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ABSTRACT: Nobiletin is a nonpeptide compound with a low molecular weight from a citrus fruit and has
the activity to rescue bulbectomy-induced memory impairment. Here we describe that nobiletin itself
induces neurite outgrowth in PC12D cells, a rat pheochromocytoma cell line, like NGF, and the molecular
mechanism of its neurotrophic action. As cultured in the presence of nobiletin or NGF for 48 h and then
assayed using a scanning electron microscope, PC12D cells treated with nobiletin showed morphology
with flatter and larger cell bodies than the cells cultured with NGF. Nobiletin-induced neurite outgrowth
was inhibited by PD98059 and U0126 but not K252a. Consistently, nobiletin caused a concentration-
dependent enhancement of Erk/MAP kinase phosphorylation and a sustained increment of phosphorylation
of MEK and Erk/MAP kinase, resulting in a stimulation of CREB phosphorylation and CRE-mediated
transcription. This compound also increased intracellular cAMP and CRE-mediated transcription in the
presence of forskolin and enhanced PKA activity to stimulate phosphorylation of multiple PKA substrates
in PC12D cells. Furthermore, nobiletin preferentially inhibited@@aM-dependent phosphodiesterase

in vitro. This compound failed to stimulate phosphorylation of Erk5, which is known to be induced by
NGF/TrkA signaling. These results suggest that nobiletin induces neurite outgrowth by activating a cCAMP/
PKA/MEK/Erk/MAP kinase-dependent but not TrkA-dependent signaling pathway coupling with CRE-
mediated gene transcription and may thus become a novel type of biochemical probe for elucidation of
the molecular mechanism of neuronal differentiation.

It is well-known that nerve growth factor (NGH)romotes neurodegenerative disorder characterized by cognitive and
the differentiation and survival of the basal forebrain memory deterioration, with a devastating impact on the whole
cholinergic neurons (BFCNSs) during development and adult- society £). In patients with AD, cholinergic neuronal loss
hood (., 2). BFCNs play a critical role in learning and is particularly noticeable in the neocortex and hippocampus
memory B, 4). Alzheimer’s disease (AD) is a progressive (3, 4, 6, 7). Such a loss of BFCNs underlies the behavioral
and cognitive deficits observed in AD4,(8, 9). Recent
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OCH; such as nuclear magnetic resonance, mass, and infrared

OCH, spectra, this compound was identified as nobileti9).(The
purity was confirmed to be almost 100% from tHeé and

3C NMR spectral features and by HPLC analysis of the

CH;0 isolated compound under the following conditions: a Tosoh

OCH,0 HPLC system (pump, CCPM; detector, UV-8000), a Capcell
FiGure 1: Chemical structure of nobiletin. Pak C18 UG120 column (am, 4.6 mm i.d.x 250 mm;
Shiseido, Tokyo, Japan), MeGHH,O—H3PQ, solvent (65:

Large numbers of compounds from natural resources have35:0.05 v/v/v), 1.0 mL/min flow rate, and UV 340 nm
provided not only useful pharmacological tool&{17) but detection.
also novel leading compounds for drug developmé®g).( Cell Culture.PC12D cells were cultured in high-glucose
In the course of our survey of substances having neurotrophicPMEM supplemented with 10% heat-inactivated HS/5%
activity and/or improving action on memory impairment from heat-inactivated FCS in a 5% G@ncubator at 37°C as
natural resources, we successfully found nobiletin, a fla- described previously2().
vonoid from Citrus depressdFigure 1), as a candidate for Neurite Outgrowth AssayMorphological assays using
a biochemical probe with a uniqgue mechanism of neu- phase-contrast and scanning electron microscopies were
rotrophic action. Here we first describe a detailed mechanism carried out as described previousBi(22). To examine the
of the neurotrophic action of this compound in PC12D cells. effects of K252a, PD98059 and U0126, wortmannin, and

GF109203X on nobiletin-induced neurite outgrowth from
EXPERIMENTAL PROCEDURES PC12D cells, each inhibitor was added to the culture medium
at 30 min prior to 48 h treatment with nobiletin.

