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Abstract 

 Growth differentiation factor 15 (GDF15) is a biomarker of energetic stress 

related to aging, disease, and mitochondrial defects. We recently showed that GDF15 is 

quantifiable in saliva and acutely inducible by psychosocial stress. To date, the 

associations between GDF15 and biopsychosocial factors and individual characteristics 

remain unknown. Here, in a sample of healthy working adults (n = 198, 70% females), 

we first confirmed that salivary GDF15 reacts to acute psychosocial stress, peaking 10 

min following a socio-evaluative stress paradigm (+28.3%, g = 0.50, p < 0.0001). We 

then explored associations between i) baseline GDF15 and ii) GDF15 stress reactivity 

and a variety of trait- and state-level biopsychosocial factors including sex and gender 

characteristics; measures of mental health, stress, and burnout; physical health and 

health behaviors; and anthropometric and blood-based metabolic biomarkers. Baseline 

salivary GDF15 was higher in men than in women and was positively correlated with 

testosterone, while negatively correlated with estrogen and traditionally feminine gender 

roles. Of the psychosocial factors examined, we found that work-related stress variables 

were most consistently related to GDF15, with work-related cynicism, burnout, and 

emotional exhaustion predicting higher GDF15 reactivity, while job-related autonomy 

and utilization of competence predicted smaller GDF15 responses. Consistent with 

GDF15’s induction in metabolic and renal diseases, baseline GDF15 was also positively 

correlated with indirect markers of metabolic disease including waist-to-hip ratio, 

creatinine, and albumin. Finally, participants with greater GDF15 reactivity also exhibited 

greater cortisol reactivity, consistent with the role of GDF15 in stress regulation and 

energy mobilization. Together, this exploratory analysis of salivary GDF15 suggest new 

biological and psychosocial correlates, calling for large-scale studies connecting human 

experiences with biological markers of energetic stress.  

 

Keywords: metabokine; stress response; Trier Social Stress Test – TSST; 

psychophysiology; psychobiology; mitochondria; sex/gender  
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1. Introduction 

The cytokine/metabokine growth differentiation factor 15 (GDF15) is the most 

prominently elevated circulating protein across several medical conditions, including 

cancer, cardiovascular, kidney, Alzheimer’s, autoimmune, and rare mitochondrial 

diseases (Welsh, Sapinoso et al. 2003, Amstad, Coray et al. 2020, Lin, Ji et al. 2020, 

Sharma, Reinstadler et al. 2021, He, de Souto Barreto et al. 2022, Li, Li et al. 2022, 

Gadd, Hillary et al. 2024, Guo, You et al. 2024, Lyu, Xv et al. 2024, Tang, Liu et al. 

2024). GDF15 is a leading biomarker of aging—increasing by 100-150% on average per 

decade of life (Tanaka, Biancotto et al. 2018, Lehallier, Gate et al. 2019, Johnson, 

Shokhirev et al. 2020, Cefis, Marcangeli et al. 2025, Trumpff, Huang et al. 2025). Blood 

GDF15 is also dramatically elevated during pregnancy, with increases up to 200-fold 

(Andersson-Hall, Joelsson et al. 2020), which in extreme cases causes excessive 

nausea and vomiting (i.e., hyperemesis gravidarum (Fejzo, Rocha et al. 2024)). Beyond 

these cross-sectional associations establishing GDF15 as a critical marker of disease, 

GDF15 also predicts the incidence of neurological, cardiac, metabolic, and psychiatric 

disorders over 1-2 decades, as well as all-cause mortality (Gadd, Hillary et al. 2024, 

Deng, You et al. 2025). Together, these findings highlight the clinical and research 

importance of understanding the psychobiological factors that regulate GDF15 biology. 

