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Abstract 

Background: Based on previous studies showing that frailty is associated with postoperative adverse 
events in older patients undergoing various surgical procedures, older patients with frailty may be more 
vulnerable to POCD. This study was designed to evaluate the effect of frailty on postoperative cognitive 
dysfunction (POCD) in aged rats undergoing general anaesthesia. 
Methods: Male Sprague–Dawley rats aged 18 months were allocated to Control and Frailty groups 
according to hind limb immobilisation using aluminium splints. Before and after general anaesthesia, Y-
maze test for cognitive function and frailty status were evaluated. Frailty, including muscle atrophy, 
assessed by quadriceps weight, was further evaluated by measuring glutathione peroxidase 4 (GPX4) and 
threonine. 
Results: Twenty rats were enrolled and evenly allocated between the two groups, with no dropouts. 
There was no significant difference in the alternation ratio in the Y maze test between the groups before 
general anaesthesia; however, a significant difference was observed two days after general anaesthesia 
(65% ± 37% in the Control group vs 29% ± 28% in the Frailty group, p = 0.01). Body weight was similar 
between the groups throughout the study. By contrast, quadriceps weight was significantly lower in the 
Frailty group [2.4 (2.3–2.6) g vs 2.0 (1.7–2.3) g, p = 0.0001]. GPX4 and threonine levels in the quadriceps 
were also significantly lower in the Frailty group. 
Conclusion: Frailty was significantly associated with POCD. Prevention of frailty may be important for 
reducing the risk of POCD. 

Keywords: frailty, postoperative cognitive dysfunction, glutathione peroxidase 4, threonine. 

Introduction 
The World Health Organization has emphasised 

that all countries are facing major challenges due to 
demographic shifts and should prepare for their 
impact on social systems, including the health system. 
This demographic shift is characterised by a ‘much 
faster growing elderly population’ [1]. The increasing 

older adult population has also led to more frequent 
exposure to general anaesthesia for medical needs. 
One of the adverse events associated with general 
anaesthesia in older patients is postoperative cognitive 
dysfunction (POCD) [2]. The mechanisms underlying 
POCD have recently been linked to 
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neuroinflammation [3, 4], although they have not been 
fully elucidated [5]. 

Frailty is defined as an ageing-related syndrome 
of physiological decline, characterised by marked 
vulnerability to adverse health outcomes [6, 7]. It is 
clinically common in the older population [8-10]. 
Based on previous studies showing that frailty is 
associated with postoperative adverse events in older 
patients undergoing various surgical procedures [11], 
older patients with frailty may be more vulnerable to 
POCD. 

The authors hypothesised that the occurrence of 
POCD may differ according to the presence of frailty 
in older individuals. This study was designed to 
evaluate the effect of frailty on POCD in aged rats 
undergoing general anaesthesia. 

Materials and Methods 
All experiments were performed in accordance 

with the National Institutes of Health Guidelines for 
the Care and Use of Laboratory Animals. After 
obtaining approval from the Institutional Animal Care 
and Use Committee (IACUC) of Konkuk University 
(approval number: KU25108), all experiments were 
conducted at the Konkuk University Laboratory 
Animal Research Center in accordance with IACUC 
guidelines. 

The study design is summarised in Figure 1. 

Experimental preparation 
Male Sprague–Dawley rats aged 18 months were 

purchased from Koatech (Pyeongtaek, Korea). The rats 
were housed in cages with free access to water and 
food. The room was maintained on a standard 12-hour 
light/dark cycle, with lights on at 7:00 and off at 19:00, 
at a temperature of 25°C. The rats were acclimated to 
the experimental conditions for 7 days before the 
study and were fed a standard diet with free access to 
water. 

Body weight measurement 
 Body weight was measured before group 

allocation and on the two days following general 
anaesthesia. 

