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Secotrijugins A− D, four highly oxidized and rearranged limonoids from 
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A B S T R A C T   

Four undescribed highly oxidized and rearranged limonoids, secotrijugins A-D, were purified from the leaves and 
twigs of Trichilia sinensis. Within them, secotrijugin A was characterized as a rare 30-nortrijugin-type limonoid 
with an unusual cleavage of 1,14-ether bond, secotrijugins B and C represented new examples with the cleavage 
of δ-lactone ring D, and secotrijugin D was a rare trijugin-type limonoid with an unusual 2,6-oxygen bridge. The 
structures of limonoids were characterized by means of spectroscopic analysis and ECD calculations. The cellular 
screening revealed that secotrijugin B was the most active against LPS-stimulated NO production in BV-2 cells, 
which played an anti-inflammatory role by downregulating COX-2 and iNOS protein expression. The further in 
vivo experiments confirmed that secotrijugin B had strong in vivo anti-inflammatory effect via suppressing NO 
and ROS generation.   

1. Introduction 

Limonoids, a class of bitter or juicy constituents of lemon or other 
citrus fruits and structurally regarded as tetranortriterpenoids possess
ing 17β-furan ring, are the typical phytochemicals of the plant Meliaceae 
family (Tan and Luo, 2011). With abundant structural scaffolds upon 
oxidations and skeletal rearrangements, together with multiple biolog
ical activities, such as insect antifeedant, anti-inflammatory, cytotoxic, 
and antibacterial effects, limonoids from the Meliaceae plant family 
have aroused great interest in the field of chemical and biological 
research around the world (Li et al., 2017, 2019; Liu et al., 2016; Lv 
et al., 2016; Sun et al., 2022; Tsukamoto et al., 2019; Zhang et al., 2022; 
Zhou et al., 2016; Zhu et al., 2019). Members of the genus Trichilia 
(Meliaceae) are well-known for biosynthesizing structurally diverse 
limonoids with an extensive spectrum of biological activities. There are 
about 86 species in the genus Trichilia, which are widely distributed in 
the tropics of America and Africa, India, Indo-China Peninsula, and 

Malay Peninsula of Asia. Presently, three Trichilia species are found to 
grow in the southwest of China (Editorial Committee of the Flora of 
China, Chinese Academy of Sciences, 1997). Plenty of limonoids with 
different skeleton structures, such as havanensin-, trichilin-, mex
icanolide-, phragmalin-, and trijugin-type limonoids, have been re
ported from Trichilia plants by different research groups (An et al., 2016; 
Cao et al., 2021; Ji et al., 2015; Liu et al., 2014; Solipeta et al., 2019; 
Wang et al., 2017). Given the diversity of liminoids in Trichilia species to 
date, we are encouraged to find more limonoids with different frame
works from this genus and explore their biological activities. 

Trichilia sinensis Bentv. (Meliaceae) is a shrub mainly distributed in 
Yunnan, Guangdong, and Guangxi provinces of China. As a kind of 
common traditional Chinese medicine, T. sinensis is used to treat 
abdominal pain, chronic osteomyelitis, scabies, eczema, rheumatism, 
and traumatic injury (Editorial Committee of Chinese Materia Medica, 
National Administration of Traditional Chinese Medicine, 1999). It was 
reported that T. sinensis afforded a series of highly rearranged limonoids, 
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some of which were active against inflammation (Xu et al., 2013). 
Though many limonoids were obtained from Trichilia plants and several 
had anti-inflammatory activity, most of the activity investigations per
formed were limited to the cellular level. Considering the structural and 
biological diversity of limonoids in T. sinensis and the general lack of 
biological research on limonoids in vivo, such an examination of the 
chemical constituents on T. sinensis was conducted. As a result, four 
undescribed highly oxidized and rearranged limonoids (Fig. 1) were 
obtained from T. sinensis. The structures were determined by NMR, 
HRESIMS data analysis, and electronic circular dichroism (ECD) calcu
lations. As undescribed examples of highly oxidized and rearranged 
limonoids, compound 1 was characterized as a rare 30-nortrijugin 
limonoid with an unusual cleavage of 1,14-ether linkage, 2 and 3 rep
resented undescribed trijugin-type examples with the cleavage of 
δ-lactone ring D, and 4 was a rare trijugin-type limonoid with an unusual 
2,6-oxygen-bridge. Herein, we report the isolation, structural elucida
tion, NO inhibition via regulating inflammation-related protein 
expression, and anti-inflammatory effects of these limonoids in vivo 
obtained from T. sinensis. 

