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[ABSTRACT] Eight novel clerodane diterpenoids (1-8) were isolated from the twigs of Casearia graveolens. Their structures were
elucidated through comprehensive nuclear magnetic resonance (NMR), high-resolution electrospray ionization mass spectrometry (HR-
ESI-MS), and electronic circular dichroism (ECD) analyses. In addition to structural determination, surface plasmon resonance (SPR)
assays were conducted to investigate molecular interactions, revealing that compound 8 exhibited high affinity for vascular endothelial
growth factor receptor 2 (VEGFR2), a key regulator of tumor angiogenesis. Subsequent in vivo experiments demonstrated that com-
pound 8 effectively inhibited angiogenesis and displayed significant antitumor activity by suppressing tumor proliferation and meta-
stasis in zebrafish xenograft models. These findings suggest that compound 8 holds promise as an anticancer lead compound targeting

VEGFR-2 to obstruct tumor angiogenesis.
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Introduction

Malignant tumors represent a significant threat to human
health and life. Tumor biology research has revealed that tu-
mor formation is closely linked to angiogenesis, the process
by which new blood vessels form within the tumor microen-
vironment . These new vessels provide essential oxygen and
nutrients, facilitating tumor growth and metastasis. An-
giogenesis is primarily driven by vascular endothelial growth
factor (VEGF) and its receptors (VEGFRs) 1, with VEGFR-
2 playing a critical role in tumor initiation, progression, and
metastasis. Targeting VEGFR-2 or its signaling pathways can
inhibit angiogenesis, thereby suppressing tumor growth and
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spread ™. Consequently, VEGFR-2 has emerged as a key tar-
get for the development of novel antitumor therapies.

Natural products have long been a cornerstone in drug
discovery and development ™ . Among these, diterpenoids
are a notable class of natural compounds characterized by di-
verse structures and a wide range of biological activities. The
genus Casearia, part of the Salicaceae family, includes ap-
proximately 180 species worldwide ", with several species
found in Yunnan and Hainan Provinces, China ®. Historic-
ally, Casearia, such as C. flexuosa, C. glomerata, and C. kur-
zii have been used in traditional medicine to treat wounds,
burns, rashes, eczema, and vitiligo. Chemical studies of spe-
cies like C. nigrescens ®l ¢ kurzii ", C. sylvestris uL1 o

131 and C. grave-

grewiifolia ", C. lucida™, C. guianensis
olens " have identified a rich array of natural products with
various biological activities. C. graveolens Dalzell, a tropical
tree primarily found in the wet regions of Yunnan Province,
China, has been noted for its rich diterpenoid content, some
of which exhibit significant cytotoxicity """, In our ongoing
quest for potential lead compounds targeting VEGFR-2 to
combat malignant tumors, we investigated the chemical con-

stituents of C. graveolens twigs. This investigation led to the
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isolation of eight new clerodane-type diterpenoids, named
caseaveolens A—H (1-8) (Fig. 1), from the methanolic ex-
tract of C. graveolens. The structures of these compounds
were elucidated through extensive spectroscopic analyses.
Surface plasmon resonance (SPR) experiments were conduc-
ted to assess the interactions between these compounds and
VEGFR-2. Given the crucial role of VEGFR-2 in angiogen-
esis, the in vivo anti-angiogenic activity of these compounds
was evaluated using transgenic zebrafish models. Further, the
in vivo antitumor activity of the most potent anti-angiogenic
compound was assessed in tumor-bearing zebrafish.

Results and Discussion

Structure elucidation

Compound 1 was obtained as a colorless oil. High-resol-
ution electrospray ionization mass spectrometry (HR-ESI-
MS) suggested a molecular formula of C,0H4,0-, indicated
by a peak at m/z 527.2988 [M + Na]’ (Caled. for
CyoHy4yNaO,, 527.2985), corresponding to eight degrees of
unsaturation. The infrared (IR) spectrum exhibited absorp-
tion bands for carbonyl groups (1751 and 1731 ¢cm™) and
double bonds (1653 and 1636 cm™"). The 'H nuclear magnet-
ic resonance (NMR) spectrum showed signals corresponding
to seven methyl groups [y 2.03 (3H, s), 1.95 (3H, s), 1.65
(3H, s), 1.14 (3H, d, J = 7.0 Hz), 0.91 (3H, t, J = 7.5 Hz),
0.87 (3H, d, J = 6.8 Hz), and 0.85 (3H, s)], four olefinic pro-
tons [dy 6.33 (1H, dd, J = 17.4, 10.7 Hz), 5.40 (1H, dd, J =
6.8, 4.6 Hz), 5.08 (1H, d, /= 17.4 Hz), and 4.92 (1H, d, J =

