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A B S T R A C T

Biofluid proteins are promising transdiagnostic markers for delineating disease heterogeneity in psychosis. This 
study examined proteomic profiles in a transdiagnostic early psychosis sample to test the hypothesis that psy
chosis is associated with proteomic signatures of premature aging.

We analyzed proteomic data from 85 individuals with early psychosis and 35 healthy controls from the Human 
Connectome Project for Early Psychosis (HCP-EP), using the Olink platform across four validated panels (Car
diometabolic, Inflammation, Cardiovascular II, and III). Our dual analytic strategy included: (1) calculating an 
index based on senescence-associated secretory phenotype (SASP) proteins to assess cellular aging, and (2) 
analyzing 341 proteins using Gene Set Enrichment Analysis to identify whether predefined biological pathways 
are collectively enriched. We compared the SASP index and enriched pathways between groups and examined 
associations with sociodemographic, physical health, cognitive, psychological well-being, psychosocial func
tioning, symptom, and medication data.
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The SASP index was significantly elevated in the psychosis group. Pathway analyses revealed enrichment of 
two inflammation-related pathways in psychosis after multiple comparison correction: Cellular Response to Tumor 
Necrosis Factor and Monocyte Chemotaxis. The higher SASP index and the enriched inflammatory pathways were 
associated with increased body mass index (BMI) and reduced psychological well-being.

Our findings are consistent with prior research linking psychosis to premature aging and an increased 
inflammation response. They also underscore the value of examining multiple biomarkers and biological path
ways simultaneously and highlight the importance of conceptualizing psychosis as a whole-body condition. 
However, given the sample size, results should be considered preliminary. Larger, longitudinal studies are 
needed to track proteomic changes over time and assess the predictive value of these biomarkers for identifying 
vulnerable individuals and clinical outcomes.

1. Introduction

Psychotic disorders represent a group of serious mental health con
ditions that significantly impact an individual’s well-being (Crespo- 
Facorro et al., 2021) and include a range of diagnoses, such as schizo
phrenia, schizoaffective disorder, bipolar disorder, and major depressive 
disorder with psychotic features. However, these diagnostic categories 
fail to fully capture the shared phenomenological, biological, and ge
netic characteristics that span these disorders (Maj, 2018). Conse
quently, a key objective of contemporary psychiatry has been to identify 
transdiagnostic biomarkers for psychosis (Dalgleish et al., 2020). These 
biomarkers could elucidate common biological mechanisms across 
various disorders, deepen our understanding of the underlying patho
physiology, and facilitate personalized, effective treatments (Kotov 
et al., 2024; McGorry and Nelson, 2016).

Proteins in circulation indicate the physiological states of organ 
functions, and include proteins secreted, excreted or otherwise released 
from tissues for normal function and after injury, as well as immune 
response to those proteins and their metabolism (Elmas et al., 2024). 
They may reflect functional consequences of variations in the genome, 
epigenome, and transcriptome (Borgmann-Winter et al., 2020) in 
interaction with environmental and developmental factors (Guan et al., 
2022). Blood-based protein biomarkers can be reliably identified and 
measured through minimally invasive and relatively cost-effective 
methods (Muneer, 2020). Consequently, they have been suggested as 
excellent biomarkers for preventive and therapeutic interventions 
(Elmas et al., 2024), as well as for detecting disease onset (Byrne et al., 
2024), staging disease trajectories (Muneer, 2020), and monitoring 
disease progression (Smith et al., 2024) in psychiatric disorders.

Previous research has demonstrated changes in several proteins in 
psychosis, including proteins related to the complement and coagulation 
pathways (Byrne et al., 2024), the inflammatory response (Eren et al., 
2023; Haroon et al., 2024), oxidative stress, lipid and energy meta
bolism (Guan et al., 2022), cell hemostasis (Santa Cruz et al., 2021), cell 
regulation (Elmas et al., 2024), cell communication (Shen et al., 2024), 
and the extracellular matrix (Seitz-Holland et al., 2024a; Seitz-Holland 
et al., 2021). These findings align with the notion that at least a subset 
of individuals with psychosis exhibit aberrant regulation of biological 
pathways, such as inflammatory response (Muller et al., 2015) and 
oxidative stress homeostasis (Yao and Keshavan, 2011), that might 
reflect a premature aging phenotype (Diniz et al., 2024; Kirkpatrick 
et al., 2008). Indeed, as highlighted in large-scale longitudinal analyses, 
a significant percentage of individuals with psychosis experience early 
cognitive impairments along with clinical (Kotov et al., 2017) and 
cognitive decline (Fett et al., 2020) throughout their lifespan. In
dividuals with psychosis present with increased rates of dementia 
(Stroup et al., 2021), more physical comorbidities, premature mortality 
(Liu et al., 2017), and structural brain changes related to aging (Seitz- 
Holland et al., 2024b). Furthermore, several studies have reported evi
dence of telomere shortening in psychosis, although findings remain 
mixed (Galletly et al., 2017; Polho et al., 2015; Russo et al., 2018; 
Wolkowitz et al., 2017).

While these findings suggest the potential of protein markers to 

identify a premature aging phenotype (Campeau et al., 2022; Chen et al., 
2024; Diniz et al., 2024), several limitations persist. First, studies in 
transdiagnostic psychotic samples are sparse. In addition, many previ
ously published studies focused on a few proteins, which may obscure 
dysfunctions in broader functional pathways (Westacott and Severance, 
2024). Therefore, the present study aimed to examine proteomic profiles 
across individuals diagnosed with a psychotic disorder within the last 
five years. Specifically, we used the Human Connectome Project for 
Early Psychosis (HCP-EP) sample (Jacobs et al., 2025), which was 
established in the spirit of the Research Domain Criteria (RDoC) 
framework (Insel et al., 2010) to move beyond traditional diagnoses but 
focus on biologically informed dimensions and phenotypes.

To test our hypothesis that early psychosis would be associated with 
proteomic profiles indicative of premature aging, we leveraged novel 
technologies to examine numerous proteins simultaneously to delineate 
complex, multifactorial pathophysiological processes (Muneer, 2020) 
and followed a dual analytic strategy. First, we calculated a targeted 
index related to cellular aging based on senescence-associated secretory 
phenotype (SASP) proteins. Cellular senescence represents a multifac
eted stress response (Hayflick and Moorhead, 1961) in which cells 
irreversibly cease division (“zombie cells”) (Herranz and Gil, 2018) and 
adopt a complex secretory phenotype (Basisty et al., 2020). While the 
specific profile of SASP proteins may vary across cell types, a core set of 
proteins—integral to cell cycle control, communication, and immune- 
inflammatory responses (Gu and Kitamura, 2012)—is consistently 
expressed by all senescent cells, including brain cells (Salminen et al., 
2011; Sierra et al., 2007). In healthy tissues, these proteins play a crucial 
role in preserving homeostasis (Neves et al., 2015; Storer et al., 2013); 
however, their proliferation with age and the build-up of senescent cells 
have been associated with tissue degradation (van Deursen, 2014). In 
2017 Diniz et al. developed a SASP index to reflect whole-body senes
cence-related processes (Diniz et al., 2017). The authors selected 22 
proteins based on preclinical work showing that senescent fibroblasts 
from different lineages secrete a shared set of proteins, including in
flammatory and immune-modulatory cytokines and chemokines, 
growth factors, proteases, and cell-surface molecules (Coppe et al., 
2008). They applied Principal Component Analysis (PCA) to the 22 
proteins and labeled the first component the SASP index. The SASP 
index was associated with chronological age and cognitive functioning 
(Diniz et al., 2017), and subsequent studies showed associations with 
depression (Diniz et al., 2017; Diniz et al., 2019), bipolar disorder 
(Tessema et al., 2024), structural brain abnormalities (Mendes-Silva 
et al., 2019), cognitive impairment and poor physical health (Seitz- 
Holland et al., 2023). Here, in addition to analyzing the SASP index, 
we conducted an unbiased Gene Set Enrichment Analysis (GSEA) of all 
341 proteins. GSEA does not test each protein independently; rather, it 
assesses whether predefined biological pathways are collectively 
enriched (Ashburner et al., 2000; Kanehisa and Goto, 2000; Milacic 
et al., 2024). This pathway-based approach substantially reduces the 
dimensionality of the data and provides biologically interpretable re
sults. Last, in exploratory analyses, we examined correlations between 
the SASP/protein pathways and biopsychosocial variables.
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2. Methods and materials

