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In this study, we investigated the effects of chronic aluminum (Al) exposure for 10 weeks on cell proliferation and neuroblast differentiation 
in the hippocampus of type 2 diabetic rats. Six-week-old Zucker diabetic fatty (ZDF) and Zucker lean control (ZLC) rats were selected and 
randomly divided into Al- and non-Al-groups. Al was administered via drinking water for 10 weeks, after which the animals were sacrificed 
at 16 weeks of age. ZDF rats in both Al- and non-Al-groups showed increases in body weight and blood glucose levels compared to ZLC 
rats. Al exposure did not significantly affect body weight, blood glucose levels or pancreatic -cells and morphology of the pancreas in either 
ZLC or ZDF rats. However, exposure to Al reduced cell proliferation and neuroblast differentiation in both ZLC and ZDF rats. Exposure to 
Al resulted in poor development of the dendritic processes of neuroblasts in both ZLC and ZDF rats. Furthermore, onset and continuation 
of diabetes reduced cell proliferation and neuroblast differentiation, and Al exposure amplified reduction of these parameters. These results 
suggest that Al exposure via drinking water aggravates the impairment in hippocampal neurogenesis that is typically observed in type 2 diabetic 
animals.
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Introduction

Obesity and subsequent hyperglycemia leads to insulin 
resistance, which is the major initiating factor leading to the 
onset of type 2 diabetes mellitus (T2DM). T2DM is rapidly 
increasing in prevalence, and this condition often underlies 
complications such as hypertension, atherosclerosis, angina, 
and stroke [3,20]. Attention has also begun to focus on T2DM 
induced cognitive impairment, including correlations with 
neurodegeneration [37]. Among neurodegenerative diseases, 
Alzheimer’s disease (AD) is the leading cause of 
neurodegeneration, and higher morbidity has been observed in 
older patients with diabetes. Previous research has demonstrated 
that the induction of insulin resistance accelerated Alzheimer’s 
like changes in the brain [26]. However, animal studies to 
elucidate the mechanisms underlying the correlation between 
T2DM and AD are still insufficient and more research is 
required.

Epidemiological studies have found that higher AD-associated 

morbidity is associated with regions with higher chances of 
aluminum (Al) exposure [12,29]. Nevertheless, the role of Al in 
AD is still unclear. Even if Al exposure is not the determining 
factor underlying AD, research supports that it is one risk factor. 
Additionally, Al was shown to induce dementia-like 
encephalopathy in uremic patients with dialysis treatment [7]. 
Al has also been found in amyloid plaques of AD patients [40]. 
Animal studies investigating the correlation between Al 
exposure and AD revealed that Al contributes to amyloidogenesis 
and accumulates in AD model animals [27,34]. The primary 
route of Al absorption is dietary, including in drinking water. Al 
exists in compound form, combined with other elements, and 
the concentration of Al in water is naturally low. However, acid 
rain and use of Al salts as coagulants in water treatment have 
elevated its levels in drinking water [36]. Once dissolved into 
drinking water, Al is more effectively absorbed into the body 
than Al contained in food because of Al-binding to food 
components [12]. 

The effects of Al exposure on the brain of T2DM model 
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animals have not previously been demonstrated. Uremic 
condition makes the body more susceptible to Al toxicity [7], 
and diabetes patients experience uremia in the late phase of the 
disease. However, Al toxicity in diabetes needs to be confirmed; 
therefore, this study was conducted to investigate the effects of 
Al exposure in a diabetic model animal. Zucker diabetic fatty 
(ZDF) rats, which were used in this study, are leptin receptor 
deficient and show insulin insufficiency from 7- to 8-weeks of 
age and develop typical aspects of T2DM from 12-weeks of age 
[11]. Mild cognitive impairments including memory loss have 
appeared as early clinical signs of AD [9,13]. Pennanen et al. 
[24] demonstrated that the brain pathology of AD starts early in 
the hippocampus and connected entorhinal cortex. Recently 
acquired memories are dependent on the hippocampus, and 
impairment of these memories is an early clinical indicator [19]. 
Specifically, formation of new memories is closely related to 
adult hippocampal neurogenesis [6]. Therefore, in the present 
study, we investigated the short-term effects of Al exposure 
before studying the long-term effects of Al exposure in ZDF 
(Leprfa/fa) and Zucker lean control (ZLC, Lepr+/+) rats.

