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Abstract

Alzheimer’s disease (AD) is a devastating brain disorder characterized by neurofibrillary tangles and amyloid plaques. Inhibiting
Tau protein and amyloid-beta (A3) production or removing these molecules is considered potential therapeutic strategies for AD.
Genipin is an aglycone and is isolated from the extract of Gardenia jasminoides Ellis fruit. In this study, the effect and molecular
mechanisms of genipin on the inhibition of Tau aggregation and A3 generation were investigated. The results showed that
genipin bound to Tau and protected against heparin-induced Tau fibril formation. Moreover, genipin suppressed Tau phosphor-
ylation probably by downregulating the expression of CDKS and GSK-3f3, and activated mTOR-dependent autophagy via the
SIRT1/LKB1/AMPK signaling pathway in Tau-overexpressing cells. In addition, genipin decreased A3 production by inhibiting
BACEI expression through the PERK/elF2« signaling pathway in N2a/SweAPP cells. These data indicated that genipin could
effectively lead to a significant reduction of phosphorylated Tau level and A3 generation in vitro, suggesting that genipin might

be developed into an effective therapeutic complement or a potential nutraceutical for preventing AD.
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Introduction

Alzheimer’s disease (AD) is a devastating and irreversible
progressive brain illness and is the most common type of
dementia diagnosed in elderly individuals. The characteristic
pathologies of AD are the abnormal accumulation of A3 and
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the hyperphosphorylation of Tau in the brain, which probably
lead to synaptic damage and neuronal dysfunction and finally
result in neuronal death and cognitive decline [1, 2]. Based on
the complex pathobiology of AD, numerous possible solu-
tions have been proposed as potential treatment strategies,
including removing A3 and Tau proteins or inhibiting their
formation [3]. A large investment has been put into exploring
effective therapies for AD treatment, and there are more than
100 compounds being implemented in different stages of clin-
ical trials [4] [5]. For instance, methylene blue has been re-
ported to reduce tau pathology and neuron death in the Tau
transgenic mouse model, while the second-generation deriva-
tive of methylene blue (LMTM) was not effective in two
different phase 3 trials [6, 7]. Aducanumab, a fully human
IgG1 antibody, was confirmed to actively clear A3 but
deemed ineffective for AD treatment in March 2019 in two
phase 3 trials. Tideglusib, a GSK-3 inhibitor, could reduce
both Tau phosphorylation and amyloid deposition in transgen-
ic mice [8], but a phase 2 trial showed no effect of this drug on
decreasing the speed of cognitive or functional decline [9].
Despite the very large effort put in AD medication develop-
ment, there is currently no disease-modifying treatment [4].


http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-021-02389-8&domain=pdf
http://orcid.org/0000-0001-5904-7901
mailto:xuxu@szu.edu.cn

Mol Neurobiol (2021) 58:4134-4144

4135

Therefore, it is now more important than ever to identify novel
and effective therapeutics for AD.

Genipin is an aglycone derived from the iridoid glycoside,
geniposide, which is isolated from the extract of
G. jasminoides Ellis fruit [10]. Genipin is commonly used as
a traditional Chinese medicine as an antidiabetic, anticancer,
and antioxidant agent and for the treatment of inflammation-
driven diseases [10]. Additionally, some findings have re-
vealed that the G. jasminoides fruit extract (GFE) and genipin
have neuroprotective effects. For example, the crude GFE can
improve learning and memory abilities in mouse and rat
models of dementia [11]. Geniposide can inhibit the cytotox-
icity induced by A4, regulate the metabolism of A3 and
Tau phosphorylation in vitro and in vivo, and improve mem-
ory in APP/PS1 transgenic mice [12—17]. Moreover, genipin
can protect Neuro2a cells against cytotoxicity induced by a
calcium ionophore in vitro [18]. It has been suggested that
genipin might prevent the neurodegeneration observed in
AD by attenuating endoplasmic reticulum (ER) stress.
However, the molecular mechanisms through which genipin
affects A3 and Tau pathology in AD are not yet clearly
understood.