Cognitive function testing using Y-maze test 
[4, 12] 

After acclimation, the Y-maze test was performed 
to evaluate cognitive function immediately before 
group allocation and on the day before and two days 
after general anaesthesia. The Y-maze consisted of 
three arms (A, B, and C). Each arm had a length of 50 
cm, height of 25 cm, and width of 10 cm and was 
connected to the other arms at an angle of 120°. Before 
the start of the test, all arms were wiped with 70% 
alcohol, and a board was placed at the centre of the Y-
maze to close access to arm C. The rats were released 
from the cage at the end of arm A and allowed to move 
freely between arms A and B for 15 minutes to adapt 
to the device. After adaptation, the rats were returned 
to the cage and allowed to rest for 1 hour. Next, all 
arms were wiped again with 70% alcohol. The board 
blocking arm C was removed to allow free access to all 
arms, and the rats were released from the cage at the 
end of arm A. Movement was recorded using a video 
camera for 5 minutes. The total number of entries into 
each arm and the number of spontaneous alternations 
were recorded. The alternation ratio was calculated 
using the formula [(number of spontaneous 
alternations) / (total arm entries − 2)] × 100%. If a rat 
had an alternation ratio of < 40% on the day before 
group allocation, it was considered to have a pre-
existing cognitive disorder and was excluded from the 
study. 

Frailty evaluation using wire hanging test 
 The wire hanging test was performed to evaluate 

frailty. This test is based on the instinct of rats to avoid 
falling. A transparent, internally visible hexahedron 
(length 54 cm, width 54 cm, height 80 cm) was 
prepared. The lid was replaced with a wire grid, and 
sufficient bedding was placed at the bottom to reduce 
shock when the rat fell. The test started when the rat 
was placed at the centre of the grid. After placement, 
the grid was turned upside down, and the time from 
when the rat began hanging on the grid to when its 
hind legs detached was measured. If a rat had a wire 
hanging time of < 1 second on the day before group 
allocation, it was considered to have a pre-existing 
neuromuscular disorder and was excluded from the 

 

 
Figure 1. Summary of study design. 
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study. The test was performed at the same time points 
as the Y-maze test and followed the Y-maze test. Rats 
in the Frailty group were tested without aluminium 
splints for the establishment of frailty. 

Experimental model with frailty 
Frailty was induced by immobilisation of the 

hind legs using aluminium splints immediately after 
the first wire hanging test. The rats were randomly 
allocated to the Control group or the Frailty group 
according to immobilisation. After group allocation, 
anaesthesia was administered to both groups using 
oxygen (0.3 L/min) and nitrous oxide (0.7 L/min) in 
an induction chamber for 5 minutes. In the Frailty 
group, aluminium splints were applied to the hind 
legs and secured with an adhesive bandage to restrict 
hind limb movement during anaesthesia; this was not 
performed in the Control group. The splints were 
maintained for 7 days before general anaesthesia. 
During anaesthesia, blood samples were obtained 
from the right carotid artery in both groups. The 
samples were collected in ethylenediaminetetraacetic 
acid (EDTA) tubes (BD Vacutainer®, USA). The EDTA 
tubes were centrifuged at 1,500 × g at 4°C for 20 
minutes to separate the plasma. The plasma was then 
transferred to 5-mL conical tubes and stored at −20°C. 
The rats were fed a standard diet with free access to 
water. 

General anaesthesia [4, 12-14] 
Anaesthesia was induced by intraperitoneal 

administration of ketamine (100 mg/kg; Yuhan, 
Korea) and xylazine (10 mg/kg; Sigma-Aldrich, USA). 
A heating pad was placed on the surgical platform to 
maintain the body temperature at approximately 37°C 
during anaesthesia. The rats were secured in the 
supine position and fastened to the surgical platform 
for endotracheal intubation using a 16 G catheter 
(length 45 mm; Dukwoo Medical, Korea). Correct 
placement of the catheter was confirmed by 
symmetrical chest expansion. The catheter was then 
connected to a ventilator (Harvard Apparatus, USA). 
The ventilator settings during anaesthesia were as 
follows: fraction of inspired oxygen, 0.5; inspired flow 
rate, 150 mL/min; tidal volume, 6 mL/kg; respiratory 
rate, 50 breaths/min; inspiration-to-expiration ratio, 
1:1; and positive end-expiratory pressure, 5 cmH2O. 
After induction of anaesthesia, a blood sample was 
obtained from the right carotid artery and collected 
using the same procedure as described for anaesthesia 
after group allocation. Anaesthesia was maintained for 
2 hours using isoflurane (1.5 vol%), after which the 
vaporiser was switched off. Mechanical ventilation 
was maintained until full recovery of spontaneous 
respiration was confirmed. The catheter was then 

removed, and the rats were returned to their cages. 

