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Abstract

The purpose of the present study was to elucidate the pharmacological effects of Geniposide (GEN) on high diet fed and streptozotocin
(STZ)-caused diabetic cognitive impairment. The mice were fed with high fat diet (HFD) for 4 weeks and intraperitoneally injected
with 60 mg/kg STZ for three times within 72 h. The mice with glucose level over 15 mmol/l were regarded as diabetic and selected for
further studies. The animals were intragastrically treated with metformin or GEN once daily for 4 weeks. Afterwards, the animals were
applied for Y maze, novel object recognition (NOR) test, step-through passive avoidance test, and Morris water maze (MWM) test. The
blood glucose and body weight were examined. The SH-SYSY cells were treated with GEN in the presence or absence of ibrutinib and
stimulated with high-glucose culture medium. The tumor necrosis factor-a (TNF-«) and interleukin (IL)-6 in serum, hippocampus, and
supernatant were measured using ELISA method. The protein expressions of Bruton’s tyrosine kinase (BTK), Toll-like receptor 4
(TLR4), myeloid differentiating factor 88 (MyDS88), nuclear factor kappa-B (NF-kB), p-NF-«B, brain-derived neurotrophic factor
(BDNF), cAMP-response element binding protein (CREB), p-CREB, and glucagon-like peptide-1 receptor (GLP-1R) were detected
by western blot analyses. As a result, the GEN treatment notably attenuated the body weight, blood glucose, and cognitive decline.
GEN also inhibited the generations of inflammatory cytokines. Furthermore, the administrations of GEN ameliorated the alterations of
BTK, TLR4, MyD88, NF-kB, and BDNF in HFD + STZ-induced mice. With the application of ibrutinib, the selective inhibitor of
BTK, it was also found that BTK/TLR4/NF-kB pathway was associated with the GEN treatment in high glucose-induced SH-SY5Y
cells. In summary, the results suggested that GEN exerted the protective effect on STZ-induced cognitive impairment possibly through
the modulation of BTK/TLR4/NF-kB signaling.
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Introduction

In recent years, diabetes mellitus (DM) is widely acknowledged
as a common metabolic dysfunction worldwide (Wu et al.
2017a). A variety of diabetic complications are observed in sev-
eral organs both in peripheral and central nervous systems.
Among them, the diabetic encephalopathy including brain atro-
phy and cognitive impairment frequently influences the life qual-
ity of patients (Infantegarcia et al. 2017). The cognitive function
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includes calculation, executive ability, memory, and spatial ori-
entation (Geng et al. 2018). The diabetic patients suffer higher
risk of cognitive decline than those without diabetes. The
neurocognitive dysregulation—combined diabetes mellitus may
deteriorate into Alzheimer’s disease (Wang et al. 2017a). The
early diagnosis and treatment of cognitive impairment play a
critical role for preventing the process in DM patients.
Although mounting studies have studied diabetic-induced cogni-
tive dysfunction during the past few decades, its etiology has not
been fully understood. Additionally, there are seldom specific
drugs treating this disorder without severe side effect in clinical.
Thus, it is urgent to investigate the pathogenesis and explore the
effective drug for diabetic cognitive dysfunction.

The long-term hyperglycemia initiates the degenerative pro-
cesses which contribute to dysregulation of glucose metabolism,
damage of nerve tissues, dysregulation of cognitive function, and
overproduction of inflammatory mediators (Rasheed et al. 2018)
in the brain. Streptozotocin (STZ), a compound leads to
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degeneration and necrosis of pancreatic 3 cells, has been widely
used coupled with long-term high-glucose fat (HGF) diet to in-
duce type 2 diabetic impairment (Wu et al. 2017b). Although the
pathogenesis of the STZ-induced cognitive dysfunction has not
been fully demonstrated, several studies confirmed that the high
concentration of glucose promoted the expressions of inflamma-
tory cytokines including interleukin (IL)-6 and tumor necrosis
factor (TNF)-« (Liu et al. 2016).

