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Abstract By employing a targeted strategy integrating a building blocks-based molecular network

(BBMN), network annotation propagation (NAP), ultraviolet spectroscopy (UV), and mass spectrometry

(MS), twelve novel spirocyclic heterodimeric alkaloid flavescensines A—L (1—12) with 5/6/6/6/5 and

6/5/6/6/5 pentacyclic skeletons were isolated from Sophora flavescens. Their structures were unambigu-

ously elucidated through comprehensive spectroscopic data, quantum chemical calculations, and single-

crystal X-ray diffraction. Structurally, these compounds represent the first examples of azaspiro[4.4] al-

kaloids formed through the inert ring A or B of the C15 matrine-type alkaloid and C9 units. Notably, the

NMR signals of C-9′ methylene can serve as diagnostic indicators to determine the absolute configuration

of the spiro carbon. A plausible biosynthetic pathway involving an unusual pattern of [3 + 2] cycload-

dition was proposed. The hepatoprotective activities of 1—12 were evaluated in vitro, and 10 exhibited the

most significant activity. Further in vivo experiments demonstrated that 10 dramatically inhibited the

APAP-induced increase in the serum ALT, AST, and LDH levels, reversed the depletion of hepatic

GSH, and attenuated hepatic centrilobular necrosis and hemorrhage. Mechanistically, 10 exhibits a poten-

tial interaction with DUSP2 and inhibits its expression, thereby suppressing DUSP2-mediated mitochon-

drial apoptosis via PI3K/Akt/JNK pathway. This represents the first discovery of DUSP2 involving in the

hepatoprotection.
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1. Introduction

Liver injury is a common type of liver disease induced by viruses

or overdose of drugs and alcohol1. As liver injury progresses, the

liver exhibits varying degrees of inflammation, necrosis, and liver

fibrosis2. Matrine-type alkaloids, a class of bis-quinolizidine al-

kaloids with a 6/6/6/6 tetracyclic skeleton, display antiviral3,

antibacterial4, and anti-inflammatory activities5. In recent studies,

their novel dimers have been reported to demonstrate protective

effects on virus- or drug-induced liver injury. For example,

dimeric alkaloids flavesines A—F from Sophora flavescens and

alopecuroides A—E from S. alopecuroides, which were connected

via C—C or C—N single bonds, exhibited antiviral activities

against the hepatitis B virus6. Additionally, sophoralines A—C,

[2 + 2] cycloaddition dimers from S. alopecuroides, showed he-

patic protective abilities in APAP-induced liver injury7. Moreover,

matrine-indolizine and epimeric normatrine‒julolidine hetero-

dimers8 isolated from S. alopecuroides significantly restricted

HBsAg secretion and ameliorated virus-induced liver injury.

Therefore, diverse matrine-based alkaloids may hold substantial

potential as medications for liver diseases and have captured our

considerable interest.

S. flavescens Ait. (known as “Ku Shen” in China) is a perennial

herbaceous plant belonging to the family Leguminosae that is used

as a traditional Chinese medicine for the treatment of dysentery,

pruritus, trichomoniasis vaginitis, and skin suppurative infection.

Previous phytochemical and pharmacological studies have revealed

that alkaloids, flavonoids, dibenzoyl derivatives, triterpenoids, and

phenolic acids were isolated from S. flavescens, and that these

compounds exhibited antitumor, anti-inflammatory, antimicrobial,

and antiallergic activities9. Among these compounds, matrine-type

alkaloids, such as matrine, oxymatrine, and sophocarpine, have

been reported to be the main bioactive ingredients10. To date, 55

matrine-type alkaloids have been reported4,6,11-16, including 6

dimeric alkaloids that inhibited virus-induced liver injury6.

To explore the diverse matrine-based alkaloids with hep-

atoprotective activities from S. flavescens, a targeted strategy

integrating a building blocks-based molecular network

(BBMN)17,18, network annotation propagation (NAP)19, ultravio-

let spectroscopy (UV), and mass spectrometry (MS) was con-

ducted. Surprisingly, twelve novel azaspiro[4.4] heterodimeric

alkaloids (1—12) with 5/6/6/6/5 and 6/5/6/6/5 pentacyclic skele-

tons were isolated (Fig. 1). Their structures were elucidated via

spectroscopic methods, quantum chemical calculations of NMR

and ECD, and single-crystal X-ray diffraction. Structurally, these

compounds represent the first examples of spirocyclic hetero-

dimeric alkaloids formed through the inert ring A or B of matrine-

type alkaloid and C9 phenylpropanoid units. A plausible biosyn-

thetic pathway was proposed. Compounds 1—12 were investigated

for their hepatoprotective abilities in APAP-induced HepG2 cells,

and 10 exhibited the most significant activity in vitro. Further-

more, 10 markedly ameliorated APAP-induced hepatic cen-

trilobular necrosis and hemorrhaging, reversed the increase in the

serum ALT, AST, and LDH levels, and prevented the rapid

Figure 1 Chemical structures of compounds 1—12.
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consumption of hepatocyte GSH in vivo. Pharmacological mech-

anism revealed that 10 protected against APAP-induced acute liver

injury by inhibiting the DUSP2-mediated mitochondrial apoptosis

via PI3K/Akt/JNK pathway.

2. Results

2.1. Targeted isolation of spirocyclic heterodimeric alkaloids

The air-dried powdered roots of S. flavescens were percolated and

decocted with 1% aqueous AcOH to obtain a crude extract, which

was subjected to an HP-20 macroporous resin column and eluted

with a gradient of EtOH/H2O to provide fractions A—F. To isolate

the dimeric alkaloids specifically, the isolation process started with

a preliminary evaluation of these fractions, focusing on their

chemical composition by using a BBMN strategy. A feature-based

molecular network20-24 with annotated nodes for known com-

pounds was first constructed with the assistance of the MZmine

software and GNPS website. For homodimers or heterodimers of

matrine-based alkaloids, the product ions at m/z 148.11 (corre-

sponding to the quinolizidine core arising from L-lysine) and m/z

249.19 or 247.18 (corresponding to the representative matrine-type

alkaloids such as matrine or sophocarpine) were subsequently used

as diagnostic ions to generate a BBMN of these compounds25.

Through the analysis of the BBMN, fraction E was determined to be

rich in matrine-based alkaloid dimers and was selected as the iso-

lated fraction. However, to precisely identify special alkaloids,

networks of organic nitrogen compounds were further screened by

NAP. The characteristic network cluster was selected according to

its distinctive precursor ions of m/z 391.20 and 393.22, which differ

from those of known matrine-type alkaloid dimers. To recognize

these target compounds, molecular networks, UV, and MS were

integrated, and twelve spirocyclic heterodimeric alkaloids (1—12)

were isolated (Fig. 2 and Supporting Information Figs. S1—S3).

2.2. Structural elucidation of compounds 1—12

Compound 1 was obtained as a yellowish-white amorphous

powder. The HRESIMS peak at m/z 391.2010 [M + H]+ (calcd.

for C24H27N2O3, 391.2016) indicated a molecular formula of

C24H26N2O3 and thirteen degrees of unsaturation. The IR spec-

trum revealed the presence of an α,ß-unsaturated amide group

(1660 cm− 1) and a benzene ring (1595, 1512, and 1436 cm− 1).

The 1H NMR spectrum (Supporting Information Table S1)

revealed two olefinic protons at δH 6.36 (1H, m) and 6.09 (1H,

ddd, J � 9.5, 2.5, 1.5 Hz), two methylenes connected to hetero-

atoms at δH 4.54 (1H, dd, J � 12.5, 6.0 Hz), 2.73 (1H, t,

J � 12.5 Hz), 2.60 (1H, dt, J � 11.0, 3.5 Hz), 2.10 (1H, td,

J � 11.0, 3.5 Hz), and a methine at δH 3.83 (1H, m). These data

were similar to the characteristic signals of sophocarpine. Addi-

tionally, two pairs of aromatic protons at δH 8.11 (2H, d,

J � 8.5 Hz) and 7.32 (2H, d, J � 8.5 Hz) from a para-substituted

benzene ring were present in the 1H NMR spectrum. The 13C

NMR (Table S1) and HSQC spectra showed a total of 24 carbons

for two carbonyl carbons (δC 205.9 and 164.7), ten olefinic car-

bons (δC 160.2, 159.6, 141.9, 138.5, 130.1, 130.1, 125.1, 123.4,

116.8, and 116.8), one quaternary carbon (δC 66.7), four methines

including two connected to heteroatoms (δC 62.5, 52.2, 37.9, and

36.5), and seven methylenes, including two connected to hetero-

atoms (δC 51.0, 46.3, 45.7, 40.3, 25.9, 25.8, and 22.0). Except for

the signals of the C15 alkaloid unit, the remaining nine carbon

resonances indicated the existence of a C9 unit. The carbonyls,

double bonds, and a benzene ring accounted for eight of the

thirteen degrees of unsaturation, which suggested that 1 has a

pentacyclic ring system.

