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Abstract

Telmisartan, an angiotensin Il type 1-receptor blocker (ARB), has been reported to exert beneficial effects on the
central nervous system (CNS) in streptozotocin (STZ) - induced diabetic mice. However, the effect of telmisartan on
cognitive impairment associated with type 2 diabetes is not well known. Here, we investigated the effects of
telmisartan on memory impairment in a mouse model with defects in insulin sensitivity and secretion, namely high-
fat diet (HFD) /STZ-induced diabetic mice. Our data showed that STZ / HFD diabetic mice, characterized by
hyperglycemia and hypoinsulinemia, performed poorly on Morris water maze (MWM) test. Such learning and
memory impairment was accompanied by increased B -amyloid peptide 42 (AB42), amyloid precursor protein (APP),
B-site amyloid precursor protein cleaving enzyme (BACE1), the receptor for advanced glycation end products
(RAGE) and nuclear factor -kB (NF-kB) signaling in brain. Treatment with telmisartan significantly improved learning
and memory in the diabetic mice and decreased AB42, APP, BACE1 RAGE and NF-kB signaling in the brain without
affecting hyperglycemia and hypoinsulinemia. It is concluded that telmisartan may be considered as a potential
pharmacological agent for the management of cognitive dysfunction in type 2 diabetes.
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Introduction

Type 2 diabetes (T2D) is a complex, age-related chronic disease with
an increasing prevalence of health concern. T2D causes accelerated
aging in most organ systems leading to premature morbidity and
mortality [1]. For example, major T2D-related complications include
kidney damage, neuropathy, blindness and coronary artery disease. It
has been confirmed that T2D has negative impacts on the central
nervous system leading to diabetic encephalopathy and concomitant
augmentation of cognitive impairments [2,3]. A growing body of
evidence links T2D with dementia and neurodegenerative diseases
such as Alzheimer's disease (AD) and one in ten cases of dementia in
the world population may be attributable to the effects of T2D [4,5].

Telmisartan, an angiotensin II type receptor 1 (ATIR) blocker
(ARB), is widely used in patients with hypertension with the
expectation of a decrease in the onset of cardiovascular and
cerebrovascular disease. Recently, the focus on ARBs has been
intensified because their novel biological roles have emerged,
particularly for their therapeutic potential in the brain disorders [6,7].
It has been reported that telmisartan exerts a protective effect in a
murine model of ischemia / reperfusion injury through blockade of
AT1R and exhibits anti-apoptotic, anti-inflammatory, and anti-oxidant
benefits in the intracerebral hemorrhage rat model [8-11]. Recent
studies showed that telmisartan protects mouse dopaminergic neurons
and inhibits the microglial response in a mouse MPTP model of
Parkinson’s disease [12,13]. Furthermore, treatment with telmisartan
significantly attenuated hypertension-induced learning and memory
deficits, endothelial dysfunction, accumulation of cellular amyloid B,

and changes in various biochemical parameters [14,15]. In some
experimental animal models of AD, telmisartan exhibited significant
ameliorative effects on the impaired spatial memory and inflammatory
response  [16-19]. Clinical investigation demonstrated that
telmisartan improves cognitive function in patients with metabolic
syndrome and elderly hypertensive patients with AD, type 3 diabetes
[20,21]. Our previous studies showed that telmisartan at
nonhypotensive dose reverses memory impairment in streptozotocin
(STZ) - induced diabetic mice [22]. To date, less attention has been
given to the effect of telmisartan on the cognitive impairment in T2D.
High-fat diet (HFD) / STZ-induced diabetic mice, model is similar to
human type 2 diabetes in clinical symptoms, including more drinks,
polyphagia, polyuria, obesity, hyperglycemia, insulin resistance and
lipid metabolic disorder syndrome. This study was undertaken to
investigate the effects of telmisartan on memory impairment and
Ap42, APP, BACE1 RAGE and NF-«B signaling in the mouse brain of
HED / STZ-induced diabetic mice, which is associated with impaired
hippocampus-dependent learning and memory.