2.1. Participants

2.1.1. Recruitment
The HCP-EP study recruited participants between 2016 and 2022 at 

four institutions, including Massachusetts General Hospital (MGH), 
McLean Hospital, Beth Israel Deaconess Medical Center (BIDMC), and 
Indiana University (Jacobs et al., 2025). At MGH, participants were 
enrolled through the First Episode and Early Psychosis Program and 
inpatient referrals; McLean Hospital used its McLean OnTrack program 
as well as referrals from the McLean Psychotic Disorders inpatient, 
residential, and partial hospital programs; BIDMC recruited via its early 
psychosis program at the BIDMC-Massachusetts Mental Health Center; 
and Indiana University employed its Prevention and Recovery for Early 
Psychosis Program. All recruitment and informed consent processes 
were approved by the Partners Institutional Review Board Committee 
and the Indiana University Institutional Review Board.

2.1.2. Inclusion/exclusion
Eligible participants were between 16 to 35 years old, fluent in En

glish, and capable of providing informed consent, directly or via an 
authorized legal representative, with the additional agreement to share 
de-identified data with the National Institute of Mental Health Data 
Archive (NDA).

Individuals were excluded if they met criteria for severe substance 
use disorder within the past 90 days as determined by the Structured 
Clinical Interview for DSM-5 Research version (SCID-5-RV (First, 
2015)), had an IQ below 70 based on either medical history or the 
Wechsler Abbreviated Scale of Intelligence-2nd Edition (WASI-II 
(McCrimmon and Smith, 2012)), or had a known history of Human 
Immunodeficiency Virus (HIV) positive status. Further exclusions 
applied to those with active medical conditions affecting brain or 
cognitive function, receipt of electroconvulsive therapy in the preceding 
12 months, or contraindications for MRI (e.g., pregnancy, or the pres
ence of implanted devices such as pacemakers, medication pumps, vagal 
stimulators, deep brain stimulators, transcutaneous electrical nerve 
stimulation units, or ventriculoperitoneal shunts). Individuals present
ing with high risk for suicidal behavior or overly aggressive actions were 
also excluded.

Psychosis diagnoses were based on the DSM-5 criteria as defined by 
the SCID-5-RV (First, 2015). The transdiagnostic psychosis group 
comprised individuals who met DSM-5 criteria for schizophrenia, 
schizophreniform disorder, schizoaffective disorder, psychotic disorder 
not otherwise specified, delusional disorder, brief psychotic disorder, 
major depressive disorder with psychosis (single or recurrent episodes), 
or bipolar disorder with psychosis (including most recent episodes of 
either depressed or manic type). Duration of illness was determined via 
the SCID interview, and duration of illness longer than five years was 
considered an exclusion criterion. Participants were excluded if the 
above diagnoses were determined to be substance-induced or due to a 
medical condition.

Healthy individuals were excluded if they met any of the previously 
listed psychiatric diagnoses, recurrent major depressive disorder, an 
anxiety disorder present in the last 12 months, or a lifetime history of 
anxiety that had a duration of illness of more than 12 months or required 
medication. Other exclusion criteria for the control group included a 
first-degree family member diagnosed with a schizophrenia spectrum 
disorder, use of psychiatric medications at the time of study entry, or a 
lifetime history of psychiatric hospitalization. Participants in the healthy 
control group were group-matched with participants in the psychosis 
group based on sex, age, handedness and parental socioeconomic status.

2.1.3. Data availability
In total, data for 303 individuals was uploaded to the National 

Institute of Mental Health Data Archive (NDA). Of the 223 individuals 

diagnosed with psychosis, 85 who underwent the blood draw procedure 
were included in the present study. Among the 80 healthy controls, 35 
who participated in the blood draw were included. Relative to the total 
HCP-EP psychosis cohort, participants included in the present analyses 
were, among others, less likely from the Indiana site, had a higher 
proportion of males, showed lower global functioning and IQ, higher 
schizophrenia symptom burden on the negative and cognitive domains, 
and fewer manic symptoms. Healthy controls were less likely from the 
Indiana site, older, and had a lower body mass index (BMI). For the full 
comparison of biopsychosocial variables by proteomics data availabil
ity, see Supplementary Tables 1 and 2.

2.1.4. Sociodemographic and physical health data
Sociodemographic data included age, self-reported sex, self-reported 

race and ethnicity, highest level of completed education, and parental 
socioeconomic status (Hollingshead, 1975). Physical health measures 
included BMI, smoking (current status, lifetime status, and estimated 
pack years), as well as assessments of alcohol and drug use over the last 
month and lifetime.

2.1.5. Cognitive, psychological well-being, and psychosocial functioning 
data

We estimated cognitive abilities using the WASI-II (McCrimmon and 
Smith, 2012) for total IQ, and the NIH Toolbox (Hodes et al., 2013) 
summary scores for fluid composite, crystallized composite, and total 
cognition composite. We derived composite scores for emotional as
sessments from the NIH Toolbox, including positive affect, general 
satisfaction, meaning and purpose, and negative affect, based on pre
viously described methods (Babakhanyan et al., 2018). Occupational 
and social functioning were evaluated using the Mental Illness Research, 
Education, and Clinical Center version of the Global Assessment of 
Functioning (MIRECC GAF) (Aas, 2011).

2.1.6. Symptom and medication data
Psychotic symptom severity was quantified by the Positive and 

Negative Syndrome Scale (PANSS (Kay et al., 1987)) and summarized 
via Marder PANSS factors (Marder et al., 1997). Depression and mania 
symptoms were assessed using the Montgomery-Åsberg Depression 
Rating Scale (MADRS (Montgomery and Asberg, 1979)) and the Young 
Mania Rating Scale (YMRS (Young et al., 1978)), respectively. We 
collected data on concomitant medications and calculated chlorprom
azine equivalent dosage (CPZ) on the day of data collection. Given the 
approximative nature of CPZ, we employed a categorical CPZ approach 
(CPZ = 0 mg/day, CPZ < 300 mg/day, CPZ 300–1000 mg/day, CPZ >
1000 mg/day) (Sohler et al., 2003).

2.2. Blood proteins

2.2.1. Data Collection
Trained study staff at the Center for Clinical Investigation at BWH, 

McLean Hospital, or Indiana University collected blood samples. At the 
date of their other assessments, blood was collected in EDTA tubes for all 
individuals who consented to blood draw. Time of day varied based on 
when the individuals came in for their clinical assessment. Tubes were 
initially inverted gently 8 to 10 times to mix blood with additives and 
were kept at room temperature. On the same day, blood samples were 
packed on dry ice and shipped to the Rutgers University Cell & DNA 
Repository (RUCDR) Infinite Biologics Biorepository at Rutgers Uni
versity via overnight courier. After accessioning, the tubes were 
centrifuged at 1,600 x g for 10 min and plasma isolated using a high 
throughput automated system from Hamilton (the Microlab STAR 
easyBlood instrument) which aspirated and dispensed the plasma into 
single-use (no freeze–thaw) aliquots. Vials of plasma were then placed 
into storage at − 80◦C.

Given their high-quality immunoassays, wide acceptance in the field 
(Sun et al., 2023), and high reproducibility and biological specificity, we 
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used Olink for proteomic analyses, which are based on the Proximity 
Extension Assay (PEA). Specifically, we selected four validated panels 
that included most of the previously studied SASP proteins: Target 96 
Cardiometabolic, Target 96 Inflammation, Target 96 Cardiovascular II, 
and Target 96 Cardiovascular III, each containing 92 proteins (see 
Supplementary Table 3).

