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a b s t r a c t

Sophoralines A–C, three novel [2 + 2] cycloaddition dimers of matrine-based alkaloids with an un-

precedented 6/6/6/6/4/6/6/6/6 nonacyclic skeleton containing 11 stereogenic centers, were isolated from

Sophora alopecuroides. Their structures were determined by spectroscopic methods, and the absolute con-

figurations were further determined by single-crystal X-ray diffraction analysis for 1 and quantum chemi-

cal calculations of electronic circular dichroism (ECD) spectra for 2 and 3. Moreover, 1 exhibited excellent

hepatoprotective activities in acetaminophen-induced liver injury in vitro and in vivo.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sophora alopecuroides L. (Leguminosae) is widely distributed in

northwestern China, and is commonly used as the traditional Chi-

nese medicine “Kudouzi” for the treatment of eczema, sore throat,

acute dysentery, and gastrointestinal hemorrhage [1—5]. Phyto-

chemical investigations of S. alopecuroides have revealed that it

contains large amounts of quinolizidine alkaloids. Since 1895, more

than 50 alkaloids have been reported from Sophora species [6—

9], and these alkaloids have been shown to exhibit anti-human

immunodeficiency virus, antitumor, and hepatoprotective activi-

ties [10,11]. Among them, approximately 10 dimeric quinolizidine

alkaloids, which are linked by a C–C or C–N single bond, have

been identified. Recently, a number of studies on natural product

dimers with structural diversity and pharmacological significance

have been published, resulting in increased interest among various

scientific communities [12—19]. In the present study, three new al-

kaloid dimers were isolated and identified from S. alopecuroides,

namely sophoralines A–C (1–3), which represent the first [2 + 2]

cycloaddition dimeric matrine-based alkaloid possessing an un-

precedented 6/6/6/6/4/6/6/6/6 nonacyclic skeleton (Fig. 1). The bi-

ological studies showed that pretreatment with 1 markedly allevi-

ated acetaminophen (APAP)-induced acute liver injury via inhibit-

ing oxidative stress in vitro and in vivo.

Sophoraline A (1), colorless crystal (MeOH), was assigned its

molecular formula C30H42N4O2 by the high resolution electro-

spray ionization mass spectroscopy (HRESIMS) ion at m/z 491.3382

[M + H]+, suggesting 12 degrees of unsaturation. The characteristic
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infrared radiation (IR) absorption at 1666 cm−1 and UV absorption

at 277 nm suggested the presence of an α,β-unsaturated amide

group in 1.

The 1H nuclear magnetic resonance (NMR) spectrum of 1 exhib-

ited the presence of two olefinic protons at δH 6.36 (dd, J = 10.0,

5.5 Hz) and 5.80 (d, J = 10.0 Hz) and two methylenes connected

to heteroatoms at δH 4.25 (dd, J = 13.5, 4.5 Hz), 4.06 (dd, J = 13.5,

4.5 Hz), 3.07 (overlapped), and 2.65 (overlapped). The 13C NMR and

distortionless enhancement by polarization transfer (DEPT) spectra

showed the existence of 30 carbons (Supporting information Ta-

ble S1), including two carbonyls (δC 170.8 and 165.7), two sp2 me-

thines (δC 138.7 and 125.6), a quaternary carbon (δC 71.0), ten sp3

methines (δC 64.1, 58.9, 53.2, 51.6, 51.3, 44.9, 39.6, 35.7, 32.8 and

27.6) and fifteen sp3 methylene carbons (six of which were con-

nected to heteroatom at δC 58.3, 58.2, 54.8, 45.5, 42.2 and 42.2).

The carbonyls and double bond accounted for three degrees of un-

saturation, indicating the presence of nine rings in the structure

of 1. The aforementioned spectroscopic evidences, particularly the

molecular formula, suggested that 1 was likely a dimeric alkaloid.

Analysis of the 1H–1H correlation spectroscopy (COSY) spec-

trum aided by the heteronuclear single quantum correlation spec-

troscopy (HSQC) experiment led to the assignment of two isolated

spin systems as depicted with bolded blue lines in Fig. 2. The het-

eronuclear multiple bond correlation spectroscopy (HMBC) cross

peaks from H-14 to C-12 and C-15, H2–17 to C-11 and C-15 in-

dicated the presence of a δ-lactam. The planar structure of unit

A was further constructed by the key correlations of H2-17 to C-

4, C-5 and C-6, and H-6 to C-2, C-5, C-7, C-11, and C-17, together

with 1H–1H COSY correlations of H2-2/H2-3/H2-4/H-5/H-6/H-7/H2-
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Fig. 1. Chemical structures of compounds 1–3.

