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a b s t r a c t

Monoamine transporters play key roles in controlling monoamine levels and modulating

monoamine reuptake. The objective of the present study was to identify monoamine

transporter inhibitors from herbal sources. We discovered that bakuchiol analogs iso-

lated from Fructus Psoraleae inhibited monoamine transporter uptake to differing degrees.

The bakuchiol analog, D3,2-hydroxybakuchiol was the most potent and efficacious reup-

take blocker and was thus selected as the candidate target. Monoamine transporter

inhibition by D3,2-hydroxybakuchiol was more selective for the dopamine transporter

(DAT) (IC50 = 0.58 � 0.1 mM) and norepinephrine transporter (NET) (IC50 = 0.69 � 0.12 mM)

than for the serotonin transporter (SERT) (IC50 = 312.02 � 56.69 mM). D3,2-Hydroxybaku-

chiol exhibited greater potency (pEC50 for DAT and NET) than bupropion and exhibited

similar efficacy (Emax for DAT and/or NET) to bupropion and GBR12,935. Pharmacokine-

tically, D3,2-hydroxybakuchiol competitively inhibited DAT and NET with partial rever-

sibility and occupied cocaine binding sites. Moreover, D3,2-hydroxybakuchiol

counteracted 1-methyl-4-phenylpyridinium-induced toxicity in cells expressing DAT

with similar efficacy to GBR12,935. In vivo studies showed that D3,2-hydroxybakuchiol

increased the activity of intact mice and improved the decreased activity of reserpinized

mice. In the conditioned place preference test, preference scores in intact mice were

unaffected by D3,2-hydroxybakuchiol treatment. Bakuchiol analogs, especially D3,2-

hydroxybakuchiol, are monoamine transporter inhibitors involved in regulating dopa-

minergic and noradrenergic neurotransmission and may have represented potential

pharmacotherapies for disorders such as Parkinson’s disease, depression, and cocaine

addiction.
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1. Introduction

The classic biogenic amine (or monoamine) neurotransmit-

ters—dopamine (DA), norepinephrine (NE) and serotonin

(5HT) control a variety of functions, including locomotion,

autonomic function, hormone secretion, and complex beha-

viors associated with affect, emotion, and reward [1]. In the

CNS, functional deficiencies in monoamine signaling has been

implicated in the pathophysiology of various mental disorders

[2]. A key step that determines the intensity and duration of

monoamine signaling at synapses is the reuptake of the

transmitter released into nerve terminals through high-

affinity plasma membrane monoamine transporters, mem-

bers of the members SLC6 (solute carrier family 6) family, by

electrogenic Na+ and Cl� transport-coupled mechanisms [3–6].

Monoamine transporters for DA, NE, and 5HT DAT, NET and

SERT respectively are expressed exclusively in monoamine-

synthesizing neurons and contribute to monoamine home-

ostasis. Monoamine transporters can also transport other

substrates including amphetamines and neurotoxins. For

example, the DAT functions as a gate switch in modulating

transporting molecular toxins, such as 1-methyl-4-phenyl-

pyridinium (MPP+; an active metabolite of 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine [MPTP] [7]), 6-hydroxydopamine [8],

and paraquat [9], into dopaminergic neurons and plays a

pivotal role in selective dopaminergic toxicity. Monoamine

transporter dysfunction may underlie many disorders asso-

ciated with neurotransmitter imbalance, including depres-

sion, attention deficit hyperactivity disorder (ADHD),

schizophrenia, and drug addiction [10]. In particular, the

DAT plays a primary role in the reinforcing and behavioral-

stimulant effects of psychostimulants in animals and humans

[11]. The DAT, NET, and SERT represent established targets for

many pharmacological agents that affect brain function,

including psychostimulants and antidepressants [12,13]. Our

major interest is to develop novel pharmacotherapies target-

ing monoamine transporters for the treatment of mental and

neural disorders, such as drug dependence, depression, and

Parkinson’s disease. We established transgenic Chinese

hamster ovary (Tr-CHO) cell lines expressing neurotransmit-

ter transporters to screen for possible target chemicals from

several hundred herbs. Bakuchiol analogs, meroterpenoids

isolated from Fructus Psoraleae, seeds of Psoralea corylifolia L

(Leguminosae), were found to be potent monoamine trans-

porter blockers and to have regulation monoaminergic

transmission.
2. Materials and methods

2.1. Reagents

Ascorbic acid, pargyline hydrochloride, fluoxetine hydro-

chloride, 1-[2-(diphenylmethoxy)ethyl]-4-(3-phenylpropyl)-

homopiperazine hydrochloride (GBR12,935), desipramine

hydrochloride, bupropion hydrochloride, tiagabine hydrochlor-

ide, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium

bromide (MTT), 1-methyl-4-phenylpyridinium iodide, dopa-

mine hydrochloride, and norepinephrine bitartrate were

obtained from Sigma Chemicals (St. Louis, MO, USA). Cocaine
hydrochloride was obtained from the National Institute for the

Control of Pharmaceutical and Biological Products (Beijing,

China). Reserpine injection was obtained from Fudan Fuhua

Pharmaceutical Co., Ltd. (Shanghai, China). Bakuchiol analogs

were prepared in our laboratory. [3H]dopamine (8.8 Ci/mmol),

[3H]serotonin (111 Ci/mmol), [3H]g-aminobutyric acid (GABA)

(88 Ci/mmol), and [3H]norepinephrine (40.0 Ci/mmol) were

purchased from GE Healthcare UK Limited (Buckinghamshire,

UK). [3H](�)-2b-carbomethoxy-3b-(4-fluorophenyl) tropane

(WIN35,428) (86 Ci/mmol) was obtained from PerkinElmer

(Boston, MA, USA). RMPI 1640 medium, fetal bovine serum,

and Geniticin (G418) were obtained from Invitrogen (Carlsbad,

CA, USA). All other chemicals were of the highest purity and

were obtained from Sigma Chemicals. Compounds were

prepared just before use in saline (NaCl 0.9%). The hydro-

chlorides, bitartrate, and iodide were dissolved in deionized

water for in vitro study or in saline (NaCl 0.9%) for in vivo study.

Bakuchiol analogsweredissolved indeionizedwatercontaining

1% dimethylsulfoxide for in vitro study or in refined soybean oil

for in vivo study. All compound solutions were prepared just

before experimentation. The injection volume per gram animal

weight used to administer compounds was 0.01 ml.

2.2. Extraction and isolation of free bakuchiol analogs

We previously reported that the inhibitory effects of the

petroleum ether extract fraction separated from Fructus

Psoraleae on monoamine transporters are the most potent

among the distinct fractions of Fructus Psoraleae extracts [14].

In this study, further isolation of active compounds from the

petroleum ether extract of Fructus Psoraleae was performed by

concomitant bioactivity tracing. The method for uptake assay

is shown in Section 2.4 below, and data are shown in Fig. 1.