Brain and skeletal muscle preparation 
After the Y-maze test on the second day after 

general anaesthesia, the rats were anaesthetised using 
isoflurane (5 vol%) with oxygen (0.3 L/min) and 
nitrous oxide (0.7 L/min) in an induction chamber. 
After confirmation of adequate anaesthesia, the rats 
were sacrificed. The abdomen was dissected to expose 
the abdominal aorta. A blood sample was obtained 
from the abdominal aorta and collected using the same 
procedure as that described for anaesthesia after 
group allocation. Following blood collection, 1× 
phosphate-buffered saline (PBS) was administered via 
the abdominal aorta until complete exsanguination 
was achieved and the liver colour changed from red to 
pale. Using scissors and forceps, the skull was opened 
and the brain was removed. The brain was divided 
into two hemispheres. The left hemisphere was 
prepared to assess neuronal damage and stored in a 
50-mL conical tube containing 4% paraformaldehyde 
(PFA) (BIOSESANG, Korea). The right hemisphere 
was prepared to assess the inflammatory status, 
transferred into a 2-mL Eppendorf tube® (Eppendorf, 
Germany), and stored at −20°C. The quadriceps 
muscles were then obtained using scissors and 
forceps, and their weights were measured. The left 
quadriceps was prepared to assess muscle atrophy 
using haematoxylin and eosin staining and was stored 
in a 15-mL conical tube containing 4% PFA. The right 
quadriceps was prepared to assess frailty, transferred 
into a 5-mL Eppendorf tube®, and stored at −20°C. 
Neuronal damage in the brain was evaluated using 
immunofluorescence staining for caspase-1 as an 
indicator of apoptosis. Inflammatory status in the 
brain was assessed using enzyme-linked 
immunosorbent assay (ELISA) for cytokine detection. 
Frailty was evaluated using ELISA to measure 
glutathione peroxidase 4 (GPX4) and threonine levels 
in the quadriceps. Frailty was also assessed in blood 
samples using the same ELISA procedures. 

Neuronal damage in the brain  
The stored left-brain hemisphere in the conical 

tube was cut into three pieces and transferred to 
paraffin cassettes. The cassettes containing the tissue 
were washed with water for 1 hour to remove 4% PFA. 
The washed cassettes were then transferred to a tissue 
processor (Leica Biosystems, Germany) for paraffin 
processing. The processing programme was as 
follows: formalin 1 for 1 hour, formalin 2 for 1 hour, 
70% ethanol for 1 hour, 80% ethanol for 1 hour, 90% 
ethanol for 1 hour, 100% ethanol (twice) for 1 hour 
each, xylene (twice) for 1 hour each, and paraffin 
(twice) for 2 hours each. 
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After processing, the cassettes were transferred 
to a tissue embedding centre (Leica Biosystems) for 
paraffin embedding, then placed in a freezer for 30 
minutes to solidify the blocks. Tissue sections were cut 
using a microtome (Leica Biosystems) and floated in a 
warm water bath at 37°C. The sections were mounted 
onto microscope slides and dried on a hotplate at 40°C 
for 1 hour, followed by 56°C for 30 minutes. The 
mounted sections were immersed in xylene (two 
changes; 15 and 10 minutes) to remove paraffin, and 
then rehydrated through graded ethanol (100% twice, 
90%, 80%, and 70%; 3 minutes each). Antigen retrieval 
was performed in 1× citrate buffer, with heating in a 
microwave for 5 minutes, repeated three times. The 
sections were cooled at room temperature for 20 
minutes and then blocked with 5% goat serum. 

