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1. Introduction

Many fungal species in the genus Ganoderma are known as Lingzhi
mushrooms in China. Due to their significant medicinal values, numer-
ous investigations have been conducted on this genus, which revealed
the presence of polysaccharides, triterpenoids, alkaloids, fatty acids, nu-
cleotides, proteins, peptides, trace elements, sterols, and natural hybrids
consisting of a triterpenoid with a prenylated phenol [1–4], of which,
polysaccharides and triterpenoids have beenwell investigated and con-
sidered as themajor constituents of Ganoderma. In 2000, ganomycins A
and B as two new aromatic meroterpenoids from Ganoderma pfeifferi
were reported [5], whereas, thereafter only few such class of com-
poundswere documented [6,7]. In 2013, our group identified a structur-
ally novel meroterpenoid from Ganoderma lucidumwith potent Smad3
phosphorylation inhibitory activity [8], urging us to conduct an in-depth
investigation on this class of compounds. So far, several reno- or neuro-
protectivemeroterpenoids have been characterized byus fromdifferent
Ganoderma species [9–13]. Ganoderma sinensis is widely distributed in
the eastern and southern regions of China. Despite that many
Ganoderma species are medicinally used, however, only G. lucidum
and G. sinensis are embodied by Pharmacopoeia of People's Republic of
China (2015 edition), indicating their importance there. To examine
whether meroterpenoids are present in G. sinensis, we have embarked
g), shmwang@sina.com
an investigation on this species and identified a novel N-containing
meroterpenoid [14]. In a follow up study on the title species, we isolated
seven meroterpenoids including six pairs of new ones (Fig. 1). Herein,
we report their isolation, structure characterization and biological
evaluation.

2. Experimental

2.1. General

Optical rotations were determined on a JASCO P-1020 digital polar-
imeter. UV spectra were obtained on a ShimadzuUV-2401PC spectrom-
eter. CD spectra were recorded on a Chirascan instrument. NMR spectra
weremeasured on a Bruker Avance III 600MHz spectrometer, with TMS
as an internal standard. ESIMS and HRESIMS were measured on an API
QSTAR Pulsar 1 spectrometer. C-18 silica gel (40–60 μm; Daiso Co.,
Japan), MCI gel CHP 20P (75–150 μm, Mitsubishi Chemical Industries,
Tokyo, Japan) and Sephadex LH-20 (Amersham Pharmacia, Uppsala,
Sweden) were used for column chromatography. Semi-preparative
HPLC was carried out using an Agilent 1200 liquid chromatograph
with a YMC-Pack ODS-A column (250 mm × 10 mm, i.d., 5 μm) and a
Daicel Chiralpak (IC, 250 mm × 10 mm, i.d., 5 μm).

2.2. Fungal material

G. sinensiswas purchased from Tongkang Pharmaceutical Co. Ltd. in
Guangdong Province, PR China, in September 2013, which was
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Fig. 1. Structures of compounds 1–7.
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authenticated by Prof. Zhu-Liang Yang at Kunming Institute of Botany,
Chinese Academy of Sciences, and a voucher specimen (CHYX-0591)
was kept at the State Key Laboratory of Photochemistry and Plant Re-
sources in West China, Kunming Institute of Botany, Chinese Academy
of Sciences, PR China.