Materials and Methods

Materials

Telmisartan(4'-[(1,4'-Dimethyl-2'-propyl[2,6'-bi-1H-
benzimidazol]-1'-yl)methyl][1,1'-biphenyl]-2-carboxylic acid) was
purchased from hunan dinuo pharmaceutical Co., Ltd. (Liuyang,
China. Lot: 140432). High-fat diet (HFD, food composition: 20% lard,
9.5% sugar, 10% yolk power, 1.5% salt, 59% conventional food; calorie
composition: 60% fat, 20% protein and 20% carbohydrate) was
purchased from Jiangsu Province Cooperative Medicine Biological
Engineering Co., Ltd. (Nanjing, China). STZ was purchased from
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Sigma-Aldrich (USA. Lot: 100712062). Rabbit anti-mouse AP42 and
receptor for advanced glycation end products (RAGE) were purchased
from Abcam Technology Co., Ltd. (Hongkong, China). And rabbit
anti-mouse P-amyloid precursor protein (APP), B-site APP cleaving
enzyme 1 (BACE1) and NF-kB p65 from Cell Signaling Technology
(Boston, MA, USA). Rabbit anti-mouse B-actin and histone H3, goat
anti-rabbit secondary antibodies were obtained from Bioworld
Technology Co., Ltd. (Minneapolis, MN, USA). Strept avidin-biotin
complex (SABC) immunohistochemistry kit was purchased from
Boster Biotechnology Co., Ltd (Wuhan, China). Glucose Oxidase Kit
and insulin Sandwich ELISA kit were purchased from Nanjing
Jiancheng Biotech Institute (Nanjing, China), and all other chemicals
were of analytical grade and commercially available.

Animals

Approximately 3 months old ICR male mice (weighing 20 g - 25 g)
was provided by Medical Center of Yangzhou University (Yangzhou,
China). The animal experimental protocol and procedures are
compliance with the guidelines of the Institutional Animal Care and
Use committee of China. Seven mice were housed per cage with food
and water available at a constant room temperature 25C and
maintained on a 12 h light / 12 h dark cycle (lights on at 07:00 AM).

Experimental induction of T2D and telmisartan treatment

All mice were habituated to the cage for 5 days before the
experiments. The animals were housed with HFD for 4 weeks and then
injected with low dose of STZ (100 mg/kg, intravenously) dissolving in
citrate buffer (pH 4.5) to induce the function deficit of pancreas,
followed by continued HFD feeding for 4 weeks. After 8 weeks, mice
were screened for fasting blood glucose levels, and animal having
fasting serum glucose > 11.1 mmol/L were considered diabetic mice
[23-25]. According to hyperglycemia and body weight, diabetic
animals were randomly divided into 3 groups, vehicle group (STZ /
HFD + Veh), 0.35 mg/kg telmisartan group (STZ / HED + Tel 0.35 mg/
kg), 0.70 mg/kg telmisartan group (STZ / HFD + Tel 0.70 mg / kg).
Age-matched control mice were treated with the vehicle. Telmisartan
was dissolved in 0.5% sodium carboxymethyl cellulose (CMC-Na). The
duration for oral administration was 5 weeks and body weight was
monitored every 2 days. After 5 weeks of telmisartan treatment, the
surviving animals were used for the Morris water maze (MWM) task
to evaluate memory function. After the MWM test, blood glucose and
serum insulin were determined using assay kits. All animals were
sacrificed by cervical dislocation and brain tissues were taken out for
the assays of AP42, APP, BACEl RAGE and NF-kB p65 in the
hippocampus and cortex.

Morris water maze task

Cognitive function was assessed by the MWM test, which consisted
of 5 day training (visible and invisible platform training sessions) and a
probe trial on day 6. This was carried out as described previously. Mice
were individually trained in a circular pool (120 cm diameter, 50 cm
height) filled up to a depth of 30 cm with water maintained at 25°C.
The maze was located in a lit room with visual cues. A platform (9 cm
diameter) was placed in the center of one quadrant of the pool. The
platform's position was unchanged throughout the visible and hidden-
platform training sessions; the starting points were pseudo-
randomized for each trial, with the animals facing toward the wall.
Each mouse was individually trained in both visible-platform (days 1-
2) and hidden-platform (days 3-5) versions. Visible-platform training

