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INTRODUCTION

Abstract

Intracerebral-ventricular (ICV) injection of streptozotocin (STZ) induces an insulin-
resistant brain state that may underlie the neural pathogenesis of sporadic Alzheimer disease
(AD). Our previous work showed that prior ICV treatment of glucagon-like peptide-1 (GLP-
1) could prevent STZ-induced learning memory impairment and tau hyperphosphorylation
in the rat brain. The Chinese herbal medicine geniposide is known to relieve symptoms of
type 2 diabetes. Because geniposide is thought to act as a GLP-1 receptor agonist, we
investigated the potential therapeutic effect of geniposide on STZ-induced AD model in
rats. Our result showed that a single injection of geniposide (50 uM, 10 pL) to the lateral
ventricle prevented STZ-induced spatial learning deficit by about 40% and reduced tau
phosphorylation by about 30% with Morris water maze test and quantitative immunohisto-
chemical analysis, respectively. It has been known that tau protein can be phosphorylated by
glycogen synthase kinase-3 (GSK3) and STZ can increase the activity of GSK3f. Our result
with Western blot analysis showed that central administration of geniposide resulted in an
elevated expression of GSK3B(pS-9) but suppressed GSK3B(pY-216) indicating that
geniposide reduced STZ-induced GSK3p hyperactivity. In addition, ultrastructure analysis
showed that geniposide averted STZ-induced neural pathology, including paired helical
filament (PHF)-like structures, accumulation of vesicles in synaptic terminal, abnormalities
of endoplasmic reticulum (ER) and early stage of apoptosis. In summary, our study suggests
that the water soluble and orally active monomer of Chinese herbal medicine geniposide may
serve as a novel therapeutic agent for the treatment of sporadic AD.

the late 1990s (11). Cumulative evidence suggests that central
administration of low doses of streptozotocin (STZ), can induce an

Alzheimer’s disease (AD) is a debilitating neurodegenerative
illness without a cure. There are five medications currently
approved by the Food and Drug Administration (FDA) for the
treatment of AD: tacrine, rivastigmine, galantamine, donepezil, and
memantine, but none provided any indication for halting or delaying
the progression of the disease (3). Thus, it is of great importance to
seek novel therapy.

Three mutated genes including app (amyloid precursor protein),
presenilin (PS)-1 and PS-2 are tightly associated with early onset
(<60 years) or familial AD which accounts for less than 1% of AD
cases (4). However, there are many other factors associated with the
rest of 99% late onset or sporadic AD cases. Recent studies suggest
that AD and type 2 diabetes may share some common molecular
mechanisms (2, 14). The presence of type 2 diabetes mellitus
(T2DM) is associated with an approximately twofold increased risk
of AD (risk ratios vary between 1.5 and 4.0) (10, 29, 30). Although
the exact mechanism underlying the neuropathogenesis of sporadic
AD remains unknown, the insulin-resistant brain state hypothesis
has received strong experimental support since it was proposed in
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insulin-resistant-like brain state and is regarded as a credible
method to trigger sporadic AD, especially in the early stages of the
disease process (36, 37, 43). Central application of STZ produced
both behavioral, neurochemical and histological features that
resembled those found in human AD (7, 38).

Our previous work demonstrated that medications that are used
for the treatment of diabetes could benefit in AD animal models
such as glucagon-like peptide-1 (GLP-1) and that resensitizes
insulin signaling could ameliorate AD symptoms in animal models
(14, 22). Geniposide is an iridoid glycoside present in the fruit of
Gardenia jasmindides Ellis (15). Recent studies show that
geniposide may act as a GLP-1 receptor agonist (24) that can be
used in diabetes therapy (26). Thus, we investigated whether
geniposide can serve as a therapeutic agent for the treatment of AD
in animal models.

The precise mechanism that underlies the therapeutic effect of
geniposide is unknown. However, in vitro studies suggest that the
antioxidative effect of geniposide may involve multiple signal
transduction pathways through a cascade of interactions among
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phosphoinositol-3 kinase (PI3K), protein kinase-B (also known as
Akt), Akt308, Akt473, Glycogen synthase kinase-3f (GSK-3f)
and pyruvate dehydrogenase kinase (PDK1) under conditions of
oxidative stress (25).

