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The geroprotective effects of rapamycin in mitigating frailty and cognitive complications in the 
perioperative period remains unknown. Of 39 C57BL/6 mice tested, 19 were young (16 weeks), and 
20 were old (80 weeks). The interventional group (10 old, 10 young) received daily oral rapamycin for 
8 weeks pre-op compared to controls (10 old, 9 young). Sham laparotomy was performed at week 
9. Perioperative frailty was assessed using a murine clinical frailty scale, preoperatively and at 1, 4 
and 8 weeks postoperatively. Spatial memory was assessed using the Barnes maze preoperatively, 
and at weeks 1 and 4 post-op. Rapamycin treatment is associated with significantly less decline in 
postoperative clinical frailty(p < 0.05). Subgroup analysis revealed similar findings for old and young 
mice. The rapamycin group demonstrated improved cognitive performance at 1-week postoperatively 
(β 40.18, 95%C.I. 8.70–71.67, p = 0.012), but only in older mice (β 54.51, 95%C.I. 6.77–102.25, 
p = 0.025). In a pre-clinical animal model of anesthesia and surgery, rapamycin supplementation 
protected against surgery-induced frailty and short-term postoperative cognitive dysfunction.
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Aging is a significant risk factor for peri- and post-operative morbidity such as delirium, physical frailty, and 
poor functional outcomes1–4. Indeed, older surgical patients display greater susceptibility to physical frailty, and 
the cognitive sequelae related to the physiological stressors of anesthesia and surgery2,5,6. Therefore, effective 
therapeutic targets to modify the trajectory of aging, frailty and cognitive dysfunction in the perioperative 
period in aged patients are needed to improve clinical outcomes in at-risk subjects.

Preclinical animal models are well poised for the investigation of the knowledge gap wherein the mitigation of 
perioperative complications related to aging and disease are not yet fully elucidated. Furthermore, geroprotectors 
are intriguing drug candidates that have not been tested in this context. Rapamycin is a mammalian target of 
Rapamycin (mTOR) inhibitor and a widely studied geroprotector in preclinical models of aging and disease7–9, 
promotes longevity and mitigates dysfunction in several hallmarks and pillars of aging. Indeed, previous non-
surgical studies have demonstrated the protective role of rapamycin in extending lifespan, reducing frailty, and 
enhancing resilience to physiological stress10–13. However, current literature within the perioperative setting 
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remains comparatively limited, with several small studies suggesting a protective effect of rapamycin on mitigating 
short term postoperative cognitive dysfunction7,14–17,21. Therefore, the utility of rapamycin supplementation 
to modify the perioperative trajectory of aging, which predisposes to at-risk subjects to physical frailty and 
cognitive dysfunction, warrants further exploration1.

The aim of this study was to test the effect of rapamycin given orally preoperatively for 8 weeks on perioperative 
clinical frailty and cognitive performance in a preclinical murine model of anesthetic and surgical intervention. 
Both young and old mice were studied to determine if the geroprotective effect of Rapamycin is age-specific. We 
hypothesized that rapamycin supplementation would be associated with improved perioperative outcomes of 
clinical frailty, and cognitive performance.

Methods
Animals
A total of 39 C57BL/6 male mice were included in the study and comprised young (n = 19, 16 weeks), and old 
(n = 20, 80 weeks) mice (The Jackson Laboratory, CA, USA). Mice were housed in a specific pathogen free (SPF) 
facility with room temperature controlled at 21–24 °C with free access to standardized food and water and a 
12-h light/dark cycle. This study was approved by Institutional Animal Care and Use Committee (IACUC) of 
the National University of Singapore (protocol number R21-0307). All methods were performed in accordance 
with the relevant guidelines and regulations, and follow the ARRIVE guidelines. An overview of the study is 
presented in Fig. 1.