Bruton’s tyrosine kinase (BTK), a multifunctional non-
receptor tyrosine kinase, is a member of TEC kinase family.
Kendall et al. elicited that BTK deficiency prevented diabetes
(Kendall et al. 2009). It has been recently demonstrated that
the inhibition of BTK prevents microglial activation and
Alzheimer’s disease (Xia et al. 2018). BTK is also implicated
with inflammatory reaction in intracerebral hemorrhage
(Wang et al. 2018). Former investigators indicated that BTK
could interact with Toll-like receptors including TLR4, which
promoted the phosphorylation of NF-kB. NF-kB is the crucial
transcriptional factor governing the generation of inflammato-
ry cytokines (Chisato et al. 2015). Although seldom investi-
gators reported the role of BTK in diabetic cognition, it was
hypothesized that BTK was the therapeutic target for high fat
diet (HFD)/STZ—induced cognitive decline in the present
work.

Gardenia jasminoides (Cape jasmine) are long standing
used for contusion, hepatic disease, brain injury, and inflam-
mation in Traditional Chinese Medicine (Zhao et al. 2016).
Geniposide (GEN), a bioactive iridoid glycoside isolated from
the gardenia fruit, exhibits a broad spectrum of properties
including anti-oxidative, anti-inflammatory, and anti-diabetic
activities (Hu et al. 2018a). Recently, GEN has been suggested
to attenuate cognitive deficiency in Alzheimer’s disease (Zhao
et al. 2017). GEN also decreased the hippocampal content of
AP 4> in APP/PS1 transgenic mice (Liu et al. 2017a).
However, scarce literatures reported the effect of GEN on
HFD + STZ-induced cognitive impairment. The present study
was carried out to evaluate the pharmacological effect of GEN
on HFD + STZ-induced cognitive decline and investigate its
potential mechanism.

Methods
Regents

Geniposide (purity > 98%; Fig. 1) was produced by Xi’an
Kailai Biological Engineering Co., Ltd. (Xi’an, China).
Metformin hydrochloride (Met) was purchased from Jiangsu
Suzhong Pharmaceutical Group (Taizhou, China). Ibrutinib
was purchased from MCE (NJ, USA). All the drugs were
dissolved in sterilized PBS and DMSO [with DMSO concen-
tration less than 0.1% (v/v)]. BCA protein concentration de-
termining kit was provided by Beyotime Biotech Co., Ltd.
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Fig. 1 The structural formula of GEN

(Wuhan, China). The enzyme-linked immunosorbent assay
(ELISA) detecting kits for TNF- and IL-6 were supplied
from Elabscience Biotech. Co., Ltd. (Wuhan, Hubei, China).
Streptozocin (STZ) and DMSO were obtained from Sigma
(St. Louis, USA). High-glucose Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
produced by GIBCO-BRL (Grand Island, USA). The corre-
sponding primary antibodies including anti-TLR4 (#14358),
anti-MyD88 (#4283), anti-p-NF-kB (#3039), anti-NF-«B
(#8242), anti-BDNF (#4201), anti-CREB (#9197), anti-p-
CREB (#9198) and anti-GAPDH (#5174) antibodies were
obtained from Cell Signaling Technology (Danvers, USA).
Anti-GLP-1R (ab108443), Anti-BTK (ab208937) and anti-
pY223 BTK (p-BTK, ab68217) were provided by abcam
(Cambridge, UK).

Animals

Male ICR mice, 810 weeks old, were purchased from
Qinglongshan Experimental Animal Breeding Farm
(Nanjing, China) 5 days prior to the experiment for adaption.
The animals were maintained under controlled condition with
a 12-h light/dark cycle at 25 + 2 °C. All the mice consumed
food pellets and had free access to water. All animal experi-
ments were conducted according to the National Institutes of
Health Guidelines.