2. Results and discussion 

2.1. Previously undescribed limonoids 1–4 

Secotrijugin A (1) was acquired as a colorless oil. The molecular 
formula was determined as C27H32O10 by the positive HRESIMS ion peak 
at m/z 539.1890 [M + Na]+ (calcd for C27H32O10Na, 539.1893). The 1H 
NMR spectrum (Table 1) displayed signals assignable to five olefinic 
protons (δH 7.54, 7.43, 6.42, 6.80, and 5.78, each 1H, s), two oxy
methine protons (δH 5.39 and 4.49, each 1H, s), four tertiary methyls (δH 
1.57, 1.24, 1.08, and 1.04), as well as two methoxy groups (δH 3.83 and 
3.78). The downfield olefinic proton signals (δH 7.54, 7.43, and 6.42), 
together with the diagnostic olefinic carbons (δC 121.1, 140.3, 108.9, 
and 143.2) occurring in the 13C and DEPT NMR spectra, discovered a 
typical β-substituted furan ring present in 1. Excluding two methoxy 
carbons (δC 52.9 and 53.1) and four olefinic carbons belonging to the 
typical β-substituted furan ring, one ketone carbonyl (δC 201.8), three 
ester carbonyls (δC 176.6, 175.8, and 166.2), four extra olefinic carbons 
(δC 175.6, 111.0, 142.0, and 137.4) conjugated with carbonyls, three 
oxygenated carbons (δC 69.6, 80.5, and 82.3), and ten aliphatic carbons 
were observed from the 13C NMR spectrum (Table 1). The ten aliphatic 
carbons were distinguished as four methyls (δC 27.2, 26.3, 21.7, and 
19.1), two methylenes (δC 39.1 and 34.1), one methine (δC 51.3), and 
three quaternary carbons (δC 46.0, 46.0, and 44.7). The above- 
mentioned NMR spectroscopic data implied compound 1 to be a limo
noid (Wang et al., 2008; Zhang et al., 2003). 

The 1H–1H COSY and HMBC experiments (Fig. 2) were conducted to 
analyze the exact structure of 1. The HMBC correlations from H-17 to C- 
12, C-13, C-14, C-16, and C-18, H3-18 to C-12, C-13, C-14, and C-17, H- 
15 to C-8, C-13, and C-14, together with H2-11/H2-12 cross-peak in the 
1H–1H COSY spectrum (Fig. 2), indicated a fused fragment composed of 

an α,β-unsaturated δ-lactone ring D and a five-membered ring C with a 
methyl (CH3-18) connected to C-13, both of which shared the C-13− C- 
14 unit. Furthermore, another unsaturated six-membered ring A con
sisting of C-1− C-5 and C-10 was also inferred by the HMBC correlations 
from H3-19 to C-1, C-5, and C-10, H3-28/H3-29 to C-3, C-4, and C-5, and 
H-1 to C-2, C-3, C-5, and C-10. Besides bearing three methyls (CH3-19, 
CH3-28, and CH3-29) and a methoxycarbonyl group at C-10, C-4, C-4, 
and C-10, ring A was found to carry a 1-hydroxy-2-methoxy-2-oxoethyl 
group (C-6− C-7 unit) attached at C-5, which was demonstrated by the 
corresponding HMBC correlations of H-6 with C-4, C-5, C-7, and C-10, 
and the methoxy protons with C-7. The total four main fragments 
including rings A, C, D, and E were therefore defined by the above NMR 
data analysis. In addition to rings C and D sharing C-13− C-14 unit, the 
linkage of C-2 and C-8 between rings A and C and the fusion of rings D 
and E via C-17 and C-20 were disclosed and confirmed by the crucial 
HMBC correlations of H-1 with C-8, H2-11 with C-2, H-17 with C-20, C- 
21, and C-22, and H-21 (H-22) with C-17. Therefore, the planar structure 
of 1 was determined. The proton and carbon signals assignments were 
fulfiled via detailed analysis of the 1D and 2D NMR data. 

