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nans from the traditional Chinese
medicine Daphniphyllum macropodum Miq.†

Xinhua Ma,‡a Jie Yang,‡a Christopher L. Brown,b Chao Wang,b Shihao Deng,a

Ruifang Ke,a Shicheng Xu,a Mi Huang,a Xinzhou Yang*a and Yunjiang Feng *b

Four new neolignans, (E)-3-(hydroxymethyl)-2-(4-hydroxyphenyl)-5-(prop-1-en-1-yl)benzofuran-6-ol (1),

methyl (E)-6-hydroxy-2-(4-hydroxyphenyl)-5-(prop-1-en-1-yl)benzofuran-3-carboxylate (2), (R)-4-

hydroxy-3-(1-(4-hydroxyphenyl)propan-2-yl)benzaldehyde (3) and methyl (E,R)-3-(4-hydroxy-3-(1-(4-

hydroxyphenyl)propan-2-yl)phenyl)acrylate (4) were isolated from the seeds of Daphniphyllum

macropodum Miq, together with four known compounds. The structures of the new compounds were

established by spectroscopic analyses, including 1D and 2D NMR as well as HRESIMS data. The absolute

configurations of 3 and 4 were determined by the comparison of experimental and calculated electronic

circular dichroism (ECD) spectra. All the compounds were evaluated for their antiproliferative activity on

human NSCLC A549 and H460 cell lines. Compound 2 significantly inhibited the cancer cell growth in

a dose-dependent manner. Mechanism of the action studies showed that 2 increased the expression of

bax, caspase-3 and caspase-9, and decreased the production of bcl-2, suggesting that 2 induced

apoptosis in A549 cells through activating the mitochondrial pathway.
Introduction

Cancer is one of the most fatal diseases globally. Nearly 14.1
million new cases were diagnosed in 2012 and the number is
predicted to rise up to 19.3 million by 2025.1 Lung cancer is the
most frequently diagnosed malignancy with a high mortality
rate. Chemotherapies using, for example, compounds such as
cisplatin, are still the common mode of treatment for lung
cancer patients, albeit with limited success. Additionally, the
clinical use of chemotherapeutic agents is commonly associ-
ated with severe side effects and lack of selectivity.2 There has
been growing interest in identifying novel drug candidates with
apoptosis-inducing properties.3,4 Particularly, several natural
products obtained from plants and used in Chinese herbal
medicines are showing results as promising antitumor agents,
as they demonstrate low systemic toxicity and accordingly show
great medicinal value.

As part of our continuing research into the discovery of new
bioactive leads from traditional Chinese medicines (TCM),5–7

a prefractionated TCM extract library were screened against two
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human lung cancer cell lines NSCLC A549 and H460. The
activity results suggested that the EtOAc extract of the TCM “Jiao
RangMu” (seeds of Daphniphyllum macropodumMiq.) displayed
promising cytotoxic activity. Daphniphyllum macropodum Miq.
(Daphniphyllaceae), an evergreen tree native to southern China,
grows at an altitude of 1000–1700 meters.8 The plant has been
traditionally used to treat symptoms such as inammation,
pyreticosis, and inuenza.9 Previous phytochemical investiga-
tions on this plant revealed that it mainly contained molecules
related to the daphniphylline skeleton series of alkaloids.10–12

Bioassay-guided fractionation of the active extract resulted in
the isolation of four new neolignans, (E)-3-(hydroxymethyl)-2-(4-
hydroxyphenyl)-5-(prop-1-en-1-yl)benzofuran-6-ol (1), methyl
(E)-6-hydroxy-2-(4-hydroxyphenyl)-5-(prop-1-en-1-yl)benzofuran-
3-carboxylate (2), (R)-4-hydroxy-3-(1-(4-hydroxyphenyl)propan-2-
yl)benzaldehyde (3) and methyl (E,R)-3-(4-hydroxy-3-(1-(4-
hydroxyphenyl)propan-2-yl)phenyl)acrylate (4), along with four
known compounds (5–8) (structures shown in Fig. 1). Herein we
report the isolation, structure elucidation for compounds 1–4.
We also discuss the antiproliferative activity of the compounds
against two human lung cancer cell lines, NSCLC A549 and
H460, as well as the possible molecular mechanism for
apoptosis induced by compound 2 through activation of the
mitochondrial pathway in human A549 cells.
Results and discussion

