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Three matrine-derived alkaloids, alopecuroidine A (1), alopecuroidine B (2a) and alopecuroidine C (2b)
were isolated from the seeds of Sophora alopecuroides. Their structures were elucidated by extensive spec-
troscopic analyses and X-ray diffraction. Three compounds possess an unprecedented rearranged fused
7/6/5/6 tetracyclic skeleton with a diazacycloheptane structure. Their plausible biosynthetic pathway was
also proposed. The anti-proliferative activities of compounds 1 and 2a were examined by the MTT assay.
Compound 1 inhibited the viability of human lung cancer A549 cells, having a half maximal inhibitory
concentration (ICsg) of 7.58 + 2.47 pmol/L at 72 h. The flow cytometric analysis suggested that 1 in-
hibited A549 cell growth by inducing apoptosis and cell-cycle arrest. Additionally, 1 induced the loss of
mitochondrial membrane potential, elevated intracellular reactive oxygen species, increased the Bax/Bcl-2
ratio, stimulated cleaved-caspase-3 and P53 protein levels, and suppressed the pro-caspase-3 level. Thus,

Apoptosis

1 appeared to induce A549 cells apoptosis through a mitochondria-mediated apoptotic pathway.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Quinolizidine alkaloids are one kind of characteristic metabo-
lite from the genus Sophora (Leguminosae), which include matrine-
type, sparteine-type, cytisine-type and aloperine-type alkaloids.
Based on their structural diversities and pharmacological signifi-
cance, these alkaloids, especially matrine-type alkaloids, have con-
tinuously elicited considerable interest from both natural prod-
uct and synthetic chemists over the past several decades [1-5].
“Ku Dou Zi" [Sophora alopecuroides L. (S. alopecuroides)], belong-
ing to the Sophora genus, is a perennial plant that grows on des-
olate salt marshes, or saline-alkali lands and is mainly distributed
in China’s northwest desert region [6,7]. The seeds of this plant
have a long history in traditional Chinese medicine for the treat-
ment of eczema, acute pharyngolaryngeal infection, sore throat,
acute dysentery and gastrointestinal hemorrhage [8-11]. Studies
have shown that matrine-type alkaloids are the principal bioac-
tive components in S. alopecuroides and display a variety of im-
portant biological activities, including potential sedative, analgesic,
antiviral, antitumor, anti-fibrosis, anti-inflammatory and antibacte-
rial activities [12-15]. Some matrine-type compounds, especially
sophoridine and matrine, possess excellent anti-carcinogenic activ-
ities [16].
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Matrine-type alkaloids contain 15 basic carbon atoms with a
6/6/6/6 tetracyclic skeleton. In recent years, many matrine-based
compounds have been isolated from the Sophora genus, such as
rearranged 6/6/6/4 or 6/5/6/6 tetracyclic skeletons, 10/6/6 tricyclic
skeleton with cleavage of the C-5-C-6 bond, matrine-type alka-
loids with an open-loop D ring, and a series of dimers connected
by carbon-carbon single bonds [1,3,6,12,17]. In our study, the wa-
ter extract of the seeds of S. alopecuroides was investigated, leading
to the isolation and characterization of three compounds that pos-
sess an unprecedented rearranged fused 7/6/5/6 tetracyclic skele-
ton with a diazacycloheptane structure, namely alopecuroidine A
(1), alopecuroidine B (2a) and alopecuroidine C (2b). Here, com-
pounds 1 and 2a were evaluated for their anti-proliferative effects
on human lung cancer A549 cells. The results indicated that 1 in-
hibited the proliferation of A549 cells by arresting the cell cycle in
the G1 phase and induced the apoptosis of A549 cells through the
mitochondrial pathway.

Compound 1 was assigned its molecular formula of C;5HygN,0,
by the HRESIMS ion at m/z 261.1596 [M + H]", requiring the pres-
ence of seven degrees of unsaturation. Its infrared spectroscopy
(IR) spectrum showed the existence of an amido carbonyl group
(1620 cm™).

