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Abstract 

Delirium is a frequent neurocognitive disorder in critically ill patients. We aimed to 

identify circulating biomarkers and therapeutic targets for delirium. We conducted a 

multi-tiered study integrating: (1) UK Biobank plasma proteomics (52,936 participants, 

2,911 proteins, 17.5-year follow-up) with machine learning for risk prediction; (2) two-

sample Mendelian randomization using protein QTL (N=35,559) and delirium GWAS 

(4,381 cases vs. 469,981 controls) for causal inference; (3) cross-species proteomic 

profiling in human and mouse postoperative delirium (POD) cohorts; and (4) functional 

validation in POD mice via liver-specific knockdown of candidate proteins or systemic 

supplementation, with cognitive tests, histopathology, and cytokine assays. We 

identified 1,470 plasma proteins associated with incident delirium. A 21-feature 

predictive panel (20 proteins + age) achieved consistent performance (AUC 0.77-0.82) 

for delirium risk identification. Cross-species proteomic profiling converged on three 

peripheral proteins C2 and SPON2 (risk protein) and APLP1 (protective protein) which 

were validated across human POD, mouse POD, and UK Biobank cohorts. In POD 

mice, liver-specific knockdown of C2 or SPON2, as well as systemic supplementation 

of recombinant human APLP1, significantly ameliorated cognitive deficits, attenuated 

hippocampal neuroinflammation, reduced glial activation, and preserved synaptic 

integrity, without overt organ toxicity. Our findings identify a series of peripheral blood 

biomarkers for delirium risk prediction, and demonstrate that peripheral modulation of 

circulating C2, SPON2, and APLP1 confers therapeutic benefit. This study highlights 

the peripheral-to-central axis as a critical node in delirium risk and provides insight into 

the etiology and therapeutic strategies in delirium patients. 

Keywords: Delirium; UKB; C2; SPON2; APLP1  
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Introduction 

Delirium is an acute and frequently reversible neurocognitive disorder marked by 

inattention, reduced consciousness, and disorganized thought1. It is a common clinical 

condition, affecting over 20% of hospitalized patients and up to 74% of individuals in 

intensive care units (ICU)2,3. Delirium is associated with a range of adverse clinical 

outcomes, containing prolonged mechanical ventilation, extended stays in both ICU 

and hospital, increased reliance on benzodiazepines, long-term cognitive decline, 

diminished daily activity, and elevated mortality rates4. Key risk factors for delirium 

include both baseline patient characteristics, such as advanced age, pre-existing 

dementia, frailty, and multimorbidity, and acute health events such as surgical trauma5. 

Surgical intervention is a major trigger, making postoperative delirium (POD) a 

significant clinical issue. Consequently, animal models of POD serve as classic 

paradigms in preclinical research for investigating this condition2. Despite its high 

prevalence and clinical significance, delirium pathophysiology remains poorly 

understood, owing to its fluctuating course and multifactorial etiology. With the 

ongoing global demographic shift toward an aging population, delirium has emerged as 

a significant and growing public health concern, particularly among older adults6. 

To date, most preclinical investigations, including those from our own team, have 

concentrated on the central nervous system (CNS) pathology of delirium models. 

Although those work has identified multiple potential CNS-based targets for 

intervention, subsequent clinical trials of pharmacological agents directed at these 

targets have largely failed to demonstrate efficacy in preventing delirium2,5,7,8. A key 

factor underlying this translational gap may lie in the predominant reliance on rodent 

models for target discovery4,9. Given the intrinsic differences in the neurobiological 

mechanisms underlying delirium between animal and human, therapeutic targets 

derived solely from rodent studies may have limited clinical applicability. Therefore, a 

more promising strategy may involve first identifying key pathological targets directly 

from human associated with delirium, followed by validation in appropriate animal 
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models. This approach could yield more translatable targets and inform more effective 

clinical strategies for delirium prevention and treatment. 

Our prior work has demonstrated that perioperative alterations of proteins (eg. 

complement component C3) in the blood or liver are closely related to cognitive 

impairment in surgical patients and POD mice, while maintaining peripheral protein 

homeostasis can effectively prevent cognitive impairment in POD mice, indicating their 

potential for predicting and preventing postoperative cognitive impairment and POD10. 

However, the peripheral proteome comprises thousands of proteins with complex inter-

regulatory networks, and the candidate-driven approach testing one or a few preselected 

proteins is inherently limited in its ability to uncover novel mediators. Traditional 

small-scale case-control studies are also susceptible to false discoveries due to limited 

statistical power and lack of replication. Therefore, a systematic, unbiased, and 

adequately powered screening strategy in large-scale human populations is critically 

needed to comprehensively map peripheral protein-delirium associations and to 

prioritize the most promising candidates for subsequent causal validation. 

In the present study, we used an integrated, cross-species, multi-omics approach to 

systematically identify peripheral protein drivers of delirium and evaluate their 

therapeutic potential. Through large-scale proteomic analyses in the UK Biobank 

cohort, we identified plasma proteins associated with incident delirium and developed 

machine learning-based prediction models. By integrating Mendelian randomization 

for causal inference and cross-species proteomic profiling in an independent POD 

patient cohort and mouse models, we pinpointed three circulating proteins including 

C2, SPON2, and APLP1 as key mediators of delirium risk. Functional validation in 

POD mice demonstrated that liver-specific knockdown of C2 or SPON2, as well as 

systemic supplementation of human APLP1, significantly ameliorated cognitive 

deficits, attenuated hippocampal neuroinflammation, and preserved synaptic integrity, 

without overt toxicity. Collectively, our findings demonstrate peripheral-to-central axes 
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as critical nodes in delirium pathogenesis and circulating C2, SPON2, and APLP1 as 

promising biomarkers and therapeutic targets for delirium. 

Results 

The overall study design is summarized in Figure 1. We followed a six-stage 

strategy that progressed from population-scale plasma proteomic discovery and risk 

prediction to genetic causal prioritization, cross-species validation, tissue-source 

inference, and functional testing in POD mice. 

 

Figure 1. Overview of the study design and analytical workflow. (Created in BioRender. 

https://BioRender.com/dtx4shq) 

The study followed a six-stage strategy integrating population-scale proteomics, risk prediction, 

genetic causal inference, cross-species validation, tissue-source inference, and experimental 

validation. First, 2,911 plasma proteins were examined in 52,936 UK Biobank participants over a 

median follow-up of 17.5 years, during which 1,269 incident delirium cases were identified. A total 

of 1,470 proteins were associated with incident delirium. Second, feature selection and comparison 

of five machine-learning models produced a prediction panel comprising 20 proteins and age, 

achieving AUCs of 0.77–0.82 across data splits. Third, two-sample MR integrating plasma pQTL 

data from 35,559 individuals with delirium GWAS data identified 71 proteins with evidence 
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supporting causal associations; 15 showed concordant directions in the MR and UK Biobank 

analyses. Fourth, perioperative DIA serum proteomics in a human POD cohort and parallel profiling 

in a mouse POD model identified 20 conserved proteins across species. Fifth, GTEx tissue-

expression data and brain snRNA-seq data were used to infer the potential tissue origins of the 

prioritized proteins, supporting predominantly peripheral origins for C2 and SPON2. Finally, the 

functional effects of peripheral protein modulation were evaluated in POD mice using liver-specific 

knockdown of C2 or SPON2 and systemic supplementation with recombinant human APLP1, 

followed by behavioral, hippocampal histopathological, synaptic, inflammatory, and major-organ 

safety assessments. 