Dry, ripe Fructus Psoraleae (4000 g) was purchased from Sichuan

Province, China, and powdered and extracted with 95%

ethanol three times under reflux. Evaporation of the solvent

under reduced pressure provided the ethanolic extract

(860.4 g; yield rate: 21.51%). The ethanolic extract was

partitioned in a petroleum ether: H2O (1:1, v/v) mixture.

Removal of the solvents in vacuo from the petroleum ether-

soluble fraction (fr.) yielded 167.8 g of the petroleum ether

extract of Fructus Psoraleae. Normal-phase silica gel column

chromatography [3 kg, n-hexane–EtOAc (15:1! 10:1! 5:1!
1:1, v/v)! CHCl3:MeOH:H2O (6:4:1, v/v/v)!MeOH] of the

extract gave nine fractions [fr.1 (16.2 g), fr.2 (17.5 g), fr.3

(26.4 g), fr.4 (17.8 g), fr.5 (17.5 g), fr.6 (20.5 g), fr.7 (16.4 g), fr.8

(17.5 g), fr.9 (16.8 g)]. As shown in Fig. 1A, fr.3 displayed the

strongest inhibitory action on DAT or NET among the fractions

and was thus used for further isolation. The candidate fr.3

(3.0 g) was separated by reverse-phase silica gel column

chromatography [0.15 kg MeOH–H2O (60:40! 80:20, v/

v)!MeOH] to yield five fractions, of which fr.3-3 was a

candidate for suppressive effects (Fig. 1B), and its chemical

configuration was identified (fr.3-3, bakuchiol; 1.1 g; yield rate:

0.242%). Meanwhile, fr.6 (20 g) was separated by reverse-phase

silica gel column chromatography [300 g, MeOH–H2O

(60:40! 70:30! 80:20, v/v)!MeOH] to yield six fractions

[fr.6-1 (568 mg), fr.6-2 (2228 mg), fr.6-3 (4020 mg), fr.6-4

(3218 mg), fr.6-5 (4211 mg), fr.6-6(5197 mg)] followed by bioac-

tivity tracing (Fig. 1C). The preferential fr.6-3 (4000 mg) was



Fig. 1 – Bioactivity tracing of active compounds from petroleum ether extract fraction (FP) of Fructus Psoraleae. Activity was

detected by [3H]-DA or [3H]-NE uptake assay in D8 or N1 cells. Each x-axis represents fraction number, wherein 0 is the

primary fraction prior to further isolation. (A) Assay for activity of FP fractions. Candidate fractions (arrows) were chosen for

further isolation. (B) Assay for activity of fractions of fr.3 (fr.3-0 to 5). The chemical structure of fr.3-3 was identified as

bakuchiol (B1). (C) Assay for activity of fractions of fr.6 (fr.6-0 to 6). (D) Assay for activity of fractions of the candidate fr.6-3

(fr.6-3-0 to 7). The fr.6-3-4 and fr.6-3-5 were structurally confirmed to be D1,3-hydroxybakuchiol (B2) and D3,2-

hydroxybakuchiol (BU), respectively. Values are expressed as the means of triplicate cell samples (each S.E.M. is less than

20% of mean) and defined by % of D8/N1 control cells (means of DPM values in (A)–(D): 22364.31/19451.27, 25567.11/

18756.75, 24344.32/22157.33, and 26114.31/23561.66, respectively).
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separated by high-performance liquid chromatography (Beck-

man Coulter, Fullerton, CA, USA) [isopropanol–H2O (40:60, v/v)]

to yield seven fractions. As shown in Fig. 1D, two isolates, fr.6-

3-4 (D1,3-hydroxybakuchiol; 640.1 mg; yield rate: 0.016%) and

fr.6-3-5 (D3,2-hydroxybakuchiol; 1569.8 mg; yield rate: 0.039%),

markedly inhibited monoamine transporter activity. The

molecular configurations of the final pure samples were

elucidated by 1H NMR (400HZ) (Varian, Palo Alto, CA, USA). The

purities of bakuchiol, D1,3-hydroxybakuchiol, and D3,2-hydro-

xybakuchiol were 94.1, 92.2, and 96.54%, respectively, which

was analyzed by the normalization method following high-

performance liquid chromatography detection. The three

isolates can be classified structurally as bakuchiol analogs

(Fig. 2).

2.3. Cell culture and DAT transfection

Chinese hamster ovary (CHO) cells expressing the rat DAT

(rDAT; GI 310097), rat SERT (rSERT; GI 207086), mouse g-

aminobutyric acid transporter-1 (mGAT-1; GI 37590748), and

human NET (hNET; GI 189257) were used in this study as

described previously [14,15]. rDAT-pCDNA3 was transfected

into CHO cells using electroporation methods. Selection of the

transfected cells was conducted in culture by the addition of

G418. CHO cells stably expressing DAT then were subcloned by

limiting dilution methods. Several subclones were selected
using a [3H]-DA uptake assay (procedure shown in Section 2.4

below). The cell clone with the highest uptake, designated as

D8 cells, was chosen for further experimentation. Similarly, a

clone highly expressing GAT-1, SERT, or NET (designated as

G1, S6, or N1 cells, respectively) was obtained. As shown in

Table 1, 20–30 times enhancement of neurotransmitter uptake

occurred after CHO cells were transfected with the corre-

sponding neurotransmitter transporter. GBR12,935 (selective

DAT inhibitor), desipramine (selective NET inhibitor), fluox-

etine (inhibitor of SERT), and tiagabine (inhibitor of GAT-1), at

concentrations of 10, 100, 100, and 100 mM, respectively,

inhibited the enhanced uptake with disintegrations-per-

minute (DPM) values similar to background measured in

CHO cells, conferring validity and feasibility of the screening

model. Replicate variabilities were less than 10%.

2.4. [3H]monoamine uptake assay in vitro

D8 cells were grown in RMPI1640 medium containing 10% fetal

bovine serum to near confluence in 48-well tissue culture

plates (Costar Inc., USA) (approximately 60,000 cells per well)

and rinsed once with phosphate-buffered saline (PBS) and pre-

incubated in 100 ml Hank’s balanced salt solution (HBSS) at

room temperature for 10 min. [3H]-DA, ascorbic acid, and

pargyline were added to final concentrations of 100 nM,

100 mM, and 100 mM, respectively. Cells then were incubated



Fig. 2 – Chemical structure of bakuchiol analogs: (A)

bakuchiol, (B) D1,3-hydroxybakuchiol, and (C) D3,2-

hydroxybakuchiol.

b i o c h e m i c a l p h a r m a c o l o g y 7 5 ( 2 0 0 8 ) 1 8 3 5 – 1 8 4 71838
at 37 8C for 20 min. The reaction was terminated by aspiration

of the HBSS, and the cells were washed three times rapidly

(10 s/wash) with ice-cold PBS (4 8C). The cells then were

solubilized in 2N NaOH, and an aliquot was measured by liquid

scintillation (TRI-CARB2900TR, PerkinElmer, Waltham, MA,

USA) to quantify uptake of [3H]dopamine. Specific uptake was

defined as the difference between total uptake by the Tr-CHO

cells and non-specific accumulation determined in CHO cells.

