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Objective(s): Epidemiological and biochemical studies conducted over the past two decades have 
established a strong link between type 2 diabetes mellitus (T2DM) and Alzheimer’s disease (AD). 
However, the exact mechanisms through which aberrations in insulin signaling associated with T2DM 
contribute to cognitive decline are not yet known.  
Materials and Methods: In an effort to explore possible molecular links between T2DM and AD, the 
present study investigated the status of neurodegeneration, adult hippocampal neurogenesis, and 
nitrosative stress induced protein S-nitrosylation in streptozotocin (STZ) induced mice models of 
T2DM. Morris water maze task and subsequent histological and immunohistochemical assessment 
were conducted. Expression of neurogenesis markers (Ki67, DCX, and NeuN) and APP 770 was 
determined by qRT-PCR.  
Results: A significant decline in spatial learning and reference memory was observed with consequent 
neurodegeneration in brain cortex and hippocampus in the diabetic group as compared to the control 
group. A subsequent increase in expression of APP 770 was also observed in T2DM brain regions. 
Moreover, a significant decrease in transcriptional expression of Ki67, DCX, and NeuN was also evident 
in T2DM brain regions, which indicated possible aberrations in adult hippocampal neurogenesis in 
T2DM. Furthermore, an increased immunohistochemical signal for S-nitrosylation was also observed 
in T2DM, which also suggested its potential contribution in T2DM associated neuronal deterioration.  
Conclusion: It is suggested that these identified aberrations in the diabetic brain may communally 
increase the susceptibility of developing AD in patients with T2DM. Further studies of the underlying 
molecular mechanisms may help to strategize a combination therapy for these debilitating disorders. 
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Introduction 
Diabetes mellitus type 2 (T2DM) is a chronic 

metabolic disorder that affects about 422 million 
people around the globe annually (1). Initiated             
by cellular resistance to insulin, this disease leads                          
to a state of hyperglycemia in the body that 
ultimately causes cytotoxicity in the brain, kidneys, 
blood vessels, nerves, eyes, and the gastrointestinal 
tract (2). Various molecular players, including 
peptide hormones and proinflammatory cytokines, 
come into action upon its onset, leading to reduced 
cellular insulin sensitivity and beta-cell dysfunction–a 
combination that disrupts cross-talk between 
endocrine pancreas, liver, skeletal muscle, adipose 
tissue, gastrointestinal tract, and the central nervous 
system aggravating hyperglycemia and activating 
multiple pathways that lead to cell death (3). Of all 
its complications, its effects on the central nervous 
system are the most debilitating and have grim 
effects on quality of life.  

      

Metabolic disturbances associated with diabetes, 
especially insulin resistance, have been observed to 
contribute towards the development of pathological 
hallmarks of Alzheimer’s disease (AD), making T2DM 
a major risk factor for AD (4). These common 
pathogenic mechanisms have led to AD being referred 
to as ‘type 3 diabetes’ and indicate that it is basically the 
type of diabetes that selectively involves brain (5). 
Although AD is the most common form of dementia 
(50–60% cases) and affects 20% people above the age 
of 80, there is still no clue about the cause of this 
devastating illness and hence, no cure (1). The 
economic burden of T2DM and AD care is increasing 
every year, triggering the need to understand their 
biochemical basis and to find potential drug targets.  

