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Abstract

We have previously synthesized a series of hybrid compounds by linking ferulic acid to tacrine as multifunctional agents
based on the hypotheses that Alzheimer’s disease (AD) generates cholinergic deficiency and oxidative stress. Interestingly,
we found that they may have potential pharmacological activities for treating AD. Here we report for the first time that
tacrine-6-ferulic acid (T6FA), one of these compounds, can prevent amyloid-b peptide (Ab)-induced AD-associated
pathological changes in vitro and in vivo. Our results showed that T6FA significantly inhibited auto- and acetylcholinesterase
(AChE)-induced aggregation of Ab1–40 in vitro and blocked the cell death induced by Ab1–40 in PC12 cells. In an AD mouse
model by the intracerebroventricular injection of Ab1–40, T6FA significantly improved the cognitive ability along with
increasing choline acetyltransferase and superoxide dismutase activity, decreasing AChE activity and malondialdehyde level.
Based on our findings, we conclude that T6FA may be a promising multifunctional drug candidate for AD.
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Introduction

Alzheimer’s disease (AD) is a multifactorial neurodegenerative

disorder with progressive and devastating memory impairment

[1]. The AD patient brain is characterized by amyloid-b peptide

(Ab) deposits, neurofibrillary tangles, synapse loss, and extensive

oxidative stress. Ab-induced oxidative stress is indexed by protein

oxidation, lipid peroxidation, free radical formation, DNA

oxidation and neuronal cell death [2–3]. The majority of

therapeutic strategies and drug development approaches for AD

were based on dysfunction of acetylcholine to date, which mainly

improves the pathological symptom [4]. Inhibition of Ab fibril

aggregation and antioxidants are also viewed as promising

strategies to halt the progression of AD [5–8]. Unfortunately,

current ‘‘one-molecule-one-target’’ drugs are not effective strategy

to delay or block the progress of AD pathology because of multiple

causes, such as cholinergic deficiency, Ab and tau protein toxicity,

oxidative stress and so on. Now, ‘‘one-compound-multi-targets’’

strategy, which simultaneously aimed at targeting multiple

pathological processes, gradually shows its potential advantages

[9–10].

Tacrine (1, 2, 3, 4-tetrahydro-9-acridinamine, THA, 1, Figure 1)

is the first centrally acting cholinesterase inhibitor to be widely

applied for the loss of memory and intellectual decline in patients

of AD. Though some deficiencies of tacrine emerged gradually

including hepatotoxic effect and low-selective peripheral cholin-

ergic effect, recent studies have demonstrated its homo- and

hetero-dimers can improve and enlarge its biological profile with

less side-effects [9,11]. Ferulic acid (4-hydroxy-3- methoxycin-

namic acid, FA, 2, Figure 1), a bioactive component of Traditional

Chinese Medicine, has antioxidant and anti-inflammatory effects

[12], inhibits Ab fibril aggregation [13], and prevents Ab-

mediated toxicity both in vitro and in vivo [14–15]. Besides these

benefits in the central nervous system, FA also possesses

hepatoprotective effects which may prevent the hepatotoxic effect

of tacrine [16].

Previously, Fang et al and we synthesized and evaluated a series

of tacrine-ferulic acid hybrids as multipotent anti-AD drug

candidates [17–21]. These compounds have better acetylcholin-

esterase (AChE) inhibitory activity and comparable butyrylcholi-

nesterase (BuChE) inhibitory activity in relation to tacrine [17,18].

In addition, these compounds can also inhibit 1,1-Diphenyl-2-

picrylhydrazyl (DPPH) radical formation [17,19]. Some of them

have been proved to reverse scopolamine-induced cognitive

impairment in mice or rats with low hepatotoxicity [18–20].

Interestingly, novel ferulic acid and benzothiazole dimer deriva-
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tives have been found to specifically bind to Ab fibrils (fAb) and to

inhibit fibril aggregation as FA [22–23]. These results suggest that

tacrine-ferulic acid hybrids might also inhibit the fibril aggregation

of Ab and Ab-mediated toxicity, potential targets for AD therapy

[5–8].

In this study, we examined the effects of tacrine-6-ferulic acid

(T6FA, Figure 1), a novel tacrine-ferulic acid dimer, on Ab
aggregation, Ab-induced cell death in vitro and cognitive

impairment in a mouse model of AD induced by aggregated Ab.

Materials and Methods

Materials
Ab1–40, the reverse sequences Ab40–1, Tacrine hydrochloride,

Donepezil hydrochloride, Human acetylcholinesterase (HuAChE)

and 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide

(MTT) were purchased from Sigma Chemical Co. (agency in

China). 2,7-dichlorofluoroescin diacetate (H2DCF-DA) were

purchased from Molecular Probes Co. (agency in China).

Tacrine-6-ferulic acid (purity .98%) was synthesized by our

laboratory [17]. RPMI 1640 medium, antibiotics (penicillin/

streptomycin), horse serum and fetal bovine serum were purchased

from Invitrogen (Grand Island, NY, U.S.A.). Each test compound

(tacrine, T6FA and ferulic acid) at a concentration of 50 mM was

dissolved in DMSO and further diluted with PBS. The final

concentration of DMSO was no more than 0.1% in the medium,

which did not affect cell viability. A fresh 10 mM stock solution of

H2DCF-DA was prepared in ethanol. Fresh T6FA (1 mg/mL) was

prepared in phosphate-buffered saline. The cells were pre-

incubated with 2–50 mM T6FA for 30 min before the addition

of 20 mM of Ab1–40. The commercial kits for the assay of AChE

(Cat #, A024), choline acetytransferase (Cat #, A079), superoxide

dismutase (Cat #, A001-1) and malondialdehyde (Cat #, A003-2)

were purchased from Nanjing Jiancheng Biotech Company, China

(www.njjcbio.com).