To explore the effects of fractions of the petroleum ether

extracts of Fructus Psoraleae and bakuchiol analogs on

transporters, different concentrations of extract or bakuchiol

analog solutions were individually added to Tr-CHO cell

cultures at the beginning of the uptake assay. To assay 5HT

and NE transport, the procedure was similar to that used for

DA uptake, with the exception that 50 nM [3H]-5HT or 25 nM

[3H]-NE was used instead of [3H]-DA for S6 cells and N1 cells,

respectively. For the GABA uptake assay, 50 nM [3H]GABA was

used instead of [3H]-DA and ascorbic acid and pargyline in the

assay for G1 cells. The [3H]-labeled neurotransmitter uptake

assay in the human neuroblastoma cell line SK-N-SH, known

to express endogenous DAT and NET, was performed similarly

to that for Tr-CHO cells. GBR12,935, bupropion, fluoxetine, and

tiagabine were used as positive controls for [3H]-DA, [3H]-NE,

[3H]-5HT, and [3H]GABA uptake, respectively. The concentra-

tion–effect curve was established to measure IC50 values

(concentration required to inhibit specific monoamine uptake
Table 1 – Functional confirmation of in vitro screening

CHO + vehicle

[3H]dopamine uptake by D8 807.44 � 81.37*

[3H]norepinephrine uptake by N1 628.45 � 109.99*

[3H]serotonin uptake by S6 764.33 � 89.36*

[3H]GABA uptake by G1 979.97 � 110.58*

Dopamine, norepinephrine, serotonin, and GABA uptake assays were per

SERT (S6 cells), and GAT-1 (G1 cells), respectively. The results showed

transporters. GBR12,935 (10 mM), desipramine (100 mM), fluoxetine (100 mM

and GAT-1, respectively. *p < 0.001, compared with control (D8, N1, S6,

background levels. Values are mean � S.E.M. of triplicate cell samples.
by 50%), Emax (maximal inhibition rate), and EC50 (effective

concentration to reach 50% of Emax). Inhibition rate = [(DPM

value of vehicle-treated Tr-CHO cells � DPM value of drug

treated Tr-CHO cells)/(DPM value of vehicle-treated Tr-CHO

cells � DPM value of CHO cells) � 100%]. pEC50 =

�log [concentration of D3,2-hydroxybakuchiol, mM].

The pharmacokinetic inhibition characteristics were eval-

uated using the Tr-CHO platform. The method of competitive

analysis was reported previously by Xu et al. [15]. Reversal

analysis was performed in D8 or N1 cells. The cells were

pretreated with HBSS or different concentrations of D3,2-

hydroxybakuchiol at room temperature for 10 min. The

solution then was removed, and the cells were washed with

PBS three times. An additional 10 min incubation was

conducted after D3,2-hydroxybakuchiol or vehicle was added

into vehicle-pretreated or D3,2-hydroxybakuchiol-pretreated

plate wells, respectively, in addition to overall concomitant

addition of [3H]-DA (or [3H]-NE), ascorbic acid, and pargyline

into the wells. Subsequently, DPM values were measured by a

liquid scintillation counting analyzer.

2.5. Uptake of DA and NE by rat brain synaptosomes

The procedure previously described [16] was used with

modifications. Male Sprague–Dawley rats (200–250 g) were

sacrificed by decapitation, and the striatum and hippocampus

were dissected. Fresh brain tissues were homogenized with a

glass homogenizer (with 10–20 strokes) in ice-cold 0.32 M

phosphate-buffered sucrose and centrifuged at 1000 � g at 4 8C

for 10 min. The supernatants (S1) then were centrifuged at

22,000 � g at 4 8C for 15 min. The resulting pellets (P2) were

resuspended in ice-cold 0.32 M phosphate-buffered sucrose

solution. Aliquots (resuspended P2) were preincubated in Na+-

Krebs Ringer Henseleit medium (pH 7.4) containing NaCl

103 mM, CaCl2 1 mM, MgCl2 1 mM, KH2PO4 1 mM, NaHCO3

27 mM, and glucose 5.4 mM at 37 8C for 5 min. The incubation

was continued for another 10 min in the same medium

containing 100 mM pargyline, 100 mM ascorbic acid, and

100 nM [3H]-DA or 25 nM [3H]-NE (100 ml final volume). The

reaction was stopped by dilution with 1.2 ml ice-cold Li+-Krebs

Ringer Henseleit medium (in which NaCl was substituted by

LiCl) followed by centrifugation at 12,000 � g at 4 8C for 10 min.

Pellets were resuspended with 1.2 ml ice-cold Li+-Krebs Ringer

Henseleit medium and centrifuged again as described above.

The pellets then were decomposed by NaOH (2N, 100 ml), and

an aliquot was used for determination of radioactivity. The
Tr-CHO + vehicle Tr-CHO + antagonist

25485.66 � 2168.33 881.11 � 61.59* (GBR12,935)

20198.11 � 1497.65 687.21 � 98.39* (desipramine)

16509.13 � 1439.33 669.47 � 87.28* (fluoxetine)

32866.98 � 2461.19 917.44 � 78.36* (tiagabine)

formed using Tr-CHO cells expressing DAT (D8 cells), NET (N1 cells),

20–30 times uptake enhancement was induced by transfection of

), and tiagabine (100 mM) are selective inhibitors of DAT, NET, SERT,

and G1 cells), respectively, inhibited the enhanced uptake to nearly
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specific uptake of DA or NE was defined as the difference

between total uptake in Na+-Krebs Ringer Henseleit medium

and the nonspecific accumulation determined in Li+-Krebs

Ringer Henseleit medium. To study the effect of D3,2-

hydroxybakuchiol on DA and NE uptake by synaptosomes,

different concentrations of D3,2-hydroxybakuchiol,

GBR12,935, and desipramine were added at the beginning of

the uptake assay. EC50 (effective concentration of 50% of

maximal inhibition rate) was determined by concentration–

effect curves. Inhibition rate = [(DA uptake produced by

vehicle � DA uptake produced by drug)/(specific DA uptake

produced by vehicle)] � 100%.

2.6. [3H]WIN35,428 binding assay

D8 cells were assayed for membrane binding of the [3H]-

labeled cocaine analog WIN35,428 as described previously [14].

Briefly, D8 cells were incubated with 2 nM [3H]WIN35,428 at

4 8C for 120 min. 100 mM (�)-cocaine was added to parallel

incubations to provide estimates of nonspecific binding. Three

washes with ice-cold buffer terminated the binding reaction.

Analysis of the effect of D3,2-hydroxybakuchiol on binding was

performed by the addition of increasing concentrations of

D3,2-hydroxybakuchiol into the reaction system.