Materials and Methods

Experimental animals
Male and female heterozygous type (Leprfa/+) ZDF rats were 

acquired from Genetic Models (USA) and mated to each other 
to obtain homozygous ZDF and ZLC rats. Only male homozygous 
ZDF and ZLC rats were used in our study because female 
homozygous ZDF rats do not develop hyperglycemia and 
subsequent diabetes relative to age-matched male homozygous 
ZDF rats [5]. Animals were housed in a conventional state 
under adequate temperature (23oC) and humidity (60%) control 
with a 12-h light/12-h dark cycle, and free access to tap water 
and Purina 5008 diet were provided as recommended by 
Genetic Models (Purina Korea, Korea). The procedures for 
handling and caring of animals followed the NIH Guide for the 
Care and Use of Laboratory Animals issued by the Institute of 
Laboratory Animal Resources, USA, 1996, and the protocols 
employed in this study were approved by the Institutional 
Animal Care and Use Committee (IACUC) of Seoul National 
University (SNU-140219-1). All experiments were designed to 
minimize the number of animals used and their suffering.

Genotyping of Leprfa gene and experimental design
The genotype of the Leprfa gene was determined as described 

in our previous study [14]. To investigate the effects of Al 
treatments on the adult hippocampal neurogenesis, ZDF and 
ZLC rats were randomly divided into vehicle-(ZDF), Al-treated 
(ZDF-Al) vehicle-(ZLC) and Al-treated (ZLC-Al) groups (n = 
5 per group). Aluminum chloride (Sigma, USA) was dissolved 
in deionized water (pH 6.7) at 2,000 ppm. Al solution was 
provided as drinking water for rats from when they were 6 to 10 

weeks old. This schedule was adopted because Al-induced 
brain dysfunction and accumulation at this concentration in 
previous studies [21,32]. All animals were euthanized at 16 
weeks of age.

Body weight and blood glucose levels
To confirm the effects of Al treatment on diabetic model 

animals, body weight and blood glucose (fed glucose) levels 
were measured on the last day of the experiment. To measure 
blood glucose level, blood was sampled in the morning (9:00 
AM) by tail nick using a 27 G needle, then analyzed using a 
portable glucose monitor (ACCU-CHEK GO; Roche, Germany).

Tissue processing and H&E staining
For histological staining, animals in each group were 

anesthetized with 30 mg/kg Zoletil 50 (Virbac, France), then 
perfused transcardially with 0.1 M phosphate-buffered saline 
(PBS; pH 7.4) followed by 4% paraformaldehyde in 0.1 M 
phosphate buffer (pH 7.4). The pancreas and brains were 
removed and post-fixed in the same fixative for 12 h. For insulin 
immunohistochemistry and H&E staining, pancreatic tissues 
were dehydrated with graded concentrations of alcohol and 
xylene for embedding in paraffin. Next, 4 m-thick sections 
were serially cut using a microtome (Leica, Germany), then 
mounted onto silane-coated slides (Muto-glass, Japan). Pancreas 
sections were stained with H&E according to the general 
protocols. For immunohistochemical staining of neurogenic 
markers, brains were removed and trimmed, after which they 
were post-fixed in the same fixative for 12 h. The brain tissues 
were then cryoprotected by infiltration with 30% sucrose for 1 
to 2 days. Following equilibration in 30% sucrose in PBS, the 
brains were serially cut on a freezing sliding microtome (Leica) 
into 30 m-thick coronal sections. The sections were then 
collected into six-well plates containing PBS for further 
processing.