Protein risk factors for delirium 

As shown in Figure 2A, this study contained 52,936 European participants from the 

UK Biobank with baseline plasma proteomics data and clinical records11. The median 

follow‑up duration was 17.51 years (IQR, 16.68-18.3). During follow‑up, 1,269 

incident delirium cases were identified (incidence rate 2.4%), of which 56 occurred 

within 5 years, 399 between 5 and 10 years, and 814 after 10 years or more. A total of 

2,911 proteins were finally included in this study after quality control. Baseline 

characteristics are summarized in Figure 2B. Compared with the non‑delirium group, 

participants who developed delirium were significantly older (63.91±5.22 vs. 

56.63±8.19 years, P < 2×10⁻¹⁶), more likely to be male (54% vs. 45.9%, P =1.16×10⁻⁸), 

and had a lower educational level (low education: 76% vs. 66.1%, P = 2.91×10⁻¹⁶). In 

addition, compared with the non-delirium group, the delirium group had a slightly 

lower proportion of alcohol intake, but significantly higher proportions of smoking, 

diabetes, and cardiovascular disease (all P < 0.001). 

To investigate the prospective associations between circulating plasma proteins and the 

risk of incident delirium, we performed Cox proportional-hazards models adjusted for 

age, sex, education level, smoking status, alcohol intake, diabetes, and cardiovascular 

disease. Over the entire follow-up period, a total of 1,470 proteins were significantly 

associated with incident delirium. Among these, 306 proteins were associated with a 
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reduced future risk of delirium, while 1,164 proteins were associated with an increased 

future risk (Figure 2C and Table S1). To explore the underlying biological pathways, 

we conducted Gene Set Enrichment Analysis (GSEA) on the protein association results. 

Those results revealed significant enrichment of pathways related to immune response 

(adaptive and humoral), inflammation, chemotaxis (cell, leukocyte, neutrophil), and T 

cell-mediated processes (Figure S1). We further stratified our analysis by time to 

diagnosis to examine the temporal dynamics of these associations (Figure 2D-F). For 

delirium occurring within 5 years of protein measurement (short-term risk), 454 

proteins were significant, of which 28 were unique to this time window (26 associated 

with increased risk and 2 with decreased risk). For delirium diagnosed between 5 and 

10 years (medium-term risk), 1,046 proteins were significant, with 15 unique to this 

period (10 associated with increased risk and 5 with decreased risk). For delirium 

occurring beyond 10 years (long-term risk), 1,308 proteins were significant, with 73 

unique to this period (5 associated with increased risk and 68 with decreased risk) and 

(Table S2-4). Finally, to identify proteins consistently associated with delirium risk 

across all timeframes, we examined the intersection of significant proteins from the full 

follow-up period and each of the three time-stratified analyses. This intersection yielded 

401 proteins that were significantly associated with delirium across all time points. Of 

these, 18 proteins exhibited a consistent negative effect on incident delirium risk, 

indicating that higher plasma levels of these proteins were associated with a reduced 

future risk. Conversely, 383 proteins showed a consistent positive effect, meaning that 

higher plasma levels were associated with an increased future risk of delirium (Figure 

2G, H). 
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Figure 2 Plasma proteomic profiling reveals time-dependent protein associations with incident 

delirium in UKB cohort. A Schematic overview of the study design. A total of 52,936 European 

participants from the UK Biobank with baseline plasma proteomics data and clinical records were 

included. After quality control, 2,911 proteins were retained for Cox regression analyses. B Baseline 

characteristics of participants stratified by delirium status (non-delirium: n = 51,667; delirium: n = 

1,269). C Number of proteins significantly associated with incident delirium over the entire follow-

up period. D-F Temporal dynamics of protein-delirium associations stratified by time to diagnosis: 

within 5 years (D), between 5 and 10 years (E), and beyond 10 years (F). G, H Intersection analysis 
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of significant proteins across all follow-up time. HR hazard ratio, ICD International Classification 

of Diseases, IQR interquartile range. 

 

Predictive model development and evaluation for future delirium risk 

To construct a predictive model for incident delirium, we integrated the 401 delirium-

associated proteins with all clinical covariates using LASSO regression, random forest, 

and SHAP analyses for feature selection (Figure 3A). A total of 21 features, including 

20 proteins and age, were identified as the optimal feature set, as the cumulative AUC 

plateaued at approximately 0.81 beyond this threshold (Figure 3B and Table S5). 

SHAP analysis revealed that age exerted the greatest influence on delirium risk, with 

all 20 proteins emerging as risk factors (Figure 3C). Across three random training-

testing splits (80:20, 70:30, and 60:40), five machine learning models achieved 

consistent predictive performance, with AUCs ranging from 0.77 to 0.82 (Figure 3D-

F and Table S6). These findings suggest that the set of plasma proteins, combined with 

age, can effectively stratify individuals at risk for incident delirium, offering a potential 

tool for early risk assessment for this disorder.  
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Figure 3 Machine learning-based feature selection and predictive performance of models for 

incident delirium. A Schematic workflow of feature selection and model optimization, including 

LASSO regression for initial feature reduction, random forest for further feature optimization with 

stratified 5‑fold cross‑validation, and SHAP analysis for model interpretation. B Cumulative AUC 

curve showing that the optimal feature set (20 proteins and age) achieved a plateaued cumulative 

AUC of approximately 0.81, with no meaningful improvement upon addition of more features. C 

SHAP summary plot illustrating global feature importance, with age as the most influential predictor 
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and all 20 proteins identified as risk factors for delirium. D-F Receiver operating characteristic 

(ROC) curves for five machine learning models evaluated under three random training‑testing splits: 

80:20 (d), 70:30 (e), and 60:40 (f), demonstrating consistent AUCs ranging from 0.77 to 0.82 across 

all splits. AUC area under the curve, LASSO least absolute shrinkage and selection operator, ROC 

receiver operating characteristic, SHAP SHapley Additive exPlanations. 

