
INTRODUCTION

The pathological hallmark of Alzheimer’s disease (AD) is 
the formation of extracellular senile plaques in the brain. The 
major constituent of these plaques is the neurotoxic β-amyloid 
(Aβ) peptides, which is derived from the β-amyloid precursor 
protein (APP). APP, a type Ι transmembrane protein, is first 
cleaved within its extracellular domain by α- or β-secretases 
followed by the cleavage within its transmembrane domain by 
γ-secretase (Shoji et al., 1992; Yoon and Jo, 2012). The non-
amyloidogenic processing of APP by α-secretase produces 
soluble ectodomain fragment (sAPPα) and C-terminal frag-
ment (CTFα). CTFα can be further cleaved by γ-secretase to 
produce APP intracellular domain (AICD) and an N-terminally 
truncated Aβ peptide called p3 (Thinakaran and Koo, 2008). 
The A disintegrin and metalloproteinases (ADAM) fam-
ily species, ADAM9, 10, and 17, are known as α-secretases 
(Buxbaum et al., 1998; Lammich et al., 1999). The alterna-

tive amyloidogenic pathway involves the cleavage of APP by 
β-secretase producing soluble ectodomain fragment (sAPPβ) 
and C-terminal fragment (CTFβ). The cleavage of CTFβ by 
γ-secretase produces AICD and Aβ peptide. β-site amyloid 
precursor protein cleaving enzyme 1 (BACE1) is the major 
β-secretase (Sinha et al., 1999; Vassar et al., 1999). 

The synthesized APP at the endoplasmic reticulum (ER) 
is transported through the secretory pathway via trans-Golgi 
network (TGN) to the cell surface. APP at the cell surface 
is subject to rapid clathrin-dependent endocytosis. Internal-
ized APP enters the early endosomes, where it is cleaved by 
-secretase (Koo and Squazzo, 1994). It is known that blocking 
of endocytosis increases the amount of cell surface APP and 
decreases Aβ production, since APP is predominantly cleaved 
by α-secretase at the cell surface (Koo and Squazzo, 1994; 
Carey et al., 2005; Cirrito et al., 2008). In contrast, overex-
pression of Rab5, which drives the maturation of endosomes, 
increases APP internalization and Aβ secretion (Grbovic et al., 
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2003). Thus, these results suggest that an inhibition of APP in-
ternalization can contribute to lowering of Aβ secretion, which 
evidently has major implications for treatment of AD.

Monsonia angustifolia is an indigenous vegetables con-
sumed in Tanzania (Lyimo et al., 2003). We recently identified 
the effect of M. angustifolia on Aβ production and spatial learn-
ing ability in vivo (Chun et al., 2017). M. angustifolia’s active 
compound, justicidin A (Fig. 1), potently decreased Aβ levels. 
We also reported the neuroprotective effects of justicidin A, 
an arylnaphthalide lignan, as an inhibitor of tau hyperphos-
phorylation in Aβ25-35-induced neuronal cell death (Gu et al., 
2016). In this study, we examined the effect of justicidin A on 
Aβ production and its underlying mechanism. We found that 
justicidin A reduced Aβ production, while increased sAPPα 
production through inhibiting APP endocytosis.

MATERIALS AND METHODS

Cell culture and experimental treatments 
HeLa cells stably transfected with APP carrying the Swed-

ish mutation (APPsw) were cultured at 37°C and 5% CO2 in 
Dulbecco’s Modified Eagle Medium (DMEM), supplemented 
with 10% heat-inactivated fetal bovine serum (FBS) contain-
ing 100 units/ml penicillin, 100 μg/ml streptomycin, 260 μg/ml 
Zeocin, and 400 μg/ml G418. SH-SY5Y cells stably transfect-
ed with APP carrying the wide type (APPwt) were cultured with 
260 μg/ml Zeocin. Dynasore (Tocris Bioscience, MN, USA), 
chlorpromazine (Sigma-Aldrich, MO, USA) were pre-treated 
10 min before justicidin A treatment. 