After blocking, the sections were washed with 1× 
PBS for 5 minutes (three times). A caspase-1 antibody 
(Invitrogen, USA) was used as the primary antibody 
for neuronal damage, diluted 1:200 in 5% goat serum. 
The sections were incubated with the primary 
antibody at room temperature for 1 hour, followed by 
washing with 1× PBS (5 minutes, three times). A 488 
anti-rabbit antibody (Invitrogen) was used as the 
secondary antibody, diluted 1:1,000 in 5% goat serum. 
The sections were incubated with the secondary 
antibody in the dark at room temperature for 1 hour, 
then washed with 1× PBS (5 minutes, three times). 

For nuclear staining, 4′,6-diamidino-2-
phenylindole (DAPI) (Invitrogen) was used, diluted 
1:2,000 in distilled water. The sections were incubated 
with DAPI in the dark at room temperature for 5 
minutes, followed by washing with 1× PBS (5 minutes, 
three times). 

The sections were then dehydrated through 
graded ethanol (70%, 80%, 90%, and 100% twice; 3 
minutes each), followed by xylene (twice; 3 minutes 
each). After staining, the sections were mounted with 
a coverslip using anti-fade mounting medium (Vector, 
USA). The coverslips were sealed with nail polish. The 
stained sections were observed using a fluorescence 
microscope (Olympus, Japan). 

Inflammatory status in the brain [4, 12] 
Pro-inflammatory cytokines, including tumour 

necrosis factor-α (TNF-α) (Abcam, USA) and 
interleukin (IL)-1β (Abcam), as well as anti-
inflammatory cytokines (IL-4 and IL-10), were 
measured to assess the inflammatory status in the 
brain. The stored right hemisphere was homogenised 
and centrifuged at 12,000 × g for 15 minutes at 4°C. The 
supernatant was collected and used for cytokine 
detection using ELISA kits. Cytokine levels were 
measured using a microplate reader. 

Evaluation of muscle atrophy in the 
quadriceps using haematoxylin and eosin 
staining 

The quadriceps muscle was cut perpendicularly 
at the centre, and the cross-sectional area was 
measured [15]. 

Frailty assessment using ELISA for GPX4 and 
threonine in the quadriceps 

GPX4 and threonine levels in the quadriceps 
were measured to assess frailty. The stored quadriceps 
tissue was homogenised and centrifuged at 12,000 × g 
for 15 minutes at 4°C. The supernatant was used to 
detect GPX4 and threonine using ELISA kits. 
Threonine was measured together with serine because 
no ELISA kit specific for threonine in rats was 
available. The levels were read using a microplate 
reader. 

Frailty assessment using ELISA for GPX4 and 
threonine in the blood 

 The same procedure was used for blood samples 
as that described for the quadriceps. Threonine was 
measured together with serine for the same reason. 

Statistical analysis 
The primary outcome was the alternation ratio in 

the Y-maze test on day 2 after general anaesthesia, 
compared between the two groups. A pilot study was 
performed using three rats in the Frailty group and 
three in the Control group. The pilot study showed 
alternation ratios of 31% ± 27% in the Frailty group and 
74% ± 27% in the Control group. Based on these 
results, a sample size of 10 rats per group was 
calculated to achieve a power of 0.9 with an α value of 
0.05. 

Intra-group and inter-group differences were 
analysed with the unpaired t-test, Mann–Whitney U 
test, and two-way repeated-measures analysis of 
variance, using GraphPad Prism software (version 
5.01; GraphPad Software, La Jolla, CA, USA). A p-
value of < 0.05 was considered statistically significant. 
Data are presented as mean ± standard deviation or 
median (interquartile range). 

Results 
Twenty rats were enrolled in the study and 

evenly allocated into the two groups, with no 
dropouts. 

The alternation ratios of the two groups, assessed 
using the Y-maze test, were similar before general 
anaesthesia (immediately before group allocation: 69% 
± 14% in the Control group vs 77% ± 17% in the Frailty 
group, p = 0.74; on the day before general anaesthesia: 
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68% ± 22% vs 73% ± 29%, p = 1.00). However, a 
significant difference was observed two days after 
general anaesthesia (65% ± 37% in the Control group 
vs 29% ± 28% in the Frailty group, p = 0.01). The Frailty 
group showed a significant decline in the alternation 
ratio after general anaesthesia (Figure 2). 