Rapamycin treatment and drug preparation
The intervention group (n = 10 young, n = 10 old mice) received daily rapamycin in their drinking water for 
8 weeks preoperatively until laparotomy, while the control (n = 9 young, n = 10 old) group received vehicles 
(water). Rapamycin was added to the water to a final concentration of 0.08 mg/ml. As mice were expected to 
consume approximately 10% of body mass in water daily, a rapamycin dilution of 0.08 mg/ml was employed to 
achieve a target rapamycin dose of 8 mg/kg/day in accordance with previously published approaches14–16. This 
aligned with previously reported rapamycin concentrations (0.015–2.5 mg/ml), which are expected to induce 
significant concentration within the mice serum17,18. The amount of water drank by the mice was measured 
every two days, recorded and replaced with new rapamycin-containing water. The mice were weighed weekly. 
The treatment was conducted continuously for 8 weeks till prior to laparotomy. Assessors were blinded to the 
assigned treatment groups.

Fig. 1.  Overview of study design (Created in BioRender.).
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Anesthesia, surgery, and postsurgical care
Sham laparotomy was performed under standardized anesthesia and aseptic technique during the 9th week 
by blinded operators. In brief, mice were anesthetised by inhalation anaesthetic isoflurane. An approximate 
2 cm incision was made on the abdomen through the skin layer and subcutaneous tissue. This was followed by 
wound closure with absorbable suture 4/0 with continuous suturing followed by simple interrupted skin sutures 
using non-absorbable 4/0 suture. Anesthesia and surgery time was standardised in both groups to be 1 h. Mice 
were placed in a cage for recovery from anaesthesia for 1 h, with sutures removed 2 weeks after laparotomy. 
Post-surgical care was received in a standardised fashion for the next 5 days, comprising daily monitoring and 
injections of Baytril or Carprofen for analgesia. All mice were euthanized at post-op week 8 by carbon dioxide 
overdose, at the end of the study.

Perioperative clinical frailty assessments
Preoperative and postoperative clinical frailty was assessed using a previously validated murine clinical frailty 
scale, as previously described19. In brief, the murine clinical frailty scale comprised a 31-point frailty index 
based on the Rockwood deficit accumulation model20, scored on multisystemic domains including integument, 
musculoskeletal, vestibulocochlear, ocular-nasal, digestive-urogenital, respiratory, and discomfort scores19.

Clinical frailty assessments were performed at baseline (week 0), immediately pre-operatively (at 8 weeks), 1 
week post-operatively, 4 weeks post-operatively, and 8 weeks post-operatively. Clinical frailty assessments were 
performed by two trained assessors blinded to murine treatment status in a standardized fashion. Any disputes 
in clinical frailty scale assessment scores were resolved through consensus by the two assessors.

Perioperative cognitive tests of spatial memory using Barnes maze
Cognitive tests for the assessment of spatial memory was performed using the Barnes Maze in a standardized 
fashion at 3 timepoints: preoperatively, 1 week postoperatively, and 4 weeks postoperatively by trained assessors 
blinded to the treatment groups.

The Barnes Maze was employed as a cognitive test of murine spatial memory as previously described21,22. In 
brief, spatial cues were first located around the maze and kept constant throughout the study. On the first day of 
testing, the mouse was placed in the escape box for one minute, following which the animal was placed in the 
center of the maze inside a black chamber. As in all subsequent sessions, the chamber was removed after 10 s, 
whereupon a buzzer (80 dB) and a light (400 lx) were turned on, and the mouse was free to explore the maze 
for 3 min or until it entered the escape tunnel. The tunnel was always located underneath the same hole, which 
was randomly determined for each mouse. The platform was moved every day by 90° to avoid any odor cues, 
but the spatial cues and the tunnel position remained the same. Mice were tested once daily for 4 days. Learning 
was determined by a measurement of latency to the target hole on each day. On the 5th day, a probe trial was 
conducted to determine the long-term memory of the mice. The escape tunnel was removed, and the mouse 
was allowed to freely explore the maze for 3 min, where its spatial memory was assessed. Path length and error 
rate data were collected but not utilized for analysis. In the probe trial where the target hole was blocked, the 
time spent in the target quadrant and the other quadrants were scored and expressed in seconds for subsequent 
analysis, as an indicator of retention memory, as the primary outcome measure.