was performed for baseline differences in vision and motivation; the
platform was placed 1 cm underneath the surface of the water and was
indicated by a small flag (5 cm in height). The hidden-platform version
evaluates spatial learning and was used to determine the retention of
memory to find the platform. During the training, the platform
without the flag was placed 1 cm underneath the surface of the water.
On each day, the animals were subjected to four trials with a 1 h
interval between trials. Each trial lasted for 90 s unless the animal
reached the platform first. If an animal failed to find the platform
within 90 s, the test was ended and the animal was gently navigated to
the platform by hand for 30 s. On day 6, the platform was removed and
the probe trial was started, during which animals had 90 s to search for
the platform. The time spent in the target quadrant and the number of
target crossings (i.e., the quadrant where the platform was previously
located) was recorded. Data of the escape latency, the time spent in the
target quadrant was collected by the video tracking equipment and
processed by a computer equipped with analysis-management system
(Viewer 2 Tracking Software, Ji Liang Instruments, China).

Western blot analysis

Hippocampus and cortex of mice were chopped into small pieces
and then homogenized in 0.5 mL of RIPA buffer. The dissolved protein
was collected from the supernatant after centrifugation at 12,000 g for
15 min. The protein concentrations were measured using Coomassie
blue-based assay reagent and then protein expression of Ap42, APP,
BACE1, RAGE, and NF-kBp65 were assessed. Protein extracts were
separated by a SDS-polyacrylamide gel electrophoresis and then
transferred onto a PVDF membrane. The membrane was blocked with
5% skim milk in Tris buffer saline and then incubated at 4'C overnight
with the respective primary antibodies for rabbit anti-Ap42 (1:500),
APP (1:500), BACEL1 (1:500), RAGE (1:500) and B-actin (inner control,
1:500). After washing with TBST, the membranes were incubated with
a horseradish peroxidase-conjugated secondary antibody (1:2000) for
2 h at room temperature. The antibody-reactive bands were visualized
by using the enhanced chemiluminescence detection reagents by a gel
imaging system (Tanon Science and Technology Co., Ltd., Shanghai,
China).

Nuclear extracts were prepared using nucleoprotein extraction kit
(Sangon Biotech, China). Briefly, mouse hippocampus or prefrontal
cortex were homogenized in ice-cold hypotonic buffer containing 0.5%
phosphatase inhibitor, 1% phenylmethylsulfonyl fluoride and 0.1% DL-
dithiothreitol, then centrifuged at 4°C, 3000 g for 5 min. The
precipitate was washed with hypotonic buffer and centrifuged at 4°C,
5000 g for 5 min. Finally, 0.2 ml lysis buffer containing 0.5%
phosphatase inhibitor, 1% phenylmethylsulfonyl fluoride and 0.1% DL-
dithiothreitol were add into the precipitate, chilled for 20 min and
centrifuged at 4°C, 15000 g for 10 min. The supernatant nuclear
protein extract was subjected to Western blot for assays of NF-kB p65
(1:500) and histone H3 (1:500) was used as a loading control.

Immunohistochemistry detection

Immunohistochemical staining was performed using the strept
avidin-biotin complex (SABC) immunohistochemistry kit according to
the manufacturer’s instructions (Boster Biotechnology Co., Ltd).
Briefly, anesthetized mice were transcardially perfused with 0.1 mol/L
PBS containing 5 U/ml heparin and brains were fixed in 4%
paraformaldehyde for 18 h, followed by 30% sucrose for 24 h. Brains
were dissected and embedded into optimal cutting temperature (OCT)
compound (Tissue-Tek, Torrance, CA) on dry ice. OCT-embedded
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fresh frozen brain tissue sections were cryosectioned at a thickness of
18 um and subsequently mounted on glass slides. After washed with
0.1 M PBS, the sections were treated with 3% H,O, at room
temperature for 10 min and washed for 3 min x 5 min. Sections were
blocked with 0.3% Triton X-100 and 5% BSA for 1 h and then
incubated in anti-AB42 (1:100) primary antibody diluted in blocking
solution overnight at 4°C. Sections were washed in PBS (3 min x 5
min, 37°C), incubated with biotinylated mouse anti-rabbit IgG at 37°C
for 20 min, washed in PBS (3 min x 5 min, 37°C), and incubated with
strept avidin-biotin complex at 37°C for 20 min. After a further 4 min
x 5 min washes in 0.1 M PBS, diaminobenzidine (DAB) was used as
the final chromogen at 37°C for detection of target proteins. After
gradient dehydration (70% ethanol 5 min, 95% ethanol 5 min, 100%
ethanol 2 min x 5 min, 100% xylene 2 min x 5 min),
photomicrographs were obtained using a Nikon DS-Fi2 camera
connected to a Nikon Eclipse Timicroscope.