In this study, the inhibitory effects of genipin on Tau phos-
phorylation in Tau-overexpressing cells and on A3 produc-
tion in N2a/SweAPP cells were investigated. Furthermore, the
expression levels of protein kinases and autophagy-related
proteins were also explored to reveal the molecular mecha-
nisms through which genipin protects against AD.

Materials and Methods
Materials

Genipin was purchased from MedChemExpress (Monmouth
Junction, NJ, USA). Tau-R3 was obtained from
ChinaPeptides (Shanghai, China). Heparin sodium salt was
obtained from Aladdin (Shanghai, China). Thioflavin T
(ThT) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s modified Eagle medium (DMEM), F12-
DMEM, opti-MEM, neurobasal medium, B27 supplement,
streptomycin, penicillin, L-glutamine, and phosphate buffer
solution (PBS) were purchased from Gibco (Grand Island,
NY, USA). Fetal bovine serum (FBS) was supplied from
Biological Industries (Kibbutz Beit HaEmek, Israel). The cell
counting kit (CCK)-8 and bicinchoninic acid (BCA) protein
assay kit were provided by Beyotime (Jiangsu, China).
Protease and phosphatase inhibitors were obtained from
Bimake (Shanghai, China). The following antibodies were
used in this study: anti-Tau, anti-phospho-T231, anti-
phospho-S396, anti-phospho-S404, anti-CDKS5, anti-
phospho-GSK-3p (Tyr*'®), anti-LC3, anti-amyloid precursor
protein (APP), anti-Af3, anti-BACE]I, and anti-f-actin

(Abcam, Cambridge, UK); anti-p62, anti-Beclin-1, anti-
SIRTI, anti-LKBI1, anti-phospho-LKB1, anti-AMPK, anti-
phospho-AMPK, anti-mTOR, anti-phospho-mTOR, anti-
p70S6K, anti-phospho-p70S6K, anti-PERK, anti-phospho-
PERK, anti-elF2«, and anti-phospho-elF2c (Cell Signaling
Technology, Beverly, MA, USA).

ThT Fluorescence Assay

ThT fluorescence assay was performed according to the meth-
od of our previous study [19]. Tau-R3 was prepared freshly
and mixed with heparin (16-uM heparin and 20-uM ThT in
50 mM PBS). Genipin or dimethyl sulfoxide (DMSO) was
then added to the mixture. After mixing, the samples were
immediately incubated at 37°C and analyzed with a micro-
plate reader (Fluoroskan Ascent FL, Thermo Scientific,
USA) at different time points. The ThT fluorescence of the
samples was measured with an excitation wavelength of
440 nm and an emission wavelength of 485 nm.

Transmission Electron Microscopy (TEM)

The procedure of TEM was performed based on our previous
study with some modifications [19]. Tau-R3 (20 uM) and
heparin (16 uM) were incubated with or without genipin (20
uM) at 37°C for 24 h. Then, one drop of the sample was
deposited on copper grids (230 mesh, 5-um aperture,
Beijing Zhongjingkeyi Technology Co., China) and allowed
to dry at 25°C. After rinsing twice with water, the grids were
dyed with 5-uL 1% uranyl acetate. Then, the excess solution
was removed using filter paper, and the grids were dried at
room temperature (RT). The grids were analyzed using a
JEM-1230 transmission electron microscope (JEOL, Tokyo,
Japan).

