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Abstract: Several lines of evidence demonstrate that isoflurane anesthesia would be a great risk factor for the pa-
tients undergoing surgeries to suffer from postoperative cognitive dysfunction (POCD). Additionally, diabetes is also 
an important pathogenic factor for the emergence of cognitive dysfunction. If patient is suffering from diabetes, the 
incidence of cognitive dysfunction greatly increased. We therefore aimed to investigate the effects of isoflurane an-
esthesia on cognitive dysfunction in a diabetic rat model induced by a single injection of streptozotocin (STZ). Wistar 
rats received 2 h of 2% isoflurane or oxygen exposure 1 month after a single intraperitoneal injection of 60 mg/kg of 
STZ or the vehicle. The results showed that isoflurane anesthesia 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. In addition to the expression of amyloid-β (Aβ), superoxide dismutase (SOD), malonyldialdehyde 
(MDA), tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), isoflurane anesthesia significantly increased as 
compared with a single injection of STZ. However, isoflurane anesthesia had no effect on the blood glucose and 
leptin. In conclusion, our results suggested that isoflurane anesthesia aggravating cognitive impairment induced by 
STZ is probably related to the activation of oxidative stress and inflammatory response in rat hippocampus.
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Introduction

Postoperative cognitive dysfunction (POCD) is a 
severe neurological dysfunction with a morbid-
ity of approximately 25%, which is character-
ized by hypomnesia, insanity and an impaired 
ability to study [1, 2]. Additionally, it also would 
be a negative effect on patients’ quality of life, 
and contributes greatly to healthcare costs [3]. 
Increasing studies have shown that inhaled 
anesthesia may be an important risk factor for 
the emergence of POCD [4, 5]. Although the 
present clinical data cannot provide a causal 
connection between anesthesia and cognitive 
impairment, a great number of studies have 
proven that volatile anesthetics exposure 
causes cognitive impairment for days or even 
weeks in animal models [5-8].

Inhaled anesthetics such as isoflurane have 
been widely used in clinical practices. However, 

it has been reported that isoflurane anesthesia 
would be an inducing factor to impair cognitive 
function [9]. Although the pathogenesis of the 
isoflurane-induced cognitive impairment has 
not been fully elucidated, increasing studies 
have supported the view that the excessive 
expression of proinflammatory cytokines, in- 
cluding tumor necrosis factor (TNF)-α, interleu-
kin (IL)-1β, are involved in cognitive impairment 
after surgeries and general anesthesia [10, 11]. 
Lin et al. [12] has also demonstrated that 
increased expression of inflammatory cytokines 
and reduced neuronal density in hippocampus 
is probably involved in the isoflurane-induced 
cognitive impairment. Besides of activated 
inflammatory response implicated in the patho-
genesis of POCD, oxidative stress-elicited neu-
ron cell death may be, at least partially, involved 
in it [13]. Anesthesia and surgical trauma are 
considered major oxidative stressors which 
results in the development of POCD [14]. A pre-
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vious study performed by Keller et al. [15] has 
displayed that oxidative damage may occur in 
the brain of subjects with cognitive impair- 
ment.

In routine clinical anesthesia practice, we found 
that after anesthesia and surgeries, the indi-
viduals with diabetes showed a significant high-
er incidence of POCD than those without diabe-
tes. Thourani and colleagues [16] have reported 
that perioperative neurologic complications 
were more frequent among patients with diabe-
tes than among patients without diabetes. It 
also have been reported that diabetes is a key 
pathogenic factor associated with the emer-
gence of postoperative cognitive dysfunction 
for patients undergoing coronary artery bypass 
grafting [17].

However, there is little literature reporting the 
effects of inhaled anesthetic isoflurane on 
POCD in diabetic subjects. Thus, the present 
study planed to observe whether isoflurane 
anesthesia can induce cognitive impairment in 
a diabetic rat model which induced by a single 
injection of streptozotocin (STZ), and moreover, 
try to explain its possible pathogenic mecha- 
nisms.

Materials and methods

Animals

Forty-eight male Wistar rats weighing 220-300 
g were purchased from Shanghai Animal 
Center, Shanghai, China. Six rats were housed 
per cage with food and water available ad libi-
tum and maintained on a 12-h light/dark cycle 
(lights on at 07:00 AM). Rats were randomly 
divided into 4 groups (n = 12 each). Rats were 
intraperitoneally pretreated with either a single 
injection of saline or STZ (Sigma, St. Louis, MO, 
USA) at the dose of 60 mg/kg. One month later, 
rats in the control + isoflurane and STZ + isoflu-
rane groups exposure to the isoflurane anes-
thesia in a chamber prefilled with 2% isoflurane 
in 100% O2. Subsequently, the rats were con-
tinuously exposed to 2% isoflurane in 100% O2 
of 2 L/min for 2 h. After anesthesia, the mice 
were placed back into the home cage for recov-
ery with 100% O2 of 2 L/min supply, whereas 
the rats in the respective control groups expo-
sure to 100% O2 of 2 L/min for 2 h. 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.