R,
6 MBu
7 Ac

10.7 Hz)], and three oxymethine protons [dy 6.46 (1H, d, J =
7.0 Hz), 6.20 (1H, s), and 5.24 (1H, m)]. The *C NMR spec-
trum displayed a total of 29 carbon signals. Analysis of the
'H and >C NMR spectra indicated the presence of two acet-
yloxy groups, inferred from the methyl singlets (dy 1.95 and
2.03) and the corresponding carbonyl and methyl resonances
(0c 169.8, 169.6, 21.5, and 21.1). Additionally, the proton
and carbon signals (dy 2.33, 1.46, 1.68, 0.91, and 1.14; d¢
176.5, 41.1, 26.7, 11.6, and 16.6) suggested the presence of a
2-methylbutyryloxy group, which was confirmed by hetero-
nuclear multiple quantum coherence (HMQC) and heteronuc-
lear multiple bond correlation (HMBC) spectra. The remain-
ing 20 carbons in the C NMR spectrum included four ol-
efinic carbons (dc 141.3, 135.6, 129.2, and 110.7), two acetal
carbons (d¢c 99.3 and 98.2), one oxygenated carbon (d¢ 69.9),
and thirteen aliphatic carbons (dc 49.7, 46.6, 37.4, 37.1, 35.7,
33.1, 30.2, 27.4, 26.9, 26.7, 26.4, 15.5, and 11.9). Based on
previously reported compounds from the Casearia species,
these carbon signals and their chemical shifts suggested that
compound 1 is a typical 18,19-acetal clerodane-type diterpen-
oid ®*** Further analysis of the 2D NMR data corroborated
this structure, confirming the clerodane-type skeleton of com-
pound 1 (Fig. 2). The locations of the substituent groups were
determined from HMBCs. Key long-range correlations from
H-2 (dy 5.24), H-18 (dy 6.46), and H-19 (dy 6.20) to the car-
bonyl carbons at d- 176.5, 169.6, and 169.8 verified that the
two acetyloxy groups and the 2-methylbutyryloxy group are
positioned at C-2, C-18, and C-19, respectively. Thus, the

Fig.1 Structures of compounds 1-8 from C. graveolens.
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Fig.2 '"H-'H COSY and key HMBCs of compounds 1-8.

planar structure of compound 1 was established as depicted.

The relative configuration of compound 1 was determ-
ined using nuclear Overhauser enhancement spectroscopy
(NOESY). NOESY correlations revealed that the two six-
membered rings were cis-fused, with both H-10 and C-19 in
a-positions " '), Significant NOESY correlations were ob-
served between H-2/H-10, H-10/H-11b, H-15/H-64, H-15/Me-
20, H-8/Me-20, H-4/H-6f, H-4/H-18, H-18/H-19, H-19/H-
11a, H-11a/H-7a, and H-7a/Me-17. These findings, suppor-
ted by Chem3D modeling, disclosed the conformation of
compound 1 as depicted in Fig. 3. After establishing the relat-
ive configuration, the absolute configuration of compound 1
was determined using time-dependent density functional the-
ory (TDDFT) electronic circular dichroism (ECD) -calcula-
tions ***1. The ECD spectrum was calculated at the CAM-
B3LYP/SVP level using the conductor-like polarizable con-
tinuum (CPCM) model in acetonitrile. The calculated ECD
spectrum (Fig. 4) closely matched the experimental data, sug-
gesting an absolute configuration of (2S,4R,5S,8R,9R,10S,
18R,19S) for compound 1.

The molecular formula of compound 2 was confirmed as
Cy6H330; based on high-resolution electrospray ionization
mass spectrometry (HR-ESI-MS) data (m/z 485.2517 [M +
Na]", Calcd. for CoqH3gNaO-, 485.2515). Analysis of the 'H
and "C NMR spectra revealed the presence of three acet-
yloxy groups, indicated by signals at dy 1.94, 2.02, 2.03; o¢
21.4, 21.3, 20.9, 169.5, 169.8, and 170.7. Comparisons with
the NMR spectra of compound 1 indicated that compound 2
has the same 18,19-acetal skeleton. The 2D NMR spectra en-
abled the assignment of the skeletal proton and carbon sig-
nals. The oxygenated carbon, acetal carbons, and olefinic car-

®

bons forming two double bonds were identified as C-2 (Jc
70.4), C-18 (d¢c 98.1), C-19 (d¢c 99.2), C-12 (d¢ 129.2), C-13
(0c 135.6), C-14 (5¢ 141.2), and C-15 (¢ 110.6). The three
acetyloxy groups were located at C-2, C-18, and C-19, as
confirmed by HMBCs of H-2, H-18, and H-19 to the corres-
ponding carbonyl carbons at d- 170.7, 169.8, and 169.5, re-
spectively. Thus, the 2D structure of compound 2 was estab-
lished. NOESY revealed cross-peaks between H-2/H-10, H-
10/H-11b, H-15/H-6f, H-15/Me-20, H-8/Me-20, H-4/H-6/3, H-
4/H-18, H-18/H-19, H-19/H-11a, H-11a/H-70, and H-7a/Me-
17. These correlations indicated that H-2, H-10, and Me-17
were o-oriented, while H-4, H-8, H-18, H-19, and Me-20
were f-oriented. Consequently, compound 2 was inferred to
have the same relative configuration as compound 1. The ab-
solute configuration of compound 2 was determined as 28,
4R, 58, 8R, 9R, 10S, 18R, and 19S by comparing the experi-
mental and calculated ECD spectra (Fig. 4).

The molecular formula of compound 3 was determined
to be CycHs304 based on HR-ESI-MS data (m/z 501.2462
[M + Na]", Calcd. for C,qH;gNaOg, 501.2464). The 'H and
BC NMR spectra of compound 3 were similar to those of
compound 2, suggesting that compound 3 has a typical 18,19-
acetal clerodane-type diterpenoid structure with three acet-
yloxy groups (Tables 1 and 2). The primary difference
between compounds 2 and 3 was the presence of an addition-
al oxygenated carbon (Jc 74.6) in compound 3, which re-
placed a methylene aliphatic carbon present in compound 2.
Further 2D NMR experiments indicated that the methylene
carbon (d¢ 33.0) in compound 2 was replaced by the oxygen-
ated carbon (Jc 74.6) in compound 3. HMBCs from dy; 5.28
(H-2), 6.50 (H-18), and 6.35 (H-19) to carbonyl carbons at d¢
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Pt 4

6 NOESY,HtoH 8

Fig.3 Key NOESY correlations of compounds 1, 4, 6, and 8.