The 1H‒1H COSY spectrum of 1 revealed the presence of a

spin system (C-3 to C-9/C-13/C-16) similar to that of sopho-

carpine (Fig. 3A). The HMBC correlations from H-5/H2-7 to

C-10, H2-9 to C-5/C-7, H-10 to C-14, H-12 to C-10/C-14, and H2-

16 to C-5/C-10/C-14 suggested the existence of a B/C/D ring

system similar to that of sophocarpine. The HMBC correlations

from H-4/H-5 to C-2, H2-16 to C-3, and H-17 to C-3 indicated that

the six-membered ring A of the C15 unit was rearranged into a

five-membered ring. Additionally, the HMBC cross peaks from H-

2′/H-6′ to C-4′/C-7′, H-3′/H-5′ to C-1′, and H2-9′ to C-7′/C-8′

confirmed the presence of a C9 phenylpropanoid unit. The cor-

relations from H2-9′ to C-7′/C-8′ and H-17 to C-9′ in the HMBC

spectrum implied that an α,ß-conjugated cyclopentenone was

Figure 2 A workflow for targeted isolation of spirocyclic heterodimeric alkaloids.
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present in 1. An azaspiro[4.4] ring was formed between the C15

and C9 units, which was supported by the correlations from H2-3

to C-9′ and H-17 to C-1′. Consequently, compound 1 was char-

acterized as a heterodimeric alkaloid with a 5/6/6/6/5 pentacyclic

skeleton.

The relative stereochemistry of 1 was partially deduced from

the ROESY data. The correlations of H-4/H-6, H-4/H-16α, and H-

10/H-16ß in the ROESY spectrum suggested that H-4 and H-6 had

the same spatial orientation, whereas H-10 was assigned to the

opposite side (Fig. 3B). The relative configurations of C-2 and C-5

were not determined because of the overlapping H-5. Therefore,
1H and 13C NMR chemical shift calculations of four possible

isomers of 1 were performed. Based on the R2 coefficients of the
13C NMR chemical shifts and custom DP4+ probability of 100%,

the isomer with 2R*,4S*,5S*,6R*,10R* configuration was in

closer accordance with the experimental data of 1 (Fig. 3C and D).

Furthermore, the absolute configurations of 1 were confirmed by

comparing the experimental ECD curve with the calculated curves

at the CAM-B3LYP/6-31+g(d,p) level in methanol with the PCM

model. The experimental curve matched well with the calculated

curve of (2R,4S,5S,6R,10R)-1 in the range of 200 to 400 nm

(Fig. 3E). A single crystal of 1 suitable for X-ray diffraction (Cu

Kα) was obtained via slow volatilization from MeOH. Consistent

with the structure deduced above, its absolute configurations

2R,4S,5S,6R,10R [Flack parameter of 0.3(5)] (Fig. 4) were

confirmed, and the stereochemistry of 4S,5S,6R,10R was

concordant with that of sophocarpine. Therefore, the structure of 1

was identified as depicted in Fig. 1, and it was named fla-

vescensine A.

Compound 2 exhibited the same molecular formula as 1

(C24H26N2O3) based on its HRESIMS ion peak at m/z 391.2015 [M

+ H]+ (calcd for C24H27N2O3, 391.2016). Analysis of the 1D and

2D NMR data (Supporting Information Table S1 and Fig. S4A)

suggested that 2 had the same planar structure as that of 1. Further

analysis of the ROESY data showed correlations of H-4/H-16α,

H-5/H-6, H-5/H-16α, and H-10/H-16ß, indicating that the relative

configurations of C-4, C-5, C-6, and C-10 in the C15 unit were

identical to those of 1 (Fig. S4B). Obviously, 1 and 2 were a pair of

epimers at C-2. This deduction was supported by the ROESY cor-

relation of H-16ß/H-17. Careful comparison of the 13C NMR data

(Table S1) of 1 and 2 revealed that the chemical shift of C-9′ shifted

from δC 51.0 in 1 to δC 42.9 in 2. Ultimately, the absolute config-

uration of 2 was unambiguously confirmed as 2S,4S,5S,6R,10R by

single-crystal X-ray diffraction with a Flack parameter of

[− 0.03(16)] (Fig. 4), and 2 was named flavescensine B.

Compound 3 was isolated as a yellowish-white amorphous

powder with the same molecular formula as 1 (C24H26N2O3) ac-

cording to the HRESIMS ion peak at m/z 391.2011 [M + H]+

(calcd for C24H27N2O3, 391.2016). Detailed analysis of the NMR

data (Supporting Information Table S3) indicated that 3 was also

composed of C15 and C9 units. Interpretation of the HMBC cor-

relations from H-2′/H-6′ to C-4′/C-7′, H-3′/H-5′ to C-1′, H-17 to

Figure 3 Structural elucidation of azaspiro[4.4] heterodimeric alkaloids. (A) Key 1H—1H COSY and HMBC correlations of compounds 1, 3,

11, and 12. (B) ROESY correlations of compounds 1, 3, 6, 8, and 9—12. (C, D) Custom DP4+ analysis of the experimental versus calculated

NMR chemical shifts of four possible isomers of 1 calculated at the mPW1PW91/6-31+g(d,p) and B3LYP/6-31+g(d,p) levels, respectively. (E)

Experimental ECD curve of 1 and calculated ECD curves of enantiomers calculated at the CAM-B3LYP/6-31+g(d,p) level.
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C-9′, and H2-9′ to C-7′/C-8′ suggested that the C9 unit of 3 was

identical to that of 1 (Fig. 3A) and that an α,ß-conjugated

cyclopentanone fragment existed. However, the HMBC correla-

tions from H-17 to C-8, H2-9′ to C-8, H-6/H-7 to C-9, and H2-8 to

C-10 revealed that the azaspiro[4.4] ring was constructed on ring

B in 3, instead of ring A in 1.

The ROESY correlations of H-5/H-6, H-5/H-16α, H-6/H-16α,

H-10/H-16ß, and H-10/H-17 suggested that H-5 and H-6 were

cofacial, and that H-10 and H-17 were attributed to the opposite

side (Fig. 3B). The relative configuration of C-7 was assigned by

NMR calculations, and 5S*,6S*,7R*,9R*,10R*-3 was in closer

accordance with the experimental data of 3 based on the R
2

co-

efficients of the 13C NMR chemical shifts and custom DP4+

probability of 100% (Supporting Information Fig. S8). Finally, 3

was clarified by single-crystal X-ray diffraction as

5S,6S,7R,9R,10R with a Flack parameter of [− 0.08(15)] (Fig. 4)

and named flavescensine C.

Compound 4 exhibited the same molecular formula as 3

(C24H26N2O3) according to its HRESIMS ion peak at m/z

391.2010 [M + H]+ (calcd for C24H27N2O3, 391.2016). The 1D

and 2D NMR data (Table S3 and Fig. S4A) suggested that 4

possessed the same planar structure as 3, and the correlations of

H-5/H-6, H-5/H-16α, H-6/H-17, and H-10/H-16ß in the ROESY

spectrum indicated that the relative configurations of C-5, C-6,

C-9, and C-10 were 5S*,6S*,9S*,10R* (Fig. S4B). However,

assignment of the relative configuration of C-7 was hampered

because of the overlapping protons. The results of the NMR

chemical shift computations revealed that 5S*,6S*,7R*,9S*,10R*-

4 was highly consistent with that of experimental data (Sup-

porting Information Fig. S11). Obviously, 4 was an epimer at C-9

of 3. Detailed comparison of their
13

C NMR data (Table S3)

revealed that the chemical shift of C-9′ shifted from δC 43.1 in 3

to δC 51.0 in 4. Furthermore, Cu Kα X-ray crystallographic

analysis with a Flack parameter [0.07(10)] assigned the absolute

configuration of 4 as 5S,6S,7R,9S,10R (Fig. 4), which was named

flavescensine D.

Compounds 5 and 6 were obtained as yellowish-white amor-

phous powders and gave the same molecular formula of

C24H28N2O3 from the HRESIMS ion peak at m/z 393.2163 [M +

H]+ (calcd. for C24H29N2O3, 393.2173), requiring twelve degrees

of unsaturation. Compared with the NMR data of 1 (Supporting

Information Tables S1 and S2), the absence of olefinic signals

indicated that the C15 unit in 5 and 6 was similar to matrine.

Furthermore, the correlations of H-4/H-5, H-4/H-16α, H-5/H-6,

and H-10/H-16ß in the ROESY spectrum revealed that their

relative configurations of C-4, C-5, C-6, and C-10 were

4S*,5S*,6R*,10R*. The ROESY correlations of H-5/H-17 in 5 and

H-16ß/H-17 in 6 suggested that the relative configuration was 2R*

in 5 and 2S* in 6 (Fig. 3B and Fig. S4B). Compounds 5 and 6 were

a pair of epimers at C-2, and the chemical shift of C-9′ shifted

from δC 51.1 in 5 to δC 43.6 in 6. In addition, the absolute con-

figurations of 5 and 6 were unambiguously substantiated as

2R,4S,5S,6R,10R and 2S,4S,5S,6R,10R with Flack parameters of

[0.08(13)] and [− 0.1(2)], respectively (Fig. 4). Thus, the struc-

tures of 5 and 6 were established as shown in Fig. 1, and they were

named flavescensines E and F, respectively.