Molecular Docking

Molecular docking studies between genipin and the human
Tau protein were examined with SYBYL-X 2.0 software.
The three-dimensional (3D) coordinate of the Tau protein
(PDB ID: 503L) was downloaded from the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank (PDB) (http://www.rcsb.org/pdb/home/home.do).
The 2D structure of genipin was drawn using ChemBioDraw
Ultra 14.0 software and then optimized by ChemBio3D Ultra
14.0 software with the MM2 method to obtain the 3D
structure. The Surflex-Dock program was used to identify
the potential interaction modes between genipin and the hu-
man Tau protein. Visualization of the docked conformation
was performed by Chimera molecular graphics software
(http://www.cgl.ucsf.edu/chimera/) and LIGPLOT (http://
www.ebi.ac.uk/thornton-srv/software/LigPlus/).
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Cell Culture

The human embryonic kidney 293 (HEK293)/Tau cells were
obtained from HEK293 cells (Shanghai Cell Bank of the
Chinese Academy of Sciences, Shanghai, China) stably ex-
pressing cDNA of the longest human Tau (Tau441) and cul-
tured in DMEM. The SH-SY5Y/Tau cells were obtained from
human neuroblastoma cells (SH-SYS5Y, Shanghai Cell Bank
of the Chinese Academy of Sciences, Shanghai, China) stably
expressing Tau441 cDNA and propagated in DMEM mixed
with nutrient F12 (25:18, v/v) supplemented with 1% nones-
sential amino acids, 1% L-glutamine, and 1% sodium pyru-
vate. Mouse neuroblastoma N2a cells (Shanghai Cell Bank of
the Chinese Academy of Sciences, Shanghai, China) overex-
pressing the Swedish mutant APP (N2a/SweAPP cells) were
grown in 50% opti-MEM and 40% DMEM. In addition, these
cells were grown with 10% FBS, 100 pg/mL streptomycin,
and 100 IU/mL penicillin and incubated in a humidified 5%
CO, atmosphere at 37°C.

Primary Neuron Culture

Primary neuron culture referred to our previous study [20].
Briefly, the hippocampi of newborn 3xTg-AD mice (JAX
order number 3591206, Bar Harbor, ME, USA) were obtained
and then were cut into pieces using a scalpel and digested by
papain (2 mg/mL) at 37°C for 30 min. The suspension was
filtered and centrifuged at 1000 rpm for 5 min. The primary
neuronal cells were obtained and seeded in poly-L-lysine (0.1
mg/mL)-coated culture flasks, and were grown in neurobasal
medium with 2% B27 supplement, 1% L-glutamine, penicil-
lin, and streptomycin at 37°C in 5% CO,.

Cell Viability Assay

Cell viability was evaluated using a CCK-8 assay. In brief,
HEK293/Tau cells, SH-SY5Y/Tau cells, or N2a/SweAPP
cells in 96-well plates (1x10° cells/well) were pretreated with
various concentrations of genipin (0, 5, 10, 20, 30, and 40
uM) for 24 h. Then, the cells were incubated with CCK-8
solution approximately 2 h after removing the culture super-
natant. Finally, the absorption was measured by a microplate
reader (BioTek, Vermont, USA) at 450 nm.

Western Blot Analysis

After treatment with genipin (0, 10, 20, and 40 uM) for 24 h,
total protein was collected from HEK293/Tau cells, SH-
SY5Y/Tau cells, or N2a/SweAPP cells using lysis buffer con-
taining 1% protease and phosphatase inhibitor. Then, the pro-
tein concentration was quantitated by a protein assay kit, and
the protein was separated by SDS-PAGE. The protein was
blotted onto nitrocellulose (NC) membranes (Merch/
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Millipore, Schwalbach, Germany) and blocked with 5% bo-
vine serum albumin. After hybridization with primary anti-
bodies (1:1000) at 4°C overnight, the NC membranes were
washed with PBS three times and hybridized with secondary
antibodies (1:5000) at RT for 1 h. Subsequently, the immuno-
reactive protein was analyzed using an electroluminescence
kit (Thermo Fisher Scientific, Waltham, MA, USA).