Fig. 2. Key 1H–1H COSY, HMBC, and ROESY correlations of 1.

8/H2-9/H2-10, suggesting that unit A was similar to (−)-13,14-

dehydrosophoridine [20]. The most notable difference was chem-

ical shifts of C-7, C-11 and C-12 in (−)-13,14-dehydrosophoridine

from δC 39.6, 53.5 and 29.9 to δC 51.6, 71.0 and 39.6, respectively,

in unit A, caused by the formation of dimer. The unit B was sub-

sequently established by the HMBC correlations of H-14ʹ to C-12ʹ,
C-13ʹ and C-15ʹ, and H-11ʹ to C-6ʹ, C-8ʹ and C-13ʹ, together with

H-6ʹ to C-2ʹ, C-5ʹ, C-7ʹ, C-10ʹ, C-11ʹ and C-17ʹ. The HMBC correla-

tions between H-12 and C-12ʹ, C-13ʹ, H-13 and C-13ʹ, and contigu-

ous 1H–1H COSY correlations extending from H-14 to H-11ʹ dis-
tinctly confirmed the connection of units A and B via the C-12–

C-13ʹ bond. Different from other reported alkaloid dimers, the 12

degrees of unsaturation immanent in the molecular formula of 1

and the aforementioned NMR data, which represent two moieties

of the structure occupying 11 degrees of unsaturation suggested

that the dimer should possess one additional ring structure. Three

methine groups (δC 51.3, 39.6 and 32.8) and a quaternary carbon

(δC 71.0) were observed in 1, as well as the key HMBC correlations

from H-13 to C-12 and C-13ʹ, H-12 to C-12ʹ, C-13ʹ and C-14ʹ, and
H-7 to C-11 and C-14ʹ, indicating that unit A is linked to unit B via

a four-membered ring.

The rotating frame overhauser effect spectroscopy (ROESY) ex-

periment was used to assign the relative configurations of the

stereocenters in 1. In unit A, ROESY correlations of H-5/H-17b, H-

6/H-7 and H-6/H-17a (Fig. 2) indicate that H-6 and H-7 were the

same oriented, whereas H-5 was assigned to the opposite side. In

unit B, the ROESY correlations of H-13ʹ/H-12, H-13ʹ/H-11ʹ and H-

13ʹ/H-14ʹ for unit B demonstrated that H-12, H-11ʹ, H-13ʹ and H-

14ʹ were cofacial. Furthermore, the ROESY correlations of H-6ʹ/H-
5ʹ and H-6ʹ/H-7ʹ suggest that H-5ʹ, H-6ʹ and H-7ʹ have the same

spatial orientation. Ultimately, the single crystal X-ray diffraction

research was undertaken to elucidate the absolute configurations.

The absolute configurations of 1 were unambiguously confirmed

by X-ray diffraction with a Flack parameter of 0.02 (8). Finally, the

result was confirmed through a comparison of the calculated and

experimental electronic circular dichroism (ECD) spectra (Fig. 3).

Therefore, the absolute configurations of 1 were determined as

5R,6S,7S,11S,12R,5ʹS,6ʹS,7ʹR,11ʹR,13ʹS,14ʹS and named sophoraline A.

Sophoraline B (2) was assigned its molecular formula

C30H42N4O3 by the HRESIMS ion at m/z 507.3326 [M + H]+.
Detailed analyses of the molecular formula and NMR data in 2

possessed an extra “O” in comparison to that of 1. Regardless of

the stereochemistry, this indicated that 2 might be an oxidation

congener of 1. This speculation was confirmed by the 1H–1H

COSY spectrum that exhibited the same spin systems as 1 (Fig.

S3 in Supporting information). The chemical shifts of C-2, C-6

Fig. 3. Oak ridge thermal ellipsoid plot diagram of 1 and experimental and calcu-

lated ECD spectra of 1–3.

Fig. 4. Key 1H–1H COSY, HMBC and ROESY correlations of 3.

and C-10 from δC 54.8, 58.9 and 45.5 in 1 to 71.5, 73.7 and 57.8

in 2, respectively, suggested that unit A was N-oxide congener.

Further interpretation of the HMBC correlation peaks were used to

construct the planar architectural structure of 2 (Fig. 1).