sAPPα, sAPPβ, Aβ peptide assay
APPsw-transfected HeLa cells were incubated with justici-

din A or DMSO for 8 h. The conditioned medium was analyzed 
by specific ELISA for detection of sAPPα (IBL, Hamburg, 
Germany), sAPPβ-sw (IBL), Aβ42 (Invitrogen, CA, USA), and 
Aβ40 (Invitrogen), according to the manufacturer’s instruc-
tions. Aβ42 level from APPwt-transfected SH-SY5Y cells in the 
medium was measured using a specific high-sensitivity ELISA 
(Millipore, MN, USA).

sAPPα, and sAPPβ immunoprecipitation
Cells were incubated with justicidin A for 8 h, and the media 

were concentrated using Amicon Ultra 30K centrifugal filters 
(Millipore). The concentrated media was immunoprecipitated 
with an APP antibody recognizing the N-terminus (abcam, MA, 

USA) and Protein G Agarose (Millipore). The immunoprecipi-
tated samples were washed with PBS, and probed for sAPPα 
(Covance, NJ, USA) and sAPPβ (Covance) using Western 
blot.

Protein extraction and Western blotting
Cells were washed with PBS and homogenized with ly-

sis buffer (50 mM HEPES, pH 7.2, 100 mM NaCl, 1% Triton 
X-100, and 1 mM sodium orthovandate, and protease inhibi-
tors). Lysates were centrifuged at 10,000×g for 10 min at 4°C. 
The protein concentration in the supernatant was determined 
using the Bradford assay (Bio-Rad, CA, USA). Protein was 
resolved with SDS-PAGE and transferred onto a nitrocellulose 
membrane. Membranes were blocked in Tris-buffered saline/
Tween-20 (TBST) with 5% non-fat milk powder for 1 h at room 
temperature, and incubated overnight at 4°C with anti-APP 
(6E10; Covance), BACE1 (Millipore), ADAM9 (Cell Signal-
ing Technology, MA, USA), ADAM10 (Calbiochem, CA, USA), 
ADAM17 (Chemicon, GA, USA), β-actin (Sigma), and β-tubulin 
(Sigma). Membranes were washed in TBST, and incubated 
with horseradish peroxidase-conjugated goat anti-mouse IgG, 
goat anti-rabbit IgG, or goat anti-mouse IgM (μ) antibodies (In-
vitrogen) for 1 h at room temperature. Peroxidase activity was 
visualized with enhanced chemiluminescence. The detected 
signals were quantified with the Multi Gauge software using a 
LAS-3000 system (Fujifilm, Tokyo, Japan). 

Cell surface biotinylation
Cells were washed with PBS, and incubated in PBS with 

0.25 mg/ml Sulfo-NHS-SS-biotin (Thermo, CA, USA) for 10 
min at 4°C. After washing with PBS to remove the excessive 
biotinylating reagent, cells were lysed with lysis buffer for 1 h 
at 4°C. Biotinylated proteins were pulled down using streptav-
idin-agarose slurry (Sigma) at 4°C for 3 h. The bound material 
was analyzed using Western blot.

Internalization assay
Cells were placed on ice, washed with ice-cold PBS, and 

incubated in PBS with 0.25 mg/ml Sulfo-NHS-SS-biotin for 
10 min at 4°C. Excessive biotin was washed out with ice-cold 
PBS, and cells were incubated with 1% BSA in PBS for 15 min 
at 4°C. After washing with PBS, cells were incubated at 37°C 
for appropriate time or kept at 4°C as control. The remaining 
cell surface biotin was cleaved by incubating twice with the 
reducing agent (50 mM sodium-2-mercapoethanesulfomate, 
150 mM NaCl, 1 mM EDTA, 0.2% BSA, 20 mM Tris-HCl, pH 
8.6) for 25 min at 4°C. This reaction was quenched by ice-
cold 5 mg/ml iodoacetamide (Sigma) in 1% BSA for 10 min. 
After washing in PBS, cells were extracted in lysis buffer (50 
mM HEPES, pH 7.2, 100 mM NaCl, 1% Triton X-100, 1 mM 
sodium orthovandate, with protease inhibitor mixture). Bioti-
nylated proteins were pulled down using streptavidin-agarose 
slurry (Sigma) (4°C for 3 h). After washing the agarose beads, 
the bound material was analyzed by Western blot. 