Materials The Sumitomo nerve cell culture system, poly-  Transient Transfection and Reporter Gene As2glls
(L-lysine) and cytosine arabinofuranoside (AraC), neurobasalyere plated on 48-well plates at a cell density of 8.0.0
medium, B27 supplement, and horse serum (HS), DMEM, cells per well and cultured for 24 h. Cells were then subjected
fetal calf serum (FCS), and semi-fetal calf serum were tg transfection. Transfection and reporter gene assay were
purchased from Sumitomo Bakelite, Sigma Chemical Co., conducted as described previoushBy, A firefly luciferase
GIBCO, N|SSU|, ICN B|0Chem|Ca|, |nC., and Mltsub|sh| reporter p|asm|d Containing Cyclic AMP response (CRE)
Chemical Co., respectively. Anti-phospho-CREB (Ser 133) element inserted into the upstream of a TATA-like promoter
and anti-phospho-(Ser/Thr) PKA substrate antibodies and pTAL) region taken from herpes simplex thymidine kinase
horseradish peroxidase- (HRP-) conjugated anti-rabbit I9G, promoter was purchased from ClontechRAnillaluciferase
Alexa fluor 546-conjugated anti-rabbit 1gG, bovine serum control vector, phRG-TK (Promega), was used as an internal
albumin (BSA), normal goat serum and anti-PKA antibody, control to normalize the difference in transfection efficiency.
and SuperSignal West Pico chemiluminescent substrate wergsc12D cells were transfected by lipofection using Lipo-
obtained from Cell Signaling Technology, Molecular Probes, fectAMINE 2000 (Invitrogen). To assess the contribution
Inc., Sigma Chemical Co., Santa Cruz Biotechnology (Santa of PKA to the CRE-dependent transcription, an expression
Cruz, CA), and Pierce. A firefly luciferase reporter plasmid yector for PKA inhibitor (PKI), an endogenous PKA inhibitor
containing cyclic AMP response (CRE) element inserted into (24), was cotransfected with the reporter plasmid for 43 h.
the upstream of a TATA-like promoter (pTAL) region taken  Following transfection, cells were treated with vehiclg\
from herpes simplex thymidine kinase promoter, a renilla forskolin, or 100uM nobiletin for 5 h. Thereafter, cells were
luciferase vector, phRG-TK, and a dual luciferase assay kit, harvested to assay the activities of both firefly and seapansy
and LipofectAMINE 2000 were purchased from Clontech, |yciferase by using a dual luciferase assay kit (Promega).
Promega, and Invitrogen. K252a, a TrkA tyrosine kinase  \yestern Blot Analysiells were plated on 35 cm plates
wortmannin, a phosphatidylinositol 3 (PI3) kinase inhibitor, 48 h. Cells were subjected to treatment with nobiletin and
GF109203X, a protein kinase C (PKC) inhibitor, H-89, a chemical agents. Western blotting was performed as de-
PKA inhibitor, SQ22536, an adenylate cyclase inhibitor, gcriped previously 22, 25). The blotted membrane was
IBMX, a nonselective phosphodiesterase (PDE) inhibitor, and p|ocked in TBST buffer (100 mM NaCl, 0.05% Tween 20,
BAPTA-AM, an intracellular C&" chelator, were obtained 10 mm Tris-HCI, pH 7.5) containing 1% BSA fc2 h at
from Calbiochem. All other reagents or drugs were of room temperature. The membrane was thereafter incubated
analytical grade. successively with either anti-phospho-ERK (Thr 202/Tyr

Extraction and Isolation of NobiletinThe peels ofC. 204) or anti-phospho-CREB (Ser 133) antibodies in 1% BSA/
depressddry weight, 500 g) were extracted with hot MeOH TBST buffer overnight at 4C and horseradish peroxidase-
(2 L) for 2 h twice. The MeOH extract was concentrated (HRP-) conjugated anti-rabbit IgG (Cell Signaling Technol-
and passed through a Diaion HP-20 (Mitsubishi-Chemical) ogy) for 2 h atroom temperature. Following stripping of
column eluted successively with,8—methanol (7:3, 2:3,  the antibodies, the membranes were reprobed with anti-PKA
1:4), methanol, ethanol, and finally ethyl acetate (each 2 L). antibody in 1% BSA/TBST buffer overnight at 4 and
The ethyl acetate eluate fraction (10 g) was chromatographedsubsequently incubated with HRP-conjugated anti-rabbit 1gG.
over silica gel (Fuji-Silysia Chemical) eluted with CHEI For Western blot analysis of protein phosphorylation by PKA
methanol (19:1) and divided into five fractions—V). in nobiletin-treated PC12D cells, cells were treated with 30
Fraction 11l (1.63 g) was chromatographed over silica gel «M nobiletin for different times and subjected to Western
eluted with hexaneacetone (2: 1) to obtain a purified blot analysis using anti-phospho-(Ser/Thr) PKA substrate
compound (725 mg). On the basis of physicochemical dataantibody. Immunoreactivities were visualized with Super-

