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The natural product 4,10-aromadendranediol induces
neuritogenesis in neuronal cells in vitro through
activation of the ERK pathway
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Abstract

Recent studies focus on promoting neurite outgrowth to remodel the central nervous network after brain injury. Currently, however,
there are few drugs treating brain diseases in the clinic by enhancing neurite outgrowth. In this study, we established an NGF-

induced PC12 differentiation model to screen novel compounds that have the potential to induce neuronal differentiation, and further
characterized 4,10-Aromadendranediol (ARDD) isolated from the dried twigs of the Baccharis gaudichaudiana plant, which exhibited
the capability of promoting neurite outgrowth in neuronal cells in vitro. ARDD (1, 10 uymol/L) significantly enhanced neurite outgrowth in
NGF-treated PC12 cells and N1E115 cells in a time-dependent manner. In cultured primary cortical neurons, ARDD (5, 10 umol/L) not
only significantly increased neurite outgrowth but also increased the number of neurites on the soma and the number of bifurcations.
Further analyses showed that ARDD (10 umol/L) significantly increased the phosphorylation of ERK1/2 and the downstream GSK-30,
subsequently induced B-catenin expression and up-regulated the gene expression of the Wnt ligands Fzd1 and Wnt3a in neuronal cells.
The neurite outgrowth-promoting effect of ARDD in neuronal cells was abolished by pretreatment with the specific ERK1/2 inhibitor
PD98059, but was partially reversed by XAV939, an inhibitor of the Wnt/B-catenin pathway. ARDD also increased the expression of
BDNF, CREB and GAP-43 in N1E115 cells, which was reversed by pretreatment with PD98059. In N1E115 cells subjected to oxygen
and glucose deprivation (OGD), pretreatment with ARDD (1-10 umol/L) significantly enhanced the phosphorylation of ERK1/2 and
induced neurite outgrowth. These results demonstrated that the natural product ARDD exhibits neurite outgrowth-inducing activity in
neurons via activation of the ERK signaling pathway, which may be beneficial to the treatment of brain diseases.
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Introduction
During the process of forming a central network, progenitor

laminin, fibronectin and neurotrophic factors, trigger neurite
outgrowth and promote neuritogenesis”. After the mature

cells extend neurites that eventually become axons and den-
drites to establish connections with other neurons. In network
development, axon elongation, directed by the growth cone
at the tip of the neurite, stops and shapes the correct neural
architecture through multiple molecules". In the beginning of
neurite sprouting, several ECM-associated molecules, such as
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network construction has been achieved, inhibitory molecules
are required to stop neuritogenesis to sustain the precise
network?. Thus, even though axonal regeneration is a key
repair process leading to a reduction in neurological deficits
after central nervous system (CNS) injuries, such as ischemic
stroke and Alzheimer’s disease, it is difficult to carry out. The
growth suppressors Nogo (neurite outgrowth inhibitor) and
MAG (myelin associated glycoprotein) are released by injured
cells and limit the intrinsic capacity of mature cells, and are
two main factors that prevent axonal regeneration!* .

Toxicity factors induced by brain diseases suppress neuro-
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nal differentiation and survival by disturbing the functions of
neurotrophins including nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF)® .. Tt is reported that
BDNF reduction may exacerbate brain disease deterioration.
Maintaining BDNF levels is important in rebuilding the CNS
network. Although the exact pathway involved in the BDNE-
induced regulation of neurite growth is not fully established,
most research reveals that BDNF mediates several intracellular
signaling pathways such as Akt/PI3K, phosoholipase C, and
MAPK/ERK, which regulate the transcription factor CREB
and neurite growth-related gene expression®.