 

Causal protein-delirium associations identified by Mendelian randomization 

To further determine whether the observed associations between plasma proteins and 

delirium risk reflect causal relationships, we performed a two-sample Mendelian 

randomization (MR) analysis integrating GWAS summary data for 4,907 plasma 

proteins (35,559 individuals) with delirium GWAS data (4,381 cases vs. 469,981 

controls) (Figure 4A and Table S7-12). MR analysis identified 71 circulating proteins 

causally associated with delirium risk. Among these, increased concentrations of 36 

proteins were associated with reduced delirium risk (Figure 4B), whereas elevated 

levels of the remaining 35 proteins correlated with increased susceptibility to delirium 

(Figure 4C). Notably, the MR results confirmed that higher plasma levels of APLP1, 

VAV3, and CDON were causally associated with reduced delirium risk, consistent with 

the negative associations observed in our UK Biobank Cox regression analyses (Figure 

4D). Conversely, MR confirmed that elevated levels of C2, SPON2, APCS, CA1, 

SNAP25, TPP1, CHGB, KIR2DL3, LAG3, GFRA2, HAVCR1, and CST3 were 

causally associated with increased delirium risk, corroborating the positive associations 

from the UK Biobank Cox analyses (Figure 4E). Functional enrichment analysis of 

above 15 proteins were functionally enriched in immune-related pathways (C2, SPON2, 

and APCS), phagocytosis (C2 and SPON2), and complement activation (C2 and 

APCS) (Figure 4F). 
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Figure 4 Mendelian randomization analysis of genetically predicted plasma proteins and incident 

delirium risk. A Schematic overview of the two-sample MR design, integrating GWAS summary 

data for 4,907 plasma proteins (N = 35,559) with delirium GWAS data (4,381 cases vs. 469,981 

controls). B MR estimates for 36 proteins whose genetically predicted higher concentrations were 

associated with reduced delirium risk. C MR estimates for 35 proteins whose genetically predicted 

higher concentrations were associated with increased delirium risk. D Comparison of MR and UK 

Biobank Cox regression results for three protective proteins (APLP1, VAV3, CDON), showing 

consistent negative associations with delirium risk. E Comparison of MR and UK Biobank Cox 

regression results for 12 risk proteins (C2, SPON2, APCS, CA1, SNAP25, TPP1, CHGB, KIR2DL3, 

LAG3, GFRA2, HAVCR1, CST3), showing consistent positive associations with delirium risk. F 



 13 / 41 

 

Functional enrichment of 15 proteins. MR Mendelian randomization, GWAS genome-wide 

association study, OR odds ratio, CI confidence interval. 

 

Cross-species proteomic profiling identifies conserved serum protein signatures 

for postoperative delirium 

Given that postoperative delirium (POD) represents the most common subtype of 

delirium, we conducted perioperative serum proteomic profiling in a Chinese surgical 

cohort (18 non-POD vs. 18 POD) and parallel proteomic analyses in aged-matched 

control mice and POD model mice, aiming to identify core conserved protein drivers 

of delirium and POD across species (Figure 5A). Baseline and perioperative clinical 

characteristics of the human discovery cohort are summarized in Figure 5B. No 

significant differences were observed between the two groups in terms of sex, age, 

preoperative MMSE, ASA classification, or surgery type (all P > 0.05). However, POD 

patients had significantly lower education levels (P = 0.048), lower BMI (P = 0.040), 

longer duration of surgery (P = 0.038), and substantially longer hospitalization days (P 

< 0.001). 

Compared to non-POD patients, POD patients exhibited 136 upregulated and 122 

downregulated proteins in serum collected 1 h after surgery (Table S13). Similarly, 

POD mice showed 263 differentially expressed proteins relative to controls (90 

upregulated, 173 downregulated; Table S14). Cross-species comparison identified a 

conserved signature of 18 upregulated proteins, namely C2, SPON2, ITIH4, CRP, 

SAA2, SAA1, ALDOA, TKT, PGK1, HSPA8, ACTR3, SPP1, VWF, ENO1, LBP, PZP, 

ITIH3, and S100A8, and 2 downregulated proteins (APLP1 and CFP) (Figure 5C-E). 

Notably, 12 of these upregulated POD-associated proteins were already significantly 

elevated in patients 1 h before surgery (Figure 5F and Table S15). Furthermore, the 

postoperative-to-preoperative ratios of six proteins (CFP, ACTR3, HSPA8, ENO1, 

PGK1, and S100A8) showed significant differences between non-POD and POD 

groups (Figure 5G and Table S16). A series of models based on the 20 postoperative 
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proteins yielded excellent predictive performance for POD, with AUCs ranging from 

0.88 to 0.90 (Figure S2A-C and Table S17). Similarly, models containing the six 

proteins with significant postoperative‑to‑preoperative ratios also showed good 

discriminative ability, achieving AUCs of 0.75-0.81 (Figure S2D-F and Table S18). 

Importantly, three plasma proteins, APLP1, C2, and SPON2, were consistently 

validated across multiple independent datasets as key drivers of delirium risk (Figure 

5H). Specifically, APLP1 levels were significantly decreased in postoperative serum 

from POD patients compared to non-POD patients, a finding that was recapitulated in 

POD model mice and further corroborated in the UK Biobank delirium cohort, where 

higher APLP1 concentrations were associated with significantly reduced delirium risk 

(Figure 5I-K). In contrast, serum C2 and SPON2 levels were markedly elevated in 

POD patients both preoperatively and postoperatively, consistently increased in POD 

mice, and similarly upregulated in the UK Biobank delirium cohort. Importantly, higher 

concentrations of C2 or SPON2 were associated with significantly increased delirium 

risk (Figure 5L-N). 



 15 / 41 

 

 

Figure 5 Cross-species proteomic profiling identifies conserved serum protein signatures for 

postoperative delirium (POD). A Schematic overview of the study design, including human 

perioperative serum proteomics (18 non-POD vs. 18 POD) and parallel mouse models of POD. B 

Baseline and perioperative clinical characteristics of the human discovery cohort stratified by POD 

status. C Venn diagram showing the overlap of differentially expressed proteins between human 

(POD vs. non-POD) and mouse (POD vs. control) blood samples. D, E Heatmap of the 20 conserved 

proteins (18 upregulated, 2 downregulated) across human (D) and mouse (E). F Preoperative serum 

levels of 12 upregulated POD-associated proteins that were already significantly elevated in POD 
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patients 1 h before surgery. G Postoperative-to-preoperative ratios of six proteins showing 

significant differences between non-POD and POD groups. H Summary of the three core proteins 

(APLP1, C2, and SPON2) consistently validated across human POD, mouse POD, MR, and UK 

Biobank cohorts. I-K Concentration changes of blood APLP1, C2 and SPON2 in POD patients (I), 

POD mice (J), and UK Biobank participants with delirium relative to the corresponding control 

samples (K). L-N Associations of APLP1, C2 and SPON2 changes with delirium risk in the UK 

Biobank. AUC, area under the curve, POD, postoperative delirium. 

 

To trace the potential tissue origins of C2, SPON2, and APLP1, we mapped the 

expression of their encoding genes across human organs using GTEx transcriptomic 

data. We found that APLP1 was widely expressed in both male and female brains, and 

its peripheral expression confined predominantly to the pituitary (Figure S3). In 

contrast, C2 showed negligible expression across all brain regions in both sexes, with 

predominant expression in the liver and modest expression in other peripheral tissues 

including adipose tissue, colon, lung, and spleen. SPON2 exhibited low-level 

expression in the cerebellum and cerebellar hemisphere, and broad expression in 

peripheral organs such as liver (Figure S4). 