Morris water maze test

Cognitive function was performed between 
09:00 h and 15:00 h by using Morris water 
maze test system. According to a previous 
study [18], the maze, 80 cm deep and 100 cm 
in diameter, was divided into four quadrants of 
equal size on the monitor screen of a computer, 
filled to a depth of 30 cm with water. 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 soft-
ware (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 in the Morris water maze. 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. 

Aβ1-42 measurement

Animals were sacrificed immediately by decapi-
tation. Hippocampus tissues were harvested 
and homogenized in RIPA buffer (Beyotime 
P0013C, Haimen, Jiangsu, China) plus prote-
ase inhibitors. 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 were separated by SDS-PAGE. The pro-
teins were then transferred onto polyvinylidene 
difluoride membrane. After blocking with 5% 
nonfat milk, membranes were incubated with 
the primary antibodies: rabbit anti-Aβ (1:400, 
Cell Signaling Technology, Inc. Danvers, MA, 
USA). Subsequently, membranes were incubat-
ed for 1 hour at room temperature with second-
ary 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).
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TNF-α and IL-1β measurement

TNF-α and IL-1β levels were determined by using 
ELISA kits. The ELISA was performed by adding 
100 μl of each sample to wells in a 96-well 
plate of a commercially available rat ELISA kit 
(Wuhan Huamei Bioengineering Company, 
Wuhan, China). The samples were tested in 

Blood glucose and leptin measurement

The blood samples from the rats were collected 
from the carotid artery by anaesthetizing with 
10% chloral hydrate (0.4 ml/100 g, i.p.). Blood 
glucose levels were determined with a blood 
glucometer (One Touch UltraEasy, Johnson). 
Plasma levels of leptin were measured by Linco 

Figure 1. Effects of isoflurane anesthesia on escape latency 
and percent of time spent in quadrant of diabetic rats in Morris 
water maze test (A, B); (C) Effect of isoflurane anesthesia on 
the expression of Aβ in STZ-induced diabetic rat hippocampus. 
*p < 0.05 vs saline, **p < 0.01 vs saline, #p < 0.05 vs STZ, #p 
< 0.01 vs STZ. Aβ, amyloid-β; STZ, streptozotocin.

duplicate. The ELISA was performed 
according to the manufacturer’s instruc-
tions. Microtiter plates (96-well flat-bot-
tom) were coated for 24 h with the sam-
ples diluted 1:2 in sample diluent. The 
plates were then washed three times with 
sample diluent and a monoclonal anti-
TNF-α and IL-1β antibodies diluted 1:1000 
in sample diluent was added to each well 
and incubated for 3 h at room tempera-
ture. After washing, a peroxidase conju-
gated anti-rabbit antibody (diluted 1:1000) 
was added to each well and incubated at 
room temperature for 1 h. After addition of 
streptavidin-enzyme, substrate and stop 
solution, the amount of TNF-α and IL-1β 
were determined by absorbance in 450 
nm respectively. The standard curve dem-
onstrates a direct relationship between 
Optical Density (OD) and test concentra-
tions. Total protein was measured by 
Lowry’s method using bovine serum albu-
min as a standard.

Superoxide dismutase (SOD) and malo-
ndialdehyde (MDA) measurement

SOD activity is measured by testing the 
capacity of pyrogallol to autoxidize. The 
inhibition of autoxidation of this compound 
occurs when SOD is present, and the enzy-
matic activity can be assayed indirectly 
using a temperature-controlled double-
beam spectrophotometer at an absor-
bance of 420 nm. A 50% inhibition of pyro-
gallol autoxidation was defined as 1 U 
SOD. For testing MDA levels, the samples 
were mixed with 1 mL 10% trichloroacetic 
acid and 1 mL 0.67% thiobarbituric acid, 
and then were heated in a boiling water 
bath for 30 minutes. Malondialdehyde 
equivalents were determined in both tis-
sue and submitochondrial particles of the 
rat brain using a spectrophotometer at an 
absorbance of 532 nm.
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Research Rat leptin Radioimmunoassay (Linco 
Research, St Charles, MO, USA).

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 indi-
cate a statistically significant difference.