The 'H nuclear magnetic resonance (NMR) spectrum (Table 1)
of 1 showed two characteristic methylenes at §y 3.56 (1H, dd,
J = 14.0, 7.0 Hz, H-2b), 3.39 (1H, m, H-2a), 3.34 (1H, m, H-11a) and
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Table 1
TH and 3C NMR data for 1 and 2 in methanol-d4 (8 in ppm, J in Hz).2
1 2

N e B ¢
2a 339, m 57.2 335, m 57.0
2b 3.56, dd, 14.0, 7.0 3.58, m
3a 1.75, m 20.7 193, m 21.6
3b 1.98, m 234, m
4a 2.68, m 41.8 2.73, m 421
4b 2.57, m 2.59, m
5 191.6 193.8
6 1134 113.7
7 157.9 156.3
8 2.64, m 514 773
9a 1.32, td, 13.0, 3.5 23.8 1.57, td, 13.0, 3.5 301
9b 2.07, m 1.99, m
10a 2.27, m 214 224, m 19.3
10b 1.92, m 1.84, m
11a 334, m 53.2 334, m 529
11b 3.28, td, 12.5, 5.0 3.27, td, 12.5, 5.0
12 3.49, td, 11.0, 5.0 66.5 3.53, td, 11.0, 5.0 69.6
13a 2.23, m 28.2 2.05, m 21.2
13b 1.48, m 1.76, m
14a 2.01, m 231 1.99, m 20.3
14b 1.83, m 1.81, m
15a 2.20, m 333 2.21, m 33.2
15b 2.53, m 2.52, m
16 168.8 170.1

2 Overlapped signals are reported without designating multiplicity.

Fig. 1. Chemical structures of compounds 1, 2a and 2b.

3.28 (1H, td, J = 12.5, 5.0 Hz, H-11b), and a methine at 3.49 (1H, td,
J = 11.0, 5.0 Hz, H-12). Analysis of the 13C NMR and HSQC data in-
dicated 15 carbons, which were assigned as two carbonyl carbons
(8¢ 191.6, 168.8), two double bond carbons (8¢ 157.9, 113.4), two
methine carbons (8¢ 66.5, 51.4), and nine methylene carbons (two
of which were connected to heteroatoms at §c 57.2 and 53.2). The
carbonyls and double bond were assigned as three of the seven de-
grees of unsaturation, demonstrating the presence of a tetracyclic
ring system in 1 (Fig. 1).

Assembly of the structure of 1 was accomplished mainly by
using the results of 2D NMR experiments. The 'H-'H COSY cor-
relations of H;-2/H,-3/H,-4 and H,-11/H,-10/H,-9/H-8/H-12/H,-
13/H,-14/H,-15 displayed the presence of two isolated spin sys-
tems. The HMBC spectrum (Fig. 2) demonstrated the long-range
correlations of H-12, H,-14 and H,-15 with the carbonyl carbon
C-16, which confirmed the presence of a §-lactam. In addition, cor-
relations from H,-4 to C-2, C-3, C-5 and C-6, from H-8 to C-7,
C-9 and C-13, and from H-12 to C-8, C-9 and C-13 indicated the
presence of an unsaturated ketone system at C-5 (6¢ 191.6), a dou-
ble bond located between C-6 and C-7. Meanwhile, the HMBC cor-
relations from H,-2 to C-3, C-4 and C-7, from H,-11 to C-7, C-9
and C-10 combined with the TH-TH COSY correlations suggested
that ring A was a seven-membered ring and ring B was a six-
membered ring. Therefore, the planar structure of 1 possessing an
unprecedented carbon skeleton comprising a fused 7/6/5/6 rear-
ranged tetracyclic was determined.

The ROESY data were utilized to assign the relative configura-
tions in 1. The ROESY spectrum revealed the correlations of H-
8/H-13b, H-8/H-9b and H-12/H-13a indicating that H-8 and H-12
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might possess different orientations in 1. Supporting the assign-
ment were the calculated '*C NMR chemical shifts for two di-
astereomers, 8R*,12R*-1 and 8S5*,12R*-1, of which the 8R*,12R*-1
matched well with the NMR experimental data with a high proba-
bility of 100% (Supporting information). Furthermore, the possible
configurations of 1 were established by comparing the experimen-
tal electronic circular dichroism (ECD) spectrum with the calcu-
lated ECD spectra of the B3LYP/6-311+G(d,p) optimized conformer
acquired by the quantum chemical time dependent density func-
tional theory (TDDFT) calculation (see supporting information). The
experimental ECD curve of 1 correlated well with that calculated
for (8R,12R)-1 in the range of 200 nm to 400 nm (Fig. 2). Further-
more, we showed that 1 was optically pure by chiral-phase HPLC
using CHIRALPAK AD-H and AD-RH columns. Therefore, the struc-
ture of compound 1 was determined and named alopecuroidine A.

Compound 2 was assigned its molecular formula of Cy5HpgN,03
by the HRESIMS ion at m/z 2771546 [M + H]*, requiring the
presence of seven degrees of unsaturation. Its IR spectrum exhib-
ited absorption peaks corresponding to hydroxyl (3279 cm™!) and
amide carbonyl group (1642 cm™!).

