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ABSTRACT
A new hydroanthraquinone dimer derivative, solanrubiellin A, was
isolated from the whole plants of Solanum lyratum. The structure
of 1 was established through extensive NMR spectroscopy ana-
lysis, and the absolute configuration was elucidated by compari-
son of its experimental and calculated ECD spectra. Compound 1
showed antibacterial activity with MIC values of 2-10 mM against
several Gram-positive bacteria. Compound 1 also demonstrated
cytotoxic activity against human A549, HT-29 and HL-60 cell lines
with IC50 values ranging from 2.06 to 9.35 mM.
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1. Introduction

Solanum is a genus of Solanaceae consisting of more than 1400 species, 40 of which
are found in China (Li et al. 2014). Solanum lyratum is widely distributed in the south-
east of China, partly in Japan, Korea and Indo-China peninsula (Zhang et al. 2012). The
whole plants have been used as Chinese traditional medicine (TCM) for more than
2000 years to treat pyretic syndrome and diarrhea, and widely used for the treatment
of cancer as a folk remedy (Liu et al. 2011). Previous phytochemistry studies of this
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plant have led to the identification of saponins, steriodal alkaloids, flavonoids, sesqui-
terpenoids, anthraquinones, courmarins, and fatty acids (Yahara et al. 1985; Ye et al.
2001; Yang et al. 2009). Extensive pharmacological studies indicated that S.lyratum
possessed antitumor, anti-inflammatory and antibacterial activities (Ling et al. 2013;
Wang et al. 2012; Zhang et al. 2010, 2015b). As a part of our continuous effort to
search for bioactive constituents from TCM, a new hydroanthraquinone dimer deriva-
tive, Solanrubiellin A, was isolated from the CH2Cl2 factions of ethanol extract of the
whole plant of S.lyratum. Herein, we present the isolation, structural elucidation, and
antibacterial and cytotoxic activity of 1.

2. Results and discussion

Compound 1 was obtained as a yellow amporphous powder. Its molecular formula,
C31H28O9, was established from NMR data (Table S1) and a prominent pseudomole-
cular ion peak at m/z 567.1637 [MþNa]þ (calcd 567.1626) in HRESIMS, representing
18 degrees of unsaturation. The UV spectrum of 1 showed the maximum absorption
bands at 203, 227, 252, 289, and 440 nm, suggesting the presence of the quinone
functionality (Huang et al. 2011). The IR spectrum displayed absorptions attributable
to hydroxyl (3479 cm�1) and carbonyl (1670 and 1623 cm�1) functions. The 1H NMR
spectrum of 1 was taken in DMSO-d6 and showed signals for three 1,2,3-trisubstituted
aromatic protons at dH 7.82 (t, J¼ 8.5 Hz, H-6), 7.73 (d, J¼ 8.5Hz, H-5), and 7.36
(d, J¼ 8.5 Hz, H-7), an aromatic singlet at dH 7.18 (H-2), and two meta-substituted
aromatic protons at dH 6.75 (H-20) and 6.54 (H-40). Signals at dH 12.50 (s) and 12.0 (s)
in the downfield region indicated the presence of two chelating phenolic hydroxyl
groups (1-OH and 8-OH). Other signals observed in the 1H NMR spectrum included
four methine protons at dH 5.09 (d, J¼ 4.5 Hz, H-90), 4.48 (dd, J¼ 12.0, 5.5 Hz, H-50),
3.95 (brs, H-80) and 3.50 (d, J¼ 10.0 Hz, H-100), three pairs of methylene protons at dH
3.89 (d, J¼ 17.5 Hz, H-11a), 2.16 (m, H-70a), 1.99 (d, J¼ 17.5 Hz, H-11b), 1.99 (overlap,
H-60a), 1.58 (m, H-70b) and 1.42 (m, H-60b), one methoxy group at dH 3.82 (s), and one
methyl group at dH 2.22 (s). Additionally, four D2O-exchangeable protons at dH 5.19
(100-OH), 5.02 (80a-OH), 4.98 (80-OH), and 4.68 (90-OH), could also be observed accord-
ing to the absence of the HSQC correlations. The 13C NMR and DEPT spectra of 1
showed 31 carbon signals, including the characteristic signal due to the quinone
carbonyl carbons at dC 191.7 (C-9) and 182.5 (C-10), an oxygenated quaternary carbon
at dC 74.7 (C-80a), three oxygenated methine carbons at dC 73.3 (C-100), 66.8 (C-80) and
64.2 (C-90), three methylene carbons at dC 35.7 (C-11), 26.9 (C-70) and 20.9 (C-60), one
methoxyl carbons at dC 55.5, and one methyl carbons at dC 21.0 (C-110). These results
suggested that 1 was a dimer of hydroanthraquinone.