OCH,
CH,0 o
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Signal West Pico chemiluminescent substrate (Pierce).(Ser 133) and with the secondary Alexa fluor 546-conjugated
Protein assay was performed using BCA protein assay anti-rabbit IgG (Cell Signaling Technology). The fluorescent

reagent (Pierce) as described previougl§) ( images were obtained by an interlined cooled charge-coupled
Intracellular cAMP Content Assayells were plated on  device (CCD) camera.
35 cm plates at a cell density ofx1 10° cells per plate and Statistical AnalysesFor data from the experiments de-

cultured for 48 h. Cells were then subjected to treatment with scribed above, statistical comparisons were made by using
nobiletin and chemical agents for 10 min. After culture Student'st test. A level of P < 0.05 was considered
medium was removed, culture dishes were immediately statistically significant.
boiled to inactivate the phosphodiesterase activity at®5
for 3 min. Following addition of 10% trichloroacetic acidto RESULTS
culture dishes, cells were lysed to prepare samples for assay o )
of intracellular cAMP content. The intracellular cyclic AMP ~ Nobiletin Induces Neurite Outgrowth from PC12D Cells
content was measured with a CAMP radioimmunoassay kit A rat pheochromocytoma cell line, PC12 cells, is widely used
(Yamasa Shoyu). as a suitable cellular model for biochemical studies of
PKA Enzyme Actity Assay.Cells were plated on 35 cm neuro_nal dlffere_nt|_at|0n2c 28)._There_f0re, the mechanism
plates at a cell density of 2 10P cells per plate and cultured of action of nobiletin was studied using a subclone of PC12
for 24 h. Cells were treated with 30M nobiletin or 10uM cells, PC12D cells20). As assayed using phase-contrast
forskolin for 15 min. Following washing of the cells, the ~Microscopy, nobiletin induced neurite outgrowth, like NGF,
cells were immediately homogenized in 2@D of homog- in a co_ncentratlo_n—de_pendent manner (F|gure_ 2A,C). Mor-
enizing buffer (0.15 M NaCl, 30 mM N&0-, 0.5% Triton phological analysis using a scanning electron microscope also
X-100, 10 mM EDTA, 4 mM EGTA, 1 mM dithiothreitol, ~ Showed that PC12D cells treated with 1M nobiletin
100 M leupeptin, 754M pepstatin, 50ug/mL trypsin exhibited flatter an(_j larger cell bodies than ce_IIs .tre.ated with
inhibitor, 100 nM calyculin A, 50 mM Tris-HCI, pH 7.5). 50 n'g/mL NGF (l_:lgure 2B). Moreover, nobiletin-induced
The homogenates were subjected to PKA enzyme activity Neurite outgrc.)vvt.h in PC12D cells was preventgd by PD98059
assay. PKA enzyme activity assay was conducted as de-and U0126, |nh|b|tor_s of MEK or Erk/MAF_’ kinase k_mase,
scribed previouslyZ6). but not by wortmannin and GF109203X, with appr0>_<|mately
Phosphodiesterase (PDE) Assalhe reaction mixture ~ ©0% inhibition by U0126 (Figure 2D), suggesting the
contained 0.06 unit/mL bovine heart PDE, 2.68 unit/mi. 5 Presence of the Erk/MAP kinase-dependent and -independent
nucleotidase, 2 mM MgG) and 4 mM Tris-HCI, pH 7.4. mechanisms underlying this neuritegenic action. In addition,
After incubation of the reaction mixtures at 30 for 5 min, K252a did not inhibit the nobiletin-induced neurite outgrowth
nobiletin and PDE inhibitors were added and incubated for Put rather significantly enhanced it in PC12D cells (Figure
additional 5 min. The reaction was initiated by the addition
of CAMP (at a final concentration of 2 mM), stopped by the ~ Nobiletin Triggers Actiation of PKA/MEK/Erk/IMAP
addition of TCA following 10 min incubation at 30C, and ~ Kinase-Dependent Signaling Accompanied by Stimulation of
chilled on ice. The amount of hydrolyzed cAMP or cGMP CREB Phosphorylation and CRE-Mediated Transcription in
was assayed as the amount of inorganic phosphate, whichPC12D CellsNobiletin concentration- and time-dependently
was the decomposition product using the Matiidoty caused the enhanced phosphorylation of Erk/MAP kinase
method R7) to assay the bovine heart PDE activity. (Figure 3A,C). Consistent with the morphological observa-
Hippocampal Neuron CulturéJnder ether anesthesia of tions described above, nobiletin also caused a persistent
a 19-day pregnant Sprague-Dawley rat (Japan SLC), embryodncrease in a MEK phosphorylation leading to a sustained
were immediately decapitated. The brain was quickly rise in phosphorylation of Erk/MAP kinase that has been
removed, and hippocampi were collected in ice-cold Dul- demonstrated to be required for NGF-induced neurite
becco’s phosphate-buffered saline (DPBS) under sterile outgrowth in PC12 cellsX Figure 3C). Increased phospho-
conditions. The hippocampal neurons were dissociatedrylation of Erk/MAP kinase by nobiletin appeared at 3 min
according to the standard methods with the Sumitomo nerveafter treatment and remained elevated for at least 1 h.
cell culture system (Sumitomo Bakelite), plated on a poly- Furthermore, the stimulated phosphorylation of Erk/MAP