Extensive studies have been conducted to 
understand the effect of T2DM on the functioning of 
the brain and have surprisingly found that the effect 
of T2DM is similar to that of AD. Geroldi et al. (6) 
reported that cognitive impairment correlated 
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With biochemical and clinical features of insulin 
resistance syndrome. Studies have revealed 
inflammation, insulin resistance and mitochondrial 
dysfunction as common pathogenic mechanisms 
shared by AD and diabetes Mellitus (DM). Impaired 
glucose metabolism, even in the absence of T2DM, 
causes a decrease in hippocampal volume                           
and microstructure along with changes in 
microvasculature which affect learning ability, 
neurotransmission, and memory consolidation (7-9). 
Neuronal cell death has been reported to increase in 
patients with both AD and DM (in comparison to 
those with AD or T2DM only) due to generation of 
oxidative stress by advanced glycation end products 
(AGEs) (10, 11). In addition to altering the 
physiology of the brain and causing neuronal 
apoptosis, T2DM has also been reported to alter 
neuronal migration, one of the key processes 
involved in adult neurogenesis (12). Neurogenesis is 
necessary for learning, memory, and healing from 
injuries and continues throughout the life. It has 
already been established that irregular neurogenesis 
accompanies neurodegeneration in AD brains (13). 

Nitrosative stress, a redox mediated post trans-
lational modification (14), is another key player in the 
pathophysiology of both AD and DM and imparts its 
effects through aberrant S-nitrosylation of several 
metabolic, apoptotic, and structural proteins (15). The 
alterations in protein S-nitrosylation may underlie the 
adverse effect of hyperglycemia and may be the 
causative factor for cognitive impairment associated 
with AD. Although aberrant S-nitrosylation has been 
reported in various complications of T2DM, its role in 
cognitive decline and dementia associated with 
diabetes has not been explored. 

In the present study, memory impairment was 
studied in streptozotocin (STZ)-induced mice models            
of T2DM through Morris water maze test. We also 
quantified the extent of neurodegeneration and 
neurogenesis through the expression of amyloid 
precursor protein 770 (APP770), Ki67 (a proliferating 
cell marker), doublecortin (DCX; an immature 
progenitor cell marker), and neuronal marker (NeuN), 
respectively. Additionally, the S-nitrosylation status of 
proteins in the diabetic brain was also targeted using 
immunohistochemistry. 

 

Materials and Methods 
Induction of type 2 diabetes in mice 

Male BALB/c mice (n=20) bred and housed in the 
animal house of Atta-ur-Rahman School of Applied 
Biosciences (ASAB), National University of Sciences and 
Technology (NUST), were used in this study. Four mice 
were housed per cage and kept at constant 
temperature (25±2 °C) under natural light-dark cycle 
(12-12 hr). Diabetes was induced in the diabetic group 
(n=10) by switching the mice to high-fat diet (HFD) 
(basic mice feed 59%, sugar 20%, animal fat 18%, and 
egg yolk 3%) after weaning and rendering two low 
doses of STZ (100 mg/kg) at 6 and 9 weeks of age in 0.1 
M citrate buffer (pH 4.5) after overnight fasting through 
intraperitoneal injections. The control group (n=10) 
were fed basic mice feed (crude protein 30%, crude fat 
9%, crude fiber 4%, and moisture 10.4%) and injected 
with citrate buffer only. The fasting blood glucose (FBG) 
levels of animals were assessed after eight days of STZ 
injection using On-Call® EZ II blood glucose monitoring 
system (Blood ACON International, USA). Mice with 
FBG levels higher than 12 mmol/l were considered 
diabetic (16) and used for further analysis. The details 
of FBG levels are provided as supplementary data. The 
detailed experimental protocol is illustrated in Figure 1.  
 
Morris water maze test 

The Morris water maze (MWM) test was conduct-
ed with slight modifications in the protocol 
described (7). Briefly, a 120×60 cm circular pool was 
divided into four quadrants and filled with water (20 
°C±2 °C) to a depth of 33 cm. The water was made 
opaque by addition of blue dye and a transparent 
platform (13×32 cm) was placed in the North-
Western qua-drant. Each mouse was given five 
acquisition trials per day for five consecutive days 
with a minimum inter-trial interval of 10 min. Mice 
were released from one of the four defined starting 
positions and allowed to navigate around the pool 
for 90 sec to locate the hidden platform. The mice 
that located the platform within 90 sec were left 
there for 5 sec while those that failed to locate the 
platform within this time were manually guided 
towards the platform and left there for 20 sec.               
The average escape latency for five trials of each  
day was calculated. Spatial probe trial test was 

 
 

 
 
 

Figure 1.  Schematic diagram of the experimental protocol 
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conducted on the sixth day; the platform was 
removed and mice were allowed to swim for 90 sec. 
The time spent in each quadrant was recorded along 
with the number of times each mouse crossed the 
position where the platform was located.  
 
