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Abstract: Anesthesia and surgery (A + S) are risk factors for patients to develop postoperative delirium (POD). 
However, the pathogenesis of POD remains largely to be determined. We employed battery of behavioral tests 
including open-filed test (OFT), elevated plus maze test (EPMT) and buried food test (BFT) to investigate the role of 
oxidative stress in the development of POD and to explore the therapeutic target for POD in mice after A + S (simple 
laparotomy under 1.4% isoflurane anesthesia). We initially found that 6 hours after A + S, mice failed to alter the 
behavioral changes in OFT and the adenosine triphosphate (ATP) level in hippocampus. After hierarchical cluster 
analysis, however, there was a significant change in the behavior tests between POD unsusceptible (non-POD) and 
susceptible (POD-like) mice. Interestingly, cyclosporine A, an inhibitor of mitochondrial permeability transition pore 
(mPTP) opening, exerted pharmacologically beneficial effects on symptoms, decreased reactive oxygen species 
(ROS) and ATP, and increased superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase (CAT) 
levels in the hippocampus of POD-like mice. These findings suggest that abnormally activated oxidative stress might 
be involved in the underlying mechanisms of POD. Novel therapeutic agents targeting inhibition of oxidative stress 
would provide an available strategy for POD treatment.
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Introduction

Delirium is an acute and fluctuating alteration 
of mental state of reduced awareness and dis-
turbance of attention [1-3]. Postoperative delir-
ium (POD) refers to the delirium that occurs 
after surgery, and it mainly starts in the recov-
ery room and occurs up to 5 days after surgery 
[3, 4]. It is currently well known that POD  
prolongs hospitalization, increases medical 
expense, and has potential to induce postop-
erative short-term or long-term complications, 
such as postoperative cognitive dysfunction 
(POCD) [5]. However, the vast majority of POD 
patients fail to gain enough attentions and 
appropriate effective treatments from anes- 
thesiologists, and that the pathogeneses and 
molecular mechanisms underlying POD, to 
date, have not yet been fully determined.

A review including 25 clinical trials showed that 
the incidence of POD is ranged from 5.1% to 

52.2% [6]. It seems that differential enrollment 
of individuals, evaluation scales and medical 
treatments might be of great relevance to the 
variations in the incidence of POD [7]. Although 
studies on the pathophysiologic and therapeu-
tic mechanisms of delirium are mainly via ani-
mal models, to the best of our knowledge [8, 9], 
there is currently no animal model better simu-
lating POD. It could be easily mimicked by the 
anesthesia and/or surgery [10, 11]. However, 
POD does not occur in every subject after anes-
thesia and/or surgery. It is therefore likely that, 
in current preclinical studies, false positives 
would be mixed in the POD group, probably 
resulting in a possibility that our results fail to 
support our conclusions.

It is well recognized that several similarities  
in the pathogeneses and clinical symptoms 
between POD and POCD, whereas there are 
also many differences [5, 12, 13]. Previous 
studies reported that POD mainly occurs within 
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postoperatively 3 days, the onset of POCD, 
however, starts from 1 week to 2 or 3 years 
after surgeries [5]. Although the treatment 
strategies for POD and POCD are still controver-
sial [5, 14], clinical guidelines recommend that 
anti-schizophrenia drug haloperidol could be 
prescribed for POD alleviation [15, 16], and 
that anti-Alzheimer drugs may exert pharmaco-
logically beneficial effects on POCD symptoms 
[17, 18]. It is therefore of particular importance 
to perform studies on building the POD animal 
models, which might provide available alterna-
tives to investigate the underlying molecular 
mechanisms and therapeutic approaches of 
POD.

In the present study, we aimed to perform hier-
archical cluster analysis of behavior tests, e.g., 
open-filed test (OFT), elevated plus maze test 
(EPMT) and buried food test (BFT), to classify 

Material and methods

Animals

C57BL/6J mice (8 weeks old, male) weighing 
approximately 25 g with food and water ad libi-
tum were purchased from the Experimental 
Animal Center of Tongji Medical College (Wu- 
han, China). All experimental protocols were 
performed in accordance with the National 
Institute of Health guidelines and regulations. 
The experimental protocols were approved  
by the Committee of Experimental Animals of 
Tongji Medical College (Wuhan, China).