Detailed analyses of the molecular weight and NMR data sug-
gested that 2 was very similar to 1, but 2 should have one more
oxygen than 1. The only difference was that a methine carbon at C-
8 (8¢ 51.4) in that of 1 was replaced by an oxygenated quaternary
carbon (§¢c 77.3) at the same position in 2. This speculation was
further supported by the "H-'H COSY correlations of H,-2/H,-
3/H,-4, H,-11/H,-10/H;,-9 and H-12/H,-13/H,-14/H,-15, three spin
systems, together with the HMBC correlations between H,-9 and
C-7 (8¢ 156.3), C-8 (6¢ 77.3) and C-12 (S¢ 69.6), between H-12 and
C-8, and between H,-13 and C-8 and C-12 (Fig. 2). This assumption
was further proven by the change in the chemical shifts of C-7, C-9,
C-12 and C-13 from §¢ 157.9, 23.8, 66.5 and 28.2 in 1 to §¢ 156.3,
30.1, 69.6 and 21.2 in 2, respectively. Accordingly, the planar struc-
ture of 2 was determined as shown in Fig. 1.

To determine the absolute configuration, 2 was cultured as sin-
gle crystal. The X-ray diffraction of single crystal results indicated
that the single crystal from 2 was a pair of enantiomers. The com-
bined optical rotation data (the rotation value is not zero) sug-
gested that 2 is not an equal pair of enantiomers. For confirming
this fact, the chiral-column HPLC analysis of 2 was performed and
showed two peaks with peak area ratio of 95:5. The compound
2 were separated by chiral-phase HPLC to obtain two compounds
2a and 2b (Fig. 1). Fortunately, the single crystal of 2a suitable
for X-ray diffraction were obtained [Cu Ko radiation, Flack param-
eter 0.01 (16)]. The absolute configuration of 2a was determined
to be 8S,12R and the absolute configuration of compound 2b was
subsequently confirmed by comparing the experimental and cal-
culated ECD spectra and determined to be 8R,12S (Fig. 2). There-
fore, the structures of 2a and 2b were determined and named as
alopecuroidine B and alopecuroidine C, respectively.

A plausible biogenetic pathway for isolated compounds is pre-
sented in Scheme 1. Biosynthetically, these compounds might orig-
inate from a matrine-type precursor, sophoridine, a typical abun-
dant component in the Sophora genus [18]. Firstly, sophoridine un-
dergoes a dehydration reaction to produce intermediate I. Interme-
diate I is subsequently involved an oxidative cleavage of the double
bond to generate intermediate II, followed by an aldol reaction to
obtain intermediate IIl. Intermediate III is converted to compound
1 through a dehydration reaction. 1 is converted to IV through an
aromatization reaction. Intermediate IV is converted to 2a and 2b
through hydration reaction. To the best of our knowledge, the C-11
configuration of matrine-type alkaloids from natural resource has
all been in the R configuration. Interestingly, 2b is the first natu-
ral matrine-type alkaloid isolated from Sophora plants possessing a
12S configuration (matrine was located at C-11).
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Fig. 2. "H-'H COZY and HMBC correlations of 1 and 2 (A). Single crystal X-ray structure of 2a (B). Calculated and experimental ECD spectra of 1 (C), 2a and 2b (D).

Scheme 1. Hypothetical biosynthetic pathways for 1, 2a and 2b.

were tested for
A549 cells at

Compounds 1 and 2a
their  anti-proliferative
24 h. Compound 1

(0—40 pmol/L)

activities  against
exhibited a potent anti-proliferative
effect against A549 cells, resulting in a half maximal
inhibitory  concentration (ICsg) value of 2092 4+ 3.03
umol/L, whereas 2a had values greater than 40 pmol/L. Subse-
quently, we tested the anti-proliferative effect of 1 on A549 cells at
48 and 72 h (Fig. 3), and the ICsq values were 12.82 4+ 1.39 pumol/L
and 7.58 + 2.47 pmol/L, respectively. Therefore, we used 5, 10 or
15 umol/L of 1 to conduct the subsequent experiments.

To further study the correlation between the anti-proliferative
effect and both cell cycle arrest and apoptosis, the A549 cells were
treated with 1 (5, 10 and 15 pmol/L) for 24 h. Flow cytometry as-
says were performed to quantify the cell apoptotic rates using An-
nexin VFITC/PI double staining. As shown in Fig. 4, 1-treated A549
cells had increased percentages of early and late apoptotic cells in
a dose-dependent manner. Approximately 6.38% of apoptotic cells
were observed in the control group, while they increased to 7.02%,
8.56% and 30.41% after treatment with 5, 10 and 15 pumol/L of 1 for
24 h, respectively, indicating that 1 effectively promoted the apop-
tosis of A549 cells (Fig. 4).