Immunofluorescence Staining

After 40 pM genipin treatment for 24 h, HEK293/Tau cells or
the primary neuronal cells of 3xTg-AD mice were fixed with
methanol for 10 min on ice. Then, the cells were incubated
with 10% goat serum and 0.1% Triton X-100 at RT for 1 h.
After incubation with primary antibodies at 4°C overnight, the
cells were rinsed with PBS three times and treated with Alexa
Fluor-conjugated secondary antibody at RT for 1 h. Then, the
secondary antibody was removed, and the cells were rinsed
with PBS three times. After the cell nuclei were dyed with
DAPI (Invitrogen, Carlsbad, CA) at RT in a dark room, mi-
crographs of cells were visualized using a confocal microsco-
py (Carl Zeiss, Thornwood, NY, USA).

Statistical Analysis

The data are expressed as the mean =+ standard deviation (SD)
and were processed by GraphPad Prism 6.0. Significant dif-
ferences were analyzed using a two-tailed Student’s #-test.
When p values are < 0.05, differences were considered to
reach statistical significance: * p < 0.05, ** p < 0.01, *** p
< 0.001.

Results

Genipin Inhibited Heparin-Induced Fibrillar Tau
Aggregation and Interacted with Tau Protein

First, the effect of genipin on fibrillar Tau aggregation was
determined by investigating the kinetics of Tau-R3 aggrega-
tion using a ThT fluorescence assay. The fluorescence in-
creased with increasing processing time, and the fluorescence
of'the genipin-treated groups was dose-dependently decreased
compared with that of the control group (Fig. 1a). As illustrat-
ed in Fig. 1b, a large reduction in the number of Tau filaments
was observed in the genipin-treated group in the electron mi-
crographs, which was consistent with the findings of the ThT
fluorescence assay. These results demonstrated that genipin
effectively inhibited Tau-R3 aggregation in ThT fluorescence
and TEM assays.

To find a more desirable binding site of genipin on the Tau
protein and to identify its theoretical binding mode, molecular
docking-based calculations were performed, as illustrated in
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Fig. 1 Effect of genipin on heparin-induced fibrillar Tau aggregation and
the latent binding sites of genipin in the Tau protein. a ThT fluorescence
time course of Tau-R3 aggregation with genipin (0, 5, 10, 20, and 40
uM). The control in “% of Ctrl” was the fluorescence intensity of the
control group at 25 h incubation. b Electron micrographs of Tau-R3
aggregation with genipin (20 uM). Scale bar=500 nm. ¢ Molecular

Fig. 1c and d. It was demonstrated that genipin interacted with
the hydrophobic pocket of the Tau protein and was
surrounded by the residues His-362, Gly-367, Asn-368, and
Lys-369. The His-362, Gly-367, and Asn-368 residues were
involved in the formation of the hydrophobic bond with
genipin. Moreover, two hydrogen bonds were found between
genipin and Lys-369, and the bond lengths were 2.72 and 2.75
A (Fig. 1d). These interactions indicated that genipin anchored
to the R3 domain of the Tau protein, leading to the obstruction
of Tau protein assembly.

Genipin Attenuated Phosphorylated Tau Levels and
Protein Kinase Expression in AD Cell Models

Both SH-SY5Y/Tau cells and HEK293/Tau cells overexpress
the cDNA of the longest human Tau (Tau441) and were used
as cell models to investigate the effects of genipin on Tau
phosphorylation. After treatment with genipin for 24 h, cell
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modeling of the interaction between genipin and Tau protein. d
LIGPLOT representations of the interactions between genipin and Tau
protein. The hydrogen bonds are shown using green dashed lines.
Representative results from at least three independent experiments are
shown