We recently showed that, in addition to blood, GDF15 can be measured in 

human saliva, where it appears to dynamically respond to acute psychosocial stress 

(Huang, Monzel et al. 2024). A study of 70 healthy individuals showed that, much like 

cortisol and other stress mediators, salivary GDF15 increased by an average of ~43% 

within 5 minutes of psychosocial stress induction (i.e., a speech delivery task). 
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Interestingly, the relative magnitude of plasma GDF15 response was blunted in people 

with mitochondrial disorders, though not in saliva. These individuals have OxPhos 

defects that trigger cellular energetic deficiency, contributing to systemically elevated 

baseline GDF15 levels (Huang, Trumpff et al. 2024). People with psychiatric disorders 

(Frye, Nassan et al. 2015, Kumar, Millischer et al. 2017, Yang, Barbosa et al. 2018, 

Mastrobattista, Lenze et al. 2023, Pan, Naviaux et al. 2023) and comorbid mental-

physical disorders (Lu, Duan et al. 2020, Sun, Peng et al. 2021, Zang, Zhu et al. 2022, 

Li, Mei et al. 2023) also exhibit elevated blood GDF15. Together, these new data 

suggest two things. First, salivary GDF15 may be an accessible marker of stress-

reactivity and metabolic or mitochondrial health status. Second, mental and metabolic 

signaling pathways may converge in the regulation of GDF15 signaling.   

Beyond acute laboratory stressors and clinical diagnoses, less is known about 

how GDF15 relates to sociodemographic, psychosocial, and health-related behaviors. 

Initial studies have investigated associations between circulating GDF15 levels and 

education, income, and poverty levels—finding that GDF15 was negatively correlated 

with years of education and household income (Shafi, Bøttcher et al. 2022). 

Interestingly, the risk of all-cause mortality associated with GDF15 was lower in those 

below the poverty cutoff (Freeman, Noren Hooten et al. 2020, Shafi, Bøttcher et al. 

2022). In some studies, GDF15 was also related to lifestyle habits, exhibiting negative 

correlations with healthy dietary patterns, but positive correlations with alcohol 

consumption and smoking (Krintus, Braga et al. 2019, Ortolá, García-Esquinas et al. 

2021, Ortolá, García‐Esquinas et al. 2022). These initial results paint a picture that 

suggests adverse exposures may trigger energetically costly allostatic or stress 
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responses (Bobba-Alves, Juster et al. 2022), while health-promoting behaviors may 

relieve the organism of the cost of stress (Bobba-Alves, Sturm et al. 2023), possibly 

dialing the GDF15 axis up and down, respectively. The role of GDF15 may then be to 

convey energetic stress to the brain to promote adaptation and survival (Lockhart, 

Saudek et al. 2020, Monzel, Levin et al. 2024). However, further research is needed to 

understand the relationship of salivary GDF15 with a broad range of state- and trait-

level biopsychosocial factors, including the magnitude and directionality of relationships 

between GDF15 and potential risk and resilience factors.  

Further research is also needed to clarify sex differences in GDF15 and the 

relationships between GDF15 and sex hormones in healthy populations. In the context 

of clinically diagnosed disorders, blood GDF15 was found to be inversely correlated with 

testosterone levels in males with sex-hormone imbalances, coronary heart disease, 

HBV-associated hepatocellular carcinoma, and major depressive disorder (Liu, Dai et al. 

2019, Chen, Dai et al. 2020, Peng, Li et al. 2021, Sun, Peng et al. 2021, Li, Mei et al. 

2023, Pan, Naviaux et al. 2023). In females, blood GDF15 was inversely correlated with 

estrogen during menopausal hormone therapy (Faubion, White et al. 2020). While these 

findings suggest some sex-specificity in GDF15 biology, no work has been done on 

salivary GDF15 and sex or sociocultural gender (Barr, Popkin et al. 2024) 

characteristics in healthy individuals.  