Histological and immunohistochemical examination 

The protocol established by Gage et al. (17) was 
used for heart perfusion. The brain tissue (n=4, each 
group) was excised and incubated in 4% 
paraformaldehyde (PFA) for 24 hr at 4 °C and later 
dehydrated using 70% isopropanol (1 hr), 95% 
isopropanol (1 hr), and 100% isopropanol (1 hr) 
followed by incubation in xylene for 4 hr. Paraffin 
embedding was performed by placing the tissue in 
molten paraffin for 4 hr at 60 °C and then allowing it to 
solidify at 4 oC for block formation. Tissue sections (5 µ) 
were mounted on slides and subjected to hematoxylin 
and eosin (H&E) staining. The slides were visualized 
using an inverted microscope (Labomed, USA) at 4X, 
10X, and 40X resolutions. The images were captured by 
Pixel Pro™ image analysis software (Labomed, USA). 

For immunohistochemical analysis, sagittal sec-tions 
(5 µ) were mounted on poly lysine coated adhesive 
slides.  Graded concentrations of ethanol were used to 
rehydrate the sections followed by heat mediated 
antigen retrieval that was performed by incubating 
sections for 35 min in sodium citrate (pH: 6) in a 
pressure cooker. The sections were washed 
subsequently and incubated in 35% H2O2 to quench 
endogenous H2O2. The slides were incubated in 5% 
bovine serum albumin in phosphate buffered saline 
(PBS) for 10 min to avoid non-specific binding of 
antibody followed by overnight incubation in 4 °C in 
0.1% bovine serum albumin in PBS containing rabbit 
polyclonal antibody for S-nitrosocysteine (1:100; 
ab50185). The sections were washed and incubated in 
horseradish peroxidase (HRP) conjugated anti-rabbit IgG 
(1:100; ab97051) for 1 hr at room temperature. The 
sections were placed in a solution containing 0.025% of 
3,3′ diaminobenzidine (DAB, ab50185) for 10 min to 
visualize the peroxidase reaction product. The sections 
were counter stained with hematoxylin and visualized. 

 
Quantitative real –time PCR  

RNA extraction from total hippocampal and 
cortical regions (n=6, each group) was carried out 
according to the manufacturer’s protocol using Tri-
reagent. The extracted RNA was quantified using 
Nanodrop 2000 (Thermoscientific, USA) and an 
equal amount of RNA (2 µg) was transcribed into 
cDNA.  

A reaction mixture containing 4 μl of HOT FIREPol® 
EvaGreen® qPCR Mix Plus, 1 μl of forward and reverse 
primers and 1 µl of cDNA template was prepared. The 
expression of β-actin, APP770, DCX, NeuN, and Ki67 was 
quantified using ABI Prism 7300 sequence detection 
system (Applied Biosystems, 7300) using specific 
forward and reverse primers (supplementary Table 1). 

Dissociation curves and agarose gel electrophoresis were 
used to access the quality of PCR product. All values were 
normalized to those obtained for β-actin and the values 
obtained from these experiments were analyzed relative 
to gene expression data using the 2-∆∆CT method (18). The 
data was statistically analyzed by Student’s t-test and a     
P<0.05 was considered to be statis-tically significant. The 
results were presented as expression graphs using 
GarphPad Prism (v5). 
 

Ethics statement 
All the experiments performed were in compli-

ance with the rulings of the Institute for Laboratory 
Animal Research, Division on Earth and Life Sciences, 
National Institute of Health, USA (Guide for the Care 
and Use of Laboratory Animals: Eighth Edition, 
2011). The study has the ethical approval of the 
Internal Review Board (IRB) of ASAB, NUST. 

