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Abstract 

Objective This preliminary study evaluated the time-dependent effects of hippocampal 

glutathione S-transferase omega 1 (GSTO1) inhibition on postoperative cognitive 

function, oxidative stress, and neuroinflammation in aged mice. Methods Seventy-two 

aged C57BL/6 mice were randomized into four groups (n=18/group): Surgery+C1-27, 

Surgery+Vehicle, C1-27 only, and  Control. Following Morris water maze pre-training, 

the respective interventions were performed. Spatial memory, hippocampal GSTO1 

expression level, oxidative stress markers (ROS, MDA, GSH/GSSG ratio), pro-

inflammatory cytokines (TNF-α, IL-1β, IL-6), and amyloid precursor protein (APP) 

deposition were dynamically evaluated at 6 h, 3 d, and 7 d post-modeling. Results 

Pharmacological GSTO1 inhibition combined with surgical trauma induced an acute 

decline in hippocampal GSTO1 expression at 6 h, along with a marked reduction of the 

GSH/GSSG ratio (P < 0.05). The disrupted antioxidant system was accompanied by 

gradual increases in ROS, MDA and pro-inflammatory factors, as well as time-dependent 

APP deposition in the hippocampal CA1, CA3 and DG regions over the observational 

period. These cumulative microenvironmental injuries eventually led to obvious spatial 

memory deficits at postoperative day 3 and day 7 (P < 0.05). Conclusion Surgical trauma 



and pharmacological GSTO1 inhibition drive a multi-phase pathological cascade 

characterized by acute impairment of hippocampal antioxidant defense, progressive 

neuroinflammation, and structural APP accumulation, which ultimately lead to 

exacerbated spatial memory deficits. These descriptive findings suggest that GSTO1-

regulated microenvironmental homeostasis is critically involved in perioperative 

cognitive decline, establishing a foundation for future genetic causal validation. 

Keywords: GSTO1; Postoperative cognitive dysfunction; Oxidative stress; 

Neuroinflammation; Morris water maze 

 

1. Introduction 

With the accelerating global aging process, the number of elderly patients undergoing 

surgical procedures under general anesthesia is steadily increasing. Consequently, 

perioperative neurocognitive disorders, particularly postoperative cognitive dysfunction 

(POCD), have become a major clinical concern. Clinically, POCD is characterized by 

postoperative memory decline, impaired abstract thinking, and disorientation, severely 

diminishing patients' quality of life and social integration. Although the exact etiology of 

POCD remains multifactorial and elusive, growing evidence demonstrates that an altered 

central microenvironment—characterized by the reciprocal aggravation of 

neuroinflammatory responses and oxidative stress—plays a foundational role in its 

pathogenesis(1, 2) 

Glutathione S-transferase omega 1 (GSTO1), a novel member of the omega class of the 

glutathione S-transferase (GST) family, is widely recognized for its critical roles in 

maintaining cellular redox homeostasis, detoxification defense, and resistance to 

oxidative injury(3) . Genetic variants of GSTO1 have been closely linked to the 

susceptibility and onset age of neurodegenerative diseases characterized by cognitive 

decline, including Alzheimer’s disease and vascular dementia(4, 5). Within the central 

nervous system, GSTO1 is abundantly distributed in the hippocampus, a core anatomical 

region governing learning and memory processing(5). Given its unique ability to 



modulate glutathione metabolism and eliminate reactive oxygen species, GSTO1 is 

considered a potential sentinel against microenvironmental stress in the brain. 

Intriguingly, our previous clinical serum proteomic study on patients undergoing cardiac 

valve replacement surgery first identified that GSTO1 and several redox-related proteins 

were significantly downregulated in patients who developed POCD, with their expression 

levels negatively correlating with postoperative cognitive scores(6). This clinical clue 

strongly implies that GSTO1 deficiency may participate in the pathological progression 

of perioperative cognitive decline. However, due to the inherent constraints of clinical 

sampling, whether and how local suppression of GSTO1 within the hippocampus 

dynamically influences the temporal progression of cognitive function, oxidative status, 

and neuroinflammation remains to be elucidated. 

Therefore, as a crucial translational step following our clinical findings, the present study 

established an aged mouse model to systematically evaluate the temporal dynamics of 

pharmacological GSTO1 inhibition in the hippocampus. To establish a comprehensive 

foundational baseline before undertaking targeted genetic manipulations, this study 

focuses on capturing the sequential, longitudinal alterations (at 6h, 3d, and 7d) in spatial 

memory, redox balance, inflammatory cytokine profiles, and pathological protein 

accumulation following GSTO1 suppression. By shifting the perspective toward a 

temporal microenvironmental profile, this longitudinal characterization aims to provide 

definitive in vivo evidence regarding the dynamic role of GSTO1 in perioperative 

neurological homeostasis. 

2. Materials and Methods 

2.1 Experimental Animals and Grouping 

A total of 72 male C57BL/6 mice (12–14 months old, 30–37 g) were purchased from 

Jiangsu Huachuang Sino Pharmaceutical Technology Co., Ltd. (License No. SCXK (Su) 

2020-0009). The mice were acclimated under specific pathogen-free (SPF) conditions 

(50–60% humidity, 20–24°C, 12 h light/dark cycle) with ad libitum access to water and 

food. To minimize baseline experimental variance driven by cyclic estrous hormonal 



fluctuations in neuroinflammatory and oxidative pathways(7), only male mice were  

selected for this foundational temporal profiling study. 

An a priori sample size calculation was performed using G*Power software (version 

3.1.9.7). Based on prior literature and preliminary evaluations of perioperative 

neuroinflammation, an effect size f = 0.40, a significance level α = 0.05, and a power (1 - 

β) = 0.80 dictated a required sample size of n = 6 per cohort for distinct longitudinal 

biochemical time points, and a cumulative n = 18 per main group to robustly evaluate 

overlapping behavioral phenotypes. 