Compound 1 was isolated as a white solid, and HRESIMS mass
spectrometry revealed a pseudomolecular ion at m/z 295.0986
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra09569d&domain=pdf&date_stamp=2017-11-15
http://orcid.org/0000-0003-2412-1213
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09569d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007083


Fig. 1 Structures of compounds 1–8.
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[M � H]� (calcd for C18H15O4, 295.0976), in agreement with the
proposedmolecular formula of C18H16O4. The analysis of the

1H
NMR spectrum (Table 1) showed two sets of aromatic rings due
to a 1,4-disubstituted aromatic ring (d 7.64, 2H, d, J¼ 8.4 Hz, H-
2, H-6; 6.90, 2H, d, J ¼ 8.4 Hz, H-3, H-5) and a 1,2,4,5-tetra-
substituted aromatic system (d 7.63, s, H-20; 6.87, s, H-50). Two
olenic protons (d 6.77, dd, J ¼ 1.8, 15.8 Hz, H-70; 6.24, dq, J ¼
6.7, 15.8 Hz, H-80) and one methyl (d 1.91, dd, J ¼ 1.8, 6.7 Hz,
Table 1 1H-NMR and 13C-NMR data for compounds 1 and 2 (d in ppm,
J in Hz)

No.

1 2

dC
a,b dH

a,c (J in Hz) dC
a,b dH

a,c (J in Hz)

1 123.5 122.3
2 129.5 7.64 (d, 8.4) 131.9 7.86 (d, 8.7)
3 116.5 6.90 (d, 8.4) 115.9 6.88 (d, 8.7)
4 159.1 160.5
5 116.5 6.90 (d, 8.4) 115.9 6.88 (d, 8.7)
6 129.5 7.64 (d, 8.4) 131.9 7.86 (d, 8.7)
7 153.8 161.5
8 114.3 107.9
9 55.5 4.81 (s) 166.4
10 123.5 124.8
20 117.2 7.63 (s) 120.0 7.91 (s)
30 123.7 120.8
40 155.22 154.4
50 98.1 6.87 (s) 97.9 6.91 (s)
60 153.8 154.8
70 127.7 6.77 (dd, 1.8, 15.8) 127.6 6.77 (dd, 1.8, 15.8)
80 125.0 6.24 (dq, 6.7, 15.8) 125.8 6.26 (dq, 6.6, 15.8)
90 19.0 1.91 (dd, 1.8, 6.7) 19.0 1.92 (dd, 1.8, 6.6)
OCH3 51.9 3.93 (s)

a In CD3OD.
b At 150 MHz. c At 600 MHz.

This journal is © The Royal Society of Chemistry 2017
H-90) were also observed. Moreover, correlations in the 1H–1H
COSY and HSQC spectra indicated the presence of a –CH(70) ¼
CH(80)–CH3(90) (bold line in Fig. 2). The observed HMBC
correlations, fromH-2 and H-6 to C-7, fromH-70 to C-20 and C-60,
and from H-80 and H-90 to C-10, indicated that C-70 was linked to
C-10, similar to a neolignan eupomatenoid 13.13 The key struc-
tural differences arose from the replacement of a methyl at C-8
with a hydroxymethyl in 1 and amethoxy at C-50 with a hydrogen
in 1. These observations were conrmed by the HMBC corre-
lations from H-9 to C-30, C-7 and C-8, and from H-20, H-50 and H-
70 to C-6' (dC 153.8). Accordingly, the structure of 1 was eluci-
dated as (E)-3-(hydroxymethyl)-2-(4-hydroxyphenyl)-5-(prop-1-
en-1-yl)benzofuran-6-ol.

Compound 2 was isolated as a white solid. The HRESIMS
showed a [M � H]� molecular ion at m/z 323.0933 (calcd for
C19H15O5, 323.0925), in agreement with the molecular formula
C19H16O5. The

1H and 13C NMR spectra (Table 1) of compounds
1 and 2 were almost identical. The only difference was the
replacement of a hydroxymethyl at C-8 in 1 by a methyl ester
functional group (dH 3.93, s, dC 51.9, –OCH3; dC 166.4, C-9) in 2.
The assignment was conrmed by the HMBC correlations from
9-methoxyl (d 4.81, s) to C-9 and from H-20 to C-8 (Fig. 2).
Therefore, compound 2 was elucidated as methyl (E)-6-hydroxy-
2-(4-hydroxyphenyl)-5-(prop-1-en-1-yl)benzofuran-3-carboxylate.