The relative conformation of 2 was deduced based on biosyn-

thetic pathway and ROESY experiment referencing to those of

1. The correlations of H-5/H-17b, H-6/H-7 and H-17a, H-6ʹ/H-5ʹ
and H-7ʹ, and H-13ʹ/H-11ʹ suggested that 2 shared the same rel-

ative conformation of 1. Furthermore, similar Cotton effects in

the experimental circular dichroism (CD) spectra of the two com-

pounds indicated that they may share the same absolute config-

urations. To further confirm its absolute configurations, calculated

ECD spectrum of 2a was compared with experimental data (Fig. 3),

which eventually determined the absolute configurations of 2 to be

5R,6S,7S,11S,12R,5ʹS,6ʹS,7ʹR,11ʹR,13ʹS,14ʹS and named sophoraline B.

Sophoraline C (3) was assigned its molecular formula

C30H44N4O2 by the HRESIMS ion at m/z 493.3526 [M + H]+,
suggesting 11 degrees of unsaturation. Further analyses of the

molecular formula and NMR data of 3 also indicated that 3

showed highly similar planar structure as 1. In comparison with

the spectra of 1, the upfield movement of C-13 and C-14 from δC
138.7 and 125.6 to δC 31.1 and 22.4 in 3, respectively, suggesting
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Fig. 5. Effects of 1 on APAP-induced liver injury. (A) Hepatoprotective effect of 1 on APAP-induced HepG2 cells. (B, C) Effects of 1 on oxidative stress protein expression in

APAP-induced HepG2 cells. Values are the mean ± SD of three independent experiments. #P < 0.05, compared with the control group; ∗∗P < 0.01 compared with the APAP

group.

Fig. 6. Effects of 1 on APAP-induced apoptosis in HepG2 cells. HepG2 cells were pretreatment with 5, 10 and 20 μmol/L of 1 for 2 h, and subsequently incubated with APAP

(10 mmol/L) for 24 h. Qualification of apoptosis rate was determined by flow cytometry using an Annexin V-FITC/PI double staining. Data were expressed as mean ± SD,

n = 3 for each group, #P < 0.05 compared with the control group, ∗∗P < 0.01 compared with the APAP group.

that the double bond is saturated. Based on the 1H–1H COSY

spectrum correlations, a complicated spin system was observed

in 3 (Fig. 4). The HMBC correlations from H-6ʹ to C-2ʹ, C-5ʹ, C-7ʹ,
C-10ʹ, C-11ʹ and C-17ʹ, as well as from H-11ʹ to C-6ʹ, C-7ʹ, C-12ʹ and
C-13ʹ suggested that the planar structure of unit B was similar to

that of 1. Together with the HMBC correlations from H-6 to C-2,

C-5, C-7, C-10, C-11 and C-17, as well as from H-12 to C-7, C-11,

C-13 and C-14 determined a planar structure of unit A. Finally, two

moieties are linked to form a four-membered ring system, which

supported by the key HMBC correlations from H-7 to C-11 and

C-14ʹ, H-12 to C-13ʹ and C-14ʹ, H-13ʹ to C-12 and C-13. The planar

structure of 3 was unambiguously established as shown in Fig. 1.

The ROESY correlations of H-5/H-17b, H-6/H-7, H-6ʹ/H-5ʹ and
H7ʹ, H-12/H-13ʹ, H-13ʹ/H-14ʹ and H-14ʹ/H-11ʹ, suggested that 3

shared the same relative conformation of 1. The absolute config-

uration of 3 was also established by comparison of the experimen-

tal and calculated ECD spectra (Fig. 3), allowing assignment of the

absolute configurations as 5R,6S,7S,11S,12R,5ʹS,6ʹS,7ʹR,11ʹR,13ʹS,14ʹS,
and named sophoraline C.

Three novel [2 + 2] cycloaddition dimers of matrine-based al-

kaloids, with an unprecedented 6/6/6/6/4/6/6/6/6 nonacyclic skele-

ton containing 11 stereogenic centers, were isolated from the seeds

of S. alopecuroides. These compounds represent the first exam-

ple of an unusual pattern of [2 + 2] dimerization between two

matrine-type alkaloids with highly fused polycyclic carbon skele-

tons. A plausible biosynthetic pathway is proposed in Scheme 1.

