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Highlights

* A rare homotriterpenoid was isolated from Casearia kurzii.

* The structure was elucidated by NMR data and X-ray diffraction analysis.

* The anti-inflammatory activities were investigated using cell and zebrafish models.
» Compound 1 showed anti-inflammatory effects in vitro and in vivo.

* The anti-inflammatory mechanism of 1 was explored.

Abstract

Caseahomopene A (1), a rare natural product with a ring-expanded homotriterpenoid skeleton, was
isolated from the leaves of Casearia kurzii. The structure including the absolute configuration was
determined by spectroscopic data and X-ray crystallography analysis. Compound 1 showed anti-
inflammatory effects in vitro and in vivo using LPS-stimulated cell and zebrafish model. As a potential
anti-inflammatory agent, the anti-inflammatory mechanism of 1 was also investigated.
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1. Introduction

A growing number of studies have shown that inflammation, especially chronic inflammation, is
intimately related to the pathogenesis of atherosclerosis [1], obesity and related metabolic syndrome
[2,3], neurodegenerative diseases [4], and some Kkinds of cancers [5]. Thus, anti-inflammation is
thought to be beneficial and helpful for the prevention of these mentioned diseases. When
inflammation occurs, INOS and COX-2, key proteins in the inflammatory signaling pathway, are
usually highly expressed, catalyzing to produce massive inflammatory cytokines including NO and
PGE:> [6]. Excessive inflammatory cytokines are considered to be a clear marker of inflammatory
response, and inhibiting the production of these inflammatory cytokines becomes an appropriate anti-
inflammatory strategy. In addition to synthetic small molecules used as anti-inflammatory agents to
inhibit inflammation, natural products are also considered as an essential choice due to the structural
and biological diversity and the potential value as lead compounds in drug development.

Casearia kurzii C. B. Clarke, belonging to the Flacourtiaceae plant family, is a small tree growing
mainly in southern mainland of China [7]. Previous phytochemical studies on this plant and the other
Casearia species revealed the major constituents of this genus to be terpenoids, phenylethanoids,
flavonoids, phenolics, steroids, and volatile oils [8134], which showed diverse biological effects [8].
While, some Casearia plants were employed historically as folk medicines in some countries, which
attracted our attention on the bioactive components present in these plants. In our continuous search
for bioactive natural products as potential anti-inflammatory agents or lead compounds for
inflammatory disorders, caseahomopene A (1) with a ring-expanded homotriterpenoid skeleton (Fig.
1), was purified from the leaves of C. kurzii. Besides the structure elucidation, the anti-inflammatory
effects of 1 were also examined to explore its application in drug development. We herein report the

isolation, structural elucidation, as well as the anti-inflammatory effects in cell and zebrafish models.
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Fig. 1. Chemical structure of compound 1.

2. Experimental Section
2.1. General experimental procedures

General experimental procedures were described in the Supplementary data.

2.2. Plant material

The leaves of C. kurzii were collected in May 2015 from Xishuangbanna, Yunnan Province,
People’s Republic of China. The botanical identification was made by one of the authors (Y. Guo),
and a voucher specimen (No. 20150525X) was deposited in the Laboratory of Natural Medicinal

Chemistry, Nankai University, People’s Republic of China.

2.3. Extraction and isolation

The air-dried leaves of C. kurzii (14.0 kg) were extracted with MeOH (3 x 162 L) under reflux. The
solvent was evaporated to afford a crude extract (3.1 kg). The extract was suspended in H>O (3.1 L)
and partitioned with petroleum ether and ethyl acetate successively. As a resulting residue, the EtOAc-

soluble part (423.0 g) was subjected to a silica gel column chromatography eluted with petroleum



ether-acetone, to give eight fractions F1[JFs based on TLC analysis. Fraction F7 was subjected to MPLC
over ODS eluting with a step gradient from 651195% MeOH in H20 to give five subfractions F7.1[1F7-
s. The further purification of subfraction F73 by preparative HPLC on a YMC ODS-AM column (5
um, 250 mm x 20 mm) using MeOH-H-0 (84: 16) as the mobile phase to yield 1 (tr =40.0 min, 12.0
maQ).