Results

Effects of isoflurane exposure on escape 
latency and percent of time spent in quadrant 
of rats in Morris water maze test and hippo-
campal Aβ levels

A single injection of STZ resulted in cognitive 
impairment verified by the performance of rats 

in the Morris water maze test. The results dem-
onstrated that rats undergoing STZ administra-
tion significantly increased the escape latency 
as compared to the control group (Figure 1A), 
and decreased the percentage of time spent in 
the 4th quadrant (Figure 1B). For Aβ expression, 
a single injection of STZ significantly increased 
its expression in hippocampus (Figure 1C). 
Additionally, our results also showed that rats 
undergoing isoflurane anesthesia could further 
increased the escape latency and decreased 
the percentage of time spent in the 4th quad-
rant and increased hippocampal Aβ levels than 
those received a single intraperitoneal injection 
of STZ (Figure 1A-C).

Isoflurane anesthesia increased the TNF-α and 
IL-1β levels in STZ-induced diabetic rat hippo-
campus

STZ administration could induce a significant 
increase of TNF-α and IL-1β levels in rat hippo-
campus. And more importantly, our results 
showed that isoflurane anesthesia significantly 
increased the TNF-α and IL-1β levels in STZ-
induced diabetic rat hippocampus (Figure 2A 
and 2B).

Figure 2. Effects of isoflurane anesthesia on the ex-
pression of the TNF-α (A) and IL-1β (B) levels in STZ-
induced diabetic rat hippocampus. ***p < 0.001 
vs saline, #p < 0.05 vs STZ. TNF-α, tumor necrosis 
factor-α; IL-1β, interleukin-1β; STZ, streptozotocin.

Figure 3. Effects of isoflurane anesthesia on SOD (A) 
and MDA (B) in STZ-induced diabetic rat hippocam-
pus. **p < 0.01 vs saline, #p < 0.05 vs STZ. SOD, 
superoxide dismutase; MDA, malonyldialdehyde; 
STZ, streptozotocin.
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Effects of isoflurane anesthesia on oxidative 
stress in STZ-induced diabetic rat hippocam-
pus

A single intraperitoneal injection of STZ signifi-
cantly increased SOD and MDA expression in 
rat hippocampus. Furthermore, isoflurane 
anesthesia showed a significant increase of 
TNF-α and IL-1β levels in STZ-induced diabetic 
rat hippocampus (Figure 3A and 3B).

Isoflurane anesthesia did not affect the blood 
glucose and leptin levels

Rats intraperitoneally administered with STZ 
significantly increased the blood glucose and 
leptin levels. However, isoflurane anesthesia 
has no effect on the blood glucose and leptin 
levels as compared to a single injection of STZ 
group (Figure 4A and 4B).

Discussion

In the present study, the results showed that 
isoflurane anesthesia aggravated cognitive 
impairment in diabetic rat induced by a single 
intraperitoneal injection of STZ. Moreover, iso-

flurane anethesia further increased Aβ, TNF-α, 
IL-1β, SOD and MDA levels in hippocampus 
after STZ administration.

A large number of clinical studies indicating 
that isoflurane anesthesia can cause cognitive 
dysfunction [7]. However, in preclinical studies, 
observing the effect of isoflurane anesthesia 
on cognitive function is often using the elderly 
animal models. As we known, POCD often 
occurs in the elderly who are older than 65 
years. Besides, our clinical experience told us 
the incidence of cognitive dysfunction in 
patients with diabetes is significantly higher 
than those without diabetes. Several studies 
validated our view that once a patient with dia-
betes-associated factors, the incidence of 
postoperative cognitive dysfunction is higher 
than the control [19, 20]. Currently, researches 
about the effects of anesthetics on cognitive 
dysfunction in diabetes animal models have 
not been reported. In this study, we success-
fully constructed STZ-induced diabetic rat 
model, and observed that isoflurane anesthe-
sia may further aggravate cognitive dysfunc-
tion. Although numerous studies have evi-
denced that cognitive impairment is caused 
primarily by intracerebroventricular injection of 
STZ [21-23]. We did not use this protocol since 
the intracerebroventricular injection approach 
may cause cognitive impairment. Additionally, 
intracerebroventricular injection of STZ is main-
ly used to construct Alzheimer’s disease model, 
but our study requires diabetic animal models. 
Different STZ injection approach may cause the 
emergence of cognitive impairment, but for 
investigating diabetes-related diseases, intra-
peritoneal injection of STZ is an appropriate 
method for administration.