Figure 4 X-ray ORTEP drawings of 1—12.
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Compounds 7 and 8 were ascertained to have the molecular

formula C24H28N2O3, as deduced from the HRESIMS ion peak at

m/z 393.2162 [M + H]+ (calcd for C24H29N2O3, 393.2173). The

HMBC correlations from H2-2 to C-6, H-6/H-7 to C-9, H-10 to

C-14, H2-16 to C-4/C-10/C-14, H-17 to C-8/C-1′/C-9′, H-2′/H-6′

to C-4′/C-7′, H-3′/H-5′ to C-1′, and H2-9′ to C-7′/C-8′ indicated

that the planar structures of 7 and 8 were highly similar to that of

3, except that the double bond between C-12 and C-13 was

saturated (Fig. S4A). The ROESY cross peaks of H-5/H-6, H-6/H-

7, H-5/H-16α, H-6/H-16α, H-6/H-17, and H-10/H-16ß in 8 sug-

gested that the relative configurations were 5S*,6S*,7R*,9S*,10R*

(Fig. 3B). Owing to the overlapping protons at the chiral centers in

the
1

H NMR spectrum of 7, the relative configurations of C-5, C-6,

C-7, C-9, and C-10 were determined via NMR computations and

partial ROESY correlations. The custom DP4+ probability of

100% of diastereomer 5S*,6S*,7R*,9R*,10R*-7 matched well

with the experimental data (Supporting Information Fig. S14).

This was supported by the ROESY correlations of H-10/H-16ß

and H-10/H-17 (Fig. S4B). X-ray analysis of single crystals

revealed their absolute configurations as 5S,6S,7R,9R,10R in 7 and

5S,6S,7R,9S,10R in 8, with Flack parameters of [− 0.21(14)] and

[0.11(11)] (Fig. 4), which were named flavescensines G and H,

respectively.

Compounds 9 and 10 were isolated as yellowish-white amor-

phous powders and possessed the same planar structures as 7

(C24H28N2O3) based on their HRESIMS and 2D NMR data

(Fig. S4A). A careful comparison of their 13C NMR data with the

corresponding data of 7 (Supporting Information Tables S3 and

S4) revealed a large change in the signals of C-3/C-4/C-5/C-6/

C-16. The ROESY correlations of H-5/H-10, H-5/H-16ß, H-6/H-

7, H-6/H-16α, and H-10/H-16ß revealed that H-6, H-7, and

H-10 had the same spatial orientation as 7, whereas H-5 changed

from α-oriented in 7 to ß-oriented in 9 and 10. Similarly, 9 and 10

were a pair of epimers at C-9, which was supported by the ROESY

correlations of H-2ß/H-17 in 9 and H-6/H-7/H-17 in 10 (Fig. 3B).

Ultimately, the absolute configurations of 9 and 10 were assigned

as 5R,6S,7R,9R,10R and 5R,6S,7R,9S,10R by single-crystal X-ray

diffraction analysis via Cu Kα radiation with Flack parameters of

[0.31(15)] and [0.11(12)] (Fig. 4), and were named flavescensines

I and J, respectively.

Compound 11 was obtained as a yellowish-white amorphous

powder, and the HRESIMS ion peak at m/z 389.1857 [M + H]+

(calcd for C24H25N2O3, 389.1860) provided a molecular formula

of C24H24N2O3, suggesting fourteen degrees of unsaturation.

Detailed analysis of the corresponding 1H and 13C NMR data

revealed that a methylene (δC 26.4) and a methine (δC 52.3) in 2

were replaced by two olefinic carbons (δC 101.1 and δC 150.3) in

11 (Tables S1 and S2). The HMBC correlations from H-12/H2-16

to C-10 and H-11 to C-6 implied that an extra olefinic bond was

present at C-10 in 11 (Fig. 3A). Furthermore, the ROESY corre-

lations of H-4/H-5, H-4/H-16α, H-5/H-16α, H-6/H-16ß, and H-

16ß/H-17 indicated that H-4 and H-5 had the same orientation,

and H-6 and H-17 were assigned to the opposite side (Fig. 3B).

Single-crystal X-ray diffraction analysis unambiguously

confirmed the absolute configuration of 11 as 2S,4S,5S,6R with a

Flack parameter of [0.06(5)] (Fig. 4), and this compound was

named flavescensine K.

Compound 12 was obtained as a yellow amorphous powder,

and the HRESIMS ion peak at m/z 391.2012 [M + H]+ (calcd. for

C24H27N2O3, 391.2016) represented a molecular formula of

C24H26N2O3, indicating thirteen degrees of unsaturation. The

NMR data were similar to those of 6 (Table S2), except that two

methines (δC 53.4 and δC 41.0) were replaced by quaternary

carbons (δC 129.7 and δC 116.2). The HMBC data from H-5/H2-7/

H2-12/H2-16 to C-10 further confirmed that an olefinic bond,

Δ6/10, existed in 12 (Fig. 3A). Moreover, the ROESY correlations

of H-4/H-5, H-4/H-16α, H-5/H-16α, and H-16ß/H-17 implied that

H-4 and H-5 had the same orientation, whereas H-17 was assigned

to the opposite side (Fig. 3B). The absolute configuration of 12

were ultimately clarified as 2S,4S,5S with a Flack parameter of

[0.01(7)] by single-crystal X-ray diffraction analysis (Fig. 4), and

the compound was named flavescensine L.

2.3. Characteristic NMR signals for determining the

configuration of the spiro carbon

Five pairs of epimers of spirocyclic heterodimeric alkaloids

(1—10) were unambiguously elucidated by extensive spectro-

scopic analysis, especially single-crystal X-ray diffraction. The

C15 units of compounds 1—8 possessed the same absolute con-

figurations as sophocarpine and matrine. After the full assignment

of their 1H and 13C NMR data in pyridine-d5, some interesting

phenomena related to the C-9′ methylene were observed. Here,

two pairs of epimers 1 and 2 along with 3 and 4, were analyzed as

model compounds. When the C9 unit was fused to ring A, the H2-

9′ methylene protons of 1 appeared at δH 2.84 (H-9′a) and δH 2.79

(H-9′b), whereas the corresponding protons of 2 resonated at δH

2.91 (H-9′a) and δH 2.19 (H-9′b) (Table S1). The difference in the

chemical shifts of the H2-9′ methylene protons was small (ΔδH-9’:

0.05) in 1 and large (ΔδH-9’: 0.72) in 2. Similar results for H2-9′

methylene were also displayed for 5 and 6. When the C9 unit was

fused to ring B, a small value of ΔδH-9′ was observed for 4 and 8,

whereas a large value of ΔδH-9′ appeared for 3 and 7. Based on the

aforementioned data, a pattern was summarized that when ΔδH-

9′ < 0.06, the configuration of C-9′ was ß-oriented (compounds 1,

4, 5, and 8), and the absolute configurations of the spiro carbon

were R (C9 unit connected to ring A) and S (C9 unit connected to

ring B), respectively; when ΔδH-9′ > 0.40, the configuration of C-

9′ was α-oriented (compounds 2, 3, 6, and 7), and the absolute

configurations of the spiro carbon were S (C9 unit connected to

ring A) and R (C9 unit connected to ring B), respectively. For 9

and 10 with 5R, a similar pattern to that of 7 and 8 was observed in

the 1H NMR spectra. 10 with 9S had a small value of ΔδH-9′

(0.05), and 9 with 9R had a large value of ΔδH-9′ (0.45) (Fig. 5).

Similarly, the characteristic signals of C-9′ of the C9 unit were

observed in their 13C NMR spectra. The chemical shift of C-9′ in

1, 4, 5, and 8 appeared at nearly δC 51.0, whereas C-9′ in 2, 3, 6,

and 7 resonated at approximately δC 43.0. When δC 51.0, the

configuration of C-9′ was ß-oriented (compounds 1, 4, 5, and 8),

and the absolute configurations of the spiro carbon were R (C9 unit

connected to ring A) and S (C9 unit connected to ring B),

respectively; when δC 43.0, the configuration of C-9′ was α-ori-

ented (compounds 2, 3, 6, and 7), and the absolute configurations

of the spiro carbon were S (C9 unit connected to ring A) and R (C9

unit connected to ring B), respectively. For 9 and 10 with 5R,

although the chemical shift of C-9′ in 9 and 10 decreased from 3

to 5 ppm, it did not affect that a small value of C-9′ (δC-9′: 39.6)

reflected 9R and a large value (δC-9′: 45.8) corresponded with 9S

(Fig. 5). Therefore, the 1H and 13C NMR data of the C-9′ meth-

ylene in pyridine-d5 can be used as diagnostic signals to determine

the absolute configuration of the spiro carbon.

The rational mechanisms for the patterns of ΔδH-9′ and δC-9′

can be explained by their similar conformations in pyridine-d5 and

single crystal X-ray diffraction results. Compared with the 13C
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NMR data of C-9′ in 1, 4, 5, 8, and 10, the small value of δC-9′ in

2, 3, 6, 7, and 9 can be explained that their C15 units were closer to

C-9′, generating γ-gauche effect. The upfield chemical shifts

observed at C-9′ in 9 and 10 with 5R can also be attributed to a

closer spatial distance between the C15 units and C-9′, comparing

with 7 and 8 with 5S (Fig. 5). Moreover, the observed ΔδH-9′

deviations in the 1H NMR spectra can be primarily ascribed to the

chemical environment generated by the C15 units containing four

stereocenters. Notably, due to the poor solubility in methanol,

chloroform, and DMSO, the observed patterns are applicable for

data acquired in pyridine-d5. The C15 units should possess the

same absolute configurations as sophocarpine, matrine and soph-

oridine. Additionally, when the C15 unit possessed more double

bonds, the application of these patterns requires caution.