Caseahomopene A (1): colorless needles (MeOH); [a] —8.0 (c 0.3, CH2Cl); IR (KBr) vmax 3391,
2959, 2932, 1713, 1664, 1378, 1261, 1021, 801, 734 cm™*; TH NMR (400 MHz, CDCls): ™, 3.82 (1H,
t, J = 3.5 Hz, H-1), 2.00 (1H, m, H-2(), 1.72 (1H, m, H-2®), 3.86 (1H, dd, J = 11.6, 2.9 Hz, H-3), 2.50
(1H, m, H-6¢), 2.11 (1H, m, H-6®), 1.70 (1H, m, H-7¢), 1.30 (1H, m, H-7®), 1.66 (1H, overlapped,
H-8), 3.15 (1H, t, J = 3.6 Hz, H-11), 2.01 (1H, d, J = 3.6 Hz, H-12(), 1.93 (1H, d, J = 3.6 Hz, H-12®),
1.39 (1H, m, H-15¢), 1.31 (1H, m, H-15®), 1.80 (1H, m, H-16(), 1.35 (1H, m, H-16®), 2.07 (1H, m,
H-17), 0.80 (3H, s, H3-18), 2.96 (1H, d, J = 14.2 Hz, H-19¢), 1.81 (1H, d, J = 14.2 Hz, H-19®), 1.50
(1H, m, H-20), 0.89 (3H, d, J = 6.4 Hz, Hs-21), 3.60 (1H, br d, J = 10.2 Hz, H-22), 1.36 (1H, m, H-
23a), 1.27 (1H, m, H-23b), 2.44 (1H, m, H-24), 4.76 (2H, s, H»-26), 1.64 (3H, s, H3-27), 1.19 (3H, s,
Hs-28), s, 0.91 (3H, s, Hs-29), 0.87 (3H, s, H3-30), 1.06 (3H, d, J = 6.9, H3-31); 3C NMR (100 MHz,
CDCls): ™: 68.8 (C-1), 35.7 (C-2), 71.8 (C-3), 40.4 (C-4), 146.0 (C-5), 28.0 (C-6), 25.9 (C-7), 42.3
(C-8), 62.2 (C-9), 128.9 (C-10), 65.3 (C-11), 34.4 (C-12), 45.8 (C-13), 47.0 (C-14), 34.7 (C-15), 27.2
(C-16), 48.9 (C-17), 18.2 (C-18), 40.5 (C-19), 47.1 (C-20), 12.3 (C-21), 71.0 (C-22), 34.8 (C-23), 38.0
(C-24), 149.2 (C-25), 110.8 (C-26), 18.1 (C-27), 24.3 (C-28), 18.9 (C-29), 16.0 (C-30), 20.6 (C-31);
ESIMS m/z 509 [M + Na]*; HRESIMS m/z 509.3604 [M + Na]*, calcd for CaiHsoNaOa, 509.3607.

X-ray Crystal Data of caseahomopene A (1): CaiHs00s, M; = 486.71, orthorhombic, space group
P2(1)2(1)2(1), a = 11.30920 (10) A, b = 14.24040 (10) A, ¢ = 18.2506 (2) A, (=90°, ®=190°, y =
90°,V =2939.21 (5) A%, T=294 K, Z =4, [(Cu K() = 0.549 mm%, Dcalc = 1.100 g/cm?, F(000) =1072,
crystal dimensions 0.34 x 0.30 x 0.26 mm were used for measurements. The total number of reflections
measured was 24223, of which 6138 were unique (R(int) = 0.0138). Final Ry = 0.0295, wR, = 0.0837
(1> 20(1)), Flack parameter = 10.04 (3). Crystallographic data of this compound have been deposited
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in the Cambridge Crystallographic Data Centre (CCDC 1957825).

2.4. Bioassay for NO production
The inhibition of NO was evaluated by inhibiting NO release in LPS-induced murine microglial
BV-2 cells. The nitrite concentration in the culture supernatants was measured by Griess reaction

according to the method described previously [35].

2.5. Bioassay for PGE> production

The PGE; production in the culture supernatant was measured using ELISA Kkits [36,37]. In brief,
BV-2 cells were seeded in 24-well plates, treated with the test compound for 1 h, and then stimulated
with LPS for 24 h. The cell supernatants were collected and used to detect PGE:> levels according to

the manufacturer’s instructions.