Primary antibody uptake
Cells were washed with PBS, and incubated in PBS with 

6E10 antibody (1:100 dilution) for 45 min at 4°C to label sur-
face APP. Cells were washed in ice-cold PBS and incubated at 
37°C for the required time. They were fixed in 4% paraformal-
dehyde at room temperature for 15 min, washed, and permea-
bilized in 0.1% Triton X-100 for 5 min. They were blocked with 

Fig. 1. Chemical structure of justicidin A.
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2% goat serum in PBS for 1 h at room temperature, and incu-
bated with goat anti-mouse antibodies conjugated with Alexa 
Fluor 488 in blocking buffer for overnight. Finally, cells were 
washed in PBS and mounted with medium (DakoCytomation, 
Glostrup, Denmark) and left overnight at 4°C to dry. Immuno-
fluorescence staining was captured on a confocal microscope 
(LSM510, Zeiss, Oberkochen, Germany). Images were ana-
lyzed using the Image J program (ImageJ, NIH, USA) to quan-
tify the mean fluorescence intensity values. Fluorescence 
intensities corresponding to the plasma membrane were mea-
sured from the edge of the cell to 500 nm inside.

Statistical analysis
Data was expressed as mean ± SEM. Statistical compari-

sons between controls and treated experimental groups were 
performed using the Student’s t-test. p<0.05 was considered 
statistically significant.

RESULTS

Justicidin A decreases amyloidogenic processing of APP
We tested whether justicidin A would affect Aβ levels in AP-

Psw-transfected HeLa cells. Cells were incubated with 0.05, 
0.1, 0.5, and 1 μM justicidin A for 8 h. Aβ levels in the medium 
were significantly decreased by justicidin A (Fig. 2A), consis-
tent with our previous results (Chun et al., 2017). Secreted 
Aβ42 was decreased by 48.1 ± 0.8% and 58.2 ± 0.7% with 0.5 
and 1 μM justicidin A, respectively. Secreted Aβ40 was also 

reduced by 31.7 ± 6.2% and 50.1 ± 2.8% with 0.5 and 1 μM 
justicidin A, respectively. We also tested the effect of justicidin 
A on APPwt-transfected neuronal SH-SY5Y cells. Secreted 
Aβ42 was significantly decreased by 51 ± 3.7% and 56.6 ± 
5% (n=4) at 0.5 and 1 μM justicidin A, respectively (Fig. 2B). 
These results suggested that the effect of justicidin A was not 
cell-type specific.

We next measured the secreted levels of APP proteolytic 
products using specific ELISA kits for sAPPβ-sw and sAPPα. 
β-cleavage of APPsw would produce sAPPβ-sw. The level 
of sAPPβ-sw was reduced by 17.8 ± 0.5% with 1 μM justi-
cidin A (Fig. 2C). Justicidin A significantly increased the level 
of sAPPα in a dose-dependent manner (Fig. 2D). At 1 μM 
justicidin A, the secreted level of sAPPα was increased by 
about 6-fold. Secreted levels of sAPPα and sAPPβ were also 
measured using Western blots. The conditioned medium was 
immunoprecipitated with APP antibody and probed with the 
specific antibodies. A typical result is shown in Fig. 2E, and 
the relative band densities of sAPPα and sAPPβ are shown in 
Fig. 2F. Consistent with ELISA results, justicidin A increased 
sAPPα levels and decreased sAPPβ levels. These results 
suggested that justicidin A decreased amyloidogenic process-
ing, while increased non-amyloidogenic processing of APP. 
Justicidin A did not influence the cell viability in our experimen-
tal condition as we have shown previously (Chun et al., 2017).