170.8, 169.3, and 169.7, respectively, confirmed the posi-
tions of the three acetyloxy groups at C-2, C-18, and C-19.
The relative configuration of compound 3 was established us-
ing the NOESY spectrum and Chem3D molecular modeling.
The absolute configuration of compound 3 was determined
through ECD calculations, which closely matched the experi-
mental data, confirming the configuration as 2S, 4R, 5S,
6S,8R, 9R, 10S, 18R, and 198S.

The molecular formula of compound 4 was determined
as Cp4H3404 based on HR-ESI-MS data, which showed an ion
at m/z 419.2434 [M + H]" (Calcd. for Cy,H;50,, 419.2434).
The 'H and “C NMR spectra revealed signals corresponding
to two acetyloxy groups (dy 2.04 and 1.96; Jc 21.0, 21.5,
169.4, and 169.5), along with characteristic olefinic carbon
resonances (Jc 128.5, 136.1, 141.1, and 111.1) and two acet-
al carbons (dc 99.1 and 97.3). These features indicated that
compound 4 is an 18,19-acetal clerodane-type diterpenoid,
similar to compounds 1-3. Comparing the chemical shifts of
compound 4 with those of compound 1 revealed that an oxy-
genated carbon in compound 1 was replaced by a ketone car-
bonyl carbon (Jc 212.5) in compound 4. Interpretation of the
1D and 2D NMR spectra assigned this ketone carbonyl car-
bon to C-2, and the other skeletal proton and carbon signals
were also attributed accordingly (Tables 1 and 2). The posi-
tions of the two acetyloxy groups were confirmed by HM-
BCs from H-18 and H-19 to the ester carbonyl carbons at d¢
169.4 (C-18) and 169.5 (C-19), respectively. NOESY correla-

®

tions revealed interactions between H-10/H-11b, H-15/H-64,
H-1/Me-20, H-8/Me-20, H-4/H-6f, H-4/H-18, H-18/H-19,
H-19/H-11a, H-11a/H-7a, and H-7a/Me-17. These correla-
tions suggested that H-4, H-8, H-18, H-19, and Me-20 were /-
oriented, while H-10, Me-17, and C-19 were in a-oriented.
The calculated ECD spectrum of compound 4 closely
matched the experimental data (Fig. 4), confirming an abso-
lute configuration of 4R, 58S, 8R, 9R, 10S, 18R, and 19S.

The molecular formula of 5 was determined to be
C,7Hy490O; based on HR-ESI-MS data (m/z 499.2672 [M +
Na]", Calced. for Cy;HyNaO;, 499.2672). The 'H and “C
NMR spectra were similar to those of compounds 1—4, indic-
ating that compound 5 is also an 18,19-acetal clerodane diter-
penoid. In addition to a methoxy group (dy 3.43; dc 56.2), the
presence of isobutyryloxy and acetyloxy groups was con-
firmed from the corresponding proton and carbon signals
(Tables 1 and 2). The *C NMR spectrum of compound 5 re-
vealed two acetal carbons (Jc 104.3 and 96.4), two oxygen-
ated carbons (dc 74.2 and 70.6), and six olefinic carbons (d¢
145.2, 141.3, 135.6, 129.1, 123.9, and 111.0). The presence
of two additional olefinic carbons, compared to compounds
1-4, indicated the positions of C-3 and C-4, as determined by
2D NMR spectra analysis. The remaining carbon and proton
signals were also assigned through detailed analysis of 1D
and 2D NMR data. HMBCs identified the positions of the
isobutyryloxy, methoxy, and acetyloxy groups, linking them
to C-2, C-18, and C-19, respectively. Specifically, correla-
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Fig. 4 Calculated and experimental ECD spectra of compounds 1-8 in acetonitrile.

tions from H-2, H-18, and H-19 to the carbon signals at J¢
176.8, 56.2, and 170.0 confirmed these linkages (Fig. 2). The
relative configuration of compound 5 was established based
on its NOESY spectrum. The absolute configuration was fur-
ther confirmed as 25, 55, 65, 8R, 9R, 10S, 18S, and 195 by
comparing the calculated and experimental ECD spectra.
Compounds 6 and 7 were determined to have the same
structural scaffold as compound 5, as evidenced by character-
istic NMR signals for six olefinic carbons, two acetal car-
bons, and two oxygenated carbons (Tables 1 and 2). The
primary differences between these compounds were their
substituent groups. In addition to the common acetyloxy and
methoxy groups, compound 6 featured a 2-methylbutyryloxy
group (dy 0.92, 1.16, 1.48, 1.73, and 2.38; dc 11.7, 16.6, 26.8,
42.2, and 176.6) instead of the isobutyryloxy group present in
compound 5. Compound 7, on the other hand, had an addi-
tional acetyloxy group in place of the isobutyryloxy group in
compound 5. The positions of these substituent groups were
determined through long-range correlations in the HMBC

®

spectra, as shown in Fig. 2. The relative configurations of
compounds 6 and 7 were elucidated using NOESY correla-
tions, which included H-15/H-64, H-15/Me-20, H-8/Me-20,
H-2/H-10, H-10/H-19, H-10/H-11b, H-1la/H-7a, and H-
70/Me-17. Notably, in compounds 6 and 7, the acetyloxy
group at C-19 was positioned on the f-side of the furan ring,
in contrast to its a-orientation in compound 5. This was con-
firmed by the correlations between H-19/H-2 and H-10. The
absolute configurations of compounds 6 and 7 were determ-
ined by comparing experimental and calculated ECD spectra.
Compound 6 was established to have the absolute configura-
tion of 25, 58, 65, 8R, 9R, 10S, 18S, and 19R. Similarly, com-
pound 7 was determined to have the absolute configuration of
28, 58, 6S, 8R, 9R, 108, 18S, and 19R.

