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ABSTRACT: Six unique nortriterpenoids, lancifonins A—F
(1—6), were isolated from Schisandra lancifolia. Their absolute
configurations were determined by X-ray diffraction and ECD
calculation. The conformational analysis of 1 was performed
due to the unanticipated changes of Cotton effects in its ECD
spectrum. Compounds § and 6 possess a unique 7/7 fused
carbocyclic core with an internal ester bridge between C-9 and
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C-14, and S exhibited protective activity against H,O,-induced oxidative damage on Caco-2 cells.

lants of the Schisandra genus are rich sources of highly

oxygenated and rearranged norcycloartane-type triterpe-
noids named schinortriterpenoids (SNTs).! The discovery of
the first member of SNT micrandilactone A in 2003 is a
prelude to numerous research on this class of molecules in the
fields of phytochemistry' and organic synthesis."”> Schisandra
lancifolia (Rehd. et Wils.) A. C. Smith, especially distributed in
the Nujiang prefecture of Yunnan province in China, could be
considered to be a prominent producer of novel SN'Ts,* which
make this species eminently rewarding to systematic research.
As a result of continuing investigation on architecturally
interesting SN'T's with bioactivities from this species, six unique
and biogenetically related SNTs, lancifonins A—F (1—6), were
discovered. Their absolute configurations were established by
X-ray diffraction and ECD calculation. The ECD spectrum of 1
was serendipitously found to be a special case in SNTs, when
compared to those of other (20R)-16,17-seco-preschisanartane-
type SNTs. Therefore, its conformational analysis was
performed. Most notably, § and 6 possess an unprecedented
rearranged carbocyclic core with an internal ester bridge
between C-9 and C-14. In addition, compound 5 exhibited
protective activity against H,O,-induced oxidative damage on
Caco-2 cells with an ECs value of 0.26 mM. Herein, we report
the structural elucidation, including absolute configurational
and conformational analysis, and the antioxidative activities of
1-6.

Compound 1 had a molecular formula of Cy,H;,0,;, as
determined by ESIMS and HREIMS (m/z 558.2110, calcd
558.2101). The NMR spectra of 1 (Tables S1 and S2,
Supporting Information) closely resembled schisdilactone E,>
except for C-7, C-19, and C-29. The presence of an oxa-bridged
hemiketal in the seven-membered carbon ring of 1 was
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supported by the HMBC correlation from an oxymethine (H-7,
Sy 4.50) to a hemiketal group (C-19, §; 104.8). An
oxymethylene attached at C-4 in schisdilactone E was replaced
by a methyl (C-29, 6 25.3) in 1, which was judged by the
HMBC correlations from Me-29 (§y 1.14) to C-4 (¢ 85.7)
and C-30 (¢ 30.3). Finally, the absolute configuration of 1 was
determined to be 1R, SS, 7S, 8R, 9R, 10R, 13S, 15S, 19S, and
20R by X-ray diffraction using Cu Ka radiation [Flack
parameter = 0.11(11)]° (Figure 1). Full structural elucidation
of 2—4 by NMR, MS, and ECD could be readily performed.”

It has previously been reported that the absolute configura-
tional assignment for C-20 of 16,17-seco-preschisanartane-type
SNTs featuring an a,f,y,0-unsaturated-y-lactone moiety and a
carbonyl group in the side chain could be provided by the
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Figure 1. (A) X-ray crystallographic structure of compound 1. (B)
Overlay of higher-energy conformer (la, green), lowest-energy
conformer (1c, blue), and the crystal conformer (1, pink).