Using a computer-generated random number sequence, mice were assigned to a 2 × 2 

fully crossed factorial experimental layout consisting of four standardized cohorts (n = 18 

per group): 

1. Control (Sham+Vehicle) group: Underwent time-matched anesthesia (140 min total), 

stereotaxic needle insertion, and 10% (v/v) dimethyl sulfoxide (DMSO) microinjection to 

establish a baseline independent of surgical trauma. 

2. C1-27 group: Underwent time-matched anesthesia (140 min total), stereotaxic needle 

insertion, and specific GSTO1 inhibitor C1-27 microinjection to isolate target-specific 

intrinsic effects. 

3. Surgery+Vehicle group: Underwent a 140-minute surgical intervention (exploratory 

laparotomy) paired with hippocampal 10% DMSO microinjection to isolate surgical 

trauma stress. 

4. Surgery+C1-27 group: Underwent a 140-minute surgical intervention (exploratory 

laparotomy) paired with hippocampal C1-27 microinjection to evaluate the synergistic 

impact of surgery and target inhibition. 

All animal housing, handling, and surgical interventions were strictly approved by the 

Animal Ethics Committee of Zunyi Medical University (Approval No. ZMU21-2207-008) 

and meticulously complied with the National Guidelines for Laboratory Animal 

Management. 



2.2 Main Reagents and Equipment 

The specific, small-molecule covalent GSTO1 inhibitor C1-27 (Cat. No. HY-111530) 

was obtained from MedChemExpress (MCE). Isoflurane (Cat. No. R510-22-10) was 

procured from Shenzhen RWD Life Science Co. The rabbit anti-GSTO1 primary 

antibody (Cat. No. A15354) was purchased from ABclonal Technology. The rabbit anti-

TNF-α(Cat. No. 60291-1-Ig) and rabbit anti-APP (Cat. No. 25524-1-AP) primary 

antibodies were acquired from Wuhan Sanying Biotechnology (Proteintech). HRP-

conjugated goat anti-rabbit secondary antibody (Cat. No. A0208) was from Beyotime 

Biotechnology. PVDF membranes (0.45 μm, Cat. No. IPVH00010) were obtained from 

Millipore. Commercially validated ELISA kits for GSH (Cat. No. KTB1600-96T) and 

GSSG (Cat. No. KTB1610) were from Abbkine. High-sensitivity ELISA kits for ROS 

(Cat. No. MM-43700M1), IL-6 (Cat. No. MM-0163M1), and IL-1β (Cat. No. MM-

0040M2) were obtained from Jiangsu Meimian Industrial Co. 

The Morris water maze apparatus, tracking software, stereotaxic coordinates frame, and 

automated microinjection pumps were maintained by the Key Laboratory of Anesthesia 

and Organ Protection of Guizhou Province. Absorbance data were resolved using an 

automatic microplate reader (Thermo iSKAN MK3), and electrophoretic sorting was 

conducted via a Liuyi DYCZ-40 apparatus. 

2.3 Experimental Methods 

2.3.1 Pharmacological Dose Optimization: Cell-Free IC₅₀ vs. In Vivo EC₅₀ 

In vitro assays have determined that C1-27 exerts an inhibitory effect on purified GSTO1 

with an IC₅₀ of 31 nM (8). Given the distinct physiological microenvironment of brain 

tissue, we performed an in vivo dose-gradient experiment to screen the optimal working 

concentration of C1-27. After stereotactic injection into the hippocampal CA1 region, 

small-molecule agents need to overcome multiple biological barriers, including 

interstitial fluid diffusion, non-specific binding to extracellular matrix components and in 

situ metabolic clearance (9, 10). 

A series of C1-27 solutions with concentrations ranging from 310 nM to 31 mM were 

prepared using 10% DMSO diluted with sterile saline. The prepared agents were 



bilaterally injected into the hippocampal CA1 region at a total volume of 1.2 μL per 

mouse. Hippocampal tissues were harvested 6 h after administration, and Western blot 

was used to detect GSTO1 protein expression. A four-parameter logistic (4PL) regression 

model was applied to calculate the in vivo half-maximal effective concentration (EC₅₀ ) 

of C1-27 for GSTO1 suppression(11). 

 

2.3.2 Morris Water Maze (MWM) Behavioral Assay 

To capture spatial learning and memory profiles, mice underwent a standardized MWM 

paradigm following protocols optimized for aging-induced cognitive tracking(12, 13) . 

The setup comprised a circular pool (120 cm diameter, 60 cm height) filled with opaque 

water (24~26℃) under a muted acoustic environment. A stationary cylindrical escape 

platform (15 cm diameter, 30 cm height) was submerged 1 cm below the surface in a 

designated target quadrant. 

For 5 consecutive days prior to surgical/pharmacological modeling, mice received 

baseline place navigation training consisting of four trials per day (one per starting 

quadrant, randomized daily). In each trial, the mouse was released facing the pool wall 

and allotted 60 s to locate the hidden platform. If successful, it remained on the platform 

for 10s; if it failed within 60s, it was manually guided to the platform and allowed to 

adjust for 10s, yielding an escape latency score of 60s. On the afternoon of training day 5, 

a spatial probe trial (platform removed) was executed to confirm spatial baseline 

competency. Following modeling, longitudinal spatial memory retention was tracked via 

subsequent probe trials performed at post-modeling day 3 and day 7. 

To guarantee behavioral data integrity and eliminate potential physiological confounders, 

strict animal selection and exclusion rules were enforced: 

• Mice exhibiting congenital visual deficits, severe persistent floating behavior, or 

profound thigmotaxis (wall-hugging exceeding 85% of total swimming duration) 

during the initial training phase were excluded. 