Drugs and reagents

CsA (Cat. NO.: HY-B0579, MedChemExpress, 
Monmouth Junction, NJ, US) was dissolved in 
1% DMSO. For the interventional studies, CsA 

the mice undergoing anesthe-
sia and surgery (A + S) into 
POD susceptible (POD-like) 
and unsusceptible (non-POD). 
This was designed to effecti- 
vely exclude mice that are un- 
susceptible to POD, and thus 
to avoid the impacts of false-
positive factors on the results. 
Furthermore, increasing evi-
dence demonstrated that ab- 
normality in oxidative stress 
potentially plays a pivotal role 
in the pathogenesis and mo- 
lecular mechanisms of neuro-
logical diseases or disorders 
[19, 20]. cyclosporine A (CsA), 
an immunosuppressive agent, 
has been commonly reported 
as an inhibitor of mitochondri-
al permeability transition pore 
(mPTP) opening to suppress 
oxidative stress [21, 22]. We 
therefore applied to investi-
gate its facilitating role in the 
alleviation of POD, and to 
measure its effects on hippo-
campal levels of reactive oxy-
gen species (ROS), adenosine 
triphosphate (ATP), superoxide 
dismutase (SOD), glutathione 
peroxidase (GSH-Px) and ca- 
talase (CAT) which are highly 
related to the oxidative stress.

Figure 1. The flow diagram and OFT results in the control and A + S groups. 
A: The flow diagram. Behavior tests, including open filed test, evaluated plus 
maze test and buried food test were performed 24 hours (baseline) before 
and 6, 9 and 24 hours after A + S, respectively. B: Center cross (Two-way 
ANOVA. Time: F2,44 = 10.87, P < 0.01; Group: F1,44 = 1.043, P = 0.3126; 
Interaction: F2,44 = 15.27, P < 0.01). C: Center duration (Time: F2,44 = 13.64, 
P < 0.05; Group: F1,44 = 0.1048, P = 0.7477; Interaction: F2,44 = 29.21, P 
< 0.001). D: Zone crossing (Time: F2,44 = 24.95, P < 0.001; Group: F1,44 = 
3.792, P = 0.0479; Interaction: F2,44 = 9.685, P < 0.01). E: Total distance: 
(Time: F2,44 = 7.057, P < 0.01; Group: F1,44 = 0.2497, P = 0.6198; Interaction: 
F2,44 = 0.4298, P = 0.652). ANOVA: analysis of variance; A + S: anesthesia 
and surgery; CsA: cyclosporine A; N.S.: not significant; OFT: open field test. 
Data are shown as mean ± S.E.M. (n = 14 or 46). *P < 0.05, **P < 0.01, 
***P < 0.001.



The role of oxidative stress in postoperative delirium

2437 Am J Transl Res 2018;10(8):2435-2444

(10 mg/kg) or isovolumetric saline were intra-
peritoneally injected to mice 30 min before the 
anesthesia and surgery. Compound lidocaine 
cream (Cat. NO.: H20063466, Ziguang phar-
maceutical Co. Ltd., Beijing, China) was given to 
the wound for the incision pain. Isoflurane (Cat. 
NO.: 217170701, RWD, Shenzhen, China) was 
used for anesthesia in the present study.

Anesthesia and surgery

All mice were randomly assigned to either anes-
thesia + surgery group (A + S group) or control 

abdominal muscles and finally peritoneum and 
sutured the wound layer by layer using 5-0 vic-
ryl thread. After the surgery, compound lido-
caine cream was given to the wound for the 
incision pain until all experiments finished. The 
mice were then put back to the chamber for up 
to 2 hours anesthesia in total. After that, the 
mice were returned to their own cage with food 
and water ad libitum. The mice in control group 
were placed in a similar transparent acrylic 
chamber with 100% oxygen for 2 hours. The 
rectal temperature of all mice was maintained 
at 37±0.5°C use heating blanket. 