diagnostic positive Cotton effect (CE) around 310 nm and
negative CE around 275 nm for 20S as well as the diagnostic
negative CE around 310 nm and g)ositive CE around 275 nm
for 20R in ECD spectrum.” Although the absolute
configuration for C-20 of 1 was assigned to be R by X-ray
diffraction, the experimental ECD spectrum of 1, which was
characterized by only one intense negative CE at 301 nm, was
significantly distinct from those of other (20R)-16,17-seco-
preschisanartane-type SN'Ts.”® It could be therefore postulated
that the solution conformational characteristics of 1 were
responsible for its abnormal variations of CEs in its ECD
spectrum.” Subsequently, conformational analysis and theoreti-
cal ECD calculation were performed, in order to evaluate the
solution conformers of 1. Unfortunately, the Boltzmann-
weighted ECD spectrum of 1 calculated by the TDDFT
method at the B3LYP-SCRF/6-31+G(d,p)//B3LYP/6-31G(d)
level with PCM in methanol was also incompatible with the
experimental one (Figure 2), which might result from the
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Figure 2. Experimental ECD of 1 (black), Boltzmann-weighted ECD
of 1 (red), calculated ECD of conformer la (blue), and calculated
ECD of the crystal conformer of 1 (green).

failure to obtain the accurate evaluation of Bolzmann
population and the lowest-energy conformer via B3LYP/6-
31G(d). Although larger basis sets and different functionals, i.e.,
B3LYP/6-31+G(d,p), B3LYP/TZVP, and B97D/TZVP, were
performed to reoptimize all the conformers in methanol
solvent, their Boltzmann population and the lowest-energy
conformer were almost the same as those obtained by B3LYP/
6-31G(d) in the gas phase (Tables S4—S7). Under the
circumstances, we analyzed the calculated ECD spectrum of
each conformer (la—le) and found that only the minor
conformer 1a (0.8, 0.4, 0.6, 6.0, and 12.9% obtained at different
levels, Tables S4—S7) generated an ECD curve similar to the
experimental one (Figures 2 and S1). In addition, la
conformationally resembled the crystal conformer of 1 while
the predominant conformer lc (78.7, 94.6, 86.4,85.2, and
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81.5% obtained at different levels, Tables S4—S7) showed
significant differences from 1a and the crystal conformer of 1,
pertaining to the C, side chains (Figure 1B). Finally, the ECD
spectrum of the crystal conformer of 1 was calculated at the
B3LYP-SCRF/6-31+G(d,p)//B3LYP/6-31G(d) level with
PCM in methanol, which afforded extremely good agreement
with the experimental one (Figure 2). Thus, this evidence
suggested that the steric structure of 1 in crystal was also
predominantly preserved in methanol.

Inspection of conformer 1a, the crystal conformer of 1, and
conformer lc had showed that an intramolecular hydrogen
bond, 150—H:-O=C14, was present in the former two
conformers, while 150—H---O=C17 existed in conformer lc
instead (Figure S2). Furthermore, the hydrogen bond length
and bond angles of conformer la were close to those of the
crystal conformer of 1 (Figure 3). As a result, the intra-
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1a [BILYP/6-31G(d)]:
;=788 awpy=116.3,L,=2.18
Crystal conformer of 1:
0y =71.6,0,=111.9,L, =246

1c [B3LYP/E-31G(d)]:
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Figure 3. Intramolecular hydrogen bonds (red dash) of conformer 1a,
the crystal conformer of 1, and conformer 1c and corresponding bond
angles (deg) and bond lengths (A) obtained by calculation and X-ray
diffraction.