• Average swimming velocity was calculated for every trial; mice displaying a 

mean swim speed below 0.1m/s were classified as possessing gross locomotor or 



motor-sensory impairments independent of cognitive state and were excluded 

from cognitive evaluation(14, 15) . 

• All behavioral trials, video tracking acquisition, and subsequent path parameters 

were automated and analyzed by investigators entirely blinded to the animal 

grouping assignments. 

2.3.3 Surgical Modeling and Synchronized Anesthesia Protocol 

The POCD model was established via exploratory laparotomy as previously described 

(16). To distinguish the effects of surgical trauma and volatile anesthetics, the total 

duration of isoflurane exposure was strictly unified across all four groups. Anesthesia 

was induced with 4% isoflurane and maintained at 2% in 100% oxygen. 

For Surgery+Vehicle and Surgery+C1-27 groups, the 140-minute protocol consisted of a 

20-minute abdominal incision and layered closure, followed by 120 minutes of gentle 

abdominal organ exploration to induce surgical stress. After that bilateral hippocampal 

microinjection was performed. 

Control and C1-27 groups received only scalp incision and hippocampal injection 

without abdominal surgery. Their isoflurane inhalation was prolonged to reach a total 

exposure of 140 min. Core body temperature was maintained at 37±0.5 °C throughout 

the study to avoid hypothermia-induced neuroinflammation. 

 

2.3.4 Collection of Hippocampal Tissue 

At designated temporal milestones (6  h, 3  d, and 7  d post-modeling), 6 mice were 

randomly selected from each group using a random-number table. Following deep 

surgical anaesthesia via intra-peritoneal injection of 1% pentobarbital sodium (50 mg/kg), 

mice were humanely euthanized with an additional intra-peritoneal overdose of 

pentobarbital sodium (200  mg/kg). Complete loss of the pedal-withdrawal reflex and 

corneal reflex was confirmed to verify full unconsciousness prior to tissue harvesting, in 

accordance with AVMA Guidelines for the Humane Euthanasia of Laboratory Animals. 

Immediately after euthanasia, mice were rapidly decapitated under aseptic conditions; 

intact brains were dissected on an ice-chilled platform. Hippocampal formations were 

carefully isolated, transferred into sterile 1.5  mL microcentrifuge tubes, and instantly 



snap-frozen in liquid nitrogen for long-term storage at -80 ℃ For 

histological/morphological cohorts, mice underwent transcardial perfusion-fixation as 

described below. 

2.3.5 Western Blot Analysis of Hippocampal GSTO1 

Hippocampal tissues were homogenized in pre-cooled lysis buffer containing 1% PMSF 

(300 μL per sample) using a tissue homogenizer with steel beads. After incubation on ice 

for 30 min, lysates were centrifuged at 12,000 r/min and 4 °C for 5 min. Protein 

concentration of the supernatant was determined via BCA assay. 

Total protein (30 μg) was denatured at 100 °C for 10 min, then separated by SDS-PAGE 

(5% stacking gel, 12% separating gel; 80 V initially, then 120 V for approximately 1.5 h) 

and transferred onto methanol-activated PVDF membranes at 200 mA for 90 min. 

Membranes were cut according to protein molecular weight markers for separate 

incubation of target protein and internal control. 

After blocking with 5% skim milk in TBST for 2 h at room temperature, membranes 

were incubated overnight at 4 °C with primary antibodies against GSTO1 (1:1000) and 

GAPDH (1:2000). Following five washes (5 min each) with TBST, blots were incubated 

with HRP-conjugated secondary antibody (1:600) for 2 h at room temperature. Protein 

bands were visualized using ECL reagent and imaged. Band density was quantified with 

ImageJ software, and GAPDH was used as the loading control. 

2.3.6 ELISA Assays for Biochemical and Oxidative Stress Validation 

Commercially available ELISA kits were used to detect hippocampal levels of GSH, 

GSSG, ROS, MDA, IL-1β and IL-6. All assays were performed in duplicate following 

the manufacturer’s instructions. Standard curves were prepared with a correlation 

coefficient R² > 0.99. 

2.3.7 Quantitative Immunofluorescence (IF) Analysis 

Mice were perfused transcardially with ice-cold PBS followed by 4% paraformaldehyde 

 (PFA). Isolated brain tissues were fixed in 4% PFA for 24 h, dehydrated and embedded  

in paraffin. Coronal sections (5 μm) of the dorsal hippocampus were prepared. Sections  

were deparaffinized and rehydrated, followed by antigen retrieval using sodium citrate  



buffer (pH 6.0) via microwave heating for 20 min. 

Endogenous peroxidase was inactivated with 3% H₂O₂, and non-specific binding was 

blocked with 5% BSA. Sections were incubated overnight at 4 °C with primary 

antibodies against GSTO1 and TNF-α (both 1:1000). Sections incubated only with 

secondary antibodies were set as negative controls. After PBS washing, sections were 

incubated with fluorophore-conjugated secondary antibody (1:500) for 60 min, and nuclei 

were counterstained with DAPI. Sections were mounted and imaged under a fluorescence 

microscope with unified exposure settings. 

Image analysis was performed by two blinded investigators using ImageJ software. Three 

to four non-overlapping sections per mouse were analyzed. ROIs were defined for the 

CA1, CA3 and DG regions according to brain anatomical landmarks. Background 

fluorescence from the corpus callosum was subtracted, and results were presented as 

average optical density (AOD). Raw data were used for subsequent statistical analysis. 

2.3.8 Quantitative Immunohistochemical (IHC) Assessment of APP 

Paraffin sections were deparaffinized, rehydrated and subjected to antigen retrieval using 

citrate buffer as described above. After blocking, sections were incubated with anti-APP 

primary antibody (1:1000) overnight at 4 °C. Biotinylated secondary antibody and ABC 

detection system were applied sequentially for signal amplification. DAB was used for 

color development, and the reaction was stopped at a uniform contrast. Sections were 

counterstained with hematoxylin, dehydrated, cleared and mounted. 

