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ARTICLE INFO ABSTRACT

Five previously undescribed diterpenoids, named succipenoids D-H (1-5), along with four
undescribed lignans, named succignans A-D (6-9), were isolated from the dichloromethane
extract of Chinese medicinal succinum. Compounds 1-5 were characterized as nor-abietane
diterpenoids, while compounds 6-9 were identified as lignans polymerized from two groups
of phenylpropanoid units. The structures of these novel compounds, including their absolute
Keywords: configurations, were determined through spectroscopic and computational methods. Biolo-
Succinum gical assessments of renal fibrosis demonstrated that compounds 6 and 7 effectively reduce
Lignan the expression of proteins associated with renal fibrosis, including a-smooth muscle actin (a-
SMA), collagen I, and fibronectin in transforming growth factor-f1 (TGF-$1) induced normal
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rat kidney proximal tubular epithelial cells (NRK-52e).

1. Introduction

Chinese medicinal materials derived from fossils are unique
because they originate from plants and animals buried under-
ground for centuries. Succinum is an organic substance formed
through complex geological processes from the resins of conifer-
ous and leguminous plants that flourished during the Mesozoic
Cretaceous to Cenozoic Tertiary periods '. Succinum is primarily
harvested from various regions in Russia, Myanmar, and China,
particularly in the provinces of Henan, Liaoning, and Yunnan .
The chemical composition of succinum encompasses multiple
components, with resin and volatile oils as the primary constitu-
ents. The resin consists mainly of alcohol-soluble compounds, in-
cluding succinoabietic acid, succinoabietinolic acid, and succinoa-
bietol, as well as alcohol-insoluble components such as succinin,
succinoresinol, and succinoresinol succinate °. Furthermore, the
volatile compounds in succinum primarily comprise monoter-
penes, sesquiterpenes, diterpenes, and aromatic compounds *.
Succinum exhibits diverse morphological characteristics, appear-
ing in transparent and translucent varieties with colors ranging
from yellow and orange to brown, and occasionally red. The spe-
cimen examined in this study is illustrated in Fig. 1. Beyond its
aesthetic value, succinum represents a significant fossil Chinese
medicinal material extensively utilized in clinical applications °.
Traditional Chinese medicine has utilized succinum for thou-
sands of years to promote mental relaxation, enhance blood cir-
culation, and alleviate blood stagnation °. Recent research has
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demonstrated succinum'’s anti-bacterial 7, anti-inflammatory 8
and anti-allergenic properties °. As a continuation of our research
on bioactive compounds from medicinal plant resins '***, nine
new compounds (1-9) (Fig. 2) were isolated and characterized
from succinum. The structures of these newly identified com-
pounds were determined through comprehensive spectroscopic
analysis. Additionally, their efficacy against renal fibrosis was
evaluated.

2. Results and discussion

2.1. Structure elucidation of the compounds

Compound 1 was isolated as a colorless oil. Its molecular for-
mula was established as C»,H3,0 with 7 degrees of unsaturation
based on high-resolution electrospray ionization mass spectro-
metry (HR-ESI-MS) (m/z 313.2523 [M + H]", Calcd. for C,,H330,
313.2526), "*C nuclear magnetic resonance (NMR), and distor-
tionless enhancement by polarization transfer (DEPT) spectra.
The 'H NMR spectrum (Table 1) revealed a mono-substituted
benzene ring [6y 7.29 (2H, m, H-19, H-21), 7.22 (2H, m, H-18, H-
22),and 7.19 (1H, m, H-20)], and three aliphatic methyls [6y 1.65
(3H, s, H-14), 1.01 (3H, s, H-12), and 0.94 (3H, s, H-13)]. Analysis
of the C NMR and heteronuclear single quantum correlation
(HSQC) spectra indicated three methyls, eight methylenes (one
oxygenated), six methines (one sp® and five sp’), and five non-
protonated carbons. Comparison with literature data suggested
that compound 1 shares structural similarities with luffarin-0 **,
differing in the replacement of a methyl with a hydroxymethyl-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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Fig. 1 The morphology of succinum.

ene at C-4, and the transformation of the C-16 substituent into a
benzene ring. This structural assignment was confirmed by het-
eronuclear multiple bond correlation (HMBC) (Fig. 3) of H3-12/C-
3, C-4, C-5, C-11, H,-11/C-3, and H,-16/C-15, C-17, C-18, C-22.
The molecule contains three chiral centers. Rotating-frame Over-
hauser effect spectroscopy (ROESY) correlations of Hz-13/H,-11,
Ha-7 and H-5/Hb-7, combined with molecular model analysis, es-
tablished the relative configurations at C-4, C-5, and C-10 as
45" 5R’,10S" (Fig. 4). The absolute configuration was determined
through comparison of calculated and experimental electronic
circular dichroism (ECD) spectra. The calculated ECD spectrum of
(4S,5R,105)-1 demonstrated good agreement with the experi-
mental spectrum (Fig. 5), confirming the absolute configuration
of 1 as 4S5,5R,10S. Therefore, compound 1 was characterized and
designated as succipenoid D.

