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A B S T R A C T

Learning and memory deficits are obvious symptoms that develop over time in patients with poorly controlled
diabetes. Hyperactivity of the renin-angiotensin system (RAS) is directly associated with β-cell dysfunction and
diabetic complications, including cognitive impairment. Here, we investigated the protective and molecular
effects of two RAS modifiers, aliskiren; renin inhibitor and captopril; angiotensin converting enzyme inhibitor,
on cognitive deficits in the rat hippocampus. Injection of low dose streptozotocin for 4 days resulted in type 1
diabetes. Then, poorly controlled diabetes was mimicked with ineffective daily doses of insulin for 4 weeks. The
hyperglycaemia and pancreatic atrophy caused memory disturbance that were identifiable in behavioural tests,
hippocampal neurodegeneration, and the following significant changes in the hippocampus, increases in the
inflammatory marker interleukin 1β, cholinesterase, the oxidative stress marker malondialdehyde and protein
expression of phosphorylated extracellular-signal-regulated kinase and glycogen synthase kinase-3 beta versus
decrease in the antioxidant reduced glutathione and protein expression of phosphorylated glycogen synthase
kinase-3 beta. Blocking RAS with either drugs along with insulin amended all previously mentioned parameters.
Aliskiren stabilized the blood glucose level and restored normal pancreatic integrity and hippocampal mal-
ondialdehyde level. Aliskiren showed superior protection against the hippocampal degeneration displayed in the
earlier behavioural modification in the passive avoidance test, and the aliskiren group outperformed the control
group in the novel object recognition test. We therefore conclude that aliskiren and captopril reversed the
diabetic state and cognitive deficits in rats with poorly controlled STZ-induced diabetes through reducing oxi-
dative stress and inflammation and modulating protein expression.

1. Introduction

Patients with diabetes mellitus (DM), and in particular those with
poor glycemic control, often experience brain complications (Van
Harten et al., 2006). Diabetic brain results in functional and beha-
vioural complications comprise cognitive dysfunction (Van Harten
et al., 2006; Kodl and Seaquist, 2008; Van Elderen et al., 2010). Many
factors influence the pathogenesis of cognitive dysfunction in diabetic
patients, mainly oxidative stress and inflammatory response, which are
also risk factors of Alzheimer's disease (AD) (Harada et al., 2012; Li
et al., 2013; Morabito et al., 2014). It is worth to be declared that
Savaskan et al. (2004); Savaskan (2011) demonstrated a classical in-
crease in the Ang II in hippocampus of AD patients, suggesting aug-
mented brain renin-angiotensin system (RAS) activity during the dis-
ease.

Insulin signaling is essential for a variety of neuronal functions
(Belfiore et al., 2009), synaptic activities, cognitive processes (Zhao and
Alkon, 2001) as well as, learning and memory regulation (Kim and
Feldman, 2015). Furthermore, insulin triggers Aβ extracellular secre-
tion to inhibit its intracellular accumulation (De la Monte, 2012), block
glycogen synthase kinase (GSK3β) via phosphorylation, hence, neu-
ronal tau phosphorylation is reduced (Balaraman et al., 2006;
Takashima et al., 2006). On the other hand, the opposite occurs during
insulin deficiency where RAS is over-activated by hyperglycemia
(Leung, 2007).

Overactivity of RAS is accompanied by an augmentation in oxida-
tive stress, inflammation, and free fatty acids levels, which potentially
contribute to β-cell dysfunction and the progression of diabetic com-
plications (Tikellis et al., 2006; Leung, 2007). Additionally, RAS in the
central nervous system (CNS) participates to the pathology of AD
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through neuronal death and memory dysfunctions (Ciobica et al.,
2009). Renin not only increases the efficiency of angiotensinogen
cleavage allowing angiotensin (Ang) II generation but also initiates
intracellular signals by activating extracellular-signal-regulated kinase
(ERK) 1/2 pathway via Ang II-independent pathway (Peng et al., 2013;
Wu et al., 2016).

Aliskiren (Alis) is an orally active direct renin inhibitor (Wal et al.,
2011). It has been reported that aliskiren accumulate in brain and in-
hibit brain renin activity (Dong et al., 2011). By inhibiting the active
enzymatic site of renin, it blocks the generation of Ang I from angio-
tensinogen, the initial and rate-limiting step of RAS (Wu et al., 2016).
Following aliskiren administration, Ang II plasma concentration de-
creases and on the contrary plasma renin concentration markedly in-
creases due to negative feedback exerted by Ang II on renin synthesis.
Nevertheless, plasma renin activity remains suppressed because clea-
vage of angiotensinogen is blocked (Verdecchia et al., 2008). In addi-
tion, aliskiren inhibits activation of mitogen-activated protein kinases;
kinase (ERK 1) (p44) and (ERK2) (p42) (Staessen et al., 2006; Pool,
2007).