Here, we begin to address some of these knowledge gaps by examining salivary 

GDF15 reactivity to the Trier Social Stress Test (TSST) in healthy adults assessed in a 

study of psychiatric hospital workers (Juster, Raymond et al. 2016). This study of stress 

physiology and mental health provided associations with sex hormones (Juster, 
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Raymond et al. 2016), gender roles (Juster, Pruessner et al. 2016), and occupational 

gender roles (Kerr, Barbosa Da Torre et al. 2021), among other constructs. Using a 

discovery approach emphasizing patterns of associations over the statistical 

significance of specific tests, we explore relationships between both i) baseline GDF15 

and ii) GDF15 reactivity with a variety of biopsychosocial factors, including sex and 

gender characteristics, mental and physical health variables, and anthropometric and 

blood-based metabolic biomarkers, together with the magnitude of stress reactivity 

among other psychobiological parameters. With these preliminary findings, we hope to 

lay the foundation for additional research exploring the role of GDF15 around 

psychobiological processes linking energetic stress and human experiences. 

2. Materials and Methods 

2.1 Participants 

Participants were psychiatric hospital workers from a large psychiatric hospital in 

Canada, who were recruited as part of a larger study (Juster, Raymond et al. 2016). The 

study was approved by the ethics board of Institut universitaire en santé mentale de 

Montréal and adheres to the Declaration of Helsinki. A total of 204 participants were 

recruited (n = 144 female, n = 60 male), with female participants of varying reproductive 

statuses (cycling: n = 55; contraceptive: n = 47; post-menopausal: n = 42). All 

participants read and signed the consent form. Specific recruitment criteria and sample 

characteristics have been previously reported (Juster, Raymond et al. 2016). Briefly, 

participants were screened for history of known cardiovascular disease, neurological 

disorder, head trauma, thyroid problems, and diabetes mellitus, and exclusion criteria 
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included use of antiseizure, antihypertensive, anxiolytics, or antidepressant 

medications. 

2.2 Procedure 

 Participants visited the laboratory twice. The first visit involved informed consent, 

completion of a cognitive task (Dumont, Marin et al. 2020), a Trier Social Stress Test 

(TSST) (Kirschbaum, Pirke et al. 2008), and a debriefing session. Anticipatory stress 

was assessed 10 minutes before the TSST. To assess cortisol and GDF15 reactivity, 

2mL of saliva was collected via sterilized 5 ml 57 × 15.3 mm screw cap tubes 

(Sarstedt®, Item No. 62.558.201) guided with thick straws at six timepoints before, 

during, and after the TSST (-10, 0, 10, 20, 30, 40min). Blood pressure and heart rate 

were also measured at these time points. An additional saliva sample was collected 20 

minutes before the TSST to assess sex hormone levels. Between visits, participants 

completed questionnaires electronically. During the second visit, participants returned 

saliva samples they had collected at home and completed a physical examination and a 

blood draw. Physiological parameters and blood markers were used to assess allostatic 

load biomarkers as described previously (McEwen and Stellar 1993, Seeman, McEwen 

et al. 2001, Juster, McEwen et al. 2010, Picard, Juster et al. 2014).  

2.3 Self-report measures   

The 16-item Primary Appraisal Secondary Appraisal (PASA) scale (Gaab 2009) 

was administered 10 minutes prior to administration of the TSST to measure how 

participants perceived the stressful situation. This scale contains the primary appraisal 

subscales threat and challenge, the secondary appraisal subscales self-concept of 

competence and control expectancy, and the tertiary appraisal total score representing 
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global anticipatory distress. Items on each subscale were rated from 1-6, with total 

scores ranging from 4-24. Higher scores indicate greater threat/challenge, 

competence/control, or distress. 

Participants then completed a questionnaire package at home that included 

demographic questions, (i.e., age, sex, and years of education), questions about health-

related behaviors (i.e., smoking, alcohol and caffeine consumption habits) and health 

status (i.e., number of mental and physical health condition), as well as a series of 

standardized psychosocial questionnaires. The subset of scales used in this analysis 

are described below, and the full set of questionnaires are described elsewhere (Juster 

and Lupien 2012, Juster, Raymond et al. 2016). 