2.2.2. Pre-processing
Following previous practice (Deng et al., 2025) and suggestions from 

Olink manufacturer, the primary quantitative metric analyzed were 
Normalized Protein Expression (NPX) values. NPXs are proprietary units 
that reflect a relative abundance of a protein. They are derived from raw 
counts after normalizing to controls and log2 transformation. This 
procedure reduces the influence of technical variation and extreme 
measurements arising from assay performance rather than underlying 
biology. Higher NPX values always correspond to higher protein 
concentrations.

Across the four panels, there were 10 instances of duplicate proteins. 
To determine which duplicates to choose, we used the following strat
egy: 1) if we identified outliers in one of the duplicates by comparing the 
NPX-derived z-scores, we chose the one without outliers (z-score > 3; n 
= 1), 2) if the duplicates presented with a different number of data 
points below the limit of detection (LOD), we chose the one with fewer 
values below the LOD (n = 1), and 3) in all other cases, we opted for the 
first occurrence of the protein (n = 8).

Further data cleaning included four steps. First, we excluded proteins 
for which more than 50% of the expression values were below the LOD 
(n = 17, Supplementary Table 3). Next, samples that failed Olink quality 
control (1.7% of the data) were imputed using the mean expression 
value calculated from all other participants. The resulting dataset con
tained a total of 0.14% of values below the LOD. Following established 
conventions (Beal, 2001), values below 50% of the LOD—representing 
0.09% of the data—were replaced with a value equal to 50% of the 
LOD. Since NPX values can be negative, we adapted this approach by 
subtracting half of the absolute LOD value when the original NPX value 
was negative. Please note that information about storage time was 
missing for three participants.

2.2.3. Processing
SASP-Index: To evaluate our primary hypothesis – that individuals 

with psychosis exhibit proteomic signatures of premature aging – we 
derived a previously published index of SASP proteins (Diniz et al., 
2017). Diniz et al. selected 22 proteins based on preclinical work 
(Coppe et al., 2008). They measured the proteins in plasma, and applied 
data reduction strategies to derive a SASP index. They revealed an as
sociation of the SASP index with age and cognitive functioning (Diniz 
et al., 2017) and an elevated SASP index in individuals with depres
sion relative to healthy controls (Diniz et al., 2017; Diniz et al., 2019). 
Additional studies showed that the elevation in the SASP index was 
associated with brain structure (Mendes-Silva et al., 2019) and various 
physical health measures (Seitz-Holland et al., 2023). In our study, we 
incorporated all 18 proteins available in the current data set from this 
original index (designated as SASP index, Supplementary Table 4). The 
18 included proteins are: Interleukin-8 (IL8), C-C motif chemokine 2 
(MCP-1), C-C motif chemokine 20 (CCL20), C-C motif chemokine 3 
(CCL3), C-C motif chemokine 4 (CCL4), C-C motif chemokine 13 (MCP- 
4), Intercellular adhesion molecule 1 (ICAM1), Tumor necrosis factor 
receptor superfamily member 1A (TNF-R1), Interleukin-6 (IL6), Growth- 
regulated alpha protein (CXCL1), Insulin-like growth factor-binding 
protein 2 (IGFBP-2), Metalloproteinase inhibitor 1 (TIMP1), Urokinase 
plasminogen activator surface receptor (U-PAR), Tumor necrosis factor 
receptor superfamily member 11B (OPG), Tumor necrosis factor recep
tor superfamily member 1B (TNF-R2), Placenta growth factor (PGF), 
Insulin-like growth factor-binding protein 6 (IGFBP6), Angiogenin 
(ANG). As detailed below, in alignment with other proteomic research 
(Campeau et al., 2022), we employed PCAs to the expression values of 

these proteins and focused our analysis on the first component that 
explained the largest part of the variance in the SASP index.

All proteins: In addition to our hypothesis-driven analyses, we also 
examined all proteins simultaneously to identify biological pathways 
that exhibit differences in protein expression between groups. There
fore, we conducted Gene Set Enrichment analysis (GSEA) using the 
publicly available GSEA tool (https://www.gsea-msigdb.org/gsea/ 
index.jsp) (Mootha et al., 2003; Subramanian et al., 2005). Unlike 
methods that focus on individual protein changes, GSEA evaluates 
whether predefined sets of proteins—representing biological 
pathways—are significantly enriched among those showing differential 
expression between phenotypes. First, all individual proteins are ranked 
according to the magnitude of their differential expression between 
groups. Then, the analysis determines whether any predefined pathways 
are enriched at the top or bottom of this ranked list, indicating coordi
nated and significant changes in expression across the pathway. This 
pathway-based approach substantially reduces the dimensionality of the 
data and provides biologically interpretable results.

2.3. Statistical analyses

Statistical analyses were conducted using R (version 4.3.2).

2.3.1. Group comparisons
SASP-Index: To examine how strongly the different proteins within 

the SASP index are related to each other, we performed Pearson corre
lation analyses in the transdiagnostic psychosis group and in healthy 
controls separately (stats 4.3.2 package). The intercorrelation within the 
index was visualized using Chord diagrams (circlize 0.4.16 package).

Following the approach introduced by Diniz et al. (2017), Diniz et al. 
(2019), Seitz-Holland et al. (2023), we applied PCAs (FactoMineR 2.10 
package) to all proteins included in the SASP index. We extracted the 
individual scores on the first principal component for each participant 
for further analyses (SASP PC). Group difference comparing the trans
diagnostic psychosis group to the healthy controls using the SASP PC 
were assessed with an Analyses of Covariance (ANCOVA, type III sum of 
squares, car 3.1–2 package) while controlling for age, self-reported sex, 
and sample storage time.

To further evaluate the observed SASP PC group difference, we 
conducted several sensitivity analyses. First, we employed rank-based 
Freedman-Lane permutation testing and robust regression using an 
MM estimator to test for the effects of outliers. Second, we examined the 
role of BMI in more detail. We did not include BMI in our primary an
alyses given that BMI may not simply represent an independent con
founding variable but may lie, at least in part, on the causal pathway 
linking psychosis to aging. Individuals with psychosis experience a 
substantially greater burden of cardiometabolic abnormalities (Perry 
et al., 2021), which in turn have been linked to premature aging and 
cellular senescence. Therefore, adjusting for it could result in over
adjustment bias by removing variance that is directly relevant to psy
chosis (Schisterman et al., 2009). In our sensitivity analyses, we first 
created a BMI-matched subsample and repeated the group comparisons 
(MatchIt 4.7.2 package). Second, we conducted an exploratory media
tion analysis, examining if BMI mediates the association between a 
diagnosis of psychosis and the SASP PC. We employed nonparametric 
bootstrapping with 10,000 simulations while controlling for age, self- 
reported sex, and storage time (mediation 4.5.1 package).

All proteins: We ran GSEA analyses introduced above. Following 
GSEA conventions, we included protein sets, which represent predefined 
biological pathways, that are part of the Gene Ontology Biological 
Processes (GOBP (Ashburner et al., 2000)), the Kyoto Encyclopedia of 
Genes and Genomes (KEGG (Kanehisa and Goto, 2000)), and the Reac
tome databases (Milacic et al., 2024). We first ranked proteins based on 
the Signal2Noise (S2N) metric, which calculates for each protein the 
mean difference between the two groups and then normalizes it by the 
sum of the respective standard deviations. This approach allowed us to 
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identify proteins differing most between the transdiagnostic psychosis 
group and healthy controls (Supplementary Fig. 1). Based on this 
ranking, we then ran GSEA to compute the enrichment score metric for 
each pathway encompassing at least five proteins (k = 515). The 
enrichment score iterates over each pathway individually and reflects 
the degree to which proteins of this pathway are concentrated at the top 
or bottom of the ranked protein list. To assess the statistical significance 
of these enrichment scores, we performed 1,000 permutations of the 
phenotype labels. This permutation-based approach generates a null 
distribution of enrichment scores expected by chance. By comparing the 
observed enrichment scores against this null distribution, we calculated 
p-values that reflect the likelihood of observing such enrichment scores 
by random chance, providing a robust assessment of the association 
between pathways and the diagnoses of psychosis.