(L-lysine)-coated coverslip at a density of 3810* cells kinase was accompanied by a transient augmentation of
per well, and cultured at 37C in the neurobasal medium CREB phosphorylation without any effects on P&protein
containing B27 supplement (GIBCO), 52M L-glutamine, expression in a concentration- and time-dependent manner

and penicillin-streptomycin (25000 units each). After 1 day in PC12D cells (Figure 3B,C). It was also shown that the
culture, half the medium was replaced by the medium nobiletin-induced increase in CREB phosphorylation was
containing a mitotic inhibitor, cytosine arabinofuranoside almost abolished by 1@M H-89 and 10uM U0126 and
(AraC), to minimize glial proliferation. Neurons were markedly inhibited by 50«M SQ22536, but not 5aM
subjected to Western blot analysis and immunostaining on BAPT-AM, suggesting the involvement of a PKA/MEK/Erk/
days 13-15 after plating. MAP kinase-dependent and intracellular’Gindependent
ImmunostainingCultured hippocampal neurons were fixed signaling pathway in this stimulation of CREB phosphory-
by 1% paraformaldehyde in PBS for 30 min at room lation (Figure 3D).
temperature, washed, permeabilized with Triton X-100, and Nobiletin Does Not Actiate Erk5 Phosphorylation in
soaked in blocking buffer (DPBS containing 5% BSA and PC12D Cells.As described above, nobiletin was shown to
5% normal goat serum) for 30 min at room temperature. mimic a neuritogenic action of NGF in PC12D cells by
Following blocking, immunostaining was conducted by activating an Erk/MAP kinase-dependent signaling pathway.
successive incubation with the primary anti-phospho-CREB We further examined the effects of nobiletin on Erk5
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Ficure 2: Nobiletin induces neurite extension from PC12D cells in a MEK/Erk/MAP kinase-dependent manner. Nobiletin-induced
morphological change observed by using phase contrast (A) and scanning electron (B) microscopes. (A) Cells were treated with vehicle,
50 ng/mL NGF, or nobiletin (bottom left, 30M; bottom right, 100uM) for 48 h. Scale bar= 100 um. (B) Cells treated with 10@M

nobiletin showed flatter and larger cell bodies than cells treated with 50 ng/mL NGF. Scate 2&ynum. (C) Concentration-dependent

effects of nobiletin on neurite outgrowth. Data are the meAr8EM. **, P < 0.01 versus vehicle control. (D) Effects of protein kinase
inhibitors on the nobiletin-induced neurite outgrowth. Data are the mg&aBEM. **, P < 0.01 versus vehicle control. Key: W, 100 nM
wortmannin; PD, 2Q:M PD98059; U, 50 nM U0126; GF, AM GF109203X; K, 100 nM K252a.

phosphorylation in PC12D cells, since it has been recently tion (Figure 5C). Consistent with this finding, it was actually
reported that Erk5 mediates a retrograde signaling of NGF observed that 3«tM nobiletin appreciably increased the
via TrkA in PC12 cells 80). Nobiletin failed to induce Erk5  enzyme activity of PKA like forskolin (Figure 5D), to
phosphorylation at all tested time points, whereas NGF stimulate the phosphorylation of multiple PKA substrates in
appreciably increased the protein phosphorylation at 60 min a different mode from that of the action of NGF (Figure 5E).
after treatment (Figure 4), suggesting that the effects of  \gpijetin Preferentially Inhibits CH/CaM-Dependent

nobiletin described above do not result from its direct PDE Actiity in Vitro. The activity of nobiletin to inhibit

agonistic action on TrkA. PDE in vitro was examined in compari i
o parison with those of the
Nobiletin Affects Intracellular cAMP Content To Asite nonselective PDE inhibitors, IBMX and theophilline. No-