Blood glucose and serum insulin assays

After an overnight fast, bloods sample were collected from animal
venae angularis and left room temperature for 10 min, then
centrifuged at 3000 g for 15 min and separated serum from the blood
cells. Serum glucose was determined by enzymatic glucose oxidase
peroxidase diagnostic kit. Serum insulin levels were measured by
Sandwich ELISA kit.

Statistical analysis

Data are expressed as mean + SEM. In particular, group differences
of escape latencies in the MWM were analyzed using by two-way
ANOVA. The other data were analyzed by a one-way ANOVA followed
by a Dunnett’s post-hoc analysis for multiple comparisons. All analysis
was carried out using SPSS, version 20.0. Statistical significance was
considered when P < 0.05.

Results

Telmisartan improves memory deficits in STZ / HFD-
induced diabetic mice

We first performed MWM text to assess the spatial memory
performance of the STZ / HFD-induced diabetic mice. Each group
showed similar escape latency in the visible-platform test, and
statistical analysis revealed no significant difference in vision or basal
motivation among all groups (F (3,265) = 3.129, P > 0.05, Figure 1A).

We then tested the mice in the 3 day spatial hidden-platform
variant, and results suggested that diabetic mice untreated with
telmisartan exhibited significant extension in escape latencies
compared to those of control mice (F (3,379) = 5.829, P < 0.05, Figure
1B). Telmisartan at 0.35 mg/kg or 0.70 mg/kg markedly reversed the
increase in escape latencies in the diabetic mice (P < 0.05). We
performed the probe trial (1 trial/mouse), a putative measurement of
spatial learning and memory retention, all the mice showed preference
for the target quadrant, with the exception of untreated diabetic mice
which displayed significant decrease (20.5%) in the percentage of total
time in the target quadrant (F (3,37) = 4.018, P < 0.05, Figure 1C).
Representative swim paths were shown in Figure 1D. Diabetic mice
treated with telmisartan 0.35 mg/kg or 0.70 mg/kg significantly
increase to 3 and 3.2 in the number of crossing the platform,
respectively, compared with diabetic mice treated with vehicle (F (3,37)
= 4242, P < 0.05, Figure 1E). The average swimming speed of

locomotive parameter exhibited no difference among groups (Figure
1F). These data indicated that telmisartan improved learning and
memory deficits in the diabetic mice.

Telmisartan treatment decreases AP42 in the brain of the
diabetic mice

Accumulating evidence suggests that AP accumulation in the
brainin diabetic condition may be one of the reasons for diabetes-
associated impairment of cognition [26,27]. Therefore, we determined
AP42 peptide, a potential neurotoxic form of the peptide, using
Western blot. Compared with control group, the STZ / HFD-induced
diabetic mice showed 156% and 149% increase in AP42 level of both
hippocampus and cerebral cortex, repsectively, whereas the diabetic
mice treated with telmisartan at 0.35 mg/kg or 0.7mg/kg markedly
inhibited AP42 production in hippocampus (F (3,15) = 13.771, P <
0.05, Figures 2A and 2B) and cortex (F (3,15) = 9.844, P < 0.05, Figures
2A and 2B) relative to those of untreated diabetic mice. To further
confirm our results, we performed immunohistochemical staining
experiment using immunohistochemistry kit. This result bolstered the
data from the Western blot, and the immunoreactivity of AB42 was
significantly increased in the brain slices of STZ / HFD diabetic mice,
while the AB42 staining reduced after treatment of diabetic mice with
telmisartan.

