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Abstract: Hyperforin (HF) is a phloroglucinol compound obtained from St. John’s Wort (Hypericum perforatum).
Recent studies have shown that Hyperforin can be used to improve psychopathologic symptoms of Alzheimer’s
disease but the mechanism is not clear. This may be partly due to the difficult in studying Hyperforin, since this
chemical is unstable and is sensitive to light, oxygen, and heat. In this study, we explored the effects of acetylate
hyperforin (ace-HF), a stable derivative of hyperforin, on the processing of amyloid precursor protein (APP).
HEK293 cells transfected with pcDNA3.1APP695sw and SH-SY5Y cells were treated with ace-HF, followed by
measuring the levels of APP and sAPPa. Twelve hours of treatment led to an increase in extracellular SAPPq, but
APP mRNA and protein levels were unchanged. Further studies with a-secretase and a pan PKC inhibitor,
Calphostin C, indicated that ace-HF's effect on extracellular sSAPPa was closely related to PKC activities and o-
secretase activities. Our findings suggest that ace-HF can modulate o-secretase-mediated APP processing via a
PKC signaling pathway.

Key words: Soluble amyloid precursor protein o (SAPPa); protein kinase C (PKC); Alzheimer’s disease (AD);
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Introduction

One of the hallmarks of Alzheimer’'s disease
(AD) is the neuronal senile plagues, which are
composed of B-amyloid (AB) peptides with 39-
43 amino acids (Mw-4kDa) [1]. B-amyloid is
derived from amyloid precursor protein (APP)
after sequential cleavages of APP by B- and y-
secretases. In addition to the amyloidgenic
pathway, there is a non-amyloidgenic pathway,
which involves the activation of a-secretase.
The activated o-secretase cleaves the A
sequence of APP, therefore precluding AR
production. The o-secretase-mediated APP
processing results in generating SAPPa
(soluble amyloid precursor protein «) [2,3]. In
vitro studies have suggested multiple neuron-

The abbreviations used are: APP, amyloid precursor
protein; ace-HF, acetylate hyperforin; sAPPq,
soluble amyloid precursor protein o; PKC, protein
kinase C; AD, Alzheimer’s disease.

protective and neurontrophic functions of
sAPPa, which can promote neurite outgrowth
[4] and protect neurons from metabolic and
excitotoxic insults [5,6]. It has also been
shown that in vivo administration of sAPPa to
severe diffuse traumatic brain injury in rats
can improve motor function and reduced
neuronal cell loss and axonal injury of the
animals [7]. These findings suggest that
promoting the non-amyloidgenic pathway by
pharmaceutical modulation is likely beneficial
for AD treatment [8].

Hyperforin (HF) is one of the major active
constituents of the extracts of St. John’s Wort
(Hypericum perforatum), which have been
used for a long time to treat depressive
episodes [9,10]. Published evidence indicates
that HF has a broad range of activities,
including inhibition of synaptosomal uptake of
norepinephire, dopamine, serotonin, GABA and
L-glutamate, modulation of neuronal
membranes, and inhibition of cyclooxygenase-
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1 and ion channels [11]. Froestl and
coworkers reported that HF is able to enhance
the production of sAPPa [12]. Their studies
reveal that HF can be used as a potential drug
for AD treatment. However, the mechanism
and signal pathway associated with this
functional role are not clear. This may be due
to the instability of HF, which represents the
major drawback for clinical use of HF in AD
treatment. In practice, HF is extremely
sensitive to light and oxygen, and its activity
declines quickly even when the fresh plant is
dried [13]. To facilitate the study of HF,
chemical modifications have been introduced
to stabilize this chemical [14]. Acetylate
hyperforin (ace-HF) is one of the derivatives of
HF with improved stability [15], which is also
helpful in passing through the blood brain
barrier due to its increased lipid solubility. In
this study, we have examined the effect of ace-
HF on the cleavage of overexpressed and
endogenous APP in HEK293 and SH-SY5Y
cells. Our results reveal a role of the PKC
signal pathway in mediating the effects of ace-
HF on APP processing.

Materials and Methods
Drug

Ace-HF was produced in the Laboratory of
Pharmacognosy and Natural Medicinal
Chemistry, School of Pharmaceutical Sciences,
Sun Yat-Sen University.

Vector

pPcDNA-APPsgssw plasmid DNA was Kkindly
provided by Dr. I. Lefterov [16] (University of
Pittsburgh, USA), which contains the APP
Swedish mutant (K595M596—N595L596).

Antibodies

The monoclonal anti-human APP antibody
22C11 was purchased from Chemicon
(Temecula, CA, USA). Human APP ELISA kit
was purchased from Biosource International
(Camerillo, CA, USA). Fluorometric a-Secretase
Activity Kit is the product of R&D Systems.