 

 
Figure 2. The change of cognitive function, using Y-maze test just before group 
allocation ( ), and on the day just before ( ) and two days after general anesthesia 
( ). *: p < 0.05, compared with Control group. †: p < 0.05, compared with just before 
group allocation. ‡: p < 0.05, compared with the day just before general anesthesia. 

 
Wire hanging test performance was similar 

between the groups immediately before group 
allocation (3.7 ± 1.3 seconds in the Control group vs 3.9 
± 1.2 seconds in the Frailty group, p = 0.59). The Frailty 
group showed a significant decline in performance 
after immobilisation of the hind legs via aluminium 
splints (the day before general anaesthesia: 4.4 ± 2.2 
seconds in the Control group vs 1.9 ± 1.1 seconds in the 

Frailty group, p = 0.01; two days after general 
anaesthesia: 4.4 ± 1.1 seconds vs 1.3 ± 1.1 seconds, p = 
0.02). However, there was no significant difference 
between the day before and two days after general 
anaesthesia within the Frailty group (p = 0.57) (Figure 
3). 

 

 
Figure 3. The change of frailty, using wire hanging test just before group allocation 
( ), and on the day just before ( ) and two days after general anesthesia ( ). *: p 
< 0.05, compared with Control group. †: p < 0.05, compared with just before group 
allocation. ‡: p < 0.05, compared with the day just before general anesthesia. 

 
Neuronal damage, assessed by caspase-1 

expression, was significantly higher in the Frailty 
group. The expression level of caspase-1 was increased 
in this group (2.84% ± 0.68% in the Control group vs 
10.28% ± 2.72% in the Frailty group, p < 0.0001) (Figure 
4A). The number of caspase-1–positive cells was also 
significantly higher in the Frailty group (47.70% ± 
16.06% vs 227.00% ± 50.12%, p < 0.001) (Figure 4B). 

 

 
Figure 4. Neuronal damage, using the expression of caspase-1 (represented with white arrows) (A) and the number of cells, expressing caspase-1 (represented with white 
arrows) (B). *: p = 0.0001, compared with Control group. Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole. 
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Table 1. Enzyme-linked immunosorbent assay (ELISA) for the 
detection of cytokines in the brain between Control group and 
Frailty group. 

 Control group Frailty group p 
value 

Pro-inflammatory cytokines    
  TNF-α (pg/ml) 77.72 ± 9.34 102.40 ± 4.05 0.0001 
  IL-1β (pg/ml) 41.75 ± 15.02 143.10 ± 20.59 0.0001 
Anti-inflammatory cytokines    
  IL-4 (pg/ml) 198.30 (190.20-

199.20) 
185.00 (170.00-
188.80) 

0.0005 

IL-10 (pg/ml) 82.59 ± 9.56 42.91 ± 8.25 0.0001 

Data is expressed as mean ± standard deviation or median (interquartile range). 
Abbreviations: TNF, tumor necrosis factor; IL, interleukin. 

 
The pro-inflammatory cytokines TNF-α and IL-

1β were significantly higher in the Frailty group than 
in the Control group, whereas the anti-inflammatory 
cytokines IL-10 and IL-4 were significantly lower in 
the Frailty group (Table 1). 

Body weight was similar between the two groups 
throughout the study. However, quadriceps weight 
was significantly lower in the Frailty group than in the 
Control group (2.6 ± 0.4 g vs 2.1 ± 0.4 g, p = 0.003) 
(Table 2). The cross-sectional area of the quadriceps 
was also significantly lower in the Frailty group (14.8 
± 2.8 cm2 in the Control group vs 7.00 ± 0.8 cm2 in the 
Frailty group, p = 0.0001) (Table 2). 

The GPX4 and threonine levels in the quadriceps 
were significantly lower in the Frailty group than in 
the Control group (Table 3). 

