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Abstract: Memory deterioration and synapse damage with accumulation of β-amyloid and hyperphosphorylated tau 
are hallmark lesions of Alzheimer’s disease (AD). Methylglyoxal (MG), a key intermediate of glucose metabolism, is 
elevated in AD brains and modifies Aβ42, increasing misfolding and leading to the accumulation of senile plaques. 
Liraglutide, an analog of glucagon-like peptide-1 (GLP-1), is neurotrophic and neuroprotective. However, whether 
liraglutide can protect against AD-like memory-related deficits and tau hyperphosphorylation caused by MG in vivo 
is not known. Here, we report that MG induces tau hyperphosphorylation and causes ultrastructural hippocampal 
damage and cognitive impairment in C57BL/6J mice. Liraglutide reduced these effects via activation of the protein 
kinase B and glycogen synthase kinase-3β pathways. Our data reveal that liraglutide may alleviate AD-like cognitive 
impairment by decreasing the phosphorylation of tau. 
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Introduction

Alzheimer’s disease (AD) is the leading cause  
of dementia, and is characterized by progres-
sive cognitive decline, neuronal loss, memory 
impairment, and changes in behavior and per-
sonality [1]. It is becoming more prevalent in 
aging populations worldwide [2]. Accumulation 
of senile plaques composed of amyloid beta 
(Aβ) peptide and neurofibrillary tangles of 
hyperphosphorylated tau proteins, are patho-
logical hallmarks of AD [3, 4]. Aβ is a 40 or 42 
amino acid peptide derived from the cleavage 
of amyloid precursor protein by γ-secretase [5]. 
Accumulation of Aβ can increase intracellular 
Ca2+ loading and induce oxidative stress and 
neurodegeneration [6]. Tau is a microtubule-
associated protein involved in promoting and 
maintaining microtubule stability under normal 

physiological conditions [7]. In people with AD, 
tau is hyperphosphorylated and polymeriz- 
ed into straight and paired helical filaments, 
known as neurofibrillary tangles [8]. The loss  
of normal tau function leads to pathological 
cytoskeletal disturbances, which affect normal 
neuronal functions such as axonal transport 
and maintenance of appropriate morphology, 
leading to neurodegeneration and synaptic dys-
function [9].

The deregulation of glucose metabolism leads 
to the production of numerous reactive carb- 
onyl compounds such as methylglyoxal (MG), 
which may be an important factor in the 
pathomechanism of cognitive impairment [10-
12]. MG is a key intermediate of glucose me- 
tabolism, produced during glycolysis from tri- 
osephosphates or nonenzymatically by sugar 
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fragmentation reactions [13, 14]. It is the major 
precursor to advanced glycation endproducts 
(AGEs) [15]. Higher levels of baseline MG are 
associated with cognitive decline and neurode-
generation [16, 17], and MG modifies Aβ42, 
increasing misfolding and leading to the accu-
mulation of senile plaques [18]. In primary cul-
tured hippocampal neurons, MG activates cas-
pase-3 and decreases the ratio of Bcl-2/Bax, 
inducing apoptotic cell death [19]. Furthermore, 
MG increases tangle formation in vivo and this 
process might be accelerated by hyperphos-
phorylation [20]. MG rapidly modifies proteins 
and other substrates to generate AGEs, which 
can contribute to cross-linking of protein fibrils 
and to proinflammatory signaling, which all con-
tribute to the pathological changes and demen-
tia of AD [21]. 

Liraglutide, a glucagon-like peptide-1 analog, is 
a novel long-lasting incretin mimetic, which has 
been used to treat type 2 diabetes mellitus 
[22]. Emerging evidence indicates that GLP-1 is 
neurotrophic and neuroprotective, and that 
GLP-1 analogs protect neurons from glutamate 
toxicity in vitro [23], reduce the levels of Aβ in 
the brain [24], and decrease hyperphosphoryla-
tion of tau protein [25]. Furthermore, liraglutide 
has been shown to prevent synapse loss and 
deterioration of synaptic plasticity in the hippo-
campus in 7- and 14-month-old APP/PS1 mice 
[26, 27]. The drug also enhances neuroblasto-
ma cell viability, reduces cytotoxicity and apop-
tosis via the activation of the cell survival kinas-
es Akt and MEK1/2 and the transcription factor 
p90RSK, and decreases pro-apoptotic Bax and 
Bik expression during MG-induced stress [28]. 