Behavior tests

All mice were singly raised in controlled tem-
perature (22±2°C), relative humidity (55±10%), 
12 hours light/dark cycle for new environment 
one week before our study. One day before an- 
esthesia and surgery, we measured the basic 
behavior of all mice, including OFT, EPMT and 
finally BFT. Then we performed all above behav-
ior tests at 6, 9 and 24 hour after the anesthe-
sia and surgery respectively. Before the behav-
ior tests, all mice were put into the test environ-
ment for 1 hour. After every test, the mice 
returned to their own cage respectively. All 
apparatus were cleaned with 70% ethanol after 
removal of each mouse and we changed new 
gloves for the next mouse.

OFT: According to our previous study [23], each 
mouse was gently placed into the center of an 
open field chamber (40×40×40 cm) construct-
ed of Plexiglas alone for 5 min. The movement 
parameters of all mice were monitored and 

Figure 2. EPMT results in the control and A + S groups. A: Open-arm entry 
(Two-way ANOVA. Time: F2,44 = 1.254, P = 0.293; Group: F1,44 = 5.366, P < 
0.05; Interaction: F2,44 = 8.647, P < 0.001). B: Total distance (Time: F2,44 = 
5.31, P < 0.01; Group: F2,44 = 2.479, P = 0.1226; Interaction: F2,44 = 1.408, P 
= 0.25). ANOVA: analysis of variance; A + S: anesthesia and surgery; EPMT: 
elevated plus maze test; N.S.: not significant. Data are shown as mean ± 
S.E.M. (n = 14 or 46). *P < 0.05, ***P < 0.001.

Figure 3. BFT results in the control and A + S groups. 
Latency to eat food (Two-way ANOVA. Time: F2,44 = 
1.334, P = 0.2686; Group: F1,44 = 11.14, P < 0.001; 
Interaction: F2,44 = 1.805, P = 0.1706). ANOVA: analy-
sis of variance; A + S: anesthesia and surgery; BFT: 
buried food test; N.S.: not significant. Data are shown 
as mean ± S.E.M. (n = 14 or 46). *P < 0.05, **P < 
0.01.

group. A + S group mice 
received 1.4% isoflurane and 
100% oxygen in a transparent 
acrylic chamber for 15 min as 
our previous study [22, 23]. 
Then the heads of mice were 
put into a mask to maintain 
1.4% isoflurane with 100% 
oxygen. The concentration of 
isoflurane was monitored by 
an infrared probe (OhmedaS/ 
5 Compact, Datex-Ohmeda, 
Louisville, CO). After that, sim-
ple laparotomy was perform- 
ed. We used longitudinal mid-
line incision from the xiphoid 
to the 0.5 centimeter proximal 
pubic symphysis on the skin, 
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analyzed using the EthoVision tracking system 
(Noldus Information Technology, Wageningen, 
the Netherlands) including the total distance 
moved (meters), times of crossing the center, 
the time (seconds) spent in the center of the 
open field and times of crossing each zone.

EPMT: The maze included four arms (every arm 
length: 50 cm; width: 10 cm, center region: 
10*10 cm, and height from floor: 50 cm) with a 
cross-shape. Two arms had 3-sides opaque 
Perspex which was 9 cm high, while the other 
two were open. When the test started, mice 
were placed in center region and faced one 
open arm. All mice were evaluated in a 5 min 
session for the entering times of open arm. The 
entry was defined as 2 paws crossing the divid-
ing line between the open arm and the center 
region [24].

BFT: Forty-eight hours before buried food test, 
each mouse was received 1 piece of butter 
bread. When the elevated plus maze test fin-
ished, mice were put into a clean cage with 
padding of 3 cm high in which we buried 1 pel-
let of butter bread below the padding. Its loca-
tion was freely chosen and kept out of sight. 
The test started in the center of the cage. The 
latency was defined from when mice were 
placed in the cage to mice found the food and 
caught it with forepaws or teeth. When mice 
found the pellet within 5 min, they were permit-

ted to eat up the pellet and then would be taken 
back to their own cage. But if they couldn’t find 
the pellet, they would be taken back when up to 
5 min and the latency was recorded as 300 s 
[23].