MAPK/ERK associates with many other signaling path-
ways, such as the Wnt/p-catenin pathway involved in the
inhibition of GSK-3f activity, to regulate cell growth. In the
regular canonical Wnt pathway, when the Wnt ligand does
not combine with the Fzd1 receptor, GSK-3p interacting with
the APC complex accelerates B-catenin ubiquitination and
degradation, but when the Wnt ligand combines with the Fz1
receptor, the activity of GSK-3f is reduced and it dissociates
from B-catenin, accumulates and translocates into the nucleus
to induce target gene expression”. Therefore, ERK pathway
activation leads to inactive GSK-3p phosphorylation, which
is involved in neuronal outgrowth to regulate target gene
expression.

Recent studies focus on promoting neurite outgrowth by
regulating extracellular molecules to remodel the central
nervous network after brain injury. BDNF and Ganglioside
endogenous factors derived from the brain have prominent
abilities in enhancing neurogenesis, but both of them show

[10]

weak effects as exogenous treatments"™'. There are few drugs

treating brain diseases by enhancing neurite outgrowth in the
clinic™. In this study, based on an established in vitro neurite
outgrowth model, we first discovered one natural product,
4,10-Aromadendranediol (ARDD), with the capability of pro-
moting neurite outgrowth in neuronal cells. ARDD is isolated
from the dried twigs of the Baccharis gaudichaudiana plant,
which is used for the treatment of diabetes and gastrointes-
tinal diseases, but the function of ARDD in brain diseases is

unknown!?.

Our group, for the first time, found its pharma-
cological function and related underlying mechanisms, which
may provide insight into treating brain diseases that are asso-

ciated with neuronal injury.

Materials and methods

Materials

The natural compound 4,10-Aromadendranediol (ARDD,
powder purity over 98%) was obtained from Yunnan Xili
Company (China). PD98059 (inhibitor of ERK), edaravone
and mNGF (mouse nerve growth factor) were purchased from
Sigma-Aldrich. XAV939 (inhibitor of B-catenin) was pur-
chased from Selleck (Houston, TX, USA). For all the experi-
ments, these compounds were prepared by diluting the stock
with culture medium (the final concentration of dimethyl sulf-
oxide was less than 0.1%). Cell culture medium and supple-
ments were purchased from Invitrogen (Carlsbad, CA, USA).
All other regular reagents were obtained from Sigma-Aldrich.
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Cell culture and drug treatment

PC12 cells, from a rat pheochromocytoma cell line, were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Undifferentiated PC12 cells were cul-
tured in DMEM complete medium with 10% heat-inactivated
horse serum, 5% fetal bovine serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin and maintained at 37°C in a
humidified incubator supplemented with 5% CO,. To induce
differentiation"”, PC12 cells were seeded at a density of 2x10*
cells/mL on a poly-L-lysine-coated 96-well plate and cultured
in complete medium containing 2.5 ng/mL NGF or different
concentrations of ARDD (0.1, 1, 10 pmol/L) concomitant with
2.5 ng/mL NGF administration. Four days after incubation,
morphometric analysis was performed on digitized images
of live cells taken under phase contrast illumination with an
inverted microscope linked to a camera. Images of five fields
per well were taken with an average of 20 cells per field. The
number of differentiated cells was determined by counting
cells that had at least one neurite with a length equal to the cell
body diameter and was expressed as a percentage of the total
cells in the field. The counting was performed in a blinded
manner. All experiments were performed at least three
times!.

N1E115 cells, from a mouse neuroblastoma cell line, were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Undifferentiated N1E115 cells were
cultured in DMEM complete medium with 10% fetal bovine
serum, 100 U/mL of penicillin, and 100 pg/mL of streptomy-
cin and maintained at 37°C in a humidified incubator supple-
mented with 5% CO,. To induce differentiation, N1E115 cells
were seeded at a density of 5x10° cells/mL on poly-L-lysine-
coated 96-well plates, 12-well plates and 6-well plates and
grown in serum-free medium! or different concentrations
(1, 5, 10 pmol/L) of ARDD for four days. To test the inhibi-
tor effects, N1E115 cells were pretreated with PD98059 (10
pmol/L) or XAV939 (10 pmol/L) for an hour and then cul-
tured as before. Four days after incubation, immunofluores-
cence was performed on digitized images of cells taken under
confocal microscopy (Olympus, Japan). Images of five fields
per well were taken with an average of 100 cells per field.
Cells that had at least one neurite with a length that was twice
as long as the body diameter were expressed as a percentage
of the total cells in the field. The counting was performed in
a blinded manner. All experiments were performed at least
three times.