Blood GPX4 levels were similar between the two 
groups immediately before group allocation (203.80 ± 
50.28 pg/mL in the Control group vs 249.20 ± 13.44 
pg/mL in the Frailty group, p = 0.73). The Frailty 
group showed a significant decline in GPX4 levels 
after immobilisation (the day before general 
anaesthesia: 209.00 ± 36.56 pg/mL in the Control 
group vs 43.50 ± 46.67 pg/mL in the Frailty group, p = 

0.003; two days after general anaesthesia: 221.7 ± 25.44 
pg/mL vs 46.97 ± 35.76 pg/mL, p < 0.0001). However, 
there was no significant difference between the day 
before and two days after general anaesthesia within 
the Frailty group (p = 0.99) (Figure 5A). 

Changes in blood threonine levels showed a 
similar pattern to that of GPX4 in the two groups. 
However, the Control group showed a significant 
decline after general anaesthesia, although threonine 
levels remained significantly higher than in the Frailty 
group (Figure 5B). 

 

Table 2. Body weight, both quadriceps weight and cross-sectional 
area (CSA) of the quadriceps between Control group and Frailty 
group. 

 Control group Frailty group p 
value 

Body weight (g)    
Just before group allocation 263 (233-254) 247 (228-243) 0.27 
On the day just before general 
anesthesia 

- - - 

Two days after general anesthesia 325 (240-284) 313 (230-255) 0.28 
Quadriceps weights (g)    
  Both 2.4 (2.3-2.6) 1.95 (1.7-2.3) 0.0001 
  Right 2.3 ± 1.7 1.9 ± 0.4 0.003 
  Left 2.6 ± 0.4 2.1 ± 0.4 0.003 
CSA of quadriceps (cm2) 14.8 ± 2.8 7.0 ± 0.8 0.0001 

Data is expressed as median (interquartile range) or mean ± standard deviation. 
 

Table 3. Enzyme-linked immunosorbent assay (ELISA) for the 
detection of glutathione peroxidase 4 (GPX4) and threonine in the 
quadriceps between Control group and Frailty group. 

 Control group Frailty group p value 
GPX4 (pg/mL) 304.7 (257.4-315.8) 114.1 (24.53-195.6) 0.0001 
Threonine (pg/mL) 20.1 (12.1-21.9) 6.0 (4.1-6.5) 0.0001 

Data is expressed as median (interquartile range) or mean ± standard deviation. 
 

 

 
Figure 5. The change of glutathione peroxidase 4 (GPX4) (A) and threonine (B) in the blood. *: p < 0.05, compared with Control group. †: p < 0.05, compared with just before 
group allocation. 
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Discussion 
 The present study showed that the Frailty group, 

characterised by a significant decline in performance 
in the wire hanging test and significantly lower levels 
of frailty-related biomarkers (GPX4 and threonine) in 
the quadriceps and blood, was more vulnerable to 
POCD than the Control group. 

 Although the definition and mechanisms of 
frailty have not been fully established, oxidative stress 
and inflammation have been closely associated with 
frailty [6, 16]. Accordingly, related biomarkers have 
been used to evaluate frailty. In the present study, 
GPX4 and threonine were used for this purpose. The 
basic mechanism of the ageing process has 
traditionally been described by the ‘free radical theory’ 
[17], which proposes that ageing results from the 
accumulation of oxidative damage caused by reactive 
oxygen species (ROS) within cells [16, 18]. Since 2000, 
this concept has evolved, and ageing is now also 
considered a consequence of asymptomatic, chronic, 
low-grade inflammation [19, 20]. More recently, 
imbalance in iron metabolism has been recognised as 
a key contributor to the ageing process [21, 22]. GPX4 
regulates ROS-induced cell death and plays a central 
role in ferroptosis, an iron-dependent, non-apoptotic 
form of cell death [23-25]. By inhibiting ferroptosis, 
GPX4 contributes to cell survival [26]. Threonine also 
plays a critical role in cell maintenance and renewal 
[27]. As an essential amino acid, it is required for 
protein biosynthesis, and increased threonine levels 
have been associated with reduced ROS production 
and inhibition of ferroptosis [28]. Increased ROS and 
inflammation contribute to the ageing process, 
ultimately leading to the production of pro-
inflammatory cytokines [29]. Consistent with these 
mechanisms, the Frailty group in the present study 
showed significantly higher levels of pro-
inflammatory cytokines and lower levels of anti-
inflammatory cytokines than the Control group. 
Therefore, GPX4 and threonine were evaluated as 
biomarkers of frailty in this study. 