Cell cycle arrest is considered a critical control point for the
management of cancer cell growth. As shown in Fig. 4, treated cells
accumulated in the G1 phase. The proportions of cells in the G1
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Fig. 3. Inhibition rates of 1 on the proliferation of A549 cells. A549 cells were
seeded onto 96-well plates and incubated for 24, 48 or 72 h with increasing con-
centrations (0-40 pmol/L) of 1, and cell viability was examined using the MTT
method. The data are presented as mean =+ SD of triplicates experiments.

phase were 50.40%, 45.10%, 72.56% and 75.94% in the 0, 5, 10 and
15 pmol/L 1-treatment groups, respectively. The results indicated
that 1 blocked the cell cycle at the G1 phase, resulting in apopto-
sis (Fig. 4).

Mitochondria play important roles in drug-induced apopto-
sis [19]. Therefore, we examined the correlation between 1-
induced apoptosis and mitochondrial membrane potential (Ayrm)
in A549 cells. As shown in Fig. S1 (Supporting information),
treatment with increasing 1’s concentrations induced a loss of
Avyrm in a dose-dependent manner. Additionally, the overproduc-
tion of reactive oxygen species (ROS) may be a consequence of
mitochondrial dysfunction, which is a typical characteristic
of intrinsic apoptosis. Therefore, the intracellular ROS lev-
els in A549 cells were also determined by 5(6)-carboxy-2',7'-
dichlorofluorescein diacetate (DCFH-DA) staining. As shown in Fig.
S1, compared with the control group, the intracellular ROS lev-
els clearly increased in A549 cells after treatment with 1. Thus,
1 caused mitochondrial dysfunction in A549 cells, resulting in in-
creased intracellular ROS levels and decreased mitochondrial Ayrm
values (Supporting information).
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Fig. 4. Flow cytometric analysis of the cell cycle arrest and apoptotic effects induced by 1 (0, 5, 10 and 15 pmol/L) in A549 cells. (A) Apoptotic rates were assessed using
Annexin-V/PI double staining. (B) Quantitative analysis of the numbers of apoptotic cells. (C) The effects of 1 on cell cycle were analyzed by flow cytometry. (D) Relative
percentages of cells in the G1, S and G2/M phages. Data are shown by mean + SD (n = 3). * P < 0.05, ** P < 0.01 vs. control.

Fig. 5. Effects of 1 on the apoptosis-associated protein levels in A549 cells. The A549 cells were treated with 1 (0, 5, 10 and 15 pmol/L) for 24 h. The cells were performed on
Western blot analysis as described in Supporting information. Bax, Bcl-2, pro-caspase-3, cleaved caspase-3 and P53 protein expressions were shown. 8-Actin was employed
as an internal control. Data are shown by mean & SD (n = 2-3). * P < 0.05, **P < 0.01 vs. control.

To confirm the molecular mechanism underlying 1-induced
apoptosis in A549 cells, the expression of mitochondria-mediated
apoptotic pathway proteins were examined by western blotting.
As shown in Fig. 5, 1 dose-dependently increased the expression
of the pro-apoptotic protein Bax but decreased the expression of
the anti-apoptotic protein Bcl-2 in A549 cells. Furthermore, 1 sig-
nificantly upregulated the expression levels of cleaved caspase-3
and P53, but downregulated that of pro-caspase-3, indicating its
involvement in the mitochondrial pathway (Fig. 5).

In conclusion, three novel skeleton alkaloids were isolated from
the seeds of S. alopecuroides. They represent the first examples
of matrine-based alkaloids with a 7/6/5/6 ring framework. The
most intriguing feature is the unusual diazacyclohepta[jk]fluorene-
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7,8(4H)-dione moiety, which is very rare in natural products. In-
terestingly, compound 2 is a pair of unequal enantiomers with
a ratio of 95:5. The corresponding optically pure compound was
successfully separated by chiral-column HPLC, and the absolute
configuration was determined by X-ray diffraction. We also exam-
ined the anticancer activities of compounds 1 and 2a on A549
cells in vitro. Compound 1 significantly inhibited the prolifera-
tion of A549 cells, with an ICsy of 7.58 + 2.47 nmol/L at 72 h,
and it induced cell cycle arrest in the G1 phase in a dose-
dependent manner. Furthermore, 1 induced A549-cell apopto-
sis through a mitochondria-mediated intrinsic apoptotic pathway,
which included the dissipation of Ayrm, overproduction of intra-
cellular ROS, dysregulation of Bax/Bcl-2, and activation of cleaved
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caspase-3 and P53. Our findings indicated that 1 might be a po-
tential candidate for the treatment of lung cancer.
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