2.7. Effect of D3,2-hydroxybakuchiol on D8 cell viability
after MPP+ administration

The effect of D3,2-hydroxybakuchiol on cell viability was

evaluated by the MTT assay. D8 cells were cultured in RMPI

1640 medium and inoculated in 96 culture wells (Becton

Dickinson Labware, Franklin Lakes, NJ, USA). Plate cells were

approximately 30,000 per well after 24 h incubation. GBR12,935

(10 mM) and increasing concentrations of D3,2-hydroxybaku-

chiol were added into the cell wells and incubated for 4 h. MPP+

was subsequently added into the wells to a final concentration

of 33.3 mM with a total volume of 200 ml and incubated for an

additional 48 h. MTT reagent (with a final concentration of

0.5 mg/ml) then was added to the system, and the dyeing

reaction persisted for 4 h until purple precipitate was visible.

The cells were solubilized by 100 ml dimethylsulfoxide, and the

optical density (OD) value was recorded at 570 nm in Multiscan

MK3 (Nova and Technology Development Co. Ltd., Beijing,

China). For assessment of the effect of D3,2-hydroxybakuchiol

on cell viability, vehicle solvent was used instead of MPP+. EC50

of D3,2-hydroxybakuchiol or GBR12,935 was defined by

concentration of 50% of maximal protection rate. Protection

rate = [(OD value of D3,2-hydroxybakuchiol-treated toxic

cells � OD value of vehicle-treated toxic cells)/(OD value of

control cells � OD value of vehicle-treated toxic cells)] � 100%.

2.8. Animals

Male C57BL/6 mice (weighing 18–22 g, 2 months old) were

purchased from the Laboratory Animal Center of the Chinese

Academy of Science (Shanghai, China). Mice were housed at

room temperature (22 � 3 8C) with 50–60% humidity under a

standard 12-h light/12-h dark cycle (lights on at 07:00 a.m.)

with unlimited access to food and water. They were housed for

1 week prior to the experiments. The experimental protocols
in the animal studies were approved by the Laboratory Animal

Center of the Chinese Academy of Science. All procedures

were in accordance with the National Institutes of Health’s

guidelines regarding the principles of animal care.

2.9. Locomotor activity measurements in intact mice

Locomotor activity was measured in opaque plastic cages

(60 cm � 40 cm � 25 cm), with 24 squares (10 cm � 10 cm)

drawn by brush pen on the bottom of each cage. The animals

were separated randomly into five groups (n = 8) and habi-

tuated to the cages for 60 min before administration of 0.9%

saline, cocaine (15 mg/kg i.p.), and D3,2-hydroxybakuchiol (4,

20, and 100 mg/kg), respectively. Locomotor activity was

recorded for 2 h by a video camera mounted on the ceiling

above the center of the apparatus. The camera was interfaced

with a computer, and line breaks per 15 min were counted by

observers blind to treatment condition.

2.10. Locomotor activity measurements in
reserpinized mice

Locomotor activity of reserpinized mice was examined by the

DigBehv (Locomotor) System (Jiliang Software Technologies

Co., Ltd., Shanghai, China). The open-field apparatus consisted

of a large black opaque, sound-attenuated plastic box

(0.6 m � 0.6 m � 0.8 m) with a smaller square Plexiglas cham-

ber (50 cm � 50 cm � 80 cm) inside, with six video cameras

mounted above the apparatus. The mice were subcutaneously

injected with 10 mg/kg reserpine (injection diluted with 0.9%

NaCl) and remained in the cage for 24 h to be reserpinized.

After grouping, the reserpinized mice were gently transferred

into the smaller chamber and were habituated for 1 h. Animals

then were injected (i.p.) with vehicle or different doses of D3,2-

hydroxybakuchiol (5, 20, or 100 mg/kg) or bupropion (20 mg/

kg) followed by a 100-min recording session. All experimental

events were controlled and recorded automatically by a

computer located in an adjacent room. Spontaneous locomo-

tor activity was analyzed by the Locomotor System software.

2.11. Conditioned place preference

The conditioned place preference paradigm was performed as

described previously [17] with slight modifications. The place

preference conditioning schedule consisted of three phases:

preconditioning, conditioning, and testing. During the pre-

conditioning phase, C57BL/6 mice were placed in the middle of

the neutral area and allowed to freely explore the entire

apparatus for a 20-min session daily for the first 2 days. Their

locations were recorded by the DigBehv (CPP) System (Jiliang

Software Technologies Co., Ltd., Shanghai, China) for 15 min

on the third day to assess baseline place preferences. During

the conditioning phase, mice were treated alternately at 8 a.m.

and 2 p.m. for five consecutive days with daily injections (i.p.)

of cocaine (20 mg/kg), D3,2-hydroxybakuchiol (10 and 100 mg/

kg), or the petroleum ether extract of Fructus Psoraleae (100 mg/

kg) in the drug-paired compartment and saline in vehicle-

paired compartment. Each pairing lasted 20 min. Control

animals received saline each day. During the testing phase,

locations of the mice were recorded for 15 min at 24 h after the



Fig. 4 – Effect of different concentrations of D3,2-
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final conditioning session. Preference score (time spent in the

drug-paired compartment vs. total time spent in all compart-

ments, expressed as a percentage of total time) was analyzed

by DigBehv (CPP) software.

2.12. Data analysis

Data were analyzed using SPSS v.13.0 (SPSS, Chicago, IL, USA).

Differences among groups were assessed using analysis of

variance (ANOVA) followed by post hoc comparisons. Differ-

ences were considered statistically significant with p < 0.05.

IC50 values were analyzed by linear regression (r2 > 0.95). pEC50

and Emax were analyzed by GraphPad Prism v.4.01 (GraphPad

Software, San Diego, CA, USA).

hydroxybakuchiol (BU) on isotope-labeled transmitter, DA,

NE, 5-HT, or GABA, uptake by respective Tr-CHO cells.

Values are defined by % of D8, N1, S6, or G1 control cells

(DPM value: 25017.11 W 2151.24, 20727.77 W 1916.55,

15584.22 W 1067.67, and 31184.81 W 2551.07, respectively).

IC50 or pEC50 and Emax values are shown in Tables 2 and 4,

respectively.
3. Results

3.1. Effects of bakuchiol analogs on monoamine uptake
by Tr-CHO cells

The inhibitory effects of three bakuchiol analogs isolated from

the petroleum ether extract of Fructus Psoraleae on DAT, NET,

and SERT were evaluated by neurotransmitter uptake assay in

Tr-CHO cell lines. As shown in Fig. 3, we found differing

monoamine uptake inhibition in D8, N1, or S6 cells after a 20-

min incubation of bakuchiol, D1,3-hydroxybakuchiol, or D3,2-

hydroxybakuchiol (10 mM) (p < 0.001 compared with respec-

tive control), while no effect on GABA uptake was observed by

G1 cells (p > 0.05 compared with control cells). For corrobora-

tion of these results, increasing concentrations of bakuchiol

analogs were added to the screen. Half-logarithmic curves of

concentration–effects were obtained, and pEC50 and Emax were

analyzed. pEC50 and Emax (expressed as inhibition rate) of

bakuchiol analogs for monoamine transporters are shown in
Fig. 3 – Effects of bakuchiol analogs on monoamine