2.3. Extraction and isolation

The dried powders of G. sinensis fruiting bodies (40 kg) were extract-
ed using refluxing 70% EtOH (3 × 130 L × 2 h) to give a crude extract,
which was suspended in water followed by extraction with EtOAc to af-
ford an EtOAc soluble extract (0.72 kg). The EtOAc extract was divided
into eight parts (Fr.1–Fr.8) by using a MCI gel CHP 20P column eluted
with gradient aqueous MeOH (20%–100%). Fr.5 (29 g) was further sepa-
rated via MCI gel CHP 20P washed with gradient aqueous MeOH (30%–
70%) to provide four portions (Fr.5.1–Fr.5.4). Of which, Fr.5.3 (8 g) was
submitted to a RP-18 column eluted with gradient aqueous MeOH
(40%–70%) to yield six fractions (Fr.5.3.1–Fr.5.3.6). Fr.5.3.6 (2.7 g) was
fractionated into 5 parts (Fr.5.3.6.1–Fr.5.3.6.5) by using Sephadex LH-20
(MeOH). Among them, Fr.5.3.6.2 (230 mg) was purified by semi-
preparative HPLC (MeOH/H2O, 57%) to yield 2 (4.0 mg, tR = 15.4 min),
4 (4.2 mg, tR = 17.5 min), 6 (1.0 mg, tR = 18.6 min), 3 (3.4 mg, tR =
19.7 min) and 5 (2.3 mg, tR = 21.0 min). Fr.5.3.6.3 (90 mg) was purified
via semi-preparative HPLC (MeOH/H2O, 62%) to give 7 (1.0 mg, tR =
17.2 min) and 1 (5.8 mg, tR = 18.8 min). The new compounds 1–6
were isolated as racemates, which were subjected to chiral HPLC to
yield (+)-1 (2.6 mg) and (−)-1 (2.1 mg) (n-hexane/ethanol, 82:18),
(+)-2 (1.2 mg) and (−)-2 (1.3 mg) (n-hexane/ethanol, 81:19), (+)-3
(1.2 mg) and (−)-3 (1.0 mg) (n-hexane/ethanol, 78:22), (+)-4
(1.3 mg) and (−)-4 (1.4 mg) (n-hexane/ethanol, 76:24), and (+)-5
(0.7 mg) and (−)-5 (0.9 mg) (n-hexane/ethanol, 79:21), 6a (0.2 mg)
and 6b (0.2 mg) (n-hexane/ethanol, 80:20).

Zizhine A (1): yellowish gum; {[α]24D + 50.7 (c 0.21, MeOH); UV
(MeOH) λmax (logε) 301 (3.64), 203 (4.56) nm; CD (MeOH)
Δε210 + 12.21; (+)-1}; {[α]24D − 67.4 (c 0.26, MeOH); CD (MeOH)
Δε211− 16.41; (−)-1}; 1H and 13C NMR data, see Table 1; HRESIMS (neg-
ative)m/z 357.1711 [M–H]− (calcd for C21H25O5, 357.1707).

Zizhine B (2): yellowish gum; {[α]23D + 42.0 (c 0.12, MeOH); UV
(MeOH) λmax (logε) 302 (3.64), 203 (4.50) nm; CD (MeOH)
Δε209 + 18.74; (+)-2}; {[α]24D − 44.5 (c 0.13, MeOH); CD (MeOH)
Δε209–13.03; (−)-2}; 1H and 13C NMR data, see Table 1; HRESIMS (neg-
ative)m/z 415.1765 [M–H]− (calcd for C23H27O7, 415.1762).

Zizhine C (3): yellowish gum; {[α]25D + 62.4 (c 0.12, MeOH); UV
(MeOH) λmax (logε) 380 (2.95), 301 (3.57), 203 (4.33) nm; CD
(MeOH) Δε211 + 27.60; (+)-3}; {[α]25D − 82.0 (c 0.10, MeOH); CD
(MeOH) Δε209–28.07; (−)-3}; 1H and 13C NMR data, see Table 1;
HRESIMS (negative) m/z 417.1918 [M–H]− (calcd for C23H29O7,
417.1919).

Zizhine D (4): yellowish gum; {[α]23D + 50.4 (c 0.13, MeOH); UV
(MeOH) λmax (logε) 302 (3.61), 203 (4.48) nm; CD (MeOH)
Δε211 + 20.10; (+)-4}; {[α]23D − 50.4 (c 0.14, MeOH); CD (MeOH)
Δε209–18.73; (−)-4}; 1H and 13C NMR data, see Table 2; HRESIMS (neg-
ative)m/z 415.1764 [M–H]− (calcd for C23H27O7, 415.1762).

Zizhine E (5): yellowish gum; {[α]25D + 54.1 (c 0.33, MeOH);
UV (MeOH) λmax (logε) 301 (3.41), 203 (4.21) nm; CD (MeOH)
Δε209 + 15.97; (+)-5}; {[α]25D − 39.4 (c 0.43, MeOH); CD (MeOH)
Δε208–12.22; (−)-5}; 1H and 13C NMR data, see Table 2; HRESIMS (neg-
ative) m/z 417.1920 [M–H]− (calcd for C23H29O7, 417.1919).