At present, isoflurane has been reported it can 
cause a significant higher incidence of POCD 
[8]. Lin et al. [12] have showed that isoflurane 
exposure can cause cognitive dysfunction in 
rats, and also indicated that the pathogenesis 
is likely related to isoflurane-induced cell dam-
age and excessive expression of inflammatory 
mediators in hippocampus. In addition, an in-
vitro study by Xie et al [24] has concluded that 
isoflurane causing cognitive dysfunction is 
attributed to the activation of the apoptosis 
and overexpression of Aβ in the cultured human 
neuroglioma cells. Our data also showed the 
overexpressed Aβ and activated TNF-α and IL-
1β in rat hippocampus after isoflurane anes-

Figure 4. Effects of isoflurane anesthesia on the 
blood glucose (A) and leptin (B) levels. ***p < 0.001 
vs saline, #p < 0.05 vs STZ. STZ, streptozotocin.
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thesia. However, Cibelli et al. [25] have dis-
played an inconsistent result, which showed 
that isoflurane could not induce the increase of 
IL-1β in hippocampus. We considered that the 
inconsistency may be related to different ani-
mal model since we chose a diabetic-associat-
ed cognitive impairment model.

Oxidative stress is defined as a cytological con-
sequence, which caused by an imbalance 
between the production of free radicals and the 
ability to clean them [26]. Pratico et al [27] 
have demonstrated that increased brain oxida-
tive stress may be used to predict the onset of 
cognitive impairment. Additionally, another pre-
clinical study has suggested that oxidative 
damage to the rat synapse in the cerebral cor-
tex and hippocampus may contribute to cogni-
tive impairment [28]. On the other hand, 
increasing studies have evidenced that patients 
with cognitive impairment after treatment, their 
oxidative stress in peripheral blood showed a 
down-regulated trend [29]. Moreover, Sharma 
and colleagues [30] reported that intracerebro-
ventricular injection of STZ could cause a sig-
nificant increase of MDA expression in rat brain. 
Similarly, a subsequent study from this group 
has demonstrated that preventing STZ-induced 
oxidative stress is helpful to improve cognitive 
impairment [31]. In the present study, we 
observed that isoflurane anesthesia can atten-
uate cognitive impairment as well as over-acti-
vate hippocampal oxidative stress. Currently, 
studies regarding the pathogenesis of cognitive 
dysfunction caused by isoflurane is whether 
associated with oxidative stress have not been 
reported. Thus, our study reported for the first 
and implied that oxidative stress activation is 
likely related to the aggravation of cognitive 
impairment after isoflurane anesthesia in dia-
betic animal model.

It has been reported that TNF-α and IL-1β are 
two important pro-inflammatory cytokines, 
which may be involved in the pathogenesis of 
cognitive impairment [32]. Our previous study 
also has showed that chronic infection of LPS 
could induce cognitive impairment and associ-
ated with up-regulation of IL-1β in rat hippo-
campus [33]. In the present study, our results 
showed that isoflurane anesthesia increased 
hippocampal TNF-α and IL-1 levels in STZ-
induced diabetic rat model. Moreover, Mina et 
al. [34] have demonstrated that IL-1β receptor 
antagonist could restore sepsis-induced cogni-

tive impairment. Medeiros and colleagues [35] 
also have validated that TNF-α is probably impli-
cated in the onset of cognitive impairment 
which induced by Aβ. Collectively, these results 
showed that significantly increased proinflam-
matory cytokines such as TNF-α and IL-1 may 
play critical roles in cognitive impairment.

As previously mentioned, intraperitoneal injec-
tion of STZ has been widely used to build the 
diabetic animal model by destroying pancreatic 
β cells. More attention has been attracted in 
the role of leptin in diabetes-related cognitive 
impairment. It is well documented that leptin is 
a potential cognitive enhancer in hippocampus 
[36]. In the present study, we observed that 
STZ elicit a significant decrease of leptin levels 
in blood, while isoflurane anesthesia did not 
further decrease the leptin levels. The similar 
phenomenon also appears in the result of 
blood glucose. However, Kain et al [37] found 
that leptin levels were decreased in patient 
peripheral blood after balanced anesthesia. 
Although we did not observe such changes in 
the expression of leptin after isoflurane as we 
expected, we considered that this study just 
used a single anesthetic isoflurane which could 
not fully simulate the clinical impact of anesthe-
sia and surgical stress on the leptin expression. 
Similarly, our unpublished clinical data showed 
a significant reduction of peripheral serum 
leptin levels in individuals with cognitive dys-
function as compared with the control group. 
Future studies are required to ascertain the 
role of leptin in cognitive impairment.

In conclusion, the present study reported that 
isoflurane anesthesia can aggravate cognitive 
impairment in STZ-induced diabetic animal 
model, which is probably related to the activa-
tion of inflammatory response and oxidative 
stress in rat hippocampus.
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