To visualize our results, we used Cytoscape 3.10.2 (Shannon et al., 
2003) and the Enrichment Map (version 3.4.10) (Merico et al., 2010) 
software. We plotted enriched pathways in a network where edges 
connected terms with a similarity score greater than 0.5.

After we determined significantly enriched pathways with GSEA, we 
applied PCAs to all proteins that were part of those pathways, extracting 
individual scores on the first PC for subsequent analysis (termed 
enriched PC). An ANCOVA was conducted on the enriched PC for all the 
significantly enriched pathways, comparing the transdiagnostic psy
chosis group and healthy controls while controlling for age, self- 
reported sex, and sample storage time.

In sensitivity analyses, group comparisons were repeated using non- 
parametric tests and in the BMI-matched subsample. We also ran com
plementary mediation analyses, testing if BMI mediates the association 
between a diagnosis of psychosis and the enriched PCs.

2.3.2. Associations with biopsychosocial variables
In preliminary analyses, we examined the association between the 

SASP PC and enriched PCs and sociodemographic, physical health, 
cognition, psychological well-being, psychosocial functioning, symp
tom, and medication data. We applied Pearson correlation to interval- 
scaled variables, and Kendall correlation for ordinal-scaled variables. 
We performed these analyses for the transdiagnostic psychosis group 
and the healthy controls separately. Given the explorative nature, we did 
not correct for multiple comparisons.

Again, in sensitivity analyses, we repeated all correlation analyses 
controlling for additional variables. Within the transdiagnostic psycho
sis group, associations were reexamined using partial correlations 
adjusted for BMI and chlorpromazine-equivalent dose (ppcor 1.1 pack
age). In healthy controls, the corresponding analyses were adjusted for 
BMI only.

3. Results

3.1. Demographics

The transdiagnostic psychosis group was younger than the healthy 
control group (mean age: 22.44 vs. 25.29 years) and included a lower 
proportion of females (27% vs. 49%). Compared to healthy controls, 
individuals with transdiagnostic psychosis also presented with lower 
levels of completed education and a higher BMI (26.29 vs. 23.16). 
Cigarette use lifetime, and drug use lifetime were more prevalent in the 
transdiagnostic psychosis group. Whereas alcohol use in the past month 
was more prevalent in the healthy control group. Please refer to Table 1
for a detailed overview of biopsychosocial variables for the trans
diagnostic psychosis group and healthy controls.

3.2. Group comparisons

3.2.1. SASP-Index
As displayed in Fig. 1, the proteins included in the SASP index were 

highly correlated with each other. To further reduce the dimensionality 

for statistical testing, we employed Principal Component Analysis (PCA) 
on the expression values of these proteins and focused our analysis on 
the first component that explained the largest part of the variance in the 
SASP index. This approach aligns with previous SASP research (Diniz 
et al., 2017) as well as recent proteomic research (Campeau et al., 
2022). Detailed information on the principal component weights can 
be found in Supplementary Table 5. The loadings for all proteins on the 
SASP PC were positive, suggesting that increased protein expression 
levels correlated with higher PC scores.

The ANCOVA demonstrated a significant increase of the SASP PC in 
the transdiagnostic psychotic group compared to the healthy controls (F 
(1,112) = 5.0, p = 0.027, ηp

2 = 0.043; Fig. 1a, Supplementary Table 6). 
Please note that while the Shapiro-Wilk test indicates a non-normal 
distribution of the ANCOVA residuals (p < 0.001), the Levene's test 
suggests homoskedasticity (p = 0.774) and the Freedman-Lane test in
dicates robust ANCOVA results concerning group differences (p = 0.029, 
10,000 permutations).

To further evaluate whether the observed SASP PC group difference 
was driven by influential observations, we conducted several sensitivity 
analyses. First, we compared groups employing rank-based Freedman- 
Lane permutation testing and robust regression using an MM estimator. 
Second, we created a BMI-matched subsample and repeated the group 
comparisons using ANCOVAs. Third, we examined if BMI mediates the 
association between a diagnosis of psychosis and the SASP PC. The 
group difference in the SASP index remained statistically significant 
when using rank-based Freedman–Lane testing (p = 0.041, 10,000 
permutations) and robust regression using an MM estimator (β = -0.83, 
p = 0.042, Supplementary Table 7). For the matched subsample, we 
achieved excellent BMI matching for all healthy control participants (n 
= 34; healthy controls BMI: 23.2 ± 3.51; transdiagnostic psychosis BMI: 
23.5 ± 3.24, Supplementary Table 8). Age, self-reported sex, and stor
age time were secondary matching factors and residual differences in 
those variables were subsequently accounted for in matched-sample 
ANCOVA models. In the BMI-matched sample, the group difference in 
the SASP index was attenuated and only reached trend-level significance 
(F(1,63) = 3.1, p = 0.083, ηp

2 = 0.047, Supplementary Table 9). In the 
mediation model, the total association between a psychosis diagnosis 
and the SASP index was significant (β = 1.10, 95% CI [0.27, 1.93], p =
0.009). The direct association between a psychosis diagnosis and the 
SASP index remained significant after accounting for BMI (ADE: β =
0.77, 95% CI [0.01, 1.52], p = 0.046). In addition, the indirect associ
ation through BMI was significant (ACME: β = 0.33, 95% CI [0.06, 
0.69], p = 0.012). The estimated proportion mediated was 29.7% (95% 
CI [6.1%, 91.3%], p = 0.020), suggesting that BMI statistically 
accounted for approximately one-third of the psychosis–SASP associa
tion. Of note, as shown in Supplementary Fig. 2, the wide confidence 
intervals for the different effects suggest that the results of the mediation 
analysis should be interpreted with caution.

3.2.2. All proteins
Employing GSEA, after correcting for multiple comparisons we 

observed a significant enrichment of two pathways in the trans
diagnostic psychosis group: the Cellular Response to Tumor Necrosis 
Factor (GOBP, qFDR = 0.032, size = 27 proteins, Normalized Enrichment 
Score [NES] = 1.95) and the Monocyte Chemotaxis (GOBP, qFDR = 0.034, 
size = 27 proteins, NES = 1.89) pathways (Fig. 2). To see all proteins 
included in the two upregulated pathways, please refer to 
Supplementary Table 10. We did not identify significantly upregulated 
pathways in the healthy controls. Please see Fig. 3 for additional path
ways that showed a trend toward enrichment in either the psychosis or 
healthy control groups. Those pathways were associated with immune 
response, calcium-mediated signaling and cell proliferation (Fig. 4). For 
non-significant results, please see Supplementary Data 1 and 2.

Given the significant findings, we applied PCAs to all proteins 
included in the Cellular Response to Tumor Necrosis Factor and Monocyte 
Chemotaxis pathways. For detailed information on the composition, 
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Table 1 
Biopsychosocial variables comparing the transdiagnostic psychosis group and healthy controls.