Statistical analysis
Statistical analysis was performed using Stata version 18 (StataCorp, 2023), R version 4.3.1 (R Core Team. 2023. 
R Foundation for Statistical Computing, Vienna, Austria) and GraphPad Prism (v 9.5). All statistical tests were 
conducted at a significance level of p < 0.05.

Associations of preoperative rapamycin supplementation on perioperative clinical frailty and cognitive 
performance were evaluated using linear mixed effects models with random intercepts and random slopes. The 
model adjusted for the interaction term of timing of assessment × rapamycin use. Trajectories of perioperative 
frailty by rapamycin use was visualized as estimated marginal means plots, alongside 95% confidence intervals. 
To evaluate if the effect of preoperative rapamycin on perioperative cognition and clinical frailty differed with 
time, regression coefficients, 95% confidence intervals and p-values derived from the interaction term of 
rapamycin × timing of assessmentwere reported, with time modelled as a discrete variable. Subgroup analysis 
stratified by murine age was performed to evaluate if the effect of preoperative rapamycin on perioperative 
clinical frailty and cognition was age-specific. To evaluate if there were age-specific effects of rapamycin on the 
outcomes, we performed additional analyses adjusted for the 3-way interaction term of age × rapamycin use 
× timing of assessment, which are presented in the Supplementary. The area under the curve derived from the 
change in frailty index scores was reported.

Results
Of 39 mice included, the intervention group comprised 10 old and 10 young mice, while the control group 
comprised 10 old and 9 young mice. The intervention group who received oral rapamycin treatment for 8 
weeks pre-operatively and were compared to vehicle controls. No significant differences were found in the total 
amount of rapamycin consumed by the young mice (9.97 ± 1.26 mg/kg/day) and old mice (9.55 ± 1.84 mg/kg/
day, p = 0.72). No significant differences were found in the volume of water consumed between the rapamycin 
(121.93±18.43 ml/kg/day) and control groups (35.57±41.86 ml/kg/day, p = 0.42). There was no mortality during 
the study period for both aged and young mice.
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Effect of rapamycin treatment on perioperative clinical frailty
Perioperative clinical frailty was assessed using the murine clinical frailty scale comprising a 31-point frailty 
index based on the Rockwood deficit accumulation model20 and scored on multisystemic domains19.

The association between rapamycin administration and perioperative clinical frailty scores are presented in 
Table 1. Trajectories of perioperative clinical frailty by rapamycin use for all mice, and then with stratification 
by age are presented as estimated marginal means plots and standard errors derived from linear mixed effects 
models with random slopes and random intercepts, adjusted for the interaction term of time × rapamycin use 
(Fig. 2A–C). When compared with controls, preoperative rapamycin treatment was associated with significantly 
less decline in clinical frailty at postoperative week 1 (β −1.10, 95% C.I. −1.65, −0.55, p < 0.001), postoperative 
week 4 (β −1.29, 95% C.I. −1.85, −0.74, p < 0.001), and postoperative week 8 (β −1.31, 95% C.I. −2.03, −0.59, 
p < 0.001, Table 1). The rapamycin group (AUC 0.079) additionally demonstrated a four-fold decrease in AUC as 
compared with the control group (AUC 0.025).