Compound 8 was obtained as a colorless oil, with its mo-
lecular formula determined as C,4,H;,04 based on HR-ESI-
MS data (m/z 439.2091 [M + Na]’, Calcd. for C,4H;,NaOg,
439.2097). The 'H and C NMR spectra of compound 8 were
similar to those of compound 4. The key difference was the
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Table 1 "C NMR Data for compounds 1-8 (6 in ppm, 100 MHz, in CDCls)

No. 1 2 3 5 6 7 8
1 26.9, CH, 267,CH,  272,CH,  37.8,CH,  262,CH, 267,CH, 267,CH, 353, CH,
2 69.9, CH 70.4, CH 70.1,CH  2125,C 70.6, CH 70.6, CH 709,CH  199.1,C
3 26.7, CH, 26.6,CH,  263,CH,  37.3,CH, 1239,CH  127.0,CH  126.6,CH  123.8,CH
4 46.6, CH 46.5,CH 43.6,CH 479,CH  1452,C 1447, C 145.0, C 165.3,C
5 49.7,C 49.7,C 54.5,C 49.4,C 53.4,C 51.8,C 51.7,C 502, C
6 33.1, CH, 33.0,CH,  74.6,CH 339,CH,  74.2,CH 72.4,CH 724, CH 29.7, CH,
7 27.4, CH, 273,CH,  369,CH,  274,CH, 37.7,CH,  360,CH,  360,CH,  27.1,CH,
8 37.1,CH 37.1,CH 37.5,CH 37.2,CH 36.7, CH 35.6,CH 35.6,CH 35.9,CH
9 374,C 373,C 37.6,C 374,C 384,C 384,C 384,C 379,C
10 35.7,CH 35.7,CH 37.0, CH 36.1, CH 41.4,CH 41.1,CH 422, CH 39.3,CH
11 302, CH, 302,CH,  302,CH,  30.,CH,  30.1,CH,  29.7,CH,  29.7,CH, 299 CH,
12 1292,CH  1292,CH  1289,CH 1285 CH  129.1,CH 1294 CH  1294,CH  1284,CH
13 135.6,C 135.6,C 135.8,C 136.1,C 135.6,C 135.5,C 135.5,C 136.1,C
14 1413,CH  1412,CH  141.1,CH  141.1,CH  1413,CH  1413,CH  1413,CH  141.1,CH
15 110.7,CH,  110.6,CH, 111.0,CH, 111.1,CH, 111.0,CH, 1109,CH, 111.0,CH, 111.2,CH,
16 11.9, CH, 119,CH; 12,0, CH; 12.0, CH;, 11.9, CH, 11.9, CH, 11.9, CH, 12.0, CH,
17 15.5, CH, 155,CH;  15.5,CH, 15.6, CH, 15.6, CH, 15.6, CH, 15.6, CH, 15.5, CH,
18 982, CH 98.1, CH 98.9, CH 973,CH  1043,CH  103.7,CH  103.8,CH 93.7,CH
19 99.3, CH 99.2, CH 97.5, CH 99.1, CH 96.4, CH 97.9, CH 97.9, CH 98.6, CH
20 264, CH, 263,CH;  256,CH;  260,CH;  251,CH;  252,CH,  252,CH, 248 CH,
OR-2 |  1765,C 170.7, C 170.8, C 176.8, C 176.6, C 170.9, C
2 41.1,CH 209,CH;  21.0,CH; 34.1, CH 42.2,CH 21.2, CH,
3 26.7, CH, 19.0,CH;  26.8, CH,
4 11.6, CH, 19.0, CH, 11.7, CH,
5 16.6, CH, 16.6, CH,
OR-18" |  169.6,C 169.8, C 169.3,C 169.4, C 562,CH,  56.1,CH;  56.1,CH;  169.8,C
2 21.1, CH, 213,CH;  214,CH;  21.0,CH, 21.0, CH,
OR-19° 1  1698,C 169.5,C 169.7,C 169.5,C 170.0, C 169.6, C 169.6, C 169.4,C
2 21.5, CH, 214,CH;  21.6,CH;  21.5,CH;  21.7,CH;  21.8,CH, 218 CH; 214, CH,

“A number with a superscript indicates the location of the substituent group in the parent skeleton.

presence of two additional olefinic carbons in compound 8
and a significant shift in the carbonyl carbon signal (dc 199.1
in 8 compared to Jdc 212.5 in 4). This shift suggested that the
carbonyl carbon in compound 8 was part of an a,f-unsatur-
ated ketone, supported by the observed HMBCs. HMBCs
provided further structural insights: H-10 correlated with J¢
199.1 (C-2) and 165.3 (C-4), H-3 correlated with d¢c 199.1 (C-
2), and H-18 correlated with dc 123.8 (C-3). These correla-
tions confirmed the presence of the a,f-unsaturated ketone
structure in compound 8. The relative configuration of com-
pound 8 was determined using NOESY, revealing a configur-
ation similar to that of compounds 6 and 7. The absolute con-

figuration of compound 8 was established by comparing its
calculated and experimental ECD spectra, both showing
identical Cotton effects (CEs). This comparison confirmed
the absolute configuration as (55,8R,9R,10S,18R,19R).
SPR assay