Reagents
Electrophoresis reagents were obtained from
Bio-Rad (Hercules, CA, USA). PKC inhibitor

Calphostin C was purchased from Alexis
Biochemicals Co. (San Diego, CA, USA). All
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other reagents were of highest grade available
and purchased from Sigma Chemical Co.
unless otherwise indicated.

Methods

Cell culture

Human Embryonic Kidney 293 (HEK293) cells
and Human neuroblastoma SH-SY5Y cells
were cultured in DMEM (GIBCO Life
Technologies, USA) supplemented with 10%
FBS (GIBCO Life Technologies, USA), 1%
antibiotic (100 U/mL penicillin / streptomycin)
at 37°C in an incubator containing 5% CO2.

MTT

Cell viability was measured by MTT
(Methylthiazolyldiphenyl-tetrazolium bromide,
MTT) assay, which was based on the
conversion of MTT to form crystals by
mitochondrial dehydrogenase. Cells were
plated at a density of 1x104 cells/well in 96-
well plates for 12 h before treating with ace-HF
or DMSO (control) for 24 h. Four hours before
the desired end point, 20 yL MTT (5 mg/mL in
PBS) was added to each well to dissolve
formazan. Absorbance (OD value) was
measured at 570 nm in a 96-well plate reader
(Bio-Rad Model 550).

Cell transfection and drug treatment

HEK293 cells were plated at a density of
2x105 cells per well in 6-well plates. When the
cells reached 60-70% confluence, they were
transfected with pcDNA-APPesgssw plasmid with
the Calcium Phosphate Transfection System.
In brief, 20 pg plasmid DNA were mixed with
125 pL CaClz (1 M) and brought to 500 pL with
distilled water, to which 500 yL 2xBBS Buffer
(50 mM BES, pH6.95, 280 mM NacCl, 1.5 mM
Na2HPOs4) were added in a drop-by-drop
manner. The mixture was kept at room
temperature for 15 min before it was added to
cell cultures. The cultures were incubated in a
5% CO2 incubator at 37°C for 10 h. The
medium was then changed with regular
medium containing 10% FBS. For drug
treatment, the HEK293 APP Swedish cells (12
h after transfection) were treated with ace-HF
at different concentrations (0.1, 1, 10, 100
and 200 umol/L) for 12 h. DMSO was used as
a vehicle control.

RT-PCR
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Figure 1. Effects of ace-HF on HEK293 and SH-SY5Y cell viability. Cells were treated with ace-HF at different
concentrations (0, 0.1, 1, 10, 100 and 200 umol/L) for 24 h. MTT assay was performed to detect cell viability.
Statistical analysis was performed using the software SPSS 13. (*P< 0.05, n=3)

Cells in 6-well plates were collected and
subjected to RNA isolation with TRIZOL reagent
(Invitrogen, CA, USA) according to the
manufacturer’s instructions. Semi-quantitative
RT-PCR was performed to determine human
APP mRNA expression, with MLV Reverse
transcriptase (Promega) and the following
primers: APPforw (5’CACCACAGAGTCTGTGGAA-
GA) and APPrev (5’AGGTGTCTGA-GATACTTGT).
The PCR primers for transfected APP were
T7z/APPrev. Control PCR was performed with
primers specific to human B-actin (Forward: 5'-
GCAATGC CTGGGTACAT GGTGG-3', Reverse: 5'-
GTCGTACCACAGGCATT GTGATGG-3'). PCR was
carried out on the GeneAmp PCR System 9700
(Applied Biosystems), with a denaturation step
at 94°C for 5 min followed by 30 reaction
cycles composed of 94 °C for 30 sec, 55°C for
30 sec, and 72°C for 30 sec. A final extension
step was performed at 72°C for 10 min. The
RT-PCR products were analyzed in agarose gel
electrophoresis.

Western blot analysis

Cells were washed with cold PBS and protein
was extracted with a lysis buffer (50 mM Tris-
HCI, pH 7.6; 150 mM NaCl; 2 mM EDTA; 2 mM
DTT; 1% NP-40; protease inhibitor cocktail) at
4°C for 20 min. The lysate was centrifuged at
10,000 xg for 20 min at 4°C and the
supernatant was collected. Protein concentra-
tions were measured using the BCA protein
assay kit (Pierce Biochemicals, USA) before
electrophoresis. Thirty ug of protein were
resolved in 8% SDS-PAGE gels, and transferred

78

to 0.22 ym PVDF membranes (Millipore). The
membranes were blocked with 5% fat-free milk
in TBST (Tris-buffered saline with 0.1% Tween
20) at room temperature for 2 h. The
membranes were incubated with polyclonal
antibody 22C11 (1:1000 dilution) at 4°C
overnight. After washing, the membranes were
incubated with secondary goat-anti-mouse
horseradish peroxidase conjugated antibody
(1:1000) at room temperature for 1 h. The
signal was detected with enhanced
chemiluminescence system (ECL kit, Pierce),
and analyzed with a GDS-8000 imaging
system (UVP, USA). Expression [-actin was
analyzed in the same way to serve as a loading
control.