The findings for GPX4 in the blood, unlike those 
for threonine, were particularly notable in the present 
study. After the establishment of frailty, the levels of 
both GPX4 and threonine in the blood were 
significantly decreased, suggesting that these markers 
are suitable for evaluating frailty. However, the level 
of GPX4 in the blood did not change before and after 
general anaesthesia, whereas threonine levels 
decreased significantly after general anaesthesia. This 
suggests that the effect of general anaesthesia may be 
limited for GPX4, but not for threonine. Therefore, 
GPX4 in the blood may serve as a biomarker for frailty 
independently of general anaesthesia, although 

further studies are needed to confirm this. 
In the present study, frailty was established by 

immobilisation of the hind legs. Animal models of 
frailty can be generated using genetic or non-genetic 
approaches [30, 31]. To induce physical decline, 
restriction of movement is a recognised method for 
modelling frailty [32]. Several studies have shown that 
voluntary exercise delays the ageing process, 
including frailty, whereas reduced activity accelerates 
it [32-34]. Based on this, frailty was induced by hind 
limb immobilisation in the present study. However, 
this approach has some limitations. First, there is a 
possibility that forelimb muscle strength increased as 
a compensatory mechanism in the Frailty group. The 
similar body weight between groups, despite a 
significant difference in quadriceps weight, may 
reflect such compensation, although forelimb muscle 
mass was not measured. Nevertheless, the clear 
difference in wire hanging test performance between 
the groups suggests that any compensatory effect of 
the forelimbs was limited. Second, the procedure used 
to establish frailty was performed under anaesthesia, 
and the effects of anaesthesia itself may have 
influenced the results. To minimise this confounding 
factor, anaesthesia was administered to both the 
Frailty and Control groups, even though it was not 
required for the Control group. 

In the present study, the wire hanging test was 
used to evaluate frailty. This behavioural test assesses 
neuromuscular function and strength, and a decline in 
hanging performance indicates neuromuscular 
impairment. It therefore reflects physical activity and 
was used as a tool for evaluating frailty. 

In the present study, cognitive function was 
assessed using the Y-maze test alone. Although a 
single behavioral test may not fully capture the 
multidimensional aspects of cognitive function, there 
are currently no universally accepted diagnostic 
criteria or cutoff values for a specific cognitive test to 
define postoperative cognitive POCD, and substantial 
heterogeneity exists in the criteria used to define 
postoperative cognitive decline. Nevertheless, the Y-
maze spontaneous alternation test is a widely used 
behavioral method for assessing spatial working 
memory and short-term cognitive function in rodents 
[35, 36]. Moreover, previous studies investigating 
postoperative cognitive impairment in rodent models 
have also used the Y-maze test to evaluate 
postoperative cognitive function [4, 12]. Therefore, the 
Y-maze test provides an appropriate and well-
established behavioral measure for assessing cognitive 
changes in this experimental model, although the 
findings should be interpreted in consideration of the 
use of a single cognitive assessment. Similarly, there is 
no universally accepted absolute cutoff value for 
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individual physical performance measures used to 
characterize frailty in rodents. Previous rodent studies 
have used cohort-specific criteria for physical 
performance measures, including the wire-hanging 
test [37, 38]. Therefore, the criterion of a wire-hanging 
time of < 1 second used in the present study was based 
on previously reported experimental approaches and 
was applied to exclude rats with apparent pre-existing 
neuromuscular impairment, rather than to define 
frailty using a universal diagnostic threshold [39, 40]. 

 In conclusion, frailty reduced physical activity 
and muscle weight, although body weight remained 
unchanged. Frailty was significantly associated with 
POCD. Prevention of frailty may therefore be 
important for reducing the risk of POCD. 
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