On subgroup analysis by age, preoperative rapamycin treatment was associated with improved clinical 
frailty scores at all postoperative timepoints within the older mice (p < 0.05, Table 1; Fig. 2B). Within the young 
mice, rapamycin was associated with improved clinical frailty scores at postoperative week 1 and 4 (Table 1; 
Fig. 2C). The protective effect of rapamycin on clinical frailty was larger in older mice (AUC-difference 0.166) 
than younger mice (AUC-difference 0.017). Sensitivity analysis performed adjusted for the 3-way interaction 
term of age × rapamycin × timing of assessment are presented in Supplementary Table 1. Sensitivity analysis 
demonstrated statistically significant interactions of age at preoperative week 1 (β −1.69, 95% C.I. −2.66, −0.73 
p = 0.001), postoperative week 4 (β −1.93, 95% C.I. −2.91, −0.96, p < 0.001) and postoperative week 8 (β −2.20, 
95% C.I. −3.47, −0.94, p = 0.001, Supplemental Table S1).

Effect of rapamycin on perioperative cognition (Barnes maze)
Associations of rapamycin supplementation with perioperative cognitive performance in tests of spatial memory 
(Barnes maze) are presented in Table 2.

Estimated marginal means plots derived from linear mixed effects models with random slopes and random 
intercepts, adjusted for the interaction term of rapamycin × time are presented in Fig. 3A–C. The rapamycin 
group was found to have improved cognitive performance at week 1 postoperatively (β 40.18, 95% C.I. 8.70–71.67, 
p = 0.012). Upon stratification by age, rapamycin treatment was found to significantly improve postoperative 
cognitive performance at week 1 postoperatively in the old mice (β 54.51, 95% C.I. 6.77–102.25, p = 0.025), but 
not in young mice (β 23.24, 95% C.I. −16.87, 63.36, p = 0.256). At postoperative week 4, the control group had 
returned to baseline cognitive function, and there was no difference between the rapamycin and control groups 
across both subgroups of age (all p > 0.05). Sensitivity analysis performed adjusted for the 3-way interaction term 
of age × rapamycin × timing of assessment are presented in Supplementary Tables 2 and did not yield statistically 
significant interactions at postoperative 1 week (β 31.27, 95% C.I. −31.60, 94.14, p = 0.330) or postoperative week 
4 (12.92, −48.10, 73.95, p = 0.678).

Discussion
Preoperative rapamycin supplementation was associated with an improved trajectory of perioperative clinical 
frailty in young and old mice, with larger effects observed in the more susceptible, older cohort. Rapamycin also 
suppressed short-term deficits in postoperative cognitive function, as assessed by Barnes maze testing. These 
anti-aging effects of rapamycin were the most prominent in elderly mice within the postoperative period. Taken 
together, our findings suggest the potential utility of preoperative rapamycin supplementation as a geroprotector, 
for modifying the trajectory of frailty and cognitive dysfunction in the perioperative period.

Our findings of improved perioperative frailty with rapamycin use are consistent with the current literature 
highlighting its role as a geroprotector, enhancing resilience through autophagy modulation, thereby improving 
healthspan10,23. Geroprotectors have been hypothesized to mitigate physical frailty, and enhance recovery from 
physiological insult through the improvement of deficits across multiple systems12,23–25. While studies evaluating 
the role of rapamycin in mitigating perioperative frailty are limited, our findings are aligned with previous 
studies conducted in non-surgical murine models, which have shown that rapamycin enhances resilience to 

Subgroup All mice (n = 39) Old mice (n = 20) Young mice (n = 19)

Rapamycin × timing of assessment β * 95% C.I. p-value β * 95% C.I. p-value β * 95% C.I. p-value

Rapamycin × pre-op −0.48 −1.01, 0.06 0.083 −0.95 −1.86, −0.05 0.039 −0.01 −0.21, 0.20 0.958

Rapamycin × post-op 1 week −1.10 −1.65, −0.55 < 0.001 −1.94 −2.85, −1.03 < 0.001 −0.25 −0.44, 0.05 0.015

Rapamycin × post-op 4 weeks −1.29 −1.85, −0.74 < 0.001 −2.25 −3.17, −1.32 < 0.001 −0.32 −0.52, -0.11 0.003