GSK3 may be involved in the pathogenesis of both T2DM and
AD (21). GSK3 was originally discovered in 1984 as a key regulator
in glycogen synthesis (46). The enzymatic activity of GSK3 is
tightly regulated; phosphorylation at tyrosine-216 in GSK3f or
tyrosine-279 in GSK3o. enhances the enzymatic activity, while
phosphorlyation of serine-9 in GSK3f or serine-21 in GSK3a
decreases the activity (20, 45). It has been suggested that GSK3 may
play arole in both AP accumulation and tau phosphorylation, which
are the main pathological hallmarks of AD (13). As previous studies
indicate that GSK3 may play an important role in AD pathogenesis
and geniposide may interact with GSK3 pathway, we hypothesize
that geniposide may serve as a GSK3 inhibitor to exert its neuro-
protective effect in the AD animal model.

MATERIALS AND METHODS

Animals and drug treatment

Adult male Sprague Dawley (SD) rats (220-250 g) were obtained
from the animal center of Shanxi Medical University. All animal
procedures were performed in accordance to National Institutes of
Health (NIH) guideline (National Institutes of Health Publications,
No. 80-23, revised 1978). Rats were housed in a quiet and
humidity-controlled room (22 + 3°C and 62 * 7% relative humid-
ity) with 12:12 light dark cycle, and were fed ad libitum with
standard rodent diet and water (18). Rats were randomly divided
into five groups, (i) control group: artificial cerebral spinal fluid
(aCSF) intracerebral-ventricular (ICV) injection; (ii) geniposide
group: single geniposide ICV injection; (iii) STZ group: STZ ICV
injection; (iv) geniposide + STZ group: STZ + geniposide ICV
injected; (v) Wortmannin (WT) group: WT + Geniposide + STZ
ICV injection (n=9-11 each group). After behavioral test, rats
were sacrificed with overdose anesthesia [10% Chloral hydrate
intraperitoneal (IP), 0.4 mL/100 g] and followed with intracardiac
perfusion with phosphate buffered saline (PBS). One hemisphere
of the cortex was quickly dissected and stored in —80°C for
Western blot assay (n=5—6 each group). The other hemisphere
was fixed with 4% paraformaldehyde for immunohistochemistry
(n=5-6 each group). For transmission electron microscopy
(TEM), the hippocampus was fixed with 2.5% gluteraldehyde (see
details in the TEM section).

For ICV injection, the rats were anesthetized with IP injection of
10% Chloral hydrate (0.3 mL/100 g), and placed on the stereotaxic
frame with the following coordinates (0.8 mm posterior to bregma;
1.5 mm lateral to the sagittal suture; 3.6 mm ventral, unilateral
injection) for the left side of lateral ventricle injection (1). All drug
injection to the lateral ventricle was carried out with a Hamilton
syringe in 10 uL volume with duration of 15 minutes. Both STZ
and WT were purchased from Sigma (St. Louis, MO, USA) and
geniposide was from the Marker Inc (Tianjin, China). All the drugs
were dissolved in 10 uL aCSF (NaCl 140 mM; KCI 3.0 mM;
CaCl, 2.5 mM; MgCl 1.2 mM; NaH,PO4 1.2 mM, pH 7.4). STZ
(3 mg/kg), geniposide (50 uM), WT (100 uM) were prepared right
before use.
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Morris water maze (MWM) test

MWM task (32) was performed 14 days after the ICV injection.
The apparatus (Zhenghua Bio Instrument Ltd, Shanghai, China) is
a circular pool with a diameter of 150 cm and a wall height of
60 cm, which was made of stainless steel and painted black on the
inner surface. The pool surrounded by a white curtain around was
filled to a depth of 30 cm with warm water at a temperature of
25 +2°Cto avoid hypothermia. A black platform (diameter, 14 cm)
was positioned at the midpoint of the target quadrant and sub-
merged approximately 1.0 cm below the surface of the water. A
video camera connected to the computer was located above the
pool to record the movement and the trail of the rats. The navigation
task was performed with four trials per day for 5 consecutive days
(detailed procedure was published previously) (22). Briefly, the rat
was placed in the water facing the wall in one of the four quadrants
and was allowed to swim freely to find the hidden platform. If the
rat failed to find the platform within 120 s, it would be piloted onto
the platform (only on the first test day). A 10 s session was recorded
while the rats were on the platform before placing them in the
holding cage for 20 s until the next trial. The starting quadrant was
randomly chosen each day. The navigation latency (ie, the length of
time to reach the platform, in seconds) was recorded and analyzed
by a behavior software system (Ethovision 3.0, Noldus Information
Technology, Wageningen, Netherlands). The probe trial was per-
formed on the day after the navigation task (day 6). In this phase,
hidden platform was removed and rats were given 120 s to swim in
the pool for the spatial bias measurement. The percentage of swim-
ming time spent in the target quadrant was recorded. To control the
bias because of different animal’s individual athletic ability, such
as swimming speed and visual acuity, we recorded the swimming
speed and conducted the visible platform test for each rat following
the probe trials, which consisted of two sessions of each rat seeking
the platform clearly elevated above the water surface (approxi-
mately 2 cm) (n=9-11 each group).

