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Abstract: Several lines of evidence have demonstrated that leptin is probably involved in the cognitive impairment 
which induced by a single injection of streptozocin (STZ). However, there is little literature reporting the relationship 
between cognitive impairment and cardiopulmonary bypass (CPB). This study aimed to investigate the role of leptin 
in the cognitive impairment of STZ-induced diabetic rats undergoing CPB. Wistar rats received 2 h of CPB exposure 
1 month after a single intraperitoneal injection of 60 mg/kg of STZ or the vehicle. Behavioral results of rats in Morris 
water maze were recorded. After that, rat hippocampi were harvested for measuring leptin, tumor necrosis factor-α 
(TNF-α) and interleukin-1β (IL-1β). Besides, we observed intracerebroventricular injection of leptin on the cognitive 
impairment of diabetic-rats undergoing CPB and measured behavioral performance and hippocampal TNF-α and 
IL-1β levels. Rats undergoing CPB significantly aggravates STZ-induced an increase of the latency to the platform 
and a decrease of the proportion of time spent in the target quadrant of rats in Morris water maze test. Additionally, 
the expression of leptin significantly decreased, while TNF-α and IL-1β levels significantly increased. Moreover, intra-
cerebroventricular injection of leptin has a therapeutic effect for cognitive impairment of diabetic rats undergoing 
CPB. Leptin deficiency in hippocampus is probably involved in the cognitive impairment of streptozocin-induced 
diabetic rats undergoing cardiopulmonary bypass.
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Introduction

Cognitive impairment has become an impor-
tant disease affecting human health and quali-
ty of life. Its clinical manifestations include 
memory impairment, aphasia, agnosia, apraxia 
and visuospatial disorders, and can be also 
accompanied by anxiety, depression, agitation, 
impulsive behavior and other affective disor-
ders [1, 2]. Moreover, it is also the cause of dis-
ability, which may be a heavy burden to the 
society. 

Diabetes is a common condition in older peo-
ple, which affects about 20% of elderly persons 
[3]. Mounting studies indicate that the inci-
dence of cognitive dysfunction in diabetic 
patients is much higher than those in the con-
trol group [4, 5]. A previous study by Arvanitakis 
et al. [6] demonstrates that diabetes may be 
associated with an increased risk of developing 
cognitive impairment. Meanwhile, our previous 

results show that streptozocin (STZ)-induced 
diabetic rats are accompanied by cognitive 
impairment [7].

Cardiopulmonary bypass (CPB) is a life-support-
ing technology that has been widely used in the 
cardiac surgeries [8]. However, patients under-
going CPB are often accompanied by cognitive 
impairment. Bruggemans et al. [8] summarized 
that embolism, hypoperfusion, and the inflam-
matory response during the CPB are probably 
three risk factors for inducing cognitive 
impairment. 

It is widely known that diabetes is an important 
inducing factor for the emergence of cardiovas-
cular diseases [9]. On the other hand, our clini-
cal experience told us that patients with diabe-
tes undergoing cardiac surgeries will show a 
higher incidence of cognitive impairment post-
operatively. Therefore, investigating the patho-
genesis of cognitive impairment of patients 
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with diabetes undergoing CPB is particularly 
important. The present study utilized STZ-
induced diabetic rats to observe its cognitive 
function after undergoing CPB, and try to eluci-
date its probable pathogenesis.

Materials and methods

Animals and treatment

Male Wistar rats weighing 220-300 g were pur-
chased from Shanghai Animal Center, Shanghai, 
China. Six rats were housed per cage with food 
and water available ad libitum and maintained 
on a 12-h light/dark cycle (lights on at 07:00 
AM). Animal care was in accordance with the 
National Institutes of Health Guide for the Care 
and Use of Laboratory Animals, and was 
approved by the Animal Use and Protection 
Committee of Soochow University.

Rats were randomly divided into 4 groups (n = 
12 each). Rats were intraperitoneally pretreat-
ed with either a single injection of saline or STZ 
(Sigma, St. Louis, MO, USA) at a dose of 60 mg/
kg. One month later, rats in the control and CPB 
and STZ+CPB group were exposed to CPB for 2 
h under anesthesia state.