Transdiagnostic 
psychosis  
group (n = 85)

Healthy controls  
(n = 35)

Test 
statistic

P- 
values

Sociodemographic data
Age (years) n 85 35 t = -3.4 0.001

mean ± std 22.44 (± 3.45) 25.29 (± 4.48)
Self-reported Sex (n, %) Female 23 (27%) 17 (49%) X2 = 4.2 0.040

Male 62 (73%) 18 (51%)
Self-reported Race (n, %) American Indian or Alaskan Native 0 (0%) 0 (0%) X2 = 10.0 0.190

Asian 3 (4%) 3 (9%)
Black or African American 25 (29%) 3 (9%)
More than one race 7 (8%) 1 (3%)
Native Hawaiian or Other Pacific 
Islander

0 (0%) 0 (0%)

White 44 (52%) 23 (66%)
Other 3 (4%) 1 (3%)
Unknown or not reported 3 (4%) 4 (11%)

Ethnicity (n, %) Hispanic or Latino 6 (7%) 5 (14%) X2 = 4.73 0.094
Not Hispanic or Latino 76 (89%) 26 (74%)
Unknown or not reported 3 (4%) 4 (11%)

Highest Level of Completed Education (n, %) Elementary school 0 (0%) 0 (0%) X2 = 49.2 < 0.001
Middle/Junior High School 0 (0%) 0 (0%)
High School, no degree 15 (18%) 0 (0%)
General Educational Development 
program

2 (2%) 0 (0%)

High School, degree 14 (16%) 0 (0%)
Some University Courses 42 (49%) 11 (31%)
Associate’s Degree 2 (2%) 1 (3%)
Bachelor’s Degree 9 (11%) 9 (26%)
Some Graduate Level Courses 0 (0%) 5 (14%)
Master’s Degree 1 (1%) 3 (9%)
Doctorate Level Courses 0 (0%) 2 (6%)
Doctorate Degree 0 (0%) 4 (11%)
Missing 0 (0%) 0 (0%)

Parental Socioeconomic Status (n, %) (Hollingshead, 
1975)

1 25 (29%) 8 (23%) X2 = 2.5 0.776
2 32 (38%) 14 (40%)
3 10 (12%) 7 (20%)
4 10 (12%) 4 (11%)
5 6 (7%) 2 (6%)
Missing 2 (2%) 0 (0%)

Physical health related data
BMI n 70 34 t = 3.6 < 0.001

mean ± std 26.29 (± 5.37) 23.16 (± 3.51)
Smoking 

Currently (n, %)
No 65 (76%) 33 (94%) X2 = 5.3 0.071
Yes 19 (22%) 2 (6%)
Missing 1 (1%) 0 (0%)

Smoking 
Lifetime (n, %)

No 39 (46%) 28 (80%) X2 = 11.8 0.003
Yes 45 (53%) 7 (20%)
Missing 1 (1%) 0 (0%)

Smoking 
Estimated Pack Years

n 84 35 t = 3.4 < 0.001
mean ± std 0.80 (± 1.96) 0.06 (± 0.22)

Alcohol Use Last Month (n, %) Never / Occasional 59 (69%) 13 (37%) X2 = 13.2 0.004
Recreational 22 (26%) 21 (60%)
Regular Use 2 (2%) 1 (3%)
Heavy Use 0 (0%) 0 (0%)
Very Heavy Use 0 (0%) 0 (0%)
Missing 2 (2%) 0 (0%)

Alcohol Use Lifetime (n, %) Never / Occasional 27 (32%) 10 (29%) X2 = 2.8 0.734
Recreational 35 (41%) 18 (51%)
Regular Use 14 (16%) 6 (17%)
Heavy Use 5 (6%) 1 (3%)
Very Heavy Use 2 (2%) 0 (0%)
Missing 2 (2%) 0 (0%)

Drug Use Last Month (n, %) Never / Occasional 59 (69%) 33 (94%) X2 = 9.1 0.059
Recreational 14 (16%) 2 (6%)
Regular Use 9 (11%) 0 (0%)
Heavy Use 1 (1%) 0 (0%)
Very Heavy Use 0 (0%) 0 (0%)
Missing 2 (2%) 0 (0%)

Drug Use Lifetime (n, %) Never / Occasional 25 (29%) 26 (74%) X2 = 25.5 < 0.001
Recreational 16 (19%) 7 (20%)
Regular Use 18 (21%) 1 (3%)
Heavy Use 20 (24%) 1 (3%)
Very Heavy Use 4 (5%) 0 (0%)
Missing 2 (2%) 0 (0%)

(continued on next page)
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weights, and contributions to the first PC of the Cellular Response to 
Tumor Necrosis Factor (CRTNF PC) and the Monocyte Chemotaxis (MCT 
PC) analyses, please see Supplementary Table 11. Notably, the positive 
loadings of all but one protein suggest that higher protein expression 
levels correspond to increased PC scores. As expected, both PCs were 
significantly higher in the transdiagnostic psychosis group compared to 
the healthy controls (CRTNF PC: F(1,112) = 7.4, p = 0.008, ηp

2 = 0.062; 
MCT PC: F(1,112) = 6.8, p = 0.011, ηp

2 = 0.057; Supplementary Table 
12). Please note that while the Shapiro-Wilk test indicates a non- 
normal distribution of the ANCOVA residuals (CRTNF PC: p = 0.002; 
MCT PC: p = 0.024), the Levene’s test suggests homoskedasticity 
(CRTNF PC: p = 0.571; MCT PC: p = 0.742) and the Freedman-Lane test 
indicates robust ANCOVA results concerning group differences (CRTNF 
PC: p = 0.007, 10,000 permutations; MCT PC: p = 0.009, 10,000 
permutations).

As sensitivity analyses, we compared the CRTNF PC and MCT PC 
between groups using rank-based Freedman-Lane permutation testing 
and robust regression using an MM estimator. In addition, we created a 
BMI-matched subsample and ran mediation analyses. For the CRTNF PC, 
the group difference remained significant when using rank-based Free
dman–Lane testing (p = 0.008, 10,000 permutations) and robust 
regression (β = -1.17, p = 0.013, Supplementary Table 13). Similarly, for 
the MCT PC, the group difference remained significant when using rank- 
based Freedman–Lane testing (p = 0.020, 10,000 permutations) and 
robust regression (β = -1.12, p = 0.023, Supplementary Table 13). In the 
BMI-prioritized matched sensitivity analysis both pathway-derived in
flammatory PCs also remained significantly elevated in the psychosis 
group (CRTNF PC: F(1,63) = 4.3, p = 0.042, ηp

2 = 0.064; MCT PC: F 
(1,63) = 4.4, p = 0.039, ηp

2 = 0.066, Supplementary Table 14). In the 
mediation analyses, the total effect between a diagnosis of psychosis and 

Table 1 (continued )

Transdiagnostic 
psychosis  
group (n = 85) 

Healthy controls  
(n = 35) 

Test 
statistic 

P- 
values

Cognition, psychological well-being, psychosocial functioning data
WASI-II Full Scale IQ Score (McCrimmon and Smith, 2012) n 84 35 t = -5.6 < 0.001

mean ± std 101.07 (± 14.62) 114.89 (±
11.13)

NIH Toolbox 
Cognition Fluid (Hodes et al., 2013)

n 79 34 t = -5.0 < 0.001
mean ± std 38.57 (± 11.08) 48.88 (±9.72)

NIH Toolbox 
Cognition Crystallized (Hodes et al., 2013)

n 80 34 t = -1.0 0.342
mean ± std 57.04 (±12.41) 59.26 (±10.91)

NIH Toolbox 
Cognition Total (Hodes et al., 2013)

n 79 34 t = -3.5 < 0.001
mean ± std 47.41 (±11.13) 54.79 (±9.85)

NIH Toolbox 
Positive Affect

n 84 34 t = -5.3 < 0.001
mean ± std 42.94 (±8.39) 50.53 (±6.49)

NIH Toolbox 
General Life Satisfaction (Babakhanyan et al., 2018)

n 84 34 t = -4.7 < 0.001
mean ± std 44.3 (±10.84) 53.09 (±8.60)

NIH Toolbox 
Meaning and Purpose (Babakhanyan et al., 2018)

n 81 34 t = -4.7 < 0.001
mean ± std 42.73 (±10.68) 51.53 (±8.48)

NIH Toolbox 
Negative Affect Summary (Babakhanyan et al., 2018)

n 73 30 t = -4.3 < 0.001
mean ± std 42.25 (±9.82) 51.23 (±9.42)

NIH Toolbox 
Social Satisfaction Summary (Babakhanyan et al., 2018)

n 67 30 t = -5.9 < 0.001
mean ± std 40.87 (±9.45) 51.43 (±7.62)

MIRECC GAF Symptom Scale (Aas, 2011) n 83 35 t = -10.7 < 0.001
mean ± std 57.95 (± 18.68) 86.43 (± 10.13)