Immunohistochemistry
To obtain accurate data, immunohistochemical staining was 

carefully conducted under the same conditions. For paraffin 
sections, three pancreatic tissue sections were selected for each 
animal. Sections were hydrated and placed in 400 mL jars filled 
with citrate buffer (pH 6.0), then heated in a microwave oven 
(Optiquick Compact; Moulinex, France) at a frequency of 2.45 
GHz and 800 W power setting for antigen retrieval. After three 
heating cycles of 5 min each, slides were allowed to cool at 
room temperature and then washed in PBS. For brain, tissue 
sections were selected between −3.00 and −4.08 mm to the 
bregma in reference to the rat atlas for each animal [23]. Ten 
sections 90 m apart from each other were collected and 
sequentially treated with 0.3% hydrogen peroxide (H2O2) in 
PBS for 30 min followed by 10% normal goat serum in 0.05 M 
PBS for 30 min. The sections were then incubated with diluted 
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Fig. 1. Changes in body weight (A) and blood glucose levels (B)
in vehicle-treated Zucker lean control (ZLC), vehicle-treated 
Zucker diabetic fatty (ZDF), aluminum-treated ZLC (ZLC-Al), and
aluminum-treated ZDF (ZDF-Al) rats. Means were analyzed 
using two-way ANOVA (n = 5 per group; *p ＜ 0.05, indicates
a significant difference between ZLC and ZDF or ZLC-AL and 
ZDF-AL. Error bars indicate the means ± SEM. 

guinea pig anti-insulin (1 : 200; Abcam, UK) for pancreas, and 
rabbit anti-Ki67 antibody (1 : 500; Abcam) or goat anti-DCX 
antibody (1 : 50; Santa Cruz Biotechnology, USA) for brain 
overnight at room temperature. Thereafter, sections were 
subsequently exposed to biotinylated goat anti-guinea pig IgG, 
goat anti-rabbit IgG or rabbit anti-goat IgG and streptavidin 
peroxidase complex (1 : 200; Vector, USA). Samples were 
subsequently visualized by reaction with 3,3’-diaminobenzidine 
tetrachloride (Sigma) in 0.1 M Tris-HCl buffer (pH 7.2) and 
mounted on gelatin-coated slides. The sections were mounted 
in toluene based-mounting medium (Richard-Allan Scientific; 
Thermo Scientific, USA) following dehydration.

The region of interest in the dentate gyrus was analyzed using 
an image analysis system. Images were calibrated into an array 
of 512 × 512 pixels corresponding to a dentate gyrus (40× 
primary magnification). The resolution of each pixel contained 
256 gray levels. The intensity of DCX immunoreactivity was 
evaluated by means of a relative optical density (ROD), which 
was obtained after transforming the mean gray level using the 
formula: ROD = log (256/mean gray level). The ROD of the 
background was determined in unlabeled portions using ImageJ 
and the value was subtracted for correction, yielding high ROD 
values in the presence of preserved structures and low values 
after structural loss. The ROD ratio of was calibrated as a 
percentage. The number of Ki67- and DCX-positive cells in all 
groups was counted using an image analysis system equipped 
with a computer-based CCD camera (Optimas 6.5 software; 
CyberMetrics, USA).

Additionally, the total dendritic length of DCX-positive 
neuroblasts (20 DCX+ neuroblasts per group) was measured 
using ImageJ 1.59 software (National Institute of Health, USA) 
with a NeuronJ plug-in.

Statistical analysis
The data shown here represent the means of experiments 

performed for each experimental region. Differences among 
means were analyzed by two-way analysis of variance followed 
by Bonferroni post-tests to elucidate differences among groups 
using the GraphPad Prism 5.0 software (GraphPad Software, 
USA). A p ＜ 0.05 was considered significant.

Results

Body weight and blood glucose levels
The body weights steadily increased with age for all groups. 

At 16 weeks, body weights were significantly different between 
ZLC and ZDF rats. However, there was no significant difference 
in that of rats in the non-Al and Al groups (panel A in Fig. 1).

At the end of the experiment (16 weeks of age), the blood 
glucose levels in the ZLC and ZLC-Al rats were 104.67 mg/dL 
and 104.25 mg/dL, respectively. However, blood glucose levels 
in the ZDF rats increased to 487.33 mg/dL and 419.33 mg/dL in 

ZDF and ZDF-Al rats, respectively. There was no significant 
difference in blood glucose levels between ZDF and ZDF-Al 
rats. There was also no significant difference in blood glucose 
level among ZLC groups by Al treatment (panel B in Fig. 1).