 

Results  
Hyperglycemia impairs cognitive functions 

MWM maze test was employed to assess the 
cognitive decline in response to hyperglycemia in STZ 
induced mice models of T2DM. Average escape latency, 
recorded over a period of five days, reflected a decrease 
in spatial learning in diabetic mice in comparison to              
the control group (P<0.05 as analyzed by two-way 
ANOVA). The control depicted a stable learning curve 
whereas escape latency of diabetic mice kept 
fluctuating but remained higher than the control group 
throughout the experimental period (Figure 2a). 
Statistical analysis of the data obtained for day 5 of 
MWM provided further evidence for a statistically 
significant decline (P<0.001) in spatial learning and 
memory (Figure 2b). Assessment of reference memory 
using probe trial test showed a significant decrease in 
reference memory in the diabetic group (Figures 3a & 
b). Owing to the lack of memory, the diabetic mice 
spent less time in the target quadrant (P<0.05) and 
crossed the location of the previously hidden platform 
for fewer times (P<0.01) as compared to control group. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  (a) Effect of Hyperglycemia on learning and memory using 
MWM test: Graph depicts escape latency (sec) to assess formation of 
spatial memory between control and diabetic group statistically 
analyzed by two-way ANOVA. Diabetic group depicted lesser retention 
of spatial memory as compared to control thereby finding platform 
much later than normal mice. Error bars represent mean+ SEM. (b) 
Comparison between cognitive performances of different groups on 
day 5: In comparison to control, hyperglycemic animals showed a 
significant decrease in escape latency indicating a decline in learning 
and memory. Data was analyzed using Student’s t-test (shown as 
mean±SEM, *P<0.05) 
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Figure 3.  Effect of Hyperglycemia on Reference Memory: (a) The 
Graph indicates that the control mice centered their search around the 
position where platform was located previously and crossed its 
location several times while the diabetic mice spent more time along 
the perimeter. The data is shown as mean±SEM, *P<0.05. (b) The 
Graph indicates that the control mice recalled the position of the 
platform and crossed its location several times while the diabetic mice 
spent more time along the perimeter indicating a deficit in memory of 
diabetic mice. The data is shown as mean±SEM, **P<0.001 
 

Histological examination of brain 
Neurodegeneration was observed in both cortical 

and hippocampal regions of the diabetic mice. The H&E 
stained brain sections showed the classical appearance 
of shrunk neurons and a decrease in neuronal density in 
diabetic brains as compared to control sections. A 
significant reduction in cell density in the cortical region 
of the diabetic group (25.00±2.51) as compared to the 
control group (39.67±3.38, P<0.02) was observed. 
Reduction in the cell density was also observed in the 
hippocampus of the diabetic group (4.00±1.00) as 
compared to the control group (8.66 ± 0.33, P<0.01) 
(Figures 4, 5). 
 
Immunohistochemical analysis of S-nitrosylated proteins 

DAB staining using Anti S-nitrosocysteine antibody 
indicated a clear increase in S-nitrosylated proteins in 
CA1 region of the hippocampus in diabetic mice (Figure 
5). Similar results were obtained for the cortical region 
as well, suggesting an increased nitrosylation of cellular 
and synaptic proteins.  
 