Assay of AChE-induced Ab aggregation [24]
Aliquots of 2 mL Ab1–40, lyophilised from 2 mg/mL hexafluoro-

isopropanol solution and dissolved in DMSO, were incubated for

48 h at room temperature in 0.215 M sodium phosphate buffer

(pH 8.0) at a final concentration of 230 mM. For co-incubation

experiments aliquots (16 mL) of HuAChE (final concentration

2.30 mM, Ab/AChE molar ratio 100:1) and HuAChE in the

presence of 2 mL of the tested inhibitors in 0.215 M sodium

phosphate buffer pH 8.0 solution (final inhibitor concentration

ranging between 50 and 100 mM) were added. Blanks containing

Ab, HuAChE, and Ab plus inhibitors at various concentrations in

0.215 M sodium phosphate buffer (pH 8.0) were prepared. The

final volume of each vial was 20 mL. Each assay was run in

duplicate. To quantify amyloid fibril formation, the thioflavin T

fluorescence method was then applied. After incubated at 37uC for

24 h, the solutions containing Ab, or Ab plus AChE, or Ab plus

AChE in the presence of inhibitors were added to 50 mM glycine–

NaOH buffer (pH 8.5) containing 1.5 mM thioflavin T in a final

volume of 2.0 mL. Fluorescence was monitored with excitation at

446 nm and emission at 490 nm soon after the solution was

mixed. The fluorescence intensities were compared and the

percent inhibition due to the presence of test compounds was

calculated. The percent inhibition of the HuAChE-induced

aggregation due to the presence of increasing test compound

concentration was calculated by the following expression:

1002(IFi/IFo6100) where IFi and IFo are the fluorescence

intensities obtained for Ab plus HuAChE in the presence or

absence of inhibitor, respectively. Inhibition curves were obtained

for each compound by plotting the percentage inhibition versus

the logarithm of inhibitor concentration in the assay sample. The

linear regression parameters were determined and the IC50

extrapolated, when possible (GraphPad Prism 3.0 GraphPad

Software Inc.).

Transmission electron microscopy (TEM) to assay the fAb
Assay of Ab1–40 fibril formation using TEM images as

previously described [25]. Briefly, TEM analysis was performed

to observe size and structural morphology changes of fAb1–40 in

the presence or absence of T6FA or FA at different concentrations.

A mixture of freshly prepared Ab1–40 solution (10 mL of 50 mM in

10 mM sodium phosphate at pH 7.4) was incubated for 72 h at

37uC. The TEM samples were prepared by placing 5 mL of the

pre-incubated solution on a carbon-coated grid. The samples were

stained with 1% uranyl acetate and were placed on a clean paper

Figure 1. Chemical structures of tacrine, ferulic acid, and the hybrid moleculeT6FA.
doi:10.1371/journal.pone.0031921.g001
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for removing excess staining solution. The grids were thoroughly

examined using a Phillips CM-30 electron microscope. Images

were recorded at 52,0006magnification in a Philips/FEI CM120

electron microscope with a Gatan GIF100 imaging filter, equipped

with a cooled slow scan CCD camera.

Cell Culture and Treatment
PC12 cells originally obtained from American Tissue Type Cell

Collection (ATCC) were grown in RPMI 1640 medium

supplemented with 10% horse serum, 5% fetal bovine serum,

and 1% antibiotics (penicillin/streptomycin) at 37uC in a

humidified 95% air/5% CO2 incubator. Cells were pretreated

with test compound and incubated for 30 min. After that, Ab1–40

solution (final concentration, 20 mM) was added to culture

medium and incubated for 24 h. Controls were only treated with

the vehicle or with the reverse peptide Ab40–1 (final concentration,

20 mM). The reverse sequence Ab40–1 was prepared in the same

way of that of Ab1–40.

Cell viability Assays
Assays for cell viability were performed after 24 h of Ab1–40 or

Ab40–1 treatment as previously described [26]. Photomicrographs

were taken with a camera attached to microscope (Olympus,

Japan) after 24 h of treatment to assess morphological alterations.

Cell viability was assessed by measuring formazan produced by the

reduction of MTT. PC12 cells in 48-well culture dishes were

treated with Ab and incubated for 24 h at 37uC. Briefly, after

treatment for 24 h, MTT solution (final concentration, 500 mg/

mL) was added and cells were incubated at 37uC for 1 h. After

this, the medium was removed and the cells were solubilized with

dimethylsulfoxide and transferred to a 96-well plate. The

formazan reduction product was measured by reading absorbance

at 560 nm in a plate reader (BioTek, China).

Reactive oxygen species (ROS) detection
Intracellular ROS formation was measured by fluorescence

using H2DCF-DA [27]. Briefly, PC12 cell cultures grown on 96-

well plates were incubated with 10 mM H2DCF-DA (Molecular

Probes, agency in China) for 30 min at 37uC after 24 h of Ab1–40

treatment in the presence or absence of T6FA. The cells were then

rinsed with PBS solution. Intracellular esterases convert DCF

diacetate to anionic DCFH which is trapped in the cells. The

fluorescence of DCF, formed by the reaction of DCFH with ROS

was recorded (504 nm excitation, 529 nm emission) using a

PerkinElmer LS-5B spectrofluorometer.