Compound 2 was isolated as a colorless oil. Its molecular for-
mula, C;¢H;40,, indicating five degrees of unsaturation, was es-
tablished based on HR-ESI-MS (m/z 249.1843 [M + H]", Calcd. for
C16Hp50,, 249.1849), *C NMR, and DEPT spectra. The 'H NMR
spectrum (Table 2) exhibited an olefin proton [éy 5.84 (1H, br's,
H-13)], an oxygenated methylene [6y 3.76 (1H, d, / = 10.8 Hz, Ha-
14), and 3.46 (1H, br d, / = 10.8 Hz, Hb-14)], and two methyls [6y
1.05 (3H, s, H-15), and 0.65 (3H, s, H-16)]. The *C NMR and
HSQC spectra revealed 16 carbons, comprising two methyls, sev-
en methylenes (one oxygenated), three methines (two sp’ and
one sp’), and four non-protonated carbons. The NMR spectra
match those of (-)-1,4,5,5a,6,7,8,9,9a,9b-decahydro-6,6,9a-tri-
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methyl-[5aS-(5aa,9a,9ba)]-2H-benz(e)inden-2-one **, except for
the absence of a methyl and the presence of an additional oxygen-
ated methine at C-4 in 2. This structure was confirmed by the
HMBC (Fig. 3) H,-14/C-3, C-4, C-5, C-15. Therefore, the planar
structure of compound 2 was established as shown in Fig. 2. The
relative configuration of 2 was determined through ROESY cor-
relations (Fig. 4). The correlations of H-9/H-5, Hb-1 indicated
that H-5 and H-9 are positioned on the same side. Furthermore,
the ROESY correlations of H;-16/H,-14, Ha-1 demonstrate that
H,-14 and H3-16 are on the opposite face. Consequently, the rel-
ative configuration of 2 was assigned as 4S',5R,95",10R". To de-
termine the absolute configuration of 2, ECD calculations were
performed. The comparison of experimental and calculated ECD
spectra (Fig. 5) confirmed the absolute configuration of 2 as
4S,5R,95,10R, and compound 2 was subsequently named suc-
cipenoid E.

Compound 3 was isolated as a colorless oil. Its molecular for-
mula, C;¢H,,40,, indicating five degrees of unsaturation, was es-
tablished as based on HR-ESI-MS (m/z 249.1844 [M + H]", Calcd.
for C;¢H,50,, 249.1849), *C NMR, and DEPT spectra. The "H NMR
spectrum (Table 2) revealed an olefinic proton [y 5.70 (1H, br s,
H-11)], two oxygenated methylene [6y; 3.80 (1H, d,/=10.9 Hz, Ha-
14), and 3.55 (1H, d, J = 10.9 Hz, Hb-14)], and two methyls [6y
1.16 (3H, s, H-16), and 0.99 (3H, s, H-15)]. The *C NMR and
HSQC spectra exhibited 16 carbons, comprising two methyls, sev-
en methylenes (one oxygenated), three methines (two sp’® and
one sp®), and four non-protonated carbons. The NMR spectra of 3
demonstrated similarity to the known compound, (-)-
3,3a,4,5,5a,6,7,8,8,9,9a-decahydro-6,6,9a-trimethyl-(3aS-
(3aB,5aa,9af)-2H-benz(e)inden-2-one . The absence of a methyl
and presence of an additional oxygenated methine at C-4 in 3 was
confirmed through HMBCs (Fig. 3) of H,-14/C-4, C-5, C-15 and H;-
15/C-4, C-5, C-14. The ROESY correlations (Fig. 4) of H3-15/H-5,
H;-16/H,-14, H-8 indicated that H;-15 and H-5 share the same
orientation, while H3-16, H,-14 and H-8 are positioned on the op-
posite face. Consequently, the relative configuration of 3 was es-
tablished as 4S',5R",85,10S". Following the same procedure as 2,
the absolute configuration of 3 was determined as 4S5,5R,85,10S
based on ECD calculations (Fig. 5). Thus, compound 3 was con-
clusively characterized and named succipenoid F.

Compound 4 was isolated as a colorless oil. Its molecular for-
mula, Cy6H,403 was established through HR-ESI-MS (m/z
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Fig. 2 Structures of compounds 1-9.
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Table 1 'H (600 MHz) and "*C NMR (150 MHz) data for 1 (J in Hz, in CDCl5).

No. 8¢ Su No. 8¢ [
Ha: 1.99, m Ha: 3.78, d (10.9)
37.2,CH : 65.6, CH .
1 O Hh132m 1 Oz Hbe3.47,d(10.9)
Ha: 1.78, m
2 1oacH, ST 12 26.9,CH, 101,
Ha: 1.83, m
30 ssacH, LT 13 20.7,CH, 0.94,5
4 388C 14 19.7,CH, 165,
Ha: 2.30, m
5 527.CH 135,m 15 s08.cH,  prodOm
6  189,CH, 144,m 16 36.9,CH, 2.64,m
Ha: 2.07, td (11.0, 5.6)
7 aa o, A0 A0 17 1433,C
8 1265,C 18,22 1282,CH 7.22,m
9 1400,C 19,21 128.5,CH 7.29,m
10 391,C 20 1258, CH 7.19,m

265.1789 [M + H]", Calcd. for C;4H,503, 265.1798), °C NMR, and
DEPT spectra. The 'H NMR spectrum (Table 3) revealed an olefin
proton [dy 5.76 (1H, s, H-11)], two oxygenated methylenes [dy
4.38 (1H, dd, J = 11.2, 5.7 Hz, Ha-13), and 3.89 (1H, t,/ = 11.2 Hz,
Hb-13); 6y 3.78 (1H, d, J = 10.9 Hz, Ha-14), and 3.52 (1H, d, ] =
10.9 Hz, Hb-14)], and two methyls [éy 1.12 (3H, s, H-16), and
1.00 (3H, s, H-15)]. The *C NMR and HSQC spectra exhibited 16
carbons, comprising two methyls, seven methylenes (two oxy-
genated), three methines (2 sp® and 1 sp?), and four non-proton-
ated carbons. The NMR spectra of 4 demonstrated close similar-
ity to those of compound 3, with the primary difference being the
insertion of an oxygen between C-12 and C-13 in 4 to form a con-
jugated lactone. This structure was confirmed by the HMBC (Fig.
3) of H,-13/C-9, C-12, H-8/C-11, and H-11/C-12 and the deshiel-
ded carbonyl chemical shift (§; 166.3), establishing the planar
structure of compound 4. The ROESY correlations (Fig. 4) of Hs-
15/H-5, H-8/H3-16, and H3-16/H,-14 indicated that H-5 and Hs-

%

AN

8
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15 share the same orientation, while H-8, H,-14, and H;-16 are
oriented in the opposite face. ECD calculations were conducted to
determine the absolute configuration. The analysis revealed the
absolute configuration as 4S,5R,8R,10S based on the comparison
of experimental and calculated ECD curves (Fig. 5), and com-
pound 4 was consequently named succipenoid G.