viability was not affected, which indicated that genipin was
not cytotoxic to SH-SYS5Y/Tau cells and HEK293/Tau cells
even at the maximum dose of 40 uM genipin (Fig. 2a). As
shown in Fig. 2b and c, the primary neuronal cells of 3xTg-
AD mice more completely simulate the neuropathology of the
disease in humans, which can be further used to evaluate the
effect of genipin on Tau phosphorylation inhibition. As shown
in Fig. 3, genipin treatment significantly reduced the fluores-
cence staining of pS404-Tau in HEK293/Tau cells and in the
primary neuronal cells of 3xTg-AD mice. These results sug-
gested that genipin reduced the expression of Tau phosphor-
ylation in the abovementioned kinds of Tau-overexpressing
cells and in the primary neuronal cells of 3xTg-AD mice.
CDKS5 and GSK-3f3 are two major Tau kinases and play an
important role in the abnormal hyperphosphorylation of the
microtubule-associated protein Tau. Thus, the contribution of
these two protein kinases to genipin-induced Tau changes was
investigated. After treatment with genipin for 24 h, the

@ Springer
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Fig. 2 Effect of genipin on the expression of phosphorylated Tau and
protein kinase in SH-SY5Y/Tau cells and HEK293/Tau cells. a Adherent
SH-SY5Y/Tau cells and HEK293/Tau cells (1x10* cells/well) in a 96-
well plate were treated with genipin (0, 5, 10, 20, 30, and 40 uM) for 24 h,
and cell viability was analyzed using a CCK-8 assay. b After genipin
treatment (0, 10, 20, and 40 uM) for 24 h, the expression of Tau,
pT231-Tau, pS396-Tau, and pS404-Tau in SH-SY5Y/Tau cells and

expression levels of CDKS and pY216 GSK-3f3 in SH-SY5Y/
Tau cells and HEK293/Tau cells were significantly reduced in
a dose-dependent manner (Fig. 2d and e). Thus, the effect of
genipin on the inhibition of Tau phosphorylation in SH-
SY5Y/Tau cells and HEK293/Tau cells was probably due to
a decrease in protein kinase expression.

Genipin Upregulated the Level of Autophagy in SH-
SY5Y/Tau Cells and HEK293/Tau Cells

Furthermore, autophagy is also a main pathway for clearing
phosphorylated Tau, and Beclin-1 and LC3 are markers of
autophagy. As presented in Fig. 4a and b, genipin treatment
significantly increased Beclin-1 and LC3 II/LC3 I expression
and inhibited p62 expression in SH-SY5Y/Tau cells and
HEK?293/Tau cells. These results suggested that genipin in-
creased the level of autophagy in SH-SY5Y/Tau cells and
HEK293/Tau cells, which might be involved in the decrease
in Tau phosphorylation.
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HEK293/Tau cells was investigated by Western blot analysis. ¢ The
densitometric analysis of data from b. d After genipin treatment (0, 10,
20, and 40 uM) for 24 h, the expression of CDKS and pY216 GSK-3f3 in
SH-SY5Y/Tau cells and HEK293/Tau cells was investigated by Western
blot analysis. e The densitometric analysis of data from d. Representative
results from at least three independent experiments are shown

To determine the mechanism by which genipin was able to
increase the autophagy level, the expression of the proteins
related to the SIRT1/LKB1/AMPK signaling pathway was
evaluated by Western blot analysis. After genipin treatment
for 24 h, the expression of SIRT1, p-LKB1, and p-AMPK was
significantly increased, whereas the phosphorylation of
mTOR and p70S6K (the direct substrate of mTOR) was si-
multaneously decreased in SH-SY5Y/Tau cells and HEK293/
Tau cells (Fig. 4c and d). These results indicated that genipin
could upregulate autophagy by activating the SIRT1/LKB1/
AMPK signaling pathway in SH-SY5Y/Tau cells and
HEK293/Tau cells.