Animals
The animal experiments were performed according to interna-

tionally followed ethical standards and approved by the research

ethics committee of Sun Yat-sen University (No 20081102). The

investigation conformed to the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of

Health (NIH Publication No. 85-23, revised 1996). Specific

pathogen free SPF C57 BL/6J mice (male, weighing 18–20 g)

were supplied by the Experimental Animal Center of Sun Yat-sen

University (Guangzhou, China) and housed in separate cages in

standard conditions. Animals were housed in standard laboratory

conditions: air-conditioned room (20–25uC), 12 h light/dark

illumination cycle, free access to food and water.

Ab intracerebroventricular (icv) AD model and drugs
administration

Ab1–40 was prepared as stock solution at a concentration 0.6 mg/

mL in sterile 0.1 M phosphate-buffered saline (PBS) (pH 7.4), and

aliquots were stored at 220uC. Ab1–40 was aggregated by

incubation in sterile distilled water at 37uC for 4 d before use as

described previously [28]. Ab1–40 (400 pmol/mouse) or PBS was

administered by icv route using a microsyringe (10 mL, Hamilton)

that was inserted perpendicularly 3 mm deep through the skull.

Briefly, the C57 BL/6J mice were anesthetized with 10% chloral

hydrate (3.5 ml/kg body weight) dissolved in saline and then 3 mL

of Ab or sterile PBS was injected directly into the lateral ventricle, at

the following coordinates from bregma taken from the atlas of

mouse [11]: anterioposterior (AP) = 20.1 mm; mediolateral

(ML) = 1 mm; and dorsoventral (DV) = 23 mm. 1 mg T6FA was

dissolved in 0.15 mL PEG-400 and diluted by 0.35 mL saline for

T6FA (20 mg/kg), then diluted to one tenth by vehicle (PEG-

400:saline = 3:7) for T6FA (2 mg/kg). After surgery, each mice was

randomly assigned to one of five groups (n = 10) to receive an

intragastric administration of vehicle (Sham and Model), T6FA

(2 mg/kg and 20 mg/kg), Donepezil (5 mg/kg) for consecutively

21 d. The protocol was outlined in Figure 2.

Morris water maze (MWM) test
The testing procedure was carried out as described previously

[29]. The maze consists of 1 m diameter black circular pool with

side walls 30 cm high. The pool is filled with water at a temperature

of 21,25uC to a depth of 20 cm. The platform is hidden

approximately 1 cm below the surface of the water in the 3rd

quadrant. 16 d after Ab1–40 administration, five groups were

subjected to the MWM as described. Prior to first trial of each day,

mice were placed on platform for 30 s for spatial orientation. Then

mice were placed in a random start site, facing tank wall, initially

mice were trained for 4 d for hidden platform trial, at 4th day were

trained for probe trial after hidden platform trial. The escape

latency is recorded as a parameter for hidden platform trial, and the

time spent in goal area is recorded as a parameter for probe trial.

Measurement of choline acetyltransferase (ChAT) and
AChE activity

Following MWM test, animals of each group were decapitated

under anesthesia at d22 after Ab1–40 administration. The brains

Figure 2. Experimental schedules.
doi:10.1371/journal.pone.0031921.g002
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were removed quickly and the hippocampi were dissected on ice.

Samples were weighed and homogenized to 10% homogenate

(100 mg sample in 1 mL ice-cold saline) for AChE. Aliquote of the

homogenate were further diluted with saline to 5% for ChAT assay.

The supernatant was used to determine AChE and ChAT activity

respectively. Protein concentration was determined by the method

of BCA. The activities of ChAT and AChE were determined

spectrophotometrically using the assay kit from Nanjing Jiancheng

Bioengineering Institute (Nanjing, China). The absorbance was

read at 324 nm, and ChAT activity was expressed as unite per g

protein. For the assay of AChE activity, a reaction mixture that

contained sodium phosphate (1 mM, pH 8.0) 470 ml, 2% DTNB

167 ml and 33 ml of homogenate was incubated for 5 min at 37uC.

Then, acetylcholine iodide (2 mM) 280 ml was added to the reaction

mixture. After incubation for 3 min at 37uC, the reaction was

terminated by adding 50 ml of neostigmine (4 mM). The absor-

bance was measured at 412 nm at room temperature. AChE

activities were expressed as mmol per mg of protein.

Measurement of superoxide dismutase (SOD) activity and
malondialdehyde (MDA) level

MDA level and SOD activity were detected using commercial

kits (Nanjing Jiancheng Biotech., China) in tissue homogenates

diluted to 10% and prepared in accordance with the manufacturer’s

instructions. The 10% homogenate made as described before was

also used here for MDA assay and diluted with saline for the

determination of SOD activity. Activity of SOD in hippocampus

was measured by the method reported using nicotinamide adenine

denucleotide reduced form as a substrate [30]. The SOD activity

was expressed as units/mg protein. One unit of the enzyme was the

amount required to inhibit the rate of chromogen formation by

50%. As a measure of lipid peroxidation, MDA levels in brain tissue

were estimated by measuring thiobarbituric acid reactive substances

following the standard protocol using MDA detection kit and were

expressed as nmol per mg of protein (nmol per mg protein).