2.4. Compound 10 attenuated APAP-induced liver injury in

HepG2 cells

The protective effects of compounds 1—12 against acute liver

injury (ALI) were evaluated in APAP-induced HepG2 cells

in vitro. Compounds 4, 7, and 9—11 possessed hepatoprotective

potential, and 10 showed the most significant hepatoprotective

activity (Fig. 6A). 10 reversed the decrease in the cell viability of

APAP-induced HepG2 cells to 56.45%, compared with 51.90% in

the APAP group, and exhibited hepatoprotective effects in a dose-

dependent manner at concentrations of 5, 10, and 20 μmol/L

(Fig. 6B and C). Therefore, 10 was chosen for subsequent ex-

periments. The correlation between hepatic protective activity and

apoptosis was further examined via flow cytometry. The results

revealed that the percentage of apoptotic cells increased by

58.43% after exposure to APAP compared with 9.08% in the

control group. Treatment with 10 significantly inhibited APAP-

induced cell apoptosis, reducing the percentage of apoptotic

cells to 32.57%, 30.80%, and 30.84% at concentrations of 5, 10,

and 20 μmol/L, respectively, in a dose-dependent manner (Fig. 6D

and E). The cell cycle distribution was subsequently analyzed. As

shown in Fig. 6F and G, the results suggested that 10 relieved

APAP-induced cell cycle arrest at the S phase in a dose-dependent

manner. Additionally, a JC-1 staining assay was conducted to

determine the mitochondrial membrane potential. Consistent with

the apoptosis results, immunofluorescence analysis showed that 10

dose-dependently reduced the proportion of green fluorescence

while increasing red fluorescence. MPTP staining also revealed

that the opening of mitochondrial permeability transition pore was

Figure 5 NMR data of C-9′ in pyridine-d5 as diagnostic signals to determine the absolute configuration of the spiro carbon.
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reversed in the 10-treated groups. These findings indicate that 10

reversed the decrease in the mitochondrial membrane potential

and mitochondrial permeability, which inhibited mitochondrial

apoptosis in APAP-induced HepG2 cells (Fig. 7A—D). Given that

10 plays crucial roles in the regulation of mitochondrial apoptosis,

immunoblotting was further performed to verify the function of

this compound. The results revealed that 10 dose-dependently

increased the expression of Bcl-2 and decreased the expression

of Bax, cleaved caspase-3, and cleaved caspase-9 (Fig. 7E—I). In

summary, these findings confirmed that 10 ameliorated APAP-

induced liver injury in HepG2 cells by inhibiting mitochondria-

mediated apoptosis.

2.5. Compound 10 ameliorated APAP-induced liver injury in

mice

We next investigated whether 10 could ameliorate ALI in vivo. A

mouse model of acute liver injury was established via APAP

overdose26,27. The mice were given 10 (30 mg/kg) by intragastric

administration twice at a 12 h interval. One hour after the last

administration, APAP (300 mg/kg) was injected intraperitoneally.

Liver tissues and plasma were collected at 3 and 6 h after APAP

treatment, and the serum alanine transaminase (ALT), aspartate

transaminase (AST), lactate dehydrogenase (LDH), and hepatic

glutathione (GSH) levels were examined. The serum ALT, AST,

and LDH levels at 3 h after APAP administration dramatically

increased to 3626.00 ± 203.80, 4472.00 ± 321.21, and

12294.00 ± 856.36 U/L, respectively, and the level of hepatic

GSH decreased to 0.22 ± 0.06 μmol/g, whereas it was

1.74 ± 0.08 μmol/g in the control group. Pretreatment with 10

noticeably decreased the serum ALT, AST, and LDH levels to

2294.00 ± 387.20, 1664.00 ± 342.13, and 4382.00 ± 1046.87

U/L, respectively, and prevented the depletion of hepatic GSH to

0.45 ± 0.03 μmol/g (Fig. 8A and B), relieving APAP-induced

liver injury. Furthermore, 6 h after the injection of APAP, the

serum ALT, AST, and LDH levels decreased in the 10-treated

Figure 6 Hepatoprotective effect of 10 on APAP-induced liver injury in vitro. (A) Hepatoprotective effects of the test compounds on APAP-

induced HepG2 cells. HepG2 cells were incubated with APAP (15 mmol/L) and/or the test compounds (10 μmol/L) for 24 h, and N-acetylcysteine

(NAC) (1 mmol/L) was used as the positive control. The color of the heatmap color represents the viability of the HepG2 cells. (B, C) Hep-

atoprotective effects of 10 (5, 10, and 20 μmol/L) and matrine on APAP-induced HepG2 cells. (D) Hepatoprotective effect of 10 on APAP-induced

apoptosis in HepG2 cells. (E) The percentage of apoptotic cells was determined by flow cytometry via Annexin V-FITC/PI double staining. (F)

Hepatoprotective effect of 10 on the cell cycle of APAP-induced HepG2 cells. The cell cycle was analyzed by flow cytometry via PI staining. (G)

Relative percentages of cells in the G1, S, and G2/M phases. Data are expressed as mean ± SEM, with n � 3 for each group; ##P < 0.01, and
###P < 0.001 compared with the control group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the APAP group.
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group, whereas the rapid consumption of hepatocyte cellular GSH

was reversed (Fig. 8C and D). To observe histopathological al-

terations in the liver, hematoxylin-eosin (H&E) staining was

performed, which revealed that centrilobular necrosis was evident

at 3 h after APAP administration and peaked at 6 h, accompanied

by hepatomegaly and bleeding. However, these pathological in-

juries were alleviated in the 10-treated group, and the liver index

was also ameliorated (Fig. 8E—G). Moreover, the degree of

apoptosis increased in parallel with the area of hepatic necrosis.

TUNEL staining revealed that the apoptotic indices at 3 and 6 h

after APAP administration significantly increased to 7.31 ± 1.07

and 29.49 ± 3.15, respectively. However, 10 decreased the

apoptotic index to 2.20 ± 0.13 and 2.47 ± 0.20, respectively,

revealing that 10 suppressed APAP-induced cell apoptosis in vivo

(Fig. 8H—J). The relative expression of proteins related to

mitochondria-mediated apoptosis in liver tissues was subsequently

Figure 7 Inhibitory effect of 10 on mitochondria-mediated apoptosis in vitro. (A) Representative images of JC-1-stained HepG2 cells (n � 3,

original magnification of 60 × ) in the control, APAP, NAC, and treated groups. Scale bar, 50 μm. (B) Quantification of the red/green fluorescence

ratio determined via image J. (C) Representative images of Mitochondrial Permeability Transition Pore (MPTP)-stained HepG2 cells (n � 3,

original magnification of 60 × ) in the control, APAP, NAC, and treated groups. Scale bar, 20 μm. (D) Quantification of calcein fluorescence

determined via image J. (E—I) Western blots and quantification results of Bcl-2, Bax, cleaved caspase-3, and cleaved caspase-9 expression. ß-

Actin or GAPDH served as the loading control. Data are expressed as mean ± SEM of three independent experiments; #P < 0.05, ##P < 0.01, and
###P < 0.001 compared with the control group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the APAP group.
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Figure 8 Hepatoprotective effect of 10 on APAP-induced liver injury and its ability to inhibit mitochondria-mediated apoptosis in vivo.

Compound 10 and the positive control NAC were given by intragastric administration at doses of 30 and 150 mg/kg, respectively. One hour after

the last gavage, APAP was administered by intraperitoneal injection at a concentration of 300 mg/kg, and 3 and 6 h later, the liver tissue and

plasma were collected for further analysis (n � 5). (A, B) Serum ALT, AST, and LDH levels and hepatic level of GSH in APAP-induced ALI

mice at 3 h after APAP administration. (C, D) Serum ALT, AST, and LDH levels and hepatic levels of GSH in APAP-induced ALI mice at 6 h

after APAP administration. (E) Representative images of H&E-stained liver tissues (n � 5, original magnification of 5× and 20×). (F) Liver

weights and liver indices of APAP-induced ALI mice at 3 h after APAP administration. (G) Liver weights and liver indices of APAP-induced ALI

mice at 6 h after APAP administration. (H) Representative images of TUNEL-stained mouse liver sections (n � 5, original magnification of 20×)

at 3 and 6 h after APAP administration. (I, J) Apoptotic indices at 3 and 6 h after APAP administration. Data are expressed as mean ± SEM, with

n � 5 for each group; ##P < 0.01, ###P < 0.001 compared with the control group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the

vehicle group. (K—O) Western blots and quantification results of Bcl-2, Bax, cleaved caspase-9, and cleaved caspase-3. ß-Actin served as the

loading control. Data are expressed as mean ± SEM of three independent experiments; #P < 0.05, ##P < 0.01 compared with the control group;

*P < 0.05, **P < 0.01 compared with the APAP group.
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examined via Western blotting. Consistent with the apoptosis re-

sults, 10 noticeably decreased the expression of Bax, cleaved

caspase-3, and cleaved caspase-9, and increased the expression of

Bcl-2, suggesting that 10 attenuated APAP-induced liver injury in

mice by inhibiting cell apoptosis (Fig. 8K—O). Overall, these

results indicate that 10 possesses excellent hepatoprotective po-

tential in vivo, suggesting that 10 could serve as a hepatoprotective

candidate for drug-induced liver injury.