MIRECC GAF Occupational Functioning (Aas, 2011) n 83 35 t = -10.8 < 0.001
mean ± std 60.9 (± 23.47) 90.89 (± 5.96)

MIRECC GAF Social Functioning (Aas, 2011) n 83 35 t = -6.5 < 0.001
mean ± std 67.98 (± 16.45) 86.11 (± 12.47)

Symptom and medication data
Age of Onset (years) n 84 ​ ​ ​

mean ± std 20.76 (± 3.49) ​ ​ ​
Duration of Illness (years) n 84 ​ ​ ​

mean ± std 1.71 (± 1.32) ​ ​ ​
Current CPZ category (n, %) (Sohler et al., 2003) CPZ = 0 mg/day 3 (4%) ​ ​ ​

CPZ < 300 mg/day 27 (32%) ​ ​ ​
CPZ 300 – 1000 mg/day 42 (49%) ​ ​ ​
CPZ > 1000 mg/day 1 (1%) ​ ​ ​
Missing 12 (14%) ​ ​ ​

PANSS Total Score (Kay et al., 1987; Marder et al., 1997) n 78 ​ ​ ​
mean ± std 49.79 (± 11.18) ​ ​ ​

PANSS Negative Score (Kay et al., 1987; Marder et al., 
1997)

n 80 ​ ​ ​
mean ± std 13.23 (± 5.53) ​ ​ ​

PANSS Positive Score (Kay et al., 1987; Marder et al., 
1997)

n 82 ​ ​ ​
mean ± std 13.84 (± 4.68) ​ ​ ​

PANSS Cognitive Score (Kay et al., 1987; Marder et al., 
1997)

n 81 ​ ​ ​
mean ± std 11.06 (± 3.03) ​ ​ ​

MADRS Score (Montgomery and Asberg, 1979) n 83 ​ ​ ​
mean ± std 7.78 (± 8.4) ​ ​ ​

YMRS Score (Young et al., 1978) n 81 ​ ​ ​
mean ± std 4.50 (± 5.11) ​ ​ ​

Abbreviations: Body mass index (BMI); Chlorpromazine equivalent dose (CPZ); Mental Illness Research, Education, and Clinical Center version of the Global 
Assessment of Functioning (MIRECC GAF); Montgomery–Åsberg Depression Rating Scale (MADRS); Positive and Negative Syndrome Scale (PANSS); standard devi
ation (std); Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II); Young Mania Rating Scale (YMRS).
Parental socioeconomic level was evaluated using the Hollingshead Four-Factor Parental Socioeconomic Status Scale, which weighted parental/guardian education 
and occupation scores to obtain a single score (1 = highest SES classification, 5 = lowest SES classification).
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CRTNF PC and MCT PC was significant (CRTNF PC: β = 1.44, 95% CI 
[0.42, 2.42], p = 0.009; MCT PC: β = 1.45, 95% CI [0.35, 2.50], p =
0.011). The direct association between a psychosis diagnosis and the PCs 
remained significant after accounting for BMI (CRTNF PC: β = 1.10, 95% 
CI [0.10, 2.06], p = 0.03; MCT PC: β = 1.07, 95% CI [0.01, 2.09], p =
0.047). Lastly, the indirect association through BMI was also significant 
for both pathway PCs (CRTNF PC: β = 0.34, 95% CI [0.06, 0.71], p =
0.016; MCT PC: β = 0.38, 95% CI [0.06, 0.78], p = 0.015). The estimated 
proportion mediated (CRTNF PC: 23.5%, 95% CI [3.7%, 73.3%], p =
0.024; MCT PC: 26.3%, 95% CI [4.4%, 87.9%], p = 0.025) suggests that 
BMI statistically accounted for approximately a quarter of the psycho
sis–pathway PC associations.

3.3. Associations with biopsychosocial variables

3.3.1. SASP-Index
Transdiagnostic psychosis group: A higher SASP PC was signifi

cantly associated with a higher BMI, less alcohol consumption over the 
past month, and lower self-reported meaning and purpose (Fig. 5, 
Supplementary Table 15).

Healthy controls: A higher SASP PC was significantly associated 
with worse fluid and total cognition, and more negative affect 
(Supplementary Fig. 3, Supplementary Table 16).

3.3.2. All proteins
Transdiagnostic psychosis group: In the transdiagnostic psychosis 

group, a higher CRTNF PC was significantly associated with a higher 
BMI and with lower general life satisfaction and meaning and purpose. A 

higher MCT PC was significantly associated with a higher BMI, less drug 
use lifetime, and lower general life satisfaction and meaning and pur
pose (Fig. 5, Supplementary Table 15).

Healthy controls: Higher CRTNF PC and MCT PC were significantly 
associated with worse fluid, crystallized and total cognition, and more 
negative affect. Higher MCT PC was also significantly associated with 
older age (Supplementary Fig. 3, Supplementary Table 16).

3.3.3. Sensitivity analyses
We performed partial correlations for all association analyses con

trolling for BMI and antipsychotic treatment (CPZ equivalents) in the 
transdiagnostic psychosis group and for BMI in the healthy control 
group. Controlling for these covariates did not significantly affect the 
overall pattern of the observed associations. Additionally, the partial 
correlation analysis indicated that higher scores for all PCs are associ
ated with higher MADRS scores for individuals diagnosed with psychosis 
(Supplementary Tables 17 and 18).

4. Discussion

The present study examined proteomic profiles in a transdiagnostic 
early psychosis sample collected as part of the HCP-EP project. To test 
our hypothesis of premature aging, we analyzed the SASP index, a cell 
aging index previously studied in depression (Diniz et al., 2017; Diniz 
et al., 2019; Seitz-Holland et al., 2023). While we observed only a few 
group differences in individual proteins, the transdiagnostic psychosis 
group showed a significantly elevated SASP index. Complementary 
pathway analyses of 341 plasma proteins revealed significant 

Fig. 1. Shows the analyses of the first principal component scores of the senescence-associated secretory phenotype (SASP PC) index. The left panel (a) displays the 
results of the group comparison (transdiagnostic psychosis group versus healthy controls) using Analysis of Covariance (ANCOVA) and controlling for age, self- 
reported sex, and storage time. Significant increases are shown for the SASP PC when comparing the transdiagnostic psychosis group to healthy controls. The 
top and bottom right panels (b) depict the pattern and strength of protein intercorrelations (|r| > 0.4) for the transdiagnostic psychosis group and healthy controls, 
respectively. The color of the links between two proteins indicates the direction of the association (red being positive). Abbreviations: Interleukin-8 (IL8); C-C motif 
chemokine 2 (MCP-1); C-C motif chemokine 20 (CCL20); C-C motif chemokine 3 (CCL3); C-C motif chemokine 4 (CCL4); C-C motif chemokine 13 (MCP-4); 
Intercellular adhesion molecule 1 (ICAM1); Tumor necrosis factor receptor superfamily member 1A (TNF-R1); Interleukin-6 (IL6); Growth-regulated alpha protein 
(CXCL1); Insulin-like growth factor-binding protein 2 (IGFBP-2); Metalloproteinase inhibitor 1 (TIMP1); Urokinase plasminogen activator surface receptor (U-PAR); 
Tumor necrosis factor receptor superfamily member 11B (OPG); Tumor necrosis factor receptor superfamily member 1B (TNF-R2); Placenta growth factor (PGF); 
Insulin-like growth factor-binding protein 6 (IGFBP6); Angiogenin (ANG).
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enrichment of two inflammatory pathways in individuals with psycho
sis: the Cellular Response to Tumor Necrosis Factor and Monocyte Chemo
taxis pathways. Together, these findings provide convergent evidence 
for aging and immune-related changes related to psychosis. The SASP 
index, Cellular Response to Tumor Necrosis Factor, and Monocyte 

Chemotaxis pathways were further associated with increased BMI and 
decreased sense of meaning and purpose in individuals with psychosis. 
The Cellular Response to Tumor Necrosis Factor, and Monocyte Chemotaxis 
pathways were also associated with decreased overall life satisfaction in 
individuals with psychosis.