In the present study, we show that intracerebro-
ventricular (i.c.v.) administrationof MG directly 
induced AD-like tau hyperphosphorylation via 
activation of glycogen synthase kinase-3β 
(GSK-3β). In addition, the effects of liraglutide 
on tau hyperphosphorylation and neuronal 
ultra-structure were evaluated. 

Materials and methods

Reagents and animals 

Male C57BL/6J mice (Department of Rese- 
arch Animal Center, Shanghai, China), were 
housed in groups of five in individually ventilat-
ed cages (Tecniplast, Buguggiate, Italy), in a 
pathogen-free, temperature- and humidity-con-

trolled environment (23 ± 1°C; 50%-60% hu- 
midity) under a 12-h light/dark cycle at Fujian 
Medical University. Mice received a unique 
identity number (ear tag) and were randomized 
to individual experimental groups. All experi-
ments were approved by the Fujian Animal 
Research Ethics committee. MG and Aβ1-42 
(Sigma, St. Louis, MO, USA) were diluted with 
0.9% (w/v) sterile physiological saline (NS). 
Liraglutide (Novo Nordisk) was dissolved in NS 
to a concentration of 2.5 nmol/ml as a 10× 
stock solution and diluted to 1× before use.

Drug administration

Body weight was monitored weekly throughout 
the experiment. Mice were 9 weeks old when 
i.c.v. administration began. At the beginning of 
the dark phase, mice were anesthetized with 
10% (v/v) chloral hydrate (4 ml/kg) and placed 
in a stereotactic device (Narishige, Tokyo, 
Japan). A bolus injection was performed using a 
Hamilton syringe and an i.c.v. injection cannula 
(internal diameter, 0.11 mm). A micropump (KD 
Scientific, Holliston, MA, USA) was used to con-
trol the injection rate at 0.2 μl/min. MG (0.35, 
0.7, or 1.4 µmol), Aβ1-42 (410 pmol) or NS, each 
in a volume of 3 µl, were injected i.c.v. accord-
ing to the Allen brain atlas [29], using the fol-
lowing coordinates: anteroposterior: -1.0 mm; 
mediolateral: -0.4 mm; dorsoventral: -2.5 mm 
[30]. These mice were then tested in a Morris 
water maze (see 2.3, below), and the tissue 
from mice in the 0.7-µmol MG group was used 
for western blotting. 

Another 40 mice were then randomly divided 
into four groups: control, liraglutide, MG, and 
MG + liraglutide. Mice received a 3-µl i.c.v. 
injection of 0.7 µmol of MG or NS, and subse-
quent once daily subcutaneous injections of 
liraglutide (25 nmol/kg body weight) or an 
equivalent volume of NS for 8 weeks. The mice 
were sacrificed and the left and right hippo- 
campus was collected for transmission elec-
tron microscopy (TEM), enzyme-linked immuno-
sorbent assay (ELISA) and western blot assay.