Captopril (CPT), an angiotensin-converting enzyme (ACE) inhibitor,
the thiol group in the CPT structure makes a direct interaction with the
catalytic Zn2+ ion. Therefore, CPT binds strongly to the active site and
thereby prevents the processing of the natural substrate, Ang I and thus
no Ang II can be produced (Akif et al., 2010). CPT was reported to have
neuroprotective action through inhibition of Ang II and drop the oxi-
dative stress state (Arjmand et al., 2016; Perez-Lloret et al., 2017).

Renin angiotensin system activates several pathways comprising the
ERK cascade (Santarpia et al., 2012). In the brain, the RAS-ERK cascade
is thought to play a role in synaptic plasticity and memory formation
(Sweatt, 2004). The RAS-ERK and PI3K/AKT pathways can negatively
regulate each other's activity. Such cross inhibition is often shown when
one pathway is chemically blocked, thereby releasing the cross-inhibi-
tion and effectively activating the other pathway (Yu et al., 2002;
Hoeflich et al., 2009).

GSK3β, a critical kinase in AD and diabetes, may directly participate
to neuronal loss (Ryu et al., 1999; Rensink et al., 2004; Hooper et al.,
2008). Noteworthy, GSK3β adversely regulates adult hippocampal
neurogenesis by means of reducing the number of proliferating neurons
in the dentate gyrus region (Sirerol-Piquer et al., 2011; Fuster-Matanzo
et al., 2013). Whereas, GSK3β mediates tau hyperphosphorylation,
negatively disturbs axonal transport and subverts microtubule dy-
namics (Werther et al., 1987; Mielke et al., 2006; Chiu et al., 2008).

Furthermore, GSK3β overexpression leads to Aβ accumulation through
increase in Aβ production by regulating APP cleavage (Sun et al., 2002;
Phiel et al., 2003). On exposure of Aβ, neurons inhibit PI3K pathway
and increase GSK3β activity (Takashima et al., 1993).

The current investigation focuses on the deleterious effects of dia-
betes on perception and investigates the potential protective effect of
Alis compared to CPT against cognitive deficits resulted from poorly
controlled diabetes.

2. Material and methods

2.1. Animals

Male Sprague-Dawley rats weighing 180–230 g were used in the
study. They were obtained from the animal colony of the National
Organization for Drug Control and Research (NODCAR) (Giza, Egypt),
maintained on standard laboratory diet and water ad libitum. Animals
were housed in a temperature-controlled room (23–24 °C) and exposed
to 12-h dark/light cycles. Animal procedures were performed according
to the guidelines of the Animal Care and Use Committee of the Cairo
University in association with the recommendations of the National
Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals
(NIH publication No. 85–23, revised 1996, PT 1943).

2.2. Experimental design

As illustrated in Fig. 1, 56 male Sprague-dawley rats were randomly
classified into 4 groups, all except normal control received an in-
traperitoneal injection of multiple low doses (20 mg/kg) of streptozo-
tocin (STZ, Sigma-Aldrich) for four consecutive days (Melling et al.,
2013). STZ was dissolved in freshly prepared 0.1 M citrate buffer
(pH 4.5) and given after overnight fast and 5% glucose solution in
drinking water was given on the first two days of induction to avoid
initial hypoglycaemic mortality (Georgy et al., 2013). On day 5, dia-
betes was confirmed using a digital glucometer (GlucoDrself-test, MT
Promedt consulting GmbH, St.Ingbert, Germany) on blood droplets
obtained from the tail vein. Animals displaying fasting blood glucose
upper than 350 mg/dl were used in the present study.

The diabetic animals were subcutaneously injected with insulin
(Insulinagypt 70/30, 100 IU/ml, Medical Union Pharmaceuticals) daily
in range (0.00125 IU/kg- 0.00250 IU/ kg) during the experiment
(4 weeks) to keep the blood glucose level between 160 and 270 mg/dl

Fig. 1. Timeline for induction of the experimental model, drug injection and behavioural tests.
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(Melling et al., 2013). Diabetic animals were further subdivided into
three groups, one left untreated (STZ). The other two groups received
Alis (Novartis, USA) at a dose of 10 mg/kg/day (Eren et al., 2014) and
CPT (Pharonia pharmceutical, Cairo, Egypt) at a dose of 50 mg/kg/day
(Fouad et al., 2013).