Cortical neurons were isolated as previously described™.
Primary neuronal cells were separated from the cerebral corti-
ces of Sprague Dawley rats at embryonic 16-18 d. Tissue was
digested with trypsin (0.05% trypsin in EDTA maintained at
37°C) for 10 min. The trypsin solution was decanted, and the
tissue was washed three times with DMEM supplemented
with L-glutamine and glucose. Cultures were maintained in
Neurobasal medium supplemented with 2% B27 and 1% Glu-
tamax. The cells were dissociated mechanically and plated on
12-well plates pre-coated with poly-L-lysine. After 4 h of cul-
ture, neurons were treated with 100 ng/mL NGF or different



concentrations of ARDD (1, 5, 10 pmol/L) for 24 h. Immuno-
fluorescence was performed on digitized images of cells taken
under confocal microscopy (Olympus, Japan). Images of five
fields per well were taken with an average of 50 cells per field.
The counting was performed in a blinded manner. All experi-
ments were performed at least three times.

Western blotting

To determine the levels of protein expression, N1E115 cells
obtained from different treatment groups were washed
with cold PBS and collected with Tris-Glycine SDS lysis buf-
fer), The mixtures were collected as the whole cell extracts.
Cell extracts were separated by 10% SDS-PAGE, and then
transferred onto PVDF membranes. The membranes were
blocked for 1 h with 3% bovine serum albumin (BSA) in Tris-
buffered saline plus Tween 20 (TBST, pH 7.4) and then probed
with the specific primary antibodies of rabbit anti-phospho-
ERK1/2 (1:1000), rabbit anti-phospho-GSK-3[3-Ser9 (1:1000),
mouse anti-B-actin (1:2000), rabbit anti-p-catenin (1:1000),
rabbit anti-phospho-CREB (1:1000), and rabbit anti-GAP-43
(1:1000). After several washes with TBST, the membranes
were incubated with the secondary antibodies of anti-rabbit
IgG (1:10000; SunShineBio, China) or anti-mouse IgG (1:10000;
SunShineBio, China) for 1 h at room temperature, then blots
were visualized using chemiluminescence with a Bio-Rad
ChemiDoc XRS (Bio-Rad, Hercules, CA, USA). The resulting
bands were quantified using densitometric analysis and were
normalized to the levels of B-actin protein.

Reverse transcription-polymerase chain reaction (RT-PCR)

To determine the levels of gene expression, N1E115 cells
obtained from different treatment groups were washed with
cold phosphate buffer saline (PBS, pH 7.2) and total RNA was
extracted using Trizol reagent (Invitrogen, USA). Reverse
transcription was performed using a cDNA synthesis kit
(Vazyme, Nanjing, China) following standard techniques.

Table 1. Primers sequence.

Gene Sequence

Fzd1

Forward 5"-CAGCAGTACAACGGCGAAC-3'
Reverse 5-GTCCTCCTGATTCGTGTGGC-3’
BDNF

Forward B5"TCATACTTCGGTTGCATGAAGG-3’
Reverse 5-ACACCTGGGTAGGCCAAGTT-3'
Wnt3a

Forward 5"-CTCCTCTCGGATACCTCTTAGTG-3'
Reverse 5"-CCAAGGACCACCAGATCGG-3’
GAPDH

Forward 5-GGCCTTCCGTGTTCCTAC-3'
Reverse 5" -TGTCATCATATCTGGCAGGTT-3’
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For PCR analysis, 5 pL of cDNA was used as a template and
amplified using specific primers (Table 1). Each PCR mixture
contained 5 pL of cDNA, 1 pL of each primer (10 pmol/L),
3.5 pL of ddH,0, 10.5 puL of SYBR Green Premix (Vazyme,
Nanjing, China). The relative quantitative expression was
measured in triplicate on a Real-time PCR Applied Biosystems
Step One Plus Detection System (USA) where the GAPDH
levels served as a control. The amplification conditions were
95°C? for 5 min, 40 cycles of 95°C for 10 s, 60°C for 30 s. The
specificity of amplification was confirmed by a melting curve.