=

VehsVeh STZMFD+Veh  STZHFD+Tel 035 STZHFD+Tel 070

Figure 1: Effects of telmisartan on cognitive impairment in STZ /
HFD diabetic mice. Memory function was assessed by the MWM
test. The day 0 represent performance on the first trial and
subsequent points indicate average of all daily trials. (A) No
differences in the escape latency among all groups during the 2 day
visible platform test. (B) The escape latency of mice in the hidden
platform during the 3 day acquisition trials was presented. (C) The
percentage of time spent in the target quadrant during the probe
trial test and (D) representative swim paths of mice in each group
during the probe trial test. (E) The average number of times of
crossing the platform. (F) The average swimming speed of
locomotive parameter. All values are expressed as mean + SEM; n =
10. "p < 0.05 versus untreated STZ / HFD -induced diabetic group.
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decrease of BACEI levels in the hippocampus (F (3,15) = 13.575, P <
A 0.05, Figures 3A and 3C] and cortex (F (3,15) = 12.302, P < 0.05,
Figures 3A and 3C) of diabetic mice.
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Figure 2: Telmisartan-treated diabetic mice expressed lower Ap42
in the brain. (A) The expression level of AP42 was detected by
Western blot using anti-AP42 antibody, B-actin was used as an
inner control. (B) Quantification of AB42 was expressed as the ratio
(in  percentage) of the control. (C) Representative
immunohistochemical microphotographs of AB42. All values are
expressed as mean = SEM; n = 4. “p < 0.01, p < 0.05 versus
hippocampus of untreated the diabetic group; * p < 0.01, *p < 0.05
versus cortex of untreated diabetic group.

Treatment with telmisartan lowers brain APP and BACEL1 in
the diabetic mice

APP, an amyloid-B-protein precursor, is cleaved by a
transmembrane aspartic proteinase BACE1 to produce souble sAPPB
and C99 fractions [28], which is closely related with AP42 generation.
APP levels were significantly increased to 237% and 241% in the
hippocampus and cortex of STZ / HFD-induced diabetic mice,
compared with control mice. Treatment with telmisartan significantly
decreased APP expression in the brain of diabetic mice (hippocampus:
F (3,15) = 13.298, P < 0.05; cortex: F (3,15) = 12.994, P < 0.05, Figures
3A and 3B). We next observed the effect of telmisartan on cerebral
BACE]1 in the STZ / HFD-induced diabetic mice. BACE1 levels of
hippocampus and cortex in diabetic mice significantly increased 135%
and 159% compared with control mice, whereas chronic treatment
with telmisartan at 0.35 mg/kg or 0.70 mg/kg led to a significant

3 Veh+Veh
@l STZ/HFD+Veh
300

3 3 STZHFD+Tel 0.35
g B3 STZHFD+Tel 0.70
b= _—

53

Z 2 200

ot

s

iz

@ o

£l 10

imri

<

Z

-]

Cortex

Hippocampus

Figure 3: Telmisartan treatment reduced APP and BACE1 in
hippocampus and cerebral cortex in STZ / HFD-induced diabetic
mice. (A) Representative immunoblots APP and BACEl was
determined by Western blot using respective antibodies, f-actin was
used as an inner control. (B) Quantification of APP and BACE1 was
expressed as the ratio (in percentage) of the control. All values are
expressed as mean + SEM; n = 4. “p < 0.01, 'p < 0.05 versus
hippocampus of untreated the diabetic group; *p < 0.01, *p < 0.05
versus cortex of untreated diabetic group.

Telmisartan treatment reduced brain RAGE and NF-xB in
STZ / HFD-induced diabetic mice