Zizhine F (6): yellowish gum; [α]24D unstable (c 0.10, MeOH); UV
(MeOH) λmax (logε) 371 (3.32), 300 (3.40), 255 (3.82), 203 (4.46) nm.
1H and 13C NMR data, see Table 2; HRESIMS (negative) m/z 445.1869
[M–H]− (calcd for C24H29O8, 445.1868).

2.4. Cell culture and reagents

The rat kidney tubular epithelial cell line (NRK-52e) was from
American Type Culture Collection (ATCC, Manassas, VA). The cells
were cultured in Dulbecco's Modified Eagle's Medium (Gibco, Life



Table 1
1H (600 MHz) and 13C (150 MHz) NMR data of compounds 1–3 (δ in ppm, J in Hz, MeOD).

Position 1 2 3

δH δC δH δC δH δC

1 148.8 148.9 148.9
2 123.5 123.4 123.4
3 6.45 d (2.9) 113.2 6.46 d (2.9) 113.3 6.47 d (2.9) 113.2
4 151.5 151.5 151.5
5 6.60 dd (8.6, 2.9) 117.1 6.60 dd (8.7, 2.9) 117.2 6.61 dd (8.7, 2.9) 117.2
6 6.67 d (8.6) 117.1 6.67 d (8.7) 117.1 6.68 d (8.7) 117.2
1′ 6.22 d (1.9) 79.8 6.24 d (1.8) 79.8 6.24 d (1.8) 79.9
2′ 7.35 d (1.9) 151.2 7.38 d (1.8) 151.6 7.38 d (1.8) 150.9
3′ 132.9 132.7 133.4
4′ 176.8 176.7 176.7
5′ 2.34 t (5.9) 26.1 2.41 overlap 26.0 2.31 t (7.5) 26.1
6′ 2.29 m 26.9 2.41 overlap 26.6 1.64 overlap 25.7
7′ 5.13 t (7.3) 124.2 5.43 t (7.1) 130.7 1.40 overlap 31.7
8′ 137.6 136.4 1.71 m 37.9
9′ 1.58 s 16.2 4.60 s 62.7 4.02 d (2.9) 67.8

4.59 s 4.01 d (2.4)
10′ 1.99 t (7.7) 40.4 2.11 overlap 36.0 1.40 overlap 32.0
11′ 2.07 t (7.5) 27.2 2.11 overlap 27.3 2.06 m 25.7
12′ 5.34 t (7.0) 126.5 5.36 t (6.6) 126.1 5.38 t (6.3) 126.4
13′ 135.9 136.3 136.3
14′ 1.61 s 13.7 1.62 s 13.8 1.64 overlap 13.7
15′ 3.89 s 69.0 3.90 s 68.9 3.91 s 68.9
16′ 172.9 173.1
17′ 2.01 s 20.8 2.01 d (7.6) 20.8
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Technologies), supplemented with 10% fetal bovine serum (FBS; Gibco,
Life Technologies ), 100 U/mL penicillin, and 100 μg/mL streptomycin
(Gibco, Life Technologies) at 37 °C in an atmosphere containing 5% CO2.

2.5. Influence on fibronectin (FN) production

NRK-52e cells were grown in DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 μg/mL streptomycin for 24 h. The cells
were pretreated with the isolates (20 μM) for 1 h and then stimulated
with 5 ng/mL TGF-β1 (PeproTech, USA) for 24 h. The levels of FN in
Table 2
1H (600 MHz) and 13C (150 MHz) NMR data of compounds 4–6 (δ in ppm, J in Hz, MeOD).