Hippocampal levels of oxidative cytokines

Mice were killed with CO2 asphyxiation. Next we 
removed the brains immediately and harvested 
the hippocampus at 4°C. Then the hippocam-
pus was homogenized using RIPA lysis buffer 
(20 mM Tris, pH 8.0, 137 mM NaCl, 0.5 mM 
EDTA, 1% Nonidet P-40, 10% glycerol, 10 mM 
Na2P2O7, 10 mM NaF, 1 g/ml aprotinin, 10 ng/
ml leupeptin, 1 mM vanadate, and 1 mM PMSF) 
at 4°C for 30 min. The lysates were collected 
and centrifuged at 12,000 rpm for 5 min at 
4°C. The supernatant was quantified for total 
proteins by a BCA assay kit (Boster, Wuhan, 
China). Mouse ROS (MDL biotech, Beijing, 
China), ATP (Unionhonest, Shanghai, China), 
SOD (Xinfan, Nanjing, China), GSH-Px (Jian- 
cheng, Nanjing, China) and CAT (MDL biotech, 
Beijing, China) enzyme linked immunosorbent 
assay (ELISA) kits were used to measure their 
levels in hippocampus of mice following the 
protocols provided by the manufacturers.

Statistical analysis

The data show as the mean ± standard error of 
the mean (SEM). Analysis was performed using 

Figure 4. Hippocampal levels of ROS, ATP, SOD, GSH-Px and CAT in the control and A + S groups. A: The flow diagram. 
B: ROS level in hippocampus (t = 2.59, P < 0.05); C: ATP level in hippocampus (t = 1.242, P = 0.2194); D: SOD level 
in hippocampus (t = 2.163, P = 0.0371); E: GSH-Px level in hippocampus (t = 2.489, P = 0.0173); F: CAT level in 
hippocampus (t = 2.125, P = 0.0379). A + S: anesthesia and surgery; ATP: adenosine triphosphate; CAT: catalase; 
GSH-Px: glutathione peroxidase; N.S.: not significant; ROS: reactive oxygen species; SOD: superoxide dismutase. 
Data are shown as mean ± S.E.M. (n = 14 or 46). *P < 0.05.
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PASW Statistics 20 (formerly SPSS Statistics; 
SPSS). Comparisons among groups were per-
formed using the one-way analysis of variance 
(ANOVA) or two-way ANOVA, followed by post-
hoc Tukey test. In Hierarchical cluster analysis, 
the data were firstly standardized by z scores. 
Then, hierarchical cluster analysis of OFT, EPMT 
and BFT was performed using Ward’s method 
and applying squared Euclidean distance as 
the distance measure, and mice were classified 
as POD susceptible, unsusceptible or undeter-
mined clusters. The P-values of less than 0.05 
were considered statistically significant.

Results

Effects of A + S on center cross, center dura-
tion, zone crossing and total distance of mice 
in the OFT

OFT is a classical behavior test to show the  
fear of novel surroundings in rodents [23]. 
Currently, it has been used to indirectly evalu-
ate the severity of POD [22]. We here showed 
that center cross, center duration and total dis-
tance were not significantly changed after A + 
S. Interestingly, 6 and 9 hours after interven-
tion, A + S mice showed a significant change in 
zone crossing (Figure 1). 

Effects of A + S on open-arm entry and total 
distance of mice in the EPMT

In the EPMT, we also found no significant 
changes in total distance between control  
and A + S groups at three time points after 
intervention. Furthermore, compared with con-
trol group, mice in A + S group significantly 
changed the open-arm entry 6 and 9 hours 
after intervention. However, the effects of A + S 
on open-arm entry disappeared after 24 hours 
(Figure 2). 

Latency to eat food in the BFT after A + S inter-
vention

In this study, we detected the latency to eat 
food in BFT and found a significant increase in 
A + S group than those in control group. The 
effects of A + S on latency to eat food in the 
BFT disappeared after 24 hours (Figure 3).

Hippocampal levels of ROS, ATP, SOD, GSH-Px 
and CAT after A + S intervention

A + S mice significantly increased the level of 
ROS in the hippocampus. As to the hippocam-
pal level of ATP, mice in the A + S group, how-
ever, failed to induce a significant change as 

Figure 5. Comparisons of behavior tests in the control, POD unsusceptible and susceptible groups. A: Dendrogram 
of hierarchical clustering analysis. A total of 32 mice after A + S treatment were divided into POD susceptible, un-
susceptible and undetermined groups by the results of behavior tests of hierarchical clustering analysis. B: Center 
cross (One-way ANOVA. F2,31 = 12.74, P < 0.001). C: Center duration (F2,31 = 16.22, P < 0.001). D: Zone crossing (F2,31 
= 47.42, P < 0.001). E: Open-arm entry (F2,31 = 11.78, P < 0.001). F: Lantebcy to eat food (F2,31 = 11.17, P < 0.001). 
ANOVA: analysis of variance; N.S.: not significant; POD: postoperative delirium. Data are shown as mean ± S.E.M. 
(n = 8~14). **P < 0.01, ***P < 0.001.