Morris water maze

The Morris water maze was used to evaluate 
learning and memory in the mice, using a circu-
lar pool (diameter, 120 cm; height, 30 cm) filled 
with water at 24 ± 1°C. A transparent escape 
platform (diameter, 10 cm; height, 23 cm) was 
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submerged 1 cm beneath the water and plac- 
ed at a fixed position at the center of one of  
the quadrants. The task was performed as 
described previously [31]. Briefly, in the acquisi-
tion phase (days 1-5), mice underwent four tri-
als per day with a 10-min intertrial interval, for 
5 consecutive training days. Four starting posi-
tions, equally spaced along the circumference 
of the pool, were randomized across the four 
trials each day. If a mouse did not reach the 
platform within 60 s, it was gently guided there 
and was allowed to remain on it for 15 s before 
being returned to its home cage. The time taken 
to search for the transparent platform was 
recorded as the escape latency. The escape 
latency and swimming speed were recorded by 
behavioral software (Ethovision 3.0, Noldus 
Information Technology, Wageningen, the 
Netherlands). On day 6, a probe trial was per-
formed to assess spatial memory retention. 
During this trial, mice were allowed to swim 
freely for 60 s, but no platform was present. 
The time spent in the target quadrant where 
the escape platform had been located during 
the acquisition trial was calculated and the 
number of times mice crossed over the target 
quadrant was also recorded.

Glucose, insulin, glucagon, and GLP-1 receptor 
measurements

Blood glucose levels were measured in whole 
venous blood collected from the tail using a 
blood glucose meter (OneTouch UltraLink 
Meter, LifeScan, Shanghai, China). Insulin and 
glucagon plasma levels, and insulin and GLP-1 
receptor levels in the right hippocampus, were 
measured using ELISA kits (Cloud-Clone Corp., 
Houston, TX, U.S.A.), according to the manu- 
facturer’s instructions. 

TEM

The mice were anesthetized with 10% chloral 
hydrate and perfused transcardially with physi-
ological saline followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer solution (PBS), 
both at 4°C. The brain was removed and the 
CA1 subregion of the right hippocampus was 
dissected rapidly on ice. Samples were post-
fixed by immersion in 2.5% buffered glutaralde-
hyde followed by 1% osmium tetroxide, dehy-
drated through an ascending ethanol gradient, 
and embedded in Epon 812. Images were 
acquired using a Philips EM 208 transmission 
electron microscope.

Western blot

Western blotting was performed as reported 
previously [32]. The protein concentration in 
the supernatant was detected using a bicin- 
choninic acid assay kit (Beyotime, Shanghai, 
China) according to the manufacturer’s instruc-
tions. Proteins were separated using 10% so- 
dium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE; 80 µg of protein lysate 
per line). The blots were incubated overnight at 
4°C with the primary antibodies: β-actin, tau 
(both 1:1000; both from Cell Signaling Tech- 
nology), phospho-tau Ser202/199 (1:3000), 
phospho-tau Ser396 (1:4000) (both from 
Abcam), Akt (1:200; BosterBio), phospho-Akt 
Ser473, GSK-3β, phospho-GSK-3β Ser9, pro-
caspase-3, and cleaved caspase-3 (all 1:1000; 
all from Cell Signaling Technology). The mem-
branes were then incubated with horseradish 
peroxidase-conjugated anti-rabbit or anti-
mouse IgG (1:3000; Cell Signaling Technology) 
for 1 h at room temperature and visualized by 
exposure to Kodak film after detection with a 
chemiluminescent reagent (Millipore). Image J 
analysis software was used to quantify the den-
sity of the bands.

Statistics

All data are expressed as the mean ± standard 
error. SPSS 18.0 and GraphPad Prism 5 were 
used for statistical analysis and diagrams. In 
the acquisition phase of the Morris water maze 
task, latency and swimming speed data were 
analyzed by two-way repeated measures analy-
sis of variance (ANOVA); probe trial data were 
analyzed by one-way ANOVA. Other behavioral 
data and protein expression data were ana-
lyzed using one-way ANOVA with least signifi-
cant difference (equal variances assumed) or 
Dunnett’s T3 (equal variances not assumed) 
post hoc tests and Bonferroni multiple compar-
isons correction. The statistical significance 
level was set at P<0.05.