The relative configuration of 1 was infered by the Chem3D modeling 
and NOESY data. The NOESY interactions of H3-28/H-5, H-5/H-6, H3- 
29/H3-19, H3-19/H-1, H-1/H-12β, H3-18/H-12α, and H-12β/H-17, 
together with Chem3D simulations, showed a steric configuration as 
shown in Fig. 3, in which H-5, H-6, CH3-18, and CH3-28 were α-oriented, 
and H-17, CH3-19, and CH3-29 were β-oriented. The C-8 hydroxy group 
was inferred to be on the α-side of ring C by the NOESY correlation of H- 
1/H-17 (β-orientation for H-17) and the biosynthetic pathway of limo
noids (Wang et al., 2008; Zhang et al., 2003). The configuration of C-6 
was inferred to be rel-6R by the coupling constant (J5,6 = ~0 Hz) and the 
definitive NOESY correlations of H-6/H3-19 (Wang et al., 2008; Zhang 
et al., 2003). Furthermore, the final configuration of 1 was determined 
by TDDFT/ECD calculations (Liang et al., 2019). The calculated ECD 
spectrum showed identical Cotton effects with the experimental ECD 
data (Fig. 4A), resulting in the configurational assignment of chiral 
carbons being 5S, 6R, 8R, 10S, 13R, and 17R. Thus, the structure of 1 
was characterized as shown in Fig. 1. 

Secotrijugin B (2), a colorless oil, had a molecular ion peak at m/z 
597.2310 [M + Na]+ (cacld for C30H38O11Na, 597.2312) in the positive 
HRESIMS, corresponding to the molecular formula of C30H38O11, which 
indicated twelve degrees of unsaturation. The 1H NMR and 13C NMR 
spectra (Table 1) showed the presence of one acetyloxy group (δC 169.0 
and 20.0) and two methoxy groups (δC 51.8 and 51.9). In addition, the 
same β-substituted furan ring E as that of 1 was deduced from 1D NMR 
spectroscopic data (δH 7.68, 7.34, and 6.57; δC 126.1, 140.7, 109.9, and 
142.5) of 2. Besides these carbon signals for the above fragments, the 13C 
NMR spectrum, together with the DEPT spectrum, exhibited signals 
assignable to two ketone carbonyls (δC 212.9 and 206.1), two ester 
carbonyls (δC 173.5 and 171.6), two additional olefinic carbons (δC 
143.9 and 116.2) forming a terminal double bond, and four oxygenated 
carbons (δC 75.6, 76.2, 89.6, and 67.1), as well as 12 aliphatic carbons 
[four methyls (δC 10.5, 18.4, 22.4, and 27.0), three methylenes (δC 41.4, 

Fig. 1. Chemical structures of compounds 1–4.  
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36.0, and 30.5), two methines (δC 68.5 and 41.5), and three quaternary 
carbons (δC 56.2, 55.8, and 49.0)]. These typically spectroscopic fea
tures, especially the total 26 skeletal carbons and the β-substituted furan 
ring, indicated that compound 2 possessed a polycyclic trijugin-type 
limonoid scaffold as shown in Fig. 1, according to the comparison of 
its 13C NMR data with those of known compounds (An et al., 2018; Di 
et al., 2007). This distinctive skeleton of a trijugin-type limonoid was 
verified by 1H–1H COSY and HMBC (Fig. 2) experiments. Combinational 
analysis of the NMR data of 2, particularly the HMBC data, led to the 
construction of the planar structure of 2, which comprised rings A, B, C, 
and E and two 2-methoxy-2-oxoethyl groups (− CH2COOCH3, C-6–C-7 
unit and C-15− C-16 unit). Correspondingly, the skeletal ketone and 
ester carbonyls [δC 212.9 (C-3), 206.1 (C-9), 173.5 (C-7), and 171.6 
(C-16)], olefinic carbons [δC 143.9 (C-8), 126.1 (C-20), 140.7 (C-21), 
109.9 (C-22), 142.5 (C-23), and 116.2 (C-30)], and oxygenated carbons 
[δC 75.6 (C-1), 76.2 (C-12), 89.6 (C-14), and 67.1 (C-17)], and also the 
other skeletal proton and carbon signals, were assigned. The residual 
substituent group (acetyloxy group) was demonstrated to be attached at 
C-12 based on the HMBC correlation of H-12 to the carbonyl of the 
acetyloxy moiety. The planar structure of 2 was thus established (Fig. 2), 
which was very similar to that of 12-acetyloxytrijugin B (Yang et al., 
2021) and only differed from that by the cleavage of δ-lactone ring D to 
form 16-methyl ester and 17-hydroxy. 