VEGFR-2 plays a critical role in tumor angiogenesis and
has become a focal point in drug development ™. To evalu-
ate the potential of the newly identified clerodane diterpen-
oids for anticancer therapy, we conducted a series of biolo-
gical assays. These included surface plasmon resonance
(SPR) experiments to examine interactions with VEGFR-2,
as well as in vivo anti-angiogenesis activity assessments us-
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Table2 'H NMR Data for compounds 1-8 (8 in ppm, J in Hz, 400 MHz, in CDCly)

No. 1 2 3 4 5 6 7 8
la 2.08 m 2.09 m 223m 230 m’ 2.16m 2.11m 2.13m 2.52m’
18 126 m 130 m 130 m 2.46 m” 1.62m 1.68 m 1.74m 2.64 m’
2 524 m 525m 528 m 5.58 t(8.4) 5.58£(8.2) 557m
3a 223m 228 m 2.08 m 2.76 t (15.4) 5.98s 6.06 d (1.8) 6.09 s 6.08 s
3p 144 m 1.51m 1.62 m 220m’

4 223 m 2.20m 2.67m 232m’
6a 1.74 m 1.74 m 1.85m 1.84 m
3.98 dd 4.10 dd 4.09 dd
6f 1.55m 1.56 m 3.80brd (11.1) 1.48 m 1.65m
(12.1,3.9) (11.8,4.2) (11.9, 4.4)

7a 1.95m 2.03m 1.73m 1.50 m 1.62m 1.61' m 1.59m 1.67m
Y/ 1.36 m 1.38 m 1.56 m 1.45m 1.77 m 1.80 m 1.77 m 1.54 m
8 1.55m 1.53 m 2.08 m 1.52m 1.84 m 1.92 m 1.90 m 1.72 m

2.39dd 2.38dd
b b b b
10 1.90d (13.8)  1.89d (14.0) 1.73 m 248 m (14.0.2.5) (138, 6.8) 225m 2.67m
. . . . 2.21dd 2.22dd . 2.24dd
11a 2.18 m 2.17m 2.19m 2.22m 2.22m
(17.1, 8.5) (163, 8.4) (17.3,8.1)
11b 1.73 m’ 1.73 m’ 1.64 m® 1.80 m” 1.68 m”’ 1.69 m” 1.64 m’ 1.75m’
5.40 dd
12 65, 46) 539t (5.5) 535m 539t(5.3) 539d(6.9) 536d(6.9)  535d(6.9) 539m
" 633 dd 632 dd 631dd 632 dd 6.30 dd 6.30 dd 6.30 dd 6.30 dd
(17.4,10.7)  (174,10.7)  (173,10.7)  (174,10.7) (17.3,10.6)  (17.4,10.7)  (17.3,10.7)  (17.4,10.6)
15a 492d(10.7)  4.92d(10.7) 4.94d(10.7) 4.94d(10.7) 4.93d(10.6) 4.93d(10.7) 4.93d(10.7) 4.94d(10.6)
15b 5.08d(17.4) 5.08d(17.4) 5.09d(173) 5.10d(17.4) 5.08d(17.3) 5.08d(17.4) 5.08d(17.3) 5.10d(17.4)
16 1.65s 1.65s 1.65s 1.67 s 1.66 s 1.66's 1.66's 1.66 s
17 0.87d(6.8) 0.88d(7.2) 091d(5.6) 090d(63) 0.93d(6.7) 093d(63) 093d(6.7) 0.93d(6.7)
18 6.46d(7.0)  6.45d(6.9)  6.50d(6.9)  6.49d(7.1) 547s 527s 527s 6.82s
19 6.20 s 6.19 s 6.35s 6.29 s 6.45 s 6.56 s 6.56 s 6.45 s
20 0.85s 0.85s 0.83s 0.85s 0.83 s 0.83 s 0.83 s 0.85s
OR-2° 2 233q(6.9) 2.03s 2.04s 2.55m 238m 2.09s
3 146 m;1.68 m 1.19s 1.48 m; 1.73 m
4 091t(7.5) 1.17 s 0.92 t (5.0)
5 1.14d(7.0) 1.16 d (6.9)
OR-18° 2 2.03s 2.02s 2.04s 2.04s 343s 349 3.50s 211s
OR-19° 2 1.95s 1.94s 1.94s 1.96s 1.95s 1.92s 1.92s 1.95s

“A number with a superscript indicates the location of the substituent group in the parent skeleton; "Signals were overlapped and the multiplicities

could not be distinguished.

ing a transgenic zebrafish model. Before performing the SPR
experiments, we assessed the cytotoxicity of these diterpen-
oids. As shown in Fig. 5A, compound 8 exhibited the most
significant inhibitory effect on MCF-7 cells at a concentra-
tion of 10 pmol-L™". Based on these findings, compound 8
was selected for the SPR analysis. As shown in Fig. 5B, the
SPR experiments revealed clear molecular interactions
between compound 8 and VEGFR-2, with response signals
increasing in a concentration-dependent manner. The SPR af-
finity assay demonstrated that compound 8 binds strongly to
the VEGFR-2 protein, suggesting that it may inhibit an-

giogenesis by targeting VEGFR-2.
Molecular docking simulation

To further elucidate the molecular mechanism of the in-
teraction between compound 8 and the VEGFR-2 target pro-
tein, molecular docking simulations were performed to mod-
el the binding pattern of compound 8 with VEGFR-2. As de-
picted in Fig. 6, the results indicated that the two acetyloxy
groups of compound 8 formed hydrogen bonds with the
amino acids Cys919 and Asn923. Additionally, compound
8 interacted with Leu840, Gly841, Gly846, Val848, Val9le,
Phe918, Gly922, Asn1033, Leul035, and Asp1046 through
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hydrophobic interactions. The binding free energy between
compound 8 and VEGFR-2 was calculated to be -7.1
kcal'mol™". These molecular docking results suggest that
compound 8 binds to the ATP-binding site of VEGFR-2 >,
which could explain its mechanism of inhibiting angiogenes-
is by targeting this receptor.
In vivo antiangiogenetic activity of compound 8 in a trans-
genic zebrafish model