Rapamycin × post-op 8 weeks −1.31 −2.03, −0.59 < 0.001 −2.43 −3.61, −1.24 < 0.001 −0.23 −0.63, 0.18 0.272

AUC (Rapamycin) 0.079 0.164 0.004

AUC (no rapamycin) 0.025 0.034 0.021

Table 1.  Associations of rapamycin with perioperative clinical frailty scores. *Regression (beta) coefficients 
and 95% confidence intervals were derived from linear mixed effects model, using random slope and random 
intercepts within subjects, estimated with restricted maximum likelihood technique. Adjusted for the 
interaction term of timing of assessment * rapamycin use. Timepoint of assessment was modelled as a discrete 
variable. AUC refers to: area under the curve derived from the absolute change in frailty score from baseline.
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physiological stress, extends lifespan, reduces frailty, and improves tissue architecture10–13. Our findings are also 
consistent in demonstrating a protective effect of rapamycin on the trajectory of clinical frailty. Interestingly, 
in the perioperative model, rapamycin mitigated the decline in frailty in both young and old mice, although 
the effect size was bigger in the aged mice. This suggests that its benefits may be broader than we expected and 
that its benefits may extend to physiologic stress imposed by anesthesia and surgery in a wider context. Our 
findings are, however, of particular relevance in preclinical perioperative of aging and disease, as aging increases 

Fig. 2.  Estimated marginal means plots for the effect of rapamycin on perioperative clinical frailty in (A) all 
mice; (B) old mice; (C) young mice.
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vulnerability to the complications of anesthesia and surgery—representing an at-risk group which could benefit 
from targeted therapy1.

We additionally found that rapamycin supplementation suppressed short-term deficits in postoperative 
cognitive function at 1 week, but not at postoperative 4 weeks. Our findings are aligned with previous studies 
which have reported the protective effect of rapamycin against acute postoperative cognitive dysfunction in 
aged mouse models, assessed within 24 h to 7 days postoperatively7,14–17,21. These studies postulated that this 
phenomenon occurred since reducing mTOR activity led to enhanced autophagy, as well as reduced levels of 
alpha-synuclein and phosphorylated Tau26–30. Our study addresses an important knowledge gap—as preclinical 
studies evaluating the effect of rapamycin on postoperative cognition are comparatively limited. Our results 
suggest that the protective effect of preoperative rapamycin is only on short-term postoperative cognitive 
function, and may more selectively benefit aged disease models31,32. The observed early benefits of rapamycin 
may not have persisted in the longer term due to several mechanisms. The observed early cognitive benefits of 
rapamycin may not have persisted in the longer term due to several potential mechanisms. First, rapamycin 
was administered solely during the preoperative period and not continued postoperatively. Additionally, 
transient changes in neuroinflammation associated with anesthesia and surgery may contribute to reversible 
cognitive deficits, similar to those seen in delirium33. Therefore, it is plausible that the short-term benefits of 
rapamycin in response to acute neuroinflammatory insults and transient changes in synaptic plasticity may 
not be sustained without continued postoperative supplementation33,34. However, these preliminary findings 
should be interpreted with caution due to the small effect sizes and limited cohort size in our study. Future 
studies involving larger preclinical and clinical disease cohorts are necessary to validate these results. The effect 
of rapamycin on biomarkers of hippocampal neuroinflammation during the acute postoperative period, when 
cognitive deficits were attenuated, is also worthy of future study.

The protective effects of rapamycin on clinical frailty, and short-term postoperative cognition may be 
underpinned by several mechanisms. Firstly, rapamycin is an mTOR inhibitor, which exerts anti-aging effects 
through the activation of autophagy—a process by which cells recycle their proteins and organelles, allowing for 
the effective clearance of damaged proteins and subcellular organelles7. This could be explained by the increase 
in autophagic flux incurred with rapamycin-induced mTOR inhibition, leading to downstream P62 depletion, 
and the downregulation of P62 phosphorylation35–38. Taken together, the resultant activation of autophagy 
mechanisms conferred by rapamycin supplementation, a molecular hallmark underpinning biological aging, 
may contribute to increased physical and cognitive resilience in the perioperative period39.