Immunohistochemistry

The brains were removed and fixed in 4% paraformaldehyde for 2 h.
The brains were then embedded with paraffin and 2 pum coronal
sections were cut with the microtome. Then the sections were
steamed in 0.001 mM ethylenediaminetetraacetic acid (EDTA)
(pH =9.0) for 2 minutes (16). Sections were incubated with rabbit
monoclonal antibody against phosphorylated tau protein at Ser 396
(a common phosphorylation site in AD brain, 1:500, Abcam, Cam-
bridge, MA, USA) overnight at 4°C and then incubated with
goat-anti-rabbit [gG-H&L (1:5000, Abcam) at 37°C for 40 minutes.
The peroxidase was visualized with 3,3”,4,4’-biphenyltetramine
tetrahydrochloride (DAB) color reaction and counterstained with
hematoxylin (6). The photomicrograph was captured with Axio
Scopel microscope (Carl Zeiss, Jena, Germany) and quantitatively
analyzed with optical density.

Western blot assay

Fifty milligrams of tissue mainly from the temporal lobe
per animal was homogenized (20 s homogenization and 10 s
pause X three times) in cold lysis buffer [produced by Beyotime Inc,
Shanghai, China, containing 1% Triton X-100, 1% deoxycholate,
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0.1% sodium dodecyl sulfate (SDS)] and phenylmethanesulfonyl
fluoride (PMSF), and then centrifuged (12 000 X g for 5 minutes at
4°C), before taking the supernatant. Protein concentration was
measured using the Bradford method (28). Samples were then
added with loading buffer to the same concentration. Samples
containing 6-10 pg were run on a 10% Tris-Tricine gel and
electrophoretically transferred to a polyvinylidene fluoride (PVDF)
membrane. After blocking with 0.3% gelatin in TBST (TBS con-
tains 0.05% Tween-20) for 1 h. Membranes were probed overnight
with primary antibodies [rabbit polyclonal GSK3-B(pS-9), 1:1000,
Cell Signaling Technology Inc, Danvers, MA, USA; GSK3-B(pY-
216, Abcam, 1:1000; GSK3-(total), Abcam, 1:1000; mouse mono-
clonal B-Actin, Abcam, 0.5 ug/mL] under 4°C overnight, then
labeled with secondary antibodies [goat-anti-rabbit IgG-H&L
(horseradish peroxidase, HRP), Abcam, 1:20 000; and goat-anti-
mouse [gG-H&L (HRP), Abcam, 1:20 000, respectively]. Immu-
noreactive bands were visualized with enhanced chemiluminescent
(ECL, Pierce, Rockford, IL, USA) and analyzed with the image
system of Quantity One 4.31 (Bio-Rad, Hercules, CA, USA).
Quantification of protein was performed by calculating the density
of each individual band. Band densities were normalized for protein
loading, using B-Actin as loading control.

Preparation of TEM specimen

Specimens of hippocampus were prepared following our previous
protocol (22). The brain specimens were fixed in 2.5%
gluteraldehyde for 2 h at 4°C and were then washed twice in
sodium cocodylate buffer (0.1 M; pH 7.4) for 10 minutes each.
Samples were then post-fixed in 1% osmium tetroxide for 2 h and
then dehydrated in a series of graded acetone. The specimens were
embedded in Epon 618 (ChemIndustry, Monrovia, CA, USA) and
cut with LKB ultramicrotome set (Leica, Solms, Germany) at
500 A ultrathin sections. The sections were stained with uranyl
acetate-lead citrate. Samples were observed under JEOL 1101
transmission electron microscope (Olympus, Tokyo, Japan).

Statistics analysis

All values were presented as mean + standard error of the mean and
displayed with the graphic software Prism 5 (GraphPad, GraphPad
Software Inc, La Jolla, CA, USA). The statistical software SPSS
16.0 (Graphpad) was used for statistical analysis. Two-way analysis
of variance (ANOVA) was used to analyze the result of acquisition
task in MWM, one-way ANOVA was used for the rest of the
analyses, with statistical significance level set at P < 0.05.