Genipin Suppressed AB Generation in N2a/SweAPP
Cells

In addition to Tau pathology, A3 accumulation is another
primary pathological feature associated with AD. Therefore,
the effect of genipin on A3 production was next evaluated in
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Fig. 3 Effect of genipin on Tau phosphorylation in HEK293/Tau cells
and primary neuronal cells of 3xTg-AD mice. a HEK293/Tau cells were
treated with genipin (40 uM) for 24 h, and the expression of pS404-Tau
was analyzed by immunofluorescence. Scale bar=10 um. b After genipin
treatment (40 pM), primary neuronal cells from 3xTg-AD mice were
stained by dual-color immunofluorescent staining. Scale bar=50 um.
Representative results from at least three independent experiments are
shown

N2a/SweAPP cells. As shown in Fig. 5a, genipin had no cy-
totoxicity in N2a/SweAPP cells, even at a maximum concen-
tration of 40 UM genipin. Genipin treatment caused a dose-
dependent inhibitory effect on the expression of APP and A3
in N2a/SweAPP cells (Fig. 5b and c). Additionally, genipin
treatment significantly reduced the fluorescence staining of
AP in N2a/SweAPP cells (Fig. 5d). To further identify the
mechanism by which genipin inhibited the expression levels
of APP and A, the expression of proteins related to the
PERK/elF2« signaling pathway was measured. As shown in
Fig. Se and f, the expression of p-PERK, p-elF2«, and
BACEI was dose-dependently decreased after genipin treat-
ment in N2a/SweAPP cells. Overall, these results demonstrat-
ed that genipin could inhibit A3 production by inhibiting
BACEI expression through the PERK/elF2«x signaling path-
way in N2a/SweAPP cells.

Discussion

At present, a large number of phase 3 clinical trials have failed
to demonstrate benefits of potential treatments, and effective

treatments are still lacking for AD. Novel drugs and therapies
for AD are urgently needed for the aging population around
the world. Genipin is an active ingredient isolated from GFE
that exerts anticancer, anti-inflammatory, antidiabetic, and
neuroprotective effects [10]. Recent investigations have pro-
posed that genipin has protective effects against A{3-induced
cytotoxicity and tunicamycin (a specific ER stress inducer)-
induced cytotoxicity in Neuro2a cells [21, 22]. However, the
effects of genipin on A3 and Tau pathology in AD models
have not been reported to date. In the present study, the inhib-
itory effects of genipin on Tau hyperphosphorylation and A3
generation were evaluated, and the involved mechanisms
were also revealed. The confirmed results of this study will
further provide a reference and basis for genipin as a potential
drug or nutraceutical for preventing AD-related pathology.

In AD, the formation of NFTs and the accumulation of
senile plaques in the brain are the main pathological charac-
teristics [23]. In the “pre-tangle” phase of neurofibrillary de-
generation, the abnormal phosphorylation, aggregation, and
proteolysis of the Tau protein have been confirmed to be early
and important aspects of the pathogenesis of AD [24]. Tau
abnormally phosphorylates and aggregates and subsequently
forms NFTs, which cause synapse loss and axonal transport
damage, resulting in mitochondrial and cytoskeletal dysfunc-
tion [25]. Thus, reducing Tau hyperphosphorylation or aggre-
gation is considered a potential neuroprotective strategy. The
current therapeutic agents related to Tau pathology include
LMTX (anovel stabilized reduced form of methylthioninium,
a Tau aggregation inhibitor), salsalate (Tau acetylation inhib-
itor), and TPI-287 (Taxol-derived compound, a microtubule-
stabilizing drug) in clinical trials [26]. In this study, the inhib-
itory effect of genipin on Tau-R3 aggregation was evidenced
by a ThT fluorescence assay and TEM (Fig. 1a and b). Based
on the molecular docking results, genipin anchored at the R3
domain of the Tau protein, leading to an inhibitory effect on
Tau aggregation (Fig. lc and d). From the above results,
genipin might have a beneficial effect on Tau pathology-
related neurodegenerative disorders.

