.jnatprod.9b00889

Dangroo, N. A., Singh, J., Dar, A. A., Gupta, N., Chinthakindi, P. K., Kaul, A.,
et al. (2016). Synthesis of α-santonin Derived Acetyl Santonous Acid
Triazole Derivatives and Their Bioevaluation for T and B-Cell
Proliferation. Eur. J. Med. Chem. 120, 160–169. doi:10.1016/
j.ejmech.2016.05.018

Dewick, P. M. (2009).Medicinal Natural Products: A Biosynthetic Approach. Third
Edition. Hoboken, New Jersey: John Wiley & Sons.

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A.,
Cheeseman, J. R., et al. (2013). Gaussian 09, Revision E. 01. Wallingford,
CT: Gaussian, Inc.

Goto, H., and Osawa, E. (1989). Corner Flapping: a Simple and Fast Algorithm for
Exhaustive Generation of Ring Conformations. J. Am. Chem. Soc. 111 (24),
8950–8951. doi:10.1021/ja00206a046

Kahan, B. D. (2003). Individuality: the Barrier to Optimal Immunosuppression.
Nat. Rev. Immunol. 3 (10), 831–838. doi:10.1038/nri1204

Newman, D. J., and Cragg, G. M. (2016). Natural Products as Sources of New
Drugs from 1981 to 2014. J. Nat. Prod. 79 (3), 629–661. doi:10.1021/
acs.jnatprod.5b01055

Quin, M. B., Flynn, C. M., and Schmidt-Dannert, C. (2014). Traversing the
Fungal Terpenome. Nat. Prod. Rep. 31 (10), 1449–1473. doi:10.1039/
c4np00075g

Reveglia, P., Cimmino, A., Masi, M., Nocera, P., Berova, N., Ellestad, G., et al.
(2018). Pimarane Diterpenes: Natural Source, Stereochemical Configuration,
and Biological Activity. Chirality 30 (10), 1115–1134. doi:10.1002/chir.23009

Sheldrick, G. M. (2008). A Short History of SHELX. Acta Crystallogr. A. 64 (Pt 1),
112–122. doi:10.1107/S0108767307043930

Shiono, Y., Motoki, S., Koseki, T., Murayama, T., Tojima, M., and Kimura, K.
(2009). Isopimarane Diterpene Glycosides, Apoptosis Inducers, Obtained from
Fruiting Bodies of the Ascomycete Xylaria Polymorpha. Phytochemistry 70 (7),
935–939. doi:10.1016/j.phytochem.2009.03.023

Smith, J. M., Nemeth, T. L., and McDonald, R. A. (2003). Current
Immunosuppressive Agents: Efficacy, Side Effects, and Utilization. Pediatr.
Clin. North. Am. 50 (6), 1283–1300. doi:10.1016/s0031-3955(03)00121-4

Tan, R. X., and Zou, W. X. (2001). Endophytes: a Rich Source of Functional
Metabolites. Nat. Prod. Rep. 18 (4), 448–459. doi:10.1039/b100918o

Turney, J. M., Simmonett, A. C., Parrish, R. M., Hohenstein, E. G., Evangelista, F.
A., Fermann, J. T., et al. (2012). Psi4: an Open-Source Ab Initio Electronic

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7664419

Ye et al. Isopimarane Diterpenes From Ilyonectria robusta

https://www.frontiersin.org/articles/10.3389/fphar.2021.766441/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.766441/full#supplementary-material
https://doi.org/10.1002/chir.22138
https://doi.org/10.1002/chir.22138
https://doi.org/10.1021/acs.jnatprod.9b00889
https://doi.org/10.1016/j.ejmech.2016.05.018
https://doi.org/10.1016/j.ejmech.2016.05.018
https://doi.org/10.1021/ja00206a046
https://doi.org/10.1038/nri1204
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1039/c4np00075g
https://doi.org/10.1039/c4np00075g
https://doi.org/10.1002/chir.23009
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1016/j.phytochem.2009.03.023
https://doi.org/10.1016/s0031-3955(03)00121-4
https://doi.org/10.1039/b100918o
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Structure Program. Wires Comput. Mol. Sci. 2 (4), 556–565. doi:10.1002/
wcms.93

Wang, W. X., Cheng, G. G., Li, Z. H., Ai, H. L., He, J., Li, J., et al. (2019).
Curtachalasins, Immunosuppressive Agents from the Endophytic Fungus
Xylaria Cf. Curta. Org. Biomol. Chem. 17 (34), 7985–7994. doi:10.1039/
c9ob01552c

Ye, K., Ai, H. L., and Liu, J. K. (2021). Identification and Bioactivities of
Secondary Metabolites Derived from Endophytic Fungi Isolated from
Ethnomedicinal Plants of Tujia in Hubei Province: A Review. Nat. Prod.
Bioprospect. 11 (2), 185–205. doi:10.1007/s13659-020-00295-5

Zhang, H. W., Song, Y. C., and Tan, R. X. (2006). Biology and
Chemistry of Endophytes. Nat. Prod. Rep. 23 (5), 753–771. doi:10.1039/
b609472b

Zi, J., Mafu, S., and Peters, R. J. (2014). To gibberellins and beyond! Surveying the
evolution of (di)terpenoid metabolism. Annu. Rev. Plant Biol. 65, 259–286.
doi:10.1146/annurev-arplant-050213-035705

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ye, Lv, Zhang, Wei, Li, Ai, Zhao and Liu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 76644110

Ye et al. Isopimarane Diterpenes From Ilyonectria robusta

https://doi.org/10.1002/wcms.93
https://doi.org/10.1002/wcms.93
https://doi.org/10.1039/c9ob01552c
https://doi.org/10.1039/c9ob01552c
https://doi.org/10.1007/s13659-020-00295-5
https://doi.org/10.1039/b609472b
https://doi.org/10.1039/b609472b
https://doi.org/10.1146/annurev-arplant-050213-035705
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Immunosuppressive Isopimarane Diterpenes From Cultures of the Endophytic Fungus Ilyonectria robusta
	Introduction
	Materials and Methods
	Fungal Material
	Fungal Fermentation, Extraction and Isolation
	General Experimental Procedures
	Spectroscopic Characterization of Compounds 1-5
	X-Ray Crystallographic Analysis of Robustaditerpene A (1)
	Quantum Chemical Calculation Methods
	13C NMR Calculation
	ECD Calculation

	T and B Cell Proliferation Inhibitory Activity Assay

	Results and Discussion
	Structure Elucidations
	T and B Cell Proliferation Inhibitory Activity

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