Results

MG impaired spatial learning and memory

To explore the effect of MG on the acquisition 
and retrieval of spatial memory, we evaluated 
the performance of mice in the Morris water 
maze task after a single 3-µl i.c.v. injection of 
MG (0.35, 0.7 or 1.4 µmol). NS and Aβ were 
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used as a negative and positive control, respec-
tively. As expected, the mice in the NS group 
were quick to find the escape platform and 
spent a lot of time in the target quadrant. In 
comparison, mice in the Aβ group took longer  
to find the platform and spent less time in the 
target quadrant (P<0.05), indicating a marked 
deficit in cognitive ability. All concentrations of 
MG significantly impaired performance during 
the acquisition phase and in the probe trials 
(P<0.05; Figure 1). Mice in the MG group had 
longer escape latencies than those in the NS 
group (P<0.05; Figure 1A). However, no signifi-
cant differences were found in swimming 
speeds among the five groups during the train-
ing days (P>0.05; Figure 1B). These results 
indicate that the increased latency in mice after 
MG was owing to their deficient spatial memory 
rather than any motor impairment. In the probe 
trials, the time spent in the target quadrant was 
significantly shorter in mice that received MG 

than in mice that received NS (P<0.05; Figure 
1C) and mice in the MG groups crossed the 
position where the platform had been located 
significantly fewer times than those in the NS 
group (P<0.05; Figure 1D). However, there was 
no significant difference between the three 
doses of MG, indicating that the cognitive dam-
age caused by MG does not occur in a concen-
tration-dependent manner.

MG induced tau hyperphosphorylation through 
the GSK-3β pathway 

To explore the molecular mechanisms underly-
ing the memory deficit in mice that received 0.7 
µmol of MG, the expression of phospho-tau 
Ser202/199 and phospho-tau Ser396 was 
measured by western blotting of hippocampal 
lysates. The expression of both was significant-
ly greater in the MG group than in the NS group 
(P<0.05; Figure 2A). However, total tau protein 

Figure 1. MG (i.c.v.) induced performance deficits (Morris water maze task). A. Mean escape latency decreased 
with increased training. Latency was significantly longer after MG (0.35, 0.7 or 1.4 µmol) than after NS (P<0.05). 
B. No differences in swimming speed were observed among the five groups. C. In the spatial probe trial, mice spent 
significantly less time in the target quadrant after MG (0.35, 0.7 or 1.4 µmol) than after NS (P<0.05). D. Mice made 
significantly fewer crossings of the target location after MG (0.35, 0.7 or 1.4 µmol) than after NS (P<0.05). The dif-
ference in effect between the three concentrations of MG was not significant (P>0.05). n = 7-10 mice per group. 
*P<0.05 vs. NS group; **P<0.01 vs. NS group. Aβ, amyloid beta (positive control); MG, methylglyoxal; NS, normal 
saline (negative control).
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was not significantly different between groups 
(P>0.05). These results indicate that MG may 
preferentially induce tau phosphorylation. To 
further investigate the molecular mechanism 
involved in MG-induced memory deficit, phos-
pho-Akt and phospho-GSK-3β expression lev-
els were also measured by western blot (Figure 
2B). Expression of both was significantly lower 
in the MG group than in the NS group (P<0.05), 
whereas total levels of these proteins were 
unchanged (P>0.05). These results indicate 
that MG may promote tau hyperphosphoryla-
tion in mice by inhibiting Akt and activating 
GSK-3β.

Liraglutide alone did not affect normal cogni-
tive behavior but prevented MG-induced 
impairment of spatial learning and memory

To investigate the protective effect of liraglu-
tide against cognitive impairment induced by 
0.7 µmol of MG, the performance of mice that 
received NS, liraglutide, MG, or MG + liraglutide 
was examined in the Morris water maze. 
Liraglutide alone had no effect on escape 
latency or distance moved when searching for 
the hidden platform (P>0.05; Figure 3A). 
Importantly, liraglutide markedly protected 
against MG-induced spatial cognition deficits 
(P<0.05). In the acquisition phase, the escape 
latency in the MG + liraglutide group was signifi-

were both significantly greater in the MG + lira-
glutide group than in the MG group (P<0.05). 
Typical probe trial swimming tracks of mice in 
each group are shown in Figure 3E. These 
results indicate that liraglutide protected 
against MG-induced learning and memory 
impairments.