The SPR experiments and molecular docking analysis
discovered that compound 8 could associate with the target
protein VEGFR-2. VEGFR-2 plays an important role in regu-
lating tumor angiogenesis . To verify whether compound 8
can inhibit angiogenesis by targeting VEGFR-2, the in vivo
antiangiogenetic effects of compound 8 were carried out us-
ing the transgenic zebrafish model, in which the vessels
presented green fluorescence and were easily observed and
quantified. After administrating compound 8 (0.25, 0.5, and 1
pmol-L™") and the positive drug (2 pmol-L™"), the formation
and development of the intersegmental vessels (ISVs) in
zebrafish embryos were detected. From the results shown in
Fig. 7, the intersegmental vessels of the zebrafish in the drug-
treated group were lost and broken when compared with the
control group. The quantification analysis showed that the av-
erage lengths in the zebrafish were 2888.80 + 151.82 pum at
0.25 pmol-L™', 2437.54 + 192.86 pum at 0.5 pmol-L™', and
1936.26 + 119.79 um at 1 umol-L™, respectively, and the in-
hibitory effects on angiogenesis were dose-dependent. The
angiogenetic experiments in the transgenic zebrafish sugges-
ted that compound 8 had the ability to target VEGFR-2 to
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suppress angiogenesis.
In vivo antitumor effects of compound 8 in tumor zebrafish
xenografis

Angiogenesis plays a critical role in tumor progres-
sion, and its inhibition can effectively impede tumor gro-
wth 2?7 Since compound 8 was shown to target VEGFR-2
and suppress angiogenesis, it was hypothesized that it might
also possess antitumor properties. To test this hypothesis, we
evaluated the antitumor activity of compound 8 using a tumor-
bearing zebrafish model, created by microinjecting MCF-7
cells into the zebrafish yolk sac. As depicted in Fig. 8A, the
relative intensity and foci of red fluorescence—which indic-

ate tumor proliferation and metastasis "'’

—were significantly
inhibited in zebrafish treated with compound 8. Quantifica-
tion of the red fluorescence in zebrafish embryos using Im-
agelJ software (Fig. 8B) showed a significant, dose-depend-
ent reduction in both the total fluorescence intensity and the
number of disseminated foci from the tumor mass. These res-
ults demonstrate that compound 8 effectively blocks tumor
proliferation and metastasis in vivo, highlighting its potential
as an antitumor agent.

Conclusions

This phytochemical study on the twigs of Casearia gra-
veolens resulted in the isolation of eight new clerodane diter-
penoids, named caseaveolen A—H (1-8). Their structures
were elucidated using comprehensive 1D and 2D NMR spec-
troscopic analyses, and their absolute configurations were de-
termined by comparing experimental and calculated ECD

B 100
—~ —6.25 pumol-L™!
5 80r —12.5 pmol-L™!
< 60 — 25 pmol-L™!
8 [ — 50 pmol-L™! 1
£ 100 pmol-L~
5 401 200 pmol L™
E 20 /\
%
L e
_20 1 1 1 1
0 50 100 150

t/s

Fig. 5 (A) Proliferation inhibition rate of compounds 1-8 in MCF-7 cells by MTT assay. The inhibition rates are presented as
the means £ SD (n = 3). (B) Affinities of compound 8 towards the VEGFR-2 protein by surface plasmon resonance assay. Sensor-
grams were obtained by using different concentrations of compound 8 (6.25, 12.5, 25, 50, 100, and 200 umol'Lfl). (C) The equilib-
rium binding constant (affinity, K;) between compound 8 and VEGFR-2 was obtained using the fitting tool of the BIA evalu-

ation software.

®
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Fig. 6 Binding mode of compound 8 within the VEGFR-2 active site. (A) Molecular interactions and three-dimensional repres-
entations of hydrogen bonds and hydrophobic interactions of compound 8 with the VEGFR-2 receptor protein using PyMOL.
The ligand is colored and represented in yellow; hydrogen bonds are displayed in yellow with dotted lines. (B) Molecular interac-
tions and two-dimensional representations of hydrogen bonds and hydrophobic interactions of compound 8 with the VEGFR-2
receptor protein using LigPlot. The ligand is represented in a purple color; hydrogen bonds are displayed as green dotted lines,

and red stellations represent hydrophobic interactions.
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Fig. 7 The antiangiogenetic activity of compound 8 in a transgenic zebrafish model. (A) The development of intersegmental ves-
sels (ISVs) at 48 hpf. Interrupted ISVs were indicated by red arrows. (B) Length of ISVs measured using Image J software. Each

experiment was repeated three times, and the results are expressed as mean £ SD. "P < (.05,

spectra. Additionally, surface plasmon resonance (SPR) ex-
periments demonstrated that compound 8 has a strong affin-
ity for VEGFR-2, a crucial target in the regulation of tumor
angiogenesis. Molecular docking simulations indicated that
compound 8 forms hydrogen bonds and hydrophobic interac-
tions at the active site of the VEGFR-2 receptor. In vivo anti-
angiogenetic experiments, compound 8 effectively inhibited
angiogenesis. Moreover, compound 8 displayed significant
antitumor activity by suppressing tumor proliferation and
metastasis in zebrafish xenografts. In conclusion, this study
expands the structural diversity of natural clerodane diterpen-
oids and identifies compound 8 as a promising anticancer
lead compound that targets VEGFR-2 to inhibit tumor an-
giogenesis.