All treatments were dissolved in distilled water and given orally for
four weeks. Blood glucose levels were determined weekly using glucose
enzymatic colorimetric assay kit (Cat. No. GL 13 20, Biodiagnostic,
Cairo, Egypt). At the end of the experiment and after performing the
behavioural test, rats were euthanized, and hippocampi were isolated.
Each group (n = 14) was further subdivided into 2 sets, first (n = 7) to
study passive avoidance test and other biochemical parameters. A
Second set (n = 7) to perform the novel object recognition, the western
blot assay, as well as the histopathology examination of pancreas and
hippocampus.

2.3. Behavioural assessment

2.3.1. Novel object recognition
The apparatus is made up of a polyvinyl arena with two identical,

non-toxic objects prepared from plastic materials. Habituation phase
were allowed to freely explore the empty arena without objects for
10 min. on the following day, familiarization phases were performed
where two identical, familiar objects were placed in the arena in op-
posite and symmetrical corners for 4 min. on the third day, one familiar
object was replaced with a novel object and the animal was given 4 min
to explore. Discrimination ratio (DR), calculated as the number of ex-
ploratory attempts by the animal toward the new object to both objects,
indicates the non-spatial memory (Burke et al., 2010; Lueptow, 2017).

2.3.2. Passive avoidance test
The “step-through” apparatus consists of two communicating com-

partments, one illuminated with an electric bulb, 220 V and 40 W, with
top Plexiglas cover; and a dark one of equal size with a stainless steel bar
floor. They are separated by a sliding door. The dark section's floor is
electrified by connection to a constant current stimulator. The animal
was usually placed in the illuminated compartment. First, each rat was
allowed to explore the whole apparatus for 3 min (habituation trial). On
the Second day, once the rat entered the dark compartment, the sliding
door was shut, and an inescapable, constant current, scrambled shock of
5-s duration, 0.6 mA was delivered through the grid floor using a shock
generator (learning trial). Finally, the latency to avoid the shock-asso-
ciated compartment as a sign of non-agreeable stimulus memory was
recorded on two consecutive days (retention test) (Narayanan et al.,
2010).

2.3.3. Western blot analysis for estimation of hippocampus P-ERK1/2,
GSK3β, and P-GSK3β protein expression

The hippocampi were homogenized in RIBA lysis buffer PL005 (Bio
BASIC INC., Marhham Ontario L3R 8 T4 Canada) and supplied with
additional protease inhibitor and phosphatase inhibitor buffers. After
sample preparation, the lysate was kept on ice for 30 min on a shaker.
Then, it was centrifuged at ~11,952 rpm for 30 min at 4 °C, and the
supernatant was transferred to a new tube for further protein con-
centration determination analysis via western blot assay. As described
by Harlow and Lane, 1999, 20 μg protein from each sample was loaded
with an equal volume of 2× Laemmli sample buffer (4% SDS, 10% 2-
mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, and
0.125 M Tris HCl, and the pH was brought to 6.8. Each of the previous
mixtures was boiled at 95 °C for 5 min. Then, 20 μg of total protein was
loaded per mini gel well of SDS-PAGE (Sodium Dodecyl Sulfate-Poly
Acrylamide Gel Electrophoresis). After separation, proteins were
transferred to PVDF membranes. The PVDF membranes were blocked in
Tris-buffered saline with Tween 20 buffer (TBST) and 3% bovine serum
albumin at room temperature for 1 h.

Incubation was performed overnight in each primary antibody:

GSK3β (Thermo Fisher, PA5–29251, USA), P-GSK3β (Thermo Fisher,
PA1–4688, USA), P-ERK1/2 (Thermo Fisher, 700,012, USA) and against
the blotted target protein at 4 °C. The blot was rinsed 3–5 times for
5 min with TBST. Then, the blots were incubated in the HRP-conjugated
secondary antibody (goat anti-rabbit IgG- HRP-l mg goat mab -Novus
Biologicals) for 1 h at room temperature. The blot was rinsed 3–5 times
for 5 min with TBST. Equal volumes of Clarity western luminol/en-
hancer solution (BIO-RAD, USA cat#170–5060) and peroxidase solu-
tion were added, and then, chemiluminescent signals were captured
using a CCD camera-based imager. Image analysis software was used to
read the band intensity of the target proteins against the control sample
after normalization of the levels of protein detected by β actin, which
confirmed that protein loading was the same across the gel, on the
Chemi Doc MP imager.