Experimental design

The mice were randomly assigned to vehicle group (n = 10) and
diabetic group. The vehicle mice were fed with standard diets
throughout the experiment, whereas the mice in diabetic group
were fed with high fat diet (HFD, 77% regular diet, 15% lard, 5%
white sugar, 2% cholesterol, 0.7% salt and 0.3% sodium cholate)
at the same time. After 4 weeks feeding, the mice in diabetic
group were fasted with free access to water for 12 h and intra-
peritoneally injected three times with 60 mg/kg STZ (dissolved
in citrate buffer, pH 4.2) solution within 72 h. Meanwhile, the
vehicle mice intraperitoneally received citrate buffer at the same
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volume. Three days later, the body weight was recorded and
fasting blood plasma glucose concentration in a tail-vein sample
was measured using a glucose monitor. A mouse with glucose
level over 15 mmol/l was regarded as diabetic and selected for
further studies (with 4 mice excluded from experiment). The
diabetic mice were randomly divided to four groups (n = 12):
STZ + HFD group, STZ+ HFD + metformin (Met, 200 mg/kg)
group, STZ + HFD + GEN (10 mg/kg) group, STZ + HFD +
GEN (40 mg/kg) group. The animals were intragastrically treated
with metformin (Met, 200 mg/kg) or GEN (10, 40 mg/kg) once
daily for 4 weeks. Afterwards, the animals were applied for Y
maze, novel object recognition (NOR) test, open field test (OFT),
passive avoidance test, and Morris water maze (MWM) test.
Finally, the blood samples were harvested from the orbital sinus
and mice were sacrificed. After centrifugating at 3000xg for 10
min, the serum samples were stored at — 80 °C for the further
examination. The brain tissues were immediately collected for
biochemical and western bolt analyses. Some hippocampus tis-
sues were quickly isolated on ice and then maintained at — 80 °C
until pending analyses. The 10% hippocampus homogenate was
dissolved in normal saline (0.9% sodium chloride); the superna-
tant was prepared after the centrifugation at 10,000xg for 10 min
at 4 °C. All the efforts were made to minimize the animals’
suffering.

Behavioral tests for cognitive evaluation
Y maze

The apparatus was comprised of three compartments (34 cm
long, 8 cm wide, and 14.5 cm high) connected with passages
(8 cm x 8 cm x 8 cm) at 120° angles from each other. The wall
and floor of Y maze were constructed of black plastic.
Twenty-four hours before the test, the mice were placed in
one of the arms to adapt the environment. The mouse was
slightly placed in one compartment facing the dark wall; then,
the sequence and number of arm entries were monitored and
calculated during the 8-min test. The percentage alternation =
[(Number of alternations)/(Total arm entries — 2)] x 100%.
Seventy-five v/v ethanol was used to clean the apparatus to
remove odors and residues after each trail.

Novel object recognition test

The NOR test is a commonly used behavioral test for memory
and recognition using a plastic chamber (50 cm x 50 cm % 50
cm) with the illumination placed at the center of the arena.
Object A (5 cm x 5 cm X 5 c¢m, a black plastic cube) and object
B (3 cm diameter, 6 cm height) were used in NOR test. The
mice were allowed to habituated for 5 min to two object A (the
familiar object) placed in the field with 35 cm spacing.
Twenty-four hours later, one object A was replaced with an
object B (the novel object) and the mice were allowed to

explore for 5 min. Object recognition was defined as orienting
their nose toward the object at a distance of no more than 2
cm, sniffing or touching the object. The discrimination index
(DI) = (novel object exploration time — familiar object explo-
ration time)/(total exploration time).

Passive avoidance test

The passive avoidance test was considered as a simple method
for testing memory using a step-through test cage consisting
of an illuminated compartment and black compartment sepa-
rated by a sliding door. The floor of the black room was
consisted of stainless steel rods at 1 cm spacing apart. The
guillotine door was raised in the training phase; each mouse
was individually placed in the light compartment and left to
explore freely for 10 s. After the mice completely entered into
the dark room, it received a mild foot shock of 0.2 mA for 3 s
and went back to its compartment. Twenty-four hours later,
the probe test was performed and the mice were placed in the
light room. The step-through latency and the error number to
enter the dark compartment were recorded.

The Morris water maze test

The Morris water maze (MWM) test was applied to eval-
uate the long-term spatial learning and memory functions
for a total 5 days. The MWM consists of a circular pool
(80 cm in radius and 45 cm high) with black-painted
sidewall and an escape platform below the 25 °C water.
The pool was divided into four quadrants according to the
markers for location. A 12-cm-diameter circular escape
platform was immobilized 1 cm below the water surface
with a flag in the target quadrant. The orientation naviga-
tion tests were carried out four times per day with a
constant 1 h interval for 4 consecutive days. The mouse
was individually placed on the platform for 15 s prior to
the first trail and swim for 90 s. The mice unable to find
the safety island were gently put on the platform for a 15-
s rest. For the other trails in orientation navigation tests,
the mice were randomly put in water facing the pool wall
at four quadrants entry points. The animals were given a
maximum of 90 s to reach the platform. No matter the
mouse found or failed to find the escape platform, it was
allowed to rest on the platform for 30 s after arriving. It
was noteworthy that the flag was removed on trails of 3rd
and 4th days. On the fifth day, the platform was removed
and a 120 s probe trial was carried out. The escape laten-
cy to reach the platform, the numbers of target crossings
over the previous location of the target platform, and the
time spent in the target quadrant were monitored by the
video analysis-management equipment (Viewer 2 Tracking
Software, Ji Liang Instruments, China).
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Cell culture and drug treatment