Pancreatic histology
In the ZLC group, pancreatic islets were round and compact 

upon H&E staining (panel A in Fig. 2). In this group, insulin 
immunoreactive cells ( cells) were densely detected in the core 
and throughout the pancreatic islets (panel B in Fig. 2). No 
histological changes were observed in the ZLC-Al group, and  
cells were distributed throughout the islets as in the ZLC group 
(panels C and D in Fig. 2). However, in the ZDF group, slight 
hypertrophy of the islets was observed and reduction of the  
cells was transparent (panels E and F in Fig. 2). No histological 
differences were found in the ZDF-Al group and  cells were 
sparsely distributed in the islets (panels G and H in Fig. 2).
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Fig. 2. Hematoxylin and eosin stain (A, C, E and G) and 
immunohistochemistry for insulin (B, D, F and H) of the 
pancreatic islets of the ZLC (A and B), ZLC-Al (C and D), ZDF (E 
and F), and ZDF-Al (G and H) groups. Note that the islets are 
slightly enlarged in the ZDF and ZDF-Al groups and insulin 
immunoreactive  cells are decreased in the ZDF and ZDF-Al 
groups. However, no histological and immunohistological 
differences were found between non-Al and Al groups. Scale 
bars = 50 m.

Fig. 3. Immunohistochemistry for Ki67 in the dentate gyrus of 
ZLC (A and B), ZLC-Al (C and D), ZDF (E and F), and ZDF-Al (G 
and H) groups. Ki67-immunoreactive nuclei were observed in 
the subgranular zone (arrows) of the dentate gyrus. Note that 
Ki67-immunoreactive nuclei are decreased in the ZLC-Al and 
ZDF-Al groups compared to the ZLC and ZDF groups, respectively. 
The lowest number of Ki67-immunoreactive nuclei was observed
in the ZDF-Al group. (I) Relative mean number of Ki67-positive
nuclei per section in all groups vs. ZLC group (n = 5 per group; 
*p ＜ 0.05, indicates a significant difference between ZLC and
ZDF or ZLC-AL and ZDF-AL, †p ＜ 0.05, indicates a significant
difference between ZLC and ZLC-AL or ZDF and ZDF-AL). Error
bars indicate the means ± SEM. Scale bars = 100 m (A, C, E and
G), 25 m (B, D, F and H). GCL, granule cell layer; PL, 
polymorphic layer; ML, molecular layer.

Effects of Al on cell proliferation in ZLC and ZDF rats
In the ZLC group, Ki67 immunoreactive nuclei were detected 

in the subgranular zone of the dentate gyrus (panels A and B in 
Fig. 3). In the ZLC-Al group, the number of Ki67 immunoreactive 
nuclei decreased to 56.50% of that observed in the ZLC group 
(p ＜ 0.001) (panels C, D, and I in Fig. 3). Minimal Ki67 
immunoreactive nuclei were found in tissue from the ZDF 
groups, and they were determined to be 35.01% of that of the 
ZLC group (p ＜ 0.001) (panels E, F and I in Fig. 3). In the 
ZDF-Al group, Ki67 immunoreactive nuclei were rarely 
detected in the subgranular zone of the dentate gyrus and 
significantly reduced to 49.99% of the ZDF group (representing 
only 17.50% of the ZLC group) (p ＜ 0.05) (panels G–I in Fig. 
3). In the ZDF-Al group, their level was significantly reduced to 
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Fig. 4. Immunohistochemistry for DCX in the dentate gyrus of 
ZLC (A and B), ZLC-Al (C and D), ZDF (E and F), and ZDF-Al (G 
and H) groups. DCX-immunoreactive neuroblasts are observed 
in the subgranular zone (arrows) of the dentate gyrus. Note that 
DCX-immunoreactive neuroblasts were decreased in the ZLC-Al
and ZDF-Al groups compared to the ZLC and ZDF groups, 
respectively. The lowest number of DCX-immunoreactive 
neuroblasts was observed in the ZDF-Al group. Scale bars = 100
m (A, C, E and G), 25 m (B, D, F and H).