2.4. Biochemical study

2.4.1. Estimation of hippocampus choline esterase (ChE) content
Hippocampus ChE content was determined according to the method

of Ellman et al. (1961) using DTNB-phosphate reagent after 10 min
incubation of 0.01 ml hippocampus homogenate with acetyl thiocho-
line iodide.

2.4.2. Estimation of hippocampus interleukin 1 beta (IL-1β) level
Quantitative measurement of IL-1β level in this study was assayed

using IL-1β rat ELISA kit (Cat. No. CSB-E08055r, CUSABIO, USA).
Appropriate assay procedures were followed accordingto the manu-
facturer's instructions.

2.4.3. Estimation of hippocampus oxidative stress parameters
The quantitative measurement of the reduced glutathione (GSH)

level was estimated using reduced glutathione colorimetric assay kit
(Cat. No. GR 25 11, Biodiagnostic, Giza, Egypt). The method based on
the reduction of 5, 5′ dithiobis (2-nitrobenzoic acid) (DTNB) with glu-
tathione to produce a yellow compound. The reduced chromagen is
directly proportional to GSH concentration.

Lipid peroxidation (LPO) was determined by quantifying mal-
ondialdehyde (MDA) that formed in terms of thiobarbituric acid re-
active substances (TBARS) using colorimetric assay kit (Cat. No. MD 25
29, Biodiagnostic, Cairo, Egypt).

2.4.4. Histopathological examination of brain and pancreas tissue
Autopsy samples were taken from the brain hippocampus and

pancreas of rats in different groups and fixed in 10% neutral formol
saline for 24 h. Washing was done with tap water and then serial di-
lutions of alcohol (methyl, ethyl and absolute ethyl) were used for
dehydration. Specimens were cleared in xylene and embedded in par-
affinbee wax at 56 degree in hot air oven for 24 h. Paraffin bees wax
tissue blocks were prepared for sectioning at 4 μm thickness by sledge
microtome. The obtained tissue sections were collected on glass slides,
deparaffinized, and stained with haematoxylin and eosin stain for
routine examination using a light electric microscope (Bancroft and
Stevens, 1996).

2.5. Statistical analysis

Statistical analysis was performed using instant automated software
(Graph Pad Prism Software version 5.01, Inc., CA, USA). The results
were expressed as mean ± standard error of mean (SEM). One-way
ANOVA followed by Tukey-Kramer multiple comparison test were used.
Two way ANOVA followed by bonferroni post-test was used only to
analyze blood glucose results. P value less than 0.05 was considered
significant.
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3. Results

3.1. Effect of Alis and CPT on blood glucose levels in poorly controlled STZ-
diabetic rat

As shown in table 1, the blood glucose level was highly significantly
different between the groups (F (109,3) = 50.18, P < .0001)
throughout all weeks of the experiment (F (109,3) = 60.16 P < .0001).
All diabetic rats showed a significant increase in blood glucose levels
compared with the control group. In the STZ induction group, along
with insulin administration, the blood glucose level started to decrease
significantly on week 2; however, it remained significantly higher than
in the control group until the end of the experiment. Alis stabilized the
blood glucose level from week 2, with a significant difference from the
CPT-treated groups. At week 4, both drugs significantly reduced the
STZ-induced elevation in blood glucose, and the effect of Alis treatment
was more potent.

3.2. Effect of Alis and CPT on behavioural alterations in the novel object
recognition test in poorly controlled STZ- diabetic rats

As shown in Fig. 2-a, there were rat behavioural alterations among
groups (F (20,3) = 118.9, P < .0001). Rats with poorly controlled STZ-
induced diabetes were impotent to explore new objects, as shown
through suppression in the DR with respect to normal rats. Alis- and
CPT-treated rats explored the novel object, and thus, DR was sig-
nificantly increased relative to the STZ-inducted group. Significant
improvements were displayed in rats treated with Alis over control rats.

3.3. Effect of Alis and CPT on behavioural alterations in the passive
avoidance test in poorly controlled STZ-diabetic rats

As shown in Fig. 2-b,c, rat behaviour within different groups
showed significance in the 24 h (F(3,20) = 52.12, p < .0001) and 48 h
(F(3,20) = 33.49, p < .0001) step through latency. As a result of STZ-
inducing cognition deficits, the entrance latency to the dark compart-
ment was suppressed in the poorly controlled STZ- diabetic rats after 24
and 48 h with respect to the control group.