Justicidin A increases the cell surface level of APP
We tested whether justicidin A affected APP levels. APP 

undergoes post-translational modification such as N- and O-
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Fig. 2. Justicidin A decreased secreted Aβ level. (A) APPsw-transfected HeLa cells were incubated with indicated concentrations of justici-
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glycosylation, during the transit from the ER to the plasma 
membrane (Weidemann et al., 1989; Påhlsson et al., 1992; 
Graebert et al., 1995; Tomita et al., 1998). Accordingly, it ex-
ists as an immature form of APP (imAPP, N-glycosylated) or 
mature form of APP (maAPP, N- and O-glycosylated). Cells 
were incubated with 0.1, 0.5, and 1 μM justicidin A for 4 h, 
and APP level was analyzed using Western blot. The level of 
maAPP was increased by justicidin A in a dose-dependent 
manner, while the level of imAPP was not changed (upper 
panel of Fig. 3A). The relative band densities of APP com-
pared to β-tubulin are shown in Fig. 3B. At 1 μM justicidin A, 
maAPP level was significantly increased by about 2-fold. We 
next measured the cell surface level of APP using the bioti-
nylation, since it has been reported that APP is transported 
to the plasma membrane after post-translational modification. 
Justicidin A increased the cell surface APP level as shown in 
the lower panel of Fig. 3A. Justicidin A at 1 μM significantly 
increased the cell surface maAPP level by 2.5-fold (Fig. 3C). 
In contrast, cell surface imAPP level was not changed by justi-
cidin A. These results demonstrated that justicidin A increases 
the steady-state level of maAPP at the cell surface.

We observed that justicidin A decreased the cleavage of 
APP by amyloidogenic β-secretase, while increased the cleav-
age of APP by non-amyloidogenic α-secretase. Thus, we de-
cided to investigate whether justicidin A affected the level of 
secretases, such as BACE1, ADAM9, ADAM10, and ADAM17. 
Incubating cells with justicidin A did not change the levels of 
these secretases (Supplementary Fig. 1). These results sug-
gest that the effect of justicidin A on APP processing was not 
due to the changes in the expression level of secretases in our 
experimental condition.

Justicidin A decreases the endocytosis rate of APP
Previous studies have shown that only a small fraction of 

APP localizes in the plasma membrane at any given time 
(Haass et al., 1991), and APP rapidly undergoes endocyto-
sis from the plasma membrane. Thus, justicidin A may af-
fect the endocytosis rate of APP, thereby increasing its cell 
surface levels. To test this possibility, we first measured the 
endocytosis rate of APP using the antibody uptake method. 
We labeled the cell surface APP with the 6E10 antibody at 
4°C, followed by incubating at 37°C for 10, 30, or 60 min to 
allow endocytosis. Then, cells were fixed, permeabilized, and 
APP was visualized using a fluorescent conjugated secondary 
antibody. Typical fluorescence intensities from APP immuno-

reactivity are shown in Fig. 4A. Fluorescence intensities at the 
vicinity of the cell surface were measured and are shown in 
Fig. 4B. At 0 min before initiating the endocytosis, APP was 
localized in the cell surface. At 10 min, only 23% of APP was 
localized in the plasma membrane in control cells, indicating 
a rapid endocytosis of APP at the plasma membrane (Koo et 
al., 1996). In contrast, in justicidin A-treated cells, 88% of APP 
was localized in the plasma membrane at 10 min. At 30 and 
60 min, very few APP was located at the cell surface in control 
cells, while a large amount of APP still remained at the cell sur-
face in justicidin A-treated cells. These results indicate that the 
endocytosis of APP was significantly inhibited by justicidin A. 

We also used reversible biotinylation method to confirm 
that justicidin A decreased the endocytosis rate of APP. This 
method has been used to quantify the endocytosis rate of vari-
ous receptors (Ehlers, 2000). Proteins at the cell surface were 
biotinylated and allowed to internalize by incubating cells at 
37°C. The remaining biotin at the cell surface was removed 
using reducing reagent and the internalized biotinylated pro-
teins were pulled down using streptavidin beads. Biotinylated 
proteins were analyzed by Western blot using the APP anti-
body. Thus, the biotinylated APP represented the internalized 
APP by the endocytosis. The total cell surface level of APP 
was also shown in both control and justicidin A-treated cells 
(total APP). At 10 min after endocytosis was initiated, 36% of 
surface APP was internalized in control cells, while almost no 
APP was internalized in justicidin A-treated cells (Fig. 4C, 4D). 
These data indicated that justicidin A decreased the endocy-
tosis rate of APP, consistent with our antibody uptake result.