Limitations
Our study has several limitations. Serial blood and tissue sampling was not performed longitudinally. Therefore, 
future studies are required to ascertain the temporal trajectory of autophagy-related and neuroinflammatory 
proteins within the perioperative period, or their correlations with the clinical phenotype (frailty or cognition) 
observed. Further study is also needed to determine the optimal dose, and duration of rapamycin supplementation, 
and whether it should be continued postoperatively, with considerations of the risks of perioperative 
complications related to rapamycin use. Preclinical reports have highlighted the potential for rapamycin to 
contribute to delayed wound healing, possibly through its anti-inflammatory effects40,41. In the clinical setting, 
similar observations were noted in a cohort of bladder cancer patients, reporting that rapamycin mitigated 
surgery induced T-cell exhaustion but increased wound site complications42. It is therefore unclear if prolonged 
rapamycin supplementation may predispose to complications unique to the perioperative period, which would 
not otherwise be encountered in non-surgical settings. Also, our study only included male mice to minimize 
gender-specific variations conferred by estrous cycles in female mice43. As such, rapamycin’s perioperative anti-
aging effects on female mice should be studied, given that female mice may be more sensitive to the increase in 
lifespan mediated by rapamycin44. Nonetheless, previous studies have demonstrated rapamycin’s significant anti-
aging effects in both male and female mice44,45. Lastly, the postoperative effects of rapamycin on expression of 
proteins reflective of mechanisms underpinning postoperative cognitive dysfunction, such as neuroinflammatory 
proteins (IL-6, TNF-α), amyloid, and phosphorylated-Tau isoforms should be studied at both early and late 
postoperative timepoints, as surrogate markers of perioperative neuropathological insult30,46,47. Nonetheless, 
our study demonstrates early proof-of-concept of the Gero protective effect of rapamycin in modifying the 
perioperative trajectory of physical frailty.

Subgroup All mice (n = 39) Old mice (n = 20) Young mice (n = 19)

Rapamycin ×  timing of assessment β * 95% C.I. p-value β * 95% C.I. p-value β * 95% C.I. p-value

Rapamycin × post-op 1 week 40.18 8.70, 71.67 0.012 54.51 6.77, 102.25 0.025 23.24 −16.87, 63.36 0.256

Rapamycin × post-op 4 weeks 13.88 −17.15, 44.60 0.381 21.53 −21.84, 64.90 0.331 8.60 −34.50, 51.71 0.696

Table 2.  Associations of Rapamycin with perioperative cognitive performance in tests of Spatial memory 
(Barnes Maze). *Regression (beta) coefficients and 95% confidence intervals were derived from linear mixed 
effects model, using random slope and random intercepts within subjects, estimated with restricted maximum 
likelihood technique. Timepoint of assessment was modelled as a discrete variable. Adjusted for the interaction 
term of timing of assessment * rapamycin use.
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Conclusions
In a preclinical murine model undergoing anesthesia and surgery, rapamycin treatment may mitigate 
postoperative decline in clinical frailty decline, particularly in older mice. Rapamycin was also found to mitigate 
short-term postoperative cognitive decline at 1 week, however, this was not sustained in the longer term 
postoperatively. Further studies are required to validate these findings in preclinical and clinical perioperative 
models of aging and disease.

Fig. 3.   Estimated marginal means plots for the effect of rapamycin on perioperative tests of spatial memory 
(Barnes maze) in (A) all mice; (B) old mice; (C) young mice.
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Data availability
Data utilized in the preparation of this manuscript is available from the corresponding author, upon reasonable 
request.
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