APP expression was quantified by ImageJ software. Fixed thresholds were applied to all 

sections for consistent signal extraction. ROIs were selected for hippocampal subfields, 

and staining intensity was calculated as AOD. Raw values were collected for statistical 

analysis. 

2.3.9 Statistical Analysis and Comprehensive Parameters Reporting 

All quantitative data are expressed as the mean ± standard deviation (SD). Prior to 

parametric statistical analyses, data normality was systematically verified using the 

Shapiro-Wilk test, and the homogeneity of variance was assessed using Levene’s test. 

The escape latency during the 5-day navigation training was analyzed using a two-way 

repeated-measures ANOVA, with group as the between-subjects factor and training day 



as the within-subjects factor. For spatial probe tests and subsequent histological and 

biochemical analyses (including IHC, IF, and ELISA), data at each specific time point 

were analyzed independently using a one-way ANOVA followed by Tukey's post-hoc 

test for multiple comparisons. Statistical analyses were performed using SPSS software 

(version 29.0; IBM Corp., Armonk, NY, USA). P-value < 0.05 was considered 

statistically significant. 

3. Results 

3.1 Optimization of Pharmacological Intervention and Verification of Microinjection 

Accuracy 

(1) Verification of Hippocampal Targeting 

Hippocampal injection accuracy was anatomically validated using the retrograde tracer 

cholera toxin B (CTB). Three days after microinjection, specific fluorescent signals were 

detected in the hippocampal CA1 and dentate gyrus (DG) regions, confirming the 

accuracy of the stereotactic coordinates (AP = -2.0 mm, ML = ±1.5 mm, DV = -1.6 mm) 

(Figure 1). These results verified precise targeting of all hippocampal pharmacological 

interventions. 

(2) Dose-Response Optimization of C1-27 

A dose-escalation assay was performed to determine the optimal in vivo concentration for 

hippocampal GSTO1 suppression, given that in vitro enzymatic IC50 values cannot fully 

recapitulate the complex microenvironment of the central nervous system. A gradient of 

C1-27 concentrations ranging from 310 nM to 62 mM was administered via hippocampal 

microinjection, and GSTO1 inhibitory efficiency was detected by Western blotting at 6 h 

post-injection (Table 1, Figure 2). Dose-dependent inhibitory effects of C1-27 on GSTO1 

expression levels were further quantified via ELISA (Table 2, Figure 3), with inhibition 

rates ranging from 16% to 78% and exhibiting a sigmoidal dose-response relationship. 

The dose-response data were fitted with a four-parameter logistic (4PL) regression model 

to calculate the in vivo half-maximal effective concentration (EC50) of C1-27. The 

calculated EC50 was 3.405 mM (Figure 3). Combined with Western blot verification and 



regression fitting results, 3.4 mM was selected as the optimal working concentration for 

all subsequent in vivo interventions. 

Crucially, this optimized dose did not cause obvious damage to the histological structure 

of the hippocampal CA1 region, and no animal death was observed throughout the 

experiment. Meanwhile, the baseline total swimming distance was comparable across all 

groups (Figure 4B), confirming that this concentration did not affect the general 

locomotor ability of mice. 

3.2 Longitudinal Assessment of Anesthetic Exposure and Spatial Memory Function 

(1) Baseline Consistency of Anesthesia and Cognitive Learning 

Total isoflurane exposure duration was standardized and compared across all 

experimental groups to eliminate anesthetic confounding factors, showing no significant 

intergroup differences (Control: 140.5 ± 1.8 min; C1-27: 139.8 ± 2.0 min; 

Surgery+Vehicle: 141.2 ± 1.5 min; Surgery+C1-27: 140.3 ± 2.2 min; P > 0.05)(Table S1 

in Supplementary file). 

During the 5-day spatial acquisition phase, two-way repeated-measures ANOVA 

revealed a significant main effect of training time on escape latency (F(4, 272) = 154.597, 

P < 0.001), indicating consistent learning improvement across all groups (Figure 4A). No 

significant main effect of group (F(3, 68) = 1.910, P = 0.136) or group × time interaction 

(F(12, 272) = 0.971, P = 0.477) was observed(Table S2 in Supplementary file). In 

addition, total swimming distance was comparable among all cohorts during baseline 

training (P > 0.05, Figure 4B). These findings confirmed consistent baseline learning 

ability and locomotor activity across groups, excluding pre-existing behavioral bias 

before surgical and pharmacological treatment. 

(2) Postoperative Alterations in Spatial Memory Retention 

Spatial memory retention was assessed at baseline, 3 and 7 days after modeling, with 

one-way ANOVA used for statistical analysis at each time point. For platform crossings 

(Figure 5A), no significant intergroup difference was observed at baseline (F(3, 68) = 

2.545, P = 0.063). Significant differences were detected at postoperative day 3 (F(3, 44) 



= 10.733, P < 0.001) and day 7 (F(3, 20) = 12.000, P < 0.001)(Table S3 in 

Supplementary file). 

Consistent patterns were observed for the distance percentage (Figure 5B) and time 

percentage (Figure 5C) in the target quadrant. No baseline differences were detected for 

either index (distance percentage: F(3, 68) = 1.852, P = 0.146; time percentage: F(3, 68) 

= 1.225, P = 0.307). Following surgery, robust intergroup variations were identified at 

both postoperative milestones (postoperative day 3: all P < 0.001; day 7: distance 

percentage P = 0.002, time percentage P < 0.001)(Table S3 in Supplementary file). 