Moreover, after the first part of this experiment, 
we enrolled another 24 rats to observe intra-
cerebroventricular injection of 10 μg leptin 
(Sigma-Aldrich) which dissolved 5 μl Tris-HCl on 
the cognitive function in rats receiving STZ plus 
CPB, while the sham group received the same 
volume saline. The protocol was in accordance 
with the first part.

CPB Model

According to previous studies [10, 11], rats 
were anesthetized by chloral hydrate and were 
intubated with a 16-G intravenous catheter 
which was connected to ventilator (Buxco 
Company, US). The ventilator was adjusted to 
maintain an arterial carbon dioxide tension 
between 36 to 42 mmHg. The right carotid 
artery was dissected and cannulated with a 
22-G intravenous catheter for arterial inflow in 
the CPB circuit. Heparin (250 IU/kg) was admin-
istered to the animals before CPB. The right 
external jugular vein was cannulated with a 
14-G catheter for venous return to the CPB cir-
cuit. A 5-mL cylinder syringe was used to collect 
blood from the venous return tubing in the CPB 
circuit. The venous return blood was pumped 

through a membrane oxygenator (Dongguan 
Kewei Medical Instrument Co. Ltd., China) by a 
peristaltic pump (Cole-Parmer Instrument Co., 
Vernon Hills, IL) via silicone tubing. The CPB cir-
cuit was pre-filled with 8 mL of hydroxyethyl 
starch (130/0.4), 0.5 mL of 5% NaHCO3, and 4 
mL of lactated Ringer’s solution. When the flow 
rate reached the target CPB rate of 120 to 140 
mL/kg/min (70%-80% of the normal cardiac 
output), it was maintained at this level for 2 h. 
At the end of 1 hour, the rat was eased from 
CPB through stepwise decreases in the flow 
rate and then disconnected from the circuit. 
When the rats recovered from anesthesia, the 
ventilator and the endotracheal tube were 
removed.

Morris water maze test

Cognitive function was performed by using 
Morris water maze test system between 09:00 
h and 15:00 h. According to a previous study 
[12], the size of maze is 80 cm deep and 100 
cm in diameter, which is divided into four quad-
rants of equal size on the monitor screen of a 
computer, filled with water to a depth of 30 cm. 
The water temperature was maintained at 
23-24°C. The swimming paths of the rats were 
recorded by a video camera and analyzed by 
Videomot software (Huaibei Zhenghua Biologic 
Apparatus Facilities Co., Ltd., Huaibei, China). 
The trials were conducted for 4 consecutive 
days to observe escape latency and time spent 
in the quadrant of rats. Rats were placed in the 
maze from four random points of the tank and 
were allowed to search for the platform for 120 
sec. However, if this was not achieved, the rat 
was gently placed on the platform and left for 
20 sec. The escape latency and the proportion 
of time spent in the target quadrant were 
recorded.

Leptin, tumor necrosis factor-α (TNF-α) and 
interleukin-1β (IL-1β) measurement

TNF-α and IL-1β levels were determined by 
using ELISA kits. According to the manufactur-
er’s instructions, the ELISA was performed by 
adding 100 μl of each sample to each well in a 
96-well plate of a commercially available rat 
ELISA kit (Wuhan Huamei Bioengineering 
Company, Wuhan, China). Microtiter plates 
were coated for overnight with the samples 
diluted 1:2 in sample diluent. The plates were 
then washed three times with sample diluent 
and a monoclonal anti-leptin, TNF-α and IL-1β 
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antibodies diluted 1:1000 in sample diluent 
was added to each well and incubated for 3 h at 
room temperature. After washing, a peroxidase 
conjugated anti-rabbit antibody (diluted 
1:1000) was added to each well and incubated 
at room temperature for 1 h. After adding strep-
tavidin-enzyme, substrate and stop solution, 
the leptin, TNF-α and IL-1β levels were deter-
mined by absorbance in 450 nm respectively. 
Meanwhile, total protein was measured by 
Lowry’s method using bovine serum albumin as 
a standard.