In the 24 h test, the entrance latency to the dark compartment was
enhanced via CPT compared with the STZ-diabetic group, and re-
garding to Alis-treated rats, the entrance latency showed greater im-
provement. In the 48 h test, both treatments restored retention latency
in the illuminated compartment compared with the STZ-diabetic group,
with no significant difference between the two drugs.

3.4. Effect of Alis and CPT on hippocampal P-ERK, GSK3β and P-GSK3β
protein expression in poorly controlled STZ- diabetic rats

As shown in Fig. 3-a,b,c, hippocampal P-ERK, GSK3β and P-GSK3β
protein expression were significantly affected after STZ induction and
after the administration of either drug ((F(3,20) = 228.5, p < .0001),

(F(3,20) = 526.8, p < .0001) and (F(3,20) = 508.7, p < .0001), re-
spectively). Marked activation of hippocampal P-ERK and GSK3β pro-
tein expression was shown in STZ-treated rats along with a significant
decrease in the relative expression of the P-GSK3β form relative to the
control group.

Alis and CPT showed a significant reduction in the relative expres-
sion of P-ERK and GSK3β and a significant elevation in the relative
expression of P-GSK3β compared with the STZ induction group.

3.5. Effect of Alis and CPT on hippocampal ChE content in poorly
controlled STZ-diabetic rats

As shown in Fig. 4, hyperglycaemia in addition to drug treatment
displayed a significant difference in hippocampal ChE content
(F(3,20) = 43.44, p < .0001). The poorly controlled STZ- diabetic
group resulted in a significant increase in hippocampal ChE content
compared with the control group. This effect was significantly reversed
in treated groups, as ChE content in the hippocampus was normalized
by both treatments.

3.6. Effect of Alis and CPT on hippocampal IL-1β in poorly controlled STZ-
diabetic rats

As shown in Fig. 5-a, hippocampal IL-1β was significantly different
among the treated groups (F(3,20) = 660, p < .0001). STZ caused a
significant increase in the hippocampal level of IL-1β by nearly 4-fold
compared with the control group. Both treated groups showed a sig-
nificant decrease in the level of the cytokine related to the STZ induc-
tion group, where Alis showed a more significant decrease than CPT.

3.7. Effect of Alis and CPT on hippocampal GSH and MDA in poorly
controlled STZ-diabetic rats

As shown in Fig. 5-b,c, there were significant differences in the le-
vels of GSH (F(3,20) = 21.33, p < .0001) and MDA (F(3,20) = 73.12,
p < .0001) among groups. There was a decrease in hippocampal GSH
and a marked increase in hippocampal MDA in poorly controlled STZ-
diabetic rats compared with the control group. These results were sig-
nificantly reversed in drug-treated rats. There was no significant dif-
ference in GSH hippocampal content between the Alis- and CPT-treated
groups. Alis treatment restored the hippocampal content of MDA, while
CPT administration reduced MDA levels relative to STZ-treated rats.

3.8. Effect of Alis and CPT on STZ-induced pancreatic and hippocampal
histological alterations in poorly controlled STZ-diabetic rats

Related to the pancreas (Fig. 6), normal control rats exhibited a
normal histological structure of the islands of Langerhans cells as the
endocrine portion and the acini with the duct system as the exocrine
portion. On the other hand, the diabetic group exhibited atrophy in the
islands of Langerhans cells associated with sclerosis in the blood vessel

Table 1
Effect of treatment with Alis (10 mg/kg/day, p.o), CPT (50 mg/kg/day, p.o) for 4 weeks on weekly blood glucose level in poorly controlled STZ-diabetic rats.

Control STZ Alis CPT

Week 1 120.0 ± 4.163 310.8 ± 29.21⁎ 351.8 ± 23.02⁎ 383.8 ± 34.89⁎

Week 2 120.0 ± 4.167 345.9 ± 22.37 ⁎ 149.0 ± 12.32 ≠ 1 c 256.90 ± 9.158 1

Week 3 120.0 ± 4.163 238.5 ± 17.64⁎ 116.6 ± 6.892≠ 1 163.70 ± 13.75 12

Week 4 120.0 ± 4.167 242.5 ± 8.814⁎ 100.0 ± 8.751≠ 1 121.00 ± 6.055 ≠ 12

Values are presented as mean ± SEM (n = 7). Statistical analysis was done using two way ANOVA followed by bonferroni post-test.
*significantly different from control group at p < .05.
≠significantly different from STZ -treated group at p < .05.
Csignificantly different from CPT group at p < .05.
1 significantly different from week 1 at p < .05.
2 significantly different from week 2 at p < .05.
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walls and dilatation of the pancreatic ducts in the connective tissue
stroma. Administration of Alis reversed the pancreas to the normal
state. However, in the CPT-treated group, focal extravasation of red
blood cells was detected in the stroma between lobules.