The role of oxidative stress in postoperative delirium

2440 Am J Transl Res 2018;10(8):2435-2444

Figure 6. Effects of CsA on behavior tests in A + S mice. A: The flow diagram. Behavior tests, including open filed 
test, evaluated plus maze test and buried food test. B: Center corss (Two-way ANOVA. Drug: F1,43 = 4.689, P < 0.05; 
Group: F1,43 = 7.604, P < 0.01; Interaction: F1,43 = 4.789, P < 0.05). C: Center duration (Drug: F1,43 = 4.226, P = 
0.0459; Group: F1,43 = 9.925, P < 0.01; Interaction: F1,43 = 6.471, P < 0.05). D: Zone crossing (Drug: F1,43 = 26.03, P 
< 0.001; Group: F1,43 = 48.11, P < 0.01; Interaction: F1,43 = 29.2, P < 0.01). E: Open-arm entry (Drug: F1,43 = 4.51, P 
< 0.01; Group: F1,43 = 4.5, P < 0.01; Interaction: F1,43 = 5.551, P < 0.01). F: Latency to eat food (Drug: F1,43 = 9.215, 
P < 0.01; Group: F1,43 = 7.151, P < 0.05; Interaction: F1,43 = 5.024, P < 0.05). ANOVA: analysis of variance; A + S: 
anesthesia and surgery; CsA: cyclosporine A; N.S.: not significant. Data are shown as mean ± S.E.M. (n = 8~14). 
**P < 0.01, ***P < 0.001.

Figure 7. Effects of CsA on levels of ROS and ATP in the hippocampus of A + S mice. A: Hippocampal ROS level (Two-
way ANOVA. Drug: F1,33 = 7.773, P < 0.01; Group: F1,33 = 14.38, P < 0.01; Interaction: F1,33 = 6.386, P < 0.05); B: Hip-
pocampal ATP level (Drug: F1,43 = 4.662, P < 0.05; Group: F1,43 = 8.78, P < 0.01; Interaction: F1,43 = 3.119, P = 0.086). 
C: Hippocampal SOD level (Drug: F1,43 = 4.721, P < 0.01; Group: F1,43 = 7.258, P < 0.01; Interaction: F1,43 = 7.207, 
P < 0.01); D: Hippocampal GSH-Px level (Drug: F1,43 = 9.672, P < 0.01; Group: F1,43 = 13.43, P < 0.001; Interaction: 
F1,43 = 22.32, P < 0.0001); E: Hippocampal CAT level (Drug: F1,43 = 8.488, P < 0.01; Group: F1,43 = 11.84, P < 0.01; 
Interaction: F1,43 = 12.23, P < 0.01). ANOVA: analysis of variance; A + S: anesthesia and surgery; CAT: catalase; CsA: 
cyclosporine A; GSH-Px: glutathione peroxidase; N.S.: not significant; SOD: superoxide dismutase. Data are shown 
as mean ± S.E.M. (n = 8~14). *P < 0.05, **P < 0.01, ***P < 0.001.
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compared with that of control mice. SOD, GSH-
Px and CAT levels were significantly decreased 
in the hippocampus of A + S mice than those in 
control group (Figure 4).

Comparisons of behavior tests in control, POD 
unsusceptible and susceptible groups

Most of previous studies simply mimicked POD 
or POCD animal model after anesthesia and/ 
or surgery, instead of classification of suscepti-
ble or unsusceptible phenotype to POD or 
POCD [25, 26]. Here we applied hierarchical 
cluster analysis (Ward’s method) to classify the 
A + S mice into three clusters: POD susceptible, 
unsusceptible and undetermined mice. In order 
to distinguish between the POD susceptible 
and unsusceptible, the results in the OFT, EPMT 
and BFT were standardized by z scores and 
then analyzed by two-way ANOVA. Then, 13 of 
32 (approximately 40%) mice showing POD-like 
phenotypes were regarded as “POD suscepti-
ble” and 11 mice displaying non-POD-like phe-
notypes were regarded as “POD unsuscepti-
ble”. However, the others (8 mice) were regard-
ed as “POD undetermined”.