Fig. 2. Shows normalized expression levels of all proteins included in the (a) Cellular Response to Tumor Necrosis Factor (GOBP) and (b) Monocyte Chemotaxis 
pathways. Analyses were performed for each protein individually across all participants. Individuals were then split into the transdiagnostic psychosis group and 
healthy controls and sorted based on the sum of their normalized expression levels within their respective group. Abbreviations: C-C motif chemokine 20 (CCL20); 
Collagen alpha-1(I) chain (COL1A1); C-C motif chemokine 4 (CCL4); C-C motif chemokine 7 (MCP-3); C-C motif chemokine 18 (CCL18); Chitinase-3-like protein 1 
(CHI3L1); C-C motif chemokine 19 (CCL19); Fractalkine (CX3CL1); C-C motif chemokine 3 (CCL3); C-C motif chemokine 17 (CCL17); IL8 (Interleukin-8); C-C motif 
chemokine 25 (CCL25); Interleukin-18-binding protein (IL-18BP); Eotaxin (CCL11); C-C motif chemokine 8 (MCP-2); C-C motif chemokine 13 (MCP-4); Vascular cell 
adhesion protein 1 (VCAM1); C-C motif chemokine 16 (CCL16); C-C motif chemokine 14 (CCL14); Fatty acid-binding protein, adipocyte (FABP4); A disintegrin and 
metalloproteinase with thrombospondin motifs 13 (ADAM-TS13); C-C motif chemokine 15 (CCL15); Lymphotactin (XCL1); C-C motif chemokine 2 (MCP-1); C-C 
motif chemokine 5 (CCL5); C-C motif chemokine 23 (CCL23); C-C motif chemokine 24 (CCL24); Interleukin-6 (IL6); Platelet-derived growth factor subunit B (PDGF 
subunit B); Protein S100-A12 (EN-RAGE); Galectin-3 (Gal-3); Tumor necrosis factor receptor superfamily member 11A (TNFRSF11A); Tumor necrosis factor ligand 
superfamily member 11 (TRANCE); Interleukin-6 receptor subunit alpha (IL-6RA).
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The elevated SASP levels observed in individuals with psychosis 
support the hypothesis of increased cellular senescence burden and 
premature aging even in this young population at an early stage of the 
disease. This interpretation is consistent with converging evidence 
across multiple levels of analysis, suggesting that a subset of individuals 
with psychosis may be particularly vulnerable to premature aging. 
Supporting evidence includes epidemiological studies reporting accel
erated cognitive decline and increased rates of dementia in individuals 
with psychosis (Fett et al., 2020; Stroup et al., 2021). Clinical studies 
reported increased medical burden and elevated mortality rates in in
dividuals with psychosis (Liu et al., 2017), as well as a declining clinical 
course (Kotov et al., 2017). While imaging studies reported signs of 
premature aging in psychosis (Seitz-Holland et al., 2024b), some 
biomarker studies showed shorter leukocyte telomere length in in
dividuals with psychosis (Galletly et al., 2017; Wolkowitz et al., 2017). 
Furthermore, a recent study examining immunosenescence markers in 
schizophrenia linked those markers to behavioral and neuroimaging 
measures in schizophrenia (Li et al., 2025).

A closer examination of the cellular aging index reveals that many 
proteins comprising the SASP are involved in inflammatory processes, 
with a high proportion of pro-inflammatory markers. Key inflammatory 
proteins included in the SASP index include Interleukin-8 (IL-8) and 
Interleukin-6 (IL-6). IL-6, in particular, is among the most extensively 
studied peripheral inflammatory markers in psychosis. Elevated IL-6 
levels have been reported in individuals at clinical high risk for psy
chosis (Misiak et al., 2021), during first-episode psychosis (Bocchio- 
Chiavetto et al., 2018; Dai et al., 2020), and in chronic schizophrenia 
(Frydecka et al., 2018), as well as in bipolar disorder (Coello et al., 2024; 
Xu et al., 2024) and major depressive disorder (Cakici et al., 2020). 
However, the contribution of individual markers, including IL-6, to the 
overall SASP index is relatively small and it is important to note that in 
addition to inflammatory markers the SASP includes growth factors, 
proteases, and cell-surface molecules that contribute to senescence 
signaling and propagation (Coppe et al., 2008). Consistent with this, we 
did not observe significant group differences for most single proteins in 

our study, highlighting the value of studying proteins in a combined 
index.

Consistent with the inflammatory composition of the SASP index, 
pathway analyses further underscored the role of immune activation in 
early psychosis. Specifically, we observed significant enrichment of in
flammatory pathways related to the Cellular Response to Tumor Necrosis 
Factor and Monocyte Chemotaxis. These results align with prior research 
implicating soluble Tumor Necrosis Factor Receptors 1 and 2 in in
dividuals with schizophrenia and affective disorders (Hope et al., 2009). 
Similarly, monocyte involvement has been reported in both schizo
phrenia and affective disorders (Dadouli et al., 2022; Mazza et al., 2020) 
and premature T-cell aging has been implicated in affective disorders 
(Schiweck et al., 2020; Simon et al., 2023). Indeed, a recent study in 
major depressive disorder suggests premature aging of monocytes, 
highlighting the mitochondrial apoptotic dysfunction and TNF inflamm- 
aging as potential core features of the disorder (Simon et al., 2021). 
Notably, elevated levels of monocyte chemoattractant protein-1 have 
been detected in the cerebrospinal fluid of individuals with bipolar 
disorder (Jakobsson et al., 2015), as well as peripherally in those with 
schizophrenia (Frydecka et al., 2018; Guo et al., 2024) and bipolar 
disorder (Coello et al., 2024). Finally, post-mortem evidence further 
implicates immune activation in the pathophysiology of schizophrenia 
(van Kesteren et al., 2017), and suggests that immune-related signals 
may be modulated by symptomatic state, including periods of active 
psychosis (De Picker et al., 2017). Such state-dependent effects may also 
help explain the heterogeneous and sometimes inconsistent post- 
mortem findings regarding immune involvement in bipolar disorder 
(Giridharan et al., 2020).

The SASP index correlated with an increased BMI, less alcohol con
sumption, and a decreased sense of meaning and purpose in individuals 
with psychosis. For our primary analyses, we decided against controlling 
for the effects of BMI or other clinical variables. Previous studies re
ported an elevated SASP across various health-related aging phenotypes, 
including cardiometabolic health, Alzheimer’s Disease (Saez-Atienzar 
and Masliah, 2020) and depression (Diniz et al., 2017; Diniz et al., 

Fig. 3. Shows the Gene Set Enrichment Analysis (GSEA) results comparing the transdiagnostic psychosis group to healthy controls. Pathways are displayed sorted by 
statistical significance, with details on the number of proteins per pathway (size) and their associated biological processes (color). Superscript P and C trailing the set 
name indicate enrichment in the transdiagnostic psychosis group and healthy controls, respectively. The solid red line marks the significance threshold post-multiple 
comparison corrections. The pathways Cellular Response to Tumor Necrosis Factor and Monocyte Chemotaxis exceed this threshold, indicating significant enrichment 
after correcting for multiple comparisons in the transdiagnostic psychosis group. For the full GSEA output please see Supplementary Data 1–2. Abbreviations: Gene 
Ontology Biological Processes (GOBP).

