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ABSTRACT: Alstoscholarisines A—E (1—5), five unprece-
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dented monoterpenoid indole alkaloids with 6/5/6/6/6 fused- 1 % Sl B
bridge rings, were isolated from Alstonia scholaris. They N - : 3‘
promoted adult neuronal stem cells (NSCs) proliferation N o= £

: i

significantly, in which the most active one (1) functioned from R
a concentration of 0.1 yg/mL in a dosage-dependent manner.
Furthermore, 1 enhanced NSC sphere formation and
neurogenic fate commitment through activation of a Wnt
signaling pathway and promoted NSC differentiation but did not affect proliferation of neuroblastoma cells.

It has been now well accepted that all mammalian species, e L
including humans, consistently sustain reservoirs of neuronal | 5 R | B |

alstoscholarisine A

stem/progenitor cells (NSCs) in the subventricular zone and G XANT of - N R
the subgranular zone of the hippocampal dentate gyrus." The 21k\ e B ¢ E\O
maintenance and differentiation of NSCs in these two areas are o ~fo A b (
important for the formation of new neurons.” Many neurogenic i e

disorders, such as Alzheimer’s and Parkinson’s diseases, are 3R=COOCH;

characterized by a progressive 'loss of neuronal ac'tivi't).r.3 Novel ; g m g 00CH, g::ﬁOOH

approaches aimed at restoration of neuronal viability or at

prevention of neuronal decline are in high demand. In addition, Figure 1. Structures of compounds 1—5.

many of the genetic and biochemical pathways which regulate

adult hippocampal neurogenesis have been investigated.*

However, identifying small molecules that modulate hippo- NSC sphere formation and neurogenic fate commitment at

campal NSCs activity is still under explored, which might be least partially through activating a Wnt signaling pathway.

valuable to gain proof of concept that stem cell expansion Alstoscholarisine A (1) afforded as a colorless crystal that

strategy will be therapeutically useful. exhibited a molecular ion peak at m/z 296.1890 in its HREIMS
In recent years, a few small molecules which modulated NSC spectrum, which in conjunction with the *C NMR spectral

proliferation or cell fate choice have been identified.” Natural data (Table S1, Supporting Information) indicated a molecular

products endowed with pivotal neuromodulatory activity and formula of C,gH,,N,0. The UV spectrum showed maximal

chemical structure scaffold inspiring the design and synthesis of absorptions of an indole chromophore (233 and 287 nm).” The

compounds with better biological activity have attracted more ®C NMR and DEPT spectra revealed 19 carbon signals due to

attention.>® Total alkaloids from the leaves of Alstonia scholaris five methines (5- 34.5, 35.8, 43.0, 67.7, and 75.3), three

promoted NSC proliferation during our preliminary screening. methylenes (6¢ 31.1, 47.3, and 74.3), three methyls (5 8.1,

Then the phytochemical investigation of the total alkaloids led 187, and 45.6), and other eight signals typically assignable to a

to the isolation of alstoscholarisines A—E (1—S, Figure 1), five substituent indole ring moiety. The spectral data together with

novel monoterpenoid indole alkaloids (MIAs) possessing 6/5/ a series of MIAs from A. scholaris suggested that 1 might be a

6/6/6 complicated rings with five continuous chiral centers. MIA derivative.”® Unlike other intact MIAs, the correlation of

Their structures were determined by extensive spectroscopic 8y 221 (3H, s, Me-6) with d¢ 136.9 (C-2), 105.0 (C-7), and

data and single-crystal X-ray diffractions. All of the compounds 1302 (C-8) in the HMBC spectrum of 1 suggested an

promoted adult NSC proliferation significantly, in which the

most active one (1) functioned from a concentration of 0.1 ug/ Received: October 3, 2014
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uncommon methyl (Me-6) attached to C-7 of the indole ring
directly (Figure 2).

2and 3

— COSY
<~ HMBC

Figure 2. HMBC and 'H—'H COSY correlations of 1-3 and §.