(3) GSTO1 Suppression Aggravates Surgical Cognitive Impairment 

Tukey’s post-hoc multiple comparisons were performed to identify pairwise differences 

based on one-way ANOVA results (Figure 5). Compared with the Control group, the 

Surgery+Vehicle group showed significant reductions in platform crossings and target 

quadrant occupancy at postoperative day 3 and day 7, confirming successful 

establishment of the POCD model. The Surgery+C1-27 group exhibited further 

aggravated spatial memory deficits relative to the Surgery+Vehicle group at both time 

points (all P < 0.05). Mice treated with C1-27 alone also developed mild but significant 

spatial memory impairment, yet the cognitive damage was less severe than that caused by 

surgical trauma. Collectively, these findings indicate that GSTO1 inhibition 

independently impairs spatial memory and produces a synergistic effect with surgical 

stress to worsen POCD. 

3.3 GSTO1 Inhibition Induces Sustained Hippocampal Redox Imbalance 

(1) Effective and Sustained GSTO1 Suppression 

GSTO1 expression was quantified by Western blot across three time points (Figure 6A, 

6B). One-way ANOVA showed significant overall differences among groups at 6 h, 3 

days and 7 days post-modeling (all P < 0.001). Post-hoc Tukey tests indicated that C1-27 

treatment alone, surgical trauma, and their combination all significantly downregulated 

GSTO1 at 6 h. From day 3 to day 7, GSTO1 expression partially recovered. Significant 

downregulation relative to the Control group was only detected in the Surgery+Vehicle 



group, while C1-27 monotherapy and the combined intervention produced no statistically 

significant effects at these later time points. 

(2) Acute Oxidative Stress Burst Triggered by GSTO1 Deficiency 

GSTO1 suppression triggered immediate and persistent hippocampal redox imbalance. 

All oxidative stress indicators showed significant intergroup differences at 6 h, 3 days, 

and 7 days after modeling (one-way ANOVA, all P < 0.01). Specifically, antioxidant 

capacity was significantly impaired, as reflected by reduced GSH levels (Figure 7A) and 

elevated GSSG levels (Figure 7B), leading to a sharp decline in the GSH/GSSG ratio 

(Figure 7C). Consistently, lipid peroxidation product MDA (Figure 7D) and ROS 

accumulation (Figure 7E) were markedly increased in the intervention groups at all time 

points. Post-hoc analysis further confirmed that the Surgery+C1-27 group exhibited the 

most pronounced oxidative imbalance, indicating that GSTO1 inhibition severely 

compromises the hippocampal antioxidant defense system and exacerbates surgery-

induced redox imbalance. 

3.4 GSTO1 Suppression Accelerates Acute and Persistent Neuroinflammation 

Given the tight association between oxidative stress and neuroinflammation, hippocampal 

TNF-α expression was detected via immunofluorescence to evaluate neuroinflammatory 

responses (Figure 8A,Table 3 in Supplementary file).  

One-way ANOVA detected significant intergroup differences in hippocampal TNF-α 

fluorescence intensity starting at 6 h post-modeling (F(3, 20) = 3.123, P = 0.049), with 

markedly amplified group disparities at postoperative day 3 (F(3, 20) = 10.386, P < 0.001) 

and day 7 (F(3, 20) = 57.991, P < 0.001). Tukey’s post-hoc comparisons further revealed 

that TNF-α expression was significantly elevated in the C1-27 and Surgery+C1-27 

groups relative to the Control group at all three time points, showing progressive 

exacerbation from 6 h to day 7. 

3.5 Spatiotemporal Heterogeneity of Hippocampal APP Pathological Accumulation 

To explore whether GSTO1 inhibition-induced microenvironmental disturbance drives 

neurodegenerative pathological changes, we detected APP expression in hippocampal 



CA1, CA3, and DG subregions (Figure 9A–9C) and analyzed spatiotemporal 

pathological characteristics via one-way ANOVA. 

In the CA1 region (Figure 9D), APP expression showed no significant intergroup 

difference at the acute 6 h stage (F(3, 20) = 0.487, P = 0.695). In contrast, significant 

APP upregulation emerged at 3 and 7 days post-operation (3 d: F(3, 20) = 9.544, P < 

0.001; 7 d: F(3, 20) = 32.285, P < 0.001), with the highest expression observed in the 

Surgery+C1-27 group. 

The CA3 and DG subregions exhibited earlier pathological responses. In the CA3 region 

(Figure 9E), significant intergroup differences in APP deposition were detected at 6 h 

(F(3, 20) = 9.501, P < 0.001) and persisted through 3 days (P = 0.010) and 7 days post-

operation (P < 0.001). Similarly, the DG region showed obvious APP accumulation at the 

acute 6 h time point (F(3, 20) = 5.332, P = 0.007), with progressive pathological 

exacerbation at 3 and 7 days post-operation (all P < 0.001). 

These subregion-specific differences indicated heterogeneous vulnerability of 

hippocampal subfields to surgical injury and GSTO1 suppression. Collectively, GSTO1 

inhibition accelerates and exacerbates hippocampal APP accumulation, with the CA3 and 

DG subregions demonstrating greater sensitivity to early pathological damage than the 

CA1 region. 

4. Discussion 

4.1 Core Spatiotemporal Pathological Cascade Linking GSTO1 Inhibition to POCD 

Postoperative neurocognitive dysfunction (POCD) predominantly affects elderly patients 

and represents a major perioperative neurological complication driven by excessive 

oxidative stress and sustained neuroinflammation in the hippocampus (1). Accumulating 

evidence has identified glutathione S-transferase omega 1 (GSTO1) as a pivotal 

antioxidant enzyme that maintains intracellular redox homeostasis and modulates 

inflammatory signaling across the central nervous system (CNS) (17, 18). Prior clinical 

proteomic work from our team demonstrated altered serum GSTO1 levels in patients 

experiencing perioperative cognitive impairment, implying a potential link between 

GSTO1 dysregulation and POCD progression (6). Nevertheless, direct in vivo evidence 



clarifying how hippocampal GSTO1 dysfunction participates in POCD remains limited, 

and its spatiotemporal characteristics after surgical and pharmacological intervention 

have not been fully delineated. 