Gender roles were measured via the 60-item Bem Sex Role Inventory (BSRI) 

(Bem 1974, Bem 1978), which uses a 7-point Likert scale to measure traditionally 

defined masculine and feminine items. Masculine and feminine subscales were 

dichotomized to create four gender role classifications—feminine, masculine, 

androgynous, and undifferentiated—using the medians for each subscale (masculinity 

subscale: 4.6 for females and 4.8 for males, femininity subscale: 6.1 for females and 5.9 

for males). Individuals that scored above the median on the femininity scale but below 

the median on the masculinity scale were deemed feminine. Individuals that scored 

above the median on the masculinity scale but below the median on the femininity scale 

were deemed masculine. Individuals that scored above the median on both scales were 

deemed androgynous. Individuals that scored below the median on both scales were 

deemed undifferentiated (Juster and Lupien 2012). 
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The Big Five personality traits were assessed via the Ten-item Personality Index 

(TIPI) (Gosling, Rentfrow et al. 2003). Participants responded to items on a scale of 1-7, 

with two items corresponding to each of the five personality traits (extraversion, 

agreeableness, conscientiousness, emotional stability, openness to experiences). 

Subscale totals range from 2-14, with higher scores indicating higher levels of the given 

personality trait.  

Perceived social support was assessed via the 20-item Perceived Social Support 

Scale (Zimet, Dahlem et al. 1988). Participants responded to items on a scale of 1-5. 

Total scores range from 20-100, with higher scores representing greater levels of social 

support.  

Self-Esteem was assessed using the 10-item Rosenberg Self-Esteem Scale 

(Rosenberg 1965). Participants responded to items on a scale of 0-3. Total scores 

range from 0-30, with higher scores representing higher self-esteem. 

Emotional, psychological, and social well-being was assessed using the 14-item 

Mental Health Continuum scale (Keyes 2009). Participants responded to items on a 

scale of 0-5. Total scores range from 0-70, with higher scores representing greater 

levels of wellbeing.  

Depressive symptoms were assessed using the 21-item Beck Depression 

Inventory II (Beck, Steer et al. 1996). Participants responded to items on a scale of 0-3. 

Total scores range from 0-63, with higher scores representing greater levels of 

depression. 
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Post-traumatic stress disorder (PTSD) symptoms were assessed using the PTSD 

Civilian Checklist (Blevins, Weathers et al. 2015). Participants responded to items on a 

scale of 1-5. Total scores range from 17-85, with higher scores representing more PTSD 

symptoms.  

Memory complaints were assessed using the 6-item Memory Assessment Clinic- 

questionnaire (Crook, Feher et al. 1992). Participants responded to items on a scale of 

1-5. Scores range from 7-35, with higher scores reflecting greater memory complaints.  

Chronic stress was assessed using the English version of the 30-item Trier 

Inventory for the assessment of Chronic Stress (TICS) (Schulz 1995). Participants 

responded to items on a scale of 0-4. Resultant scores include a total score ranging 

from 0-120, as well as sub-scales ranging from 0-12 that include: work overload, work 

discontent, overextended at work, performance pressure at work, worry propensity, 

social overload, social tension, lack of social recognition, performance pressure in social 

interactions, and social isolation. Higher scores indicate greater stress.   

Workplace stressors were assessed using the 26-item Job Content 

Questionnaire (JCQ) (Karasek, Brisson et al. 1998), which measured the content of 

participants work, include decision latitude (9-items) comprising skill utilization and work 

constraints, psychological demands (9-items), and social support from colleagues and 

supervisors (8-items). Participants responded to items on a scale of 1-4, with higher 

scores indicating more decision latitude, psychological demands, or social support, 

respectively.  
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Workplace characteristics were further assessed using the 16-item Effort-reward 

imbalance inventory questionnaire (ER) (Siegrist, Li et al. 2014), comprised of 6 items 

measuring effort and 10 items measuring reward, with subscales of esteem, promotion 

and security. Overcommitment was also measured by an additional 6 items. Participants 

responded to items on a scale of 1-4. In our data, the effort scale ranged from 6-29, the 

reward scale ranged from 0-39, and the overcommitment scale ranged from 0-0.9, with 

higher scores indicating more effort, reward, or overcommitment, respectively.  