2.6. Compound 10 alleviated mitochondrial apoptosis by

inhibiting the DUSP2-mediated PI3K/Akt/JNK pathway

To further explore the hepatoprotective mechanism of 10 in

APAP-induced liver injury, RNA sequencing (RNA-seq) analysis

was carried out to identify differentially expressed genes (DEGs)

and enriched pathways between the treated group and the APAP

group. The results revealed that the expression levels of 567 genes

for which | log2 (fold change) | >1 and P value < 0.05 were

significantly different, including 206 downregulated genes and

361 upregulated genes (Fig. 9A). A heatmap was also generated to

display DEGs for which | log2 (fold change) | >1.5 and P

value < 0.05 (Fig. 9B); the gene DUSP2 in particular attracted our

attention owing to its downregulated expression in the treated

group compared with that in the APAP group. Western blots and

real time quantitative PCR analyses were conducted to verify the

altered expression of DUSP2, which revealed that the relative

protein and mRNA expression of DUSP2 decreased in a dose-

dependent manner in the treated groups, which was in agree-

ment with the RNA-seq results (Fig. 9C). Further KEGG analysis

suggested that the DUSP2-enriched MAPK signaling pathway was

involved in the hepatoprotective function of 10. Additionally, the

upstream pathway PI3K-Akt signaling pathway was enriched in

KEGG pathways (Fig. 9D), and its activation signal Ras revealed

enriched GO biological process gene sets, such as Ras protein

signal transduction and regulation of Ras protein signal trans-

duction (Fig. 9E). Given that the MAPK signaling pathway plays a

pivotal role in the inhibitory effect of 10 on hepatocyte apoptosis,

we focused on the JNK signaling pathway, which is one of the

MAPK signaling pathways and responsible for regulating

apoptosis28. Additionally, the PI3K—Akt signaling pathway

among the enriched KEGG pathways could be considered as the

upstream pathway of the JNK signaling pathway (Fig. 9D). To

confirm the mechanism described above, the expression of pro-

teins related to the PI3K-Akt and JNK signaling pathways in

HepG2 cells and liver tissues was examined via Western blotting.

The results showed that 10 significantly decreased the expression

of p-JNK/JNK, and increased the expression of p-PI3K/PI3K and

p-Akt/Akt, confirming that 10 is involved in the regulation of the

PI3K/Akt/JNK signaling pathway (Fig. 9F—K).

Consistent with the Western blots in vitro, treatment with 10

dramatically reversed the increase in the protein and mRNA

expression of DUSP2 in liver tissues (Fig. 9J, L and M), which

attracted us to investigate the correlation between 10 and DUSP2.

As shown in Fig. 10A, overexpression of DUSP2 inhibited the

increase of cell viability in the 10-treated group. JC-1 fluorescence

analysis revealed that DUSP2 overexpression significantly

reduced the proportion of red fluorescence in the APAP group.

Treatment with 10 failed to restore mitochondrial membrane po-

tential in DUSP2-overexpressing cells (Fig. 10B and C). These

findings strongly suggested that overexpression of DUSP2

aggravated APAP-induced mitochondrial apoptosis and sup-

pressed the anti-apoptosis effect of 10. Furthermore, a drug

affinity responsive target stability (DARTS) technology was con-

ducted. The results revealed that proteolysis of DUSP2 was

significantly decreased in the presence of 10 (Fig. 10D and E).

The thermal stability of DUSP2 was also examined by cellular

thermal shift assay (CETSA) approach, which suggested that 10

could stabilize DUSP2 at higher temperatures (Fig. 10F and G).

Taken together, these findings suggest a potential interaction be-

tween DUSP2 and 10. Mechanistically, 10 alleviated

mitochondria-mediated apoptosis by suppressing the DUSP2-

mediated PI3K/Akt/JNK pathway, thus ameliorating APAP-

induced liver injury.

3. Discussion

Twelve novel spirocyclic heterodimeric alkaloids 1—12 with

5/6/6/6/5 and 6/5/6/6/5 pentacyclic skeletons were isolated from S.

flavescens. Structurally, these compounds represent unprecedented

heterodimeric scaffolds consisting of C15 matrine-type alkaloid

and non-alkaloid C9 units. Characteristically, the inert six-

membered ring A or B of the C15 unit was rearranged into a

five-membered ring, followed by the establishment of an un-

precedented azaspiro[4.4] ring through the fusion with the C9 unit.

These findings provide reasonable patterns for diverse derivative

syntheses of inactive rings A or B of matrine-type alkaloids. In

addition, the additive patterns of the C9 unit with several matrine-

type alkaloids allowed us to speculate that they were generated

through the similar biosynthetic pathways. Taking compounds 1

and 2 as examples, the synthesis of these alkaloids begins with the

decarboxylation of L-lysine by lysinedecarboxylase (LDC) to form

the intermediate cadaverine29. Cadaverine undergoes several steps

to generate sophocarpine30, which could be oxidized and then

hydrolyzed to yield intermediates A1 and A23. Then, A2 could be

cyclized to form A3. A3 could subsequently be coupled with a 2-

hydroxy-3-(4-hydroxyphenyl)allylium unit produced by piscidic

acid (a highly abundant constituent in S. flavescens), to generate

intermediate A4 through a possible [3 + 2] cycloaddition reaction.

Finally, A4 could be dehydrated to yield 1 and 2 (Scheme 1).

The liver is one of the vital organs responsible for the digestion

and storage of nutrients, disposal of harmful substances, synthesis

of proteins, and secretion of bile31; however, it is vulnerable to

hepatitis virus and drug toxicity. Drug-induced liver injury is a

prevalent form of liver damage attributed to drug overdose,

resulting in liver failure and even liver cancer1. As a commonly

prescribed antipyretic and analgesic agent, APAP was found to

cause acute liver injury and hepatotoxicity with overdose32. Pre-

vious research has revealed that excessive APAP is catalyzed into

N-acetyl-p-benzoquinoneimine (NAPQI) by cytochrome P450

(CYP) and that excess NAPQI depletes GSH, leading to oxidative

stress and mitochondrial dysfunction, followed by the acute liver

injury33,34. NAC is the only FDA-approved treatment for APAP

hepatotoxicity but has a short effective drug duration35. Matrine is

a representative compound of S. flavescens and was found to

exhibit hepatoprotective activity in liver injury and liver fibrosis36.

Our results showed that 10, a spirocyclic heterodimeric alkaloid,

increased the viability of APAP-induced HepG2 cells in vitro

better than that of NAC and matrine did (Fig. 6B and C). Further

evaluation of hepatoprotective activity in vivo revealed that 10

significantly decreased the serum ALT, AST, and LDH levels,

reversed the depletion of hepatic GSH, and improved hepatocel-

lular necrosis and hemorrhaging of liver tissues. These findings
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Figure 9 Compound 10 exhibits hepatoprotective activity by inhibiting PI3K/Akt/JNK pathway. (A) Using RNA-seq and gene set enrichment

analysis, a volcano plot of the treated group (10 μmol/L) and APAP group displayed DEGs in APAP-induced HepG2 cells. The upregulated genes

are shown in red, the downregulated genes are shown in green, and genes with no significant change are shown in blue, n � 3 per group. (B)

Heatmap revealing the expression of DEGs in the treated group (10 μmol/L) and APAP group. (C) Western blots and real time quantitative PCR

results for DUSP2 in APAP-induced HepG2 cells. GAPDH served as the loading control. (D, E) KEGG pathway and Gene Ontology biological

process bubble diagrams of DEGs altered in the 10-treated HepG2 cells, compared with the APAP-treated HepG2 cells, showing the enrichment of

biological processes and pathways. The abscissa is the gene ratio, and the ordinates indicate the GO enrichment biological process and the KEGG

enrichment pathway, respectively. Bubble size represents the number of DEGs, and bubble color represents the enrichment significance. (F—I)

Western blots and quantification results of p-PI3K/PI3K, p-Akt/Akt, and p-JNK/JNK in HepG2 cells. ß-Actin served as the loading control. (J—L)

Western blots and quantification results of DUSP2 and p-JNK/JNK in liver tissues. ß-Actin or GAPDH served as the loading control. (M) Real

time quantitative PCR results for Dusp2 in liver tissues. Data are expressed as mean ± SEM of three independent experiments, #P < 0.05,
##P < 0.01, and ###P < 0.001 compared with the control group, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the APAP group.
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demonstrated that 10 could serve as a therapeutic candidate for

liver injury.