RESULTS

Geniposide partially prevented STZ-induced
learning and memory impairment through
modulation of PIBK/GSK3 signaling pathway

We used MWM test to investigate the effect of geniposide to
STZ-induced learning and memory deficit in rats. Ten rats were
treated with vehicle alone as controls with 10 uL of aCSF slowly
injected to one side of the lateral ventricle over 15 minutes; 11 rats
received geniposide injection alone (50 uM, 10 pL); nine rats
received STZ alone (3 mg/kg, 10 uL); 10 rats received STZ (3 mg/
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kg, 5 uL) and then followed with a second injection 5 minutes later
with geniposide (50 uM, 5 uL) on the left side of the lateral
ventricle (the syringe was switched between drugs without remov-
ing the needle inside the brain); and the final group of 10 rats were
treated with STZ (3 mg/kg, 5 uL), geniposide (50 uM, 3 uL) and
wortmannin (WT, 100 uM, 2 uL) on the same side of the lateral
ventricle with 5 minutes interval between different drugs. For all
the ICV treatment groups, the syringe needle remained inside the
ventricle for additional 10 minutes after the injection was com-
pleted to ensure effective drug delivery to the brain. After the ICV
procedure, rats were put in a clean and warm (40°C) cage with
cotton on the bottom to recover from the surgery.

The MWM test was performed 14 days after the ICV injection,
starting off with the navigation task to study spatial learning of the
rats. The pool was filled with warm water with markings on the
inside wall. On the computer screen, the maze was divided into
four quadrants (hidden platform was located in the center of a
certain quadrant under the water). Rats were gently placed into the
water facing the opposite side of the pool and were given a
maximum time of 120 s to find the hidden platform. Four trials
were conducted for each rat, starting from a different quadrant
each time, and the rats were allowed to rest for 30 s between trials.
The task continued for 5 consecutive days. The navigation latency
on each day was recorded to calculate a mean latency for each
quadrant. Consistent with previous findings, the navigation latency
decreases with training days until there is virtually no difference
on the fourth and fifth day (Figure 1A). Based the two-way
ANOVA analysis, we found that there was a significant difference
between groups (F=378, P<0.001), and over time (F =8.56,
P <0.001). There was no interaction between the two variables, so
the drug effect was not changing over time (F = 1.69, P = 0.506).

Consistent with previous findings, on the first day of the naviga-
tion task, we did not find any significant difference in navigation
latency among any of the five groups. However, major differences in
navigation latency between different treatment groups started to
emerge on the second day. Rats injected with geniposide alone
(77.217£4.569 s, 24.475+2.188 s, 20.242+1.204 s, 18.142 +
1.293 s, 16.983 £0.758 s, for each of the 5 days respectively)
did not differ from vehicle controls (77.475+4.8's, 28.500 £
2.85s,19.858 £ 1.6s, 15.550 £ 0.7 s, 14.642 £ 0.6 s) (Figure 1A).
Consistent with previous findings, rats that received STZ alone
(89.926 £4.675s, 45380+ 7.256s, 25.583 £2.153 s, 23.713
1.644 s, 19.889 + 1.294 s) exhibited major impairment in spatial
learning as the navigation latency was much longer than the control
rats (P < 0.01 on the second day and P < 0.05 on all the other days)
(Figure 1A). Much to our delight, rats that received both geniposide
and STZ (82.417+4.259s, 25.037£2.483 s, 19.463 £ 1.350 s,
18.643 £0.712 s, 16.389 £ 0.617 s) exhibited robust improvement
in navigation latency compared with rats that received STZ
alone (P < 0.01 on the second day and P < 0.05 on all the other
days). To better understand the potential mechanism underlying the
neural protective effect of geniposide, we examined the role of
PI3K, using a potent and selective PI3K inhibitor WT (17). Rats
treated with WT + STZ + geniposide showed longer navigation
latency (82.574+6.151's, 45.111+4.467s, 23.398+1.207s,
22.028 £ 1.324 s, 18.037 £0.941 s respectively) compared with
the STZ + geniposide rats (P < 0.01 on the second day and P < 0.05
on the fourth day, although no significant difference was found on
the third and fifth day) (Figure 1A).
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Figure 1. Geniposide (Geni) prevented STZ (Streptozotocin)-induced
spatial learning and memory impairment. Navigation latency was signifi-
cantly increased in the STZ-treated group compared with controls on the
second, third, fourth and fifth day (¥, compared with control, P < 0.05;
*¥* P<0.01), but geniposide treatment prevented STZ-induced learning
deficit (#, compared with STZ group, P< 0.01). However, PI3K inhibitor
wortmannin (WT) blocked the protective effect of geniposide (+, com-