Transcriptional analysis of APP770 and 
neurogenesis markers 

Quantitative PCR indicated an overall increase in the 
expression of APP 770 in response to hyperglycemia in 
both cortical and hippocampal tissue from diabetic mice 
indicating neurodegeneration in both of these regions. 
However, statistical analysis revealed this difference to 
be statistically significant in the hippocampal region only 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. H&E stained sections of C- shaped hippocampus: (a) 
Pattern of dark neurons within the pyramidal layer of the 
hippocampus of control group. (b) Diabetic group (original 
magnification 4X) (c) Pattern of dark neurons within the CA3 of 
the hippocampus of control group (d) diabetic group. Shrunken 
cell bodies and neurodegeneration can be observed in the latter 
slide (original magnification 40X) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. H&E stained sections of cortex: (a) control group (b) 
diabetic group (Layers I to VI; original magnification 10X) (c) 
unaffected neurons of layer 2 of cerebral cortex in control group 
and (d) diabetic group (original magnification 40X). A decrease in 
neuronal density can also be observed in cortex of diabetic group 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. DAB stained sections representing the status of S-
nitrosylated proteins: A comparison of (a) control group and (b) 
diabetic Group indicates an increase in the amount of S-
nitrosylated proteins in response to hyperglycemia in 
hippocampal region of brain. Original magnification 10X. Similar 
results were obtained for cortical regions of (c) control group and 
(d) diabetic group. Original Magnification 40X 
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Figure 7. Transcriptional expression of APP770, Ki67, DCX and NeuN in diabetic mice compared with control: a: Histogram representing 
an increased transcriptional expression of APP 770 in cortex and hippocampus of diabetic mice in comparison to control indicates its 
contribution towards neurodegeneration. b-d: Decrease in expression of Ki67, DCX and NeuN is evident in cortex and hippocampus of 
diabetic mice, suggesting aberrations in adult neurogenesis. The data is shown as mean ± SEM, *P<0.05, ns= non-significant 
 
 

(P<0.05). Moreover, the transcriptional expression of 
Ki67, a marker for neuronal proliferation, was 
significantly decreased in diabetic mice in comparison 
to control suggesting an overall decrease in neuronal 
proliferation in response to hyperglycemia. The 
downregulation of Ki67 was statistically significant in 
both hippocampal and cortical regions (P<0.001) 
however it was slightly higher in the hippocampus 
region suggesting a severe damage to this part of the 
brain.  
 

Quantitative PCR results for the expression of 
DCX also showed a significant decreased in both 
hippocampal and cortical (P<0.001) regions of the 
diabetic mice. On comparison among the two 
regions, its expression in the hippocampus was 
significantly lower (P<0.05) suggesting an increased 
damage to neuronal migration in the hippocampus. 

Gene expression analysis of Neu N, a marker for 
mature neurons, also demonstrated a significant 
downregulation in both cortex and hippocampus 
(P<0.001) adding further evidence to the findings 
that the neurogenesis is affected in response to 
hyperglycemia (Figure 7). 

 
Discussion 

The current study was conducted with the 
objective of investigating various contributing 
factors of cognitive impairment in a mouse model of 
T2DM that may contribute towards the development 
of AD.   

The findings of the assessment of spatial memory, 
conducted through MWM paradigm, suggested a 

significant cognitive deficit in hyperglycemic mice. 
The present findings are in agreement with the 
previously reported studies that demonstrated a 
significant cognitive decline in diabetic mice (7, 19) 
while assessing the role of insulin treatment; it failed 
to reverse cognitive decline and memory impairment 
in diabetic rats (20). Based on these findings it can be 
postulated that cognitive decline is one of the major 
complications of T2DM where hyperglycemia causes 
a permanent deficit in learning and information 
processing ability, which makes patients of 
T2DM vulnerable to developing AD and associated 
dementia (21-23).  

The observed neuronal shrinkage and degradation 
in the CA3 region that marked a severe structural 
disruption of the hippocampus and an overall decrease 
in cortical neuronal density of diabetic mice, provides 
substantial evidence of neurodegeneration associated 
with T2DM. As the alterations in glucose and insulin 
signaling cause changes in tau phosphor-rylation and 
amyloid beta (Aβ) metabolism where insulin 
accelerates Alzheimer-related pathology specifically 
neurodegeneration (24, 25), these observations further 
substantiate our understanding about the linking 
pathological features among T2DM and AD. In this 
context, expression of APP770 in diabetic and control 
groups was investigated that showed a substantial rise 
in its expression levels in the diabetic group. 
Accumulation of Aβ peptide, a derivative of APP, is one 
of the pathological hallmarks of AD (26). An increased 
expression in the diabetic group may suggest that 
manipulation of the expression of APP770 could be 
one of the several ways in which insulin resistance is 
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contributing towards neurodegeneration. However, 
the exact mechanism of T2DM associated neuro-
degeneration further needs to be explored. 