The SH-SYSY cell line was purchased from cell bank of the
Chinese Academy of Sciences, (Shanghai, China). The cells
were cultured in DMEM/F12 culture medium complemented
with 10% FBS, 100 IU/ml streptomycin, and 100 IU/ml pen-
icillin. The SH-SYSY cells were assigned to: vehicle group,
high glucose group, high glucose + GEN group, vehicle +
ibrutinib group, high glucose + ibrutinib group, and high glu-
cose + ibrutinib + GEN group. GEN and ibrutinib were dis-
solved in DMSO (less than 0.1% (v/v)) and high-glucose
(HG) DMEM/F12 (33 mM glucose, 2% FBS). In brief, the
SH-SYS5Y cells in 80% confluency were seeded at 4 x 10°/ml.
Twenty-four hours later, the culture medium was removed and
serum-deprived normal medium was added for 4 h.
Afterwards, the cells were treated with GEN (20 uM) dis-
solved in DMSO and high-glucose DMEM/F12 as described
in previous literature (Yin et al. 2015) for 2 h; ibrutinib (0.5
uM) was incubated with cells. After another incubation for 22
h, the cell and supernatant were collected for measurement.

Determination of cytokines in serum
and hippocampus using ELISA method

The levels of IL-6 and TNF-« in serum and hippocampus of
STZ-induced mice were examined by commercial available
ELISA kits. The experimental procedures were conducted in
accordance with the manufacturer’s instructions.

Western blot analysis

The hippocampus tissues were collected, chopped, and ho-
mogenized with 1 ml of RIPA and 10 pl PMSEFE. The protein
of hippocampal samples and SH-SYSY cells was determined
using BCA kit produced by Beyotime (Nanjing, China). The
protein samples were subjected to 10% SDS-polyacrylamide
gel electrophoresis and then transferred to polyvinylidene
fluoride membranes. After the blockage with 5% milk for 2
h, the membranes were washed for three times with TBST.
The blots were incubated with the corresponding primary an-
tibodies at 4 °C for overnight. On the next day, the membranes
were washed and balanced for 1 h. Thereafter, the HRP-
labeled secondary antibodies were added to the membranes
for another 2 h. Consequently, the immunoblots were ob-
served using the Beyotime ECL detection system (Nanjing,
China) and a gel imaging system.

Statistical analysis
All the results were presented as means = SDs. Data were

analyzed by analysis of variance (ANOVA) with Tukey mul-
tiple comparison tests or two-way repeated measures ANOVA
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with Bonferroni multiple comparison tests. A value less than
0.05 was considered significant.

Results
Effect of GEN on blood glucose levels

The concentration of blood glucose was measured to estimate
the anti-diabetic property of GEN. Before
GENadministration, the 4 model (STZ + HFD) groups
showed notable increased glucose levels as compared with
those in normal mice (p < 0.001). After the GEN (40 mg/kg,
p <0.01) or metformin (p < 0.01) administrations, the glucose
content was significantly reduced compared with that in STZ
+ HFD group. The GEN (10 mg/kg, p < 0.05) group also
relieved the hyperglycemia condition which was less potent
than GEN (40 mg/kg) group.

In addition, there seemed no obvious difference of body
weight between the five groups before drug treatment. It was
statistically satisfied that STZ + HFD stimulation decreased
the body weight versus the vehicle group. By contrast, the
administrations of metformin (p < 0.001), GEN (40 mg/kg,
p<0.001), and GEN (10 mg/kg, p < 0.05) attenuated the body
weight reduction as compared with that in model group. Our
results suggested that the diabetic murine model was
established successfully and GEN might attenuate the symp-
tom (Fig. 2).

Effect of GEN on Y-maze test

Y-maze test was applied for estimating the function of GEN
on impairment of working memory and cognition. As illus-
trated in Fig. 3a, STZ + HFD challenge markedly reduced the
spontaneous alternation as compared with that in vehicle
group (p < 0.01), whereas the reduction of spontaneous alter-
nation behavior was attenuated by the treatment with GEN
(10, 40 mg/kg) and metformin (p < 0.001). The results dem-
onstrated that the administration of GEN attenuated the STZ +
HFD-related cognitive deficiency.