Amyloid-β (Aβ) measurement

Animals were sacrificed immediately by decapi-
tation. Protein concentrations were determined 

by using BCA method assay kit (Beyotime 
P0012S, Haimen, Jiangsu, China). After that, 
samples were centrifuged at 3000G at 4°C for 
30 min to obtain the supernatants. Protein was 
separated by SDS-PAGE. The proteins were 
then transferred onto polyvinylidene difluoride 
membrane. After blocking with 5% non-fat milk, 
membranes were incubated with the primary 
antibodies: rabbit anti-Aβ (1:200, Sigma, USA). 
Subsequently, membranes were incubated for 
1 hour at room temperature with secondary 
antibody of anti-rabbit HRP-conjugated IgG 
(1:20000, CWBIO, Beijing, China). Labeled pro-
tein was detected using chemiluminescence 
reagents (ECL; Amersham Bio-sciences, Little 
Chalfont, Buckinghamshire, UK) and the band 
intensity was analyzed (Image J software).

Figure 1. Effects of CPB on escape latency and percent of time spent in quadrant of diabetic rats in Morris water 
maze test (A, B); *P < 0.05 vs. saline, **P < 0.01 vs. control, #P < 0.05 vs. CPB. CPB, cardiopulmonary bypass; 
STZ, streptozocin.

Figure 2. Effects of CPB on the expression of the 
TNF-α (A) and IL-1β (B) levels in STZ-induced dia-
betic rat hippocampus (A-C). *P < 0.05 and **P < 
0.01 vs. control, #P < 0.05 vs. CPB. TNF-α, tumor 
necrosis factor-α; IL-1β, interleukin-1β; CPB, cardio-
pulmonary bypass; STZ, streptozotocin.
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Statistical analysis

Data are expressed as mean ± SD. Statistical 
analyses were performed by one-way analysis 
of variance and post hoc analyses were per-
formed using Fisher’s least significant differ-
ence tests. Statistical analyses were conduct-
ed using Statistical Product for Social Sciences 
(SPSS), version17.0 (SPSS, Inc., Chicago, IL, 
USA). Percentages of time spent in quadrant of 
rats in Morris water maze were evaluated by 
using X2 tests. P < 0.05 was considered to 
indicate a statistically significant difference.

Results

Effects of CPB on escape latency and percent 
of time spent in quadrant of diabetic rats in 
Morris water maze test

Rats undergoing CPB or STZ administration sig-
nificantly increased the escape latency as com-
pared to the control group (Figure 1A), and 
decreased the percentage of time spent in the 
4th quadrant (Figure 1B). Additionally, rats 
undergoing CPB plus STZ administration fur-
ther increased the escape latency as compared 
to the CPB group (Figure 1A), and further 
decreased the percentage of time spent in the 
4th quadrant (Figure 1A).

Effects of CPB on the expression of leptin, 
TNF-α and IL-1β levels in STZ-induced diabetic 
rat hippocampus

CPB administration could increase the levels of 
TNF-α and IL-1β, but did not affect the leptin 
levels in hippocampus. Moreover, STZ adminis-
tration could induce a significant increase of 
leptin, TNF-α and IL-1β levels in rat hippocam-

pus. Besides, our results also showed that rats 
undergoing CPB plus STZ significantly increased 
the leptin, TNF-α and IL-1β levels in STZ-induced 
diabetic rat hippocampus as compared with 
CPB group (Figure 2A, 2B).

Effects of intracerebroventricular injection of 
leptin on escape latency and percent of time 
spent in quadrant of diabetic rats in Morris 
water maze test

Intracerebroventricular injection of leptin sig-
nificantly decreased the escape latency as 
compared to the sham group (Figure 3A), and 
increased the percentage of time spent in the 
4th quadrant as compared with sham group 
(Figure 3B).

Effects of intracerebroventricular injection of 
leptin on Aβ, TNF-α and IL-1β levels in STZ-
induced diabetic rat hippocampus

Intracerebroventricular injection of leptin 
showed significantly decreased levels of Aβ, 
TNF-α and IL-1β in STZ-induced diabetic rat hip-
pocampus as compared with sham group 
(Figure 4A, 4B).