Furthermore, an accumulation of S-nitrosylated 
proteins in the hippocampus and cortical regions of 
the diabetic brain also indicated the effect of nitro-
sative stress on the brain, which may also evidence 
that diabetes brings an overall increase in S-
nitrosylation. A similar increase was also 
documented in the brains of diabetic animals within 
few weeks of diabetes induction (27), which also 
supports our findings. Furthermore, the alterations 
in protein S-nitrosylation due to hyperglycemia                 
also contribute to endothelial dysfunction and 
mediate the development of diabetic associated 
consequences (28). In T2DM and AD, the synaptic 
disruption is documented as a combined effect of 
hyperglycemia and oligomeric Aβ, linked through 
aberrant protein S-nitrosylation (29). It is suggested 
that the nitrosative stress during early stages of this 
disease leads to an overall increase in S-nitrosylation 
of various protein targets. A proteome wide study to 
find affected proteins would provide a further insight 
into the role of these proteins in the pathophysiology 
of both of these disorders.  

In order to justify the extent of neuronal loss,            
as observed in histochemical studies, the state                     
of neurogenesis in T2DM was also studied. Previous 
studies suggested that although hyperglycemic 
environment promotes the growth of progenitor  
cells, it reduces their survival thereby impairing 
neurogenesis and causing cognitive impairment (30). 
However, the effect of hyperglycemia on individual 
stages of neurogenesis has not been reported 
previously. We found a significant decrease in all 
three stages of neurogenesis in the diabetic brain. 
Neuronal proliferation, migration, and maturation 
(studied through transcriptional expression of Ki67, 
DCX, and NeuN) were significantly reduced in the 
diabetic brain as compared to the control group. 
Other researchers also reported a similar reduction 
in neurogenesis markers in STZ model of type 1 
diabetes (31). Moreover, reduced cell proliferation 
and neuroblast differentiation were also observed in 
diabetic models exposed to aluminum (Al) which 
further aggravated the diabetes associated altered 
neurogenesis (32). Also, there is a significant decrease 
in transcriptional expression of neurogenesis mar-
kers after Al exposure, however, the damage was 
reduced by treatment with metformin (a biguanide 
drug commonly used to treat T2DM). This showed 
the possible association of metformin in mediating 
the adult hippocampal neurogenesis (33). In 
addition, liraglutide and lixisenatide, available for 
treating diabetes, potentially enhance neurogenesis. 
However, the neurogenic and neuroprotective effects 
of these anti-diabetics need further in-depth 
understanding. 

In addition, the possible influence of APP on 
neurogenesis cannot be ruled out. APP conferred its 
effects differently by two of its domains i.e. soluble 
secreted APPs (sAPPs) which are neuroprotective 
and significantly associated with neurogenesis             
while APP intracellular domain (AICD) negatively 
modulates neurogenesis (34, 35). It is postulated 
that the altered expression of APP770 (a sAPP) 
during a pathological condition, as observed in the 
present study, disrupts its neuro protective potential 
and may influence neurogenesis in T2DM.   

 

Conclusion  
Our findings suggest memory impairment is one 

of the major consequences of T2DM that can be 
attributed to neurodegeneration via upregulation of 
APP770, aberrant protein S-nitrosylation, and 
downregulation of neurogenesis. As a combinatorial 
effect, all these observed alterations increase the 
susceptibility of developing AD in patients with 
T2DM. Further studies are required to identify and 
understand aberrations of proteins involved in 
affected pathways along with the role of other post-
translation modifications that may be helpful in 
strategizing a combination therapy for both of these 
debilitating disorders. 
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