Statistical Analysis
The means and standard errors of means (SEM) were calculated

for all experiments. The data were subjected to one-way analysis of

variance (ANOVA) followed by Duncan’s multiple-range test to

determine whether means were significantly different from the

control or model. In all cases, a P value of ,0.05 was accepted to

determine the significance.

Results

Effect of T6FA on AChE-induced and auto-aggregation of
Ab

Accumulating evidence demonstrates that AChE has secondary

non-cholinergic functions including the processing and deposition

of Ab [31]. AChE can accelerate Ab deposition through its

peripheral anionic site (PAS). Compounds binding to the PAS can

inhibit AChE-accelerated fibril aggregation. T6FA is a novel dual-

binding site AChE inhibitor which can modulate both the

cholinergic and amyloid targets [17,19], indicating that T6FA

may inhibit Ab aggregation and deposition. To assess T6FA’s

ability of inhibiting Ab aggregation induced by AChE, a thioflavin

T-based fluorometric assay was used [24]. As shown in Table 1,

T6FA significantly inhibited the AChE-induced Ab1–40 aggrega-

tion by 50.27% and 20.23% at 100 mM and 50 mM, respectively,

while the effects of FA and tacrine on Ab aggregation were lower

or not detected at such concentrations.

It was well documented that antioxidants, including FA, can

inhibit Ab auto-aggregation [13]. To further observe the effects of

T6FA on the auto-aggregation of Ab, the transmission electron

microscopy (TEM) was used. Ab became long and network fibrils

after incubating for 72 h (Figure 3). The fibrils Ab were

significantly decayed when FA or T6FA (10–25 mM) was present.

It is noteworthy that T6FA almost completely inhibited fibril

production at 25 mM. (Figure 3).

T6FA prevents the cell death and reduces intracellular
ROS induced by Ab1–40 in PC12 cells

Ab-induced apoptotic neuronal cell death is a critical event in

the pathology of AD. To investigate whether T6FA can attenuate

the cell death induced by Ab1–40, PC12 were pretreated with

T6FA (2–50 mM) for 30 min and then exposed to 20 mM Ab1–40

for 24 h before cell viability was assayed. Phase contrast images

showed that the cells were fewer in number, less viable with

shrinked cell body, many fragments, and less adhered after the

Table 1. T6FA Inhibits AChE-induced Ab aggregation.

Compound % inhibition of Ab Aggregationa

100 mMb (%) 50 mMc (%)

T6FA 50.27 20.23

1(tacrine) 8.31 NAd

2(ferulic acid) 28.66 7.5

aCo-aggregation inhibition of Ab1–40 20 mM and AChE 0.02 U was detected by
thioflavin T assay.

bThe data (%) showed that the test compounds inhibited the coaggregation at
100 mM.

cThe data (%) showed that the test compounds inhibited the co-aggregation at
50 mM.

dNd represents for ‘‘not available’’.
doi:10.1371/journal.pone.0031921.t001

Figure 3. T6FA inhibits the Ab auto-aggregation. Electron
micrographs of Ab1–40 were taken with or without ferulic acid (FA)
and T6FA. The reaction mixture containing 25 mM Ab1–40, 50 mM
phosphate buffer, pH 7.5, 100 mM NaCl, and 5–25 mM FA or T6FA was
incubated at 37uC for 24 h. Scale bar = 100 nm.
doi:10.1371/journal.pone.0031921.g003
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addition of Ab1–40. T6FA (10 mM) treatment blocked these effects

of Ab1–40 (Figure 4A). Cell viability assay inT6FA dramatically

prevented the cell death induced by Ab1–40 in PC12 cells even in

2 mM, while the reverse sequence of Ab40–1 had no effect on the

cell viability (Figure 4B). Although inducing some toxicity at

50 mM, T6FA still attenuated the Ab1–40-mediated cell death at

such concentration (Figure 4B).

Oxidative stress plays a pivotal role in the progression of AD

and Ab can induced neuronal cell death and intracellular ROS

accumulation [3]. In present study, Ab1–40 (20 mM) increased the

intracellular ROS accumulation by about 2.0-folds after 24 h in

the PC12 cells. Treatment of T6FA (10 mM) profoundly reduced

the Ab1–40-induced production of ROS to basal levels without

affecting basal levels of ROS (Figure 5).

Effect of T6FA on the cognitive impairment in Ab icv
mice

The effect of T6FA (2 mg/kg, 20 mg/kg, i.g.) on spatial

learning was evaluated by MWM test in an AD model in mice. As

shown in Figure 6 A, the mice in model group exhibited longer

escape latency than that in sham-operated group during the test

(P,0.01). The increased escape latencies could be significantly

attenuated by Donepezil (5 mg/kg) at d1, d2 and d4 (P,0.05).

T6FA (20 mg/kg) could markedly shorten the increased escape

latencies and such effects were mostly significant from d2

(P,0.01). T6FA (2 mg/kg) showed the same effect at the last

two days. In the probe trial, swimming times within the target

quadrant of mice in the model group were obviously less than

those in the sham-operated group (Figure 6 B). However, the

shortened swimming time within the platform quadrant induced

by Ab was increased by the treatment of T6FA (2 mg/kg and

20 mg/kg). No significant difference was found between donepezil

treatment and high dose T6FA treatment (Figure 6 B).