The [2 + 2] cycloaddition reaction between two moieties is a key

step in biosynthesis of 1−3. Quinolizidine alkaloid may originate

via the lysine pathway [21]. In vivo, 1 with tension cyclobutane

structure could be formed from intermolecular [2 + 2] cycloaddi-

tion of two our previous isolated compounds, neosophocarine and

sophoramine, by enzymatic processes. Furthermore, 1 could be ox-

idized to yield 2 and hydrogenated to obtain 3.

Although the discovery of 1–3 has aroused great interest, it also

raises the question whether they are natural products or handling

artifacts. Thus, neosophocarine and sophoramine were performed

for attempting [2 + 2] cycloaddition reactions under different con-

ditions with heat, ultraphonic and UV, etc., while no dimers were

detected (see Supporting information).

Furthermore, the hepatoprotective effect of 1 against APAP-

induced hepatotoxicity in HepG2 cells and a mice model were

evaluated. All animal experiments were approved by the Animal

Experimentation Ethics Committee of Chinese Academy of Med-

ical Sciences in complete compliance with the guidelines of In-

stitutional Animal Care and Use Committees of Chinese Academy

of Medical Sciences (Beijing, China). In the in vitro experiment,

1 could alleviate damage to the hepatocyte induced by APAP in

HepG2 cells. As shown in Fig. 5A, the viability of HepG2 cells

was significantly decreased by 46.21% after exposure to 10 mmol/L

APAP. However, cells were pretreated with 1 significantly against

APAP-induced cell damage, and increased cells viability to 77.50%.

The flow cytometry results showed that 1 inhibited cell apopto-

sis and the intracellular reactive oxygen species (ROS) levels in

APAP-induced HepG2 cells in a dose-dependent manner (Figs. 6
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Fig. 7. Effects of 1 on APAP-induced elevate of intracellular ROS in HepG2 cells. Cells were pretreated with indicated concentrations of 1 for 2 h and then oxidative stress

was stimulated by addition of APAP for 24 h. Intracellular ROS level analyzed by DCFDA staining. Data were expressed as mean ± SD, n = 3 for each group, #P < 0.05

compared with the control group, ∗∗P < 0.01 compared with the APAP group.

Fig. 8. Compound 1 ameliorated APAP-induced ALI in mice. (A) Histopathology of the mice liver sections (hematoxylin-eosin staining, original magnification of ×40). BD,

bifendate. Effects of 1 on the serum levels of ALT (B), AST (C), and the hepatic levels of GSH (D), SOD (E) in APAP-induced ALI mice. Scale bar: 50 μm. Values are the mean

± SD of three independent experiments. #P < 0.05, compared with the control group; ∗∗P < 0.01 compared with the APAP group.

Scheme 1. Plausible biosynthetic pathway of 1–3.

and 7). The down-regulation expression of oxidative stress pro-

teins, heme oxygenase-1 (HO-1), NAD(P)H dehydrogenase quinone

1 (NQO-1), and catalytic or modify subunit of glutamate-cysteine

ligase (GCLC/GCLM), was markedly reversed by the pretreatment of

1. To assess the protective effects of 1 in vivo, a mice model with

acute liver injury (ALI) induced by APAP administration was estab-

lished. As shown in Fig. 7, the levels of serum alanine transaminase

(ALT) and aspartate transaminase (AST) in the APAP group sharply

increased to 1429.22 ± 82.84 and 1455.47 ± 97.41 U/L, respectively,

compared with 36.17 ± 2.96 and 78.37 ± 4.56 U/L in the control

group. Pretreatment with 1 (10, 20 and 30 mg/kg) significantly at-

tenuated APAP-induced elevation of ALT and AST levels in a dose-

dependent manner. ALT activities decreased to 298.95 ± 20.26,

120.75 ± 13.42, and 66.35 ± 11.03 U/L when pretreated with 10,

20, and 30 mg/kg of 1, respectively, and AST activities decreased

to 608.55 ± 29.90, 224.95 ± 23.42 and 169.70 ± 8.67 U/L, respec-

tively. In addition, the APAP-induced hepatic glutathione (GSH) and

superoxide dismutase (SOD) depletion (2.80 ± 0.62 μmol/g pro-

tein and 192.39 ± 8.23 U/mg protein, respectively) was signifi-

cantly prevented by pretreatment with 1 at 30 mg/kg (GSH levels

increased to 7.16 ± 0.31 μmol/g protein and SOD levels increased

to 291.56 ± 13.01 U/mg protein). An evaluation of liver provided
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further evidence that pretreatment with 1 reversed APAP-induced

hepatocellular necrosis, hemorrhaging, and infiltration of inflam-

matory cells (Fig. 8).
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