Moreover, the effect of genipin on attenuating Tau phos-
phorylation was found in Tau-overexpressing cells and 3xTg-
AD mouse primary neuron cells (Fig. 2 and 3). These results
are consistent with a previous study that claimed that

Fig. 4 Effect of genipin on autophagy level in AD cells. a After genipin P>
treatment (0, 10, 20, and 40 uM) for 24 h, the expression of Beclin-1, LC3
IVLC3 1, and p62 in SH-SY5Y/Tau cells and HEK293/Tau cells was
analyzed by Western blot analysis. b The densitometric analysis of data
from a. ¢ After genipin treatment (0, 10, 20, and 40 uM) for 24 h, the
expression of SIRT1, p-LKB1, LKB1, p-AMPK, AMPK, p-mTOR,
mTOR, p-p70S6K, and p70S6K in SH-SY5Y/Tau cells and HEK293/
Tau cells was investigated by Western blot analysis. (d) The
densitometric analysis of data from ¢. Representative results from at
least three independent experiments are shown
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geniposide can reduce Tau phosphorylation by approximately
30% in a streptozotocin-induced AD rat model [12]. Thus,
genipin, an aglycon of geniposide, may effectively regulate
Tau phosphorylation. CDKS5 and GSK-3f3 are the two main
protein kinases that can phosphorylate Tau sites, including
Thr231, Ser396, and Ser404, and participate in the abnormal
hyperphosphorylation of the microtubule-associated protein
Tau, subsequently leading to AD[27]. For example, the mem-
ory of AD mice was improved by CDKS silencing [28].
LDCS, a small molecule, protected neurons and their process-
es in zebrafish models by inhibiting CDKS and GSK-3[3 [29].
In the present study, the expression of CDKS5 and pY216
GSK-3p was decreased in SH-SY5Y/Tau cells and
HEK?293/Tau cells after genipin treatment (Fig. 2d and e),
which may be responsible for downregulating the level of
Tau phosphorylation.

Autophagy, a lysosome-dependent process, also called au-
tophagic flux, is also a main pathway for clearing Tau phos-
phorylation. In the process of autophagy, Beclin-1 plays a
central role in the early phase, while cytosolic LC3-I combines

Fig. 5 Effect of genipin on A3 a
generation in N2a/SweAPP cells.
a Adherent N2a/SweAPP cells
(1x10* cells/well) in 96-well
plates were treated with genipin
(0, 5, 10, 20, 30, and 40 uM) for
24 h, and cell viability was

150+

1004

Cell viability
(% of Ctrl)

with phosphatidylethanolamine and then produces
membrane-bound LC3-II [30]. p62 is a multiubiquitin chain-
binding protein and is involved in protein degradation through
the ubiquitin-proteasome system or autophagy pathway [31].
Indeed, the autophagic substrate p62 directly interacts with
LC3 and is sequestered into autophagosomes for degradation.
Therefore, measuring the decline in p62 is used to further
evaluate autophagic flux [32]. In this study, the findings
showed that genipin increased the expression levels of
Beclin-1 and LC3 II/LC3 I and simultaneously reduced the
expression of p62 in SH-SY5Y/Tau cells and HEK293/Tau
cells (Fig. 4a and b). LC3-II plays an essential role in the
formation of autophagosomes, and LC3-II expression is close-
ly related to the number of autophagosomes [33, 34]. These
results indicated that genipin could enhance autophagosome
formation and then interacted with p62 for degradation.
Furthermore, it is known that the mechanistic target of
rapamycin (mTOR) is able to sense intracellular nutrients
and growth factors, and regulates autophagy. AMPK is con-
sidered a crucial intracellular energy sensor and important
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Fig. 6 A proposed model

Tau;— hyperphosphorylated Tau

aggregated Tau

showing the molecular
mechanism of the efficiency of

CDKS

GSK-3p

genipin for AD treatment.
Genipin reduced Tau
phosphorylation by

—_ —~___ " genipin

neurofibrillary tangles

senile plaques

downregulating the expression of
CDKS5 and GSK-3p, and induced SIRT1
mTOR-dependent autophagy via ’
the SIRT1/LKB1/AMPK
signaling pathway. Moreover, LKB1 .
genipin reduced AP levels by ’ AB fibrils
inhibiting BACE1 expression via
the PERK/elF2« signaling AMPK
pathway J_ AD pathology
mTOR |— 2UtoPhagy Ap
activation