In the current study using aged mice, we established a standardized POCD model 

combined with targeted hippocampal microinjection of the specific GSTO1 inhibitor C1-

27. We first verified the accuracy of stereotaxic coordinates via cholera toxin B (CTB) 

tracing and optimized the in vivo working concentration of C1-27 through a series of 

dose-gradient experiments. Consistent with the pharmacological consensus that small-

molecule agents encounter multiple diffusion and metabolic barriers in brain tissue(18), 

the in vivo EC₅₀ of C1-27 (3.405 mM) was markedly higher than its in vitro IC₅₀, and the 

selected optimal dose exerted no obvious histological damage or locomotor disturbance, 

guaranteeing the reliability of subsequent phenotypic detection. All groups received 

strictly unified isoflurane exposure and preoperative behavioral training, eliminating 

anesthetic and baseline cognitive confounding factors. 

Based on longitudinal observations at 6 h, 3 d and 7 d post-modeling, we systematically 

constructed a three-stage spatiotemporal pathological cascade triggered by hippocampal 

GSTO1 suppression: (1) The acute phase (6 h) is characterized by rapid GSTO1 

downregulation and an abrupt redox collapse, manifested as decreased GSH/GSSG ratio 

and robust accumulation of ROS and MDA; (2) The subacute to chronic phase (3–7 d) 

witnesses progressive amplification of neuroinflammation represented by elevated TNF-α; 

(3) The late stage presents subfield-specific amyloid precursor protein (APP) deposition 

in the hippocampus, accompanied by irreversible spatial memory deficits. This sequential 

pathological progression closely matches the core pathogenic framework of perioperative 

neurocognitive disorders proposed in previous mechanistic reviews(19, 20), and first 

study to dynamically profile the sequential pathological alterations triggered by GSTO1 

suppression in aged mice subjected to surgical trauma and anesthesia, providing original 

phenotypic evidence for the association between GSTO1 dysfunction and POCD 

progression. 

4.2 GSTO1 Suppression Triggers Acute Hippocampal Redox Imbalance 



As a redox-sensitive enzyme relying on the catalytic Cys112 residue, GSTO1 exerts core 

antioxidant functions via GSH-dependent disulfide reduction and thiol transferase 

activity, protecting neurons from oxidative damage(18, 21). In this study, both single C1-

27 intervention and combined surgical trauma significantly reduced hippocampal GSTO1 

expression at 6 h post-modeling, accompanied by an immediate burst of oxidative stress. 

The significant decline in reduced GSH levels, elevation of oxidized GSSG, and massive 

accumulation of ROS and MDA collectively indicated a comprehensive breakdown of 

the local antioxidant defense system. This finding is consistent with the view that GSTO1 

is a key defender of CNS redox homeostasis(22).  

Notably, partial spontaneous recovery of GSTO1 expression was observed at 3 d and 7 d 

after C1-27 treatment alone, with no significant difference compared with the control 

group at the two later time points. This compensatory response may be attributed to the 

adaptive feedback regulation of antioxidant pathways such as Nrf2 under mild oxidative 

stimulation(22). Nrf2 is the master transcription factor for antioxidant systems, and 

oxidative stress induced by short-term GSTO1 inhibition can activate the Nrf2-ARE axis 

to upregulate antioxidant proteins including GSTO1, forming a self-repair loop (23). In 

contrast, GSTO1 expression in the Surgery+Vehicle group remained persistently 

suppressed, suggesting that continuous systemic stress caused by surgical trauma can 

sustain the inhibition of hippocampal GSTO1 and block this compensatory recovery 

mechanism. 

Our data also revealed that combined surgical trauma and C1-27 treatment led to the most 

severe redox disorder. This synergistic effect can be explained by the mutual 

reinforcement between surgical stress and GSTO1 dysfunction: surgery induces 

widespread systemic oxidative stress(24), while GSTO1 inhibition further weakens the 

hippocampus’s ability to clear reactive oxygen species, ultimately forming a vicious 

cycle of oxidative damage. Distinct from chronic neurodegenerative diseases where 

GSTO1 often presents compensatory upregulation (25), the acute reduction of GSTO1 in 

our POCD model reflects the unique pathological feature of acute perioperative stress, 

which rapidly exhausts the brain’s endogenous antioxidant reserves (6). 



4.3 Temporal Coupling Between Oxidative Stress and Neuroinflammation Mediated 

by GSTO1 

Oxidative stress and neuroinflammation are two inseparable core pathological links in 

perioperative neural injury, and GSTO1 acts as an important molecular bridge connecting 

the two processes (26, 27). In the present study, TNF-α, a classic pro-inflammatory 

cytokine, showed a unique temporal expression pattern: a marginal but statistically 

significant increase was detected as early as 6 h after modeling, and the inflammatory 

response continued to intensify at 3 d and 7 d, showing an obvious time lag relative to the 

acute oxidative burst. This chronological lag verifies the hypothesis that oxidative stress 

serves as an early trigger to drive sustained neuroinflammation in the hippocampus(19). 

Mechanistically, GSTO1 functions as a critical deglutathionylase to regulate the 

activation of inflammatory cascades such as NLRP3 inflammasome and NF-κB signaling 

(26, 28). It specifically removes glutathione modifications on key inflammatory proteins 

(e.g., NEK7, NPM1) to modulate the assembly and transcriptional activity of 

inflammatory complexes. When GSTO1 is inhibited, this regulatory mechanism is 

impaired, and inflammatory signaling pathways are locked in a hyperactive state. In our 

model, acute ROS accumulation induced by GSTO1 suppression first disrupts neuronal 

homeostasis, then activates resident microglia and astrocytes, and further promotes the 

secretion of pro-inflammatory cytokines such as TNF-α(29). Long-term exposure to 

inflammatory factors in turn exacerbates oxidative stress, forming a persistent 

inflammatory-oxidative vicious circle. 