The effect of GEN on novel object recognition test

The discrimination index (DI) and the discrimination time in
NOR test are the classic indices for reflecting recognition
memory. As depicted in Fig. 3b, c, the vehicle mice distin-
guished the novel object from the familiar object, whereas the
mice in STZ + HFD group failed to distinguish them. The
administrations of GEN (10, 40 mg/kg) and metformin nota-
bly increased the exploration time for novel object (p < 0.05)
and decreased the exploration time for familiar object (p <
0.05) in STZ + HFD group. Additionally, the exposure to
STZ + HFD reduced the discrimination index versus the
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vehicle group, while the treatment with GEN (10, 40 mg/kg)
and metformin effectively increased the discrimination index
(p < 0.05) compared with that in model group. The obtained
data displayed the protective effect of GEN on cognition and

memory.

Fig. 3 Effect of GEN on
alteration in Y maze test (a), and
discrimination index (b), and
discrimination time (¢) in novel
object recognition test. The mice
were fed with HFD and
intraperitoneally injected three
times with 60 mg/kg STZ. Then
the animals were intragastrically
treated with metformin (Met, 200
mg/kg) or GEN (10, 40 mg/kg)
once daily for 4 weeks. Data were
presented as means  SDs. *p <
0.05, ™p < 0.01 compared with
vehicle group. *p < 0.05, **p <
0.01 compared with STZ + HFD
group
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electric stimulation. The STZ + HFD challenge remarkably
shortened the passive avoidance latency (p < 0.01) and
increased error number as compared with those in vehicle
animals. On the contrary, the GEN (40 mg/kg) and metfor-
min treatment significantly increased the latency (p < 0.05)
and reduced the error times compared with those in STZ +
HFD group. The data displayed that the administration of
the GEN could attenuate cognitive decline caused by STZ
+ HFD (Fig. 4).

Effect of GEN on Morris water maze

Next, the spatial learning and memory ability was evaluated
by Morris water maze test and the notable spatial learning
ability. During navigation training, the average escape laten-
cies in STZ/HFD group were obviously increased compared
with that in vehicle group (4 trials/mice/day for 5 days; effect
of day, F (4, 79) =29.95, p < 0.01; effect of group, F (4, 79) =
49.40, p < 0.01; effect of group-by-day interaction, F' (4, 79) =
1.22, p > 0.05), which indicated the spatial learning ability

a control

bright box dark box

STZ+HFD+MET

STZ+HFD+GEN(10 mg/kg)

deficiency. Nonetheless, the metformin or GEN (40 mg/kg)
group notably decreased the escape latency.

The mice were carried out with the probe trial after the nav-
igation training. The mice suffered STZ/HFD challenge passed
through the location for fewer times compared with that in vehi-
cle mice (p < 0.01), whereas the administration of metformin or
GEN (40 mg/kg) effectively increased the platform crossing
times (p < 0.01). Besides, the exposure to STZ/HFD reduced
the time in target quadrant (p < 0.01). The treatment with GEN
(40 mg/kg, p < 0.01), GEN (10 mg/kg, p < 0.05) and metformin
(p < 0.01) presented more preference for the target quadrant
compared with that in model group. The analyzed results
displayed that GEN ameliorated the spatial learning-memory
ability in HFD/STZ-diabetic mice (Fig. 5).

Effects of GEN on inflammatory cytokines in serum
and hippocampus

The anti-inflammatory property of GEN was detected by
ELISA method. As shown in Fig. 6, the dramatical
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Fig. 4 Effect of GEN on representative images of moving paths (a), error
number (b), and latency (c) in passive avoidance test. The mice were fed
with HFD and intraperitoneally injected three times with 60 mg/kg STZ.
Then the animals were intragastrically treated with metformin (Met, 200
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target quadrant during the probe trial test of MWM test. The mice were
fed with HFD and intraperitoneally injected three times with 60 mg/kg
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flammatory cytokines in cognitive impairment mice. Moreover,
the exposure to STZ + HFD also reduced the levels of TNF-x (p
<0.05) and IL-6 (p < 0.01) in hippocampus. In contrast, the GEN
(40 mg/kg) and metformin decreased the concentrations of in-
flammatory mediators compared with those in model group (p <
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STZ. Then, the animals were intragastrically treated with metformin
(Met, 200 mg/kg) or GEN (10, 40 mg/kg) once daily for 4 weeks. Data
were presented as means + SDs. #p < 0.01 compared with vehicle group.
*p <0.05, ¥*p < 0.01 compared with STZ + HFD group

0.05). The results suggested that GEN was capable of suppress-
ing the generation of inflammatory modulators.