Apoptosis is a noninflammatory biological process since

phagocytic cells can rapidly eliminate apoptotic cells. Hepatocyte

apoptosis frequently results in liver injury, liver fibrosis, and

inflammation37,38. Mitochondria are the primary intracellular

organelles targeted by APAP. Mitochondrial dysfunction occurs

during the early stages of APAP-induced liver injury39. In

particular, mitochondrial apoptosis is involved in the progression

of liver injury40,41. To investigate the effect of 10 on APAP-

induced apoptosis, TUNEL and Annexin-V FITC/PI staining

were employed to determine the degree of apoptosis, and JC-1

Figure 10 Compound 10 exhibits hepatoprotective activity through targeting DUSP2. (A) Cell viability of 10 on APAP-induced overexpression

DUSP2 cells. (B) Representative images of JC-1-stained HepG2 cells (n � 3, original magnification of 60 × ) in the control, APAP, and treated

overexpression DUSP2 cells. Scale bar, 50 μm. (C) Quantification of the red/green fluorescence ratio determined via image J. (D,E) DARTS

analysis between 10 and DUSP2. Protein levels at concentrations of 2.5, 5, 10, and 20 μmol/L in the treated groups were examined. Data are

expressed as mean ± SEM of three independent experiments, ##P < 0.01, ###P < 0.001, and not significant (ns), *P < 0.05, **P < 0.01, and

***P < 0.001. (F,G) CETSA analysis between 10 and DUSP2. Protein levels were examined at different temperatures in the treated groups

(10 μmol/L).

Scheme 1 Plausible biosynthetic pathway of spirocyclic heterodimeric alkaloids.
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staining was used to determine the mitochondrial membrane po-

tential. Our results showed that 10 significantly inhibited cell

apoptosis in a dose-dependent manner in vitro, and diminished

hepatocyte apoptosis in vivo. Furthermore, the downregulation of

the proapoptotic proteins Bax, cleaved caspase-3, and cleaved

caspase-9 and the upregulation of antiapoptotic protein Bcl-2 in

the treated groups suggested that 10 exhibited hepatoprotective

effect by restricting mitochondrial apoptosis.

Dual-specificity phosphatases (DUSPs) are responsible for

regulating mitogen-activated protein kinase (MAPK) signaling

pathways. As a member of the DUSP family, DUSP2 is pre-

dominantly expressed in liver tissues with high T-cell content.

DUSP2 serves as a proapoptotic protein and plays an important

role in cell apoptosis42,43. Previous investigations have shown that

DUSP2 is involved in the mechanisms of cardioprotective, neph-

roprotection, and neuroprotection activities44-46 but has not been

reported in acute liver injury. Here, through transcriptomic anal-

ysis, we found that the expression of DUSP2 was upregulated in

APAP-induced cells compared with the control cells and down-

regulated in treated cells. Real time quantitative PCR and Western

blotting were further performed to verify the expression of DUSP2

in vitro and in vivo. Unexpectedly, APAP treatment showed higher

mRNA expression of DUSP2 in HepG2 cells than in mice. This

difference may be due to the inhibitory effect of systemic regu-

lation on transcription in vivo47. Moreover, overexpression of

DUSP2 aggravated APAP-induced mitochondrial apoptosis and 10

failed to reverse the apoptosis. Notably, DARTS and CETSA as-

says revealed that DUSP2 became protease-resistant and ther-

mostable in the presence of 10. These results indicated that 10

exhibits a potential interaction with DUSP2 and inhibits mito-

chondrial apoptosis. This represents the first discovery of the

involvement of DUSP2 in the hepatoprotective mechanism. Thus,

the DUSP2-mediated MAPK signaling pathway was further

identified as a major mechanism by which 10 affects APAP-

induced livery injury.

MAPK activation cascades mediate various physiological

processes, including cell proliferation, differentiation, stress re-

sponses, inflammation, and apoptosis42,48. MAPK signaling in-

volves four pathways and the JNK signaling pathway is mainly

involved in apoptosis28,49. Given that 10 inhibits mitochondrial

apoptosis and is involved in the regulation of the MAPK signaling

pathway, we focused on the JNK signaling pathway and confirmed

that 10 decreased the protein expression of p-JNK/JNK in HepG2

cells and liver tissues. Moreover, the PI3K/Akt-mediated

apoptosis signaling pathway has been proposed to alleviate

APAP-induced liver injury50-52. RNA-seq revealed that the PI3K-

Akt signaling pathway, which is upstream of the JNK signaling

pathway, was enriched in the KEGG analysis. The protein

expression of p-PI3K/PI3K and p-Akt/Akt demonstrated that 10

activated the PI3K—Akt signaling pathway. Combined with the

protein and mRNA expression of DUSP2, 10 exerted hep-

atoprotective activity by inhibiting the DUSP2-mediated PI3K/

Akt/JNK pathway, thereby ameliorating APAP-induced mito-

chondrial apoptosis.

4. Conclusions

In summary, a targeted strategy integrating BBMN, NAP, UV, and

MS was employed to guide the isolation of distinctive matrine-

based alkaloid dimers. Twelve novel spirocyclic heterodimeric

alkaloids (1—12) possessing 5/6/6/6/5 and 6/5/6/6/5 pentacyclic

skeletons were isolated from S. flavescens, representing the first

examples of azaspiro[4.4] alkaloids formed with unprecedented

C15 and C9 units. The structures of these compounds were

unambiguously elucidated via extensive spectroscopic methods,

quantum chemical calculations, and single-crystal X-ray diffrac-

tion. Additionally, the 1H and 13C NMR data of C-9′ can be used

as diagnostic signals to determine the absolute configuration of the

spiro carbon. A hypothetical biosynthetic pathway for these

compounds was proposed. Moreover, the hepatoprotective effects

of compounds 1—12 were evaluated in vitro. 10 significantly

ameliorated hepatic centrilobular necrosis and bleeding, decreased

the serum ALT, AST, and LDH levels, and reversed the rapid

consumption of GSH, resulting in significant hepatoprotective

activity in vivo. Flow cytometry, immunofluorescence assays, and

Western blots indicated that 10 could inhibit mitochondrial

apoptosis. Immunoblotting, DARTS, and CETSA verified that 10

exhibits a potential interaction with DUSP2 and inhibits its

expression, suppressing DUSP2-mediated mitochondrial apoptosis

via PI3K/Akt/JNK pathway. Our findings indicate that 10 might be

a promising candidate for the treatment of acute liver injury and is

worthy of further exploration and development.

5. Experimental

5.1. General experimental procedures

Detailed experimental procedures are provided in Supporting

Information.

5.2. Plant material

The roots of S. flavescens were purchased from Beijing

PushengLin Pharmaceutical Company. The plant material was

authenticated by Prof. L. Ma. A voucher specimen (ID-5-2438)

was deposited at the Institute of Materia Medica, Chinese Acad-

emy of Medical Sciences, Beijing, China.

5.3. Extraction and isolation

The air-dried powdered roots of S. flavescens (100 kg) were

percolated with 1% aqueous AcOH (1 × 24 h) and then decocted

with H2O (2 × 1 h). The filtrate was concentrated to obtain a crude

extract (6.5 kg), which was subjected to an HP-20 macroporous

resin column eluted with a gradient of EtOH/H2O to give fractions

A—F. Fraction E (223 g) was separated by a silica gel column

(200—300 mesh) eluted with a gradient of CH2Cl2/MeOH

(100:1—1:100) to yield seventeen subfractions (E1—E17). Frac-

tion E6 (1.4 g) was chromatographed on an ODS gel column

eluted with H2O/MeOH (90:10 to 30:70) to afford five sub-

fractions (E6A—E6E). Subfraction E6C (178 mg) was separated

by semi-preparative HPLC on a YMC column (MeCN/H2O,

30:70, v/v), followed by chiral separation on a Chiralpak AD-RH

column (MeCN/H2O, 45:55, v/v) to provide 3 (39.0 mg) and 4

(11.7 mg). Fraction E7 (6 g) was purified on a RP-C18 column

employing mobile phase H2O/MeOH (90:10 to 30:70), generating

ten subfractions (E7A—E7J). Subfraction E7H (64 mg) was

separated by semi-preparative HPLC (MeCN/H2O, 35:65, v/v) to

yield 1 (6.7 mg) and 2 (15.6 mg). Fraction E8 (4.4 g) was frac-

tioned by an ODS column using H2O/MeOH as mobile phase

(from 80:20 to 20:80) to yield five subfractions (E8A—E8E).

Subfraction E8D (132 mg) was purified by semi-preparative
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HPLC (MeCN/H2O, 35:65, v/v) to obtain 12 (2.1 mg). Fraction E9

(1.6 g) was chromatographed over a RP-C18 column

(H2O/MeOH, 90:10 to 20:80) to afford eight subfractions

(E9A—E9H). Subfraction E9F (216 mg) was purified by semi-

preparative HPLC (MeOH/H2O, 55:45, v/v), followed by a chi-

ral resolution (MeCN/H2O, 50:50, v/v) to provide 7 (16.1 mg) and

8 (72.4 mg). Subfraction E9G (133 mg) was separated by semi-

preparative HPLC on a YMC column (MeCN/H2O, 35:65, v/v)

and a Waters column (0.02% NH3·H2O, MeOH/MeCN/H2O,

35:5:60, v/v/v) to obtain 5 (43.7 mg) and 6 (4.4 mg). Fraction E11

(4.4 g) was fractioned by an ODS gel column employing

H2O/MeOH as mobile phase (80:20 to 20:80) to yield seven

fractions (E11A—E11G). Fraction E11E (39 mg) was separated by

semi-preparative HPLC (MeCN/H2O, 35:65, v/v) to produce 11

(8.0 mg). Fraction E12 (9.5 g) was chromatographed on ODS

(H2O/MeOH, 90:10 to 20:80) to afford five subfractions

(E12A—E12E). Subfraction E12B (160 mg) was purified by semi-

preparative HPLC (MeCN/H2O, 25:75, v/v) to give 10 (33.3 mg).