To further investigate whether transcriptional changes of these genes in brain cells 

contribute to POD pathogenesis, we examined their expression status at the single-cell 

level using snRNA-seq data of the brain from non-POD and POD patients (Figure S5A). 

APLP1 was mainly expressed in oligodendrocytes, excitatory neurons, inhibitory 

neurons. SPON2 showed a sparse expression in excitatory neurons. The expression 

level of C2 was almost negligible across all cell types (Figure S5B). Notably, no 

significant differences in transcriptional levels of C2, SPON2, or APLP1 were observed 

across any brain cell type between non-POD and POD groups (Figure S5C), suggesting 

that cerebral expression of these genes is unlikely to play a major role in POD 

development. Collectively, these findings indicate that peripherally derived C2, SPON2, 



 17 / 41 

 

and APLP1, rather than their brain-originating transcripts, are likely the key mediators 

modulating delirium risk. 

Targeting peripheral C2, SPON2, and APLP1 confers therapeutic benefit against 

postoperative delirium in mice  

To determine whether systemic changes in C2, SPON2, and APLP1 causally influence 

susceptibility to POD, we performed cognitive function assessments and 

histopathological examinations in POD mice following recombinant human APLP1 

protein supplementation or liver-specific knockdown of C2 or SPON2 (Figure 6A). 

Immunofluorescence analysis confirmed selective hepatic transduction of rAAV2/8-

mCherry-shRNA vectors targeting C2 or SPON2, with positive signals detected 

exclusively in the liver and absent in other examined organs at 3 weeks post-injection 

(Figure S6A). ELISA further verified successful manipulation of systemic protein 

levels: APLP1 supplementation significantly elevated its circulating concentrations, 

whereas liver-specific knockdown of C2 or SPON2 led to marked reductions in their 

respective serum levels (Figure S6B). These findings collectively confirm effective 

modulation of peripheral APLP1, C2, and SPON2 levels in the POD model. 

The open field test revealed that altering circulating levels of these proteins did not 

affect general locomotor activity or anxiety-like behavior (Figure S6C-F). However, 

the Barnes maze and fear conditioning tests demonstrated that both APLP1 

supplementation and liver-specific knockdown of C2 or SPON2 significantly rescued 

the impaired learning and memory performance in POD mice (Figure 6B-G). At the 

histopathological level, these interventions exerted protective effects within the 

hippocampus. Specifically, APLP1 supplementation and knockdown of C2 or SPON2 

markedly reduced the number of activated glial cells and concurrently decreased the 

expression of GFAP and IBA1 (Figure 6H), and increased the expression of synaptic 

proteins PSD-95 and synaptophysin (SYN) in the hippocampus (Figure 6I). Moreover, 

these treatments significantly decreased hippocampal levels of pro-inflammatory 
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cytokines, including TNF-α, IL-6, and IL-1β (Figure 6J-L), indicating that targeting 

these proteins attenuates glial activation, synaptic damage, and neuroinflammation. 

Notably, H&E staining of heart, liver, spleen, lung, and kidney revealed no overt 

histopathological abnormalities (e.g., structural disorganization, inflammatory 

infiltration, edema, or necrosis) following either APLP1 supplementation or liver-

specific knockdown of C2 or SPON2 (Figure S7), suggesting favorable safety profiles 

for these interventions. 
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Figure 6 In vivo validation of causal roles for APLP1, C2, and SPON2 in postoperative delirium 

(POD) pathogenesis. A Schematic timeline of the experimental design. POD mice received 

recombinant human APLP1 supplementation or liver-specific knockdown of C2 or SPON2 via 

rAAV2/8-shRNA, followed by cognitive behavioral tests and histopathological analyses. B-G 

Barnes maze (B-E) and fear conditioning tests (F, G) showing that APLP1 supplementation and 

knockdown of C2 or SPON2 significantly rescued learning and memory deficits in POD mice. n = 
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8 mice per group. H, I Representative images and quantification of hippocampal glial activation 

(IBA-1 and GFAP) and synaptic protein expression (PSD-95 and synaptophysin), demonstrating 

reduced gliosis and preserved synaptic integrity following interventions. n = 3 mice per group. Scale 

bar = 100 µm.  J-L Hippocampal levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α 

showing significant reductions after APLP1 supplementation or C2/SPON2 knockdown. n = 3 mice 

per group. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. OFT open 

field test, FC fear conditioning; IBA-1, ionized calcium-binding adapter molecule 1; GFAP, glial 

fibrillary acidic protein; PSD-95 postsynaptic density protein 95; SYN, synaptophysin; TNF-α, 

tumor necrosis factor-alpha; IL-6, interleukin-6; IL-1β: interleukin-1 beta. 

Discussion 

Delirium is an acute disturbance of attention, awareness, and cognition that is 

typically triggered by illness, surgery, medication, or other physiological stress in a 

vulnerable individual.12-14. POD is more than temporary confusion; it is associated with 

longer hospital stays, functional decline, and persistent cognitive deterioration after 

surgery.13-15. Yet its biological heterogeneity has impeded biomarker and therapeutic 

development. As a results, we followed the same sequential strategy used in the Results, 

moving from prospective population discovery to prediction, genetic causal 

prioritization, cross-species validation, tissue-source inference and experimental 

intervention. This approach identified a broad proteomic outcomes of delirium and 

ultimately converged on C2 and SPON2 as risk-associated candidates and APLP1 as a 

potentially protective candidate. The central contribution is therefore not simply the 

number of associated proteins, but the triangulation of complementary evidence types 

that address different questions: association defines the risk associations, prediction 

tests prognostic information, Mendelian randomization (MR) assesses causal 

compatibility, perioperative and cross-species profiling establishes acute relevance, and 

perturbation tests biological modifiability. 

The first stage revealed some measured proteins associated with incident delirium 

among 52,936 UK Biobank participants, including 401 proteins that remained 
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significant across all temporal strata. UK Biobank enables linkage of deeply 

phenotyped participants to long-term health outcomes16, while population-scale plasma 

proteomics has shown that thousands of circulating proteins capture genetic influences, 

intermediate traits and future incident delirium risk17. The enrichment of immune, 

inflammatory and chemotactic pathways in our analysis is consistent with 

neuroinflammatory and immunovascular models in which systemic inflammation 

perturbs endothelial and blood–brain barrier function, activates glia and disrupts 

synaptic homeostasis18-20. Smaller perioperative studies provided convergent clinical 

context: C-reactive protein has been associated with POD incidence, duration and 

severity21, proteome-wide profiling identified chitinase-3-like protein 1 as both a 

preoperative risk and postoperative delirium marker22, and serum proteomics after 

esophagectomy implicated inflammation, coagulation and C223. 