In the HMBC spectrum, the correlations of a downfield
proton 8y 5.47 (d, J = 2.6 Hz, H-21) with §; 136.9 (C-2) and
138.5 (C-13) indicated the direct connection between C-21
and N-1. Furthermore, the correlation of 8 5.47 (H-21)/2.12
(H-20)/2.18 (H-15)/3.03 (H-16) in the 'H-'H COSY
spectrum, as well as the correlations from &y 3.03 (H-16) to
Sc 1369 (C-2) and 105.0 (C-7) in the HMBC spectrum,
established a six-membered ring-C. The cross peaks of a singlet
methyl at §; 2.24 (attributable to N4-Me with corresponding
chemical shift at §c 45.6 in the *C NMR spectrum) with 5
67.7 (C-21) and a methylene at 5c 47.3 (C-3) in the HMBC
spectrum suggested the linkage of C-21/N-4/C-3 (Figure 2).
The deduction could explain the downfield chemical shifts of
H-21 (6 5.47) and C-21 (8¢ 67.7) in the 'H and *C NMR
spectrum, respectively, for C-21 connecting two nitrogen
atoms. Correlations of &y 2.03, 1.74 (2H, H-14)/2.18 (H-
15), and of &y 2.03, 1.74 (H-14)/1.84, 2.30 (2H, H-3) in the
"H—"H COSY spectrum, together with the established linkage
of C-21/20/15, constructed the six-membered ring-D. The
linkages of C-18/19/20 and C-16/17 were indicated by the
correlations of 8y 1.22 (Me-18) with 8y 3.69 (H-19), of &y
3.69 with & 2.12 (H-20), and of &y 3.03 (H-16) with &y 3.57
(H-17) in the '"H—"H COSY spectrum. Then, a six-membered
ether ring-E was proposed by the downfield chemical shift of C-
17 (8¢ 74.3) and C-19 (8 75.3), combined with the cross peak
between Oy 3.69 and ¢ 75.3 in the HMBC spectrum, which
met its degrees of unsaturation. Thus, the planar structure of 1
was elucidated to possess an unprecedented 6/5/6/6/6 ring-
fused system.

In a molecular model, the rigid structure required the single
bonds of C-15/14 and C-21/N-4 located axially in chair ring-C
to form the six-membered ring-D. Likewise, to form the six-
membered ring-E, the single bonds of C-16/17 and C-20/19
should locate axially in chair ring-C. Then, rings D and E
should be placed at different sides of C-ring, respectively, and
bridgehead H-15, 16, 20, and 21 were positioned equatorially.
Furthermore, the final refinement on the Cu Ko data of crystal
of 1 [CCDC 1015370, the Hooft parameter is 0.13(7) for 1105
Bijvoet pairs] unambiguously confirmed the structure of 1, in
which rings C, D, and E were all appeared as the chair
conformation to avoid steric hindrance. In the fused-bridge ring
system, ring D was located at the top side of the plane of the A,
B, C-ring system and ring-E at the bottom side. Then, the
absolute configuration of 1 was determined as
15R,16R,19R,208,21S (Figure 3).

The molecular formula of alstoscholarisine B (2) was
established to be C,;HyN,0; by HREIMS (m/z 354.1940,
M") and the *C NMR spectral data (Table S1, Supporting
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Figure 3. X-ray crystallographic structures of 1 and 3.

Information), which was 68 mass units more than that of 1.
Upon comparison of the 'H and *C NMR spectral data of 1
and 2, an extra carboxymethyl group at 5. 173.3 (s), 52.1 (q)
and corresponding protons at 8 3.87 (3H, s) appeared in 2. In
addition, the absence of a methine (6- 35.8, C-16) and the
presence of a quaternary carbon at 5. 48.8 (C-16) in the °C
NMR spectrum of 2 suggested that the carboxymethyl group
was attached to C-16. The suggestion was further supported by
the correlations of &y 3.75 (H-17) with 5. 48.8 (C-16) and
173.3 (—COOCH,) in its HMBC spectrum. Other parts of 2
were identical to those of 1 by detailed analysis of 2D NMR
spectroscopic data of 2.