Both single C1-27 treatment and combined intervention significantly upregulated 

hippocampal TNF-α expression throughout the observation period, demonstrating that 

GSTO1 inhibition alone is sufficient to initiate neuroinflammation. Meanwhile, the most 

prominent inflammatory response in the Surgery+C1-27 group further confirms that 

surgical trauma can amplify GSTO1-related inflammatory activation. This result is in line 

with previous reports that surgical stress activates peripheral and central inflammatory 

pathways (30), and combined with GSTO1 dysfunction, it profoundly aggravates 

hippocampal microenvironmental disorders. The dual regulatory role of GSTO1 on 



oxidation and inflammation fully explains why its inhibition can independently induce 

cognitive impairment and synergistically exacerbate surgery-induced POCD. 

4.4 Spatiotemporal Heterogeneity of Hippocampal APP Deposition and Pathological 

Implications 

The hippocampus is a heterogeneous brain region composed of CA1, CA3 and dentate 

gyrus (DG) subfields, and different subregions exhibit distinct vulnerability to stress 

stimulation(31). In this study, we observed obvious spatiotemporal differences in APP 

accumulation across hippocampal subfields after GSTO1 inhibition and surgical 

intervention. APP is a key protein closely associated with neuronal damage and 

neurodegenerative lesions (5). In the CA1 region, no significant APP change was found 

at the acute 6 h stage, and obvious pathological deposition only appeared at 3 d and 7 d; 

by contrast, CA3 and DG showed significant APP upregulation as early as 6 h post-

modeling, with continuous aggravation over time. 

This subregional heterogeneity indicates that CA3 and DG are more sensitive to the 

combined damage of GSTO1 suppression, oxidative stress and neuroinflammation, while 

CA1 presents a delayed pathological response. The regional vulnerability of the 

hippocampus has been widely reported in neurodegenerative and brain injury models (4). 

Combined with our phenotypic data, the temporal sequence of APP deposition is highly 

consistent with the progression of cognitive deficits: the gradual accumulation of APP in 

the hippocampus is synchronized with the continuous decline of spatial memory retention 

ability, indicating that long-term oxidative and inflammatory microenvironmental 

disorders induced by GSTO1 dysfunction will eventually lead to structural neuronal 

pathological changes, which are the material basis for persistent POCD. 

It is worth noting that APP deposition observed in this study reflects general neuronal 

damage under perioperative stress, rather than typical amyloid lesions in Alzheimer’s 

disease (AD)(5). Nevertheless, the similar pathological trend suggests that acute 

perioperative neural injury induced by GSTO1 insufficiency shares partial pathological 



characteristics with chronic neurodegenerative diseases, which also provides a new 

perspective for the cross-research of POCD and age-related cognitive disorders(17). 

4.5 Pharmacological Rationality of C1-27 In Vivo Application 

In this study, we adopted C1-27, a specific covalent inhibitor of GSTO1, to construct the 

loss-of-function model. A notable pharmacological difference was observed between its 

in vitro and in vivo effective concentrations: the in vitro IC₅₀ of C1-27 is at the nanomolar 

level, while the in vivo EC₅₀ for hippocampal GSTO1 suppression reaches the millimolar 

range. This discrepancy is a common phenomenon in central nervous system drug 

delivery(18). After stereotaxic microinjection into brain parenchyma, small-molecule 

compounds need to overcome interstitial fluid resistance, non-specific binding to 

extracellular matrix proteins, cell membrane penetration barriers and rapid local 

metabolic clearance. 

We performed a wide-range concentration gradient screening from 310 nM to 62 mM, 

and finally selected 3.4 mM as the working dose. Multiple verifications confirmed that 

this concentration could stably inhibit GSTO1 without causing obvious cytotoxicity, 

tissue damage or changes in animal motor function, which ensures the validity of 

pharmacological intervention and excludes non-specific interference caused by excessive 

drug concentration. Although pharmacological inhibitors may have potential off-target 

effects, the consistent phenotypic changes across all detection time points and indicators 

in this study preliminarily support that the observed cognitive, oxidative and 

inflammatory alterations are mainly mediated by GSTO1 suppression. Follow-up genetic 

intervention models including AAV-mediated knockdown and conditional knockout will 

further verify the target specificity. 

4.6 Study Limitations and Future Perspectives 

This study systematically revealed the spatiotemporal characteristics of hippocampal 

GSTO1 inhibition and its mediating effects on oxidative stress, neuroinflammation and 

neuronal pathology in aged POCD mice, and clarified the sequential pathological cascade 

of POCD. However, several limitations still exist. First, all conclusions are based on 

pharmacological inhibition of GSTO1. Although we completed rigorous dose 



optimization and safety verification, potential off-target effects cannot be completely 

ruled out. Subsequent genetic manipulation models are required to further confirm the 

specific role of GSTO1. Second, we only detected classic oxidative stress indicators and 

the single inflammatory cytokine TNF-α, without further exploring upstream and 

downstream signaling pathways such as Nrf2, NF-κB and NLRP3 inflammasome which 

are closely related to GSTO1. The cell types (neurons, astrocytes, microglia) where 

GSTO1 mainly exerts its regulatory functions in the hippocampus also remain to be 

clarified. Third, cognitive evaluation was limited to the Morris water maze focusing on 

spatial learning and memory; multiple behavioral paradigms for working memory, 

attention and executive function should be supplemented to comprehensively assess 

POCD-related cognitive deficits. Fourth, only male aged mice were used in this study to 

avoid the interference of female cyclic hormones. Considering the sex difference in 

neuroinflammation and oxidative stress responses, follow-up experiments need to include 

female animals to improve translational value. 