Since the inhibitory effect of justicidin A on APP endocy-
tosis may be due to the general inhibition of endocytosis, 
we tested the effect of justicidin A on the endocytosis rate of 
transferrin, which undergoes receptor-mediated endocytosis 
in various cell types. Similar to APP, transferrin is internalized 
through clathrin-dependent endocytosis (Doherty and McMa-
hon, 2009). After stripping the surface-residing transferrin by 
acidic buffer, cells were fixed, permeabilized, and transferrin 
was visualized under fluorescent microscopy (Supplementary 
Fig. 2). The endocytosis level of transferrin was not changed 
by justicidin A, indicating that justicidin A did not inhibit the 
clathrin-dependent endocytosis in general.

The effect of justicidin A on Aβ production is prevented 
by the inhibition of clathrin-dependent endocytosis 
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membrane, while internalized APP enters the early endo-
somes where it is cleaved by β-secretase (Parvathy et al., 
1999). Consistent with this model, inhibition of dynamin, which 
is an essential component for clathrin-dependent endocytosis, 
induces the increase of sAPPα production and the decrease 
of Aβ production (Carey et al., 2005). Thus, the reduced endo-
cytosis rate of APP by justicidin A might lead to a decreased 
Aβ production. To test this possibility, we used dynasore, 
which acts as inhibitor for endocytic pathways by blocking 
clathrin-coated vesicle formation (Urrutia et al., 1997). Cells 
were incubated with or without 0.5 μM justicidin A and 150 μM 
dynasore for 2 h, and Aβ levels were measured from the con-
ditioned media using ELISA kits. Aβ42 level was decreased by 
59.6 ± 1.8% with 0.5 μM justicidin A and by 72.0 ± 4.2% with 
dynasore treatment, respectively (Fig. 5A). When cells were 
incubated with both justicidin A and dynasore, Aβ42 level was 
decreased by 73.7 ± 4.7%. Also, the secreted Aβ40 level was 
decreased by 57.8 ± 4.2% and 79.7 ± 4% when cells were in-
cubated with justicidin A and dynasore, respectively (Fig. 5B). 
In the presence of both justicidin A and dynasore, Aβ40 level 
was decreased by 80.9 ± 3.4%, a level similar to that of dyna-
sore alone. Thus, dynasore effectively blocked the inhibitory 
effect of justicidin A on Aβ production.

Next, as another way to inhibit endocytic pathways, chlor-
promazine (CPZ) was used. CPZ disrupts endocytosis through 
a redistribution of clathrin-coated vesicle component (Wang et 
al., 1993). Cells were incubated with or without 0.5 μM justi-
cidin A and 20 μM CPZ for 1 h. The secreted Aβ42 level was 

decreased by 50.6 ± 2.7% with justicidin A and 54.3 ± 3.9% 
with CPZ, respectively (Fig. 5C). In presence of both justici-
din A and CPZ, Aβ42 level was decreased by 57.6 ± 4.6%. 
The secreted Aβ40 level was decreased by 47.9 ± 2.9% and 
71.8 ± 4.4% when cells were incubated with justicidin A and 
CPZ, respectively (Fig. 5D). In the presence of both justicidin 
A and CPZ, Aβ40 level was decreased by 73.0 ± 3.6%. Thus, 
the inhibitory effect of justicidin A on Aβ secretion was blocked 
by CPZ, consistent with our results obtained with dynasore. 
Together, these data supported the conclusion that the de-
crease of Aβ secretion by justicidin A was mainly mediated by 
decreased APP endocytosis.