Effects of GEN on the protein expressions
of BTK/TLR4/NF-kB pathway and BDNF/CREB
signaling in hippocampus

To investigate the ameliorating mechanism of GEN on
cognitiveimpairment, the protein expressions of p-BTK,
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BTK, TLR4, MyD8S8, p-NF-«B, NF-«B, BDNF, p-CREB,
CREB were detected. As illustrated in Figs. 7 and 8, the
expressions of BTK, TLR4, MyD88, and p-NF-«B were
strikingly upregulated in the STZ + HFD—-induced group
compared with those in vehicle group (p < 0.01).
Nevertheless, the expressions were considerably downreg-
ulated in both the metformin and GEN (40 mg/kg) treated
groups. GEN (10 mg/kg) group also inhibited the phos-
phorylation of NF-kB.

Furthermore, the stimulation with STZ + HFD remark-
ably suppressed the protein expressions of BDNF (p <
0.05) and p-CREB (p < 0.01). On the contrary, the GEN
(40 mg/kg) and metformin treatments restored the protein
level of BDNF (p < 0.05). The administrations of GEN
(40 mg/kg, p < 0.01), GEN (10 mg/kg, p < 0.05), and
metformin (p < 0.01) compromised the upregulation of
CREB phosphorylation. These findings indicated that the
ameliorated activity of GEN on STZ-induced cognitive
impairment mice might be attributed the BTK/TLR4/
NF-kB pathway and BDNF/CREB signaling.

Effect of GEN on p-BTK/TLR4/p-NF-kB pathway in high
glucose-induced SH-SY5Y cells

We further explored the potential pathogenesis of GEN on
high glucose (HG)—induced SH-SYSY cells. As presented in
Fig. 10, the HG stimulation pronouncedly elevated the expres-
sions of p-BTK (p < 0.01), TLR4 (p < 0.001), and p-NF-kB (p
< 0.01). By contrast, the GEN treatment effectively reduced
the protein levels of p-BTK, TLR4, and p-NF-kB (p < 0.05).
In the presence of selective inhibitor ibrutinib, the HG incu-
bation also promoted the expressions of p-BTK (p < 0.05),
TLR4 (p < 0.01), and p-NF-kB (p < 0.05), while the GEN
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Fig.7 Effect of GEN on the protein expressions of p-BTK/TLR4/NF-«xB
pathway in hippocampus. The mice were fed with HFD and
intraperitoneally injected three times with 60 mg/kg STZ. Then the
animals were intragastrically treated with metformin (Met, 200 mg/kg)
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treatment suppressed the upregulation of p-BTK (p < 0.05)
and TLR4 (p < 0.05). It was noteworthy that the p-BTK (p <
0.05) and TLR4 (p < 0.05) protein expressions in HG + GEN
+ ibrutinib group were inhibited compared with those in HG +
GEN group. Notably, the expressions of p-BTK, TLR4, and p-
NF-kB in HG + ibrutinib group were downregulated com-
pared with those in HG group (p < 0.05). The experimental
results reflected the role of GLP-1 receptor agonist GEN in p-
BTK/TLR4/p-NF-kB pathway in HG-induced SH-SY5Y
cells.

Effect of GEN on GLP-1R expressions in hippocampus
and high glucose-induced SH-SY5Y cells

As GEN also served an agonist of GLP-1 receptor (GLP-1R),
and NF-kB drove the signaling of GLP-1R, we detected the
expressions of GLP-1R in hippocampus. As illustrated in
Fig. 9, the exposure to HFD+STZ markedly downregulated
the expression of GLP-1R (p < 0.01). In contrast, the admin-
istration of metformin (p < 0.05) and GEN (p < 0.01) evident-
ly restored the GLP-1R expressions.