Compound 3 was also isolated as a white solid. The molec-
ular formula was determined to be C16H16O3 by the HRESIMS at
m/z 255.1021 [M � H]� (calcd for C16H15O3, 255.1027). The

1H
NMR spectral analysis (Table 2) showed a 1,4-disubstituted
aromatic system (d 6.93, 2H, d, J¼ 8.5 Hz, H-2, H-6; 6.63, 2H, d, J
¼ 8.5 Hz, H-3, H-5) and a 1,2,4-trisubstituted aromatic ring (d
7.67, d, J¼ 2.1 Hz, H-30; 7.58, dd, J¼ 2.1, 8.3 Hz, H-50; 6.88, d, J¼
8.3 Hz, H-60). It also displayed one methine (d 3.41, m, H-8), one
methylene (d 2.91, dd, J ¼ 6.2, 13.4 Hz, H-7a; 2.62, dd, J ¼ 8.4,
13.4 Hz, H-7b), one methyl (d 1.19, d, J ¼ 7.0 Hz, H-9) and an
aldehyde (d 9.72, s) groups in 3. The 1H–1H COSY and HSQC
spectra showed that it contained a –CH2(7)–CH(8) (CH3) (9)–
moiety (bold in Fig. 2). The observed HMBC correlations from
H-7 to C-1, C-2(6), and C-40 and from H-8 to C-20, C-30, and C-40

indicated that C-7 and C-8 were attached at C-1 and C-30,
respectively (Fig. 2). Furthermore, the key HMBC correlations
Fig. 2 Key COSY (▬) and HMBC (/) of compounds 1–4.
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Table 2 1H-NMR and 13C-NMR data for Compounds 3 and 4 (d
in ppm, J in Hz)

No.

3 4

dca,b dH
a,c (J in Hz) dca,b dH

a,c (J in Hz)

1 133.1 133.3
2 131.1 6.93 (d, 8.5) 131.1 6.95 (d, 8.5)
3 115.8 6.63 (d, 8.5) 115.8 6.65 (d, 8.5)
4 156.4 156.4
5 115.8 6.63 (d, 8.5) 115.8 6.65 (d, 8.5)
6 131.1 6.93 (d, 8.5) 131.1 6.95 (d, 8.5)
7 43.0 2.91 (dd, 6.2, 13.4) 43.1 2.92 (dd, 6.0, 13.4)

2.62 (dd, 8.4, 13.4) 2.63 (dd, 8.4, 13.4)
8 35.8 3.41 (m) 35.9 3.36 (m)
9 19.7 1.19 (d, 7.0) 19.7 1.18 (d, 7.0)
10 130.2 127.0
20 130.7 7.67 (d, 2.1) 129.0 7.32 (d, 2.2)
30 135.6 135.2
40 162.7 158.8
50 116.3 6.88 (d, 8.3) 116.4 6.78 (d, 8.4)
60 131.1 7.58 (dd, 2.1, 8.3) 128.3 7.28 (dd, 2.2, 8.4)
70 193.3 9.72 (s) 147.2 7.61 (d, 16.0)
80 114.4 6.29 (d, 16.0)
90 169.9
OCH3 52.0 3.77 (s)

a In CD3OD.
b At 150 MHz. c At 600 MHz.

Fig. 3 Experimental and calculated ECD spectra of 3 and 4. (a)
Boltzmann-weighted calculated (R) and experimental ECD spectra of
3. Gaussian band-width 0.16 eV. (b) Boltzmann-weighted calculated
(R) and experimental ECD spectra of 4. Gaussian band-width 0.25 eV.
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from H-70 to C-10 and from H-20, H-60 to C-70 suggested that C-70

was located at C-10 position. Further HMBC correlations fromH-
20, H-50 and H-60 to C-40 (dC 162.7) suggested that a hydroxy was
located at C-40 (Fig. 2). Accordingly, the planar structure of 3was
elucidated as 4-hydroxy-3-(1-(4-hydroxyphenyl)propan-2-yl)
benzaldehyde.