Compound 5 was isolated as a colorless oil. Its molecular for-
mula, Cy4H,,03, indicating four degrees of unsaturation, was es-
tablished based on HR-ESI-MS (m/z 239.1642 [M + H]", Calcd. for
C14H,305, 239.1642), *C NMR, and HSQC spectra. The 'H NMR
spectrum (Table 3) of 5 revealed resonances for three aliphatic
methyl groups at dy 2.13 (s), 1.13 (s), and 1.03 (s) and two oxy-
genated methylene protons [dy 4.38 (1H, d, / = 11.8 Hz, Ha-8),
and 3.90 (1H, d, J = 11.8 Hz, Hb-8)]. The **C NMR and DEPT spec-
tra indicated 14 carbons comprising three methyls, six methyl-
enes (one oxygenated), one methine, and four non-protonated
carbons (including two carbonyls). The 'H-"H correlation spec-
troscopy (COSY) correlations (Fig. 3) of H-1/H-2/H-3 and H-5/H-
6 demonstrated two structure fragments. The HMBCs (Fig. 3) of H-
3/C-1,C-2,C-4,C-5,H-5/C-7, H5-12/C-10, C-11, H3-13/C-4, C-5, C-
10, and H3-14/C-1, C-5, C-8, C-9 established that compound 5
contains two six-membered rings including a lactone, two
methyls at C-4 and C-9 and a propanone attached to C-4 via C-C
bond formation. The relative configuration of 5 was determined
through ROESY correlations (Fig. 4) of H3-13/Hb-6 and H3-14/H-
5, Ha-6, indicating that H-5 and H3-14 are co-facial, while H3-13 is
oriented on the opposite face. Following the approach used for
the previously described compounds, ECD calculations (Fig. 5) for
(4R,5R,95)-5 showed curve accordance with experimental data,
confirming the absolute configuration of 5 as 4R,5R,9S. Con-
sequently, compound 5 was designated as succipenoid H.

Compounds 6 and 7 were obtained as yellowish oils, isolated
as a pair of diastereomers and subsequently separated into two
pairs of enantiomers (+)-6/(-)-6 and (+)-7/(-)-7.Both com-
pounds 6 and 7 were confirmed to possess identical molecular
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Fig. 3 Key 'H-'H COSY and HMBC correlations of 1-9.
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formulas of C35H3,04 through analysis of compound 6 by HR-ESI-
MS, m/z 621.2076 [M + Na]* (Calcd. as 621.2095) and compound
7 by HR-ESI-MS, m/z 621.2074 [M + Na]" (Calcd. as 621.2095).

The "H NMR spectrum (Table 4) of 6 revealed two mono-sub-
stituted benzene rings [6y 8.08 (2H, br d, ] = 8.3 Hz, H-2""", H-6""),
7.45 (2H, brt,J = 8.3 Hz, H-3""", H-5"""), 7.56 (1H, br t, ] = 8.3 Hz, H-
4'""); 7.84 (2H, br d, ] = 8.3 Hz, H-2/, H-6"), 7.36 (2H, br t, ] = 8.3
Hz, H-3', H-5"), and 7.49 (1H, br t, J = 8.3 Hz, H-4")], two tri-sub-
stituted benzene rings [6y 6.97 (1H, d, ] = 1.6 Hz, H-2""), 6.89 (1H,
d,J=8.1Hz,H-5"); 6.92 (1H,dd, = 8.1, 1.6 Hz, H-6""); 6.85 (1H, d,
] = 2.0 Hz, H-2), 6.75 (1H, d, ] = 8.1 Hz, H-5), and 6.84 (1H, dd, J =
8.1, 2.0 Hz, H-6)], a set of trans double bond signals [6y 6.63 (1H,
br d, J = 15.8 Hz, H-7), and 6.25 (1H, dt, ] = 15.8, 6.5 Hz, H-8)],
and three methoxy signals [6y 3.70 (3H, s, 3-OCH3), 3.85 (3H, s,
3"-0CH3;), and 3.31 (3H, s, 7""-OCH3)]. The *C NMR data indic-
ated 35 carbons, comprising three methoxy methyls, two sp®
methylene, twenty methines (including eighteen sp® and two oxy-
genated sp*), and ten non-protonated carbons (two carbonyls and
eight sp’ including four oxygenated). The NMR spectra of 6 and 7
exhibit similarities to tonkinensisin A *°, with the distinction that
compounds 6 and 7 contain a trans double bond, as evidenced by
long-range coupling constants, J;g = 15.8 and 15.7 Hz, respect-
ively. Furthermore, the planar structures of 6 and 7 were estab-
lished through comprehensive two-dimensional (2D) NMR data
analysis, specifically the "H-"H COSY and HMBC (Fig. 3).