The steric configuration of 2 was inferred by Chem3D modeling and 
the NOESY spectrum (Fig. 3). The NOESY spectrum showed vital cor
relations of H3-29/H-5, H-5/H-12, H-12/H-17, H3-19/H-1, H-30b/H-11, 
H-30a/H-15 b, and H3-18/H-15 b. According to these NOE correlations, 
H3-29, H-5, and H-12 were on the same side and assigned being β-ori
entations, and H3-28, H3-19, H-1, H-11, H3-18, and C-30 were assigned 

as α-orientations. It’s difficult to judge the configuration of C-17 due to 
the cleavage of δ-lactone ring D. However, it should be noted that the 
cleavage of δ-lactone ring D was only the ester hydrolysis, which did not 
affect the configuration of C-17 (Zhang et al., 2003). So, the C-17 
configuration was presumed to be rel-17S. The ECD calculations of 2 
were performed, and the resulting calculated ECD spectrum matched 
experimental ECD spectrum well (Fig. 4B), allowing the absolute 
configuration of 2 to be defined as 1S, 5S, 10R, 11R, 12S, 13R, 14S, and 
17S. Thus, the final structure of 2 was established as shown in Fig. 1. 

Secotrijugin C (3) was acquired as a colorless oil. The HRESIMS 
disclosed a sodium adduct ion at m/z 571.2152 [M + Na]+ (calcd for 
C28H36O11Na, 571.2155), implying a molecular formula of C28H36O11. 
The 1H and 13C NMR spectra (Table 1) had high similarities with those of 
compound 2, which indicated that compound 3 was also a trijugin-type 
limonoid closely similar to 2 structurally. Following the comparison of 
their 1H and 13C NMR spectra, it could be shown that the acetyloxy 
group in 3 was absent and the Δ8,30 double bond in 2 was oxidized to 
form 8,30-epxoy group in 3 by the chemical shifts of C-8 (δC 68.0) and C- 
30 (δC 46.9). To corroborate these inferences, a series of NMR experi
ments including DEPT, 1H–1H COSY, HMQC, and HMBC were carried 
out. The following deduction about the 1H–1H COSY, HMQC, and HMBC 
data led to the construction of rings A, B, C, and E, 8,30-epoxy moiety, 
and two 2-methoxy-2-oxoethyl groups (− CH2COOCH3, C-6–C-7 unit and 
C-15− C-16 unit), which were fused or linked to constitute a structure for 
3 as shown in Fig. 2. The planar structure of 3 was established, which 
differed from compound 2 by the formation of 8,30-epoxy moiety and 
the shift of oxygenated carbon from C-12 to C-11. 

The NOESY data disclosed that the gross molecular conformation of 
3 resembled that of compound 2 (Fig. 3). In this conformation, the 

Table 1 
1H and 13C NMR data of compounds 1–4 in CDCl3 (δ in ppm and J in Hz).  