T6FA increases ChAT activity and decreases AChE activity
in Ab icv mice

ChAT activity and AChE activity were measured after the

learning and memory tests. As shown in Table 2, compared with

the sham-operated group, the ChAT activity was significantly

Figure 4. T6FA inhibits Ab-induced cell death in PC12 cells.
PC12 cells were pretreated with T6FA (2–50 mM) for 30 min, before
exposure to Ab1–40 (20 mM) or the reverse peptide Ab40–1 or vehicle for
additional 24 h. The cellular viability was evaluated by phase-contrast
microscopy observation (A) and MTT assay (B). (A) Representative
phase-contrast photographs of PC12 cells: a, control; b, Ab1–40; c, T6FA
and d, T6FA plus Ab1–40. Scale bar = 50 mM. (B) The data were expressed
as percentage of the control (non-treated cells). The control treatment
is set to 100%. Bars are means 6 S.E. We used ** P,0.01 and * P,0.05
versus control, ##P,0.01 versus Ab1–40 treatment (n = 6).
doi:10.1371/journal.pone.0031921.g004

Figure 5. T6FA inhibits Ab1–40-induced intracellular ROS accumulation in PC12 cells. Treatment of cells and measurement of oxidative
stress levels using the DCF-DA assay were as described in Materials and Methods section. The data were expressed as the mean 6 S.E.M. as a
percentage of control values. Statistical comparison was analyzed by ANOVA (n = 5). **P,0.01, Ab1–40 versus Control.
doi:10.1371/journal.pone.0031921.g005
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decreased in model group (P,0.05), whereas the T6FA and

donepezil treatments dramatically reversed this change. In

contrast, the AChE activity was significantly elevated in hippo-

campus in the model mice, which was reversed to normal levels of

mice in sham group.

T6FA decreases the oxidative stress in Ab icv mice
To evaluate the effects of T6FA on the oxidative stress in Ab icv

mice, SOD activity and MDA level, two factors indicating the

oxidative stress, were also assayed after the MWM test. The SOD

activity in model group was significantly lower than that in sham-

operated group (P,0.05), while the SOD activity was significantly

increased (P,0.05) by T6FA (2 mg/kg) (from 127 to 161 U/mg

protein). Interestingly, the effects of T6FA (20 mg/kg) was milder

(P,0.01, Table 3). In contrast, the MDA level was significantly

higher in hippocampus in model mice than that in sham-operated

group (P,0.05). All the treatments markedly reversed the

increased MDA level (P,0.01, Table 3).

Discussion

In the present study, we evaluated the multiple-potent effects of

T6FA against AD both in vitro and in vivo. Our in vitro results

demonstrated that T6FA significantly inhibited Ab aggregation

induced by AChE, and blocked the cell death and the intracellular

ROS accumulation induced by Ab in PC12 cells. Moreover, we

also observed that T6FA significantly improved the cognitive

Figure 6. T6FA improves the cognitive impairment in Ab1–40-injected mice. Ab1–40 (400 pmol/mouse) or PBS was administered by icv route
using a microsyringe. After surgery, each mouse received an intragastric administration of vehicle (Sham and Model), T6FA (2 mg/kg and 20 mg/kg),
Donepezil (5 mg/kg) for consecutive 21 d. The MWM test was used to observe the spatial learning and memory performance of mice at d16 after
surgery. Escape latencies in hidden-platform (A) and spatial preference pattern in a probe test (B). T6FA treatment could significantly shorten the
escape latency and increase the swimming time in object quadrant compared with model mice. Data were presented as mean 6 S.E.M. (n = 10).
*P,0.05, **P,0.01 versus sham-operated group; # P,0.05, # # P,0.01 versus model group.
doi:10.1371/journal.pone.0031921.g006
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impairment, increased ChAT and SOD activity, and decreased

AChE activity and MDA level in Ab i.c.v. AD model.

Diverse lines of evidence suggest that Ab plays a causal role in

the pathogenesis of AD, the most frequent neurodegenerative

disorder and the most common cause of dementia in the elderly

[32]. Prefibrillar oligomers of the Ab are recognized as potential

mediators of AD pathophysiology. Increasing evidence showed

that AChE is one of the several proteins associated with Ab
aggregation and amyloid plaque deposits [31,33,34]. Recently,

novel dual inhibitors of AChE that target both the catalytic site

as well as the peripheral anionic site (PAS) were found to prevent

the aggregation of Ab into Alzheimer’s fibrils [35,36]. Our

previous research found that novel compound T6FA could

inhibit AChE through interacting with the catalytic site and PAS

simultaneously [17,19], suggesting that T6FA might inhibit

AChE-induced Ab aggregation. Here we demonstrated that

T6FA dramatically inhibit AChE-induced Ab aggregation by

50.27% and 20.23% at 100 mM and 50 mM, respectively

(Table 1). In addition, phenolic compounds, including FA, can

inhibit the Ab auto-aggregation [13]. So, we further investigated

the effects of T6FA on the auto-aggregation of Ab. We found

that T6FA (10–25 mM) remarkably inhibited the auto-aggrega-

tion of Ab (Figure 3). Given the toxicity of Ab is mainly

mediated by the prefibrillar oligomers of Ab and Ab-induced

ROS [5–8], we hypothesized that T6FA could block the Ab-

induced cell death through its anti-oxidant activity and anti-

aggregation.