PKA-Dependent Signaling and CRE-Mediated Transcription biletin and the PDE inhibitors concentration-dependently

in PC12D Cells.The pairing of 10QuM nobiletin with 10 Ll - . .
. " : X inhibited the PDE activity, catalyzing the hydrolysis of cAMP
uM forskolin synergistically increased the intracellular cAMP with the following rank order: IBMX > nobiletin >

level at 10 min after the treatment, like the pairing of 1 mM theophilline (Figure 6A). Nobiletin also to lesser degree

IBMX, a nonselective phosphodiesterase (PDE) inhibitor, . . % L ;
. o oo inhibited the PDE activity to catalyze the hydrolysis of cGMP
with 10 uM forskolin, in PC12D cells, whereas nobiletin at than IBMX (Figure 68). As shown in Figure 6C, nobiletin

the same concentration alone little affected the intracellular .. . .
. . . . inhibited the activity of C&/CaM-dependent PDE or PDE1
cAMP concentration (Figure 5A). CRE-mediated transcrip but not C&"/CaM-independent PDE, while IBMX prevented

tion was also more potently synergistically activated by the L :
pairing of 30uM nobiletin with forskolin than by the pairing tphgélgtlvmes of both C&/CaM-dependent and -independent

of 100uM IBMX with forskolin, while nobiletin exerted no
enhancing effect on activation of CRE-mediated transcription ~ Nobiletin Increases MEK, Erk/MAP Kinase, and CREB
by 1 mM IBMX even at 10uM (Figure 5B), suggesting  Phosphorylations in Cultured Hippocampal Neurofsur-

that the action of nobiletin involves an inhibition of PDE. thermore, the effects of nobiletin on CREB phosphorylation
Nobiletin-induced stimulation of CRE-mediated transcription in primary neurons were examined. In cultured hippocampal
was also abolished by overexpression of a protein kinaseneurons, not only phosphorylation of MEK and Erk/MAP
inhibitor (PKI), while forskolin-induced stimulation of CRE-  kinase (Figure 7A) but also that of CREB was increased by
mediated transcription was appreciably inhibited by over- 100xM nobiletin within 10 min, as in PC12D cells (Figure
expression of PKI, suggesting the involvement of PKA in 7B). It was also observed that nobiletin enhanced phospho-
the enhancing effect of nobiletin on CRE-mediated transcrip- rylation of Erk/MAP kinase in cultured rat hippocampal and
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Ficure 3: Nobiletin activates a PKA/MEK/Erk/MAP kinase-
dependent signaling cascade resulting in potentiation of CREB
phosphorylation in PC12D cells. Concentration-dependent effects
of nobiletin on the phosphorylation of Erk/MAP kinase (A) and
CREB (B). (C) Time-dependent effects of nobiletin on the
phosphorylation of MEK, Erk/MAP kinase, and CREB. PC12D
cells plated at a density of &% 1 cells per 35 mm dish were
cultured for 48 h. Cells were then stimulated with nobiletin{10
100 uM) for the indicated times or with NGF (50 ng/mL) for 10
min. Western blot analyses were performed using anti-phospho-
MEK, anti-phospho-ERK, and anti-phospho-CREB antibodies. Blots
were then stripped and reprobed with anti-RiKAantibody,
respectively, to verify that equal amounts of proteins were present
in each sample. Similar results were obtained from at least three
independent experiments. (D) Effects of H-89, U0126, SQ22536,
and BAPTA-AM on nobiletin-induced stimulation of ERK and
CREB phosphorylation. Lanes: 1, vehicle control; 2, 104
nobiletin; 3, 10«M nobiletin + 50 uM BAPTA-AM; 4, 100 uM
nobiletin+ 500uM SQ22536; 5, 10&M nobiletin + 10 M H-89;
6, 100uM nobiletin + 10 uM U0126. Cells were also cultured in
the presence of 16M H-89, 10uM U0126, 500uM SQ22536, or
50 uM BAPTA-AM for 30 min and then treated with vehicle or
100uM nobiletin for 10 min to examine the effects of these reagents
on the action of nobiletin. H-89 at 1M has been documented to
inhibit PKA activity in PC12D cells 41). Western blot analyses
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D
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Phospho-CREB

PKAc

were performed as described above. Similar results were obtained!

from at least three independent experiments.