Position 4 5

δH δC δH

1 148.9
2 123.4
3 6.45 d (2.9) 113.2 6.47 d (
4 151.4
5 6.60 dd (8.6, 2.9) 117.2 6.61 dd
6 6.67 d (8.6) 117.2 6.68 d (
1′ 6.24 d (1.7) 79.8 6.25 d (
2′ 7.37 d (1.7) 151.5 7.37 d (
3′ 132.8
4′ 176.7
5′ 2.38 overlap 26.5 2.31 t (
6′ 2.38 overlap 26.3 1.64 ov
7′ 5.28 t (6.9) 127.6 1.46 ov
8′ 140.7 1.46 ov
9′ 4.06 s 59.8 3.483 s

4.05 s 3.475 s
10′ 2.14 overlap 35.3 1.34 m
11′ 2.14 overlap 27.4 2.08 m
12′ 5.43 t (6.2) 130.4 5.46 t (
13′ 131.5
14′ 1.63 s 14.0 1.64 ov
15′ 4.42 s 71.3 4.44 d (
16′ 172.8
17′ 2.03 s 20.8 2.03 s
18′

a Poor resolved.
the supernatant were measured by an ELISA kit (Assaypro, LLC). The
concentration in the culture supernatant was normalized to the total
number of cells. The experiment was repeated twice independently
with similar results, with three parallel measurements each time.

2.6. Cytotoxicity assay

NRK-52e cells were cultured in DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C in an atmo-
sphere containing 5% CO2. Cytotoxicity of the compoundswasmeasured
6

δC δH δC

149.0 149.3
123.4 123.4

2.9) 113.3 6.92 t (1.7) 114.6
151.5 151.2

(8.6, 2.9) 117.2 6.67 overlap 118.4
8.6) 117.2 6.67 overlap 118.2
1.8) 79.8 108.6
1.8) 150.9 7.41 br s 148.4

133.6 135.6
176.8 173.3

7.6) 26.3 2.35 overlap 26.1
erlap 25.9 2.35 overlap 26.3
erlap 31.4 5.24 t-likea 127.3
erlap 40.9 140.8

65.3 3.99 d (12.2) 59.8
3.95 d (12.2)

31.6 2.09 overlap 35.3
26.0 2.09 overlap 27.4

6.7) 130.8 5.42 t-likea 130.4
131.4 131.5

erlap 14.0 1.63 s 14.0
2.4) 71.3 4.43 s 71.4

172.8 172.8
20.8 2.04 s 20.8

3.27 s 52.2



Fig. 2. Calculated ECD spectra of low-energy conformers of (1′R)-1 at the B3LYP-SCRF(PCM)/6-311G(d,p)//B3LYP/6-311G(d,p) level in MeOH; right figure for experimental CD spectra of
1–5 were observed in MeOH.
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by using a minor modification of the microculture tetrazolium (MTT)
assay. Briefly, the cells were seeded in 96-well microculture plates
with 3 × 103 cells/well, and allowed to adhere for 24 h before addition
of the compounds. Medium with compounds was kept for 24 h. Cells
without treatment were used as a control. At the end of incubation,
20 μLMTT (5mg/mL)was added to eachwell. After an additional 4 h in-
cubation, 150 μL DMSO was added to dissolve the crystals in the viable
cells. The plates were read at 490 nm using a microplate reader. Cell vi-
ability was defined as the percentage of difference between the control
and treated groups.

2.7. Statistical analysis

The differences were tested using ANOVA. All values are expressed
as mean ± S.E.M., and statistical significance was defined as p b 0.05.