Alstoscholarisine C (3) shared the same planar scaffold as 2
by detailed analysis of its HREIMS and extensive NMR spectral
data (Tables S1 and S2, Supporting Information). Comparison
of the *C NMR spectra of 2 and 3, about 6 ppm upfield shifts
for both C-15 (6¢c 33.5) and C-17 (6¢ 68.9), and 5 ppm
downfield shift for C-21 (8¢ 71.8) in 3, suggested that 3 might
be 19-epimer of 2. The suggestion was further supported by the
NOE correlation of 6y 3.94 (H-19) with & 5.38 (H-21), and
of 8, 128 (Me-18) with 8y 2.57 (H-15) in its ROESY
spectrum. Finally, the single-crystal X-ray of 3 (CCDC 963511)
confirmed its structure with relative configuration.

Alstoscholarisine D (4) was assigned the molecular formula
of C,Hy,N,0; by HREIMS (m/z 340.1780, M*), 14 mass
units less than 3. Comprehensive analysis of the 1D and 2D
NMR spectral data (Tables S1 and S2, Supporting
Information) suggested that 4 was a demethyl derivative of 3.
Likewise, alstoscholarisine E (5) was elucidated to be a
decarboxymethyl derivative of 3 on the basis of the detailed
analysis of its HREIMS and extensive NMR spectral data. The
relative configurations of 4 and § were the same as that of 3
indicated by their ROESY spectra. The similar experimental
CD curves of compounds 1—$ (Figure S1, Supporting
Information) proposed the absolute configurations of 2—S$
based on the X-ray analysis of 1. The plausible biosynthesis
pathways of 1—5 were also proposed in Scheme S1 in the
Supporting Information.

All of the isolated alkaloids and the total alkaloids (TA) were
evaluated for their bioactivities of regulating hippocampal NSC
proliferation in vitro (Supporting Information). The results
indicated that compounds 1—S§ at 10 pg/mL whereas TA at 30
ug/mL were able to enhance NSC proliferation significantly
using SRB assay in basal medium supplemented with 10 ng/mL
basic fibroblast growth factor (bFGF) (Figure 4A). Alstoscho-
larisine A (ASA), the most potential compound, worked alone
or together with bFGF to promote NSCs survival and
proliferation in a dosage-dependent manner at the lowest
working conditions close to 0.1 ug/mL (Figure 4B). Then, the
unaffected proliferation rates in mouse neuroblastoma cells
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Figure 4. Alstoscholarisine (1—5)-promoted hippocampal NSC
proliferation. (A nd B) Mouse hippocampal NSCs cell proliferation
assay by SRB; the relative proliferation is shown compared to the 10
ng/mL bFGF, which is set to 1; ASA: alstoscholarisine A (1). (C and
D) Hippocampal NSCs neurosphere cultures; D is the quantification
results for C; scale bar: 100 ym. (E and F) BrdU incorporation assay;
F is the quantification results for E; scale bar: S0 ym, p < 0.05).

(Neuro2a) and fibroblast cells (NIH 3T3) indicated that the
activity for 1 might be NSC specific (Figure SSA, Supporting
Information). To further evaluate NSCs’ self-renew ability
affected by 1, the neurosphere formation assay was performed,
and the number of neurospheres over 50 ym in diameter was 3
times more in the presence of 1 than that treated by DMSO
(Figure 4C,D). In addition, there was 2 times more BrdU-
positive NSCs in the presence of 1 than that in DMSO in the
BrdU incorporation assays (Figure 4E,F).