The prediction analysis, addressed a distinct translational question. The age-plus-

20-protein model achieved areas under the receiver-operating-characteristic curve of 

0.77–0.82 across three internal splits, suggesting reproducible discrimination within 

UK Biobank. However, age was the dominant predictor, only 56 delirium events 

occurred within five years of baseline sampling, and most events were recorded more 

than a decade later. The model may thus identify long-term susceptibility to 

hospitalization, frailty or neurodegeneration rather than imminent POD. It should not 

yet be regarded as a clinical test. TRIPOD+AI statement emphasizes transparent 

reporting of participant selection, missing data, model specification and validation24. 

Discrimination must also be accompanied by calibration25, and clinical value should be 

evaluated through decision-curve analysis at meaningful thresholds rather than inferred 

from the AUC alone26. Small event numbers, data-driven feature selection and solely 

internal validation are recognized sources of prediction-model bias in PROBAST27. 

External validation should therefore use cohorts with repeated bedside delirium 

assessments and compare the protein panel against a strong clinical model incorporating 

baseline cognition, frailty, comorbidity, medication exposure and surgical 

characteristics. 
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MR then narrowed the observational signals by testing whether genetically proxied 

protein concentrations were compatible with causal effects. Large pQTL resources 

demonstrate the feasibility of connecting genetically regulated proteins to disease 

across the phenome28,29, and proteome-wide MR has prioritized potential therapeutic 

targets for complex disorders30,31. In our analysis, 71 proteins showed genetic evidence 

of an effect and 15 were directionally concordant with the prospective associations, 

materially strengthening their prioritization. This concordance is more compelling than 

either analysis alone because conventional epidemiology and germline genetic 

inference have different biases. It does not, however, prove that short-term 

perioperative modulation will reproduce a lifelong genetically mediated difference. 

Horizontal pleiotropy, linkage disequilibrium, weak instruments and variants that alter 

assay epitope binding remain possible explanations; even cis-focused drug-target MR 

reduces rather than eliminates these concerns32. Colocalization, independent cis-pQTL 

replication and explicit adherence to STROBE-MR reporting standards would further 

test whether the protein and delirium signals share a causal variant33. MR should 

consequently be viewed here as a prioritization layer, with experimental perturbation 

providing the next, mechanistically different test. 

The paired human and mouse perioperative proteomic analyses next asked whether 

population-prioritized signals were engaged during an acute surgical insult. The 

convergence of the human POD comparison, aged-mouse surgery model and upstream 

discovery analyses on C2, SPON2 and APLP1 markedly reduced the candidate space. 

This cross-species step is important because remote baseline associations may reflect 

vulnerability, whereas perioperative changes capture the biological response around 

delirium onset. It also extends earlier human proteomic observations of inflammatory 

and complement-related changes 22, 23. Nevertheless, our human analysis included only 

18 POD cases and 18 controls, and serum collected one hour after surgery preceded the 

three-day period during which delirium was assessed. These proteins may therefore 

represent an early response, a preclinical mediator or a correlate of surgical stress.  
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Tissue-source analysis provided the next link in this sequence. GTEx offers a 

systematic atlas of tissue gene regulation34, and annotation of the human secretome 

helps distinguish proteins plausibly released into the circulation35. Together with brain 

single-nucleus RNA sequencing, these resources supported a predominantly peripheral 

origin for C2 and SPON2 and a neuronal association for APLP1. Blood-derived brain 

extracellular-vesicle studies also show, however, that assigning circulating proteins to 

the central nervous system is technically difficult and highly dependent on enrichment 

strategy36. Transcript abundance does not equal protein secretion, and neither GTEx 

nor single-nucleus data capture perioperative flux, proteolytic processing or tissue-

specific clearance. Thus, the absence of a strong POD-related transcriptional signal in 

the examined brain cells argues against, but does not exclude, a central source. Stable-

isotope tracing, arteriovenous sampling, tissue-specific rescue and measurement of 

distinct molecular species are required to establish origin and direction of transport. The 

consistency between peripheral expression and liver-directed knockdown nevertheless 

provides functional support for a peripheral-to-central axis. 

The intervention experiments followed logically from that source inference. Liver-

directed knockdown of C2 or SPON2 and systemic recombinant APLP1 improved 

postoperative behavioural performance while reducing hippocampal gliosis, cytokine 

expression and loss of PSD-95 and synaptophysin. These convergent molecular and 

behavioural effects support modifiability rather than association alone. They should 

still be framed as attenuation of postoperative cognitive and inflammatory phenotypes, 

not direct reversal of human delirium. Consensus recommendations note that no single 

rodent task reproduces fluctuating attention and awareness, and advocate convergent 

behavioural, physiological and inflammatory measures37. Automated phenotyping can 

better capture acute delirium-like behavioural dynamics38, whereas Barnes maze and 

fear conditioning primarily measure learning and memory over days. Future 

experiments should therefore combine dynamic attention/arousal measures with the 

current synaptic and inflammatory endpoints and test aged females, comorbid animals 

and clinically relevant treatment windows. 
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C2 offers a plausible mechanistic connection to complement-mediated synaptic injury. 

C2 participates in classical and lectin pathway C3 convertases, thereby influencing 

downstream C3a and C3b generation. Complement has physiological roles in host 

defence and developmental synaptic refinement: C1q and C3 mediate developmental 

synapse elimination39, while complement-dependent microglial activity contributes to 

early synapse loss in Alzheimer’s disease models40. Because complement effects 

depend on cellular source, activation fragment, timing and disease stage41, our 

observation that hepatic C2 knockdown reduced gliosis and synaptic-marker loss is 

compatible with, but does not yet prove, a liver–C2/C3–brain pathway. It extends 

evidence that liver-derived C3 contributes to anaesthesia/surgery-induced cognitive 

impairment and microglial synaptic phagocytosis42. The apparently lower 

postoperative-to-preoperative C2 ratio previously reported in POD23 need not 

contradict a risk effect of higher antecedent C2: acute complement activation may 

consume C2 after surgery. Serial measurement of intact C2, C3, activation fragments 

and terminal pathway activity, together with downstream rescue experiments, would 

distinguish predisposition from consumption and establish pathway order. Any 

therapeutic strategy must also consider infection risk from suppressing host defence. 

SPON2 points to a potentially distinct peripheral immune–neurovascular route. In other 

biological systems, SPON2 regulates macrophage recruitment through integrin–Rho 

GTPase signalling43 and can activate NF-κB with increased MMP2 and MMP9 

expression44. These cancer-derived observations establish plausibility, not a delirium 

mechanism. Their relevance lies in downstream pathways already implicated in 

postoperative cognitive dysfunction: MMP9 inhibition can restore aquaporin-4 polarity 

and glymphatic function45, while caveolin-1-dependent MMP2/9 activity has been 

linked to postoperative blood–brain barrier disruption46. Our finding that liver-directed 

SPON2 knockdown reduced hippocampal inflammation is therefore consistent with 

altered circulating immune-cell recruitment or neurovascular signalling. We did not 

establish that SPON2 crosses the blood–brain barrier, activates MMPs in this model or 

signals through a specific integrin. Labelled-protein trafficking, endothelial 



 25 / 41 

 

permeability assays, MMP activity measurements and cell-specific receptor disruption 

will be needed to separate direct brain entry from peripheral signalling. 