After the navigation task, the rats were followed with the probe
trial to test their spatial memory. The platform was removed from
the pool, and we monitored the time percentage of rats swim in the
original platform zone. The rats were allowed to swim spontane-
ously for 120 s, and we recorded the percentage of time they spent
in the target quadrant. The results show that geniposide injection
alone (30.6% £ 1.5%) did not differ from wvehicle controls
(33.8% £ 0.9%) (Figure 1B), but rats treated with STZ alone
resulted in a 25% decrease in spatial memory (19% % 0.3%)
compare with controls (P < 0.01), which was consistent with our
previous findings. Interestingly, geniposide + STZ prevented STZ-
induced memory deficit (30.7% + 1.04%) (P <0.01). The probe
trial of the WT + STZ + geniposide group (23.9% % 1.9%) per-
formed better than the STZ-alone group (P < 0.05) but not as good
as the STZ + geniposide group (P < 0.01) (Figure 1B).

It is important to note that the probe trial was not affected by the
variation of swimming speed or visual acuity of each individual rat
(Figure 1C,D).
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C. Swimming speed
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pared with STZ + Geniposide group, P<0.05; ++, P<0.01). A. STZ
treatment significantly decreased the percent of time each rat spent in
the target quadrant (P<0.05), and geniposide treatment prevented
STZ-induced memory deficit. B. The probe trial did not affected by the
variation of swim speed or visual acuity, respectively, of each individual
rat (C,D). Video recording of navigation pattern of the five different drug
treatment groups (E).

Geniposide attenuated STZ-induced
hyperphosphorylation of tau protein

Because tau protein hyperphosphorylation is an important feature
of AD pathology as well as other neurodegenerative diseases asso-
ciated with cognitive deficits (33), we sought to investigate the
effect of geniposide on tau protein phosphorylation.

Rats were sacrificed with overdose anesthesia and then
received intracardiac perfusion with PBS after the completion of
the MWM test (21 days after surgery). Following perfusion, one
hemisphere of the rat brain, chosen by random order, was fixed
with 4% paraformaldehyde for 2 h and then embedded with low
melting point paraffin (the other hemisphere was store in —80°C
for Westernblot assay). Coronal sections (2 um thick) of the rat
brain were cut with a sliding microtome for immunohisto-
chemical study. Briefly, the tissue sections were incubated with
primary antibody against phosphorylated tau protein (Abcam,
anti-tau-Sp396, 1:500) overnight at 4°C and then incubated
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Figure 2. Photomicrographs and quantitative analysis of immunohisto-
chemistry of phospho-tau in the rat cerebral cortex. Immunoreactivity of
phospho-tau was presented as brown staining detected under higher
and lower magnification, respectively (A-E, above bar = 50 um; below
bar = 160 um). STZ treatment significantly increased phospho-tau com-
pared with controls (A,C,F;, *, compared with control, P<0.01), but

with goat-anti-rabbit IgG-H&L secondary antibody (1:5000,
Abcam) at 37°C for 40 minutes. The peroxidase was visualized
with the DAB color reaction and counterstained with
hematoxylin.

The immunoreactivity of phosphorylated tau protein in the
brain was presented as a prominent brown staining with DAB
around the blue stained nucleus with hematoxylin. The phospho-
tau immunoreactivity was quantitatively analyzed with average
optical density (Figure 2).

Interestingly, the group average of phospho-tau immunore-
activity largely correlated with the severity of cognitive impair-
ment. More phospho-tau was found in the STZ-treated group
(0.257 £0.008) than the vehicle control group (0.162 +0.002)
(P <0.01). (Figure 2A,B). Injection with geniposide alone (0.163
+0.004) did not change the level of phospho-tau in the brain
(Figure 2B,F). However, the geniposide + STZ group showed sig-
nificant attenuation of phospho-tau (0.170 £0.002) compared
with the STZ-alone group (P < 0.01) (Figure 2C,F). In contrast,
PI3K inhibitor WT averted the protective effect of geniposide,
the phospho-tau was higher in the WT + STZ + geniposide group
(0.221 £0.007) than the STZ + geniposide group (P <0.01)
(Figure 2E,F).
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geniposide (Geni) treatment prevented STZ-induced increase in
phospho-tau (C,D,F; #, compared with STZ group, P< 0.01); even injec-
tion of geniposide alone did not induced the remarkable change of
phosphor-tau (A,B). PI3K inhibitor wortmannin (WT) partially prevented
the protective effect of geniposide (E,F, +, compared with
STZ + Geniposide group, P< 0.01).