2.6. Western blotting analysis
The Western blotting experiments were carried out as reported in the literature [38]. The detailed

process was described in the the Supplementary data.

2.7. Molecular docking studies

The molecular docking studies were performed as described previously [39]. The three dimensional
(3D) crystal structures of INOS (PDB code: 3E6T) and COX-2 (PDB code: 1PXX) were obtained from
the RCSB Protein Data Bank, whose resolution was 2.5 A. The 3D structure of compound 1 was
constructed by Chem3D software. Molecular docking simulations were carried out using the software

AutoDock Vina along with AutoDock Tools (ADT 1.5.6).

2.8. Anti-inflammatory assay in vivo using zebrafish model
The production of NO and ROS in zebrafish embryos was detected by DAF-FMDA fluorescent

probe dye and DCF-DA fluorescent probe dye, respectively [40]. Embryos were collected from adult
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zebrafish as described previously [41]. Approximately 7 to 8 h post-fertilization (7-8 hpf), healthy
embryos (15/group) were placed into 12 well culture plate and treated with or without the tested
compounds. After 1 h, LPS (10 pg/mL) was added into the plate for a continuous incubation of 48 h
at 28 °C. The embryos in 12-well plate were transferred to 24-well plate and treated with DCF-DA
solution (20 w«g/mL) for 1 h (for the measurement of ROS level) or DAF-FMDA (5 uM) for 2 h (for
the measurement of NO level), both in dark at 28 °C [42]. Then, the embryos were washed with fresh
embryo media and anesthetized, and a laser confocal microscope (Leica TCS SP8, Leica, Germany)
was used to observe the stained embryos and photograph. The fluorescence intensity of individual

zebrafish embryo was quantified using Image J software.

3. Results
3.1. Structure elucidation

Compound 1, a colorless crystal (MeOH), gave a molecular formula C31HsoO4 according to its 3C
NMR data and the HRESIMS ion (m/z 509.3604 [M + Na]*, calcd for Cs1HsoNaOas, 509.3607). The
molecular formula displayed seven indices of hydrogen deficiency. The *H NMR spectrum displayed
seven methyl signals assignable to four aliphatic methyl singlets (on 0.80, 0.87, 0.91, and 1.19), two
aliphatic methyl doublets [61 0.89 (d, J = 6.4 Hz) and 1.06 (d, J = 6.9 Hz)], and one olefinic methyl
singlet (on 1.64). In addition, four oxymethine protons [on 3.82 (1H, t, J = 3.5 Hz), 3.86 (1H, dd, J =
11.6, 2.9 Hz), 3.15 (1H, t, J = 3.6 Hz), and 3.60 (1H, br d, J = 10.2 Hz)] and two olefinic protons [on
4.76 (2H, s)] were detected from its *H NMR spectrum. These spectroscopic features, especially the
total seven methyl groups and numerous aliphatic carbons, suggested compound 1 to be a triterpenoid
derivative [14,18,43147], which was defined by the following HMBC and *H-'H COSY experiments.

Analysis of the HMBC spectrum revealed the long range cross-peaks of H-1 to C-2, C-3, C-5, C-
10, and C-19, and Hs-30 to C-8 and C-13[1C-15, as well as the other crucial correlations depicted in
Fig. 2. While, the *H-'H COSY couplings of H-1/H2-2/H-3, H2-6/H2-7/H-8, H2-15/H2-16/H-17/H-

20/H-22/H2-23/H-24/H3-31, and the other correlations shown in Fig. 2, were also observed from the