transporters. Bakuchiol (B1) and its analogs, D1,3-

hydroxybakuchiol (B2) and D3,2-hydroxybakuchiol (BU), at

a concentration of 10 mM, inhibited DA, NE and 5-HT

uptake by respective Tr-CHO cells (D8, N1, or S6). Values

are expressed as mean W S.E.M. of triplicate cell samples

and defined by % of D8, N1, S6, or G1 control cells (DPM

value: 24117.11 W 1457.24, 23427.77 W 1746.75,

14844.22 W 1617.33, and 35174.81 W 2161.37, respectively).
*p < 0.001, compared with D8, N1, or S6 control cells (one-

way ANOVA). pEC50 and Emax values are shown in Table 4.
Table 4. The three isolates exhibited different pEC50 and Emax

values for the monoamine transporters, wherein the two

values for DAT and NET were substantially higher than for

SERT. Bakuchiol analogs at concentrations up to 3 mM did not

affect [3H]GABA uptake by G1 cells (data for bakuchiol and

D1,3-hydroxybakuchiol not shown; data for D3,2-hydroxyba-

kuchiol shown in Fig. 4). Of the bakuchiol analogs, D3,2-

hydroxybakuchiol exhibited stronger potency and higher

efficacy and was thus chosen for further testing. D3,2-

Hydroxybakuchiol at concentrations of 0.003-3000 mM, added

cumulatively in increments of 0.5 log units, dose-dependently

inhibited monoamine uptake (IC50: DAT, 0.58 � 0.1 mM; NET,

0.69 � 0.12 mM; SERT, 312.02 � 56.69 mM) (Table 2, Fig. 4).

Compared with bupropion, D3,2-hydroxybakuchiol exhibited

stronger inhibitory actions on DAT and NET with slightly

higher pEC50 values, despite sharing similar Emax values.

Compared with GBR12,935, D3,2-hydroxybakuchiol exhibited a

lower pEC50 value for DAT inhibition, but the two had similar

Emax values. In addition, D3,2-hydroxybakuchiol pEC50 and

Emax values for SERT were less than those of fluoxetine

(Table 4).

Similar DA and NE uptake inhibition by D3,2-hydroxyba-

kuchiol was found in human neuroblastoma cell line SK-N-SH

(Fig. 5A and B), human pheochromocytoma cell line PC12 (data

not shown), and rat brain synaptosomes (Fig. 6A and B). D3,2-

Hydroxybakuchiol IC50 values in SK-N-SH cells and synapto-

somes, and pEC50 and Emax in synaptosomes, are shown in

Tables 2 and 5, respectively.

3.2. Pharmacokinetics of D3,2-hydroxybakuchiol
inhibitory effects on DAT and NET

The Michaelis–Menten constant (Km) and the maximal

reuptake rate (Vmax) of the transporters were determined

by incubating Tr-CHO with varying concentrations of sub-

strate. A curve typical of competitive inhibition was shown in



Table 2 – IC50 values (mM) of D3,2-hydroxybakuchiol acting on monoamine transporters

DAT NET SERT GAT-1 n

Trans-CHO Cells 0.58 � 0.10 0.69 � 0.12 312.02 � 56.69 >1000 3

SK-N-SH Cells 0.46 � 0.13 0.85 � 0.24 nd nd 3

Symnaptosomes 1.02 � 0.24 1.55 � 0.28 nd nd 3

nd, not detected. D3,2-Hydroxybakuchiol selectively inhibited DAT and NET. IC50 for dopamine and norepinephrine uptake inhibition was

significantly less than for serotonin or GABA uptake inhibition. Tr-CHO Cells: representative CHO cells expressing DAT (D8), NET (N1), SERT

(S6), or GAT-1 (G1). The methods for isotope-labeled neurotransmitter uptake by Tr-CHO cells, SK-N-SH cells, and synaptosomes are shown in

Section 2 (Sections 2.4 and 2.5). Values are mean � S.E.M. of three different experiments performed in triplicate.
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the D3,2-hydroxybakuchiol-D8 cells reaction system (Fig. 7A).

D3,2-Hydroxybakuchiol at 0.5 mM and 2 mM had no marked

effects on Vmax of dopamine uptake, though the Km value

dose-dependently increased (Table 3). With regard to the

curve characteristics of NE uptake in N1, D3,2-hydroxybaku-

chiol treatment displayed a curve typical of competitive

inhibition, in which D3,2-hydroxybakuchiol had no effect on

Vmax but elicited a dose-dependent increase in Km (Table 3,

Fig. 7B). After the D8 cells pretreated with D3,2-hydroxyba-

kuchiol were washed with PBS three times, about 12–43% of

[3H]-DA uptake inhibition was recovered (Fig. 7C). In addition,

about 14–35% of [3H]-NE uptake blockade was restored

(Fig. 7D). At concentrations of 0.03–333 mM, D3,2-hydroxyba-

kuchiol also dose-dependently reduced [3H]WIN35,428 bind-

ing in D8 cells (Fig. 8).

3.3. Effect of D3,2-hydroxybakuchiol on cell viability and
MPP+-induced toxicity in D8 cells

The MTT test revealed no clear difference in cell viability

between D8 cells pretreated with D3,2-hydroxybakuchiol (1–

500 mM) and control cells (D8/vehicle) (Fig. 9). In contrast, cell

viability decreased to about 25% of control when pretreated

with MPP+ (33 mM). However, D3,2-hydroxybakuchiol dose-

dependently prevented MPP+-induced cell toxicity. D3,2-

Hydroxybakuchiol pEC50 and Emax values for protection

against D8 lesion (expressed as protection rate) were

�0.34 � 0.036 and 82.31 � 6.78%, respectively. The D3,2-hydro-

xybakuchiol pEC50 value was significantly less than that for

GBR12,935 (1.44 � 0.23), whereas no difference was observed

between Emax values for D3,2-hydroxybakuchiol and

GBR12,935 (85.45 � 10.17%) (Table 5).
Fig. 5 – Inhibitory effect of different concentrations of D3,2-hydr

SK-N-SH cells. Control cells were treated with the same volume

control and representative unspecific uptake. *p < 0.01, compare

samples.
3.4. Effect of D3,2-hydroxybakuchiol on locomotor
activity in intact mice

D3,2-Hydroxybakuchiol dose-dependently increased loco-

motor activity (line break score), especially at doses of 20

and 100 mg/kg (4 mg/kg mildly increased activity with no

significant difference from the saline group) (Fig. 10). An

initial 15–30 min low score of locomotor activity was

followed by a long-lasting time-dependent stimulant effect,

until about 70 min when activity was highest (line breaks:

260.32 � 42.78). The pronounced stimulant action of D3,2-

hydroxybakuchiol persisted until about 90 min and then

gradually declined. In contrast, the locomotor-stimulating

effect of cocaine began with a steep curve during the

initial 30 min (line breaks: 546.88 � 113.19) that declined

quickly. Compared with cocaine, D3,2-hydroxybakuchiol

increased locomotor activity to a lesser extent, with a

slower onset and a longer duration of action after systemic

administration.