In the present study, we have shown that in PC12 cells, T6FA

(2–50 mM) prevents the neurotoxicity induced by Ab1–40, a

proteolytic derivative of the large transmembrane amyloid

precursor protein, which plays a crucial role in AD (Figure 4A).

Free-radical oxidative stress, particularly of neuronal lipids,

proteins and DNA, is extensive in those AD brain areas in which

Ab is abundant and even those mild cognitive impairment brains

[5–8,37]. Our previous research demonstrated that T6FA has

antioxidant activity determined by scavenging stable DPPH

radicals [17,19]. DPPH radicals are widely used for the

preliminary screening of compounds capable of scavenging

activated oxygen species since they are much more stable and

easier to handle than oxygen free radicals [38,39]. Ab was

reported to significantly increase intracellular ROS [5–8,37]. In

the present study, Ab1–40 significantly induced ROS accumulation

in PC12 cells and the effects can be reversed completely by the

pre-treatment of T6FA at 10 mM (Figure 4B).

Clearly, T6FA has protective effects against cholinergic

deficiency, oxidative stress and Ab toxicity in vitro. However, the

protective effects of T6FA in vivo were still unknown. Our previous

research found that T6FA can improve the scopolamine-induced

cognitive dysfunction in mice [17]. These results suggested that

T6FA can penetrate the blood-brain barrier into brain. So we

further investigated the effects of T6FA in AD mice induced by

Ab1–40, which had been evaluated as a validated animal model for

anti-AD drugs development [40]. Following the central adminis-

tration of the synthetic peptides Ab1–40 analogous to peptides

found in neuritic plaques of AD patients, cognitive deficits emerge

in mice [26]. In our study, T6FA significantly reduced the escape

latency during the hidden platform sessions and also increased the

time in the target quadrant as compared with model group

(P,0.05) (Figure 6), indicating that T6FA could ameliorate the

impairment of learning and memory following Ab1–40 adminis-

tration.

We also measured the inhibitory effects of T6FA on cholinergic

systems and anti-oxidative activity in AD mice. Our results showed

that T6FA could significantly increased ChAT and SOD activity,

decreased AChE activity and MDA level, indicating it also has

ability of antioxidation and inhibiting cholinergic deficiency in vivo

(Table 2 and Table 3). Meanwhile, we found that no significance

was observed in the high and low doses of T6FA (20 mg/kg and

2 mg/kg) while the some better effects on the activities of ChAT

and SOD were observed in 2 mg/kg group, which maybe due to

the fact that T6FA might down-regulate the SOD expression at

the high dose. But further studies should be carried out to uncover

it, such as using RT-PCR or western blotting to detect the levels of

mRNA/protein of SOD. Further studies should be carried out to

answer the question.

In addition, increasing evidences indicated that AChE inhibi-

tors, such as tacrine [41] and rivastigmine [42], lower the amyloid

protein in vitro independent of their AChE inhibitory. It should be

very interesting whether T6FA can also modulate the level of

amyloid protein or not. Future studies are needed to be done to

discover the question in vitro and in vivo.

Taken together, the present study demonstrated that, T6FA, a

new tacrine-ferulic acid heterodimer, potently inhibit auto- and

AChE-induced aggregation. Further, the findings that T6FA

blocks or prevents Ab1–40 induced cell death and ROS in vitro and

chronically oral administration of T6FA protected mice against

Ab1–40-induced cognitive impairment in vivo strongly suggest that

T6FA is a novel ‘‘one-compound-multi-targets’’ agent and might

be useful as preventive and therapeutic medicines for AD.

Additional in vitro and in vivo studies in other models to uncover

the anti-AD effects of the novel compound are currently underway

in our laboratory.

Table 2. Effects of T6FA on ChAT and AChE activity of in
hippocampus of Ab1–40 icv C57 BL/6J mice.

Groups ChAT (U/g protein) AChE (U/mg protein)

Sham 94.84611.22 0.1360.005

Model 30.0065.95* 0.1860.007**

T6FA (2 mg/kg) 73.6366.55## 0.1260.010##

T6FA (20 mg/kg) 61.4167.68# 0.1360.012##

Donepezil (5 mg/kg) 59.3968.74# 0.1360.005##

Data were presented as mean 6 S.E.M. n = 10;
*P,0.05,
**P,0.01 compared with sham-operated group;
#P,0.05,
# #P,0.01 compared with model group.
doi:10.1371/journal.pone.0031921.t002

Table 3. Effects of T6FA on SOD activity and MDA level
in hippocampus of C57 BL/6J mice by the i.c.v. injection of
Ab1–40.

Groups SOD (U/mg protein) MDA (nmol/mg protein)

Sham 154.9368.62 0.6660.09

Model 127.1067.49* 1.0560.10*

T6FA (2 mg/kg) 161.1067.21# 0.7260.14#

T6FA (20 mg/kg) 139.1867.43 0.7060.08#

Donepezil (5 mg/kg) 168.0368.26## 0.5860.07##

Data were presented as mean 6 S.E.M. n = 10;
*P,0.05,
#P,0.05,
# #P,0.01 compared with model group.
doi:10.1371/journal.pone.0031921.t003

Tacrine-6-Ferulic Acid, a Novel Dimer

PLoS ONE | www.plosone.org 7 February 2012 | Volume 7 | Issue 2 | e31921



Acknowledgments

We sincerely thank Dr. SuoWen XU for proofing our manuscript.