To determine the substitution pattern within each of the partial structures of the
Abox G ring system of 1, 1H-1H COSY and HMBC experiments were carried out
(Figure S1, parts A, B, and C). The connections among the ABC-ring were revealed by
the 1H-1H COSY correlations from H-5 to H-7 and by the HMBC correlations from 8-OH
to C-7, C-8 and C-8a, from H-7 to C-5, C-8 and C-8a, from H-5 to C-7, C-8a and C-10,
from 1-OH to C-1, C-2 and C-9a, and from H-2 to C-1, C-4 and C-9a, suggesting the
ABC-ring of 1 as a 1,8-dihydroxyanthraquinone moiety (part A). A contiguous
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sequence of coupled signals from H-50 to H-80 in the 1H-1H COSY spectrum combined
with the HMBC correlations from H-50 to C-70, C-80a and C-100 and from H-80 to C-60 and
C-100a, established the D-ring of 1 as a cyclohexane moiety. The HMBC correlations
from H-90 to C-10, C-40a, C-80 and C-100a and from H-100 to C-40, C-80a and C-90a were
observed for connecting the DEF rings (part B). The connection of C-4 (C-ring) and C-50

(D-ring) was revealed by the HMBC correlations from H-50 to C-3 and C-4. HMBC correla-
tions from the nonequivalent methylene protons H-11 to C-2, C-3, C-4, C-50, C-80a and
C-100 demonstrated that this methylene group linked C-3 and C-100a, to constitute the
G-ring (part C). In addition, the position of the methoxy group was also determined by
the HMBC correlation between 10-OCH3 and C-10, and the location of the methyl group
was determined by the correction between H-110 and C-20 and C-40. Thus, the planar
structure of 1 was determined as shown in Figure 1.

The relative configuration of 1 was determined from NOE correlations in the 1D and
2D ROESY spectrum (Figure S2). The NOE cross peak of H-2 with Hb-11 (dH 1.99) was
much more intense than that of H-2 with Ha-11 (dH 3.89). The a-position of H-100 was
determined based on the NOE correlations of H-100 with H-40 and Hb-11. In contrast, the
NOE correlations of H-50 with 100-OH and H-80 were observed to establish the b-positions
of H-50 and H-80. Distinguished from melrubiellin C (Zhang et al. 2015a), compound 1
possessed a unique b-oriented of 80a-OH and 90-OH through the diagnostic 1D ROESY
correlations of 80a-OH with H-50, H-80, 90-OH and 100-OH, and H-90 with H-80 and Ha-11
(Figure S10). To determined its absolute configuration, a time-dependent density
functional theory (TDDFT) method at the B3LYP/6-311G (d, p) level with polarizable
continuum model (PCM) in MeOH was performed for (50R,80R,80aR,90R,100S,100aS)-1 (Figure
S13), in which the experimental electronic circular dichroism (ECD) spectrum of 1 was
identical to the calculated ECD curve of 1, indicating that the absolute configuration of 1
was 50R,80R,80aR,90R,100S,100aS. Then, the trivial name solanrubiellin A was proposed for 1.

Although a variety of dimeric anthraquinones have been reported from natural
resources (Socha et al. 2006; Carroll et al. 2012; Xu et al. 2016), the linkage pattern as
shown for solanrubiellin A, condensed at C-4box C-50 and C-11box C-100a, and the
reduction of DE-rings, are quite uncomm. Until now, only four anthraquinone dimer

Figure 1. Structure of compound 1.
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analogues, melrubiellins A-D, have been reported, but their absolute configurations
were not reported (Zhang et al. 2015a, 2015b).

The antibacterial activities of 1 was determined against six terrestrial pathogenic
bacteria (Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus faecalis,
Escherichia coli, Enterobacter cloacae, and Pseudomonas aeruginosa) (Table S2).
Compound 1 exhibited moderate antibacterial activity against S. aureus and E. faecalis
with the MIC values of 2.0 mM (1.08 mg/mL) and 10.0 mM (5.44 mg/mL). Notably,
compound 1 showed antibacterial activity against S. epidermidis with an MIC value of
2.0 mM (1.08 mg/mL), which was stronger than that of the positive control rifampicin
[MIC value, 10.0 mM (8.23 mg/mL)], and same to that of levofloxacin [MIC value, 2.0 mM
(0.74 mg/mL)]. Moreover, the cytotoxic activities of 1 was also tested in vitro against
five human tumor cell lines (A549, HT-29, HL-60, HepG2, and THP-1) by the MTT assay
(Table S3). Compound 1 exhibited cytotoxicity against A549, HT-29, and HepG2 cells,
with IC50 values ranging from 2.06 to 9.35 mM.