position 1 2 3 4 

δH Δc δH δc δH δc δH δc 

1 6.80 s 142.0 4.69 dd (4.2, 2.8) 75.6 5.07 dd (3.7, 3.3) 74.6 4.66 s 78.8 
2α  137.4 2.88 dd (16.4, 4.2) 41.4 3.01 dd (14.6, 3.3) 40.3  95.0 
2β   2.59 dd (16.4, 2.8)  2.84 dd (14.6, 3.7)    
3  201.8  212.9  211.7  208.1 
4  44.7  49.0  49.3  45.7 
5 3.39 s 51.3 3.27 dd (9.6, 1.9) 41.5 3.13 dd (5.6, 4.6) 43.5 3.13 br s 48.0 
6a 4.49 s 69.6 2.80 dd (17.6, 1.9) 30.5 2.81 dd (17.7, 5.6) 30.5 4.97 br s 72.8 
6 b   2.44 dd (17.6, 9.6)  2.45 dd (17.7, 4.6)    
7  175.8  173.5  173.4  172.4 
8  80.5  143.9  68.0  65.3 
9  176.6  206.1  211.7  212.7 
10  46.0  55.8  54.4  55.8 
11α 2.11 m 39.1 3.21 d (2.7) 68.5  81.5  80.2 
11β 2.19 m        
12α 1.73 m 34.1  76.2 1.25 d (15.0) 46.8 1.48 d (15.1) 49.0 
12β 2.14 m  5.10 d (2.7)  2.97 d (15.0)  2.31 d (15.1)  
13  46.0  56.2  51.0  50.1 
14  175.6  89.6  84.8  85.3 
15a 5.78 s 111.0 3.77 d (15.6) 36.0 3.16 d (14.3) 35.2 2.85 d (15.5) 31.4 
15 b   2.87 d (15.6)  2.51 d (14.3)  2.63 d (15.5)  
16  166.2  171.6  171.2  172.8 
17 5.39 s 82.3 5.47 s 67.1 5.20 s 67.5 4.87 s 66.0 
18 1.24 s 19.1 1.01 s 10.5 1.17 s 17.3 1.19 s 19.6 
19 1.57 s 26.3 1.11 s 18.4 1.33 s 18.3 1.62 s 26.9 
20  121.1  126.1  125.9  125.4 
21 7.54 s 140.3 7.68 s 140.7 7.48 s 140.3 7.20 s 140.1 
22 6.42 s 108.9 6.57 s 109.9 6.50 s 110.0 6.28 s 109.9 
23 7.43 s 143.2 7.34 s 142.5 7.36 s 142.6 7.32 s 142.8 
28 1.08 s 27.2 1.15 s 22.4 1.17 s 22.6 1.26 s 24.8 
29 1.04 s 21.7 1.20 s 27.0 1.13 s 25.1 1.30 s 27.4 
30a   5.46 s 116.2 3.12 d (5.3) 46.9 3.29 s 46.2 
30 b   5.36 s  2.83 d (5.3)  2.77 s  
OMe-7 3.83 s 52.9 3.70 s 51.8 3.63 s 52.0 3.78 s 52.4 
OMe-9 3.78 s 53.1       
OMe-16   3.74 s 51.9 3.74 s 52.1 3.72 s 52.7 
OAc-12   1.63 s 20.0         

169.0      
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configuration of C-8 in 3 was assigned as rel-8S by the NOESY correla
tions of H-30 b/H3-18, and the C-11 hydroxy should adopt an α-orien
tation according to the conformations of rings B and C and the 
biosynthesis pathway of trijugin-type limonoids (An et al., 2018; Di 
et al., 2007). By comparing the Cotton effects in the calculated and 
experimental ECD curves (Fig. 4C), the absolute configuration of 3 was 
deduced as 1S, 5S, 8S, 10R, 11R, 13S, 14R, and 17S. The structure of 3 
was finally characterized as shown in Fig. 1. 

Secotrijugin D (4), a colorless oil, possessed a molecular formula of 
C28H34O13 according to the HRESIMS (m/z 601.1895 [M + Na]+, calcd 
for C28H34O13Na, 601.1897) and the 13C NMR data analysis. The mo
lecular formula indicated twelve degrees of unsaturation. The 1H and 
13C NMR spectra (Table 1) of 4 resembled those of 3, suggesting 4 to be 
also a trijugin-type limonoid structurally related to compound 3. The 
subsequent 2D NMR experiments and data analysis disclosed the pres
ence of rings B, C, and E, 8,30-epoxy moiety, and the cleaved δ-lactone 
ring D to form 16-methyl ester and 17-hydroxy, which were the same as 
those present in 3. In addition, comparison the 1D NMR data (Table 1) of 
4 with 3 indicated that two of the methylenes in 3 were replaced by an 
acetal carbon (δC 95.0) and an oxymethine in 4. All the above NMR data 
analysis pointed out that the difference between the two compounds lied 
in ring A. The subsequent analysis of 1D and 2D NMR data enabled the 
ring A bearing the C-6− C-7 unit and three methyls (CH3-28, CH3-29, and 
CH3-19) to be elucidated, where the aforementioned acetal and oxy
methine carbon signals at δC 95.0 and δC 72.8 were assigned to C-2 and 
C-6, respectively. The overall planar structure of 4 seemed to be estab
lished. However, this structure deduced from the NMR data for 4 was 
inconsistent with the HRESIMS data by 18 more mass unit and one less 
index of hydrogen insufficiency, which implied one more ring present in 
4. Reinvestigation of the HMBC data (Fig. 2) disclosed the long-range 
correlation of H-6 (δH 4.97) to the acetal carbon C-2 (δC 95.0), a 2,6- 
epoxy moiety was thus proposed, and the planar structure of 4 was 
elucidated by the above NMR and HRESIMS data analysis. 