3. Results and discussion

Compound 1 has the molecular formula C21H26O5 (9 degrees of
unsaturation) on the basis of its negative HRESIMS atm/z 357.1711 [M–
H]− (calcd for 357.1707). The 1H NMR spectrum (Table 1) of 1 contains
three aromatic protons as an ABX spin system (δH 6.67, d, J = 8.6 Hz,
Fig. 3. 1H–1H COSY, Key HMBC an
H-6; δH 6.60, dd, J = 8.6, 2.9 Hz, H-5; δH 6.46, d, J = 2.9 Hz, H-3), three
olefinic/aromatic protons (δH 7.35, d, J = 1.9 Hz, δH 5.13, t, J = 7.3 Hz;
δH 5.34, t, J=7.0Hz), one oxymethylene single (δH 3.89) and twomethyl
singlets (δH 1.58, 1.61). The 13C NMR and DEPT spectra (Table 1) contain
21 signals ascribed to twomethyl, five sp3 methylene (one oxygenated),
sevenmethine (six sp2 and one oxygenated aliphatic), and seven quater-
nary carbon signals (one carbonyl and six sp2 including two oxygenated).
These NMR signals are similar to those of chizhine F, a meroterpenoid
previously isolated from G. lucidum [9], indicating that they are ana-
logues. Careful inspection of their NMR data found that 1 differs from
chizhine F in that C-11′ of 1 is replaced by a ketone of chizhine F and a
methyl (C-15′) of chizhine F is oxidized to a hydroxymethyl of 1. These
alternations are strongly supported by the observed 1H–1H correlations
of H-10′/H-11′/H-12′ and HMBC correlations of H3-14′/C-12′, C-13′, C-
15′, H2-15′/C-12′, C-13′, and H-11′/C-13′ (Fig. 2). In addition, HMBC cor-
relations of H-1′/C-3′, C-4′, H-2′/C-4′, and C-5′ are observed, which con-
firm the presence of a substituted furan-2(5H)-one moiety. HMBC
correlations of H-1′/C-2 and H-3/C-1′ indicate that the side chain is con-
nected with the benzene ring. There are two double bonds at the side
chain. ROESY correlations between H-7′/H-10′ and H-12′/H-15′ indicate
that they are both trans-oriented. Of note, 1 was isolated as a racemate,
chiral separation by HPLC produced a pair of enantiomers. The absolute
d ROESY correlations of 1–6.
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configuration determination at the single chiral center of (+)-1was ap-
plied to computational methods. DFT and TD-DFT calculations were car-
ried out at 298 K in the gas phase with Gaussian 09 [12].
Conformational search were performed by using the Conflex 7 software,
then optimized at the B3LYP/6-311G(d,p) level in the gas phase by using
the Gaussian 09 software package. Further ECD calculations were con-
ducted at the B3LYP SCRF(PCM)/6-311G(d,p)//B3LYP/6-311G(d,p) level
inMeOHsolution. The ECD spectrumofR-1 is correlatedwellwith the ex-
perimental spectrum of (+)-1, leading to the assignment of the absolute
configuration at the stereogenic center (Fig. 3). Taken together, the struc-
ture of 1was deduced and named as zizhine A.

Compound 2 has the molecular formula C23H28O7 derived from its
negative HRESIMS at m/z 415.1765 [M–H]− (calcd for 415.1762,
C23H27O7), indicating 10 degrees of unsaturation. The NMR data of 2
(Table 1) extremely resemble those of 1 except that one additional
acetoxy group is observed in 2. HMBC correlations of H-9′ (δH 4.59),
H3-17′ (δH 2.01)/C-16′ (δC 172.9) and H-9′/C-7′, C-8′, C-10′ confirm
the presence of an acetoxy group in 2 and indicate its position at C-9′.
Similarly, ROESY correlations betweenH-7′/H-10′ andH-12′/H-15′ sug-
gest a cis Δ7′ and a trans Δ12′ double bond, respectively. Compound 2
was also isolated as a racemate, in the samemanner as applied to 1, chi-
ral separation of 2 by HPLC afforded two enantiomers. The CD spectrum
of (+)-2 is in good accordancewith that of (+)-1, revealing that the ab-
solute configuration of (+)-2 is R-form. Thus, the structure of 2was de-
duced and named as zizhine B.

The molecular formula of compound 3was assigned as C23H30O7 by
analysis of its negative HRESIMS at m/z 417.1918 [M–H]− (calcd for
417.1919), having 9 degrees of unsaturation. The NMR data of 3
(Table 1) are similar to those of 2, indicating that they are analogues.
Compound 3 differs from 2 in that the Δ7′ double bond in 2 is absent
in 3, in accordance with the observed 1H–1H correlations of H-5′/H-6′/
H-7′ (δH 1.40)/H-8′ (δH 1.71)/H-9′. In the ROESY spectrum, correlations
between H-12′/H-15′ were detected, indicating a trans Δ12′ double
bond. Racemic 3 was further purified in the same manner to afford a
pair of enantiomers. Notably, the CD spectrum of (+)-3 is similar to
that of (+)-2, suggesting the R-form at C-1′ of (+)-3 and meanwhile
less contribution of C-8′ to Cotton effects due to its far distance from
chromophore. This conclusion is also confirmed by the similarity be-
tween e experimental CD spectrum of 1 and the calculated CD spectrum
of 7 (Fig. 2). So far, the absolute configuration of C-8′ at flexible side
chain remains undetermined. Comparison of calculated vibrational cir-
cular dichroism (VCD) with experimental one might be a powerful ap-
proach to solve the stereochemistry at C-8′. However, the scarcity of
(+)- or (−)-3 limits its application in compound 3. As a result, the
structure of 3 was determined and named as zizhine C.