Liraglutide increased hippocampal GLP-1 
receptor expression

After behavioral testing, plasma glucose (Fig- 
ure 4A), plasma insulin (Figure 4B), plasma glu-
cagon (Figure 4C), and hippocampal insulin 
(Figure 4D) were measured by ELISA. No differ-
ences were observed between the groups in 
any of these measures (P>0.05), indicating  
that liraglutide does not promote insulin secre-
tion when plasma glucose is within the normal 
range. However, subcutaneous liraglutide in- 
creased hippocampal GLP-1 receptor expres-
sion compared with the NS group (P<0.05; 
Figure 4E).

Liraglutide protects against MG-induced ultra-
structural changes at the synaptic and cellular 
level

In mice in the NS and liraglutide groups, the 
typical structure of the chemical synapse [33] 
was observed in the hippocampal CA1 region 

Figure 2. MG induced tau hyperphosphorylation via the GSK-3β pathway 
(Western blot). Phospho-tau (Ser396), phospho-tau (Ser202/199), tau, 
phospho-Akt (Ser473)/Akt and phospho-GSK-3β/GSK-3β protein in the hip-
pocampus. Compared with the NS group, the 0.7-µmol MG group showed 
(A) higher phospho-tau (Ser202/199) and phospho-tau (Ser396) expression; 
(B) Lower phospho-Akt (Ser473) and phospho-GSK-3β protein expression. 
Total levels of these proteins were unchanged. The samples derived from the 
same experiment and blots were processed in parallel. β-actin was used as a 
loading control. n = 6 mice per group. GSK-3β, glycogen synthase kinase-3β; 
MG, methylglyoxal; NS, normal saline.

cantly lower than that in the 
MG group (P<0.05). There 
was no difference between 
the four groups in the swim-
ming speed on the training 
days (P>0.05; Figure 3B). In 
the probe trials, with the plat-
form removed, liraglutide sh- 
owed no effect on memory, 
with no significant difference 
being observed in the prefer-
ence to swim in the target 
quadrant between this group 
and the control group (P>0.05; 
Figure 3C, 3D). However, 0.7 
µmol of MG significantly de- 
creased the percentage of 
time spent in the target quad-
rant (P<0.05) and the num- 
ber of times the previous lo- 
cation of the platform was 
crossed (P<0.05). Further- 
more, the time spent in the 
target quadrant and the num-
ber of target location crosses 
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using TEM (Figure 5A, 5B). The pre- and post-
synaptic membranes were parallel to each 
other, and the synaptic cleft appeared as a nar-
row gap. Inside the presynaptic membrane, 
there were plenty of synaptic vesicles contain-
ing neurotransmitters. On the intracellular sur-
face of the postsynaptic membrane was a cen-
tralized postsynaptic density. In mice that 

received 0.7 µmol of MG, synaptic structure 
differed from that of the control and liraglutide 
groups. The presynaptic region was deformed, 
there were fewer synaptic vesicles, and the 
areas of the postsynaptic region and postsyn-
aptic density were smaller. The synaptic cleft 
was markedly expanded and the postsynaptic 
membrane appeared dilated (Figure 5C). 

Figure 3. Liraglutide alleviated MG-induced performance deficits (Morris water maze). A. Escape latency in the MG 
group (0.7 µmol) was longer than in the NS (P<0.05) and liraglutide (P<0.05) groups, and the escape latency of 
mice in the MG + liraglutide group was shorter than that in the MG group (P<0.05). B. No difference in swimming 
speed was observed among the four groups (P>0.05). C. Mice in the NS, liraglutide, and MG + liraglutide groups 
spent significantly more time in the target quadrant than mice that received MG alone (P<0.05) in the spatial probe 
trial. D. NS, liraglutide, and MG + liraglutide groups crossed the area of the submerged platform significantly more 
often than mice in the MG group (P<0.05). E. Typical swimming tracks of mice during probe trials. n = 10 rats per 
group. *P<0.05. MG, methylglyoxal; NS, normal saline.
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However, in the MG + liraglutide group, the syn-
aptic structure was more regular than in the MG 
group, with more vesicles evenly distributed in 
the anterior region, more regular presynaptic 
membranes, and a slightly thickened postsyn-
aptic membrane (Figure 5D). These observa-
tions suggest that liraglutide protects the syn-
aptic structure of the CA1 region against MG in 
mice.