Subfraction E12D (54 mg) was separated by semi-preparative

HPLC (MeOH/H2O, 50:50, v/v) to provide 9 (8.5 mg).

Flavescensine A (1): yellowish-white amorphous powder; [α]20
D

+26.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203 (4.36), 239

(4.04), 279 (3.82), 304 (3.68) nm; IR νmax: 2932, 1702, 1660, 1595,

1512, 1436, 1326, 1270, 1242, 1138, 837 cm ‒1; 1H and 13C NMR

data, see Table S1; HRESIMS m/z 391.2010 [M + H]+ (calcd for

C24H27O3N2, 391.2016); ECD (c 0.25 mg/mL, MeOH) λmax (Δε):

211 (− 7.05), 236 (+0.92), 261 (− 5.96), 305 (+10.26), 348 (− 3.58)

nm (Supporting Information Fig. S18—S27).

Flavescensine B (2): yellowish-white amorphous powder; [α]20
D

− 8.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203 (4.45), 236

(4.17), 280 (3.94), 303 (3.80) nm; IR νmax: 2936, 1698, 1657,

1587, 1512, 1484, 1378, 1324, 1272, 1142, 840 cm ‒1; 1H and 13C

NMR data, see Table S1; HRESIMS m/z 391.2015 [M + H]+

(calcd for C24H27O3N2, 391.2016); ECD (c 0.2 mg/mL, MeOH)

λmax (Δε): 213 (+3.17), 283 (− 4.26), 339 (+3.72) nm (Supporting

Information Fig. S28—S37).

Flavescensine C (3): yellowish-white amorphous powder; [α]20
D

− 77.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203 (4.27), 237

(3.92), 280 (3.70), 303 (3.56) nm; IR νmax: 2932, 1702, 1661,

1636, 1597, 1512, 1429, 1367, 1272, 1090, 835 cm ‒1; 1H and 13C

NMR data, see Table S3; HRESIMS m/z 391.2011 [M + H]+

(calcd for C24H27O3N2, 391.2016); ECD (c 0.2 mg/mL, MeOH)

λmax (Δε): 220 (+2.83), 244 (− 4.02), 297 (+1.36), 339 (− 1.93)

nm (Supporting Information Fig. S38—S47).

Flavescensine D (4): yellowish-white amorphous powder; [α]20
D

− 135.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 204 (4.45),

239 (4.13), 279 (3.90), 304 (3.77) nm; IR νmax: 2929, 1700, 1662,

1597, 1512, 1435, 1385, 1272, 1137, 838 cm ‒1; 1H and 13C NMR

data, see Table S3; HRESIMS m/z 391.2010 [M + H]+ (calcd for

C24H27O3N2, 391.2016); ECD (c 0.2 mg/mL, MeOH) λmax (Δε):

204 (+9.52), 300 (− 7.27), 347 (+2.16) nm (Supporting Infor-

mation Fig. S48—S57).

Flavescensine E (5): yellowish-white amorphous powder; [α]20
D

+66.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203 (4.28), 281

(3.66), 307 (3.57) nm; IR νmax: 2935, 1703, 1611, 1512, 1441,

1335, 1273, 1244, 1139, 838 cm ‒1; 1H and 13C NMR data, see

Table S1; HRESIMS m/z 393.2163 [M + H]+ (calcd for

C24H29O3N2, 393.2173); ECD (c 0.167 mg/mL, MeOH) λmax

(Δε): 221 (− 6.13), 243 (+1.97), 262 (− 0.81), 303 (+8.17), 347

(− 2.71) nm (Supporting Information Fig. S58—S67).

Flavescensine F (6): yellowish-white amorphous powder; [α]20
D

− 7.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203 (4.26), 281

(3.61), 305 (3.50) nm; IR νmax: 2924, 2852, 1703, 1608, 1513,

1438, 1362, 1272, 837 cm ‒1; 1H and 13C NMR data, see

Table S2; HRESIMS m/z 393.2163 [M + H]+ (calcd for

C24H29O3N2, 393.2173); ECD (c 0.5 mg/mL, MeOH) λmax (Δε):

234 (− 0.92), 287 (− 1.13), 341 (+0.95) nm (Supporting Infor-

mation Fig. S68—S77).

Flavescensine G (7): yellowish-white amorphous powder; [α]20
D

− 28.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203 (4.24), 280

(3.57), 305 (3.46) nm; IR νmax: 2932, 1702, 1613, 1513, 1444,

1273, 1027, 838 cm ‒1; 1H and 13C NMR data, see Table S3;

HRESIMS m/z 393.2162 [M + H]+ (calcd for C24H29O3N2,

393.2173); ECD (c 0.25 mg/mL, MeOH) λmax (Δε): 215 (+2.94),

244 (− 0.25), 284 (+2.28), 338 (− 2.67) nm (Supporting Infor-

mation Fig. S78—S87).

Flavescensine H (8): yellowish-white amorphous powder; [α]20
D

− 42.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203 (4.25), 282

(3.58), 305 (3.51) nm; IR νmax: 2934, 1704, 1609, 1512, 1444,

1368, 1265, 1139, 837 cm ‒1; 1H and 13C NMR data, see Sup-

porting Information Table S4; HRESIMS m/z 393.2162 [M + H]+

(calcd for C24H29O3N2, 393.2173); ECD (c 0.25 mg/mL, MeOH)

λmax (Δε): 207 (+12.50), 241 (− 1.27), 260 (+0.79), 302 (− 8.58),

348 (+2.81) nm (Supporting Information Fig. S88—S97).

Flavescensine I (9): yellowish-white amorphous powder; [α]20
D

− 44.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203 (4.38), 221

(4.14), 282 (3.80), 304 (3.73) nm; IR νmax: 2937, 1706, 1608,

1513, 1456, 1414, 1327, 1203, 1152, 839 cm ‒1; 1H and 13C NMR

data, see Table S4; HRESIMS m/z 393.2177 [M + H]+ (calcd for

C24H29O3N2, 393.2173); ECD (c 0.2 mg/mL, MeOH) λmax (Δε):

217 (− 1.65), 283 (+2.92), 339 (− 2.51) nm (Supporting Infor-

mation Fig. S98—S107).

Flavescensine J (10): yellowish-white amorphous powder;

[α]20
D − 123.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 203

(4.39), 237 (4.08), 282 (3.72), 308 (3.63) nm; IR νmax: 2935, 1704,

1609, 1512, 1463, 1415, 1327, 1274, 1235, 1144, 838 cm ‒1; 1H

and 13C NMR data, see Table S4; HRESIMS m/z 393.2167 [M +

H]+ (calcd for C24H29O3N2, 393.2173); ECD (c 0.25 mg/mL,

MeOH) λmax (Δε): 213 (+11.13), 239 (− 1.01), 258 (+0.36), 301

(− 9.79), 348 (+2.65) nm (Supporting Information

Fig. S108—S117).

Flavescensine K (11): yellowish-white amorphous powder;

[α]20
D +166.0 (c 0.10, MeOH); UV (MeOH) λmax (log ε): 202

(4.42), 228 (4.27), 308 (4.14) nm; IR νmax: 2935, 1706, 1654,

1553, 1512, 1466, 1274, 1144, 839 cm ‒1; 1H and 13C NMR data,

see Table S2; HRESIMS m/z 389.1857 [M + H]+ (calcd for

C24H25O3N2, 389.1860); ECD (c 0.25 mg/mL, MeOH) λmax (Δε):

225 (− 5.72), 269 (− 1.93), 306 (+5.71) nm (Supporting Infor-

mation Fig. S118—S127).

Flavescensine L (12): yellow amorphous powder; [α]20
D − 136.0

(c 0.10, MeOH); UV (MeOH) λmax (log ε): 202 (4.30), 236 (4.28),

279 (3.81), 304 (3.72) nm; IR νmax: 2930, 1704, 1622, 1513, 1435,

1404, 1269, 1177, 839 cm ‒1; 1H and 13C NMR data, see

Table S2; HRESIMS m/z 391.2012 [M + H]+ (calcd for

C24H27O3N2, 391.2016); ECD (c 0.1 mg/mL, MeOH) λmax (Δε):

247 (− 16.17), 335 (+0.91) nm (Supporting Information

Fig. S128—S137).

5.4. X-ray crystal structure analysis

Single-crystal X-ray diffraction data of compounds 1—12 were

obtained on a ‘Bruker APEX-II CCD’ diffractometer using Cu Kα

radiation. Crystallographic data for these compounds have been

deposited at the Cambridge Crystallographic Data Centre with
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codes of 2416436-2416447. Supporting Information presented the

detailed crystal data of compounds 1—12.