cortical neurons at-3100 uM (Matsuzaki et al., data not
shown).
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Ficure 4: Effects of nobiletin on Erk5 phosphorylation in PC12D
cells. Cells plated at a density of 5 10° cells per 35 mm dish
were cultured for 48 h and then stimulated with nobiletin (260

or NGF (50 ng/mL) for the indicated times. Western blots were
performed using anti-phospho-Erk5 antibody. Blots were then
stripped and reprobed with anti-Pi&Aantibody, respectively, to
verify that equal amounts of proteins were present in each sample.
Similar results were obtained from at least two independent
experiments.

nobiletin as a novel neurotrophic substance with low mo-
lecular weight. In the present study it was demonstrated that
nobiletin induced neurite outgrowth accompanied by activa-
tion of PKA activity and MEK/Erk/MAP kinase-dependent
signaling and enhanced CREB phosphorylation and CRE-
dependent transcription in PC12D cells, with preferentially
inhibiting C&*/CaM-dependent PDE or PDEL1 in vitro. This
natural compound also increased MEK, Erk/MAP kinase,
and CREB phosphorylation in cultured hippocampal neurons.
These findings provide the first evidence that nobiletin serves
as a novel neurotrophic substance in the cell culture systems.

In this study, we investigated the mechanism by which
nobiletin induced neuronal differentiation in PC12D cells.
Nobiletin was shown to inhibit the PDE activity to catalyze
the hydrolysis of cAMP 1) and cGMP in vitro,and was
for the first time demonstrated to preferentially prevent the
C&"/CaM-dependent PDE activity catalyzing the hydrolysis
of cAMP in vitro, raising the possibility that this natural
compound directly inhibits PDE activity at the local region
of cells and thereby increases intracellular cAMP concentra-
tion to activate PKA in vivo. In support of this interpretation,
it was in fact observed that, in PC12D cells, the pairing of
nobiletin with forskolin showed a synergistic effect on the
intracellular cAMP level, like the pairing of IBMX with
forskolin, although nobiletin alone little affected the intra-
cellular cAMP concentration, and that PKA activity was
enhanced by nobiletin to appreciably increase multiple
proteins showing immunoreactivity for anti-phospho-(Ser/
Thr) PKA substrate antibody in PC12D cells. Also, it was
shown that nobiletin alone activated CRE-dependent tran-
scription, and the pairing of nobiletin with a low concentra-
ion of forskolin synergistically enhanced CRE-dependent
transcription. But nobiletin exhibited no additive effect on
activation of CRE-dependent transcription by IBMX. There-
fore, it is quite possible that nobiletin directly inhibits PDE
activity at least at the intracellular local region to increase
the intracellular cAMP concentration and thereby activate
PKA in PC12D cells. cAMP activates Rapl, a small GTP-

During recent decades there has been a dramatica”ybinding protein in the Ras famlly which serves as a selective

growing awareness about the urgency of seeking more
effective therapeutic interventions for patients with AD.

Numerous efforts have been made for development of
fundamental therapeutic drugs for AD. In the course of our
survey of substances having neurotrophic activity and/or
improving action on memory impairment due to neurode-
generation from natural resources, we successfully found

activator of B-Raf, in a PKA-dependent manner, to stimulate
B-Raf activity leading to activation of MEK, resulting in a
sustained activation of Erk/MAP kinas@2—34) that is
associated with neuronal differentiatioR9], like NGF in
PC12 cells. PC12D cells have been documented to express
B-Raf as well 85), and the expression of this protein was
actually verified in the same cell line employed for the
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Ficure 5: Effects of nobiletin, IBMX, a PDE inhibitor, and forskolin on the intracellular cAMP concentration and CRE-mediated gene
transcription in PC12D cells. (A) Effects of nobiletin, IBMX, and forskolin on intracellular cAMP in PC12D cells. Cells plated at a density
of 1 x 1P cells per 35 mm dish were cultured for 48 h. Cells were then treated with vehiclggM@biletin, 1 mM IBMX, and 10uM

forskolin for 10 min. The amount of intracellular cAMP was measured by a radioimmunoassay. Control denotes vehicle coRtrel. **,