ELISA assay

SH-SY5Y cells were treated with 0.5 ymol/L
pan PKC inhibitor (Calphostin C) and 50
pmol/L ace-HF for 12 h. sAPPa in the media
was measured with the human APP ELISA kit
(Biosource International, Camerillo, CA)
according to the manufacturer’s instructions.
The OD at 450 nm was recorded using a 96-
well plate reader (Bio-Rad model 550).

o-secretase activity

The a-secretase activity was determined using
a Fluorometric «-Secretase Activity Kit.
Following treatment with 50 ymol/L ace-HF for
12 h, SH-SY5Y cells were lysed as above. Fifty
ug of proteins were transferred to each well of
a 96-well microplate, followed by addition of
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Figure 2. Effects of ace-HF on APP mRNA and protein levels. (A), RT-PCR analysis of transfected APP695sw
mMRNA expression in HEK293 cells. HEK293 cells were transfected with the plasmid DNA pcDNA-APPsgssw
using the Calcium Phosphate Transfection System. Twelve hours after the transfection, cells were treated with
100 umol/L ace-HF; (B), Western blot analysis of APP protein in HEK293 APP Swedish cells probed with
antibody 22C11. The cells were treated in the same way as (A); (C), RT-PCR analysis of endogenous APP
mRNA expression in SH-SYSY cells treated with different ace-HF concentration; (D), Western blot analysis of
endogenous APP protein level in SH-SY5Y cells probed with antibody 22C11.Cells were treated with ace-HF at
concentrations of O, 0.1, 1, 10 and 100 umol/L for 12 h.

50 pL 2xreaction buffer and 5 pL substrate,
obtaining a final volume of 105 pL. The plate
was covered, gently mixed by tapping and
incubated in the dark at 37°C for 2 h. The
fluorescent emission from EDANS was
measured at A = 355 nm (excitation) and A =
510 nm (emission) and corrected against the
background. The results were expressed as
percentage of control, and high fluorescence
correlated with high enzymatic activity.

Results
Effect of ace-HF on cell viability

In order to evaluate the effect and cytotoxicity
of ace-HF, MTT assays were performed on
HEK293 and SH-SY5Y cells. All cells were
treated with ace-HF at 0.1, 1, 10, 100 and
200 pmol/L for 12 h. We did not observe a
significant decrease in the cell number at
0.1~100 umol/L ace-HF (Figure 1), although a
small decrease in cell number was detected at
200 pymol/L ace-HF (*P< 0.05). Therefore, we
performed further experiments with ace-HF at
0.1~100 pymol/L.

Effect of ace-HF on APP expression.
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HEK293 APP Swedish cells were transfected
with pcDNA-APPesgssw. To examine the effect of
ace-HF on the expression of transfected
APPsossw, we performed RT-PCR and Western
blot analysis 12 h after ace-HF treatment to
measure APP mRNA and protein levels. As
shown in Figure 2, ace-HF (100 pmol/L)
produced little effects on APP expression at
the mRNA and protein levels compared with
the control (Figure 2A, 2B).

We next investigated the effect of ace-HF on
endogenous APP transcription in SH-SY5Y
cells; we chose SH-SY5Y instead of HEK 293
cells because APP expression in SH-SY5Y is
higher. We performed RT-PCR 12 h after ace-
HF (0.1, 1.0, 10, 100 pmol/L) treatment. Two
PCR products of 310 bp and 253 bp were
detected, which probably represent two
different APP mRNA splicing isoforms. Under
these conditions (0.1~100 umol/L ace-HF for
12 h), ace-HF did not change the levels of APP
MRNA (Figure 2C).

In order to confirm the RT-PCR results, we
carried out western blot analysis to determine
holo-APP protein expression with antibody
22C11. As shown in Figure 2D, intracellular
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Figure 3. ELISA assay of extracellular sAPPa. Data are presented as a percentage of control (DMSO)

(*P< 0.05, n=4). (A), Transfected experiment for sAPP« level in HEK293 APP Swedish cells. HEK293 cells
were transfected with the plasmid DNA pcDNA-APPsgssw using the Calcium Phosphate Transfection System.
Twelve hours after the transfection, cells were treated with 100 umol/L ace-HF for 12 h. (B), sAPP« level of
endogenous APP processing in SH-SY5Y cells treated with ace-HF at concentrations of O, 0.1, 1, 10 and 100

umol/L ace-HF for 12 h.

holo-APP was not altered by treatment with
ace-HF for 12 h.