Immunofluorescence staining

N1E115 cells or primary cortical neurons exposed to drug
treatment were seeded on coverslips pre-coated with poly-L-
lysine. For immunofluorescence staining, the cells were fixed
with 4% paraformaldehyde in PBS for 30 min, permeabilized
in PBS containing 0.1% Triton X-100 for 10 min and blocked
with 5% bovine serum albumin. Then, the coverslips were
incubated overnight at 4°C? with anti-MAP-2 antibody (1:500;
Millipore). Nuclei were labeled with Hoechst 33342 (Beyo-
time, Haimen, China) at room temperature. After washing
three times with PBS, cells were incubated with Alexa Fluor
488 goat anti-rabbit IgG (Life, USA) for 60 min. The fluores-
cence was then examined with confocal microscopy (Olympus
FV1000, Japan).

Oxygen and glucose deprivation (OGD)

N1E115 cells were pretreated with ARDD at a density of
5x10° cells/mL for two days, and then the complete medium
was replaced with glucose-free Earle’s balanced salt solution
(EBSS, pH 7.4) and transferred to a hypoxia chamber contain-
ing a mixture of 95% N, and 5% CO, for 30 min. After OGD,
the complete medium was replaced for an additional 2 d
under normal conditions with 95% air and 5% CO, at 37°C.
Control cells without OGD were maintained under normal

conditions™®,

MTT assay

N1E115 cells were pretreated with 10 pmol/L of ARDD or
50 pmol/L of edaravone (Eda) at a density of 5x10° cells/mL
for two days and then underwent the OGD procedure as
described above. After OGD exposure, cells were incubated
with 0.5 mg/mL MTT for 4 h in a humidified atmosphere
of 5% CO,and 95% air at 37°C. After 4 h, the medium was
replaced with DMSO, and the absorbance was measured at

570 nm in a Bio-Rad plate-reader™.

Statistical analysis

Statistical analysis was performed using GraphPad 6.0 soft-
ware (GraphPad Software, Inc, La Jolla, CA, USA), and data
were obtained by applying a one-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test. The results
were quantified and expressed as the mean+SEM. The data
were considered to be statistically significant if the P value
was less than or equal to 0.05.

Acta Pharmacologica Sinica
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Results

4,10-Aromadendranediol (ARDD) induces neurite outgrowth in
PC12 cells

An NGF-induced PC12 differentiation model was established
to screen our in-house natural product library for a novel
natural product that would have the potential to induce neu-
ronal differentiation as indicated by the appearance of neurite
outgrowth. One natural product, 4,10-Aromadendranediol
(ARDD, Figure 1A), was discovered to show excellent func-
tion in promoting neurite outgrowth in this model. ARDD
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(0.1, 1, or 10 pmol/L) significantly increased the average neu-
rite length in NGF-induced PC12 cells (Figure 1B, 1C), but it
did not increase the number of cells with new neurites (Figure
1D). In particular, 10 pmol/L of ARDD exhibited this effect
in a time-dependent manner (Figure 1E, 1F). We also inves-
tigated compounds with similar structures to ARDD, such as
8a-hydroxy-a-gurjunene and Palustrol, but they did not show
neurite outgrowth-inducing effects in this model (data not
shown).
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Figure 1. ARDD promotes NGF-induced PC12 neurite growth. (A) Structure of 4,10-Aromadendranediol (ARDD). (B) Effects of different doses of
ARDD on neurite outgrowth of PC12 cells at d 4. PC12 cells were cultured in complete medium containing 2.5 ng/mL NGF with or without different
concentrations of ARDD (0.1, 1, and 10 ymol/L) to induce neurite outgrowth. The scale bar represents 50 pm. (C) Statistics of average neurite length
in the above groups at d 4. The data are expressed as the mean+SEM (n=60-80). “"P<0.01 vs control group. (D) Percentage of cells with neurites
in the above groups at d 4. The data are expressed as the mean+SEM (n=7). (E) Time-course showing 10 pmol/L ARDD promoting neurite outgrowth
of PC12 cells. The scale bar represents 50 um. (F) Statistics of average neurite length at different days. The data are expressed as the mean+SEM