e

P <0.001 vs the control group.
Experimental

General experimental procedures

The instruments used to obtain spectroscopic data, in-
cluding NMR, IR, ECD, optical rotation, and HR-ESI-MS,
were the same as those described in our previous publica-
tions "'* "1 All other materials and methods employed fol-
lowed the protocols outlined in these references.
Plant material

The twigs of Casearia graveolens were collected in May
2015 from Xishuangbanna County, Yunnan Province, China.
The botanical identification was conducted by one of the au-
thors, GUO Yuanqgiang. A voucher specimen (No.
20150509B) from this collection has been deposited in the
Laboratory of Natural Medicines at Nankai University.
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Fig. 8 In vivo antitumor effects of compound 8 in a zebrafish xenograft model. (A) Representative images of the relative intens-
ity and distribution of the red fluorescence in zebrafish embryos under a confocal microscope. (B) Total fluorescence intensity
and numbers of disseminated foci from the tumor mass quantified using Image J software. Each experiment was repeated three

times, and the results are expressed as mean = SD. "P < 0.05,

Extraction and isolation

The twigs of Casearia graveolens (30.0 kg) were cut in-
to pieces and dried. The dried twigs were extracted with
methanol (MeOH) (3 x 60 L) under reflux. The organic
solvent was then evaporated, yielding a crude extract (1500
g). This extract was suspended in water (1.5 L) and parti-
tioned with petroleum ether (5% 1.5 L) and ethyl acetate
(5 x 1.5 L). The ethyl acetate-soluble portion (105.5 g) was
subjected to silica gel column chromatography (silica gel,
1180 g; column, 9 cm x 70 cm) using a gradient solvent sys-
tem of petroleum ether/acetone (ratios of 100 : 0, 100 : 2,
100 : 4, 100 : 6, 100 :8, 100 : 11, 100 : 16, 100 : 22,
100 : 31, and 100 : 41, with 21 L for each gradient elution),
to afford ten fractions (F,—F,,) based on TLC analysis. Frac-
tion F, was further processed using medium-pressure liquid
chromatography (MPLC) with an octadecylsilane (ODS) sys-
tem, eluting with a gradient of 58%—-87% MeOH in H,0, res-

s

P <0.001 vs the control group.

ulting in seven subfractions (F,_;—F, ;). Purification of sub-
fraction F, 5(92% MeOH in H,0) by high-performance li-
quid chromatography (HPLC) (YMC-pack ODS-AM, 5 pm,
20 mm % 250 mm) yielded compound 1 (#z 38 min, 10.1 mg).
Fraction F; was also subjected to MPLC, yielding nine sub-
fractions F5_;—F; 9 Further purification of subfraction F;_4 us-
ing MeOH—H,O (85 : 15) as the mobile phase yielded com-
pound 2 (#g 41 min, 8.3 mg). Fractions F; and Fg were pro-
cessed using MPLC with a gradient of 62%-91% MeOH in
H,0, yielding subfractions F;_ —F;o and Fg ,—Fgg, respect-
ively. Purification of these subfractions by preparative HPLC
resulted in the isolation of compound 3 (#z 37 min, 14.8 mg)
from subfraction F,3 (80% MeOH in H,0). Fraction F, was
processed by MPLC using a gradient of 68%—94% MeOH in
H,0, yielding nine subfractions (F,.;—F,). Subsequent puri-
fication of subfraction F,; by HPLC (80% MeOH in H,0)
resulted in the isolation of compounds 4 (#z 36 min, 5.0 mg),

-851 —



WANG Sibei, et al. / Chin J Nat Med, 2024, 22(9): 842-853

7 (tg 41 min, 11.3 mg), and 8 (#z 37 min, 13.5 mg). Similarly,
subfraction F44 (83% MeOH in H,0) was purified by HPLC
to yield compound 5 (#z 43 min, 9.2 mg). Additionally, sub-
fractions F,_; and F, g were combined and further purified by
preparative HPLC using 89% MeOH in H,O, resulting in the
isolation of compound 6 (#z 38 min, 13.4 mg).

Caseaveolen A (1): colorless oil; [a]} + 17.2 (¢ 0.1,
CH,Cl,); ECD (CH;CN) 213 (Ag + 0.76), 243 (A¢ —0.30) nm;
IR (KBr) v,,, 2961, 2927, 2876, 1751, 1731, 1457, 1375,
1232, 1051, 960 cm™'; '"H NMR (400 MHz, CDCl;) and “C
NMR (100 MHz, CDCls) data, see Tables 1 and 2; HR-ESI-
MS m/z 527.2988 [M + Na] * (Calcd. for CyoH,4NaO,,
527.2985).

Caseaveolen B (2): colorless oil; [a]) +2.5 (¢ 0.1,
CH,Cl,); ECD (CH;CN) 210 (A¢ +1.01), 236 (Ae —0.71) nm;
IR (KBr) vpax 2956, 2927, 2877, 1734, 1457, 1373, 1232,
1051, 959, 898 cm'; '"H NMR (400 MHz, CDCl;) and "*C
NMR (100 MHz, CDCly) data, see Tables 1 and 2; HR-ESI-
MS m/z 4852517 [M + Na]' (Caled. for CygH3NaOs,
485.2515).