Compound 4 was obtained as a white solid. The molecular
formula was deduced as C19H20O4 based on HRESIMS
measurement at m/z 311.1296 [M � H]� (calcd for C19H19O4,
311.1289). The 1H and 13C NMR spectra (Table 2) of 4 were
almost identical to those of 3. Nevertheless, 4 contained an
additional acrylate methyl moiety (dH 7.61, d, J ¼ 16.0 Hz, H-70;
6.29, d, J ¼ 16.0 Hz, H-80; 3.77, s, 90-methoxy) replacing the
aldehyde group observed in 3, evidenced by the combined
analyses of 1H NMR, 13C NMR and HSQC spectra of 4. In
particular, long-range HMBC correlations were observed from
H-70, H-80 and the methoxy (dH 3.77) to C-90 (dC 169.9). Key
HMBC correlations from H-70 to C-20 and C-60 as well as from H-
80 to C-10 conrmed the linkage between the acrylate methyl
moiety and C-10 (Fig. 2). Therefore the planar structure of
compound 4 was elucidated as methyl (E)-3-(4-hydroxy-3-(1-(4-
hydroxyphenyl)propan-2-yl)phenyl) acrylate.

The absolute congurations of 3 and 4 could be deduced
from their optical rotations and electronic circular dichroism
(ECD) spectra. Being structurally similar to the known neo-
lignan 1-deoxycarinatone,14 both compounds had only one
chiral centre (C-8) which determined the chiroptical properties
of the whole molecule. Since the S enantiomer of 1-deoxycar-
inatone was reported to exhibit a positive optical sign
([a]25D +33.3, c 0.6, CHCl3),14 the negative optical rotations of
[a]25D �15.6 (c 0.22, CHCl3) for 3 and [a]25D �4.5 (c 0.06, CHCl3) for
52972 | RSC Adv., 2017, 7, 52970–52976
4 should be an indication of their R congurations. This
deduction was consistent with the TDDFT-ECD calculation
results where the calculated ECD spectra of R enantiomers
matched well with the experimental values (Fig. 3a and 3b).
Thus, the absolute congurations at C-8 in 3 and 4 were
assigned as R.

On the basis of 1D, 2D NMR and MS data, the other four
known compounds were identied as 5,7-dihydroxychromone
(5),15 apigenin (6),16 evofolin B (7),17 and larreatricin (8).18

The antiproliferative activity of compounds 1–8 was evalu-
ated against human lung cancer cell lines NSCLC A549 and
H460.19 Preliminary toxicity was also investigated against the
human bronchial epithelial cell line, BEAS-2B. All compounds
exhibited anticancer activity against both A549 and H460 cell
lines with IC50 values ranging from 12 to 63 mg mL�1. Most of
the compounds did not show cytotoxic activity against BEAS-2B
cell line at the concentration of up to 100 mg mL�1, except for 1
and 2 (Table 3). Compound 2 displayed more potent inhibition
against A549 cells than the positive control CDDP (IC50 ¼ 12.69
� 2.74 verses 19.88 � 3.21 mg mL�1) with lower toxic effects
against BEAS-2B cells (IC50 values ¼ 66.19 � 6.47 verses 13.71 �
1.86 mg mL�1 for CDDP) (Table 3, Fig. 4A). This result encour-
aged us to investigate the molecular mechanism of 2. In brief,
the NSCLC A549 cells were treated with compound 2 (10, 20, 30,
40 mg mL�1) and CDDP (25 mg mL�1). Aer 12, 24 and 48 h of
This journal is © The Royal Society of Chemistry 2017
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Table 3 The IC50 values of the tested compounds against NSCLC
A549, H460 and human bronchial epithelial (BEAS-2B) cell lines

Compound
code

Cell lines

A549 H460 BEAS-2B

1 27.84 � 4.56 34.65 � 5.94 81.52 � 7.95
2 12.69 � 2.74 25.72 � 3.69 66.19 � 6.47
3 36.28 � 3.85 44.74 � 6.62 >100
4 34.39 � 4.10 51.08 � 7.15 >100
5 46.01 � 9.67 62.58 � 8.36 >100
6 43.34 � 5.18 53.21 � 7.67 >100
7 57.67 � 7.11 45.61 � 5.37 >100
8 39.78 � 5.38 37.55 � 4.36 >100
CDDP 19.88 � 3.21 31.95 � 4.58 13.71 � 1.86