'H-'H COSY spectrum of 1. These HMBC and 'H-'H COSY data, along with the *H and 3C NMR
data, allowed the establishment of a 6/7/6/5 tetracyclic fused ring system, which carried four methyl
groups (Me-18, Me-28, Me-29, and Me-30). Apart from this fused ring system, a side chain composed
of C-2001C-27 and C-31 was deduced from *H-'H COSY couplings of Hs-21/H-20/H-22/H>-23/H-
24/H3-31 and the corresponding HMBC correlations illustrated in Fig. 2. This side chain was linked to
C-17 of the 6/7/6/5 tetracyclic fused ring system by the HMBC correlations depicted in Fig. 2 and the
key'H-'H COSY coupling of H-17/H-20. All of the 1D and 2D NMR data analysis established a ring-
expanded triterpenoid skeleton carrying an extra methyl (Me-31) attached at C-24, in which the four
oxygenated carbons at Jc 68.8, 71.8, 62.2, and 65.3 were assigned to C-1, C-3, C-9, and C-11.
However, the chemical shifts of the oxygenated carbons C-9 and C-11 seemed to be upfield when
compared to those oxygenated carbons of the ring. This clue, together with the HRESIMS data,
disclosed the presence of a 9, 11-epoxy structural moiety. Thus, the 2D structure of compound 1 was

determined as shown, which possesses a ring-expanded homotriterpenoid scaffold.

— TH-'H cosy

Ho &\
~_~ HMBC,HtoC § '\ NOESY

Fig. 2. Conformation, 'H-'H cosY, key HMBC, and crucial NOESY correlations of 1.



A combination analysis of NOESY couplings, Chem3D modeling, and coupling constants was
utilized to elucidate the spatial configuration. The NOESY spectrum of 1 showed the correlations of
H-1/H-2®, H-2®/Hs-29, H-3/H3-28, H-11/H3-18, H-8/H3-18, and H3-30/H-17, as well as the other
couplings depicted in Fig. 2. These NOE effects, along with Chem3D simulations, disclosed a
conformation for 1 as shown in Fig. 2. In this steric conformation of 1, rings B/C and C/D were trans-
fused with H-8 and Me-18 in ®-positions and Me-30 in an ¢-position. Ring A existed in a twist-chair
conformation with H-1 ®-oriented and H-3 (-oriented, as supported by the coupling constants of J1 2.
=3.5Hz and J3 2w = 2.9, 11.6 Hz. Ring C presented a twist-chair conformation with the epoxy moiety
on its (-side, and ring D had an envelope conformation with H-17 on its (-side. The C-20 configuration
was deduced to be rel-20S, according to the corresponding correlations shown in Fig. 2. However, the
configurations of the chiral carbons C-22 and C-24 were difficult to define due to the side chain
flexibility.

Fortunately, the crystal of 1 in methanol was obtained and the X-ray diffraction analysis was thus
performed, leading to the obtainment of the crystallography data of 1. As shown in Fig. 3, an ORTEP
drawing of 1 confirmed unambiguously the structure to be a homotriterpenoid derivative with a ring-
expanded skeleton, and the absolute configuration was thus assigned as 3S, 8S, 9S, 11R, 13R, 14S,

17R, 20S, 22R, and 24S according to the Flack parameter [-0.04(3)].

Fig. 3. ORTEP drawing of 1 by X-ray crystallographic diffraction analysis.



3.2. Anti-inflammatory effects of 1 on LPS-induced NO and PGE: production in BV-2 cells

To explore the potential medicinal application in drug development, a biological assay to evaluate
the anti-inflammatory effects of 1 was carried out using LPS-induced BV-2 cells. In this model, NO
and PGE>, both which are inflammatory mediators and indictors of inflammatory response, were
measured according to the method reported in the literature [48,49]. As shown in Fig. 4, compound 1
inhibited significantly NO production in LPS-stimulated BV-2 cells and gave an ICso value of 8.9 uM,
which is comparable to the positive control, 2-methyl-2-thiopseudourea, sulfate (SMT) (ICso value,
1.6 uM). Besides NO production, the inhibitory effects for PGE> production were also detected, which
revealed that compound 1 had the property of suppressing PGE: production with an 1Csq value being
4.4 uM (1Csg value of SMT, 3.7 uM, Fig. 4). The results in cell level revealed that compound 1 to have

promising anti-inflammatory effects by inhibiting inflammatory mediators NO and PGE..
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Fig. 4. Effects of compound 1 on LPS-induced NO and PGE; production in BV-2 cells. BV-2 cells were
pretreated with compound 1 for 1 h, then the cells were exposed to LPS for 24 h, and production of NO and
PGE:; in cell free supernatants was tested. SMT was used as the positive control. (A) NO amount; (B) PGE;
amount. Data were expressed as mean+SD (n=3). P <0.001, significantly different from control;

Hkk

P <0.01, ""P < 0.001, significantly different from LPS-treated sample.