Next, we investigated the differential results of 
behavior tests in control, POD unsusceptible 
and susceptible groups. We found that there 
are no significant differences in center cross, 
center duration, zone crossing, open-arm entry 
and latency to eat food between POD unsus-
ceptible and control mice. Moreover, our results 
revealed that center cross, center duration, 
zone crossing and open-arm entry were sig- 
nificantly changed in POD susceptible mice 
than those in control or unsusceptible group. 
Similarly, latency to eat food showed a signifi-
cant increase in POD susceptible mice as com-
pared with that of control or POD unsusceptible 
group (Figure 5).

Effects of CsA on behavior tests in A + S mice

CsA, an immunosuppressant agent, has been 
commonly reported to be effective in inhibiting 
oxidative stress by the improving impaired 
mitochondrion function [21, 22, 27]. In this 
study, we investigated the behavior tests con-
sisting of OFT, EPMT and BFT, and found that 
CsA exerts substantially improving actions on 
these abnormal behaviors in A + S mice. These 
findings suggest that mechanisms underlying 
POD are probably associated with abnormally 

activated oxidative stress. On the contrary, 
therapeutic strategy inhibiting oxidative stress 
may produce beneficial effects on POD treat-
ment. This implies that inhibition of oxidative 
stress would to be a promising therapeutic tar-
get for POD (Figure 6).

Effects of CsA on hippocampal levels of ROS, 
ATP SOD, GSH-Px and CAT in A + S mice

ROS is a series of reactive oxygen species pro-
duced by aerobic cells during the metabolic 
process [28, 29]. Similarly, ATP is made up of 
adenine, ribose and 3 phosphoric acid perss- 
ads, releasing energy when hydrolyzed, which 
is the also most direct source of energy in the 
organism [30]. We found in the present study 
that there were no changes in the hippocampal 
levels of ROS and ATP between vehicle and CsA 
administered in control mice. Additionally, A + S 
mice markedly up-regulated the ROS level, 
while significantly down-regulated the ATP level 
in the hippocampus. In contrast, CsA signifi-
cantly attenuated the increased ROS level and 
the decreased ATP level in the hippocampus of 
A + S mice.

Anti-oxidative stress biomarkers, including 
SOD, GSH-Px and CAT, were significantly 
decreased in the hippocampus of vehicle-treat-
ed A + S mice, while CsA administration signifi-
cantly attenuated the decreased levels of SOD, 
GSH-Px and CAT (Figure 7).

Discussion

The major findings of the present study are as 
follows: Firstly, not all the subjects undergoing 
anesthesia and surgery suffer from POD. 
Secondly, oxidative stress is of greatly impor-
tance to the pathogenesis and therapeutic 
mechanisms of POD. These findings suggest 
that false-positive subjects exist in the inter-
vention group that would greatly cause errors in 
the experiment results and adversely impact 
the conclusions, and that oxidative stress-low-
ing agents could alleviate POD symptoms.

To date, the study of POD mainly depends on 
behavioral results [9, 22], and we found that 
behavioral results are not stable and fluctuate 
greatly. A large number of studies and our expe-
rience in clinical practice suggested that the 
incidence of POD fluctuates greatly, as men-
tioned previously, approximately 5.1% to 52.2% 
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[6, 31, 32]. In this study, we observed that in 
the OFT although the mice experienced a slight-
er increase in the center duration after anes-
thesia and surgery, there was no significant dif-
ference. Interestingly, after hierarchical cluster 
analysis, we found a significant difference in 
OFT between POD susceptible and unsuscepti-
ble mice. However, most previous studies did 
not distinguish POD susceptible and unsuscep-
tible subjects. To the best of our knowledge, 
this is the first report that the false positive fac-
tors were excluded from the POD group by hier-
archical cluster analysis.