Fig. 5. Relative optical density (ROD) demonstrated as 
percentages of ZLC in DCX immunoreactivity (A), mean number
of DCX-immunoreactive neuroblasts (B) and the length of 
neuroblast dendrites (C) in all groups (n = 5 per group; n = 5 per 
group; *p＜ 0.05, indicates a significant difference between ZLC
and ZDF or ZLC-AL and ZDF-AL, †p ＜ 0.05, indicates a 
significant difference between ZLC and ZLC-AL or ZDF and 
ZDF-AL). Error bars indicate the means ± SEM.

30.97% of that in the ZLC-Al group (p ＜ 0.001) (panel I in Fig. 3).

Effects of Al on neuroblast differentiation in ZLC and ZDF 
rats

In all groups, cell bodies of DCX immunoreactive neuroblasts 
were located in the subgranular zone of the dentate gyrus, some 
of which were in the lower granule cell layer (Fig. 4). In the ZLC 
group, DCX immunoreactive neuroblasts were prominent 
among all groups, and well-developed dendrites with higher 
complexity were observed (panel A and in Fig. 4). The average 
dendritic length of DCX immunoreactive neuroblasts in this 
group was 468.21 m (panel C in Fig. 5). 

In the ZLC-Al group, the DCX immunoreactivity and number 
of DCX immunoreactive neuroblasts was reduced to 78.69% 

and 85.31% of the ZLC group, respectively (p ＜ 0.05) (panels 
C and D in Fig. 4, and panels A and B in Fig. 5). The length of 
dendrites was decreased to 366.97 m and the complexity of the 
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dendritic branching was reduced in the ZLC-Al group (p ＜ 
0.001) (panels C and D in Fig. 4, and panel C in Fig. 5). 

In the ZDF group, the DCX immunoreactivity and number of 
DCX immunoreactive cells was significantly reduced to 
54.25% and 60.78% of those observed in the ZLC group, and 
the length of the dendrite was decreased to a mean of 248.86 m 
(p ＜ 0.001) (panels E and F in Fig. 4, and panels A–C in Fig. 5). 
In addition, dendritic branching was reduced relative to the 
ZLC group. 

In the ZDF-Al group, the DCX immunoreactivity was 
reduced to 67.91% of that in the ZDF group (36.84% of that in 
the ZLC group) (p ＞ 0.05), and most DCX immunoreactive 
neuroblasts in the ZDF-Al group had poorly-developed 
dendrites and decreased complexity of dendritic branching 
(panels G and H in Fig. 4, and panel A in Fig. 5). In addition, the 
lowest number (42.36% of that of the ZLC group) (p ＜ 0.05) 
and the shortest dendrites (151.14 m) of DCX 
immunoreactive neuroblasts were found in the ZDF-Al group 
(p ＜ 0.001) (panels B and C in Fig. 5). In ZDF-Al group, the 
immunoreactivity, number and dendritic length was 
significantly reduced compared to those in the ZLC-Al group 
(p ＜ 0.001) (panels A–C in Fig. 5).

Discussion

ZDF rats, which are derived from Zucker obese rats, have a 
mutated leptin receptor that makes them obese and insulin 
resistant. Unlike the mild glucose intolerance observed in 
Zucker obese rats, ZDF rats develop severe glucose intolerance 
from the pre-diabetic phase through to the diabetic phase via 
insulin resistance with failure in pancreatic  cell mass 
compensation [25]. In previous studies, we found that the onset 
and continuation of the diabetic condition impaired cell 
proliferation and neuroblast differentiation in the hippocampal 
dentate gyrus [14]. In the present study, we investigated the 
effects of oral Al exposure from the pre-diabetic stage inT2DM 
rats on adult hippocampal neurogenesis.

First, we compared the physiological effects of diabetes 
and/or Al exposure in ZDF and ZLC rats at 16 weeks of age 
following a 10-week Al exposure period. ZDF rats showed 
significantly increased body weights and blood glucose levels. 
Even though the pattern of slight reduction in body weight and 
blood glucose levels was observed in ZDF-Al rats, this 
difference was not significant. In accordance with the past 
results [18,25], diabetic rats showed slight hypertrophy of the 
pancreatic islets and reduction of insulin immunoreactive  
cells. However, Al exposure caused no significant difference in 
pancreatic histology or the distribution of  cells in this model. 
To the best of our knowledge, no studies have demonstrated the 
side effects of Al on the pancreas. In our previous study, 
intraperitoneal Al treatment resulted in the reduction of both 
blood glucose levels and body weight gain in mice with high fat 