Regarding the brain (Fig. 7), the control group showed a normal
histological structure of the hippocampus. In poorly controlled STZ-
diabetic rats, nuclear pyknosis and degeneration in the neurons of the
fascia dentate of the hippocampus were distinguished. Conversely, the
normal histological structure of the hippocampus was recovered by

Alis. However, CPT-treated rats showed few pyknotic cells.

4. Discussion

To our knowledge, this is the first study to discuss the effect of direct
renin inhibition and an ACE inhibitor on cognitive impairment induced
by hyperglycaemia in rats. In the current study, diabetes was induced
by low repeated doses of STZ for 4 consecutive days and blood glucose
levels were poorly controlled by ineffective doses of insulin. STZ-

Fig. 2. Effect of treatment with Alis (10 mg/kg/day, p.o), CPT (50 mg/kg/day, p.o) for 4 weeks on behavioural alterations in novel object recognition test (a), passive
avoidance test (b,c) in STZ-diabetic rats.
Values are presented as mean ± SEM (n = 7). Statistical analysis was done using one way analysis of variance followed by Tukey kramer's multiple comparison test.
*significantly different from control group at p < .05. ≠significantly different from STZ induction group at p < .05. Csignificantly different from captopril group at
p < .05.

Fig. 3. Effect of treatment with Alis (10 mg/kg/day, p.o), CPT (50 mg/kg/day, p.o) for 4 weeks on hippocampal protein expression and western protein blotting of
(a) P-ERK, (b) GSK3β, (c) P-GSK3β, in poorly controlled STZ-diabetic rats.
Values are presented as mean ± SEM (n = 7). Statistical analysis was done using one way analysis of variance followed by Tukey kramer's multiple comparison test.
*significantly different from control group at p < .05. ≠significantly different from STZ induction group at p < .05. Csignificantly different from captopril group at
p < .05.
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treated rats exhibited hyperglycaemia and atrophy of the pancreas,
which is related to the pathognomonic of DM type I. Cognitive im-
pairment was shown in poorly controlled STZ-rats as presented by be-
havioural disorders, which reflects learning and memory, spatial and
non-spatial disturbance parallel with nuclear pyknosis and neurode-
generation shown in the histopathological examination. These findings
are in agreement with those of Georgy et al. (2013) and Jolivalt et al.
(2010).

As shown in Fig. 8), insulin deficiency induced loss of phosphati-
dylinositol-3-kinase (PI3K) control in brain areas responsible for cog-
nition and locomotion, resulting in RAS overactivity (Laplante and
Sabatini, 2012; Ahmed et al., 2015). Inhibition of the ERK signaling
pathway in the CA1 region in hippocampal cells ameliorated the rat

model of senile dementia (Liu et al., 2018). In poorly controlled STZ-
rats in the current study, an increase in the hippocampal P-ERK was
observed. We also detected an increase in the kinase GSK3β and de-
crease in its phosphorylated form in relation to cognitive impairment
rats in poorly controlled diabetic group. GSK3β activation is a down-
stream target for the loss of PI3K control, Notably, GSK3β adversely
regulates adult hippocampal neurogenesis by reducing the number of
proliferating neurons in the dentate gyrus region (Sirerol-Piquer et al.,
2011; Fuster-Matanzo et al., 2013). The present study also revealed
histopathological evidence reflecting neurodegeneration. Venna et al.
(2015) suggested that GSK3β inhibitors as a prospective therapeutic
intervention for dementia and memory disorders due to their neuro-
protective effect.

In the current study, ACh deficiency was detected in the hippo-
campus of poorly controlled STZ-diabetic rats displayed through the
rise in ChE content in the hippocampus. This is explained by Rensink
et al. (2004) who reported that the cholinergic system, with its reg-
ulating keys, choline acetyltransferase, and AChE, is under GSK3β
control. Singh et al. (2013) and Bodiga and Bodiga (2013) reported that
high levels of Ang II inhibit ACh release in rats and humans via po-
tassium-induced ACh exocytosis.