Compound 6, exhibiting a smaller *J,; value (4.9 Hz), was
characterized as having an erythro configuration, while com-
pound 7, displaying a larger *Jy value (6.0 Hz), was identified as
having a threo configuration (Table 4) "%, The absolute configur-
ations of 6 and 7 were established as (7"5,8"R)-(-)-6, (7'R,8"S)-
(+)-6, (7""R,8""R)-(-)-7 and (7"S,8"S)-(+)-7 through ECD calcula-
tions (Fig. 5). Consequently, the structures of (+)-6 and (*)-7
were designated as (+) succignan A and (*) succignan B, respect-
ively.
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Compound 8 was isolated as a yellowish oil. Its molecular
formula was established as C,gH,30; based on HR-ESI-MS (m/z
499.1733 [M + Na]", Calcd. for C,gH,40,Na, 499.1727), *C NMR,
and HSQC spectra. The 'H NMR spectrum (Table 5) revealed a
mono-substituted benzene ring [6y 8.08 (2H, br d, J = 7.7 Hz, H-
2',H-6"), 7.45 (2H, br t, ] = 7.7 Hz, H-3', H-5'), and 7.57 (1H, br t,
J = 7.4 Hz, H-4")], a tri-substituted benzene ring [6y 7.04 (1H, d,
J=1.9 Hz, H-2), 6.92 (1H, dd, J = 8.3, 1.9 Hz, H-6), and 6.86 (1H,
d, / = 8.3 Hz, H-5)], a tetra-substituted benzene ring [y 6.68 (1H,
d,J = 1.9 Hz, H-4""), and 6.54 (1H, d, J = 1.9 Hz, H-6"")], a terminal
double bond [6y 5.85 (1H, ddd, J = 17.0, 10.3, 6.6 Hz, H-8""), and
5.19 (1H, m, H-9')], a trans olefin [6y 6.70 (1H, d, J = 15.9 Hz, H-
7), and 6.33 (1H, dt, J = 15.9, 6.4 Hz, H-8)], and three methoxy
methyls [6y 3.89 (3H, s, 3-OCH3), 3.92 (3H, s, 3""-OCH3), and 3.27
(3H, s, 7"-0CH,)]. The *C NMR and HSQC spectra indicated 28
carbon signals, comprising three methoxy groups, two sp’
methylene, fourteen methines (including thirteen sp’ and one
oxygenated sp®), and nine non-protonated carbons (one carbonyl
and eight sp’ including five oxygenated). The structure of 8 was
elucidated primarily through 2D NMR spectroscopic data. The
"H-'"H COSY correlations (Fig. 3) of H-9/H-8/H-7, and H-9"/H-
8" /H-7"" and the HMBC correlations (Fig. 3) of H-7/C-9, H-2, H-
6/C-7, H-6", H-8", H-9"/C-7", H-2', H-6', H-9/C-7’, and H-2"-
OH/C-1", C-3" indicated the presence of two phenylpropanoid
units connected via an oxygen bridge between C-4 and C-1" of
these phenylpropanoid rings, with a benzoate group attached at
the C-9 position of one phenylpropanoid unit. The HMBC of 3-
0OCH;3/C-3, 3"-0CH;/C-3", and 7"'-OCH3/C-7" confirmed the pres-
ence of three methoxy substituents at C-3, C-3", and C-7". Thus,
the planar structure of compound 8 was determined. Compound
8 has two same moieties [I (C;-Cq) and II (C;+—Cgy~)] as that of 1-
[(7R)-hydroxy-8-propenyl1-3-[3'-methoxy-1'-(8'-propenyl)-
phenoxy]-4-hydroxy-5-methoxybenzene '’ and their similar CD
spectra established the absolute configuration at C-7" of 8 as R.
This determination was further corroborated by the calculated
ECD spectrum of (7''R)-8 matching the experimental spectrum
(Fig. 5).

Compound 9 was obtained as a colorless gum. Its molecular
formula, C,gH3(0g, indicating 14 degrees of unsaturation, was es-
tablished based on HR-ESI-MS (m/z 517.1819 [M + Na]", Calcd.
for C,gH300gNa, 517.1833), °C NMR, and DEPT spectra. The 'H
NMR spectrum (Table 5) indicated a mono-substituted benzene
ring [6y 8.08 (2H, br d, J = 8.5 Hz, H-2', H-6), 7.45 (2H, br t, ] =
8.5 Hz, H-3', H-5"), and 7.56 (1H, br t, J = 8.5 Hz, H-4")], two tri-
substituted benzene rings [6y 6.95 (1H, d, J = 2.0 Hz, H-2), 6.87
(1H, dd, J = 8.2, 2.0 Hz, H-6), 6.70 (1H, d, ] = 8.2 Hz, H-5), 6.83
(2H, d, ] = 2.0 Hz, H-2"), 6.87 (1H, d, J = 8.0 Hz, H-5""), and 6.84
(1H, dd, J = 8.0, 2.0 Hz, H-6"")], a trans-alkene [&} 6.65 (1H, br d,
J = 15.8 Hz, H-7), and 6.28 (1H, dt, /] = 15.8, 6.6 Hz, H-8), and
three methoxy methyls [6y 3.87 (3H, s, 3-OCHj), 3.79 (3H, s, 3"'-

— Exptl. ECD of 3 15

— Caled. ECD of (4R,55,85,10R)-3
2
=5
-10
15

— Caled. ECD of (45,5R.8R,105)-3
60
40
20
0 250
-40
-60

— Exptl. ECD of 4
— Caled. ECD of (4R.55,85,10R)-4
—— Caled. ECD of (45,5R.8R,105)-4

300
A/nm

350 400

Ael(em®mol %)

—— Caled. ECD of (7"R8"R)-7 —Caled, ECD o£ (7'5) 8

—Caled. ECD of (7'R)-8
—Exptl. ECD of 8

— Calced. ECD of (7"5,8"5)-7
—— Exptl. ECD of (-)-7
~—— Exptl. ECD of (+)-7

300
A/nm

350 400

|
S w

Fig. 5 Experimental and calculated ECD spectra of compounds 1-8.
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Table 2 'H (600 MHz) and **C NMR (150 MHz) data for 2 and 3 (J in Hz, in
CDCl).

Chinese Journal of Natural Medicines 23 (2025) 888-896

Table 4 'H (600 MHz) and "*C NMR (150 MHz) data for 6 and 7 (J in Hz, in
CDCy).