(n=60-80). ""P<0.01 vs control group.

Acta Pharmacologica Sinica



/Hoechst

Control

10 umol/L ARDD

P

10 pmﬁ.&l}DD
&

L =3

B

www.chinaphar.com
Chang S et al

33

B
150 1 *k
s *k Hek =
E
= 100+
=
=)
c
o
£ 50+
5
(3]
=z
0- T T T T
Control NGF 1 5 10
ARDD (umol/L)
D4 D

g 2007 A ARDD 10 pmoliL
= -@ Control *k
S 1501
[ =
]
Q
£ 1004
a dedke,
[ =

: o 504 *¥

| 10 pmdliL ARDD g =

s : 2

h < 0 T T ¥ i

Ly D1

Figure 2. ARDD induces neurite outgrowth of N1E115 cells. (A) Effects of different doses of ARDD on neurite outgrowth of N1E115 cells at d 4. The
scale bar represents 100 um. (B) Statistics of average neurite length in the above groups at d 4. The data are expressed as the mean+SEM (n=80-100).
"P<0.01 vs control group. (C) Time-course showing 10 umol/L ARDD promoting neurite outgrowth of N1E115 cells. The scale bar represents 100 ym. (D)
Statistics of average neurite length at different days. The data are expressed as the mean+SEM (n=80-100). ““P<0.01 vs control group.

ARDD promotes neurite growth of NAE115 cells

ARDD (1, 5 or 10 pmol/L) significantly increased the average
neurite length of N1E115 cells (Figure 2A, 2B), and 10 pmol/L
of ARDD showed this effect in a time-dependent manner
(Figure 2C, 2D). Moreover, 1 pmol/L of ARDD had a similar
effect as the positive control (100 ng/mL NGF group).

ARDD enhances neurite growth of primary cortical neurons in a
dose-dependent manner

To confirm the effects of ARDD in primary neurons, primary
rat cortical neurons were treated with different concentrations
of ARDD and cultured for 24 h. The immunofluorescence
staining data show that ARDD significantly increased the
average neurite length (Figure 3A, 3B) and also induced more
branching of axons and dendrites than the control (Figure 3C,
3D).

Neurite outgrowth-inducing effect of ARDD is mediated by the
ERK pathway in NAE115 cells and primary cortical neurons
Activation of the ERK pathway has been reported to play an

important role in neuronal differentiation. Thus, the possible
involvement of this signaling pathway in ARDD-induced
neurite outgrowth was investigated. As shown in Figures 4A
and 4B, ARDD (10 pmol/L) stimulated ERK phosphoryla-
tion. A total of 10 pmol/L of PD98059, an inhibitor of the ERK
pathway, completely reversed the neurite outgrowth-inducing
effects of ARDD in both N1E115 neuronal cells (Figure 4C, 4E)
and primary cortical neurons (Figure 4D, 4F), indicating that
the ERK signaling pathway is involved in regulating neurite
outgrowth induced by ARDD.