3.5. Effect of D3,2-hydroxybakuchiol on locomotor
behavior of reserpinized mice

Spontaneous activity in mice was almost completely

abolished after reserpine treatment (10 mg/kg) (Fig. 11).

D3,2-Hydroxybakuchiol at doses of 5, 20, and 100 mg/kg

markedly and dose-dependently increased horizontal

movement in reserpinized mice, with a response curve

similar to intact mice. Likewise, bupropion at 20 mg/kg

stimulated activity, with distance traveled similar to mice

treated with the same dose of D3,2-hydroxybakuchiol at

different time points.
oxybakuchiol (BU) on [3H]-DA (A) and [3H]-NE (B) uptake by

of solvent. GBR12,935 (GBR) or desipramine (Des), positive

d with control group. Values are mean W S.E.M. of five



Fig. 6 – Effect of D3,2-hydroxybakuchiol (BU) on [3H]dopamine (A) or [3H]norepinephrine (B) uptake by synaptosomes from rat

striatum or hippocampus. Synaptosomes of the control group were treated with the same volume of solvent. GBR12,935

(GBR) or desipramine (Des), as positive control and representative unspecific uptake. *p < 0.01, compared with control group.

Values are mean W S.E.M. of five samples. pEC50 and Emax values are shown in Table 5.
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3.6. Effect of D3,2-hydroxybakuchiol on the reward system
of C57BL/6 mice

To explore the dependence liability of D3,2-hydroxybakuchiol,

preference scores were evaluated using conditioned place

preference. The DAT antagonist, cocaine, a drug with high

abuse potential, at a dose of 20 mg/kg, produced a substantial

rewarding effect in mice. Preference scores of mice treated

with 100 mg/kg D3,2-hydroxybakuchiol and the petroleum

ether extract of Fructus Psoraleae were not significantly

different from normal mice (Fig. 12).
4. Discussion

The sensitivity of monoamine transporters to substrates or

antagonists was examined in heterogeneous expression

systems (HEK-293 and PC12 cell lines over-expressing mono-

amine transporters) established by other groups [18,19]. Our

lab established a drug screening model using a recombinant

technique in which monoamine transporters and amino acid

transporters are stably expressed in an immortal CHO cell line.

The model displayed 20–30 times enhancement of transmitter

uptake compared with wildtype CHO cells, conferring extra-

ordinary sensitivity. Conversely, the elevated DPM values

were reduced to background levels in the presence of

saturating concentrations of uptake inhibitors, demonstrating

the validity and feasibility of the screening model (Table 1).

We screened active compounds targeting monoamine

transporters from a variety of Chinese herbal extracts by

the established Tr-CHO bioactivity tracking system. Bakuchiol

analogs were isolated from the petroleum ether extract of

Fructus Psoraleae (Figs. 1 and 2). Data shown in the uptake assay

showed that bakuchiol analogs selectively inhibited mono-

amine transporters and had no effect on GAT-1 (Figs. 3 and 4,

Table 4). Of the bakuchiol analogs, bakuchiol and D1,3-

hydroxybakuchiol exhibited moderate potency and efficacy

for inhibition of DAT and NET, and mild potency and efficacy

for SERT. Compared with bakuchiol and D1,3-hydroxybaku-

chiol, D3,2-hydroxybakuchiol exerted higher potency and

efficacy for DAT and NET, and lower potency and efficacy
for SERT (Table 4). D3,2-hydroxybakuchiol, therefore, was

chosen for further in vitro and in vivo studies. D3,2-Hydro-

xybakuchiol had markedly lower IC50 values for DAT and NET

compared with SERT (Table 2), revealing DAT and NET

selectivity. Bupropion is a clinically accepted dual DAT/NET

antagonist and was used as a reference compound to evaluate

whether D3,2-hydroxybakuchiol would have distinct activities.

Despite a similar Emax value, D3,2-hydroxybakuchiol displayed

slightly higher potency and affinity for DAT and NET than

bupropion (Tables 4 and 5). Although the potency of D3,2-

hydroxybakuchiol for DAT was lower than that of GBR12,935,

their efficacies were similar (Tables 4 and 5). Efficacy has been

considered to be more important than potency in evaluating

the effect of a drug [20,21]. The greater efficacy of D3,2-

hydroxybakuchiol underscores its pharmacological potential

in regulating abnormal monoaminergic transmission.

Furthermore, the suppressive effects of D3,2-hydroxybaku-

chiol on monoamine uptake were shown in three additional

auxiliary screening systems that assessed inhibitory activity:

SK-N-SH cells (Fig. 5), PC12 cells, and synaptosomes prepared

from rat brain (Table 5, Fig. 6).

Pharmacokinetic parameters, including Vmax and Km, were

calculated from a Lineweaver–Burke plot (Fig. 7A and B) and

are summarized in Table 3. D3,2-Hydroxybakuchiol at the

concentrations of 0.5 and 2 mM significantly increased Km

values for DA or NE uptake, though had no significant effect on

Vmax values, suggesting that DAT and NET inhibition occurs

through a typical competition mechanism. Reversible ana-

lyses revealed that inhibition was somewhat recovered after

the cells preincubated with D3,2-hydroxybakuchiol were

washed with PBS (Fig. 7C and D), suggesting partially reversible

competitive inhibition.

Protein DAT represents a primary target for the psychos-

timulant cocaine. The isotope-labeled cocaine analog

WIN35,428 is commonly used to determine DAT quantity

based on its binding sites [22]. D3,2-Hydroxybakuchiol dose-

dependently reduced WIN35,428 binding (Fig. 8). D3,2-Hydro-

xybakuchiol may occupy cocaine binding sites, thereby

disrupting DAT binding. The present finding is consistent

with the aforementioned conclusion of competitive DAT

inhibition, since cocaine also is a competitive DAT inhibitor



Fig. 7 – Pharmacokinetic mechanisms of D3,2-hydroxybakuchiol (BU) in the regulation of monoamine function. Effects of

D3,2-hydroxybakuchiol on kinetic constants were explored by co-incubation with increasing concentrations of monoamine

(hot and cold) and D3,2-hydroxybakuchiol (0, 0.5, or 2 mM). Lineweaver–Burke plots demonstrate competitive-type

inhibition of DAT and NET. V, velocity (the amount of uptake divided by time). S, concentration of DA or NE. The respective

kinetic parameters are summarized in Table 3. Reversible analyses revealed partial reversible inhibition of DAT (C) and NET

(D). Values are expressed as % of D8 or N1 control cells (DPM value: 22387.45 W 1258.74 and 24317.77 W 1336.44,

respectively).
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[23]. In addition, disruption of cocaine binding implies that

D3,2-hydroxybakuchiol has the potential to counteract the

reinforcing effects of cocaine.