2 3 6 7
No. No.
8¢ Oy 8¢ Sy 8¢ Sy 8¢ Sy
Ha: 1.62, m Ha: 1.77, m
. ’ : ; 1 131.3,C 131.1,C
1o 403.CH Hb: 1.21,m 37.1,CH Hb: 1.57, m
Ha: 1.65, m
18.4, CH 18.2, CH > 2 110.1,CH  6.85,d (2.0 110.0, CH 6.90,d (2.0
2 8.4, CH, 1.50, overlap 8.2, CH, Hb: 1.58, overlap (2.0) (2.0)
Ha: 1.89, m Ha: 1.87, m
: , 3 151.0,C 150.9,C
3 357.0H, Hb: 1.04, m 355, CH, Hb: 1.00, m
4 39.1,C 39.3,C 4 148.2,C 148.7,C
5 543.CH 1.43,dd 54.2,CH 119, m 5 1187,CH  6.75,d (8.1) 118.3,CH 6.98,d (8.1)
(12.9,2.2)
Ha: 2.00, ddt . 6 119.9,CH 6.84,dd (8.1,2.0) 120.0,CH 6.89, overlap
6  226,CH,  (125,63,22) 21.5, CH, 15528 L{EP,
b: 15 ) Hb: 1.58, overlap
Hb: 1.50, overlap 7 1343,CH  6.63,brd (15.8) 1344,CH  6.66,dd (15.7,1.3)
Ha: 2.85, ddd Ha: 2.24, ddt
7 312,CH;  (145,45,22) 36.2,CH;  (125,6.2,32) 8 122.0,CH 6.25,dt(15.8,6.5) 121.9,CH  6.27,dt(15.7, 6.5)
Hb: 2.27, m Hb: 1.05, m
8 1825,C 38.5,CH 2.89, m 9 65.7,CH,  4.96,br d (6.5) 65.8,CH,  4.96,dd (6.5, 1.3)
9  557,CH  249,dd(6.5,2.3) 194.4,C v 130.0,C 129.6,C
10 386.C 393.C 2',6'  129.7,CH  7.84,brd(83)  129.7,CH 7.85,brd (7.7)
Ha: 2.23, dd (188, 6.5) 3,5  1283,CH  7.36,brt(8.3) 128.4,CH 7.37,brt (7.7)
4, CH 5 13, 36, ! 4, 37, .
11 364,CHy o 4 (18823 1223.CH 5.70,brs
12 2098.C 2097.C 4 133.0,CH  7.49,brt(83)  133.1,CH 7.50, brt (7.7)
Ha: 2.54, dd (18.8, 6.5) 7’ 166.5, C 166.3, C
13 127.8,CH 5.84,brs 425,CH, (00 188, 22)
Ha: 3.76, d (10.8) Ha: 3.80, d (10.9) 1" 130.0, C 130.3,C
65.1, CH 65.3, CH , ,
. "2 Hb:3.46,brd (10.8) M2 Hb:3.55,d(10.9)
"
15 27.2.CH, 1055 27.0, CH, 099, 2 109.9,CH  6.97,d(1.6) 109.8, CH 6.96, br's
16  13.7,CHj 0.65, s 20.2, CH, 1.16,s 3 1467, C 146.9,C
4" 145.6, C 145.8,C
5" 1141,CH  6.89,d(8.1) 114.3,CH 6.89, overlap
Table 3 'H (600 MHz) and "*C NMR (150 MHz) data for 4 and 5 (J in Hz, in
CDCly). 6" 121.0,CH 6.92,dd (8.1,1.6) 120.8,CH 6.89, overlap
4 5
A 7" 82.9,CH  4.48,d(4.9) 83.6, CH 4.51,d (6.0)
[ Sy ¢ Oy w
8 82.4,CH 4.65, overlap 82.2,CH 4.65,td (6.0, 3.9)
Ha: 1.85, m Ha: 1.49, m
1 353,CH, ’ 33.6, CH, ’ " Ha: 4.43, dd (11.8, 3.9)
: : 64.5, CH 64.5, CH ’ g
Hb: 1.46, m Hb: 1.29, m 9 , LH; 4.65, overlap G2 py. 432, dd (11.8, 6.0)
2 182,CH, 1.62, m 17.8, CH, 1.54, m 1" 1303.C 1299.¢
Ha: 1.89,m Ha: 1.67,m
3 361.CH, Hb: 1.80. m 35.7, CH, Hb: 154, m 2" 6" 1297,CH 808,brd(83)  129.7,CH 8.08,brd (7.7)
4 392,C 316,C 35" 1285,CH  745,brt(8.3)  1285,CH 7.45,brt (7.7)
5 531,CH  1.20,dd(128,26)  43.2,CH 1.93,dd (8.0,3.3) 4" 133.1,CH  7.56,brt(8.3) 133.1,CH 7.57,brt(7.7)
Ha: 1.85, m Ha: 2.68, dd (18.6, 8.0) ,
6 S0 Hb: 1.62, m 286,CHz 1949, dd (18.6,3.3) 7" 1666,C 166.6,C
Ha: 2.00, m
7 302,CH, Hb: 107, m 171.2,C 3-OCH;  55.8,CH, 3.70,s 55.8, CHy 3.74,s
Ha: 4.38,d (11.8)
8  32.4,CH, 2.73,m 767.CHy e (118) 3"-0CH;  56.0,CH; 3.85, s 56.0, CH; 3.82,s
9 172.7,C 37.1,C 7"-0CH;  57.3,CH3 3.31,s 57.3,CH; 3.32,s
Ha: 2.54,d (15.6)
10  403,C 54.3,CH o
? Hb:233,d(156) one carbonyl and seven olefinic). The NMR spectra demonstrate
11 110.2,CH 5.76,s 208.2,C similarities to those of 8, containing two phenylpropanoid units
and a benzoic ester. However, the connectivity of two phenylpro-
12 1663,C 33.1, CH, 2.13,s . ) . y
panoids differs. This structural arrangement was confirmed
13 70.8,CH, Ha:}_[t?g’sdgd 51(1122?7) 21.5,CH; 1.03,s through "H-"H COSY correlations (Fig. 3) of H-9"/H-8"'/H-7", and
14 654 CH Ha: 3.78,’d (109) 288 CH 113 H-9/H-8/H-7, and HMBC correlations (Fig. 3) of H-7/C-9, C-1, C-
4, .8, BISNS
Z Hb:3.52,d(10.9) 3 2, C-6, H-7"/C-1", C-2", C-6"', and H-2', H-6', H-9/C-7'. Further-
15  27.0,CHs 1.00,s more, HMBC of H,-9"/C-4, and H-9/C-7 indicated that these
three aromatic units are connected by C-4-0-C-9" and C-9-0-C-
16 21.9,CH; 1.12,s

OCH,3), and 3.28 (3H, s, 7""-OCH3)]. The *C NMR and HSQC spec-
tra revealed 28 carbons corresponding to three oxymethyls, two
methylenes (two oxygenated), fifteen methines (13 olefinic and
two oxygenated), and eight non-protonated carbons (including
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7' bonds. The planar structure of 9 was thus determined, with the
relative configuration of H-7" and H-8" assigned based on their
coupling constants. The larger coupling constant of H-7"'/H-8"
(J77g = 7.6 Hz) suggested their exposition as a threo form. The
absolute configuration could not be determined due to insuffi-
cient quantity of compound 9. The structure was ultimately con-
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Table 5 'H (600 MHz) and **C NMR (150 MHz) data for 8 and 9 (J in Hz, in
CDCl).