10



3.3. Effects of compound 1 on LPS-induced iNOS and COX-2 expression in BV-2 cells

Compound 1 was found to have anti-inflammatory effects in LPS-induced BV-2 cells, which evoked
our attention on its anti-inflammatory mechanism. When inflammation occurs, excessive
inflammatory mediators such as NO and PGE_, are released, which are catalyzed by iNOS and COX-
2 enzymes, respectively [50,51]. The reduction of NO and PGE:> production inhibited by compound 1,
means the decrease of the expression of two enzymes in the inflammatory signaling pathway. Thus,
Western blotting experiments were performed to confirm whether the expressions of INOS and COX-
2 were decreased. As shown in Fig. 5, after stimulated by LPS for 24 h, the expressions of iNOS and
COX-2 were increased remarkably. However, with the treatment of compound 1, iNOS and COX-2
were decreased significantly. These results indicated that compound 1 may exert its anti-inflammatory

effects by down-regulating INOS and COX-2 protein levels.

A B C
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Fig. 5. Effects of compound 1 on LPS-induced iNOS and COX-2 expressions in BV-2 cells. BV-2 cells were
pretreated with compound 1 for 30 min, then the cells were exposed to LPS for 20 h, western blotting analysis

was then performed. (A) Western blotting; (B) iNOS expression; (C) COX-2 expression. Data were expressed

Hkk

as mean + SD (n = 3). P < 0.001, significantly different from control; “P < 0.01, P < 0.001, significantly

different from LPS-treated sample.

3.4. Molecular docking simulations of 1 with iNOS and COX-2
Western blotting experiments displayed the down-regulation of INOS and COX-2 proteins when
treated by compound 1. One possible mechanism for this down-regulation is the affinity binding of

compound 1 with INOS/COX-2 [52]. To under binding interactions of compound 1 with the two
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proteins, molecular docking studies were applied to evaluate the binding ability and residues of
compound 1 with INOS/COX-2 [53,54]. As shown in Fig. 6, the docking results revealed that
compound 1 had strong affinities with the INOS/COX-2 protein, and the binding sites and logarithms
of free binding energies of compound 1 were collated in Fig. 6. The affinity bindings between
compound 1 and iINOS/COX-2 may cause the expression reduction of two proteins, which revealed

the possible anti-inflammatory mechanism.

Protein —Log {FBE) Targeting residues

iNOS -9.1 HEM-901
COX-2 -7.5 HIS-356 LYS-2267

Fig. 6. Molecular docking results of 1 with iINOS (A) and COX-2 (B). Molecular docking simulations obtained
at the lowest energy conformation, highlighting potential hydrogen contacts, binding sites, and logarithms of
free binding energy, respectively (Colored by atom: carbon is cyan; nitrogen is blue; oxygen is red; hydrogen
is gray; sulfur is orange). For clarity, only interacting residues are labeled. Hydrogen bonding interactions are

shown by dashes. These figures were created by PyMOL.

3.5. Effects of compound 1 on the production of ROS and NO in LPS-stimulated zebrafish embryos

Compound 1 exhibited strong anti-inflammatory activity in vitro, which evoked our great interest
in its in vivo anti-inflammatory effects. Considering the inadequate amount of 1, zebrafish model, an
ideal animal experimental model used extensively for drug screening, was selected to evaluate the anti-
inflammatory effects. In this in vivo assay model, inflammatory related mediators NO and ROS
induced by LPS were released largely, whose levels were detected and considered as a sign of

inflammatory degree [55,56]. As shown in Figs. 7 and 8, the amounts of ROS and NO production rose
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significantly after stimulated by LPS. When treated with compound 1, the ROS and NO production
were reduced flowing the alternations of the concentration of 1. The results of in vivo experiments
showed that compound 1 had the property of inhibiting ROS and NO formation in a dose-dependent
manner. The in vivo screening results revealed that compound 1 with strong anti-inflammatory effects

is expected to be potentially useful for inflammatory diseases.
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Fig. 7. Effects of compound 1 on the production of ROS in LPS-stimulated zebrafish embryos. Zebrafish