Burnout was measured using the 16-item Maslach Burnout Inventory (MBI) 

(Maslach 1996, Schaufeli, Leiter et al. 1996), which assesses the frequency of burnout 

symptoms. Participants respond to items on a scale of 0-6. Average scores were 

calculated for the three subscales: cynicism (5 items, scores range from 0-6), emotional 

exhaustion (5 items, scores range from 0-5.2), and professional efficacy (6 items, 

scores range from 1-6). We also calculated a total score with all subscales (scores 

range from 6-51.3) and a ratio score calculated as (emotional exhaustion + 

cynicism)/(professional efficacy) (scores range from 0-6.25). Higher scores indicate 

greater levels of burnout for all scores except for professional efficacy, where greater 

scores indicate less burnout.  

Occupational Status Scores were assessed using the Nam-Powers-Boyd method 

applied to the 2001 National Occupational Classification for Statistics system (Nam 

2000, Nam and Boyd 2004, Boyd 2008). Scores were calculated using Appendix A from 

(Boyd 2008) based on the median education and income from the Canadian census. 

Occupational prestige was ranked for 520 occupations (1�=�Specialist Physicians to 
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520�=�Trappers & Hunters) and education and income for each occupation was 

estimated.  

Sleep quality was assessed using the Pittsburgh Sleep Quality Index (PSQI) 

(Buysse, Reynolds et al. 1989), where participants scored each item from 0-3. Total 

scores range from 0-21, with higher scores indicating greater sleep difficulties.  

2.4 Biological Measures  

2.4.1 GDF15 Assays 

 Salivary GDF15 levels were quantified using a high-sensitivity ELISA kit (R&D 

Systems, DGD150, SGD150) per manufacturer instructions. Samples were loaded 

directly and not diluted for these assays. Final plates were read by absorbance at 

450nm on a Spectramax M2 (Spectramax Pro 6, Molecular Devices), and 

concentrations were interpolated using a four-parameter logistic (4PL) model in 

GraphPad Prism (version 10.3.1) using a standard curve run on each plate. Three 

plasma reference samples were run on each plate, and their inter-assay coefficients of 

variation (CV) were monitored. All the samples from the time course for a particular 

individual were kept on the same plate. Each sample was run in duplicate, with 

duplicates on separate plates where possible.  

Final concentrations were calculated as the average of these duplicates. If the 

CV between duplicates was larger than 15%, the sample was rerun. If the CVs for the 

rerun samples were lower than the original, they were used, if not, the original values 

were retained. When it was not possible to rerun (e.g., no sample left), both duplicates 

were included and averaged. Values below the minimum detection range (2.0pg/ml) 
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were considered undetectable, reported as NA, and excluded from analyses. Six 

participants did not have any saliva samples collected for GDF15 analysis, leaving a 

total of 198 participants with GDF15 data. A total of 1178 samples (unique 

timepoint/participant combinations) were analyzed.  

2.4.2 Cortisol and Sex Hormones 

 Salivary cortisol and sex hormones were assayed at the Saliva Laboratory of the 

Centre for Studies on Human Stress (www.humanstress.ca) (Juster, Raymond et al. 

2016). Frozen samples were thawed and centrifuged at 1500 × g (3000 rpm) for 15 min. 

High-sensitivity enzymeimmuneassays were used for cortisol (Salimetrics®, No. 1-

3102), estradiol (Salimetrics®, No. 1-3702), and progesterone (Salimetrics®
 No. 1-1502). 

Testosterone was determined by expanded-range enzymeimmuneassay (Salimetrics®, 

No. 1-2402). 

2.4.3 Bloodwork assays  

To assay blood biomarkers, 44ml of fasting blood was extracted by a licensed 

nurse during the second laboratory visit. Serum dehydroepiandrosterone-sulphate, C-

reactive protein, albumin, creatinine, glycosylated hemoglobin, total cholesterol, high-

density lipoprotein, and triglycerides was assessed using certified clinical facilities at the 

Louis H Lafontaine Hospital. Serum insulin and fibrinogen levels were assayed at 

Maisonneuve-Rosemont Hospital (Montreal, Quebec, Canada). Plasma tumor necrosis 

factor α and interleukin-6 was assayed at the Laboratory of the Centre for Studies on 

Human Stress. 