Fig. 4 Compound 2 dose- and time-dependently provoked A549
cells apoptosis in vitro. (A) Cell viability and cytotoxicity was deter-
mined using the MTT. (B) A549 cells were treated with indicated
concentrations of A549. After 12, 24, 48 h, cell apoptosis was exam-
ined by MTT. (C, D) Cells were seeded at a density of 1 � 105–4 � 105

cells per mL in 6-well polystyrene culture plates at 37 �C with 5% (v/v)
CO2 for one day. After 24 h of incubation, cells were incubated with
variable concentrations of compound 2 and CDDP for 24 h. Changes
in nuclear morphology was observed by phase contrast microscope
and fluorescence microscopy after staining with Hoechst 33258.
Chromatin condensation and nuclear fragmentation were considered
to indicate apoptotic cells.

Fig. 5 Compound 2 dose-dependently provoked A549 cells
apoptosis in vitro. (A) A549 cells were treated with compound 2 for
24 h. Then, cell cycle distribution was observed by FACS. (B–D)
Compound 2 activated mitochondrial pathway in vitro. (B) Compound
2 activated mitochondrial pathway in vitro. Bcl-2, bax, caspase-3 and
caspase-9 were assessed by western blot analysis. b-actin was used as
an internal control. In A549 cells, expression of interacting protein was
detected. (C, D) Bar graphs showed the expression of bcl-2/bax,
caspase 3 and caspase 9 in A549 cells. The data are shown as the
means� SD of three independent experiments. *P < 0.05 compared to
control, **P < 0.01 compared to control, ***P < 0.001, compared to
control.
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incubation, cell viability and cytotoxicity were tested, and the
results were showed in Fig. 4A and B. Moreover, to validate
whether compound 2 suppressed cell viability in a dose-
dependent manner, A549 cells were co-incubated with 2 (0,
10, 20 mg mL�1) and CDDP (25 mg mL�1). The inuence (such as
distortion, membrane blebbing and shrinkage) of compound 2
on the A549 cell morphology was performed by a phase contrast
microscope and Hoechst 33258 staining. Our results indicated
that a large proportion of cells became round in shape and
necrotic. By comparison, cells in the untreated group grew well
with clear cytoskeletons (Fig. 4C). Microscopy also revealed that
the numbers of cells that shrunk and subsequently peeled from
This journal is © The Royal Society of Chemistry 2017
the culture plate were signicantly larger when treated with
compound 2 (Fig. 4D). Consequently, compound 2 resulted in
an enhanced and dose-dependent induction of apoptosis in
A549 cells.

Cell cycle arrest is known as a stopping point in the cell cycle
transition such as G0, G1, S and G2/M phases for cell duplica-
tion and division. To conrm the effect of 2 on cell death and
cell cycle arrest in cancer cells, A549 cells were treated with
various concentrations of 2 for 24 h. The cells were stained with
propidium iodide, and cell–cycle activity was analyzed using
ow cytometry. As shown in Fig. 5A, 2 increased sub-G1 pop-
ulation up to 24.20% and 34.90% at the concentrations of 10 mg
mL�1 and 20 mg mL�1, respectively, compared with untreated
control (0.38%) in A549 cells.

Encouraged by our results, the effect of apoptosis-related
proteins of bcl-2, bax, caspase-3 and caspase-9 by compound 2
were evaluated by western blotting analysis. Following treat-
ment with compound 2 the expression of bax, caspase-3 and
caspase-9 were clearly increased, whereas cellular production of
bcl-2 decreased when compared with the control (Fig. 5B–D).
These results suggest that compound 2 induced apoptosis in
A549 cells is mediated by intracellular mitochondrial
dysfunction.
RSC Adv., 2017, 7, 52970–52976 | 52973
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Conclusions

In summary, we have reported the isolation of four new neo-
lignans 1–4, along with four known compounds which were
isolated from the seeds of Daphniphyllum macropodum Miq. All
compounds were evaluated for their cellular antiproliferative
activity against human NSCLC A549 and H460 cell lines with
different concentrations of each test compound for 24 h by MTT
assay using CDDP as the positive control. The in vitro biological
evaluation result showed that the neolignan based compound 2,
can function as an antimitotic agent and inhibit cell prolifera-
tion by increasing the cell cycle within the sub-G1 phase and
inducing cell death via apoptosis. Furthermore, western blot-
ting analysis indicated that 2 dose-dependently upregulated the
activities of bax, caspase-9 and caspase-3, and downregulated
the expression of bcl-2. These ndings provide important
information for the development of compound 2 for use in the
study of A549 cells.