0.01 versus cells treated with forskolin. Data are the mearS8EM (n = 4). (B) Effects of nobiletin, IBMX, and forskolin on CRE-
mediated transcription in PC12D cells. Cells plated at a density>ofl®* cells per 48-well plate were cultured for 24 h. Cells were then
transfected with a luciferase reporter construct showing CRE-dependent transcription for 19 h. Following transfection, cells were treated
with different concentrations of forskolin, nobiletin, or IBMX for 5 h. Data are the mear®EM (n = 4). Similar results were obtained

from at least three independent experiments. (C) Effects of PKI on forskolin- and nobiletin-induced CRE-mediated transcription. Following
transfection, cells were treated with vehiclex forskolin, or 100uM nobiletin for 5 h. Control denotes vehicle control. Data are the
meanst SEM (n = 4). **, P < 0.01 versus cells transfected without a PKI expression vector. (D) Effects of nobiletin and NGF on protein
phosphorylation by PKA in PC12D cells. (E) Effects of nobiletin and NGF on protein phosphorylation by PKA in PC12D cells. Cells were
treated with 3Q«M nobiletin or NGF for indicated times. Cell lysates were separated on 12.5%-BBSE gel and subjected to Western

blot analysis using anti-phospho-(Ser/Thr) PKA substrate antibody followed by reprobing with anti-B#t#ody. In PC12D cells, the
amount of multiple proteins showing immunoreactivity for anti-phospho-(Ser/Thr) PKA substrate antibody was observed to increase from
5 min onward following treatment with nobiletin with a different phosphorylation profile from that of the cells treated with NGF. Similar
results were obtained from at least two independent experiments.

present study. It was shown that nobiletin induced a like the PKA inhibitor, indicating a dependency of the

sustained increase in Erk/MAP kinase phosphorylation which increased CREB phosphorylation on PKA- and MEK/Erk/
was preceded by a prolonged stimulation of MEK phospho- MAP kinase-dependent signaling. This is supported by the
rylation. Not only U0126 but also H89 abolished nobiletin- fact that an adenylate cyclase inhibitor markedly prevented
induced increase in Erk/IMAP kinase phosphorylation in an increase in phosphorylation of Erk/MAP kinase and
PC12D cells. An adenylate cyclase inhibitor markedly CREB by nobiletin and that stimulation of CRE-dependent
prevented phosphorylation of Erk/MAP kinase. Therefore, transcription by nobiletin was profoundly inhibited by

it is plausible to interpret that an inhibition of PDE by gyerexpression of PKI. In addition, this natural compound

nobiletin serves as the upstream event of activation of the 5¢tivated transcription from the neuronal gene encoding
Rapl/B-Raf MEK/Erk/MAP kinase-dependent cascade. Fur- tyrosin hydroxylase in PC12D ceftsdemonstrating the

thermore_, nobiletin-induced neurite outgrowth in PC12D cells activity of nobiletin to modulate neuronal gene expression.
was par“a.”y prevented by PD98059 ?”d U0126, but not by Yao et al. have reported reduced Erk nuclear translocation
wortmannin and GF109203X, suggesting the presence of the

. . after PKA inhibition @2). NGF and forskolin have been
MEK/Erk/MAP kinase-dependent and -independent mech- demonstrated to activate Erk/MAP kinase to induce the
anisms underlying this neuritegenic action. These findings

thus suggest that nobiletin-induced neurite outgrowth results.nUCIear translocation and nuclear activation of RSK2 which

from a sustained activation of MEK/Erk/IMAP kinase via " twrn _ph_osphorylates CREB_ to stlr_nu_late CRE-dependent
; transcription 87, 38). Accordingly, it is suggested that
PKA/Rapl/B-Raf in PC12D cells. N 2%
It was demonstrated that U0126. the MEK inhibitor nobiletin enhances CRE-dependent transcription by CREB

abolished an increase in CREB phosphorylation by nobiletin activation probably via Erk/MAP kinase/RSK2.

2Wasaki et al., unpublished observations. 3 Nagase et al., unpublished observations.
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FIGURE 7: Nobiletin potentiates MEK, Erk, and CREB phospho-
] rylation in cultured rat hippocampal neurons. (A) Effects of nobiletin
ok % on the phosphorylation of MEK and Erk in cultured rat hippocunpus
|—T—_ neurons. Cells were seeded at a density of 1(° cells per 35

- +

mm dish and cultured for 14 days. Cells were then stimulated with
IBMX Nobiletin nobiletin at 10 min at 10uM. Western blot analyses were
e o . performed using anti-phospho-MEK or anti-phospho-Erk antibodies.
FiGURE 6: Effects of PDE inhibitors and nobiletin on bovine heart  Bjots were then stripped and reprobed with anti-RKantibody
PDE activity in vitro. (A) Effects of PDE inhibitors and nobiletin g verify that each lane contained equal amounts of proteins. (B)

on bovine heart PDE activity to hydrolyze cAMP. Following  Effects of nobiletin on the phosphorylation of CREB in cultured
incubation of PDE with different concentrations of IBMX (triangle),  rat hippocunpus neurons. Cells were treated with¥Dforskolin

theophylline (open circle), or nobiletin (closed circle) for 10 min, or 100 x«M nobiletin for 10 min and then subjected to immun-
the amount of cAMP hydrolyzed by PDE was assayed using the ostaining. The histogram represents the result of quantitative