A NOESY experiment was conducted to establish the relative 
configuration of 4. According to the NOESY interactions observed from 

the NOESY spectrum, together with the Chem3D simulations (Fig. 3), a 
general molecular conformation for 4 was proposed and depicted in 
Fig. 3, which was similar to that of 3 except for ring A. From this steric 
conformation of 4, ring A presented a boat conformation due to the 2,6- 
epoxy moiety that existed on the α-face of ring A. The C-6 configuration 
was determined rel-6R by the NOESY correlation of H-6/H3-19. The ECD 
calculations provided the calculated ECD spectrum of 4. The analogical 
Cotton effects in the calculated and experimental ECD spectra (Fig. 4D), 
allowed the absolute configuration of 4 to be deduced as 1R, 2S, 5S, 6R, 
8S, 10R, 11R, 13S, 14R, and 17S. Thus, the ultimate structure of 4 was 
established as shown in Fig. 1. 

2.2. Nitric oxide (NO) inhibitory assay of the isolated compounds 

NO, as an inflammatory mediator in inflammatory diseases, is an 
important signal molecule in many physiological and biochemical pro
cesses. Therefore, inhibition of NO production may control the devel
opment of inflammation. Limonoids, as a unique class of natural 
products, not only possess diverse chemical structures, but also have 
various biological characteristics. To explore the potential medicinal 
applications for anti-inflammatory drug development, these limonoids 
isolated from T. sinensis were assessed for their inhibitory effects on LPS- 
stimulated NO production in BV-2 cells. The SMT (2-methyl-2-thio
pseudourea, sulfate) was used as the positive control (IC50 value of 4.5 
μM). According to screening results, compound 2 had prominent NO 
inhibitory activity with IC50 value of 16.7 μM, compound 3 had mod
erate inhibitory effects (IC50 value of 46.7 μM), and 1 and 4 were almost 
inactive (IC50 > 100 μM). At the effective concentration, the tested 
compounds did not show obvious cytotoxicity to BV-2 cells. 

2.3. Assessment of COX-2 and iNOS activity 

During inflammation, the inflammatory signaling pathway is acti
vated, and the corresponding proteins, such as COX-2 and iNOS are 
highly expressed, resulting in the release of excessive NO production. 

Fig. 2. 1H–1H COSY and key HMBC correlations of 1–4.  
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Compound 2 was found to be the most active against NO production in 
LPS-induced BV-2 cells. To understand the possible anti-inflammatory 
mechanism of the active compounds, the LPS- induced BV-2 cells were 
treated with 2 and the protein expression of COX-2 and iNOS was 
detected by Western blotting experiments. As shown in Fig. 5, LPS 
stimulation prompted the expression of COX-2 and iNOS evidently. After 
being treated with compound 2, COX-2 and iNOS were inhibited dose- 
dependently, which suggested that the anti-inflammatory effects of 2 
was accomplished by downregulating COX-2 and iNOS protein 
expression. 

2.4. In vivo anti-inflammatory assessment of compound 2 

The possible anti-inflammatory application of compound 2 was 
further discussed using an in vivo model. Considering the limited amount 
of natural products obtained, zebrafish was selected to establish an in 
vivo screening model, which is a convenient and economical animal 
screening model and very suitable for in vivo screening of natural 
products (Shi et al., 2020). Using the established zebrafish model, in 
addition to detecting excessive NO, ROS production in zebrafish was 
also detected, which is also one of the indicators of inflammatory 
response. As illustrated in Figs. 6 and 7, LPS induced the increase of ROS 
and NO production significantly in zebrafish model. The levels of ROS 
and NO decreased dose-dependently after administration of 2, which 
indicated that compound 2 inhibited ROS and NO generation and had 
strong anti-inflammatory effects in vivo. 