Experimental section
General experimental procedures

Semi-preparative HPLC was carried out on a Waters 2535 HPLC
tted with a 2998 photodiode array Detector and a 2707 auto-
sampler (Waters). Separations were performed on two Waters
Sunre™ C18 columns (5 mm, 10 � 150 mm; 5 mm, 19 � 250
mm) (Waters, Ireland). Direct injection ESIMS and LC-PDA-
ESIMS analyses were recorded on a Waters ACQUITY SQD MS
system (Waters, USA) connected to a Waters 1525 HPLC with
a 2998 photodiode array Detector (Waters, USA). The NMR
spectra were recorded on an AVANCE III 600 MHz spectrometer
(Bruker BioSpin, Germany). Optical rotations were recorded on
a Jasco P-1020 polarimeter (JASCO, Japan). CD spectra were
recorded on a JASCO J-810W spectrophotometer (JASCO, Japan).
UV and IR spectra were recorded on a Hewlett-Packard 8452A
diode array spectrophotometer (Agilent, USA) and a Nicolet
Magna FT-IR 750 spectrometer (Nicolet, USA), respectively.

Plant material

The seeds of Daphniphyllum macropodum Miq. were collected in
February 2012 in Wufeng county, Hubei province, China and
identied by Prof. Dingrong Wan, School of Pharmaceutical
Sciences, South-Central University for Nationalities (SCUN). A
voucher specimen (SC0138) is deposited in School of Pharma-
ceutical Sciences, SCUN, Wuhan, China.

Extraction and isolation

The air-dried and powdered seeds of D. macropodum (2.5 kg)
were percolated with 80% EtOH at room temperature. The
ethanol extract was ltered and concentrated under reduced
pressure. The resulting extract was suspended in H2O and
partitioned successively with petroleum ether (60–90 �C), EtOAc
and n-BuOH (4 � 5000 mL). The EtOAc fraction (25 g) was
subjected to a normal-phase silica gel column chromatography
eluted with CHCl3–CH3OH (100 : 1 to 0 : 1, containing 0.1%
formic acid) to give eight major fractions (Fr. 1–Fr. 8). Fr. 3 was
52974 | RSC Adv., 2017, 7, 52970–52976
subjected to a sephadex LH-20 CC (CH2Cl2–MeOH, 1 : 1, con-
taining 0.1% formic acid) to afford four fractions Fr. 3-1–Fr. 3-4.
Fr. 3-3 was puried by semipreparative HPLC (H2O–CH3CN,
90 : 10 to 0 : 100, 40 min, containing 0.1% formic acid in both
phase) to give compound 5 (8.8 mg). Fr. 4 was separated into ve
major parts Fr. 4-1–Fr. 4-5 with a sephadex LH-20 gel column
(MeOH with 0.1% formic acid). Fr. 4-1 was puried by semi-
preparative HPLC (H2O–CH3CN, 90 : 10 to 0 : 100, 40 min,
containing 0.1% formic acid in both phases) to afford
compound 1 (5.3 mg). Fr. 4-2 was puried by semi-preparative
HPLC (H2O–CH3CN, 90 : 10 to 0 : 100, 40 min, containing
0.1% formic acid in both phases) to afford compound 7
(8.3 mg), 4 (3.1 mg). Fr. 4-4 was puried by semi-preparative
HPLC (H2O–CH3CN, 90 : 10 to 0 : 100, 40 min, containing
0.1% formic acid in both phases) to afford compound 2
(8.1 mg). Fr. 5 was puried on a normal-phase silica gel column
chromatography (CHCl3–CH3OH, 20 : 1 to 0 : 1, containing
0.1% formic acid) to afford compound 8 (7.6 mg) and other
three fractions Fr. 5-1–Fr. 5-3. Fr. 5-1 was puried by semi-
preparative HPLC (H2O–CH3CN, 90 : 10 to 0 : 100, 40 min,
containing 0.1% formic acid) to afford compound 3 (4.2 mg). Fr.
7 was subjected to a sephadex LH-20 gel column (CH2Cl2–
MeOH, 1 : 1, containing 0.1% formic acid) to afford three frac-
tions Fr. 7-1–Fr. 7-3. Fr. 7-1 was puried by semipreparative
HPLC (H2O–CH3CN, 90 : 10 to 0 : 100, 40 min, containing 0.1%
formic acid in both phases) to give compound 6 (7.3 mg).