Geniposide may exert neural protective effect
through inhibition of GSK3 activity

GSK3 is thought to play an important role in tau protein
phosphorylation and dysregulation of GSK3 is associated with
multiple pathological changes in AD and diabetes (12). We used
Western blot assay to investigate the effect of geniposide to
GSK3 regulation, including the total protein expression level and
its functional modification. Protein samples were prepared from
the temporal lobe of one hemisphere of the rat brain (the other
hemisphere was used for histology).

To investigate the effect of geniposide on total GSK3 expres-
sion, we used primary antibody against total GSK3B (Abcam,
1:1000). Given the activity of GSK3 is regulated by phosphoryla-
tion of the inhibitory site of Ser9 and the active site of Tyr216, we
used specific antibodies against GSK3 (pY216) (Abcam, 1:1000)
as well as antibodies against GSK3B (pS9) (Abcam, 1:1000) to
study the dynamic changes of these two phosphorylation sites in
response to geniposide. B-Actin (Abcam, 0.5 pg/mL) was used as
loading controls (Figure 3A).

Total protein of GSK3f did not differ significantly among the
five different treatment groups. The data were presented as the
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Figure 3. Western blot assay of GSK3p at different phosphorylation
sites in response to STZ, geniposide and WT treatment was shown in A.
Total GSK3P protein was shown in the histograms of brain cortex (B).
Quantitative analysis shows that no significant difference on the total
expression of GSK3B among the five treatment groups (B). Phospho-
GSK3B (inactive) and (active) was presented as the ratio over loading
control (B-Actin). GSK3P activity did not differ between rats treated with
aCSF and Geniposide alone (C,D). STZ alone significantly elevated
GSK3B activity compared with controls as reflected with increased

ratio of total GSK3B/B-Actin, 1.429 +0.092 for the vehicle
control group, 1.325+0.082 for the geniposide alone group,
1.294 £ 0.059 for the STZ alone group, 1.294 £ 0.080 for the
STZ + geniposide group and 1.318 £0.073 for the WT + STZ +
geniposide group (Figure 3A,B).

To assess the functional state of GSK3[, we probed phospho-
GSK3p at different phosphorylation sites, specifically S9 and
Y216, with specific antibodies. Our results show that geniposide
injection alone did not alter the phosphorylation on either sites
(0.685 £ 0.049 for pY-216/B-Actin, and 1.463 + 0.081for pS-9/B-
Actin) compared with vehicle controls (0.791 + 0.044 for pY-216/
B-Actin, and 1.324 + 0.073 for pS-9/B-Actin).

As expected, STZ treatment elevated the active form GSK3f
(pY216) (pY-216/B-Actin: 1.293 £ 0.091) but suppressed the inac-
tive form GSK3B (pS9) (pS-9/B-Actin: 0.838 £ 0.019) (P < 0.01)
(Figure 3C,D). However, geniposdie attenuated the STZ-induced
activation of GSK3P. Rats treated with STZ + geniposide de-
creased the level of GSK3B (pY216) by about 25% (pY-216/B-
Actin: 0.871 £ 0.087), but increased the level of GSK3p (pS9) by
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pGSK3B¥?'® (C, *, compared with control, P<0.01) and decreased
pGSK3p*® (D, *, compared with control, P<0.01). STZ + Geniposide
prevented STZ-induced increase in GSK3P activity, reflected as lower
ratio of pGSK3BY?'® (C, #, compared to STZ-alone group, P< 0.01) and
higher ratio of pGSK3B%° (D, # compared to STZ-alone group, P< 0.01).
PI3K inhibitor WT blocked the protective effect of geniposide, reflected
as higher ratio of pGSK3B"'® (C, + compared to STZ + Geni, P<0.01)
and lower ratio of pGSK3B*° (D, + compared to STZ + Geni, P< 0.01).

about 20% (pS-9/B-Actin: 1.179 + 0.056) compared with the STZ-
alone group (P < 0.01) (Figure 3C,D). Based on previous studies,
the activity of GSK3p was increased when PI3K was inhibited
by WT. Compared with the STZ + geniposide group, WT + STZ
+ geniposide decreased Ser9 phosphorylation by about 30%
(pS-9/B-Actin: 0.869 £0.027, P<0.01) and increased Tyr216
phosphorylation by about 20% (pY-216/B-Actin: 1.315 +0.074,
P <0.01) (Figure 3C,D).