APLP1 showed the opposite direction and may represent synaptic resilience. APLP1 is 

a neuronal amyloid precursor protein-family member that acts as a synaptic adhesion 

molecule supporting dendritic-spine maintenance and basal transmission47; APP-family 

proteins more broadly contribute to neuronal development, plasticity and repair48. 

Recombinant APLP1 preserved synaptic markers and improved postoperative 

behaviour in our model, but the active species and receptor remain unknown. Soluble 

recombinant protein may differ from membrane-bound, cleaved or extracellular-

vesicle-associated APLP1. This distinction matters because APLP1 can interact with 

LAG3 and facilitate pathological α-synuclein transmission49, whereas APLP1-positive 

extracellular vesicles have been proposed as early neurological disease biomarkers50. 

Dose response, pharmacokinetics, tissue distribution and long-term safety must 

therefore precede therapeutic interpretation. More generally, our observational analyses 

were predominantly European, the perioperative cohort was small and restricted to 

older Chinese patients with femoral fracture, and only aged male mice were studied. 

Routine-record delirium definitions likely missed brief or hypoactive episodes. Finally, 

large trials show that altering anaesthetic technique alone does not reliably prevent 

POD51,52, underscoring its multifactorial nature. Overall, the ordered evidence chain 

prioritizes C2, SPON2 and APLP1 as experimentally supported mediators, while 

prospective replication, serial biosampling, source tracing and mechanism-specific 

rescue remain essential before biomarker or therapeutic use. 

Methods 

UKB Study  

Ethics. Ethical approval for the UK Biobank (reference no. 11/NW/0382) was granted 

by the North West Multicenter Research Ethics Committee. Under UK Biobank 

application number 854614, this study adhered to the Declaration of Helsinki principles. 
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Study participants. Participants with available baseline plasma proteomic data and 

linked clinical records were selected from the UK Biobank53. Plasma proteins were 

measured using the Olink proximity extension assay platform. Proteins with more than 

20% missing values were excluded; missing values for the remaining proteins were 

imputed using the median, and protein measurements were standardized before analysis. 

In association analyses, each protein was entered as a continuous exposure and scaled 

to z‑scores (per SD) for comparability of effect sizes. A total of 2,911 proteins were 

retained. Clinical variables included age, sex, smoking status, alcohol intake, diabetes, 

cardiovascular disease, and educational attainment. Incident delirium was identified 

from linked hospital inpatient records, International Classification of Diseases codes, 

and self-reported diagnoses. When multiple records were available, the earliest 

recorded date was defined as the diagnosis date. Participants with delirium diagnosed 

at or before baseline were excluded. Follow-up was calculated from the baseline 

assessment until incident delirium, death, and loss to follow-up. The final analytical 

cohort included 52,936 participants, of whom 1,269 developed incident delirium during 

follow-up. 

Identification of delirium-related proteins. We visualized standardized levels of 

2,911 proteins between delirium groups using boxplots. For all proteins, we plotted 

Kaplan-Meier curves and used log‑rank tests to compare delirium‑free survival after 

splitting participants at the median protein level (high vs. low). Cox models estimated 

HRs and 95% CIs. To test protein‑delirium associations across different time points, 

we repeated Cox models in 4 blocks: 0-5 years (52,880 non-delirium vs 56 delirium), 

5-10 years (51,240 non-delirium vs 399 delirium), 10-15 years (48,420 non-delirium vs 

814 delirium) years, and full follow-up time (51,667 non-delirium vs 1,269 delirium). 

Bonferroni-adjusted P value < 0.05 was considered statistically significant. 

Feature selection and optimization. LASSO regression reduced 401 candidates to 89 

non-zero features. Random forest with five-fold cross-validation ranked features by 

importance; cumulative AUC plateaued at 21 features. SHAP analysis quantified each 
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feature's contribution54. Integrated selection identified 20 proteins and age as the final 

panel. 

Prediction model development and evaluation. The 21-feature panel was used to 

develop five prediction models: Elastic Net, neural network (nnet), LDA, naïve Bayes, 

and logistic regression. Models were trained under three stratified splits (60:40, 70:30, 

80:20) with five-fold cross-validation for parameter tuning. Discrimination was 

assessed by ROC-AUC with 95% CIs; optimal thresholds were determined by Youden 

index. Performance metrics included accuracy, sensitivity, specificity.  

Surgical participants and POD assessment 

Ethics. This study was approved by the Ethics Committee of Shanghai Fourth People’s 

Hospital Affiliated to Tongji University School of Medicine (Approval No. 2024177-

001) in July 2024 and registered in the Chinese Clinical Trial Registry (No. 

ChiCTR2400091413). Written informed consent was obtained from all participants, 

and all procedures were conducted in accordance with the principles outlined in the 

Declaration of Helsinki.  

Inclusion and exclusion criteria 

This prospective study enrolled patients undergoing open reduction and intramedullary 

nail fixation of femoral fractures under general anesthesia between November 2024 and 

December 2025. Inclusion and exclusion criteria were established with reference to the 

methodology of prior clinical investigations on postoperative delirium (POD)55,56. The 

inclusion criteria were as follows: (1) patients of Chinese Han ethnicity; (2) age ≥ 60 

years; (3) scheduled for surgery under general anesthesia; (4) classified as American 

Society of Anesthesiologists (ASA) physical status I–III; (5) normal cognitive function 

at enrollment, defined as a Mini‑Mental State Examination (MMSE) score > 27; (6) 

native Mandarin Chinese speakers; (7) ability to provide written informed consent, with 

sufficient verbal and written communication skills. Exclusion criteria, determined 

through medical record review, included: (1) presence of preoperative delirium; (2) 

documented history of neurological disorders, significant hepatic or renal impairment, 



 28 / 41 

 

or metabolic diseases; (3) prior diagnosis of psychiatric conditions (e.g., major 

depressive disorder in an acute phase, schizophrenia, intellectual disability) or 

hereditary familial diseases; (4) significant visual or hearing impairment that could 

interfere with study assessments; and (5) refusal to participate. 

Diagnosis of postoperative delirium (POD). Delirium was identified based on the 

International Statistical Classification of Diseases (ICD) codes, specifically ICD-10 

(F05) and ICD-9 (293.0). All participating surgical patients were confirmed to have 

intact cognitive function preoperatively, as assessed by a MMSE score greater than 27 

one day prior to surgery55. Diagnosis of POD was established within the first three 

postoperative days using the 3-Minute Diagnostic Interview for CAM (3D-CAM) 

instrument. Cases were confirmed as POD if they met the positive criteria of the CAM 

during this period, consistent with established diagnostic protocols55,56. A total of 36 

elderly surgical patients were enrolled in the study, comprising 18 POD cases and 18 

non-POD controls.  