diet induced obesity [22]. However, in the present study, 
exposure to Al via drinking water was not significantly 
associated with these parameters. The absorption rate for Al is 
dependent on the route of administration [7,30,39] and may 
explain the different results between our previous and present 
studies. Intraperitoneal Al administration produces more 
effective absorption and causes more Al accumulation in the 
brain than oral administration [30]. Exposure to Al as drinking 
water produces absorption rates of approximately 0.1 to 2.18% 
[7,39]. We selected drinking water as a route of Al ingestion 
because Al exposure via the intraperitoneal route is very rare in 
humans, whereas exposure to Al in drinking water is more 
probable. Additionally, lethality occurred after approximately 4 
weeks of intraperitoneal injections, so we selected less lethal 
drinking water as a route of Al administration for our present 
study.

Next, we compared the effects of diabetes and/or Al exposure 
and found differences in cell proliferation and neuroblast 
differentiation between Al and non-Al groups. Similar to 
findings of previous studies of the effects of obesity and 
diabetes [14,22], type 2 diabetes impaired both cell proliferation 
and neuroblast differentiation in the present study. In addition, 
the total dendritic length of neuroblasts was significantly 
reduced by diabetes. High fat diet-induced obesity and type 2 
diabetes induced cognitive malfunction, which is mediated by 
impairing functional and structural synaptic plasticity [31]. 
Impairment of both functional and structural hippocampal 
plasticity has also been reported in the hippocampus using a 
type 1 diabetic model [1,4]. Among many possible mechanisms 
of functional and structural hippocampal impairment in type 1 
and 2 diabetes, hyperglycemia and increased glucocorticoid 
commonly exist and contributes to the development of 
neuropathology [4,31].

Exposure to Al impaired adult hippocampal neurogenesis in 
both ZLC and ZDF groups. However, Al treatment in diabetic 
rats exacerbated the reduction of cell proliferation and neuroblast 
differentiation. Along with reduction of the immunoreactivity 
and cell number, negative effects of Al on dendritic length and 
complexity of neuroblasts are apparent in both ZLC and ZDF 
rats. The results of our previous study are consistent with those 
of the present study because intraperitoneal Al treatment 
impaired adult hippocampal neurogenesis in mice with high fat 
diet-induced obesity [22]. DCX immunoreactive neuroblasts 
have an important role in learning [33]. In addition, synapse 
forming dendritic arborization of these neuroblasts was positively 
correlated with hippocampus-dependent spatial learning [38].

Al distributes to all regions of the brain, with the maximum 
concentration in the hippocampus [17]. After accumulation, Al 
develops neurotoxicity via several mechanisms, including 
oxidative stress, excitotoxicity, inflammation and apoptosis 
[2,10]. However, the mechanism of the Al neurotoxicity was 
not investigated in our present study. In other studies, Al 
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treatment induced functional deficits such as learning and 
memory impairment in mice and rats [16,28]. Along with 
reduction of adult hippocampal neurogenesis, intragastrically 
fed Al negatively affected ultrastructural configuration of the 
synapse [16]. In addition, chronic feeding of Al via drinking 
water impaired the synaptic plasticity (LTP and LDP) of the 
hippocampal dentate gyrus [35]. Long-term dietary Al accelerated 
amyloid peptide formation and plaque deposition in the 
transgenic model of Alzheimer’s disease [27]. Ribes et al. [28] 
reported that, in this model, seven months of dietary Al 
exposure impaired spatial memory but spared cell proliferation 
and neuronal differentiation. There are three possible reasons 
for the absence of a significant difference in neurogenesis. 
Specifically, training and behavioral tests can increase 
hippocampal neurogenesis [8]. Additionally, the effects of the 
administrative form of Al in diet and water can be different for 
absorptive efficiency [12]. Finally, in the early stages of 
Alzheimer’s disease, hippocampal neurogenesis increases as a 
compensatory mechanism for progressive neurodegeneration 
[15].

In conclusion, chronic exposure to Al via drinking water 
exacerbates the diabetes-induced reduction in cell proliferation 
and neuroblast differentiation.
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