Abnormal alterations in oxidative stress system 
play an important role in neurological diseases 
[19, 20]. A clinical study by Karlidag et al. [33] 
reported that there are no significant changes 
in plasma levels of oxidative stress biomarkers 
including superoxide dismutase (SOD) and 
malondialdehyde (MDA) between delirium and 
non-delirium individuals preoperatively. Post- 
operative plasma levels of SOD and MDA, how-
ever, were up-regulated in delirium group, but 
not in non-delirium group, as compared with 
those in the preoperative period. Collectively, 
these findings suggest that excessively activat-
ed oxidative stress is likely to be involved in the 
onset of POD. In this study, the serum oxidative 
stress biomarker ROS was detected, the results 
in the subjects undergoing anesthesia and sur-
gery showed a significant increase. Interestingly, 
we further divided the mice in anesthesia and 
surgery group into POD susceptible (POD-like), 
unsusceptible (non-POD) and undetermined 
phenotype via hierarchical cluster analysis, and 
that ROS showed a significant increase in POD-
like phenotype mice than that of non-POD. As 
to the serum level of ATP, we failed to observe a 
significant change between the two groups 
(Control and A + S groups). While these data 
showed significant differences after hierarchi-
cal clustering analysis. Additionally, SOD, GSH-
Px and CAT were significantly decreased in the 
hippocampus of A + S mice. These findings sug-
gest that oxidative and anti-oxidative respons-
es imbalance in hippocampus is probably 
involved in the underlying mechanisms of delir-
ium-like behaviors in mice after A + S.

It is commonly recognized that CsA plays a sig-
nificant role in the organ transplantation since 
it is clinically used as an immunosuppressant 
[21, 22, 27]. Recently, studies suggested that 
CsA has pharmacologically therapeutic effects 

to treat neurodegenerative diseases [34,  
35]. Kumar et al. [35] demonstrated that cyclo-
sporine A (2.5, 5 and 10 mg/kg, p.o.) signifi-
cantly attenuated 3-nitropropionic acid (3-NA)-
induced cognitive dysfunctions by restoration 
of glutathione level and acetylcholinesterase 
activity, indicating that the inhibition of oxida-
tive stress would be implicated in the improv- 
ing effects of CsA on 3-NA induced neurode-
generative diseases. We found in this study 
that CsA alleviated behavioral abnormalities in 
mice after A + S. More importantly, CsA mark-
edly restored up-regulated ROS and down- 
regulated ATP, SOD, GSH-Px and CAT levels in 
the hippocampus of A + S mice. Altogether, our 
findings indicate that inhibiting oxidative stress 
might be associated with the therapeutic 
effects of CsA on POD. Further detailed studies 
on the favorable actions of CsA on POD and the 
role of oxidative stress in the pathogenesis and 
molecular mechanisms of POD are extremely 
required.

POD, as described previously, has a higher  
incidence in the elderly patients [36-38]. It was 
reported that the incidence of POD in the  
elderly patients undergoing large surgeries, 
e.g., abdominal surgery and cardiac surgery, is 
up to approximately 50% [3, 38]. In this study, 
we did not adopt geriatric mice because our 
preliminary study found that the survival rate 
was slightly reduced after anesthesia and sur-
gery in the elderly mice with an age of 18 
months. Additionally, although the fact that 
aging is a key inducing factor for POD, we sug-
gested using the non-elderly rodents to study 
POD mechanisms since this protocol only 
focused on the effects of anesthesia and sur-
gery on POD, and most importantly, avoided 
aging-related confounding factors, at least par-
tially, that has already existed before experi-
ments. Furthermore, although mounting stud-
ies suggested that POD is different from POCD 
[5, 12, 13], there was less evidence on the dif-
ferences in molecular mechanisms. We will 
explore the topic further by using hierarchical 
cluster analysis.

In conclusion, hierarchical cluster analysis 
could be effectively applied to distinguish POD-
like from non-POD phenotype mice, thus it 
would be better to investigate the pathogenic 
and therapeutic mechanisms of POD. Moreover, 
oxidative stress might underlie the molecular 
mechanisms of POD and that CsA has phar- 
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macologically beneficial effects on POD symp-
toms probably by inhibiting oxidative stress. 
Subsequent large-scale studies on the underly-
ing mechanisms of POD are greatly needed.
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