Previous studies showed that RAGE is involved in Ap-mediated
memory deficits in the T2D [25]. Our results here showed that RAGE
levels markedly elevated (132% and 148%) in the hippocampus and
cortex in STZ / HFD-induced diabetic mice, compared with control
mice. Telmisartan at the dose of 0.35 mg/kg or 0.70 mg/kg inhibited
the increase of RAGE levels in both the hippocampus (F (3,15) =
12.560, P < 0.05, Figures 4A and 4B) and cortex (F (3,15) = 12.648, P <
0.05, Figures 4A and 4B). Current evidence suggests that NF-kB
signaling is closely associated with AB42 production [2,29,30]. Thus,
we detected nuclear NF-kB p65 by Western blot since NF-«B signaling
is characterized by a p65 subunit increment in the nucleus. The nuclear
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NF-xB p65 showed 166% and 181% increase in both the hippocampus
and cortex in the diabetic mice compared with control mice.
Telmisartan treatment significantly decreased nuclear NF-kB p65 in
both the hippocampus (F (3,15) = 12.533, P < 0.05, Figures 4C and 4D)
and cortex (F (3,15) = 15.464, P < 0.05, Figures 4C and 4D).

Hippocampus Cortex

" —— -

1035
STZAFD-Tel0.70

o
Hippocampus Cortex Hippocampus Cortex

Figure 4: Telmisartan reversed elevation of NF-kB p65 and RAGE in
hippocampus and cerebral cortex in STZ / HFD-induced diabetic
mice. (A and B) Representative immunoblots of RAGE and NF-«B
p65 and was determined by Western blot using respective
antibodies, B-actin and histone H3 was used as an inner control. (C
and D) Quantification of RAGE and NF-xB was expressed as the
proportion (in percentage) of the control. All values are expressed
as mean + SEM; n = 4. "p < 0.01, "p < 0.05 versus hippocampus of
untreated the diabetic group; *p < 0.01, *p < 0.05 versus cortex of
untreated diabetic group.

Telmisartan treatment has no effects on body weight, blood
glucose, and insulin in the diabetic mice

After 5 week treatment with telmisartan, no significant differences
were observed in body weight among the diabetic mice of each group.

Telmisartan at 0.35 mg/kg or 0.70 mg/kg didn’t improve blood glucose
and serum insulin in the STZ / HFD-induced diabetic mice (P > 0.05,
Table 1).

Discussion

STZ / HFD-induced diabetic animal model, one of the most
frequently used models of T2D, is characterized by hyperglycemia,
hyperlipemia and hypoinsulinemia, and is associated with impaired
hippocampus-dependent learning and memory [2,31]. Interestingly,
animal models of T2D exhibited Alzheimer-like changes, such as
accumulation of APP and AP [2,32,33]. Thus, AP accumulation in the
brain is one of the reasons for diabetes-associated cognitive
impairment. It is well known that A is a cleavage product derived
from APP followed by a sequential cleavage by a BACE1 (PB-secretase)
and y-secretase. APP is processed to generate various peptide species,
including the potential toxic form AP42 that is prone to
oligomerization, leading to neurotoxicity [34]. In the present study,
ICR mice were fed with HFD for 4 weeks and then injected with a
single low dose of STZ followed by continued HFD feeding for an
additional 4 weeks to generate a nongenetic rodent model mimicking
human T2D, which displayed significant cognitive impairment
evidenced by decreases in number of times of crossing the platform
and percentage of time spent in the target quadrant in the MWM test,
coupled with the elevated APP and AP42 in brain. Chronic treatment
with telmisartan significantly ameliorated memory deficits and
decreased APP and AP42 in the hippocampus and cortex. Telmisartan
treatment also reduced BACE1, RAGE, and nuclear NF-kB p65 in the
brain, but did not attenuate hyperglycemia or hypoinsulinemia in
STZ / HFD -induced diabetic mice.

Groups Intial body weight Fin_al body | Intial blood glucose| Final blood glucose| Final serum insulin
(9) weight (g) (mmol/L) (mmol/L) (ng/ml)

Veh + Veh 31.8+1.24 35.77 +1.39 4.92+0.12 5.64 £ 0.07 0.77 £0.22

STZ / HFD + Veh 35.50+1.14 32.40+1.23 1345+ 1.44 14.56 + 1.06 0.35+ 0.06

STZ / HFD + Tel (0.35 mg/kg) 35.41+1.19 34.00 £ 1.19 13.65+1.35 15.15 £ 0.61 0.36 £ 0.07

STZ / HFD + Tel (0.70 mg/kg) 35.67 + 1.49 33.10 £ 1.16 13.80 + 1.42 15.10 £ 0.73 0.31+0.04

Table 1: No effects of telmisartan on body weight, blood glucose, and insulin in STZ/HFD-induced diabetic mice. All values are expressed as the
mean + SEM (n = 8-10). “P < 0.01 versus untreated STZ / HFD -induced diabetic group.