8 9
No.
8¢ Su ¢ Oy
1 1323,C 1303,C
2 110.4, CH 7.04,d (1.9) 109.5,CH  6.95,d (2.0)
3 1505, C 149.9,C
4 1462, C 1485, C
5 119.0, CH 6.86,d (8:3) 1141,CH  6.70,d (8.2)
6 1199,CH  6.92,dd (83,19) 120.1,CH 6.87,dd (8.2, 2.0)
7 1340,CH  6.70,d (15.9) 1343,CH  6.65,brd (15.8)
8 122.7,CH (16!;)_3(33”22) 1216, CH (f;:”gg]
9 656,CH, 498, d(6.4) 658,CH,  4.96,brd (6.6)
1 1303,C 1302, C
2,6 1298,CH  808,brd(77)  1298,CH  8.08,brd(8.5)
3,5 1285,CH  745,brt(77)  1285,CH  7.45 brt(8.5)
& 1331,CH  757,brt(74)  1331,CH  7.56,brt(8.5)
7' 166.6, C 166.6,C
1" 143.7,C 129.8,C
2" 136.5,C 1207,CH  683,d(2.0)
3" 1482,C 146.7,C
4 105.4, CH 6.68,d (19) 1454, C
5" 1326,C 1095,CH  6.87,d(8.0)
6" 111.0, CH 6.54,d (1.9) 120.7,CH  6.84,dd (8.0, 2.0)
7" 84.4, CH 4.46,d (6.6) 841,CH  431,d(7.6)
Ha: 3.97, dd
9 116.5, CH, 519, m 70.0, CH, 14(503272? .
(102, 5.4)
3.0CH;  56.1,CH, 3.89,s 56.0, CHy 387,s
3".0CH;  56.4,CH, 392,s 55.9, CH, 3.79,s
7.0CH;  56.4,CH, 3.27,s 56.9, CHs 3.28,s
2"-0H 5.85,s

firmed and designated as succignan D.
2.2. Biological activity

Chronic kidney disease (CKD) is characterized by excessive
accumulation of extracellular matrix (ECM) *’. Numerous studies
have identified transforming growth factor-f1 (TGF-$1) as the
principal pathogenic factor in glomerular and tubulointerstitial
fibrosis *'. In this study, TGF-Bl-activated normal rat kidney
proximal tubular epithelial cells (NRK-52e) were utilized to in-
duce fibrosis, followed by assessment of ECM proteins including
fibronectin, collagen I, and a-smooth muscle actin (@-SMA) to
evaluate fibrosis progression. A Cell Count Kit-8 (CCK-8) assay
was performed to exclude the possibility that the compounds’
biological effects resulted from cytotoxicity. Results revealed
that, except for compound 1 at 20 pmol-L™", none of the com-
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pounds exhibited significant cytotoxic effects (Fig. 6A). Com-
pound 1 demonstrated no toxicity at 10 pmol-L™" (Fig. 6B). Sub-
sequently, non-toxic concentrations of the compounds were eval-
uated for their anti-fibrotic properties. Initial assessment re-
vealed that compounds 6 and 7 at 20 pmol-L™" effectively sup-
pressed the expressions of a-SMA, collagen I, and fibronectin in
TGF-B1-stimulated NRK-52e cells (Fig. 7). Further dose-response
analysis demonstrated enhanced anti-fibrotic activity with in-
creasing concentrations of (-)-6 and (+)-6 (Figs. 8A-8D). Addi-
tionally, TGF-B1-induced expression of a-SMA, collagen I and
fibronectin in NRK-52e cells decreased progressively with in-
creasing concentrations of (-)-7 and (+)-7. (Figs. 8E-8H).

3. Experimental

3.1. General

The ultraviolet (UV) spectra were recorded using a Shi-
madzu UV-2401PC spectrometer (Agilent Technologies, Santa
Clara, CA, USA). An Anton Paar MCP-100 digital polarimeter (Ant-
on Paar, Austria) was employed for measuring optical rotations.
Circular dichroism (CD) measurements were conducted using a
JASCO J-815 CD spectrometer (JASCO, Japan). NMR spectra were
obtained on a Bruker Avance 600 MHz spectrometer (Bruker,
Karlsruhe, Germany) with TMS as the internal standard. HR-ESI-
MS data were collected using a Shimadzu LC-20AD AB SCIEX
triple TOF X500R MS spectrometer (Shimadzu Corporation,
Tokyo, Japan). Column chromatography (CC) utilized C-18 silica
gel (40-60 pm; Daiso Co., Japan), MCI gel CHP 20P (75-150 pm,
Mitsubishi Chemical Industries, Tokyo, Japan), and Sephadex LH-
20 (Amersham Pharmacia, Uppsala, Sweden). Semi-preparative
high-performance liquid chromatography (HPLC) was performed
using a Saipuruisi (SEP) chromatograph equipped with a YMC-
Pack ODS-A column (250 mm x 10 mm, i.d., 5 um). Preparative
HPLC employed a SEP chromatograph with a YMC-Actus ODS-A
column (250 mm x 20 mm, i.d., 5 um). Racemic compounds were
purified using chiral HPLC with Daicel Chiralpak columns (IC, 250
mm x 4.6 mm, i.d., 5 pm; 250 mm x 10 mm, i.d., 5 pm, and AD-H,
250 mm x 4.6 mm, i.d., 5 pm).

3.2. Material

Succinum was acquired from Guangdong Podik Cultural Cre-
ativity Co., Ltd. (Dongguan, China). The morphological character-
istics of succinum are illustrated in Fig. 1. The voucher specimen
(CHYX0673) has been deposited at the School of Pharmacy, Shen-
zhen University Medical School, China.