In addition, the HG stimulation dramatically downregulat-
ed the GLP-1R expression compared with vehicle group in the
absence of BTK selective inhibitor ibrutinib (p < 0.05), where-
as the treatment with GEN markedly elevated the protein level
of GLP-1R (p < 0.05). Besides, in the presence of ibrutinib,
HG challenge caused the reduction of GLP-1R level com-
pared with that of vehicle group (p < 0.01). However, the
GEN treatment effectively elevated the level of GLP-1R (p
< 0.05). Of note, the GLP-1R level of HG + ibrutinib group
was significantly higher than that of HG group (p < 0.05). Our
data indicated the critical role of BTK in the GEN-mediated
GLP-1R expression (Fig. 11).
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Fig. 8 Effect of GEN on the a STZ+HFD
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Discussion

STZ/HFD-induced diabetes is a well-established and
widely used murine model of type 2 diabetes which re-
sults in marked hyperglycemia. The model of diabetes
mellitus is likely to alter motor cognitive performance
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Fig. 9 Effect of GEN on the protein expression of GLP-1R in hippocam-
pus. The mice were fed with HFD and intraperitoneally injected three
times with 60 mg/kg STZ. Then, the animals were intragastrically treated
with metformin (Met, 200 mg/kg) or GEN (10, 40 mg/kg) once daily for 4
weeks. Data were presented as means + SDs. #p < 0.01 compared with
vehicle group. *p < 0.05, **p < 0.01 compared with STZ + HFD group
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and has been commonly used for screening potential ther-
apeutic candidate and exploring the underlying mecha-
nism for diabetic cognitive decline.

GEN has been proved to exhibit beneficial effect on vari-
ous diabetic complications including diabetic nephropathy
(Hu et al. 2017), diabetic depression (Wang et al. 2016), and
diabetic Alzheimer’s disease (Gao et al. 2014). Although sel-
dom investigation reported, we assumed that GEN might be
efficient for diabetic cognitive impairment. As the anti-
inflammatory properties of GEN were acknowledged in
microglial cells (Wang et al. 2017b) and ischemic stroke (Li
et al. 2016), it was also hypothesized that GEN attenuated
worsened diabetic cognitive performance via the anti-
inflammatory effect. The present study imparted the novel
insight for the protective effect of GEN on STZ/HFD—induced
cognitive impairment. GEN obviously relieved the impaired
performance of in Y maze test, passive avoidance test, novel
object recognition test, and Morris water maze test caused by
STZ/HFD stimulation. GEN prevented the inflammatory re-
actions occurring in the brain tissues during the progression of
cognitive deficiency via the BTK/TLR4/NF-«kB cascade and
BDNF/CREB signaling.

Numerous evidences illustrated that GEN functioned as
an agonist of GLP-1R. GLP-1R was considered to be
expressed in various brain regions, such as hypothalamus,
frontal cortex, substantia nigra, and hippocampus (Athauda
and Foltynie 2016). The activation of GLP-1R mediated the
neurotrophic modulator and played a neuroprotective role in
brain dysfunction. The promotion of GLP-1R by GEN in-
fluenced insulin secretion and attenuated pancreatic (3 cell
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GEN (20 uM) dissolved in high-
glucose DMEM/F12 for 2 h; then,
ibrutinib (0.5 uM) was added to
the cells. After another incubation
for 22 h, the cell and supernatant
were collected for measurement.
Data were presented as means =+
SDs. ®p < 0.05 compared with
HG + GEN group. *p < 0.05,
*#p < 0.01, ***p < 0.001
compared with other group

ibrutinib -

apoptosis in type 2 diabetes mellitus (Liu et al. 2012).
Clinical trials also confirmed that GLP-1R agonist was ca-
pable of ameliorating cognitive impairment in type 2 diabe-
tes patients (Grant et al. 2011). The present experiment
might provide a novel insight of GEN in diabetic cognitive
impairment. The augmentation of GLP-1R attenuated
NF-kB signaling activation in neuroinflammation (Lee
et al. 2018). Our results demonstrated that GLP-1R was
successfully restored by GEN, which further indicated the
protective effect of GEN on diabetes and cognitive decline.
The in vitro study also displayed the critical role of BTK in
the GEN-mediated GLP-1R expression.