5.5. Quantum chemical calculations

To determine the relative configurations, several possible isomers

of 1, 3, 4, and 7 were calculated at the mPW1PW91/6-31+g(d,p)

and B3LYP/6-31+g(d,p) levels in pyridine using Gaussian 16. The

calculated NMR was the sum of conformation data multiplied by

their respective Boltzmann distribution. Regression and custom

DP4+ probability methods were further performed to compare the

calculated values with the experimental NMR data (Supporting

Information Tables S5—S20 and Figs. S5—S16). Based on the

relative configurations elucidated by NMR calculations, ECD

curves of enantiomers of 1 were calculated at the CAM-B3LYP/6-

31+g(d,p) level in methanol (Supporting Information Fig. S17).

5.6. Cell viability assay

HepG2 cells were cultured in Dulbecco’s modified eagle media

(DMEM, HyClone, SH30022.01) with 10% fetal bovine serum

and 100 U/mL penicillin-streptomycin in 5% CO2, 37 ◦C. Cell

viability was measured by CCK-8 assay. HepG2 cells were seeded

in 96-well culture plates with 5000 cells per well and incubated

for 24 h. Then, HepG2 cells were cotreated with APAP (15 mmol/

L) and/or the test compounds (10 μmol/L), and NAC (1 mmol/L)

was used as the positive control. After 24 h incubation, 10 μL

CCK-8 was added per well and incubated for another 2 h, and the

absorbance values were finally detected by a microplate reader at

450 nm.

5.7. Cell apoptosis analysis

HepG2 cells were inoculated in 6-well plates at a density of

1 × 106 cells per well and cultured for 24 h. To investigate the

effect of 10 on APAP-induced apoptosis, HepG2 cells were

cotreated with APAP (15 mmol/L) and/or 10 (5, 10, and 20 μmol/

L), and NAC (1 mmol/L) was used as the positive control. After

24 h incubation, cells were digested with trypsin and washed with

pre-cooled PBS three times. Then, 195 μL Annexin V-FITC

binding buffer, 5 μL FITC, and 10 μL PI (Beyotime, C1062)

were added and cells were incubated for 15 min at room tem-

perature in a dark environment. The apoptotic rate was examined

by flow cytometry.

5.8. Cell cycle analysis

After incubation with 10 and APAP, HepG2 cells were collected

and fixed by pre-cooled 70% ethanol overnight. Then, cells were

added 0.5 mL staining buffer, 25 μL PI and 10 μL RNase A

(Beyotime, C1052), and incubated for 30 min at 37 ◦C in a dark

environment. The cell cycle results were detected by flow

cytometry.

5.9. JC-1 staining

After incubation with 10 and APAP, HepG2 cells were added

0.5 mL culture medium and 0.5 mL JC-1 staining solution

(Solarbio, M8650), and incubated for 20 min at 37 ◦C in a dark

environment. Then, cells were washed with JC-1 buffer solution

two times. The results were detected by Confocal Laser Scanning

Microscopy and analyzed by image J software (Media Cyber-

netics, Bethesda, MD, USA).

5.10. MPTP staining

After incubation with 10 and APAP, HepG2 cells were added

1 mL fluorescence quenching solution (Beyotime, C2009S), and

incubated for 30 min at 37 ◦C in a dark environment. Then,

fluorescence quenching solution were replaced by DMEM, and

incubated for 30 min at 37 ◦C in a dark environment. Finally, cells

were washed with PBS two times. The results were detected by

Confocal Laser Scanning Microscopy and analyzed by image J

software (Media Cybernetics, Bethesda, MD, USA).

5.11. RNA-seq analysis

HepG2 cells were inoculated in T75 at a density of 1 × 107 cells

and cultured for 24 h. Then, HepG2 cells were treated with APAP

(15 mmol/L) or cotreated with APAP (15 mmol/L) and 10

(10 μmol/L) for 24 h, and total RNA was extracted from APAP-

treated HepG2 cells using TRIzol (ThermoFisher,

15596026CN). Three samples obtained from the control, vehicle,

and treated group were sent to Novogene (Beijing) for the

extraction, purification, and enrichment of total RNA, sequencing

by Illumina PE150, and creating the specific RNA library. The

results of DEGs and analysis of GO enrichment biological process

and the KEGG enrichment pathway were performed.

5.12. Real time quantitative PCR

Total RNA was extracted from HepG2 cells and liver tissues using

TRIzol (ThermoFisher, 15596026CN) and the cDNAs were syn-

thesized from the corresponding RNA with PrimeScript™ RT

reagent Kit (Takara, RR037A). Real time quantitative PCR was

conducted using Taq Pro Universal SYBR qPCR Master Mix

(Vazyme, Q712). Combined with the expression of reference gene

ß-actin, the results of target gene were quantified by 2‒ΔΔCt

method, which expressed as a ratio compared to the control

group. Primer sequences used in the Real time quantitative PCR

experiment are shown in Supporting Information Table S21.

5.13. Drug affinity responsive target stability (DARTS)

experiment

Lysates of HepG2 cells were treated with 10 (2.5, 5, 10, and

20 μmol/L) for 6 h. Then, the protein solutions were incubated

with 20 μg/ml pronase at 37 ◦C for 30 min. The reactions were

terminated by adding loading buffer and boiled for 10 min at

100 ◦C. The expression levels of DUSP2 were analyzed by

Western blots.

5.14. Cellular thermal shift assay (CETSA)

Lysates of HepG2 cells were treated with 10 (10 μmol/L) or 0.1%

DMSO for 6 h. Then, solutions were heated at different temper-

atures (from 45 to 70 ◦C) for 3 min and cooled on ice quickly. The

solutions were subsequently added with loading buffer and

Western blots were performed to examine the levels of DUSP2.
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5.15. Western blotting

Proteins were extracted from APAP-treated HepG2 cells or liver

tissues using RIPA buffer (Beyotime, P0013C) with protease and

phosphatase inhibitors, which was followed by quantification of

total protein content determined by the BCA method. The lysates

were added with 5 × loading buffer (Beyotime, P0015L) and

boiled for 10 min at 100 ◦C. After that, proteins were subjected to

SDS-PAGE gels and transferred to PVDF membranes, followed by

blocking with 5% (w/v) skim milk for 2 h at room temperature.

Membranes were further incubated with primary antibodies at

4 ◦C overnight. The primary antibodies included Phospho-PI3K

(4228; 1:1000), PI3K (4257; 1:1000), Phospho-Akt (4060;

1:1000), Akt (4691; 1:1000), Caspase-9 (9508; 1:1000), Caspase-

3 (9662; 1:1000), Cleaved-caspase-3 (9664; 1:1000), Bax (2772;

1:1000), Bcl-2 (3498; 1:1000), Phospho-JNK (4668; 1:1000), JNK

(9252; 1:1000), which were obtained from Cell Signaling Tech-

nology. The primary antibody Phospho-PI3K (ab138364; 1:1000)

was obtained from Abcam. The primary antibody ß-Actin (bsm-

33036M; 1:1000) was obtained from Bioss Antibodies. The pri-

mary antibody DUSP2 (A16366; 1:1000) was obtained from

ABclonal. The primary antibody GAPDH (60004-1-Ig; 1:10,000)

was obtained from Proteintech. On the second day, membranes

were washed with TBST and incubated with HRP-conjugated

secondary antibodies for 1.5 h at room temperature. The sec-

ondary antibodies included Goat anti-mouse IgG coupled with

HRP (ZB-2305, 1:10,000) and Goat anti-rabbit IgG coupled with

HRP (ZB-5301, 1:10,000), which were obtained from ZSGB-BIO.

Next, membranes were washed with TBST, detected by ECL so-

lution (APPLYGEN, P1050), and quantified by image J software

(Media Cybernetics, Bethesda, MD, USA).

5.16. Animal experiments

All animal experiments were approved by the Animal Experi-

mentation Ethics Committee of Chinese Academy of Medical

Sciences (ethics number: 00001531), and all procedures were

carried out in accordance with the guidelines of the Institutional

Animal Care and Use Committees of the Chinese Academy of

Medical Sciences. 6—8 weeks aged male C57BL/6 mice pur-

chased from SPF (Beijing) Biotechnology Co., Ltd., were

randomly divided into four groups (n � 5) including control,

APAP (300 mg/kg), APAP (300 mg/kg) + NAC (150 mg/kg), and

APAP (300 mg/kg) + 10 (30 mg/kg). The mice were given

compound 10 or positive control NAC by intragastric adminis-

tration with two doses at a 12 h interval and were fasted after the

first oral gavage. One hour after the last gavage, APAP was

administrated by intraperitoneal injection. The liver tissues and

plasma were collected at 3 and 6 h after the APAP treatment.

Compound 10 was dissolved in 10% polysorbate 80 (v/v) and 90%

saline (v/v), NAC was dissolved in saline, and APAP was dis-

solved in 60 ◦C warm saline and cooled to 37 ◦C. Serum was

collected to measure ALT, AST, and LDH levels through

employing Automatic Analyzer. Liver tissues were prepared to

test GSH using commercial GSH kits (Nan Jing Jian Cheng,

A006-2-1).

5.17. Statistical analysis

Data are statistically expressed as mean ± SEM. Unpaired t test or

Welch’s t test were analyzed to compare the control group with the

vehicle group or compare the vehicle group with the treated group

in GraphPad Prism (GraphPad Software, La Jolla, CA, USA). P

values < 0.05 were regarded as significant difference.
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