ARDD up-regulates the BDNF/CREB pathway in N1E115 cells

Previous studies have shown that the ERK signaling pathway
could regulate CREB through direct CREB phosphorylation™.
ERK regulates the BDNF/CREB pathway, which is important
for neurite outgrowth and neuronal differentiation. Since
ERK is activated by ARDD, we wanted to know whether it
regulates the BDNF/CREB pathway. As shown in Figure
5A, BDNF gene expression was remarkably increased when
cells were treated with ARDD for 6 h or 12 h. CREB phos-
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Figure 3. ARDD facilitates neuritogenesis in primary rat cortical neurons. (A) Dose-dependent manner of ARDD-induced neurite outgrowth of cortical
neurons for 24 h. The scale bar represents 50 ym. (B) Statistics of average neurite length in the above groups. The data are expressed as the
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phorylation was also enhanced by ARDD treatment (Figure
5B). GAP-43 is highly expressed in neurons during neuronal
outgrowth?. Here, we found that ARDD also up-regulated
GAP-43 protein expression in N1E115 cells (Figure 5C). How-
ever, PD98059 pretreatment reversed these effects (Figure 5B,
5C).

The GSK-3p/B-catenin pathway is involved in ARDD effects in
N1E115 cells

GSK-3f phosphorylation and pB-catenin accumulation levels
were tested in ARDD-incubated N1E115 cells. As shown in
Figure 6A, ARDD increased inactive GSK-3p phosphoryla-
tion, but PD98059 partly reversed this effect. We also found
that ARDD treatment significantly increased -catenin protein
expression (Figure 6B) and gene expression of Fzd1 and Wnt3a
compared with the corresponding time point group (Figure
6C, 6D). However, 10 pmol/L of XAV939, an inhibitor of the
Wnt/p-catenin pathway, reversed the neurite outgrowth-
inducing effects of ARDD in both N1E115 neuronal cells
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(Figure 6E, 6F) and primary cortical neurons (Figure 6G, 6H),
suggesting that the Wnt/p-catenin pathway may be involved
in ARDD-induced neurite outgrowth.

ARDD prevents OGD-induced neurite disruption in NLE-115 cells
The OGD model was established to study whether ARDD
prevents neuronal injury by promoting neurite outgrowth
in N1E115 cells. After 30 min of OGD, the neurites were
destroyed (Figure 7A). As shown in Figure 7B, the number
of cells with neurites in the ARDD-treated group was signifi-
cantly increased compared to the OGD group, while PD98059
inhibited the ARDD effect. We also investigated whether
ARDD has a neuroprotective effect in N1E115 neuronal cells
under OGD conditions. As shown in Figure 7C, ARDD pre-
treatment did not prevent OGD-induced neuronal death, but
the positive control edaravone (Eda) showed a neuroprotective
effect. OGD reduced ERK phosphorylation levels but ARDD
enhanced ERK phosphorylation (Figure 7D). The above data
suggest that ARDD could promote neurite outgrowth in neu-



www.chinaphar.com
Chang S et al

35

A B E
1504 400+ 150+ N1E115 cells
"%" *%* pr
= E
£ 3004 I £ ool xx
& 1004 8 £
> ° 2
4 £ 200+ g i
5 ¥ _% 50
& 504 & #it g
4 <2 100+ z
Q 5 0- T
a Control ————————
0~ 0- v . : . ARDD =
« vl am F .
Cortical neurons
o (L DL IR o e il o O
— . —_
- —
- . B-Actin % %01
B-Actin e W S ——— - -Actin, I S §
g o 201 [
Time (h) 1 3 6 12 1 3 6 12 Control "1 5 10 10+PD ;Z‘:g 104
Control ARDD (10 pmol/L) ARDD (10 pmol/L) 0 .
Control ———
ARDD ——
PD
C N1E115 cells 2/Hoechst

Control 10 pmol/L ARDD

e

-
-«

PD+ARDD

/Hoechst

Figure 4. ARDD-induced neurite outgrowth is mediated by the ERK pathway in neuronal cells. (A, B) ARDD increased the expression level of ERK
phosphorylation at different time or with different doses. The data are expressed as the mean+SEM (n=3). “"P<0.01 vs corresponding time point group
or control group. **P<0.01 vs ARDD-treated group. (C-F) PD98059 (10 umol/L, PD) abolished the effects of ARDD on promoting neurite outgrowth of
N1E115 cells and primary rat cortical neurons. The data are expressed as the mean+SEM (n=60-80). “"P<0.01 vs control group. **P<0.01 vs ARDD-

treated group.

rons even under OGD conditions.