3. Conclusions 

In the present study, four previously undescribed trijugin-type 
limonoids (1–4) were characterized from the twigs and leaves of 
T. sinensis. Compound 1 was found to possess a rare 30-nortrijugin-type 
framework via the further degradation of trijugin-type liminoids. The 
first 30-nortrijugin-type limonoid and its possible biosynthesis pathway 
were reported in 2003 (Zhang et al., 2003), and the total number of 
30-nortrijugin-type limonoids reported is less than 10 so far. Compound 
4 was characterized as a unique trijugin-type limonoid with the presence 
of an unusual 2,6-oxygen bridge, and the similar trijugin-type limonoids 
containing 2,6-oxygen bridge have been rarely reported. All of the 
trijugin-type liminoids were evaluated and compounds 2 was the most 
active against NO production in LPS- induced BV-2 cells, which exerted 
anti-inflammatory effects by downregulating COX-2 and iNOS protein 
expression. The further zebrafish experiments confirmed that 2 had 
strong in vivo anti-inflammatory activity via suppressing ROS and NO 
generation. All of the biological results suggested that the most active 
compound 2 is potentially useful in the discovery of anti-inflammatory 
lead compound. 

4. Experimental 

4.1. General 

An InsMark IP120 automatic polarimeter was used to measure 

Fig. 3. Conformations and key NOESY correlations of 1–4.  
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optical rotations. The JASCO J-715 CD spectrometer was used to get the 
ECD spectra. Infrared (IR) spectra were measured by Bruker Tensor 37 
FT-IR spectrometer (KBr disks). NMR spectra were obtained on a Bruker 
AV 400 instrument. An IonSpec 7.0 T FTICR MS was used to get the 
HRESIMS data. Silica gel was provided by Qingdao Haiyang Chemical 
Group Co., Ltd. Chemical reagents (analytical grade) were provided by 
Tianjin Chemical Reagent Co. and biological reagents were provided by 
Sigma Co. 

4.2. Plant material 

The twigs and leaves of Trichilia sinensis Bentv. (Meliaceae) were 
gathered from Yunnan province (E 99◦56′, N 21◦08′) of China in October 
2017. The plant was identified by Yuanqiang Guo. The laboratory of 
Natural Medicinal Chemistry of Nankai University has preserved the 
voucher specimen (No. 20171015). 

4.3. Extraction and isolation 

The twigs and leaves of T. sinensis (4.5 kg) were extracted three times 
with MeOH (3 × 36 L). The solution obtained was concentrated in vacuo 
to give a crude extract (985.0 g). Then, the residue was dissolved in 
water and partitioned with ethyl acetate to afford the EA-soluble portion 
(354.0 g). The portion was fractionated by silica gel column eluted with 
a gradient solvent system of petroleum ether-acetone to give eight 
fractions (A− H). Fraction H was then purified by ODS column eluted 
with MeOH–H2O (from 60 to 90%, v/v) to give eight subfractions 
H1–H8. Fraction H5 was fractionated with preparative HPLC to give 
compound 1 (tR = 25 min, 9.8 mg) using 70% MeOH in H2O as eluent. 
Similarly, compound 4 (tR = 26 min, 8.2 mg) was gained from sub
fraction H1 by preparative HPLC eluted with 62% MeOH–H2O. Using 

the same procedure as fraction H, Fraction E gave seven subfractions 
E1− E7. The subsequent purification of E2 by preparative HPLC system 
(77% MeOH in H2O) gave compound 2 (tR = 21 min, 9.5 mg). Using the 
same MPLC, fraction F gave eight subfractions F1–F8. Compound 3 (tR 
= 32 min, 9.2 mg) was acquired from F2 by preparative HPLC (69% 
MeOH–H2O). 

Secotrijugin A (1) colorless oil; [α]14
D +28 (c 0.3, MeOH); ECD 

(CH3CN) 218 (Δε +9.08), 242 (Δε − 9.20), 269 (Δε +3.22) nm; IR (KBr) 
νmax 3446, 2934, 1733, 1684, 1457, 1234, 1158, 1123, 1025, 876, 736, 
602 cm− 1; 13C NMR (100 MHz, CDCl3) and 1H NMR (400 MHz, CDCl3) 
data, see Table 1; ESIMS m/z 539 [M + Na]+; HRESIMS m/z 539.1890 
[M + Na]+, calcd for C27H32O10Na, 539.1893. 