Furthermore, the DAT has been shown to catalyze the

reuptake of MPP+, 1-benzyl-1,2,3,4-tetrahydroisoquinoline

derivatives [24], and b-carboline [25], in addition to regulating

synaptic neurotransmitter content. The DAT thus may be

considered a molecular gate for neurotoxins. The present

results showed a marked decrease in D8 cell viability after
Table 3 – Summary of effects of D3,2-hydroxybakuchiol on the

D3,2-Hydroxybakuchiol concentration (mM) Vmax (DPM

DAT

0 7.08 � 2.12

0.5 7.08 � 2.12

2 8.01 � 2.05

D8 and N1 cells were incubated at 37 8C for 20 min in 100 ml medium with

to 24 mM or norepinephrine (cold and 3H-labeled) from 0.75 to 20 mM, in th

of 0, 0.5, and 2 mM. Means of n different experiments were performed in q

Km values following administration of D8 or N1 cells with D3,2-hydroxyb

Lineweaver–Burke plots. *p < 0.01, compared with control (D3,2-hydrox

0.5 mM.
MPP+ administration, implying neuronal injury occurs via

DAT. D3,2-Hydroxybakuchiol mitigated MPP+-induced

decreased cell viability with similar efficacy to GBR12,935

(Table 5, Fig. 9). The mechanism for the protective effect of

D3,2-hydroxybakuchiol may be through DAT suppression,

which would counteract MPP+ uptake into cytosomes and

prevent mitochondria from subsequent injury [26,27]. The

protective effects further support the DAT inhibitory effect of

D3,2-hydroxybakuchiol. D3,2-Hydroxybakuchiol also may be a
kinetic constants for monoamine transporters

� 10�5) Km (mM) n

NET DAT NET

12.23 � 3.02 3.75 � 0.93 4.26 � 1.13 6

11.75 � 2.21 7.91 � 1.09* 9.25 � 1.27* 6

10.98 � 1.87 23.79 � 8.31*# 19.65 � 3.48*# 6

increasing concentrations of dopamine (cold and 3H-labeled) from 1.5

e presence and absence of D3,2-hydroxybakuchiol at concentrations

uadruplicate. Results showed a concentration-dependent increase in

akuchiol at concentrations of 0.5 and 2 mM. Data were analyzed by

ybakuchiol, 0 mM); #p < 0.01, compared with D3,2-hydroxybakuchiol



Fig. 10 – Effect of D3,2-hydroxybakuchiol (BU) on locomotor

behavior of intact C57/BL mice. Numbers of line breaks are

shown on the y-axis and represent the horizontal distance

traveled. Cocaine served as the positive control. n = 8 mice

per group.

Fig. 8 – Effect of D3,2-hydroxybakuchiol (BU) on (S)-2b-

carbomethoxy-3b-(4-fluorophenyl) tropane (WIN35,428)

binding to DAT. [3H]WIN35,428 binding in CHO cells or D8

cells applied with 100 mM cocaine (Co) were taken as

negative and positive control, respectively. Cocaine also

was used to define nonspecific binding. Values are

mean W S.E.M. of quadruple samples. *p < 0.001, compared

with D8 cells (first open bar).
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promising dopaminergic protective agent for Parkinson’s

disease.

The present behavioral study showed that D3,2-hydroxy-

bakuchiol induced a dose-dependent increase in locomotor

activity (Fig. 10). The stimulant action may be attributable to

inhibition of DAT and NET and subsequent enhancement of

corresponding neurotransmitters in the synapses, further

supporting the effects of D3,2-hydroxybakuchiol as a potent

Fig. 11 – D3,2-Hydroxybakuchiol (BU) improved abnormal

behavior in reserpine-pretreated mice. Locomotor activity

of the reserpinized mice after i.p. injection of vehicle

solvent (Veh) or D3,2-hydroxybakuchiol were assayed.

Bupropion (BR) served as the positive control. n = 8 mice

per group. *p < 0.05, **p < 0.01 compared with vehicle.

Fig. 9 – Effect of different concentrations of D3,2-

hydroxybakuchiol (BU) on cell toxicity induced by MPP+.

D8 cells (open bars) were preincubated with vehicle or

D3,2-hydroxybakuchiol solvent for 4 h followed by 48 h

incubation with 1-methyl-4-phenylpyridinium (MPP+). To

assess the effect of D3,2-hydroxybakuchiol on cell

viability, vehicle solvent was added to the wells instead of

MPP+. GBR12,935 (GBR) at 10 mM served as positive control.
#p < 0.01, compared with D8 control (first open bar).
*p < 0.01, compared with MPP+-lesioned cells (second open

bar). Values are mean W S.E.M. of four well samples (one-

way ANOVA). pEC50 and Emax values are shown in Table 5.
monoamine transporter blocker. However, the mode of

stimulation was different than that for cocaine. Low locomo-

tor activity scores were observed for the first 15–30 min after

D3,2-hydroxybakuchiol injection, followed by a long-lasting,

time-dependent stimulant effect until about 70 min when

locomotor activity scores were highest. The stimulant action

occurred until about 90 min and then gradually declined. D3,2-

Hydroxybakuchiol was found to enhance locomotor activity

with a lower peak, slower onset, and longer duration than

cocaine. The rapid rise and decline of extracellular dopamine

levels may contribute to the reinforcing properties and abuse

liability of addictive drugs such as cocaine [28], suggesting that

the slower onset and offset of the stimulant effects of D3,2-

hydroxybakuchiol make it less reinforcing than cocaine. The

pattern of locomotor activation induced by D3,2-hydroxyba-

kuchiol suggests that it might be developed into a therapeutic

drug with little addictive potential. In fact, the water extract of

Fructus Psoraleaehas been used clinically in China for hundreds

of years, and addictive liability has not been reported for

Fructus Psoraleae with chronic, oral dosing of 9–30 g. Mice given

different doses of D3,2-hydroxybakuchiol and the petroleum



Fig. 12 – Effect of D3,2-hydroxybakuchiol (BU) on

conditioned place preference. Neither animal treated with

the petroleum ether extract of Fructus Psoraleae (100 mg/

kg) nor D3,2-hydroxybakuchiol (10 and 100 mg/kg) showed

any significant place preference response ( p > 0.05 vs.

saline). Cocaine (20 mg/kg) significantly increased

preference score. *p < 0.01, compared with saline. Data are

expressed as difference in preference score between the

testing phase and the preconditioning phase. Values are

mean W S.E.M. of 9–10 mice.
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ether extract of Fructus Psoraleae exhibited place preference

scores similar to untreated mice (although the high-dose

group exhibited a slightly higher score) (Fig. 12), thus

demonstrating no intrinsic rewarding or aversive effects.
Table 4 – Summary of pEC50 and Emax values for monoamine

D8 cells

pEC50 Emax

D3,2-hydroxybakuchiol 0.25 � 0.031 105.56 � 11.21 0.1

Bakuchiol �0.83 � 0.012$ 72.11 � 6.31* �0

D1,3-Hydroxybakuchiol �1.05 � 0.025$ 64.77 � 13.14* �1

Bupropion 0.071 � 0.015* 94.28 � 13.33 �0

GBR12,935 1.74 � 0.14* 98.24 � 6.32 nd

Fluoxetine nd nd �1

Bakuchiol analogs, bakuchiol, D1,3-hydroxybakuchiol, and D3,2-hydroxyb

and efficacies. D3,2-Hydroxybakuchiol achieved higher values for pEC50 an

higher pEC50 values for DAT and NET than bupropion, and lower pEC50 v

weak potency and slight efficacy for SERT with remarkably less pEC50 valu

% of control. nd, not detected. *p < 0.05 and $p < 0.01, compared w

mean � S.E.M. of three independent experiments.