The cellular ultrastructure (mitochondria, Golgi 
apparatus, and lysosomes) of the CA1 appear- 
ed normal in the NS and liraglutide groups 
(Figure 6A, 6B). In contrast, in the 0.7 µmol MG 
group, the structure of the organelles was irreg-
ular, mitochondria were swollen and showed 
fewer and fractured cristae, and aggregated 
lipofuscin was observed (Figure 6C). However, 
in the MG + liraglutide group, there was less 
organelle damage than in the MG group; organ-

tern blotting was carried out on hippocampal 
lysates to measure phospho-tau Ser202/199 
and phospho-tau Ser396 expression. Com- 
pared with the NS group, the expression of both 
proteins was elevated in the MG group (Figure 
7A-D). Furthermore, we observed that hyper-
phosphorylation of tau at Ser202/199 and 
Ser396 in the hippocampus was lower in the 
MG + liraglutide group than in the MG group. 
There was no significant difference in total tau 
protein expression among the groups. These 
results indicated that liraglutide reduced cas-
pase-3 activation and tau hyperphosphoryla-
tion induced by MG.

Liraglutide activated the GSK-3β signaling 
pathway

To investigate whether liraglutide inhibited  
tau phosphorylation in mice with MG-induced 

Figure 4. Liraglutide increased the 
expression of GLP-1 receptor in the 
hippocampus (ELISA). A: Blood glu-
cose; B: Plasma insulin; C: Plasma 
glucagon; D: Hippocampal insulin; 
E: Hippocampal GLP-1 receptor. No 
differences were observed among 
the other groups (P>0.05); n = 6 per 
group *P<0.05. GLP-1, glucagon-like 
peptide 1; MG, methylglyoxal; NS, 
normal saline.

elles were more regularly 
shaped and larger numbers 
of mitochondrial cristae were 
observed, and there was less 
lipofuscin (Figure 6D). These 
results suggest that liraglu-
tide alleviates the cell dam-
age induced by MG.

Liraglutide reduced MG-
induced activated caspase-3 
expression and tau hyper-
phosphorylation

Caspase-3 is an important 
biomolecule in intracellular 
apoptotic pathways and is 
activated in neurons and 
astrocytes in AD [34]. In the 
0.7 µmol MG group, expres-
sion of cleaved caspase-3 
was significantly greater than 
in the NS and liraglutide 
groups (P<0.05; Figure 7A, 
7B). However, cleaved cas-
pase-3 expression was signifi-
cantly lower in the MG + lira-
glutide group than in the MG 
group (P<0.05). Total cas-
pase-3 did not differ among 
the four groups (P>0.05). 

Hyperphosphorylated tau pro-
tein is a key component of 
neurofibrillary tangles. Wes- 
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AD-like features, we measured the expression 
of Akt and GSK-3β, two protein kinases impor-
tant in modulating tau phosphorylation. GSK3β 
is a major tau kinase in the brain and phosphor-
ylates tau at various sites including Ser199, 
Ser202, and Ser396 [35]. Activated phospho-
Akt phosphorylates GSK-3β at Ser9 and inhib-
its its kinase activity [36]. In the present study, 
we found a significantly lower level of phosphor-
ylation of both Akt and GSK-3β in mice that 
received MG than in those that received NS 
(P<0.05) whereas the total level of both kinas-
es was unchanged (P>0.05) (Figure 8A, 8B). 
Liraglutide administration for 8 weeks resulted 
a recovery of phosphorylation of both Akt and 
GSK-3β (P<0.05) (Figure 8A-C). These results 
indicated that liraglutide delivery inhibits tau 
hyperphosphorylation by activating Akt and 
inhibiting GSK-3β activity in MG-treated mice.