Since the apoptotic signaling pathways induced by TNFa in
NSCs was not affected by 1 (Figure S2, Supporting
Information), the microarray analysis to gain the genome-
wide transcriptional perspective in NSCs were used to uncover
the underlying mechanisms for 1 enhancing NSC proliferation
(Supporting Information). Upon comparison of the tran-
scriptome profile with DMSO treatment, a total of 3149 genes
were dis-regulated (1847 up and 1302 down, Table S3,
Supporting Information). Interestingly, some genes involved in
Wnt and Hedgehog (Hh) signaling pathways were affected,
which are highly conserved to modulate both embryonic
nervous system development and adult neurogenesis.* Then,
the Wnt signaling transduction by TOPFlash luciferase reporter
assay revealed that 1 alone or together with Wnt3a were able to
activate TOPFlash, whereas 1 has no synergistic effect with
LiCl (a GSK3p inhibitor) or AN-f-catenin (a constitutive
active form of f-catenin). The results suggested that 1 acted
upstream of the f-catenin degradation complex (Figure SA). In
addition, endogenous Wnt target genes, such as Axin2,
CyclinD1, and MYC, were activated by 1 alone or together
with Wnt3a (Figure 5B).'" In contrast, the Hh signaling
reporter 8XGli-BS-Luc did not respond to 1 except for about 2-
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Figure S. Alstoscholarisine A (ASA) activated Wnt signaling and
increased NSCs neurogenic fate commitment. (A and B) ASA
activated Wnt signaling response luciferase reporter TOPFlash and
downstream genes Axin2, CyclinD1, MYC in a Wnt ligand-independent
manner and had synergistic effect with Wnt3a; qRT-PCR was
normalized to GAPDH expression; Ctr = control. (C) ASA synergized
with Wnt3a to stabilize cytosolic and nuclear f-catenin. Values are
given beneath each band which was normalized to Wnt3a treatment
(set to 1). (D) Expression of indicated genes was determined by qRT-
PCR and normalized to GAPDH expression. (E and F) Hippocampal
NSCs differentiation assay was performed and the cells were stained
for Tujl and DAPI; F is the quantification results for E; scale bar: 50
um, p < 0.05).

fold up-regulation of Ptchl and slightly down-regulation of Glil
(Figure S3, Supporting Information),"" which suggested that
Hh signaling pathway might not be critical for the NSCs
activation by 1. Consistently, 1 alone or together with Wnt3a
increased both cytosolic and nuclear S-catenin protein level
(Figure SC). The results suggested that 1 increased NSCs
proliferation at least in part through activating a Wnt signaling
pathway.

In our qRT-PCR verification data, KLF4, Sox2, Nanog, and
Nestin were all unanimously increased, whereas the Oligol and
GFAP were barely changed (Figure SD), implying that 1 could
be important to maintain the NSCs stemness. It is worthy to
note that NeuroD was up-regulated dramatically treated by 1,
which suggested that the neuronal fate commitment for NSCs
could be affected by 1 as well. The hypothesis was supported by
the neuronal differentiation assay.'” There was two times more
of the ratio of Tujl+/total cells treated by 1 compared with
DMSO and 20% more compared with 10 yug/mL of forskolin, a
well-known NSCs neuronal differentiation inducing factor
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(Figure SE—F). However, the ratio for GFAP+/total cells was
not changed (Figure S4, Supporting Information). These data
indicated that 1 promoted NSCs preferential differentiation
into neuron, which could be used to integrate with existing
neural circuit in order to compensate neurodegenerative
damages.13 Interestingly, the neuroblastoma cell (Neuro2a)
proliferation was not affected by 1, but the neurite outgrowth
which is a critical state of neuronal differentiation was boosted
more than 2-fold compared with DMSO (Figure SSB,C,
Supporting Information).

Alstoscholarisine A might provide great insight into the
mechanism involved in the regulation of adult hippocampal
NSCs, which could potentially be useful in future studies
modulating neurogenesis or neuroblastoma in the adult brain.
There is huge scientific and clinical interest in identifying
external factors that could be used to promote NSC
proliferation and neuronal differentiation, which raises the
hope for stem cell based therapies to restore brain functions
due to neurodegenerative diseases.'* Our findings present
challenging natural products for organic synthesis and also
might provide a clue for the treatment of neurogenic disorders,
i.e,, Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease.
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