(E) -3-(Hydroxymethyl)-2-(4-hydroxyphenyl)-5-(prop-1-en-1-
yl) benzofuran-6-ol (1). White solid. UV (MeOH): 334, 251, 207.
IR (KBr): 3166, 1700, 1654, 1612, 1596, 1508, 1457, 1226, 1137,
829. 1H and 13C-NMR data see Table 1. HRESIMS: m/z 295.0986
[M � H]� (calcd for C18H15O4, 295.0976).

Methyl (E)-6-hydroxy-2-(4-hydroxyphenyl)-5-(prop-1-en-1-yl)
benzofuran-3-carboxylate (2). White solid. UV (MeOH): 345,
237, 211. IR (KBr): 3363, 2942, 1700, 1612, 1504, 1457, 1234,
1083, 836. 1H and 13C-NMR data see Table 1. HRESIMS: m/z
323.0933 [M � H]� (calcd for C19H15O5, 323.0925).

(R)-4-Hydroxy-3-(1-(4-hydroxyphenyl)propan-2-yl)benzaldehyde
(3). White solid. [a]25D �15.6 (c ¼ 0.22, CHCl3), UV (MeOH): 286,
229, 204. IR (KBr): 3263, 1662, 1592, 1515, 1442, 971. ECD
(MeOH) 208 nm (D3 �22.17), 220 nm (D3 �6.53), 229 nm (D3
�26.66), 251 nm (D3 +1.26), 276 nm (D3 �5.20), 290 nm (D3
�0.65), 300 nm (D3 �1.29). 1H and 13C-NMR data see Table 2.
HRESIMS: m/z 255.102 [M � H]� (calcd for C16H15O3, 255.1027)
and 257.1174 [M + H]+ (calcd for C16H17O3, 257.1172).

Methyl (R,E)-3-(4-hydroxy-3-(1-(4-hydroxyphenyl)propan-2-yl)
phenyl) acrylate (4). White solid. [a]25D �4.5 (c ¼ 0.06, CHCl3).
ECD (MeOH) 232 nm (D3�5.32). UV (MeOH): 316, 226, 205 (sh).
IR (KBr): 3340, 2958, 1693, 1596, 1511, 1438, 1265, 825. 1H and
13C-NMR data see Table 2. HRESIMS: 311.1296 [M � H]� (calcd
for C19H19O4, 311.1289) and 313.1433 [M + H]+ (calcd for
C19H21O4, 313.1434).
Computation section

Conformational searches based on the Monte Carlo (MCMM)
method in the gas phase were carried out using MacroModel
package (Schrödinger20) with the OPLS_2005 force eld. Stable
This journal is © The Royal Society of Chemistry 2017
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conformers (within 5 kcal mol�1) were saved and optimized at
the B3LYP/6-31G(d) level with the IEFPCM solvation model for
methanol by Gaussian 09 program.21 The DFT optimized
conformers with populations greater than 1% were used as
input for TDDFT ECD calculations in methanol at the
B3LYP(IEFPCM)/SVP level including 50 excited states per
molecule. The ECD spectra were generated using the program
SpecDis22 by applying a Gaussian band shape with 0.16–0.25 eV
exponential half-width from dipole-length rotational strengths.
The calculated spectra were blue-shied by 14 nm to facilitate
comparison with the experimental data.