Diabetes also induced a neuroinflammatory state signified by IL-1β
augmentation in the hippocampus of poorly controlled STZ-diabetic
rats, which is the result of GSK3β direct involvement in the production
of proinflammatory cytokines (Jope et al., 2007). Moreover, in the CNS,
Cibelli et al. (2010) and Krenk et al. (2010) found that inflammatory
factors activate microglia, which in turn initiate more cytokines, ROS,
and neurotoxins, eventually leading to changes in neuronal functioning
and cognitive decline. Oxidative stress illuminates the development of
hyperglycaemia in the hippocampus represented by augmented MDA, a
marker of LPO of cell membranes and a drop in antioxidant GSH levels.
Prorenin receptor (PRR)-mediated Ang II-independent ROS production
via phosphorylation of ERK1/2 is thought to be another plausible

Fig. 4. Effect of treatment with Alis (10 mg/kg/day, p.o), CPT (50 mg/kg/day,
p.o) for 4 weeks on hippocampus ChE content in poorly controlled STZ-diabetic
rats.
Values are presented as mean ± SEM (n = 7). Statistical analysis was done
using one way analysis of variance followed by Tukey kramer's multiple com-
parison test. *significantly different from control group at p < .05. ≠sig-
nificantly different from STZ induction group at p < .05. Csignificantly dif-
ferent from captopril group at p < .05.

Fig. 5. Effect of treatment with Alis (10 mg/kg/day, p.o), CPT (50 mg/kg/day, p.o) for 4 weeks on hippocampal (a) IL-1β, (b) GSH, (c) MDA, in poorly controlled
STZ-diabetic rats.
Values are presented as mean ± SEM (n = 7). Statistical analysis was done using one way analysis of variance followed by Tukey kramer's multiple comparison test.
*significantly different from control group at p < .05. ≠significantly different from STZ induction group at p < .05. Csignificantly different from captopril group at
p < .05.
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Fig. 6. Effect of treatment with Alis (10 mg/kg/day, p.o) or CPT (50 mg/kg/day, p.o)for 4 weeks on pancreas histopathology in poorly controlled STZ- diabetic rats.
(a) Photomicrographs of rat pancreas sections stained with H&E (X200). As shown, the control group, the pancreas exhibited a normal histopathological structure.
The pancreas in poorly controlled STZ-diabetic rats showed (e) oedema, (i) inflammatory cellular infiltration, dilated (cv) congested blood vessels, (d) degenerated
acini and (da) dilated acini. The pancreas of CPT-treated rats displayed (da) dilated acini and (e) oedema. The hippocampus of Alis-treated rats had an apparently
normal appearance with small (cv) congested blood vessels.
(b) histopathological score.
Values are presented as the median (min-max). Statistical analysis was performed using nonparametric Kruskal-Wallis test (one way ANOVA) followed by Dunn's
multiple comparison test. *Significantly different from the control group at p < .05; ≠significantly different from the STZ induction group at p < .05.

Fig. 7. Effect of treatment with Alis (10 mg/kg/day, p.o) or CPT (50 mg/kg/day, p.o) for 4 weeks on hippocampus histopathology in poorly controlled STZ- diabetic
rats.
(a) Photomicrographs of rat hippocampal sections stained with H&E (X200). The hippocampus of the control group appeared with a normal histopathological
structure. The hippocampus of poorly controlled STZ-diabetic rats showed (d) degenerated neurotic cells, (p) pyknotic cells, (cv) congested blood vessels, and (e)
eosinophilic plaques. The hippocampus of CPT-treated rats displayed (p) pyknotic cells and (Fg) focal gliosis. The hippocampus of Alis-treated rats had an apparently
normal appearance with few (p) pyknotic cells.
(b) histopathological score.
Values are presented as the median (min-max). Statistical analysis was performed using nonparametric Kruskal-Wallis test (one way ANOVA) followed by Dunn's
multiple comparison test. *Significantly different from the control group at p < .05; ≠significantly different from the STZ induction group at p < .05.
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mechanism of oxidative stress (Peng et al., 2013).
Administration of CPT in the present study revealed partial im-

provement in the function of β-cells as shown by pancreas histo-
pathology, which is in synchronization with the decrease in blood
glucose level. Because intracellular Ang II has been reduced, its prin-
cipal role in type 1 DM pathogenesis, via inflammation and other sig-
naling pathways, was inhibited by CPT (Fiorino and Evangelista, 2014).
On the other hand, poorly controlled STZ diabetic rats-treated with Alis
reversed the structure of β-islet cells to a normal state and normalized
blood glucose levels from the second week during the experiment. As
described by Fiorino and Evangelista (2014), RAS blockage from the
initial step is accompanied by a decrease in oxidative stress and in-
flammation in type 1 diabetic pancreas, preventing β-islet cell damage.