Geniposide prevented STZ-induced
ultrastructure pathology

Because it is hard to get the statistic value, we made three repeats
(n=3) for the observation, results shown in the figure are all
those that emerged frequently during the test. Alternation of
ultrastructure in nerve cells is another important feature in the early
stage of AD (5, 8, 27, 41). We prepared ultrathin sections for TEM
from the rat hippocampus (mainly the CA1 and DG region) after the
completion of the MWM test. Geniposide injection alone exhibited
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Figure 4. Photomicrograph reveals ultrastructure alterations in the rat
hippocampus under TEM in response to different drug treatment.
Normal structure of hippocampal neurons that received aCSF and
geniposide alone (A, B) (bar = 1 u). Dim cells, indicative of early stages
of apoptosis, that were characterized with whole cell condensation (C),
dark colored mitochondria vacuolation (white arrow), and dendritic vacu-
olation (black arrow) (D) (bar = 1 ) were seen in animals treated with
STZ, but these signs of early apoptosis were absent in animal that were
co-administered with STZ and geniposide (E, F) (bar = 1 ). STZ also
induced the PHFs-like structures (G, bar =1 w; bar =200 nm in the
higher magnification insert), which are indicative of early signs of intra-
cellular NFTs formation. Furthermore, STZ also induced increased cleft
of ER and with agglutinated ribosome (arrow) (H, bar = 1 ), as well as
elevated accumulation of neurotransmitter vesicles (I, bar = 1 ).

»
»

normal ultrastructure virtually identical to controls (Figure 4A,B).
However, in the STZ-alone injected group, we observed several
ultrastructural changes that are thought to be early signs of
apoptosis, including dim cells, nuclear granules, high electronic
density of nucleus and nucleolus (Figure 4C,D). We also detected
the nuclear and cytoplasmic condensation and clumping of chro-
matin, as well as altered subcellular organelles, such as mitochon-
dria vacuolization (white arrow) and abnormal vacuolization of
dendrites (black arrow) in the hippocampal neurons of STZ-treated
rats (Figure 4C,D). Interestingly, geniposide treatment abolished
the occurrence of these ultrastructure alternations (Figure 4E,F).

Another hallmark of AD pathology is the presence of intracellu-
lar neurofibrillary tangles (NFTs), which are formed by aberrantly
hyperphosphorylated tau proteins which could self-aggregate as
paired helical filaments (PHFs) (42). Under TEM magnification, the
STZ-treated rats exhibited PHF-like structures that were arranged
in parallel, forming small clumps or strands in neurons and nerve
fibers (Figure 4G), similar to previous report by van den Bosch et a/
(44). In addition to the alteration of cytoskeletons, abnormally
accumulated synaptic vesicles were found in the terminals in the
STZ-treated group (Figure 4H), which may indicate impairment in
vesicular regulation in the early stages of AD. Furthermore, STZ
treatment also increased cleft of ER and agglutinated ribosome,
which may indicate oxidative impairment (Figure 4I) (23). It is
important to note that none of the above ultrastructure changes were
found in the geniposide treated group, which further support our
hypothesis that geniposide may exert neural protective effect in the
early stages of the disease process.

DISCUSSION

AD is a debilitating illness currently affecting over 30 million
people worldwide. With extended life expectancy and increasingly
aging society, the global patient population may reach 100 million
in 2050 (39). Although there is no cure for AD at present, successful
management of this disease depends on early diagnosis and early
intervention before the onset of significant cognitive impairment.
The STZ-induced insulin-resistant brain state provides a cred-
ible animal model that produced pathological changes may help
identify some previously unknown aspect of early stage AD. In
addition to behavioral and biochemical changes that have been
documented before, we discovered that central administration of
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STZ induced ultrastructure changes that may occur in the early
stage of AD before irreversible neuronal loss with apoptosis.
Besides early stages of apoptosis, we also discovered early signs of
tangle formation (Figure 4G). NFTs is the insoluble form of aggre-
gated tau protein which could be observed under microscope with
certain chemical stain and it is one of the important hallmarks in
AD and other neurodegenerative stresses. What we showed in
Figure 4G is the PHF structure which is considered as the early
stage of tau self-aggregation which could currently only detected
under TEM scope (42). Much to our delight, injection of
geniposide prevented the development of all three types of
ultrastructure abnormalities that were induced by STZ.