Caseaveolen C (3): colorless oil; [e]? +15.0 (¢ 0.1,
CH,CL,); ECD (CH;CN) 212 (A¢ +0.95), 231 (Ae —0.83) nm;
IR (KBr) vy, 3462, 2957, 2926, 1734, 1456, 1373, 1232,
1050, 1022, 957 cm'; '"H NMR (400 MHz, CDCl;) and "*C
NMR (100 MHz, CDCly) data, see Tables 1 and 2; HR-ESI-
MS m/z 501.2462 [M + Na]  (Caled. for C,gH;gNaOg,
501.2464).

Caseaveolen D (4): colorless oil; [a]) —53.9 (c 0.1,
CH,Cl,); ECD (CH;CN) 214 (Ag +1.04), 292 (Ae —4.06) nm;
IR (KBr) vya 2956, 2926, 2870, 1751, 1716, 1457, 1375,
1228, 985, 955, 935 cm™'; '"H NMR (400 MHz, CDCl;) and
C NMR (100 MHz, CDCl;) data, see Tables 1 and 2; HR-
ESI-MS m/z 419.2434 [M + H]" (Calcd. for CyyH;50q,
419.2434).

Caseaveolen E (5): colorless oil; [a]}} —31.7 (¢ 0.1,
CH,Cl,); ECD (CH;3CN) 196 (Ae —7.25), 213 (Ae —3.61) nm;
IR (KBr) v,,, 3482, 2963, 2927, 1732, 1457, 1374, 1225,
1197, 1127, 1041, 947 cm™"; '"H NMR (400 MHz, CDCl;) and
C NMR (100 MHz, CDCl;) data, see Tables 1 and 2; HR-
ESI-MS m/z 499.2672 [M + Na]" (Calcd. for Cy;HsoNaO,,
499.2672).

Caseaveolen F (6): colorless oil; [a]} —4.3 (¢ 0.1,
CH,Cl,); ECD (CH5CN) 202 (Ag —7.96) nm; IR (KBr) vy
3448, 2963, 2929, 1731, 1458, 1374, 1224, 1127, 958 cm ';
'H NMR (400 MHz, CDCL;) and "C NMR (100 MHz,
CDCl,) data, see Tables 1 and 2; HR-ESI-MS m/z 513.2823
[M + Na]" (Caled. for C,gH4,NaO,, 513.2828).

Caseaveolen G (7). colorless oil; [o]) —84.8 (c 0.1,
CH,Cl,); ECD (CH;CN) 200 (A¢ —5.55), 222 (Ae —3.70) nm;
IR (KBr) v,,, 3456, 2959, 2928, 1738, 1455, 1372, 1232,
1127, 1022, 949 cm™; '"H NMR (400 MHz, CDCl;) and °C
NMR (100 MHz, CDCl;) data, see Tables 1 and 2; HR-ESI-
MS m/z 471.2354 [M + Na]  (Caled. for C,sH;,NaO,,
471.2359).

Caseaveolen H (8): colorless oil; [a]) —64.3 (¢ 0.1,

CH,Cl,); ECD (CH5CN) 207 (Ae +5.00), 238 (Ae —11.97)
nm; IR (KBr) vy, 2954, 2926, 2870, 1757, 1676, 1457,
1374, 1222, 1066, 1027, 993, 957, 936 cm™'; 'H NMR (400
MHz, CDCl;) and °C NMR (100 MHz, CDCl;) data, see
Tables 1 and 2; HR-ESI-MS m/z 439.2091 [M + Na]" (Calcd.
for Cy4H3,NaOg, 439.2097).
Computational methods

The ECD spectra calculations were performed as previ-
ously described """, Detailed methodologies are provided in
the Supporting Information.
Cytotoxic activity assay

Cytotoxic activities were evaluated using the MTT assay,
following the protocols outlined in previous studies ' The
detailed experimental procedures for the cytotoxicity evalu-
ation are included in the Supporting Information.
SPR assay

The binding kinetics between compound 8 and VEGFR-
2 were analyzed using a Biacore T200 optical biosensor (GE
Healthcare, Stockholm, Sweden). The VEGFR-2 protein was
immobilized on a CMS sensor chip using the standard amine
coupling method. To determine the dissociation constant K,
compound 8 was introduced at increasing concentrations
(6.25, 12.5, 25, 50, 100, and 200 umol'Lfl). All experiments
were conducted in an HBSEP running buffer (pH 7.4).
Molecular docking simulation

Molecular docking simulations were performed using
AutoDock Vina software and AutoDock Tools (ADT 1.5.6)
with the Lamarckian Genetic Algorithm (LGA) ** " De-
tailed experimental procedures are provided in the Supple-
mentary Data.
In vivo antiangiogenetic assay

The anti-angiogenesis activity of compound 8 was evalu-
ated using a transgenic zebrafish Tg (flil:EGFP) model, as
described in previous studies " **. Detailed experimental
procedures are provided in the Supplementary Data.
In vivo antitumor assay in zebrafish xenografis

The in vivo antitumor effects of compound 8 were as-
sessed using a zebrafish xenograft model, following methods
previously reported by our team ©"**!. Detailed experimental
methods are provided in the Supplementary Data.

Supplementary Data

Supplementary data can be requested by sending E-mail
to the corresponding authors
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