Table 5 – Summary of pEC50 and Emax values for uptake inhibiti
phenylpyridinium (MPP+) induced D8 cell lesion

Dopamine uptake by synapto-
somes

N

pEC50 Emax

D3,2-Hydroxybakuchiol 0.10 � 0.016 95.56 � 8.21 0.06

Bupropion �0.26 � 0.042* 99.28 � 13.33 �0.2

GBR12,935 1.33 � 0.15 $ 98.24 � 6.32 nd

D3,2-Hydroxybakuchiol significantly inhibited dopamine or norepinephrin

but lower than GBR12,935, Emax value for D3,2-hydroxybakuchiol was sim

protection against D8 cell toxicity induced by MPP+ with similar efficacy

total protection. nd, not detected. *p < 0.05 and $p < 0.01, compared

mean � S.E.M. of three independent experiments.
Administration of reserpine causes DA and NE to remain

exposed within the cell and broken down by monoamine

oxidase, thereby profoundly reducing DA and NE content [29].

As shown in Fig. 11, reserpine-treated mice displayed no

locomotor response to a novel environment. D3,2-Hydroxyba-

kuchiol administration in reserpinized mice markedly stimu-

lated horizontal movement with a time-response curve

similar to the locomotion observed in intact mice. A similar

locomotor-stimulating effect was seen in response to bupro-

pion. The activity improvement provides additional evidence

to confirm the functional blockade of monoamine transpor-

ters by D3,2-hydroxybakuchiol and the possible mechanism by

which it upregulates deficient dopaminergic and noradrener-

gic function in mice. Moreover, the observed effect on

locomotor activity suggests an anti-parkinsonian-like effect

because reserpinized mice are known model of Parkinson’s

disease [30].

Bakuchiol analogs are structurally classified as meroter-

pene analogs. The principal meroterpene, bakuchiol has been

reported to be effective in protecting against microbial

infection [31], oxidative stress [32], liver injury, and cirrhosis

[33,34]. The chemical structure of D3,2-hydroxybakuchiol was

first identified in 1996 [35] and shown to have inhibitory

activity against antigen-induced degranulation [36]. The

present study demonstrated that bakuchiol analogs had

selective antagonist activity on DAT and NET and subsequent

stimulatory action on locomotor behavior related to mono-

aminergic transmission. The DAT limits the intensity and
transporter inhibition

N1 cells S6 cells

pEC50 Emax pEC50 Emax

3 � 0.014 99.68 � 8.32 �2.37 � 1.34 64.31 � 6.78

.7 � 0.091$ 74.31 � 5.34* <�3 nd

.15 � 0.16$ 61.32 � 8.32$ <�3 nd

.083 � 0.01* 101.21 � 23.11 nd nd

nd nd nd

.06 � 0.21$ 87.58 � 13.69 0.25 � 0.04$ 92.33 � 15.6*

akuchiol inhibited monoamine transporters with differing potencies

d Emax for DAT and NET than bakuchiol and D1,3-hydroxybakuchiol,

alues for DAT than GBR12,935. D3,2-Hydroxybakuchiol also exhibited

es and Emax values compared with fluoxetine. pEC50, �log (mM). Emax,

ith D3,2-hydroxybakuchiol-treated cells, respectively. Values are

on in synaptosomes and for protection against 1-methyl-4-

orepinephrine uptake by
synaptosomes

Protection against D8 lesion

pEC50 Emax pEC50 Emax

6 � 0.013 95.68 � 6.32 �0.34 � 0.036 82.31 � 6.78

1 � 0.052* 100.36 � 11.36 nd nd

nd 1.44 � 0.23$ 85.45 � 10.17

e uptake by synaptosomes with higher pEC50 values than bupropion,

ilar to bupropion and GBR12,935. D3,2-Hydroxybakuchiol displayed

to GBR12,935. pEC50, �log (mM). Emax, % of control for uptake or % of

with D3,2-hydroxybakuchiol-treated cells, respectively. Values are
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duration of DA action at pre- and postsynaptic receptors and is

essential for maintaining normal dopamine homeostasis in

the brain [1]. DAT-like immunoreactivity has been detected

mainly in the striatum, substantia nigra, nucleus accumbens,

ventral tegmental area, cingulate, and medial prefrontal

cortex [37]. DAT regulates dopaminergic transmission

involved in locomotion, cognition, emotion, and reward.

Deficits in the dopaminergic system contribute to the

development of several neurological and psychiatric condi-

tions, such as Parkinson’s disease, depression, and attention-

deficit hyperactivity disorder [38]. D3,2-hydroxybakuchiol,

therefore, may be beneficial for treating these disorders.

D3,2-Hydroxybakuchiol also inhibits NET with high potency

and efficacy. NET, mainly confined to the hippocampus and

cortex, mediates noradrenergic signaling involved in emotion,

neuroplasticity [39], memory [40], and neuroprotection [41].

Mechanisms of depression [42] and dementia [43] also are

considered to be related to deficient noradrenergic function, in

addition to the established mechanism of insufficiency in

dopaminergic and serotonergic transmission. Recent reports

showed that damage to the noradrenergic system markedly

deteriorated motor activity deficits in MPTP-treated mice [44].

In contrast, NET blockade can elevate extracellular dopamine

concentrations [45], and NET-knockout mice show attenuated

parkinsonism-like effects [46]. Deficiency in the noradrenergic

system plays a role in the development of Parkinson’s disease,

and NET blockers could be an alternative or complementary

approach to Parkinson’s disease treatment. The results

observed in the reserpinized model, together with previous

reports, further indicate a possible role of bakuchiol analogs in

antiparkinsonism. Therefore, the DAT/NET inhibitor D3,2-

hydroxybakuchiol may improve psychiatric disorders such as

cocaine dependence, attention-deficit hyperactivity disorder,

depression and dementia and protect against parkinsonism or

enhance L-DOPA efficacy in Parkinson’s disease treatment.

In summary, bakuchiol analogs, especially D3,2-hydroxy-

bakuchiol, inhibit monoamine transporters with specificity for

DAT and NET and regulate monoaminergic transmission.

Despite greater inhibition potency than bupropion for DAT/

NET, D3,2-hydroxybakuchiol possesses generally similar inhi-

bition properties as bupropion. D3,2-hydroxybakuchiol, there-

fore, may be evaluated as a pharmacotherapy for depression

in addition to other related diseases. Similar to bupropion, the

potency of D3,2-hydroxybakuchiol is slightly lower than other

antidepressants. Future studies will screen other chemicals

that have greater activity, and D3,2-hydroxybakuchiol as a lead

compound may be structurally modified to obtain new

compounds with higher activity. Efficacy evaluations of

D3,2-hydroxybakuchiol in animal models will be considered

in future studies.
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