molecular hydrogen bonding of OH-15 with the carbonyl
group at C-14 or C-17 could be one of the main reasons for
conformational alterations of the flexible side chain, which led
to the unanticipated but remarkable variations of CEs.
Lancifonin E (§) had a molecular formula of Cy,H3,0,;, as
determined by positive ESIMS and HREIMS (m/z 558.2101,
caled $58.2101), requiring 13 degrees of unsaturation. By
analysis of the HSQC spectrum, all protons signals were
assigned to their respective carbons unambiguously except for
two signals at 6y 5.22 and 6.08, which suggested that these two
protons were from two hydroxy groups. Detailed comparison of
the 1D NMR spectra of § with those of 1 (Tables S1 and S2)
suggested that the substructures of rings A—D and C, side
chain remained intact in S. However, it was obvious that the
characteristic signals for 1 at C-9 (6¢ 89.8), C-14 (&¢ 211.7),
and C-15 (6¢ 105.8) were absent in 5. Instead, the existence of
three anomalous quaternary carbons at ¢ 75.2, 91.9, and 177.8
were observed. Therefore, the observed differences could be
rationalized by the rearrangement of the eight-membered
carbon ring in 5. The hydroxy group at dy 5.22 was located at
C-14 (8¢ 75.2) on the basis of the HMBC correlations (Figure
4) from OH-14 to C-8 (5. 53.4), C-14, and C-16 (5 48.4). C-
8 attached to C-16 through an oxygenated quaternary carbon at
8¢ 75.2 was judged from the HMBC correlations from H-8 (5y
3.13) to C-14 and C-16 and the aforementioned HMBC
correlations of OH-14. Meanwhile, the HMBC correlations
from H-11f (5 2.07) and H-12a (g 2.18) to C-9 and from
Me-18 to C-12, C-13, and C-16, together with the 'H-'H
COSY and HSQC-TOCSY correlations of H,-11/H,-12,
established the unique seven-membered carbon ring that
consisted of C-8, C-9, C-11, C-12, C-13, C-14, and C-16. An
ester group (8¢ 177.8), namely C-15, was attached to C-14,
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Figure 4. Key HMBC,
correlations of §.

'"H-'H COSY, and HSQC-TOCSY

which was supported by the HMBC correlations from H-8,
OH-14, and H,-16 to C-15. Finally, there was still 1 degree of
unsaturation unaccounted for, requiring another ring in the
final structure. When the chemical shift of C-9 in § was
compared with that of 1, the downfield chemical shift of C-9 in
S indicated it to be esterified and therefore C-15 had to be
connected to the oxygen left (O-9) through an ester bond.
Thus, the planar structure of § was established.

The relative configuration of the stereogenic centers in rings
A-D of § was determined to be the same as those in 1 by the
similar ROESY correlations (Figure S) and carbon and proton

Figure S. Key ROESY correlations of § and corresponding interatomic
distance (A).

chemical shifts of both compounds (Tables S1 and S2). In
addition, the ester bridge between C-9 and C-14 in 5 was a-
oriented, judging from the ROESY correlations of H-8 with H-
118 (8, 2.07) and H-168 (8 1.87), of OH-14 with H-6 (5
2.09), and of H-16f with Me-18 (5 1.18). In addition, the
double bond between C-22 and C-23 was in a Z geometry,
which was supported by the ROESY correlation from H-22 (6
4.89) to H-24 (5y; 7.33). These observations were all supported
by DFT calculation of the predominant conformer Se (85.8%)
that was optimized at the B3LYP/6-31G(d) level (Figure ).

The absolute configuration of C-20 was established by
calculated ECD spectra of C-20 epimers for 5. The comparison
of the experimental ECD spectrum with the calculated ECD
spectra for (20S)-5 and (20R)-5 was shown (Figure 6). Overall,
the calculated ECD spectra for (20S)-S showed diagnostic
positive and negative CEs at 316 and 280 nm, respectively,
consistent with the experimental one. Thus, the absolute
configuration of C-20 in § was assigned as S. Molecular orbital
(MO) analysis used the predominant conformer Se as an
example to afford a thorough understanding of the
experimental ECD curve of 5 (Figure S3).

Careful comparison of the NMR data of 6 with those of §
(Tables S1 and S2) obviously suggested that 6 was another
SNT structurally similar to §. The double bond between C-22
and C-23 of 6 was determined to be in an E geometry, which
was supported by the ROESY correlation of H-20 (5y 4.23)
with H-24 (6 7.96) and the disappearance of the correlation of
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Figure 6. Experimental ECD spectrum of § (black), calculated ECD
spectra of (205)-5 in the gas phase (blue) and in methanol (red), and
calculated ECD spectra of (20R)-S in the gas phase (orange) and in
methanol (green).