Discussion

In the adult mammalian brain, neurogenesis is barely possible
in both physiological and pathological conditions because of
neurite growth inhibitory factors, such as the myelin-derived
proteins MAG and Nogo, or the intrinsic frailty of neurons.
Recent studies indicate that precursor cells in the subven-
tricular zone (SVZ) adjacent to the lateral ventricles and the

subgranular zone (SGZ) of the dentate gyrus (DG) of the
hippocampus have the potential to generate new neurons™,
which may be promising for dealing with neurodegenerative
diseases. Neurogenesis involves several crucial steps of neu-
ral development, including neurite outgrowth. Here we used
undifferentiated PC12 cells, N1E115 cells and primary corti-
cal neurons to evaluate the effects of ARDD on neurite out-
growth™). The NGF-induced differentiation of PC12 cells is a

well-established in vitro model for neurite outgrowth research.
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Figure 5. The BDNF/CREB pathway participates in ARDD-induced neurite outgrowth in neuronal cells. (A) BDNF gene expression was increased in the
ARDD-treated group after 6 h or 12 h of ARDD incubation. The data are expressed as the mean+SEM (n=3) of at least three independent experiments.
"“P<0.01 vs control group. (B) ARDD treatment enhanced the expression of CREB phosphorylation in NAE115 cells, but this effect was totally reversed
by the ERK inhibitor PD98059 (10 umol/L, PD). The data are expressed as the mean+SEM (n=3). "P<0.05, “P<0.01 vs control group. **P<0.01 vs
ARDD-treated group. (C) The expression level of GAP-43 was increased in the ARDD-treated group, but this effect was inhibited by PD98059 (PD). The
data are expressed as the mean+SEM (n=3). "P<0.05 vs control group. *P<0.05 vs ARDD-treated group.

Thus, the NGF-induced PC12 differentiation model was estab-
lished for screening novel compounds that could promote
neurite outgrowth from our in-house natural products com-
pound library, and one novel natural product, ARDD, was dis-
covered®!. To confirm this finding, the mouse neuroblastoma
N1E115 cells and primary rat cortical neurons were also used
to investigate the effects of ARDD on promoting neurite out-
growth by measuring average neurite length and other neuron
differentiation criteria®. Our data show that the effects of
ARDD on promoting neurite outgrowth are consistent in these
three cell culture models, indicating that ARDD may have
the potential to promote neurogenesis and be applied to treat
brain diseases.

To explore the underlying mechanisms for the effects of
ARDD, the possible signaling pathways involved in the neuro-
genesis process were tested. The ERK signaling pathway was
activated by ARDD, and the specific ERK inhibitor PD98059
totally reversed the ARDD effects, suggesting that the ARDD
effects are mediated by activation of the ERK pathway. We
also found that the Wnt/p-catenin pathway inhibitor XAV
partially reversed the effects of ARDD, indicating that the
Wnt/ B-catenin pathway may also be involved in the effects of
ARDD. Further studies show that ARDD increased inactive
GSK-3p phosphorylation, further enhanced p-catenin expres-
sion and up-regulated gene expression of Fzd1 and Wnt3a, but
PD98059 reversed these effects, which indicates that the ERK/
GSK-3p/B-catenin signaling pathway may participate in the
promoting effects of ARDD on neurite outgrowth. It has been
reported that ERK is upstream of the GSK-33/p-catenin sig-
naling pathway for neurogenesis in cortical neurons™. Our
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data demonstrate that ARDD stimulated the ERK pathway
and its downstream GSK-3f3/p-catenin signaling pathway to
mediate neurite outgrowth.