Discussion

The present study has shown that i.c.v. admin-
istration of MG induces cognitive impairment 

tau dimers and higher molecular weight oligo-
mers [20]. Therefore, we hypothesized that  
MG modulates tau phosphorylation. Serum  
MG concentration is associated with cognitive 
decline in elderly individuals [16] and MG le- 
vels are elevated in the cerebrospinal fluid of 
people with AD [41]. We used three concentra-
tions of MG to explore its effect on cognitive 
ability in mice. The concentrations were based 
on previous reports of MG levels in the mouse 
brain [42-45]. We found that all three concen-
trations tested impaired learning and memory, 
but the difference between doses of MG was 
not significant owing to large intergroup varia-
tions. Importantly, we found that MG resulted  
in tau hyperphosphorylation at multiple AD-re- 
lated sites and at all three doses tested.

Recent studies have shown that analogs of 
GLP-1, such as liraglutide, improve cognition 
via neurotrophic effects [46, 47]. GLP-1(9-36) 
amide, a natural cleavage product of GLP-1, 
prevented impairments in long-term potentia-

Figure 5. Liraglutide alleviates MG-induced synaptic structure degradation 
(TEM). (A, B) Chemical synapses in mice that received NS (A) or liraglutide 
(B) appeared normal: the postsynaptic density was centralized on the intra-
cellular surface of the opposing postsynaptic membrane; synaptic vesicles 
were observed inside the presynaptic membrane; the synaptic cleft was nar-
row and with parallel membranes either side. (C) In mice that received MG, 
synaptic structure was destroyed, with fewer synaptic vesicles, a smaller 
postsynaptic region, deformed anterior region, and a smaller postsynaptic 
density; the synaptic cleft was markedly widened and the postsynaptic mem-
brane was swollen. (D) In the MG + liraglutide group, vesicles were evenly 
distributed in the presynaptic area, and the postsynaptic membrane was 
slightly thickened. Compared with the MG group, the synaptic form was more 
regular and the cleft was recognizable. Solid arrow, synapse; dotted arrow-
heads, synaptic vesicles. n = 3 mice per group. Scale bar = 300 nm. TEM, 
transmission electron microscopy; MG, methylglyoxal.

accompanied by ultrastruc-
tural changes in pyramidal 
cells and synapses, and regu-
lation of tau-associated pro-
teins in the hippocampus. Im- 
portantly, we also found that 
liraglutide alleviated MG-in- 
duced cognitive impairment 
and activated the Akt/GSK3β 
signaling pathway in the hip-
pocampus, which is known  
to decrease tau phosphoryla- 
tion. 

Tau hyperphosphorylation is  
a pathological hallmark and 
an early event in the deve- 
lopment of AD [37, 38]. 
Therefore, modulating tau 
phosphorylation may prevent 
the progression of AD pathol-
ogy [39]. However, tau hyper-
phosphorylation remains in- 
completely understood owing 
to the contribution of many 
factors in the cellular environ-
ment. Previous studies have 
shown that MG induces tau 
hyperphosphorylation by pro-
moting the formation of AGEs 
[40]. Furthermore, MG accel-
erates tangle formation in 
vivo, in terms of formation of 
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tion and enhanced long-term depression 
induced by exogenous Aβ1-42 [48]. Liraglutide 
significantly increased memory retention and 
numbers of hippocampal CA1 region pyramidal 
neurons in SAMP8 mice compared with age-
matched vehicle-injected SAMP8 mice [49]. 
Furthermore, liraglutide increased the expres-
sion of the pro-survival signaling protein Mcl-1, 
activated the cell survival kinases Akt and 
MEK1/2 and the transcription factor p90RSK, 
increased the membrane potential, and caused 
an influx of calcium in human neuroblastoma 
SH-SY5Y cells exposed to MG stress [28]. 
Interestingly, learning and memory can be 
improved when GLP-1 receptors are overex-
pressed in the hippocampus, whereas long-
term potentiation and spatial learning and 
memory decline when GLP-1 receptors are 
knocked out in the hippocampus [50, 51]. 
Importantly, liraglutide can cross the blood–
brain barrier and GLP-1 receptors are express- 
ed in the brain, including the hippocampus, an 
area involved in memory formation [26, 52]. 
Together, this indicated that subcutaneous 
injections of liraglutide might play a protective 