H-22 (64 5.49) with H-24."° In addition, the absolute
configuration of C-20 in 6 was demonstrated to be R by an
empirical comparison of its experimental ECD spectrum to that
of S.

The 7/8 fused carbocyclic core with an oxa-bridged ketal/
hemiketal in the eight-membered carbon ring is an intact
substructure (Scheme 1 in blue), especially preserved in

Scheme 1. Hypothetical Biogenetic Pathway of §
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schisanartane, preschisanartane, and 16,17-seco-preschisa-
nartane-type SNTs.">® From a literature research, only
arisandilactone A has hitherto been reported to possess a 7/9
fused carbocyclic core that expanded from a 7/8 fused ring
system.'" In contrast to arisandilactone A, the unique 7/7 core
skeleton of § and 6 presumably arises from the 7/8 backbone
via a ring-contraction process, namely acyloin rearrangement
(Scheme 1)."* On the basis of biogenetic considerations and
the X-ray crystallographic structure of 1, the same absolute
configuration of the western hemisphere is suggested for
compounds 1-6.

Oxidative damage at the cellular level is closely related to
multlgle human diseases, such as cancer and neurodegenera-
tion.”” Dibenzocyclooctene lignans, the major component in
plants of Schisandraceae family, are known to have a potent
antioxidative effect,'* but such pharmacological knowledge of
the minor constituents, SNTs, is still unknown. It is interesting
to explore whether such highly oxygenated molecules possess
an antioxidative property. Thus compounds 1—S5, except 6 due
to sample quantity limitation, were evaluated for their
protective activities against H,O,-induced oxidative damage
on Caco-2 cells. Compounds 1—4 showed weak activity while §
exhibited protective efficacy with an ECg, value of 0.26 mM,
which was better than those of the positive controls N-acetyl-L-
cysteine (ECgy = 4.2 mM) and y-Glu-Cys-Gly (ECg, = 3.6
mM). It was observed that 5 promoted a significant increase in
the number of survival Caco-2 cells (Figure 7). Furthermore,
Hoechst 33258 staining was used to demonstrate that 5 could
protect H,0,-induced Caco-2 cells against apoptosis (Figure
8). The apoptosis rate of H,0,-treated Caco-2 cells reduced
from 50.4% in a negative control to 21.4% and 27.1% by
pretreating the cells with § at 50 and 100 uM, respectively
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Figure 7. Live cell count per 96 well were determined after Caco-2
cells were stimulated by H,0, with or without pretreatment of
different concentrations of 5 (*p < 0.05 vs control, #p < 0.0S vs H,0,
treatment alone).
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Figure 8. Protective activity of § against H,0,-induced Caco-2 cells
apoptosis. Nuclear staining of Caco-2 cells with Hoechst 33258;
apoptotic cells showed smaller nuclei with brilliant blue staining (white
arrows).

H202 (500 M)
Control 5(0 uM) 5 (50 uM) 5 (100 M)
15.4% 504% 21.4% | 27.1%

7-ADD (PM2)

.4 by 1 £

e

Annexin V-PE (PM1)

Figure 9. Apoptosis rate of H,0,-treated Caco-2 cells with or without
pretreatment of different concentrations of S.

(Figure 9). It was found that phosphorylation of JNK1/2/3
MAPK in H,0,-treated Caco-2 cells was blocked by $ (Figure
S4), suggesting that this protective effect was correlated with a
JNK pathway. The protective effect of S, when compared to
those of 1—4, indicated that the seven-membered carbon ring
(rings E and F) with an internal ester bridge might be a
structural requirement for activity. These results indicated that
some modified SNTs may function as protective agents against
oxidative damage, which shed new light onto the biological
study of SNTs.
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Detailed experimental procedures, physical—chemical proper-
ties, 1D and 2D NMR, MS, IR, UV, and ECD spectra for
compounds 1—6, X-ray crystal structure (CIF) for compound
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