checkpoint of mTOR activity and autophagy, and the activa-
tion of AMPK is mainly regulated by the upstream kinase
LKBI [35, 36]. LKB1 can phosphorylate AMPK with the
deacetylation of its lysine residue by SIRTI1 [37]. The
p70S6K is located downstream of the mTOR signal transduc-
tion pathway and plays an important role in the regulation of
cell cycle, growth, and survival [38]. Our experimental results
suggested that genipin was able to activate autophagy via the
SIRT1/LKB1/AMPK signaling pathway and simultaneously
inhibited the phosphorylation of mTOR and its downstream
p70S6K in SH-SY5Y/Tau cells and HEK293/Tau cells (Fig.
4c¢ and d). Some previous studies suggested that genipin can
induce autophagy through the pS3-DRAM signaling pathway
in gastric cancer treatment or via the PI3K/AKT/mTOR sig-
naling pathway in oral squamous cell carcinoma treatment
[39, 40]. Herein, genipin was also confirmed to induce au-
tophagy, which may further be involved in regulating Tau
phosphorylation.

mTOR signaling is currently considered one of the most
promising targets in autophagy-related AD treatment [41, 42].
In addition to Tau phosphorylation, A3 accumulation is an-
other typical pathological feature of AD, and Af3 is neurotoxic
to brain cells. Senile plaques are composed mostly of Af3,
which is derived from APP [43]. Previous studies have report-
ed that genipin protects neuronal cells against the cytotoxicity
mediated by ER stress [22]. In this study, the dose-dependent
inhibitory effect of genipin on the expression of APP and Af3
was shown in N2a/SweAPP cells (Fig. 5b and c). It has been
reported that PERK may increase the phosphorylation of
elF2«, leading to the promotion of BACE! translation and
further accelerating A3 generation [44]. Here, our results
demonstrated that genipin treatment could efficiently reduce

@ Springer

APP

the AP level by decreasing BACE1 expression via the
PERK/elF2« signaling pathway in N2a/SweAPP cells (Fig.
Se and f).

In summary, genipin bound to Tau and inhibited the
heparin-induced formation of Tau fibrils, and the underlying
impacts of genipin in AD cell models have been intensively
investigated. As summarized in Fig. 6, genipin reduced Tau
phosphorylation probably by downregulating the expression
of CDKS5 and GSK-3f3, and activated mTOR-dependent au-
tophagy via the SIRT1/LKB1/AMPK signaling pathway in
Tau-overexpressing cells. Moreover, genipin could reduce
AR by suppressing BACEI expression through the
PERK/elF2«x signaling pathway in N2a/SweAPP cells.
Therefore, all these findings demonstrated that genipin could
effectively attenuate both Tau phosphorylation and A3 pro-
duction. This study provides guidance for further illuminating
the molecular mechanism of genipin, and highlights the po-
tential application of genipin for the prevention and treatment
of AD.

Abbreviations AD, Alzheimer’s disease; A3, amyloid-beta; ThT,
Thioflavin T; DMEM, Dulbeco’s modified Eagle’s medium; FBS, fetal
bovine serum; CCK, cell counting kit; MAP-2, microtubule-associated
protein-2; CDKS5, cyclin-dependent kinase 5; GSK-3f3, glycogen syn-
thase kinase-33; LC 3, microtubule-associated protein II light chain 3;
SIRT1, silent information regulator of transcription 1; LKB1, liver ki-
nase B1; AMPK, adenosine monophosphate-activated protein kinase;
mTOR, mechanistic target of rapamycin; p70S6K, p70 ribosomal pro-
tein S6 kinase; APP, amyloid precursor protein; PERK, protein kinase
RNA-like endoplasmic reticulum kinase; eIF2«, eukaryotic translation
initiation factor-2c; BACE1, {3-secretase 1
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