In conclusion, this study transforms previous clinical biomarker findings of GSTO1 into 

systematic in vivo mechanistic exploration. We demonstrate that hippocampal GSTO1 is 

a critical upstream regulator maintaining perioperative microenvironmental homeostasis. 

Its inhibition triggers acute oxidative burst, progressive neuroinflammation and subfield-

specific neuronal pathological damage, ultimately leading to and exacerbating POCD in 

aged mice. The multi-stage spatiotemporal pathological cascade established in this work 

provides a solid preclinical basis. Targeting GSTO1 and its mediated antioxidant and 

anti-inflammatory pathways is expected to become a promising strategy for the 

prevention and treatment of perioperative neurocognitive disorders in elderly patients. 
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Figure 1. CTB fluorescence distribution in the hippocampus confirming injection 

site localization. 

Figure 2. GSTO1 protein expression in the hippocampus after treatment with 

different concentrations of C1-27. 

Note: Group 1: 310 nM; Group 2: 3.1 µM; Group 3: 31 µM; Group 4: 310 µM; Group 5: 3.1 mM; 

Group 6: 31 mM; Group 7: 62 mM; Control group: DMSO(10%). 

Figure 3. Four-parameter logistic (4PL) regression curve illustrating the dose-

dependent inhibitory effect of C1-27 on hippocampal GSTO1 protein expression. 

Note: Data were fitted with the four-parameter logistic model (y=(A-D)/[1+(x/C)^B]+D) using ELISA 

Calc software. Fitted parameters were (A=8.31817), (B=-1.93028), (C=0.17129), (D=-1.69717), and 

(R^2=0.96104).  

X-axis: GSTO1 inhibition rate; Y-axis: logarithmic value of C1-27 concentration. 

Figure 4. Morris water maze navigation task results for each group of mice. 



Note: A – Escape latency over 5 days of training for each group. B – Total distance traveled by each 

group;  *P < 0.05 vs Day 1; #P < 0.05 vs Day 2; &P < 0.05 vs Day 3. 

Figure 5. Morris water maze probe trial results for spatial memory assessment.  

Note: (A) Platform crossing counts; (B) Percentage of swimming distance in the target quadrant; (C) 

Percentage of swimming time in the target quadrant. Statistics: one-way ANOVA with Tukey’s post-
hoc test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001. 

Figure 6. Western blot detection and quantification of GSTO1 protein at postoperative 6 h, 3 

days and 7 days.  

Note: (A) Original blot images of GSTO1 (28 kDa) and GAPDH (36 kDa). (B) Statistical 

quantification of normalized GSTO1 expression. One-way ANOVA with Tukey’s post-hoc test. *P < 

0.05, **P < 0.01, ***P < 0.001. 

Figure 7. ELISA quantification of hippocampal oxidative stress biomarkers at postoperative 6 

h, 3 days and 7 days. 

Note: (A) GSH concentration; (B) GSSG concentration; (C) GSH/GSSG ratio; (D) MDA content; (E) 

ROS activity. Statistics: one-way ANOVA with Tukey’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 

0.001. 

Figure 8. Immunofluorescence detection and quantification of GSTO1 and TNF-α 
in hippocampal CA1 area. 

Note: (A) Representative staining images (DAPI, GSTO1, TNF-α, Merge) at 6 h, 3 d and 7 d post-
modeling, scale bar = 40 μm. (B) Relative fluorescence intensity of GSTO1. (C) Relative fluorescence 
intensity of TNF-α. One-way ANOVA with Tukey’s post-hoc test. ns, no significance; *P < 0.05, **P 

< 0.01, ***P < 0.001. 

Figure 9. Immunohistochemical detection and quantification of APP expression in 

mouse hippocampal CA1, CA3 and DG subregions. 

Note: (A–C) Representative IHC images of APP at postoperative 6 h, 3 days and 7 days, scale bar = 

40 μm. (D–F) Statistical comparison of APP average optical density (AOD) in corresponding 

subregions. One-way ANOVA with Tukey’s post-hoc test. ns, no significance; *P < 0.05, **P < 0.01, 

***P < 0.001. 

Table 1. C1-27 concentration gradient settings in the hippocampus 

Group C57BL/6 mice (n) Injection reagent Concentration Dose Method 

Group 1 2 C1-27 310 nM 1.2 µL Stereotactic hippocampal injection 

Group 2 2 C1-27 3.1 µM 1.2 µL Stereotactic hippocampal injection 

Group 3 2 C1-27 31 µM 1.2 µL Stereotactic hippocampal injection 

Group 4 2 C1-27 310 µM 1.2 µL Stereotactic hippocampal injection 

Group 5 2 C1-27 3.1 mM 1.2 µL Stereotactic hippocampal injection 

Group 6 2 C1-27 31 mM 1.2 µL Stereotactic hippocampal injection 

Group 7 2 C1-27 62 mM 1.2 µL Stereotactic hippocampal injection 

Control 2 DMSO (10%) – 1.2 µL Stereotactic hippocampal injection 

 



Table 2. ELISA measurement of GSTO1 OD values and inhibition rates 

Group C1-27 concentration OD₁ OD₂ Average OD Inhibition rate 

Control (n=2) DMSO(%) 0.83 0.89 0.86 – 

Group 1 (n=2) 310 nM 0.73 0.72 0.725 0.16 

Group 2 (n=2) 3.1 µM 0.74 0.71 0.725 0.16 

Group 3 (n=2) 31 µM 0.68 0.65 0.665 0.23 

Group 4 (n=2) 310 µM 0.64 0.63 0.635 0.26 

Group 5 (n=2) 3.1 mM 0.50 0.47 0.485 0.44 

Group 6 (n=2) 31 mM 0.46 0.44 0.450 0.48 

Group 7 (n=2) 62 mM 0.20 0.10 0.150 0.78 
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