Serum collection 

Fasting morning blood were collected at two time points: one hour prior to surgery (as 

baseline) and one hour after surgery. Serum samples were prepared from the blood and 

stored at −80 °C for subsequent molecular analyses, following established protocols as 

previously detailed57. 

Mice 

C57BL/6J male mice at 18 months of age were utilized for the establishment of a 

delirium model. The animals were maintained in a controlled environment with 

standard conditions, including a 12-hour light/dark cycle, temperature of 24 ± 1°C, and 

relative humidity of 55 ± 5%, and were provided with ad libitum access to food and 

water. All experimental procedures were carried out in compliance with the guidelines 

of the Chinese Council on Animal Care and were approved by the Animal Ethics 

Committee of Tongji University (Approval No. TJBH00921101). 
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Viral vector preparation and administration 

Recombinant adeno-associated virus vectors [rAAV-TBG-mCherry-shRNA(C2)-

WPREs and rAAV-TBG-mCherry-shRNA (SPON2)-WPREs] along with a scrambled 

control virus [rAAV2/8-TBG-mCherry-shRNA (Scramble)-WPREs] were designed 

and produced by BrainVTA Technology (Wuhan, China). The mechanism underlying 

liver‑specific modulation of target gene expression has been described previously58. In 

accordance with established protocols58, each mouse received a tail‑vein injection of 

200 μL rAAV2/8 viral solution (1 × 10¹² genomic copies per mouse), and interventions 

were maintained for three weeks. 

Administration of recombinant APLP1 protein 

Recombinant human APLP1 protein (HY-P7502, MCE) was prepared in physiological 

buffer, aliquoted, and stored at −80 °C for subsequent use. For each injection, a dose of 

1 mg kg⁻¹ was administered. 18-month-old control and delirium mice were 

administrated with either 0.9% saline (vehicle) or the recombinant human APLP1 via 

intravenous injection 1 h before surgery, with repeated administration at 6 h and 24 h 

postoperatively. Specific treatment schedules and experimental timelines are provided 

in the corresponding figure legends. 

Delirium model  

This procedure followed an established protocol59. Animals were anesthetized with 

2 ± 0.2% isoflurane in 90% oxygen via a transparent acrylic chamber. A midline 

abdominal incision was made, the intestines were externalized, and the superior 

mesenteric artery was isolated and briefly clamped for 15 seconds. This clamping 

procedure was repeated three times over a total surgical duration of 10 min. The 

peritoneal layer and skin were closed with sterile 4‑0 chromic gut sutures. After surgery, 

mice were kept under 2 ± 0.2% isoflurane anesthesia in a transparent chamber for 

2 hours. Upon anesthetic discontinuation, a topical analgesic cream (2.5% 

lidocaine + 2.5% prilocaine) was applied to the incision site. A second application was 
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given 3 hours post‑surgery. Mice were returned to their home cages once full mobility 

was restored. 

Behavioural testing 

Open field test. Spontaneous locomotor activity and anxiety-like behavior were 

assessed using the open field test60. After a 30-minute acclimatization period in the 

testing room on the third postoperative day, each mouse was placed in the center of a 

gray polyvinyl chloride arena and allowed to explore freely for 5 minutes. Motor 

function and anxiety levels were evaluated based on the average speed and time spent 

in the central zone, respectively, using Smart Video Tracking Software (Panlab; 

Harvard Apparatus).  

Barnes maze test. Spatial learning and memory were evaluated using the Barnes maze, 

as previously described57. After four consecutive days of training (3-4 trials per day, 

days 5–9 post‑surgery), the escape box was removed on the test day (day 10). Mice 

were allowed to search for the target location for 2 minutes. Performance was 

video‑recorded and analyzed blindly using Smart Video Tracking Software (Panlab; 

Harvard Apparatus). The primary latency to enter the escape compartment and the 

percentage of time spent in the target quadrant were recorded.   

Fear conditioning test. Contextual fear memory was examined following a previously 

established protocol57. On the habituation day, mice freely explored the conditioning 

chamber for 10 minutes. During training (day 11 post‑surgery), baseline freezing was 

recorded for 2 minutes before delivery of five foot‑shocks. Memory retrieval was tested 

24 hours later (day 12) by returning mice to the same chamber for 5 minutes. Freezing, 

defined as the absence of movement for at least 2 seconds, was quantified using 

ANY‑maze software (Stoelting Co.). 

Sample collection of mice 

Following deep anesthesia, blood was obtained from mice via retro‑orbital bleeding, 

and serum was subsequently separated. Mice were euthanized under deep anesthesia, 

after which the brain, heart, liver, spleen, kidney, and lung tissues were harvested. All 
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collected samples were processed and stored for downstream molecular analyses 

according to previously described protocols57.  

Proteomics analysis of the serum from perioperative patients and mice 

Protein Analysis. Serum samples were collected from 18 surgical patients without 

POD and 18 with POD both preoperatively and postoperatively, as well as from 6 

control mice and 6 POD mice, for proteomic analysis. Proteomic profiling was 

performed on a Q Exactive HF-X mass spectrometer equipped with a Thermo UltiMate 

3000 RSLCnano chromatography system. Peptides were separated using a trap column 

followed by an analytical column with a 125‑min linear gradient from 1% to 90% 

mobile phase B at a flow rate of 400 nL/min. The mass spectrometer was operated in 

data-independent acquisition (DIA) mode. 

Data analysis. DIA raw files were processed with DIA‑NN (version 1.8.0) against a 

predicted human or mouse proteome spectral library. Peptide‑ and protein‑level false 

discovery rates (FDR) were controlled at <1%. Protein abundances were quantified 

based on the top three intense peptides, normalized, and subjected to quality filtering. 

Postoperative/preoperative protein abundance ratio processing. To identify 

proteins affected by surgical stimulation during the perioperative period in surgical 

patients, we calculated the ratio of postoperative to preoperative (Post/Preo ratio) 

protein profiles in 18 non-POD and 18 POD individuals. Differences in these protein 

profile ratios were then compared between the non-POD and POD groups. 

Differential protein expression. Normalized intensities underwent log₂ transformation 

before statistical analysis. The limma package (v3.50.3) in R (4.1.3) was used to 

perform differential expression, with significance thresholds set at |log₂FC| > 0.25 and 

Benjamini‑Hochberg adjusted P < 0.05. For the Post/Pre ratio dataset, differential 

analysis was conducted between the non-POD and POD groups using Wilcoxon test, 

and proteins meeting |log₂FC| > 0.1 with P < 0.05 were considered significant. 
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Model development and evaluation for POD classification. Four machine-learning 

algorithms including Random Forest, XGBoost, CatBoost, and Extra Trees, were 

employed to construct classifiers distinguishing 18 non-POD from 18 POD patients 

based on two feature sets: (1) the 20 postoperative hub proteins, and (2) the Post/Pre 

ratios of six time-shared proteins. For each feature set, data were split 2:1 into training 

and test sets, and model training was repeated across five random seeds (42, 100, 200, 

300, and 400) to ensure robustness. SHAP dependency plots were used to identify the 

most discriminative features. Model performance was evaluated on test sets using AUC, 

accuracy, sensitivity, and specificity. The optimal model was determined by the highest 

average AUC.  