Author Contributions

Conceived and designed the experiments: RP. Performed the experiments:

XM ZC X. Chao ML XD MY X. Chen ZM. Analyzed the data: RP XM

PL ML WL YH. Contributed reagents/materials/analysis tools: RP XM

PL WL YH. Wrote the paper: RP XM WL.

References

1. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, et al. (2011)

Alzheimer’s disease. Lancet 377: 1019–1031.

2. Singh M, Nam DT, Arseneault M, Ramassamy C (2010) Role of by-products of
lipid oxidation in Alzheimer’s disease brain: a focus on acrolein. J Alzheimers

Dis 21: 741–756.
3. Sultana R, Butterfield DA (2010) Role of oxidative stress in the progression of

Alzheimer’s disease. J Alzheimers Dis 19: 341–353.

4. Terry AV, Jr., Buccafusco JJ (2003) The cholinergic hypothesis of age and
Alzheimer’s disease-related cognitive deficits: recent challenges and their

implications for novel drug development. J Pharmacol Exp Ther 306: 821–827.
5. Nitsch RM, Hock C (2008) Targeting beta-amyloid pathology in Alzheimer’s

disease with Abeta immunotherapy. Neurotherapeutics 5: 415–420.
6. Chopra K, Misra S, Kuhad A (2011) Current perspectives on pharmacotherapy

of Alzheimer’s disease. Expert Opin Pharmacother 12: 335–350.

7. Hiramatsu M, Takiguchi O, Nishiyama A, Mori H (2010) Cilostazol prevents
amyloid beta peptide(25–35)-induced memory impairment and oxidative stress

in mice. Br J Pharmacol 161: 1899–1912.
8. Jesudason EP, Masilamoni JG, Ashok BS, Baben B, Arul V, et al. (2008)

Inhibitory effects of short-term administration of DL-alpha-lipoic acid on

oxidative vulnerability induced by Abeta amyloid fibrils (25–35) in mice. Mol
Cell Biochem 311: 145–156.

9. Tumiatti V, Minarini A, Bolognesi ML, Milelli A, Rosini M, et al. (2010)
Tacrine derivatives and Alzheimer’s disease. Curr Med Chem 17: 1825–1838.

10. Van Der Schyf CJ, Geldenhuys WJ, Youdim MB (2006) Multifunctional drugs
with different CNS targets for neuropsychiatric disorders. J Neurochem 99:

1033–1048.

11. Ye MZ, Pi RB (2008) Development of the multi-target-directed acetylcholin-
esterase inhibitors based on tacrine. Chin Pharmacol Bull 24: 421–426.

12. Ou SY, Kwok KC (2004) Ferulic acid: pharmaceutical functions, preparation
and applications in foods. Journal of the Science of Food and Agriculture 84:

1261–1269.

13. Durairajan SS, Yuan Q, Xie L, Chan WS, Kum WF, et al. (2008) Salvianolic
acid B inhibits Abeta fibril formation and disaggregates preformed fibrils and

protects against Abeta-induced cytotoxicty. Neurochem Int 52: 741–750.
14. Ono K, Hirohata M, Yamada M (2005) Ferulic acid destabilizes preformed

beta-amyloid fibrils in vitro. Biochem Biophys Res Commun 336: 444–449.

15. Yan JJ, Cho JY, Kim HS, Kim KL, Jung JS, et al. (2001) Protection against beta-
amyloid peptide toxicity in vivo with long-term administration of ferulic acid.

Br J Pharmacol 133: 89–96.
16. Srinivasan M, Rukkumani R, Ram Sudheer A, Menon VP (2005) Ferulic acid, a

natural protector against carbon tetrachloride-induced toxicity. Fundam Clin
Pharmacol 19: 491–496.

17. Ye M (2009) Novel tacrine-farulic acid hybrids as multiple targeted drug

candidates against Alzheimer’s disease Sun Yat-Sen University, Guangzhou.
18. Fang L, Kraus B, Lehmann J, Heilmann J, Zhang Y, et al. (2008) Design and

synthesis of tacrine-ferulic acid hybrids as multi-potent anti-Alzheimer drug
candidates. Bioorg Med Chem Lett 18: 2905–2909.

19. Pi RYM, Cheng Z, Liu P (2008) Univ Zhongshan (UZHO-C). New tacrine-

ferulic acid compound for medicine composition for preventing and treating
acetylcholinesterase mediated disease including Alzheimer’s disease.

CN101284812-A.
20. Fleck C, Appenroth D, Fang L, Schott Y, Lehmann J, et al. (2010) Investigation

into the in vivo effects of five novel tacrine/ferulic acid and beta-carboline
derivatives on scopolamine-induced cognitive impairment in rats using radial

maze paradigm. Arzneimittel-Forschung-Drug Research 60: 299–306.

21. Lupp A, Appenroth D, Fang L, Decker M, Lehmann J, et al. (2010) Tacrine-NO
donor and tacrine-ferulic acid hybrid molecules as new anti-Alzheimer agents:

hepatotoxicity and influence on the cytochrome P450 system in comparison to
tacrine. Arzneimittel-Forschung-Drug Research 60: 229–237.

22. Byeon SR, Jin YJ, Lim SJ, Lee JH, Yoo KH, et al. (2007) Ferulic acid and

benzothiazole dimer derivatives with high binding affinity to beta-amyloid fibrils.
Bioorg Med Chem Lett 17: 4022–4025.