3. Experimental

3.1. General experimental procedures

Optical rotations were obtained on a Rudolph AP-IV polarimeter. UV spectra were
measured on a Thermo EVO 300 spectrophotometer. CD spectra were recorded on
a JASCO J-815 spectropolarimeter. IR spectra were recorded on a Thermo Nicolet IS 10
spectrometer. NMR spectra were recorded on a Bruker Avance III 500 spectrometer.
HRESIMS data were recorded on a Bruker maxis HD Mass Q-TOF LC/MS spectrometer.
Preparative HPLC was performed on a Sepuruisi LC-52 instrument with an UV200
detector (Beijing Sepuruisi scientific Co., Ltd., China), using a YMC-pack ODS-A column
(250� 20mm, 5 mm). Sephadex LH-20 (Amersham Pharmacia Biotech AB, Sweden),
ODS (45–70mm, Merck), and silica gel (200–300 mesh, Qingdao Marine Chemical Inc.
China) were used for column chromatography. All solvents were spectroscopic grade
or distilled in a glass prior to use.

3.2. Plant materials

The whole plants of S.lyratum was collected from Hubei Province, China, in October
of 2014, and identified by Prof. Cheng-Ming Dong at Henan University of Chinese
Medicine. A voucher specimen (No.20141003B) was deposited in the Department
of Natural Medicinal Chemistry, School of Pharmacy, Henan University of Chinese
Medicine, Zhengzhou, China.

3.3. Extraction and isolation

Air-dried, powdered whole plants of S.lyratum (20 kg) was macerated for 2h with 60 L
of 95% EtOH(aq). The residue (1510 g) was suspended in H2O, followed by successively
partition with petroleum ether, CH2Cl2, EtOAc, and n-BuOH. The CH2Cl2 fraction (68 g)
was subjected to a silica gel column and eluted with petroleum ether/EtOAc (30:1,
20:1, 10:1, 5:1, 1:1 and 0:1, v/v) to afford seven fractions (A–G). Fraction D (4.7 g) was
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subjected to a silica gel column eluting with a step-gradient of petroleum ether/
EtOAc (from 5:1 to 2:1) to afford five subfractions C1–C5. Fraction C3 (128mg) was
chromatographed over a sephadex LH-20 column, eluted with MeOH, and further
purified by preparative HPLC using the mobile phase MeOH/H2O (65:35, tR 42min)
to yield 1 (20.8mg).

Solanrubiellin A (1): yellow amporphous powder; [a]D
25 -38.5 (c 0.03, CHCl3); UV

(MeOH) kmax (log e) 203 (4.03), 227 (3.91), 252 (3.65), 289 (3.32), 440 (3.35) nm; IR (KBr)
�max 3479, 2925, 1670, 1623, 1459, 1403, 1275, 1212 cm�1; HRESIMS m/z 567.1637
[MþNa]þ (calcd for C31H28O9Na, 567.1626).

1H and 13C NMR data of 1 see Table S1.

3.4. Antibacterial assay

The assay procedure was performed as previously reported (Teng et al. 2016; Zhao
et al. 2018; Chu et al. 2018). Levofloxacin and rifampicin were used as the positive
control.

3.5. In vitro cytotoxic assay

Compound 1 was evaluated for cytotoxicity against A549 (human lung epithelia
cancer), HT-29 (human colon cancer), HL-60 (human promyelocytic leukemia), HepG2
(human hepatocellular carcinoma cancer), and THP-1 (human acute monocytic leuke-
mia) cell lines as per established colorimetric MTT assay protocols (Liu et al. 2018).
Adriamycin was used as positive control.

4. Conclusion

In brief, A new hydroanthraquinone dimer derivative, solanrubiellin A, with an uncom-
mon skeleton that condensed at C-4boxC-50 and C-11boxC-100a and possessed reduced
DE-rings, was isolated from the whole plants of S. lyratum. Solanrubiellin A displayed
antibacterial activity with MIC values of 2-10 mM against several Gram-positive
bacteria. Moreover, it also demonstrated cytotoxic activity against human A549, HT-29
and HL-60 cell lines with IC50 values ranging from 2.06 to 9.35 mM. Our study enriched
the structure diversity of anthraquinone dimers and the chemistry of S. lyratum.
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