Causal inference analysis between plasma proteomics and delirium 

Genome-Wide Association Study (GWAS) data source. Protein quantitative trait loci 

(pQTLs) for 4,907 circulating proteins were derived from the deCODE study 

(N=35,559)61. Delirium GWAS summary statistics were obtained from FinnGen R12 

(4,381 cases, 469,981 controls; https://r12.finngen.fi/), with cases defined by ICD-10 

F05 or ICD-9 293062. Two-sample MR used pQTLs as instrumental variables. 

Instrumental variable selection. Protein pQTLs were selected as IVs according to MR 

assumptions60: (1) significant association with exposure (P < 5×10⁻⁸); (2) independence 

(LD r² <0.1 within 1 Mb, 1000 Genomes European reference); (3) no direct association 

with delirium (P > 0.05); (4) MHC region (chr6:26–34 Mb) excluded; (5) F-

statistic >10. PhenoScanner (phenoscanner R package v. 1.0) was used to remove 

variants linked to known delirium risk factors (dementia, CVD, stroke, sleep disorders, 

Parkinson's; P < 5×10⁻⁸). 

MR estimation and sensitivity analyses. Wald ratio (single SNP) or IVW (multiple 

SNPs) estimated causal effects; A P value < 0.05 was considered statistically significant 

for all MR tests. As previously established60, exposures with more than three IVs were 

considered potentially susceptible to heterogeneity. Several sensitivity analyses were 

conducted to assess the robustness of the MR findings: Cochran's Q for heterogeneity 
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(PQ-stat > 0.05), MR-PRESSO global test for outliers (PGlobal Test > 0.05), MR-Egger 

intercept for directional pleiotropy (PEgger-Intercept > 0.05), leave-one-out for influential 

SNPs, and Steiger test for reverse causation (PSteiger test < 0.05 indicating correct causal 

direction). 

Origin identification of proteins  

To trace the potential tissue origins of delirium-associated circulating proteins, we 

retrieved bulk RNA‑seq TPM data from the GTEx portal 

(GTEx_Analysis_2017‑06‑05_v8_RNASeQCv1.1.9_gene_tpm.gct), covering both 

brain regions and peripheral organs across 11,584 male and 5,878 female samples. After 

log₂(TPM+1) transformation, mean multi‑organ mRNA expression levels of genes 

encoding each circulatory protein were calculated for cerebral and peripheral tissues. 

Expression patterns across organs were visualized using the pheatmap (v.1.0.12) and 

gganatogram (v.1.1.1) packages. 

To integrate protein‑level evidence with transcriptional data, we referenced The Human 

Protein Atlas (HPA; https://www.proteinatlas.org/) for proteins previously reported to 

enter the circulation and exert systemic effects in humans63. An integrated evaluation 

at both transcriptomic and proteomic levels was performed to further infer the tissue 

origins of these circulatory proteins. 

Single‑nucleus RNA‑seq for the brain between non-POD and POD patients 

 Data processing and cell type annotation. The snRNA-Seq data (GSE291019) was 

obtained from GEO database64. UMI counts processed in Seurat v5.0.2. Nuclei filtered 

(200-6000 genes, 500-25,000 UMIs, <5% mitochondrial RNA), log‑normalized (scale 

10,000), and 2000 variable genes selected. Batch correction by IntegrateData; data 

scaled for age/sex/mitochondrial content. Clusters were identified at a resolution of 0.4 

and annotated by canonical marker genes into the following cell types: astrocytes, 

endothelial cells, excitatory neurons, inhibitory neurons, fibroblasts, microglia, 

oligodendrocytes, and oligodendrocyte precursor cells (OPCs)64. 
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Differential expression analysis of target genes. For C2, SPON2, and APLP1, 

log‑normalised expression per cell type was compared between non‑POD and POD 

using two‑sided Wilcoxon tests (P < 0.05). Results shown as mean ± SEM bar plots 

with significance asterisks. 

Function analyses 

To explore underlying pathways, we performed GSEA on the 2,911 UKB proteins 

using clusterProfiler (v4.6.0), and significance was set at q-value < 0.05 after 5,000 

permutations. Additionally, KEGG and GO enrichment analyses were conducted on the 

20 POD-related proteins using the same package, with a q-value < 0.05 as threshold. 

Immunofluorescence 

Immunofluorescence staining was conducted following our previously established 

protocol57. Briefly, brain and liver tissues were fixed via transcardial perfusion with 4% 

paraformaldehyde (PFA) for 24 hours. After fixation, tissues were cryoprotected in 30% 

sucrose solution for 72 hours and sectioned at a thickness of 40 µm using a freezing 

microtome. Sections were washed three times (10 minutes each) in 0.1 M phosphate-

buffered saline (PBS), then blocked for 1 hour at room temperature in a solution 

containing 5% donkey serum and 0.5% Triton X-100. Subsequently, sections were 

incubated overnight at 4°C with the following primary antibodies: rabbit anti-Iba1 

(1:1000, 17198S, CST), rabbit anti-PSD95 (1:1000, ET1602-20, HUABIO), mouse 

anti-synaptophysin (1:1000, 67864-1-Ig, Proteintech), mouse anti-GFAP (1:1000, 

3670T, CST). 

Following primary antibody incubation, sections were counterstained with DAPI and 

incubated with the appropriate species-specific secondary antibodies: goat anti-rabbit 

Alexa Fluor 647 (1:500, ab150079, Abcam), goat anti-rabbit Alexa Fluor 594 (1:500, 

ab150080, Abcam), goat anti-mouse Alexa Fluor 647 (1:500, ab150115, Abcam) goat 

anti-mouse Alexa Fluor 594 (1:500, 150116, Abcam). Finally, sections were mounted 

and imaged using an Olympus FV3000 confocal microscope with FV31S-SW 

acquisition software. 
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Hematoxylin and eosin (H&E) staining 

Five major organs (heart, lung, liver, spleen, kidney) were fixed in neutral buffered 

formalin and processed for paraffin embedding. Three‑micron sections were stained 

with H&E using conventional methods57.  

Statistical analysis 

All statistical analyses were performed using R 4.1.3, and figures were generated with 

ggplot2 3.4.4. Baseline characteristics were compared between delirium groups in UKB 

and POD cohorts. Categorical variables as n (%) and compared by chi-square or Fisher's 

exact test. Continuous variables were expressed as mean (SD or SEM) or median (IQR). 

Two-group comparisons used t-test or Wilcoxon rank-sum test, while multi-group 

comparisons used ANOVA with Tukey's HSD or Kruskal-Wallis with Dunn's test, 

depending on distribution. Two-way repeated-measures ANOVA with Bonferroni 

correction was applied for repeated measures. Statistical significance was set at two-

sided P < 0.05. 
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