Martin—Doty method. Data are the mea#tsSEM (N =4). **, P analysis of the immunofluorescence experiment (bottom right
< 0.01 versus vehicle control. (B) Effects of IBMX and nobiletin - panel). Data are the meatds SEM. *, P < 0.05 versus vehicle
on the bovine heart PDE activity to hydrolyze cGMP. Following control.

incubation of PDE with vehicle, 1 mM IBMX, or 1060M nobiletin

for 10 min, the amount of hydrolyzed cGMP was assayed using : s :
the Martin- Doty method. Data are the meahsSEM (n = 4). **, in PC12D cells. These findings suggest that the actions of

P < 0.01 versus vehicle control. (C) Effect of IBMX and nobiletin ~ NObiletin, including neuritogenic action, appear not to result
on the bovine heart PDE activity to hydrolyze cAMP in the absence from TrkA mediation.
or presence of Ca/calmodulin. Following incubation with vehicle Increasing evidence indicates that cAMP plays an impor-

(control), 1 mM IBMX, or 1 mM nobiletin in the absence or nt role in the hi mpal lona-term ntiation i
presence of 3M Ca* and 10 units/mL calmodulin for 10 min, tant role in the hippocampal long-term potentiation associated

the amount of cAMP hydrolyzed by PDE was assayed as describedWith learning and memorﬁ@' On the other hand, Ahas
above. Data are the n¥eaﬂéISEM {n =4). % P < )6_01 Versus been documented to inhibit the PKA/CREB pathway and

each vehicle control. long-term potentiation in cultured hippocampal neurat.(
The most important finding in this study is that nobiletin
Erk5 MAP kinase mediates a retrograde signaling of NGF triggers neurite outgrowth and CRE-dependent transcription
via TrkA in PC12 cells 80). The action of nobiletin and  via CREB activation in a CAMP/PKA/MEK/Erk/MAP ki-
NGF shares a common mechanism requiring MEK/Erk/MAP nase-dependent manner in PC12D cells. Interestingly, no-
kinase-dependent signaling, as described above. Neverthelessiletin induced increments of MEK, Erk/MAP kinase, and
nobiletin failed to induce Erk5 phosphorylation at all tested CREB phosphorylation in cultured hippocampal neurons as
time points, unlike NGF. Also, the TrkA inhibitor, K252a, observed in PC12D cells, although it has been shown that
did not inhibit the nobiletin-induced neurite outgrowth but TPA-stimulated phsphorylation of MEK1/2 is prevented by
rather significantly enhanced it via an unknown mechanism this natural compound4(). Nobiletin also improved impair-
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ment of memory in -infused ratg. Although the mecha- 10.
nism underlying this protective action onfAnduced
impairment of memory remains to be defined, a cCAMP/PKA/
MEK/Erk/MAP kinase-dependent signaling by nobiletin
might serve as a mechanism required for improvement of
impaired memory by this compound insAnfused rats as
well.

In conclusion, nobiletin, a citrus flavonoid, induced neurite
outgrowth accompanied by a sustained increase in phospho- 13.
rylation of MEK and Erk/MAP kinase in cultured hippoc-
ampal neurons as well as in PC12D cells. In PC12D cells 14
this compound stimulated CREB phosphorylation and CRE-
mediated transcription in a MEK/Erk/MAP-kinase-dependent
signaling cascade. Also, nobiletin activated PKA activity,
and the pairing of nobiletin with forskolin synergistically
augumented the intracellular cAMP level and CRE-mediated
transcription. Nobiletin showed a preferential inhibition of
Ca*/CaM-dependent PDE in vitro. In cultured hippocampal
neurons MEK, Erk/MAP kinase, and CREB phosphorylation
was enhanced by nobiletin. These results suggest that
nobiletin induces neurite outgrowth and CRE-mediated 17.
transcription dependently of a cAMP/PKA/MEK/Erk/MAP-
kinase signaling cascade but not TrkA with modulating
neuronal gene expression probably by inhibiting PDE activity
and may thus become a novel type of biochemical probe for
elucidation of the molecular mechanism underlying neuronal 19
differentiation, including neurite outgrowth and neuronal
gene transcription.
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