DISCUSSION

M. angustifolia is traditionally used for food and cooked as 
an indigenous vegetable for daily meals in Tanzania (Lyimo 
et al., 2003) and it is also traditionally used in South Africa as 
a medicinal plant to treat erectile dysfunction. Recently, we 
showed that ethanol extract of M. angustifolia ameliorated 
behavioral deficits and reduced insoluble Aβ42 level in AD 
model mouse (Chun et al., 2017). We showed that justicidin 
A, one of active compound of M. angustifolia, decreased the 
production of Aβ. Justicidin A with aryl naphthalene structure 
exhibited strong Aβ decreasing effect starting from low-con-
centration treatment, while many candidate compounds from 
the major constituent group failed to show such effect. In this 
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trol (open bars) and justicidin-treated (closed bars) cells (n=10). (C) Cells were incubated with EZ-Link Sulfo-NHS-SS-Biotin at 4°C for 10 
min. Next, cells were incubated with 1 μM justicidin A at 4°C for 45 min, followed by incubation at 37°C for various time periods. The remain-
ing biotin at the cell surface was removed by reducing agent, and the internalized biotinylated proteins were pulled down using streptavidin 
beads. Representative Western blot shows the internalization of APP. (D) Internalized APP levels were quantified by the densitometric 
analysis of the bands. % of internalization was obtained by comparing to the total cell surface APP (n=5). *p<0.05, **p<0.01, ***p<0.001.
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study, we further investigated the effect of justicidin A on Aβ 
production and its underlying mechanism. Justicidin A inhib-
its the APP endocytosis and increases cell surface APP level. 
Concomitantly, it enhances sAPPα secretion and decreases 
Aβ secretion, which reflect the increased cleavage of APP by 
α-secretase at the plasma membrane. Justicidin A may be a 
novel agent for AD therapeutics not only for decreasing Aβ but 
increasing sAPPα which possesses neuroprotective proper-
ties that are beneficial for memory function (Mattson, 1997; 
Kögel et al., 2012). Furthermore, sAPPα is known to regulate 
synaptogenesis and stabilize neuronal calcium homeostasis 
(Morimoto et al., 1998; Guo et al., 1998).

APP is synthesized in the ER and transported to the plasma 
membrane, where it is predominantly cleaved by α-secretase 
(Parvathy et al., 1999). Alternatively, following clathrin-depen-
dent endocytosis in the plasma membrane APP is sorted to 
the endosomes, where it is likely to be cleaved by β-secretase 
(Koo and Squazzo, 1994). Thus, the endocytosis of APP and 
the partitioning within intracellular compartments are crucial 
steps in determining Aβ level. The YENPTY motif in the cyto-
plasmic region of APP is the sorting signal that regulates APP 
endocytosis (Perez et al., 1999). Thus, the deletion of this mo-
tif results in increased cell surface APP levels and decreased 
Aβ production in the brain (Ring et al., 2007). In addition, up-
regulation of the endocytic pathway by overexpressing Rab5 
increases Aβ production (Grbovic et al., 2003). These results 
support the premise that the reduced endocytosis of APP may 
induce a decreased Aβ production. Our results showed that 
the inhibition of clathrin-dependent endocytosis effectively 
prevented the effect of justicidin A on Aβ production, indicating 
that the effect of justicidin A on Aβ production was mainly due 
to the decrease of APP endocytosis. However, how justicidin 
A regulates APP endocytosis needs to be further investigated. 
We demonstrated that justicidin A did not change clathrin-de-

pendent endocytosis of transferrin receptor and the effect of 
justicidin A on endocytosis was specific to APP. This finding 
indicates that justicidin A does not affect clathrin-dependent 
endocytosis in general. For novel targets in AD research, the 
mechanisms involved in the action of justicidin A on APP pro-
cessing merit further study. 
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by endocytosis inhibitors. (A, B) Cells were incubated with or with-
out 0.5 μM justicidin A containing 150 μM dynasore for 2 h. The 
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chlorpromazine (CPZ), the clathrin-mediated endocytosis inhibitor, 
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n=6) were blocked by the presence of CPZ. ***p<0.001.
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