3.3. Extraction and isolation

Succinum (29.0 kg) was extracted with CH,Cl, (2 x 150 L,
24 h), yielding 5.1 kg of crude extract. The extract was fraction-
ated on an MCI gel CHP 20P column using gradient aqueous
MeOH/'PrOH (10:1) (85%-100%), resulting in nine portions (Fr.
1-Fr.9).

Nine fractions (Fr. 2.1-Fr. 2.9) were obtained by subjecting
450.0 g of Fr. 2 to an MCI gel CHP 20P column (MeOH/H,0,
65%-100%). Fr. 2.6 (4.0 g) was chromatographed on Sephadex
LH-20 (MeOH) to yield four parts (Fr. 2.6.1-Fr. 2.6.4). The sev-
enth sub-fractions (Fr. 2.7, 7.0 g) were separated using semi-pre-
parative HPLC (3.0 mL-min™") to obtain compounds 2 (6.2 mg,
MeCN/H,0, 30%, tg 23.9 min), 3 (5.7 mg, MeCN/H,0, 30%, t
22.2 min), and 4 (2.0 mg, MeCN/H,0, 42%, tz 10.3 min). Fr. 2.8
(13.8 g) underwent gel filtration on Sephadex LH-20 (MeOH), fol-
lowed by semi-preparative HPLC purification (3.0 mL-min™"),
yielding compound 5 (1.0 mg, MeOH/H,0, 56%, tz 11.2 min).
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Fig. 6 NRK-52e cells proliferation in response to compounds by CCK-8 assay. (A) Cell viability of compounds 1-8 at 20 pmol-L™" was examined. (B) Cell viability of com-
pound 1 at 10 pmol-L™" and compounds 2-8 at 20 umol-L™" was examined. Data are represented as mean + SEM (n = 6).” P < 0.001 vs DMSO alone.
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Fig. 7 Compounds inhibit renal fibrosis in TGF-B1-induced NRK-52e cells. Cells were incubated with compounds 1-8 for 1 h and then exposed to 5 ng-mL™" TGF-B1 for 48 h.
(A-D) The protein levels of a-SMA, collagen I, and fibronectin were determined by Western blotting, with GAPDH used as a control. Data are represented as mean + SEM (n =
3).*P<0.05, P < 0.01, **P < 0.001 vs DMSO alone; P < 0.05, "P < 0.01, P < 0.001 vs TGF-B1 alone. GW788388 (GW) was used as a positive control.

Fr. 6 (299.8 g) was separated into seven fractions (Fr. 6.1-Fr.
6.7) using an MCI gel CHP 20P column MeOH/PrOH (15:1)
(88%-100%). Fr. 6.5 (4.7 g) underwent purification through
silica gel CC followed by semi-preparative HPLC (3.0 mL-min™),
yielding compounds 1 (3.2 mg, MeCN/H,0, 93%, tg 31.3 min) and
9 (1.3 mg, MeCN/H,0, 58%, tg 21.6 min). Fr. 6.6 (67.4 g) under-
went chromatographic separation on a silica gel column using
CH,Cl,/MeOH gradient system (100:1-5:1), yielding fourteen
fractions (Fr. 6.6.1-Fr. 6.6.14). Fr. 6.6.5 (8.0 g) underwent fur-
ther purification by RP-18 CC using MeOH/H,0 (86%-100%) to
produce seven parts (Fr. 6.6.5.1-Fr. 6.6.5.7). Following addition-
al purification via semi-preparative HPLC (MeCN/H,0 80%, 3.0
mL-min™), Fr. 6.6.5.7 (541.0 mg) yielded 6 (15.5 mg, tz 18.2 min),
7 (27.1 mg, tg 16.5 min) and 8 (2.1 mg, tz 12.3 min).

Subsequently, racemic 6 and 7 underwent chiral HPLC separ-
ation to obtain their respective enantiomers, (-)-6 (4.8 mg, ty
23.0 min) and (+)-6 (4.6 mg, tg 25.3 min) (MeCN/H,0, 60%, 1.0
mL-min™"); (-)-7 (3.9 mg, tg 21.9 min) and (+)-7 (3.7 mg, tg 23.9
min) (MeCN/H,0, 60%, 1.0 mL-min™").

3.4. Compound characterization

Succipenoid D (1): colorless oil; [a]2 +13.3 (c 0.15, MeOH);
CD (MeOH) Agygs —1.42, Agy14 —3.26, Agyzg =0.27; UV (MeOH) Apyay
(log £) 221 (1.98) nm; (+)HR-ESI-MS m/z 313.2523 [M + H]* (Cal-
cd. for C,H330, 313.2526); 'H and **C NMR data (Table 1).

Succipenoid E (2): colorless oil; [e]7 -42.9 (c 0.14, MeOH);
CD (MeOH) Aty —0.41, Agypg +0.94, Asyyy —1.20, Agyg; —0.26; UV
(MeOH) A,y (log €) 235 (2.45) nm; (+)HR-ESI-MS m/z 249.1843
[M + H]" (Calcd. for C;4H,50,, 249.1849); 'H and °C NMR data
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(Table 2).

Succipenoid F (3): colorless oil; [e]} -46.7 (¢ 0.15, MeOH);
CD (MeOH) Agypg +0.27, Agyys +1.77, Agyz3 =3.61, Agygs +0.15; UV
(MeOH) A, (log &) 232 (2.97) nm; (+)HR-ESI-MS m/z 249.1844
[M + H]" (Calcd. for C;4H,50,, 249.1849); 'H and C NMR data
(Table 2).

Succipenoid G (4): colorless oil; [@]2 +33.3 (c 0.15, MeOH);
CD (MeOH) Agygs +1.11, Agyyg +4.08, Agysq —0.76; UV (MeOH) Appax
(log €) 221 (2.09) nm; (+)HR-ESI-MS m/z 265.1789 [M + H]" (Cal-
cd. for C14H,503, 265.1798); 'H and *C NMR data, see Table 3.