GAP-43 is one of the substrates of CREB, which can be pro-
duced by phospholipase C and diacylglycerol by triggering an
undetectable calcium release in the neurite growth cone®”” .,
The interaction of GAP-43 with the growth cone regulates
skeleton protein assembly and reduces neuronal injury™. Our
data show that GAP-43 protein and CREB phosphorylation
levels were increased in neuronal cells exposed to ARDD, sug-
gesting that the CREB/GAP-43 pathway is possibly involved
in the effects of ARDD. However, PD98059 reversed these
effects. It has been reported that CREB is a transcription factor
with a neuroprotective role that enhances synaptic plasticity
and regulates ERK activity™. In addition, other studies show
that phosphorylated ERK can translocate into the nucleus
and further regulate CREB activity"™. However, the detailed
mechanisms of the effect of ARDD on ERK activation to regu-
late CREB and GAP-43 proteins are not clear in this study and
need to be further explored in the future.

Since ARDD has the ability to promote neurite outgrowth,
it might have the potential to prevent neuronal injury under
pathophysiological conditions such as ischemia. Therefore,
the OGD pathological model in N1E115 neuronal cells was
established in this study and our results demonstrate that
ARDD prevented the OGD-induced reduction of neurite
length through activation of the ERK pathway, indicating that
ARDD has the potential to facilitate neurite outgrowth not
only under physiological conditions but also in pathological
conditions. Whether ARDD has the ability to promote neurite



www.chinaphar.com
Chang S et al

37

A B C E Control
ARDD 10 pmol/L
2501 . 2001 . . *
o * *% —
2 -
g% % . 53150' - Eaé’z.
0 E &2
9 1501 " sz % g
&2 <€ 8 100- Q2
% S 1004 £ FERE
< O R w2
27 50 a~ 504 - lﬂ
0=, . .
0 - T T T T 0' T T T
— D 25
" *
p-GSK-sB - - “ p_Catenin _ 5% 201
- 2.
GSK-3B m £2 .1
<8 15
h - o) 1
Y e— g3 10
=€ ;5.
Control 1 5 10 10+PD Control 1 5 10+PD 0.5
ARDD (umoliL) ARDD (pmoliL) . 1h 6h  12h
E N1E115 cells MAP-2/Hoechst F N1E115 cells
Control .10 umol/L ARDD XAVHARDD T
* =
S
> ##
K]
2
5
[
z
Control
ARDD YAV
MAP-2/Hoechst H .
Cortical neurons
( 501
10'umol/L ARDD XAV+ARDD —_ **
E 404
~ 2
« Y -
S 301
[ =
2
o 207 fiiid
£
3 101
-4
0- T
Control
RDD  av

Figure 6. The Wnt/B-catenin pathway is involved in ARDD-induced neurite outgrowth. (A) ARDD increased inactive GSK-3p phosphorylation in N1IE115
cells, but PD98059 (PD) reversed this effect. (B) The level of B-catenin was increased in the ARDD-treated group. (C, D) The gene expression levels of
Fzd1 and Wnt3a were significantly increased by ARDD in N1E115 cells. The data are expressed as the mean+SEM (n=3) of at least three independent
experiments. “P<0.05 vs corresponding time point group. (E-H) The Wnt/B-catenin pathway inhibitor XAVv939 (10 umol/L, XAV) abolished the effects of

ARDD on neurite outgrowth in N1E115 cells or primary rat cortical neurons.
group. *P<0.05, #P<0.01 vs ARDD-treated group.

outgrowth in animal models, particularly the ischemic stroke
model, will be determined in a future study.

In conclusion, we demonstrated that the novel natural prod-
uct ARDD can promote neurite outgrowth in neuronal cells
through activation of the ERK pathway. The involvement of
the Wnt/p-catenin and BDNF/CREB signaling pathways was
found to play a role in the effects of ARDD, as illustrated in
Figure 8. ARDD may have the potential to prevent and treat
brain diseases by inducing neurite outgrowth or neurogenesis.

The data are expressed as the mean+SEM (n=60-80). “*P<0.01 vs control
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