creased tau hyperphosphorylation at both the 
Ser199/202 and Ser396 sites, which are asso-
ciated with AD [54, 55]. Tau phosphorylation is 
regulated by protein kinases and phosphatases 
[56]. Several kinases phosphorylate tau in 
vitro, including GSK-3β [57, 58], cyclin depen-
dent protein kinase 5 [59, 60], cAMP-depen-
dent protein kinase, and stress-activated pro-
tein kinase [61, 62]. Previous reports have 
shown that MG induces AD-like tau hyperphos-
phorylation via formation of AGEs, involving 
upregulation of the receptor for advanced gly-
cation end products (RAGE), and activation of 
GSK-3β [40], In the brain of a rat model of type 
2 diabetes, liraglutide was shown to decrease 
phosphorylation of Akt at Ser308 and GSK-3β 
at Ser9, which indicated inactivation of GSK-3β 
[36]. We therefore examined the effect of lira-
glutide on the Akt-GSK3β signaling pathway 
and, in agreement with previous studies, we 
found that it ameliorated the MG-induced 
increase in tau phosphorylation at Ser199/202 
and Ser396, and that this effect appeared to 
be associated with the downregulation of brain 
GSK-3β activity.

Figure 6. Liraglutide alleviates MG-induced cell structure degradation (TEM). 
(A, B) Cell ultrastructure appeared normal in mice that received NS (A) and 
liraglutide (B); cells contained many mitochondria, Golgi apparatus, and ly-
sosomes, which all appeared structurally normal. (C) In the MG group, or-
ganelle structure was irregular, mitochondria were swollen, with few and 
fractured cristae; abundant lipofuscin was observed in the CA1 region. (D) In 
the MG + liraglutide group, damage to organelles was somewhat alleviated; 
observations included less lipofuscin, more regular organelle structure, and 
more mitochondrial cristae compared with the MG group. Solid arrow, mito-
chondria; dotted arrowheads, lipofuscin. n = 3 per group. Scale bar = 300 
nm.

role against MG-induced im- 
pairments in learning and 
memory. Therefore, in the 
present study, we used sub- 
cutaneous injections of lira-
glutide to explore the possible 
protective effect on cognition, 
which was impaired by 0.7 
µmol of MG. As expected, we 
found that liraglutide reversed 
MG-induced impairments in 
spatial learning and memory 
in the Morris water maze. 
Furthermore, morphological 
changes at the synapse co- 
rresponded to an overall 
decrease in synaptic function 
[53]. Our TEM images reveal- 
ed that MG-induced neuronal 
and synaptic damage was 
reduced by liraglutide, sup-
porting a previous study in 
which (Val8) GLP-1 reversed 
damage to the nucleolus and 
nucleus induced by i.c.v. 
streptozotocin [25].

In addition, peripheral liraglu-
tide injections significantly de- 
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Conclusions

Taken together, our results show that MG 
impairs cognitive function by inducing ultra-
structural changes in synapses and pyramidal 
neurons, and increases tau phosphorylation. 
Liraglutide effectively reversed this cognitive 
impairment and prevented ultrastructural  
damage in AD-like model mice after MG. Fur- 
thermore, liraglutide reduced MG-induced 
hyperphosphorylation of tau in the brain at sev-
eral phosphorylation sites by increasing Akt 
phosphorylation and decreasing GSK-3β activi-

ty. These findings provide evidence that target-
ing MG may be a promising therapeutic strate-
gy to prevent AD-like tau hyperphosphorylation, 
and that liraglutide or similar stable GLP-1 ana-
logs are a promising therapy for slowing or 
reversing degenerative processes observed in 
diseases such as AD.
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