According to the molecular structure of geniposide and STZ, it
is quite hard for the two to reach chemical reaction in the regular
environment (there is a possibility that geniposide and STZ
could reach a Williamson reaction under approximately 140°C).
Therefore, the only way geniposide could prevent neuronal
ultrastructure changes that may underlie the early stages of AD
neuropathogenesis in animal models is through activation the
GLP-1 receptor in the brain. Our research strongly suggests that
early use of geniposide could halt the progression of the disease
process before the onset of permanent cell death and synaptic loss
that ultimately lead to irreversible cognitive impairment.

Our ultrastructure findings are consistent with the biochemical
data with tau protein phosphorylation, as the NFTs are formed by
hyperphosphorylation of a microtubule-associated protein known
as tau, causing it to an aggregation form (9). These aggregations of
hyperphosphorylated tau protein are referred to as PHF under
electron microscopy. Although the precise mechanism of tangle
formation is not completely understood, our data convincingly show
that geniposide could greatly attenuate STZ-induced tau protein
hyperphosphorylation, and render the PHFs below detectable level
under TEM. Our findings suggest that geniposide may prevent the
formation of PHFs in the early stages of the pathogenesis before
they accumulate to a certain point to become insoluble tangles.
There are several cellular signaling pathways that regulate tau
phosphorylation. One which is related with tau phosphorylation
and insulin resistance is the PI3K/GSK3 pathway (12).

GLP-1 receptor is one kind of the G-protein coupled receptor
(GPCR). Activation of GLP-1 receptor by geniposide could induce
multiple cellular signaling pathways. Studies showed that some
kinds of GLP-1 analogs could prevent animal models from AD
pathologies, including improving the learning and memory deficit
induced by AB or STZ (22, 31). And the chronic treatment of
liraglutide (one of the analogs of GLP-1) could promote the cell
proliferation and differentiation into neuron in AD mouse model
(34). In our study, we proved that application of geniposide
could improve the spatial cognitive ability of STZ-induced rats
model. However, most of the neuroprotective mechanism remains
unknown. By western assay, our data showed that geniposide
attenuated STZ-induced activation of GSK3f. Geniposide treat-
ment decreased the active form of GSK3[ (pY216), but increased
the inactive form of GSK3B (pS9), resulting in a reduction of
GSK3p activity. The decrease activation of GSK3f could promote
the ameliorating of the tau hyperphosphorylation, which is shown
in our results. GSK3 plays an important role in learning and
memory. Its upstream protein, PI3K, is phosphorylated upon
N-methyl-D-aspartate (NMDA) receptor-dependent CaMKII
activity (19). GSK3p, on the other hand, its activity is enhanced
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during long-term depression (LTD) via activation of PP1; con-
versely, following the induction of LTP, there is inhibition of
GSK3 activity (35). In behavioral study, by WT interruption, we
proved that PI3K/GSK3 pathway also plays an important role in
the neuroprotective effects of geniposide.

On the aspect of diabetic treatment, the remarkable advance
of GLP-1 is that it could enhance insulin secretion and inhibits glu-
cagon in a glucose-dependent manner (40). In the single geniposide
treatment group, the activity of GSK3[ did not show any significant
change compared with control group (Figure 4C,D). The result
suggested an interesting phenomenon that GSK3f regulated by
geniposide hinges on the impairment of STZ, which could be an
indication about the safety advance of this drug. And the underlying
mechanism of this phenomena might have some sophisticated
relationship with the glucose-dependent manner of GLP-1, which is
worth exploring. Geniposide is water soluble and orally active that
can readily cross the blood—brain barrier. In addition to reliving the
symptoms of diabetes, geniposide has been used to ameliorate
many other types of illness in traditional Chinese medicine, such as
improving mood and sleep that are both common problems in AD.
In summary, the Chinese herbal medicine geniposide may serve as
a novel therapeutic agent for the treatment of sporadic AD in the
early stage of the disease process to delay or prevent the onset of
irreversible cognitive impairment.
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