Chronic hyperglycemia, a characteristic feature of diabetes,
contributes to the generation of advanced glycation end products
(AGEs), senescent protein derivatives that result from the auto-
oxidation of glucose and fructose [35]. Binding of AGEs to RAGE
stimulates intracellular signaling, such as NF-«xB, and subsequently
regulates expression of some genes. The accumulation of AGEs has
been known to progress at an accelerated rate in diabetes, which play a
key role in diabetic complications [36,37]. Some studies showed that
both APP and BACE1 promoter contain a binding site for NF-xB p65
[38,39] and expression of both APP and BACEl was markedly
increased in diabetic animals [2,29,40]. Thus, it is strongly suggested
that stimulation of the AGEs / RAGE axis, as a result of hyperglycemia,
might initiate intracellular NF-kB signaling and lead to increases of

APP and A in diabetic animals. In addition, the increased AGEs or A
B continued binding RAGE, which, in turn, enhanced NF-«B signaling,
thereby triggering a positive feedback loop [37]. As expected,
enhancement of the NF-«kB signaling, which is characterized by
elevated nuclear NF-k B p65, and increased APP, BACE1, and RAGE
were observed in STZ / HFD-induced diabetic mice. The renin-
angiotensin system (RAS) contributes to the development and
progression of diabetic encephalopathy too [41]. Importantly, there
exists the cross-talk between the RAS and the AGE-RAGE system [42].
It was shown that ATIR signaling contributes to diabetes-induced
neuro-inflammation such as increases of angiotensin II and
intercellular adhesion molecule-1 (ICAM-1), leukocyte adhesion, etc.
[41,43]. Angiotensin II functions as a pro-inflammatory factor to
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trigger NF-kB signaling and RAGE expression [42,44]. Angiotensin II
is a final product of the RAS produced from angiotensinogen through
enzymatic cascade reactions, and the RAS components required for the
generation of angiotensin II are reported to exist in the brain [45-47].
Binding of angiotensin II to ATIR mediates pro-inflammatory
molecule production and free radical generation that contribute to
tissue damage, and blocking angiotensin II signaling protects against
neurodegenerative processes [47]. Telmisartan can penetrate the
blood-brain barrier (BBB) since it has higher lipophilicity [19]. Some
study showed that telmisartan shows neuroprotective effects, and
improves AD-related memory impairments [19,48,49], and these
actions of telmisartan are attributed to its potential anti-oxidative [8],
anti-inflammatory [9], and anti-Ap effects [19]. In this study,
telmisartan at either 0.70 mg/kg or 0.35 mg/kg did not produce a
hypotensive effect confirmed by blood pressure recording [19]. A non-
hypotensive dose of telmisartan preferred to block binding of
Angiotensin II to cerebral AT1R because of the higher distribution of
this receptor in the brain, resulting in a suppression of NF - kB
signaling. Additionally, telmisartan is a unique ARB with a partial
peroxisome proliferator-activated receptor-gamma (PPARy) agonistic
property [50-52], and PPARy can block NF - kB-dependent gene
expression through co-repressor interference [53]. Thus, it is strongly
indicated that the underlying mechanism of telmisartan decreasing
expression of APP, BACEI, and RAGE through suppression of NF-xB
signaling in the brains of diabetic mice. However, one limitation of our
study is that the results would not explain whether telmisartan
improved cognitive impairment by reducing angiotensin II activation-
induced calcium oscillation, which is closely related with cognitive
deficits [53,54].

Overall, our study demonstrated that chronic administration of
telmisartan improves learning and memory deficits in STZ / HFD-
induced diabetic mice. This effect is probably associated with
alleviation of amyloidosis in the brain rather than attenuation of
hyperglycemia and hypoinsulinemia in the periphery. Our study has
important implications for patients with T2D, suggesting a potential
role for telmisartan as an adjuvant therapy for the prevention and
treatment of diabetes-associated memory impairment.
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