Ace-HF induces significant increase of
extracellular sAPPa.
We next investigated whether ace-HF

treatment affected production of sAPPq, a
product of APP by a-secretase hydrolyzation.
We performed ELISA assays to measure
extracellular sAPPa synthesized by HEK293
APP Swedish cells. As shown in Figure 3A,
sAPPa level significantly increased to 900% in
the medium as compared with the
untransfected controls. In addition, ace-HF
treatment at 100 pmol/L increased to 10%
even more sAPPa secretion than the untreated

controls (P< 0.05, n=3).

In order to explore whether or not ace-HF
stimulated endogenous sAPPoa release, we
performed ELISA to measure extracellular
sAPPa from SH-SY5Y cells. As shown in Figure
3B, 12 h after ace-HF treatments at 10 ymol/L
and 100 umol/L, extracellular sAPPx
significantly increased to 100% and 125%
respectively (*P< 0.05, n=3).
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Involvement of PKC signal pathway in the ace-
HF- induced enhancement of sAPP« release

Previous studies have shown that PKC is
involved in the pathogenesis of AD [12,17].
We therefore performed experiments to
determine the potential involvement of PKC in
the ace-HF-induced increase of SAPPx
secretion. To block the activities of different
PKC isoforms, we treated SH-SY5Y cells with a
pan PKC inhibitor Calphostin C. Compared with
DMSO vehicle, treatment with 0.5 pmol/L
Calphostin C decreased extracellular sAPP« by
40% in the culture media. Interestingly,
Calphostin C also abolished ace-HF (50
pmol/L) -stimulated sAPPa secretion with the
rates of decrease at about 35% compared to
only 50 umol/L ace-HF treated cells
(*P< 0.05, ** P< 0.001, n=5) (Figure 4A). In
supporting these results, we analyzed o-
secretase activity following ace-HF (50 uymol/L)
treatment. Our experiments indicated that that
the activites of o-secretase increased
significantly compared with the controls
(P< 0.01, n=3) (Figure 4B). These results
suggest that ace-HF can modulate APP

Int J Physiol Pathophysiol Pharmacol 2009;1:76-82
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Figure 4. (A), Effects of the PKC inhibitor Calphostin C on ace-HF-stimulated sAPPa secretion from SH-SY5Y
cells. Cells were co-treated with 50 uymol/L ace-HF and 0.5 ymol/L Calphostin C for 12 h. Then ELLISA assay
was performed to detect sAPP« level. Data are presented as a percentage of control (DMSO) (*P< 0.05, **
P< 0.001,n=5). (B), Effects of ace-HF on o-secretase activity in SH-SY5Y cells. Cells were treated with 50
pmol/L ace-HF for 12 h. Then ELLISA assay was performed to detect o-secretase activities (** P< 0.001,

n=3).

processing through promotion of a-secretase
pathway via PKC signaling.

Discussion

sAPPa is a soluble secretive protein from o-
secretase-mediated cleavages of APP [2,3].
Previous studies have shown that sAPPa is a
trophic factor that can protect neurons from
AB toxicity [18]. Thus, APP processing via the
non-Ap pathway may have a protective effect
on AD pathogenesis. Pharmaceutical controls
of APPs processing to increase sAPPx
secretion have been a focal point of the
current research of AD therapy. In this report,
we show that ace-HF is able to stimulate
sAPPa production from both endogenous and
transfected Swedish APP (Figure 3). At the
same time, we observed that treatment with
ace-HF did not cause significant changes in
APP mRNA and protein expression 12 h after
treatment (Figure 2). These findings suggest
that the increase in sAPPa secretion was not
due to an increase in APP protein expression,
but may have resulted from a direct or indirect
activation of a-secretase. In this way, ace-HF
may stimulate APP processing via the o / y-
secretase pathway.
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It is known PKC signaling plays a critical role in
regulating APP processing [19,20]. We found
that the enhancement of sAPPx secretion by
ace-HF required PKC activation (Figure 4A). At
the same time, we also observed that ace-HF
induced o-secretase activity (Figure 4B). It is
possible that ace-HF functions as an agonist to
activate PKC, which then increases the activity
of a-secretase to stimulate sAPPa production.
The activation of the non-amyoidgenic pathway
of APP processing by ace-HF would not only
generate more neurotrophic sAPPa, but also
preclude AB production.

In conclusion, our studies have demonstrated
that ace-HF treatment steers APP processing
toward the o-secretase cleavage via a PKC
pathway. The up-regulation of neural-
protective sAPPa by ace-HF may reduce the
toxicity of AR, which is expected to be
beneficial to AD therapy. These findings
suggest that ace-HF is likely an effective drug
candidate for further development to treat AD.
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