23. Lee KH, Shin BH, Shin KJ, Kim DJ, Yu J (2005) A hybrid molecule that

prohibits amyloid fibrils and alleviates neuronal toxicity induced by beta-

amyloid (1–42). Biochemical and Biophysical Research Communications 328:
816–823.

24. Bartolini M, Bertucci C, Cavrini V, Andrisano V (2003) beta-Amyloid
aggregation induced by human acetylcholinesterase: inhibition studies. Biochem

Pharmacol 65: 407–416.

25. Petkova AT, Leapman RD, Guo Z, Yau WM, Mattson MP, et al. (2005) Self-
propagating, molecular-level polymorphism in Alzheimer’s beta-amyloid fibrils.

Science 307: 262–265.
26. Kane MD, Schwarz RD, St Pierre L, Watson MD, Emmerling MR, et al. (1999)

Inhibitors of V-type ATPases, bafilomycin A1 and concanamycin A, protect
against beta-amyloid-mediated effects on 3-(4,5-dimethylthiazol-2-yl)-2,5- di-

phenyltetrazolium bromide (MTT) reduction. J Neurochem 72: 1939–1947.

27. Lebel CP, Ali SF, Mckee M, Bondy SC (1990) Organometal-Induced Increases
in Oxygen Reactive Species - the Potential of 29,79-Dichlorofluorescin Diacetate

as an Index of Neurotoxic Damage. Toxicology and Applied Pharmacology 104:
17–24.

28. Prediger RD, Medeiros R, Pandolfo P, Duarte FS, Passos GF, et al. (2008)

Genetic deletion or antagonism of kinin B(1) and B(2) receptors improves
cognitive deficits in a mouse model of Alzheimer’s disease. Neuroscience 151:

631–643.
29. Chen XH, Lin ZZ, Liu AM, Ye JT, Luo Y, et al. (2010) The orally combined

neuroprotective effects of sodium ferulate and borneol against transient global
ischaemia in C57 BL/6J mice. J Pharm Pharmacol 62: 915–923.

30. Xue LB, Yu QH, Zhang HX, Liu YL, Wang CJ, et al. (2008) Effect of large dose

hyperbaric oxygenation therapy on prognosis and oxidative stress of acute
permanent cerebral ischemic stroke in rats. Neurological Research 30: 389–393.

31. Castro A, Martinez A (2006) Targeting beta-amyloid pathogenesis through
acetylcholinesterase inhibitors. Current Pharmaceutical Design 12: 4377–4387.

32. Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s disease:

progress and problems on the road to therapeutics. Science 297: 353–356.
33. Inestrosa NC, Alvarez A, Dinamarca MC, Perez-Acle T, Colombres M (2005)

Acetylcholinesterase-amyloid-beta-peptide interaction: effect of Congo Red and
the role of the Wnt pathway. Curr Alzheimer Res 2: 301–306.

34. Inestrosa NC, Sagal JP, Colombres M (2005) Acetylcholinesterase interaction

with Alzheimer amyloid beta. Subcell Biochem 38: 299–317.
35. Colombres M, Sagal JP, Inestrosa NC (2004) An overview of the current and

novel drugs for Alzheimer’s disease with particular reference to anti-
cholinesterase compounds. Curr Pharm Des 10: 3121–3130.

36. Munoz-Ruiz P, Rubio L, Garcia-Palomero E, Dorronsoro I, Del Monte-
Millan M, et al. (2005) Design, synthesis, and biological evaluation of dual

binding site acetylcholinesterase inhibitors: new disease-modifying agents for

Alzheimer’s disease. Journal of Medicinal Chemistry 48: 7223–7233.
37. Butterfield DA, Drake J, Pocernich C, Castegna A (2001) Evidence of oxidative

damage in Alzheimer’s disease brain: central role for amyloid beta-peptide.
Trends in Molecular Medicine 7: 548–554.

38. Brandwilliams W, Cuvelier ME, Berset C (1995) Use of a Free-Radical Method

to Evaluate Antioxidant Activity. Food Science and Technology-Lebensmittel-
Wissenschaft & Technologie 28: 25–30.

39. Kawabata J, Okamoto Y, Kodama A, Makimoto T, Kasai T (2002) Oxidative
dimers produced from protocatechuic and gallic esters in the DPPH radical

scavenging reaction. J Agric Food Chem 50: 5468–5471.
40. Takeda S, Sato N, Niisato K, Takeuchi D, Kurinami H, et al. (2009) Validation

of A beta 1–40 administration into mouse cerebroventricles as an animal model

for Alzheimer disease. Brain Research 1280: 137–147.
41. Lahiri DK, Farlow MR, Sambamurti K (1998) The secretion of amyloid beta-

peptides is inhibited in the tacrine-treated human neuroblastoma cells. Brain Res
Mol Brain Research 62: 131–40.

42. Bailey JA, Ray B, Greig NH, Lahiri DK (2011) Rivastigmine lowers Ab and

increases sAPPa levels, which parallel elevated synaptic markers and metabolic
activity in degenerating primary rat neurons. PLoS One 6: e21954.

Tacrine-6-Ferulic Acid, a Novel Dimer

PLoS ONE | www.plosone.org 8 February 2012 | Volume 7 | Issue 2 | e31921