Cell culture

The NSCLC A549, H460 and human bronchial epithelial (BEAS-
2B) cell lines were purchased from the American Type Culture
Collection (ATCC; Manassas, VA, USA), and cultured as recom-
mended as monolayers in DMEM medium (GibcoBRL Life
Technologies, Grand Island, NY) supplemented with 10% fetal
bovine serum (FBS; GibcoBRL Life Technologies) and 1%
penicillin–streptomycin–neomycin (GibcoBRL Life Technolo-
gies), in a humidied incubator at 37 �C in a 5% CO2/95% air.

Cell viability assay

Cell viability of A549, H460 and BEAS-2B was analyzed using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay.23,24 Cells were seeded in 96-well plates at a density
of 1000–1500 cells per well and were treated with 5 compounds
at the indicated dose of 200 mg mL�1 dissolved in DMSO. Aer
24 h, 100 uL of MTT solution (5 mg mL�1) per well was added to
each cultured medium, which was incubated for another 4 h.
Then, DMSO (150 mL) was added to each well and the plates
were shaken for 10 min at room temperature. Aer 10 min, the
OD of each well was measured on a Microplate Reader (BIO-
RAD) at the wavelength of 472 nm. Then compound 2 was
selected for further analysis. Subsequently, cells were incubated
in the test compound at 10, 20, 30, 40 and 25 mg mL�1 CDDP
containing 1&DMSO for 12, 24 and 48 h, respectively. And then
supernate was abandoned and 100 mL of MTT (5 mg mL�1) was
subjected to each well and incubated cells for 4 h. The resulting
crystals were dissolved in 150 mL DMSO. (Bio-Rad Laboratories
Ltd, China). Inhibitory rate (%) ¼ [(A492 control � A492
sample)/A492 control] � 100%.25

Observation of cell morphology and Hoechst 33258 staining

The A549 cells were seeded into 6-well culture plates with
a density of 1 � 105–4 � 105 cells. Aer 24 h incubation, the
cells were treated with compound 2 (0, 10, 20 mg mL�1) and 25
mg mL�1 CDDP. Subsequently, a phase contrast microscope
(Leica, Nussloch, Germany) was used to observe the cellular
morphological changes. Aer staining with Hoechst 33258, and
apoptotic nuclear morphology was observed.26 The A549 cell
were seeded in 6-well plates and incubated for 24 h with
a density of 1 � 105–4 � 105 cells per well. The cells were
exposed to compound 2 (0, 10, 20 mg mL�1) and 25 mg mL�1

CDDP. Aer discarding the supernatant, 1.0 mL of stationary
liquid (methanol : acetic acid ¼ 3 : 1) were covered for about
This journal is © The Royal Society of Chemistry 2017
30 min., aer which a Hoechst 33258 solution (5 mg mL�1) was
added to the wells and the system le to equilibrate for 30 min.
The cells were then examined under a uorescence microscope
(Leica Microsystems, Wetzlar, Germany).
Cell cycle analysis

Cell cycle analysis was performed by propidium iodide (PI)
staining. Cells were xed in 75% ethanol, incubated with 0.1%
RNase A in PBS at 37 �C for 30 min and resuspended in PBS
containing 25 mg mL�1 PI for 30 min at room temperature. The
stained cells were analyzed for DNA content by FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ, USA) using Cell Quest
program (Becton Dickinson, Franklin Lakes, NJ, USA).
Western blot analysis

Cells were lysed in RIPA buffer (50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholic acid, 1 M
EDTA, 1 mM Na3VO4, 1 mM NaF and protease inhibitors
cocktail). Protein samples were quantied by using a Bio-Rad
DC protein assay kit II (Bio-Rad, Hercules, CA), separated by
electrophoresis on 8–15% SDS-PAGE gel and electro transferred
onto a Hybond ECL transfer membrane (Amersham Pharmacia,
Piscataway, NJ). Aer blocking with 3–5% nonfat skimmilk, the
membrane was probed with antibodies for b-actin, bcl-2, bax,
caspase 3 and caspase 9 (Cell Signaling Technology, Danvers,
MA) followed by exposure to horseradish peroxidase (HRP)-
conjugated secondary anti-mouse or rabbit antibodies (Cell
Signaling Technology, Danvers, MA). Protein expression was
determined by using enhanced chemiluminescence (ECL)
system (Amersham Pharmacia, Piscataway, NJ, USA).
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