@ Springer

TLR4 -

BTK T —— ————————

209 b——

=
L
1

p-NFKB/NFKB

ibrutinib - - - + +

The inflammatory process is a crucial element during the
etiology of diabetes-accompanied cognitive impairment.
TNF-« and IL-6 are the key pro-inflammatory cytokines
initiating and promoting the inflammatory process which
accelerates the type 2 diabetes caused by HFD/STZ (Ma
et al. 2017). The excessive inflammatory cytokines also ex-
acerbate diabetes-induced behavioral and neurochemical def-
icits (Jawale et al. 2016). The intrahippocampal microinjec-
tion of STZ contributes to the augments of inflammatory
modulators including TNF-« (Zhang et al. 2016). The am-
yloid —induced cognitive impairment in STZ-induced dia-
betic rats is also relieved by the inhibition of TNF-o« (Chun
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Fig. 11 Effect of GEN on the protein expression of GLP-1R in HG-
induced SH-SYS5Y cells. SH-SY5Y cells were treated with GEN (20
uM) dissolved in high-glucose DMEM/F12 for 2 h, then ibrutinib (0.5
uM) was added to the cells. After another incubation for 22 h, the cell and
supernatant were collected for measurement. Data were presented as
means + SDs. ®p < 0.05 compared with HG + GEN group. *p < 0.05,
**p < 0.01, ¥**p < 0.001 compared with other group

et al. 2014). The role of IL-6 in the neurocognitive disorder
was also elucidated in the former literature (Hu et al. 2018b).
Our results confirmed that GEN treatment could suppress
the generation and secretion of TNF-« and IL-6 in both
serum and hippocampus, which indicated that GEN exhibit-
ed anti-inflammatory properties in HFD/STZ-stimulated
cognitive deficiency.

PCI-32765, also named ibrutinib, irreversibly inhibits the
phosphorylation of BTK at Tyr223 and represses the activity to
phosphorylate or activate downstream events. With the applica-
tion of ibrutinib, BTK was proved to be expressed in numerous
inflammatory disorders (Miklos et al. 2017). BTK has been re-
cently confirmed to be expressed in brain tissues and modulate
the behavior alteration (Keaney et al. 2019). It was displayed that
BTK possessed anti-diabetic property associated with Notch2
(Case et al. 2015). Ibrutinib was also reported to decrease the
overproduction of pro-inflammatory mediators in response to
high glucose (Fan et al. 2018). As there was limited research
focused on the effect of BTK in diabetes combined with cogni-
tive impairment, we assumed that BTK might be a target for the
treatment of diabetic cognitive decline. A number of literatures
proposed that ibrutinib suppressed the inflammatory progression
in a battery of diseases including pulmonary injury (Liu et al.
2017b), trauma-hemorrhagic shock (Liu et al. 2017b), and ische-
mic stroke (Tto et al. 2015). Nam et al. proposed that ibrutinib
suppressed LPS-induced neuroinflammatory responses in
microglial cells (Nam et al. 2018). It was hypothesized that the

protective effect of BTK might be associated with the inhibition
of inflammatory cytokine generation in the present study.

BTK is a versatile signaling protein interacting with several
immune receptors including TLR2 and TLR4. MyD88 is also
an essential intracellular adaptor protein in the downstream
molecular of TLR4 (Paracha et al. 2014). MyD88 phosphor-
ylates NF-kB and drives the inflammatory reaction by pro-
moting the expressions of pro-inflammatory cytokines includ-
ing TNF-o and IL-6, which was involved in cognitive impair-
ment (Keaney et al. 2019). Ibrutinib treatment could signifi-
cantly downregulated the activation of NF-kB (Bercusson
et al. 2018). BTK associated and phosphorylated IkB-oc at
Y289 and Y305 and then promote the phosphorylation and
activation of NF-kB (Pontoriero et al. 2019). It was also indi-
cated that GEN performed its protective effect via NF-kB
signaling pathway as a GLP-1 receptor agonist. BDNF-
CREB neurotrophic axis is highly related to the cognitive
deficiency, synaptic plasticity, and insulin resistance (Lao-
Peregrin et al. 2017). Our data indicated that the GEN treat-
ment could attenuate BTK, TLR4, MyD88, NF-kB, BDNF,
and CREB expressions. With the inhibition of ibrutinib, it was
suggested that BTK/TLR4/NF-kB pathway was involved in
the GEN-mediated diabetic cognitive decline.

In summary, the present study provided evidence that
GEN exhibited protective effects on HFD/STZ—induced
diabetic cognitive impairment by inhibiting inflammatory
response through BTK/TLR4/NF-«kB signaling. Further
researches with transgenic mice are warranted before clin-
ical application.
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