Succipenoid H (5): colorless oil; [e] +3.7 (¢ 0.27, MeOH); CD
(MeOH) Agyy3 -0.92, Agyy; +0.10, Agyy; -0.87, Agyy, +0.11; UV
(MeOH) A, (log €) 230 (1.67) nm; (+)HR-ESI-MS m/z 239.1642
[M + H]" (Calcd. for Cy4Hp305, 239.1642); 'H and **C NMR data,
see Table 3.

(£)-Succignan A (6): yellowish oil; {[a]} +23.0 (c 0.11,
MeOH); CD (MeOH) Ag,gq +33.41, Agygq —6.52, Agyig +2.08, Agysy
-2.72; (+)-6}; {[a]} -17.5 (¢ 0.11, MeOH); CD (MeOH) Aeyq,
-28.81, Agyyq +3.17, Agyyy —0.93, Agysy +0.68; (-)-6}; UV (MeOH)
Anax (log &) 230 (3.09), 272 (2.64) nm; (+)HR-ESI-MS m/z
621.2076 [M + Na]" (Calcd. for C35H3,09Na, 621.2095); 'H and “*C
NMR data (Table 4).

(£)-Succignan B (7): yellowish oils; {[e]} +9.6 (¢ 0.15,
MeOH); CD (MeOH) Ag,g, —-38.04, Agyy; +2.53, Agyyg —1.43, Agys;
+1.11; (+)-7} {le]} -11.7 (c 0.17, MeOH); CD (MeOH) Ay
+36.21, Agyyg —2.78, Aeyyg +0.92, Agyzs —2.49; (-)-7); UV (MeOH)
Anax (log &) 228 (3.42), 268 (2.96) nm; (+)HR-ESI-MS m/z
621.2074 [M + Na]" (Calcd. for C35H3,09Na, 621.2095); 'H and **C
NMR data (Table 4).

Succignan C (8): yellowish oil; [@]; -8.3 (¢ 0.13, MeOH); CD
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Fig. 8 Compounds 6 and 7 mhlblt renal fibrosis in TGF-B1-induced NRK-52e cells. Cells were incubated in different concentrations of compounds 6 (A-D) and 7 (E-H) for 1
h and then exposed to 5 ng-mL™ TGF-B1 for 48 h. The protein levels of a-SMA, collagen I, and flbronectm were determined by Western blotting, with GAPDH used as a con-

trol. Data represent mean + SEM (n = 3). *P < 0.05, P < 0.01, "**P < 0.001 vs DMSO alone; P < 0.05, "P < 0.01,

(MeOH) Agys +20.84, Agyrq —4.40, Agyy, +8.58, Agyyy —2.52; UV
(MeOH) A, (log €) 264 (3.00) nm; (+)HR-ESI-MS m/z 499.1733
[M + Na]* (Calcd. for C,gH,50,Na, 499.1727); 'H and *C NMR data
(Table 5).

Succignan D (9): yellowish oil; UV (MeOH) A, (log €) 226
(3.20), 269 (2.82) nm; (+)HR-ESI-MS m/z 517.1819 [M + Na]"
(Caled. for C,gH300gNa, 517.1833); 'H and *C NMR data
(Table 5).

3.5. Biological assays of compounds

3.5.1. Cell culture

NRK-52e cells (Cell Bank of China Science Academy, Shang-
hai, China) were maintained in high glucose Dulbecco’s modified
Eagle medium (DMEM) (C11995500BT, Gibco, USA) supplemen-
ted with 10% fetal bovine serum (FBS) (2094468CP, Gibco, USA),

895

“P <0.001 vs TGF-B1 alone. GW was used as a positive control.

100 U-mL™ penicillin and 100 pg-mL™" streptomycin in a humidi-
fied atmosphere containing 5% CO, at 37 °C.

3.5.2. Cell viability assay

NRK-52e cells (5 x 10* cells/mL) were seeded in 96-well
plates with complete DMEM and incubated for 24 h. Sub-
sequently, the cells were treated with various concentrations of
compounds or DMSO for 48 h. Following treatment, CCK-8
(Beyotime, Shanghai, China) was added to each well and incub-
ated at 37 °C for 1 h. The absorbance was measured at 450 nm
using a microplate reader (BioTek, USA).

3.5.3. Western blotting analysis

NRK-52e cells were plated at a concentration of 5 x 10*
cells/mL in 2 mL per well in 6-well dishes and incubated
overnight. Following a 6 h starvation period, the cells were ex-
posed to various concentrations of compounds 1-8 or DMSO in
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DMEM with 4% FBS for 48 h. Subsequently, recombinant TGF-1
at 5 ng-mL™~" was introduced to each well to stimulate cell fibrosis.
Total protein was extracted from the cell lines using radio im-
munoprecipitation assay (RIPA) buffer (Beyotime, Shanghai,
China) containing protease and phosphatase inhibitor cocktail
(Roche, Germany). The protein samples were then quantified us-
ing a BCA assay (Thermo Fisher Scientific, USA). Western blot-
ting analysis was performed following the established protocol of
our research group *.

The primary antibodies utilized in this study included anti-
fibronectin (dilution 1:1000; ab268020; Abcam), anti-collagen I
(1:1000 dilution; ab270993; Abcam), anti-a-SMA (1:1000 dilu-
tion; A2547; Sigma), and anti-glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (1:2000 dilution; sc-365062; Santa Cruz).

3.5.4. Statistical analysis

Data analysis was performed using IBM SPSS Statistics 22,
and results were expressed as mean * standard error of mean
(SEM). Comparisons between groups were conducted using one-
way ANOVA, followed by Student-Newman-Kuels test. P < 0.05
was considered statistically significant. Specific statistical tests
were detailed in figure legends for each experiment.

4. Conclusion

In conclusion, this study isolated five previously undescribed
diterpenoids and four undescribed lignans from succinum. Spec-
troscopic and computational methods were employed to determ-
ine their structures, including absolute configurations, thereby
enhancing understanding of succinum’s chemical composition.
Furthermore, biological evaluation of the isolates revealed that
compounds 6 and 7 inhibit the expression of a-SMA, collagen I,
and fibronectin in NRK-52e cells stimulated by TGF-B1, suggest-
ing their potential for treating renal fibrosis. This study provides
new insights into succinum’s chemical and biological profiles.
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