Discussion

The results of this study demonstrate that STZ-
induced diabetic rats undergoing CPB will show 
a decreased expression of leptin in hippocam-
pus. Besides, intracerebroventricular injection 
of leptin will improve the cognitive impairment 
of diabetic rats undergoing CPB. Collectively, 
our results suggest that hippocampal leptin 
deficiency is probably involved in the cognitive 
impairment of STZ-induced diabetic rats under-
going CPB.

Figure 3. Effects of leptin on escape latency and percent of time spent in quadrant of diabetic rats undergoing CPB 
in Morris water maze test (A, B); *P < 0.05 vs. saline, **P < 0.05 vs. sham. CPB, cardiopulmonary bypass.
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Morris water maze is widely used to study the 
spatial learning and memory-related brain func-
tion. In the present study, we used the Morris 
water maze to observe the effects of CPB and 
STZ on cognitive dysfunction in rat model. Our 
results indicate that CPB and STZ used alone 
and jointly can significantly increase the escape 
latency and decreased the percentage of time 
spent in the 4th quadrant. This indicates that we 
have successfully constructed such rat model 
of cognitive impairment.

Leptin is a hormone-like protein secreted by fat 
cells which plays an important role in regulating 
food intake and energy metabolism [13]. It has 
been reported that leptin is a potential cogni-
tive enhancer as genetically obese rodents with 
dysfunctional leptin receptors show impair-
ments in hippocampal synaptic plasticity [14]. 
Moreover, direct administration of leptin into 
the hippocampus can improve memory pro-
cessing in mice [15]. The results of this study 
shows that cognitive impairment occurred in 

the diabetic rats after experiencing CPB, and 
the hippocampal leptin also decreased. Our 
results are consistent with our hypothesis and 
previous studies. Moreover, in order to further 
prove hippocampal leptin deficiency playing 
critical role in cognitive impairment, we intra-
cerebroventricularly injected leptin to observe 
whether it can improve cognitive impairment or 
not. The results suggest that intracerebroven-
tricular injection of leptin could significantly 
improve cognitive impairment. Our results from 
two aspects demonstrate that leptin deficiency 
contributes to the cognitive impairment in this 
animal model that we constructed.

At present, researches regarding the relation-
ship between the CPB and leptin have not been 
reported. However, as to inflammatory cyto-
kines, Kazmierski et al. [16] have demonstrat-
ed that the increased levels of IL-2 and TNF-α 
are associated with delirium in patients under-
going coronary-artery bypass graft surgery. 
Up-regulated expression of pro-inflammatory 

Figure 4. Effects of leptin on the expression 
of the Aβ, TNF-α (A) and IL-1β (B) levels in 
STZ-induced diabetic rat hippocampus (A-
C). *P < 0.05 vs. sham. TNF-α, tumor ne-
crosis factor-α; IL-1β, interleukin-1β; CPB, 
cardiopulmonary bypass; Aβ, amyloid β.
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cytokines has been considered as one of the 
mechanisms of cognitive dysfunction. In addi-
tion, it has been widely acknowledged that the 
relationship between higher expression of 
inflammatory cytokines and STZ-caused cogni-
tive impairment. Previous studies have shown 
that cognitive function will be improved if the 
excessive activation of the inflammatory 
response has been corrected [17]. Barrientos 
et al. [18] demonstrates that IL-1 receptor 
antagonist prevents cognitive decline and neu-
roinflammatory response. Thus, our results 
show that increased TNF-α and IL-1β may be 
involved in the cause of cognitive dysfunction 
in the model, which are consistent with previ-
ous studies.

Aβ is crucially involved in Alzheimer’s disease 
as the main component of the amyloid plaques 
found in the brains of Alzheimer patient [19]. A 
previous study by Greco et al. [20] has shown 
that leptin reduces pathology and improves 
memory in a mouse model of Alzheimer’s dis-
ease by inhibiting Aβ expression. Additionally, 
another study by Martins et al. [21] also dem-
onstrates that leptin acts as a neuroprotective 
agent which is able to rescue hippocampal neu-
rons from Aβ toxicity. In the present study, our 
results demonstrate that intracerebroventricu-
lar injection of leptin has an inhibitory effect on 
the Aβ.

In Conclusion, STZ-induced diabetic rats experi-
encing CPB can induce cognitive impairment, 
and its pathogenesis is probably related to the 
leptin deficiency in hippocampus.
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