The enhanced behavioural performance found in both tests in the
present study paralleled the hippocampal histological examination in
poorly controlled STZ-diabetic rats treated with CPT and Alis. CPT at-
tenuation of the diabetic state results in cognitive enhancement as also
reported by Arjmand et al. (2016). In the passive avoidance test at 24 h
and the novel object recognition test, Alis exhibited marked improve-
ment over CPT. Our result correlated with Dong et al. (2011) results,
who interpreted that brain renin was involved in the development of
cognitive decline via augmentation of its expression in activated as-
trocytes and microvessels, hence, competition in the initial rate-limiting
step of RAS by Alis is reflected on behavioural attenuation.

Furthermore, Alis-renin inhibition, which is associated with a re-
duction in the circulating levels of Ang I and II, resulted in an increase
in plasma renin concentration and inhibition of P-ERK1/2 (Staessen
et al., 2006; Pool, 2007). Similar to our findings, Miao et al. (2016)
reported that Alis treatment increased the PI3K phosphorylation
pathway followed by dephosphorylation of ERK and phosphorylation of
GSK3β, providing an explanation for the existing cognition improve-
ment after Alis treatment.

In the current study, CPT and Alis-treated rats displayed a reduction
in ChE content in hippocampus indicating ACh elevation. Indirectly,
this is an outcome of GSK3β inhibition (Rensink et al., 2004), in ad-
dition to the direct decline in Ang II level (Gard, 2002).

Additionally, both CPT and Alis lowered IL-1β levels in the hippo-
campus of poorly controlled STZ-diabetic rats reflecting an ameliorative
effect on the inflammatory state. This is due to a drop in Ang II binding

to its AT1 receptor triggering specific cytokines and chemokine that
recruit T cells to the sites of inflammation (Crowley et al., 2009; Kvakan
et al., 2009). Nguyen and Muller (2010) found that renin binding to the
PRR promotes several Ang II-independent intracellular signaling path-
ways that increase proinflammatory factor production, providing an-
other anti-inflammatory pathway that is activated by Alis as a renin
inhibitor rather than CPT. Generally, poorly controlled STZ-diabetic
rats treated with either CPT or Alis exhibited improvement in the
hippocampal oxidative state. Ang II Stimulation of the AT1 receptor is
the most important origin of ROS/RNS production in different states of
brain physiology through activation of NADPH oxidase (Awasthi et al.,
2012). Because CPT blocks Ang II, the hippocampus antioxidant state
was enhanced in consistent with Arjmand et al. (2016), as RAS in-
hibition potentiated the brain antioxidant system in the STZ-induced
dementia model. Amelioration of the oxidation state was more ob-
served in poorly controlled STZ- diabetic rats treated with Alis by
means of lessening MDA than those treated with CPT. An experimental
model of STZ-T1DM presented by Singh et al. (2008) showed that
blocking RAS prevents the increase in Ang II levels, consequently,
protecting against oxidative stress. Although the ACE inhibitor CPT
provides protection against oxidative stress and inflammation through
inhibition of Ang II, additional blockade of the RAS using a renin in-
hibitor is more efficient. PRR over-expression which mediates both Ang
II-dependent and independent ROS production in neuronal cells was
inhibited by Alis.

In conclusion, the administration of CPT and Alis remarkably im-
proved inflammation and the oxidative stress state, where Alis treated
rats exhibited marked decline in hippocampal MDA level over CPT
treated rats. Besides; they contributed to the amelioration of diabetes-
associated cognitive decline. CPT protective effect displayed in no-
ticeable decline in the blood glucose level at the end of the experiment,
as well as partial improvement in brain and pancreas histological
structure. Whereas, Alis resolved diabetic and cognitive state com-
pletely through renin inhibitory effect and blockade of RAS, revealed by
marked decrease in the blood glucose level from the second week of
experiment in addition to restoration of brain and pancreas normal
histological structure. Regarding to behavioural tests, Alis demon-
strated marked increase in DR with significant improvement over
control rats and CPT treated rats. Furthermore, significant elevation in

Fig. 8. Schematic pathway for RAS involvement in cognitive impairment induced by type 1 diabetes.
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the entrance latency to the dark compartment in the 24. Both treat-
ments modulated P-ERK1/2, GSK3β and P-GSK3β protein expression.
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