Compound4wasdetermined to have the samemolecular formula as
does 2. The NMR data (Table 2) of 4 are also similar to those of 2, indi-
cating that they are analogues. A detailed interpretation of 2D NMR
data (Fig. 3) indicates that 4 is a positional isomer of 2. In the HMBC
spectrum, correlations between H-9′/C-7′, C-10′, H-15′/C-12′, C-14′, C-
Fig. 4. Inhibitory effects of compounds 1–6 on fibronectin (FN) production. **p b 0.01.
16′ and H-17′/C-16′ suggest that an acetoxy moiety is positioned at C-
15′ instead of C-9′ in 2. Similarly, ROESY correlations of H-7′/H-10′
and H-12′/H-15′ suggest a cis Δ7′ and a trans Δ12′ double bond, respec-
tively. The fact that 4 is optically inactive suggests that it is a racemic
mixture. In the same manner as that of 1, separation of 4 by chiral
phase produced two enantiomers. The CD spectrum of (+)-4 is similar
to that of (+)-2, indicating the R-formof (+)-4. Therefore, the structure
of 4 was determined and named as zizhine D.

Compound 5 was found to have the same molecular formula
C23H30O7 as that of 3 derived from its negative HRESIMS. The NMR
data (Table 2) of 5 closely resemble those of 3, differing in the position
of one acetyl group. HMBC correlations (Fig. 3) of H-9′/C-7′, C-10′, H-
15′/C-12′, C-14′, C-16′ and H-17′/C-16′ clearly indicate the location of
the acetyl group. In the ROESY spectrum, the correlation of H-12′/H-
15′ reveals a trans-configuration of the Δ12′ double bond. Similarly, the
lack of optical rotation for 5 indicates its racemic nature. Chiral separa-
tion by HPLC yielded two enantiomers. The absolute configuration at
C-1′ of (+)-5was assigned as R-form by comparison of its CD spectrum
with those of (+)-1–(+)-4. So far, the absolute configuration at C-8′ re-
mains undetermined. As a result, the structure of 5 was deduced and
named as zizhine E.

Compound 6 has a molecular formula C24H30O8 (10 degrees of
unsaturation) deduced from its negative HRESIMS at m/z 445.1869
[M–H]− (calcd for 445.1868). The NMR data of 6 (Table 2) resemble
those of 4, indicating their structural similarity. Compound 6 differs
from 4 in that a methoxyl group is connected to C-1′ in 6 supported
by HMBC correlations of H-3, H-2′, H-18′/C-1′ (δC 108.6). Similar to
those of 4, ROESY correlations of H-7′/H-10′ and H-12′/H-15′ are also
observed, revealing the geometry of two double bonds. The racemic na-
ture of 6 is indicated by its optical rotation and confirmed byHPLC anal-
ysis using chiral phase. Although two well resolved peaks were
obtained, unfortunately, we couldn't collect rational CD spectra and sta-
ble optical rotation values for each enantiomer due to the limited quan-
tity. Taken together, the structure of racemic 6was assigned and named
as zizhine F.

Known compound 7was identified as fornicin A by comparison of its
NMR data with literature data [6].

Fibronectin (FN) is a common extracellular matrix component im-
plicated in several chronic kidney diseases (CKD), inhibition offibronec-
tin generation will be beneficial for patients suffering from CKD. In this
study, all the other isolates, with exception of compound 7, were evalu-
ated for their influence on FN production in TGF-β1-induced rat kidney
tubular epithelial cells. Unfortunately, none of them was found to be
able to inhibit FN production at the concentration of 20 μM (Fig. 4). To
secure this result, the MTT exclusion test was performed. The results
show that no cytotoxicitywas observed for the antipodes of compounds
1–6 at 20 μM (data not shown).
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