Secotrijugin B (2) colorless oil; [α]14
D − 11 (c 0.3, MeOH); ECD (CH3CN) 

209 (Δε +8.86) nm; IR (KBr) νmax 3447, 2951, 1735, 1437, 1374, 1236, 
1051, 1030, 735 cm− 1; 13C NMR (100 MHz, CDCl3) and 1H NMR (400 
MHz, CDCl3) data, see Table 1; ESIMS m/z 597 [M + Na]+; HRESIMS m/ 
z 597.2310 [M + Na]+, calcd for C30H38O11Na, 597.2312. 

Secotrijugin C (3) colorless oil; [α]14
D − 16 (c 0.3, MeOH); ECD 

(CH3CN) 203 (Δε − 0.83), 225 (Δε +0.64) nm; IR (KBr) νmax 3446, 2952, 
1734, 1718, 1686, 1437, 1386, 1263, 1200, 1177,1073, 1027, 875, 736, 
602 cm− 1; 13C NMR (100 MHz, CDCl3) and 1H NMR (400 MHz, CDCl3) 
data, see Table 1; ESIMS m/z 571 [M + Na]+; HRESIMS m/z 571.2152 
[M + Na]+, calcd for C28H36O11Na, 571.2155. 

Secotrijugin D (4) colorless oil; [α]14
D − 7 (c 0.3, MeOH); ECD (CH3CN) 

205 (Δε − 1.25), 286 (Δε +2.33) nm; IR (KBr) νmax 3446, 2953, 1733, 
1717, 1438, 1232, 1166, 1071, 1028, 875, 735, 602 cm− 1; 13C NMR 
(100 MHz, CDCl3) and 1H NMR (400 MHz, CDCl3) data, see Table 1; 
ESIMS m/z 601 [M + Na]+; HRESIMS m/z 601.1895 [M + Na]+, calcd 
for C28H34O13Na, 601.1897. 

1
S R R S R R 1
R S S R S S 1

2
S S R R S R S S 2
R R S S R S R R 2

3
S S S R R S R S 3
R R R S S R S R 3

4
R S S R S R R S R S 4
S R R S R S S R S R 4

Fig. 4. Calculated and experimental ECD spectra of 1–4 (A–D) in acetonitrile.  
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4.4. ECD calculations 

The ECD calculations were conducted by the method reported pre
viously (Frisch et al., 2013). 

4.5. Cell survival assay, bioassay for NO production, and western blotting 

Cell survival assay, the evaluation for NO inhibition, and Western 
blotting experiments were performed as previously reported (Du et al., 
2020; Liang et al., 2019; Xu et al., 2016). 

Fig. 5. Effects of 2 on iNOS and COX-2 expression in LPS-induced BV-2 cells. BV-2 cells were pretreated with 2 with 10, 30, and 100 μM for 30 min and then 
stimulated with LPS for 24 h, cells were harvested, and total protein was extracted. Protein band intensity was normalized to β-actin and was expressed as fold 
difference relative to the LPS group (down). ###p < 0.001, compared with control, ***p < 0.001; **p < 0.01, *p < 0.05, compared with LPS group. 

Fig. 6. Effects of 2 on ROS production in LPS-stimulated zebrafish embryos. Zebrafish embryos were induced by LPS (10 μg/ml) and given with or without 2 (10, 30, 
and 100 μM) for 24 h. At 3 day post fertilization (dpf), the ROS levels were detected and observed by laser confocal microscope. Fluorescence intensity was quantified 
using Image J. Data were expressed as mean ± SD. ###p < 0.001 compared with LPS-untreated embryos, ***p < 0.001, **p < 0.01 compared with LPS- 
treated group. 
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4.6. Detection of NO and ROS in zebrafish model 

The generation of ROS and NO in the zebrafish embryos was evalu
ated by DCFH-DA fluorescent probe dye and DAF-FMDA fluorescent 
probe dye, respectively (Wu et al., 2020). Zebrafish husbandry and 
embryo collection were conducted based on the methods reported (Wu 
et al., 2020). The experimental details are provided in the Supporting 
Information. 
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