J. Seitz-Holland et al.                                                                                                                                                                                                                          Brain Behavior and Immunity 139 (2027) 107023 

10 



2019; Mendes-Silva et al., 2019). Similar to our findings, previous 
studies also reported associations between the SASP and general health 
factors, including BMI (Seitz-Holland et al., 2023). Furthermore, 
adiposity has been linked to low-grade systemic inflammation and may 
contribute directly to elevations in cytokines and chemokines repre
sented in the SASP and pathway-derived PCs (Zatterale et al., 2019). 
Consequently, we do not interpret our findings as being specific to 
psychosis pathology. Rather, we view the SASP index as a marker of an 
aging-related phenotype that may arise from the combined effects of 
psychosis, physical comorbidities, medication exposure, and lifestyle 
factors. This perspective is consistent with emerging models that 
conceptualize psychosis as a whole-body or multisystem condition in 
which disturbances extend beyond the brain to involve immune, meta
bolic, cardiovascular, and other physiological systems (Firth et al., 2019; 
Kirkpatrick et al., 2014). This whole-body perspective is particularly 
relevant given that a high proportion of individuals with psychosis 
experience physical comorbidities earlier than healthy individuals. 
Specifically, cardiometabolic dysfunction is related to dramatic re
ductions in both the quality and quantity of life in individuals with 
psychosis (Westman et al., 2018). While these outcomes could be partly 
related to the iatrogenic effects of antipsychotic medications, increasing 
evidence indicates that cardiometabolic deficits often predate medica
tion exposure and contribute to the underlying pathophysiology of 
psychosis (Perry et al., 2021). From this perspective, BMI and other 

clinical variables (such as antipsychotic medication exposure) may not 
simply represent independent confounding factors but may lie, at least 
in part, on the causal pathway linking psychosis to aging. The results of 
our exploratory mediation analysis align with this interpretation and 
underscore a direct as well as an indirect, BMI-related association be
tween psychosis and the SASP. However, we acknowledge the limitation 
that our cross-sectional design does not allow us to disentangle the 
relative contributions of psychosis, BMI, medication exposure, and other 
relevant factors to the observed elevations in the SASP index and in
flammatory pathways.

4.1. Strengths, limitations, and future directions

Our findings suggest that psychosis is associated with cellular aging 
signatures, including widespread immune activation, which is best 
captured through the simultaneous assessment of multiple markers and 
pathways. Relative to the broader HCP-EP psychosis cohort, participants 
included in the present analyses showed lower global functioning and 
IQ, higher schizophrenia symptom burden on the negative and cognitive 
domains, and fewer manic symptoms. While the overall HCP-EP psy
chosis sample is comparatively healthy, our sub-sample more closely 
reflects the clinical profile typically observed in early-psychosis data
sets. Therefore, findings from this subset may generalize more effec
tively to broader early-psychosis populations. Nonetheless, replication 

Fig. 4. Shows the results of the Gene Set Enrichment Analysis (GSEA) of pathways differing between the transdiagnostic psychosis group and healthy controls. The 
color of the nodes represents the group in which the pathway is enriched (red in the transdiagnostic psychosis group, blue in healthy controls) whereas the color 
intensity and the sizes of the nodes correspond to the p-value (larger nodes represent smaller p-values). Additionally, the shape of the nodes indicates significance 
after multiple comparison corrections (rectangles). The grey edges between nodes and their size represent overlapping proteins between the connected pathways.
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across larger, more diverse datasets is essential to confirm and extend 
these results.

In addition to the difficulties in interpreting the results in the line of 
BMI group differences, a high proportion of individuals in the psychosis 
group took moderate to high doses of antipsychotics. Antipsychotic 
medications can influence metabolic and immune pathways, directly or 
indirectly, through weight gain, dyslipidemia, insulin resistance, and 
other cardiometabolic effects (Marcinowicz et al., 2021; Pillinger et al., 
2020). Although we did not observe associations between medication 
use and our proteomic indices, it is impossible to rule out medication 
effects on immune and aging-related protein expression in a cross- 
sectional design. Future longitudinal studies, ideally including antipsy
chotic-naïve individuals before and after treatment initiation, are 
needed to determine whether the observed proteomic signatures reflect 
psychosis-related immune activation, BMI-related inflammation, 
medication-associated metabolic effects, or a combination of these 
processes.

We would also like to note several limitations related to aging 
assessment. In this young sample, we did not observe associations be
tween age or illness duration and the SASP index. In addition, other 
established measures of biological aging, such as telomere length, DNA 
methylation, and markers of oxidative stress, were unavailable. While 
we see the circulating proteomic SASP index as a marker reflecting 
whole-body senescence-related processes, only direct cellular evidence 
can provide a definitive demonstration of cellular senescence. Further
more, protein measurements are not cell-type specific and therefore do 
not allow conclusions regarding senescence in particular cell pop
ulations. Given the relatively small sample, we did not combine prote
omic measures with e.g., aging related brain phenotypes. Nonetheless, 
we believe that our focus on proteins related to cellular senescence re
mains important. Circulating proteins reflect downstream biological 
processes that integrate signals across multiple systems and can there
fore serve as accessible markers of whole-body processes. Furthermore, 

blood-based proteomic biomarkers are readily scalable, can be repeat
edly assessed, and may be more easily translated into clinical applica
tions. Moreover, we believe that SASP proteins are particularly relevant 
because they have emerged as potential promising therapeutic targets 
(Alharbi et al., 2022; Gonzales et al., 2022; Schafer et al., 2016; 
Tchkonia et al., 2013).

Finally, while our study is among the first to apply the novel and 
well-validated Olink proteomics platform in psychosis research, and our 
sample size is comparable to those of other recent proteomic studies in 
the field (Malmqvist et al., 2025; Yee et al., 2025), our findings should be 
considered preliminary due to the unbalanced groups. Given the limited 
sample size, we also solely focused on the first principal component as a 
summary score. We did not perform additional subgroup analyses within 
the transdiagnostic sample to compare diagnostic categories. Our find
ings are consistent with previous research suggesting that only a subset 
of individuals with psychosis may exhibit evidence of premature bio
logical aging (Fries et al., 2026). Given the heterogeneous nature of 
schizophrenia (Keshavan et al., 2026), we would not expect molecular 
and cellular senescence markers to characterize all affected individuals. 
Furthermore, epidemiological and clinical studies have demonstrated 
substantial heterogeneity in long-term outcomes among individuals 
with psychosis, with at least one-third of individuals showing marked 
decline over time (Menezes et al., 2006; Kotov et al., 2017). However, 
due to sample size constraints, we did not further explore potential 
subgroups.

Larger studies are needed to replicate and extend our findings and 
incorporate broader proteomic panels to capture a more comprehensive 
range of biological processes. They should also test the association be
tween the SASP and other relevant aging measures and test if the SASP 
index can be used to identify a subgroup of individuals with psychosis 
who are particularly vulnerable to the effects of aging.

Fig. 5. Shows the correlations between the principal component scores of indices and biopsychosocial variables in the transdiagnostic psychosis group. Shape and 
color represent the strength and direction of the associations. Significance levels are marked as follows: *p < 0.05, **p < 0.01 (not corrected for multiple com
parisons). Abbreviations: Body mass index (BMI); Cellular Response to Tumor Necrosis Factor (CRTNF); Chlorpromazine equivalent dose (CPZ); Mental Illness 
Research, Education, and Clinical Center version of the Global Assessment of Functioning (MIRECC GAF); Monocyte Chemotaxis (MCT); Montgomery–Åsberg 
Depression Rating Scale (MADRS); Positive and Negative Syndrome Scale (PANSS); First principal component scores (PC); Senescence-Associated Secretory 
Phenotype (SASP); Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II); Young Mania Rating Scale (YMRS).
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5. Conclusion

This study offers novel insights into the proteomic landscape of early 
psychosis. By calculating a SASP index and analyzing a selected prote
ome of 341 plasma proteins through pathway analyses, we identified 
elevated SASP levels and significant enrichments of the Cellular Response 
to Tumor Necrosis Factor and Monocyte Chemotaxis pathways. These 
findings are consistent with prior research linking psychosis to prema
ture aging and an increased inflammation response. Importantly, our 
results underscore the value of examining multiple biomarkers and 
biological pathways simultaneously to understand the complex patho
physiology of psychosis and highlight the importance of conceptualizing 
psychosis as a whole-body condition. Future research should replicate 
these findings in larger, more diverse, and longitudinal cohorts and 
further investigate the relationship between peripheral protein expres
sion, other clinical variables, and central nervous system processes.
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