*d

production

embryos were stimulated by LPS (10 pg/mL) and treated with or without compound 1 (6, 20, and 60 uM) for
24 h. At 3days post fertilization (dpf), the ROS levels were measured by laser confocal microscope.
Fluorescence intensity was quantified using the Image J. Data were expressed as mean + SD. *#P < 0.001
compared with LPS-untreated embryos; ““P < 0.001, P < 0.01, *P < 0.05 compared with LPS-stimulated

embryos.
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Fig. 8. Effects of compound 1 on production of NO in LPS-stimulated zebrafish embryos. Zebrafish embryos
were stimulated by LPS (10 pg/mL) with or without compound 1 (6, 20, and 60 uM) for 24 h. At 3 days post
fertilization (dpf), the NO levels were measured by laser confocal microscope. Fluorescence intensity was
quantified using the Image J. Data were expressed as mean + SD. *#P < 0.001 compared with LPS-untreated

embryos, ~'P < 0.01, compared with LPS-stimulated embryos.

4. Discussion

As part of our search for bioactive natural products as lead compounds for the treatment of
inflammatory disorders, a triterpenoid derivative was obtained from the leaves of C. kurzii. The 1D
and 2D NMR experiments were performed and the NMR data obtained were employed to establish the
2D structure, which is a novel triterpenoid derivative with a ring-expanded homotriterpenoid skeleton.
Besides the relative configuration deduced from the NMR data, the absolute configuration of 1 was
determined using X-ray diffraction analysis, which was finally defined as being a novel triterpenoid
derivative with a ring-expanded homotriterpenoid skeleton. To the best of our knowledge, ring-
expanded homotriterpenoids are reported to be rare in nature [14,18].

Natural products play an important role in the development of new drugs and numerous new drugs

have been derived from natural products. Compound 1, elucidated as a novel triterpenoid derivative
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with a ring-expanded homotriterpenoid skeleton, attracted our attention to its biological activities and
the exploration of medicinal potential. The pathogenesis of numerous diseases is related to
inflammation, so the anti-inflammatory assay was performed. When inflammation happens, a large
number of NO and PGE: are released, while the up-stream regulated proteins iINOS and COX-2 are
highly expressed. When inflammatory response is inhibited by active molecules, the amounts of NO
and PGE;are usually reduced and the expression levels of the proteins INOS and COX-2 are decreased.
In our cell experiments, compound 1 inhibited NO (ICso, 8.9 M) and PGE: (I1Csg, 4.4 M) production,
and the Western blotting results showed that the expressions of INOS and COX-2 were down-
regulated. These experiments confirmed unambiguously the anti-inflammatory effects of 1.
Considering the possible mechanism of INOS and COX-2 down-regulation being the affinity bindings,
molecular docking was further employed to predict the binding ability and sites of compound 1 with
INOS/COX-2, which exhibited the strong interactions between 1 with the residues of INOS/COX-2.
As a bioactive compound, 1 showed promising activities in cell level, drawing our interest in its in
vivo biological effects. However, it is difficult to conduct mouse experiment due to the limit of the
amount of 1. Zebrafish, as a living being highly homologous to human, is an ideal model for drug
screening. In this in vivo zebrafish model, a large amount of NO and ROS produced by treatment with
LPS, which were a sign of inflammatory response. After treated with compound 1 (6, 20, and 60 «M),
the production of NO decreased by 22%, 33%, and 38%, respectively. The other indicator ROS of
inflammatory response degree, was also detected, whose level was also significantly decreased when
treated by compound 1. The in vivo biological experiments implied that compound 1 is potentially

useful for inflammatory diseases.

5. Conclusions

In this study, a rare natural product with a ring-expanded homotriterpenoid skeleton, caseahomopene
A, was purified from the leaves of C. kurzii. The structure including the absolute configuration was
determined by spectroscopic data and X-ray crystallography analysis. Compound 1 exhibited

promising anti-inflammatory effects, whose possible action mechanism is to regulate the up-stream
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protein levels of INOS and COX-2 and bind some residues of INOS and COX-2. The zebrafish
experiments revealed compound 1 to have anti-inflammatory activity in vivo. All of the results
disclosed that compound 1 is expected to be potential useful for the development of new anti-

inflammatory drugs.
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