2.4.4 Allostatic load 
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Allostatic load was calculated as described previously (Juster, Pruessner et al. 

2016) using the following variables: diurnal cortisol, TNF-alpha, IL6, fibrinogen, c-

reactive protein, glycosylated hemoglobin, insulin, dehydroepiandrosterone-sulphate, 

creatinine, albumin, triglycerides, high-density lipoprotein cholesterol, total cholesterol, 

waist-to-hip ratio, body mass index, heart rate, TSST diastolic and systolic area under 

the curve to ground (AUCg), and TSST cortisol AUCg. Sex-specific allostatic load 

indices were determined with cut-offs for males and females separately; clinical 

allostatic load was determined based on clinical reference ranges, and hybrid allostatic 

load was determined with a combination of group-based cut-offs (based on the entire 

sample’s cut-offs without regard for sex). More details regarding allostatic load 

calculations, including cut-offs, can be found in a previous report (Juster, Raymond et 

al. 2016) 

2.5 Statistical analyses 

  Data preprocessing, correlations, and regressions were conducted in R (version 

4.3.2). Age correction of GDF15 data was performed using a linear regression model, 

whereby residuals to the linear regression line of each participant were subtracted from 

the median GDF15 value of the entire sample. GDF15 reactivity was calculated as the 

percentage change in GDF15 levels at 10min relative to -10min.  

Mixed effect modeling was used to assess changes in GDF15 across the TSST 

time course (One-way ANOVA). Tukey’s multiple comparison tests were used to 

compare changes in GDF15 at each time point to baseline. These analyses were 

conducted in GraphPad Prism (version 10.3.1). 
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 Partial spearman correlations (rs) with age as a covariate were calculated to 

assess associations between non-age corrected GDF15 variables (baseline GDF15 and 

GDF15 reactivity) and biopsychosocial variables. FDR corrections were calculated 

using the Benjamini-Hochberg method for each cluster of analyses (corresponding to 

each figure) for baseline GDF15 and GDF15 reactivity separately. Unadjusted p-values 

are reported in the figure heatmaps, and adjusted p-values (padj) can be found in 

Supplemental Table 1. Group differences in age-adjusted GDF15 variables were 

assessed using Mann-Whitney U tests for comparisons between two groups, and 

Kruskal-Wallis H Tests and Dunn’s multiple comparison tests were used for 

comparisons between multiple groups.  

K-means clustering and principal component dimensionality reduction analyses 

were performed in R. K-means clustering was performed using all self-report 

questionnaire variables, and 3 clusters were formed. GDF15 variables were compared 

between the 3 clusters. All data points, with clusters visualized, were then projected 

onto a 2-dimensional PCA space, and PCA loadings were determined. All code can be 

found at https://github.com/mitopsychobio/2025_GDF15_SGA_Liu. 

In the spirit of the discovery approach taken in the following analyses, we provide 

interpretation and contrasts with the literature in sequence of our results.  

3. Results 

3.1 Salivary GDF15 is responsive to psychosocial stress and correlated with age  

 Across the 198 participants from which we sampled saliva at 6 timepoints before 

and after the TSST, salivary GDF15 exhibited significant variation over the 50min time 
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course (Fixed effect of Time: F 3.7, 734.3 = 8.35, p < 0.0001; Figure 1A, B). Specifically, 

salivary GDF15 increased by 28.3% on average from baseline to 10min post-TSST (p < 

0.0001, Tukey’s test; Figure 1B). This peak was followed by a decline to near-baseline 

levels 10 minutes later, confirming the short half-life of salivary GDF15 reactivity 

(Huang, Monzel et al. 2024). These findings confirm that psychosocial stress induced 

an increase in salivary GDF15 concentrations similar to that observed for cortisol in this 

sample (Juster, Raymond et al. 2016).  

We then assessed whether this change in salivary GDF15 in response to 

psychosocial stress was correlated with baseline GDF15 concentrations. We defined 

GDF15 reactivity as the percent change in GDF15 from baseline to 10min post-TSST 

(where the average peak occurred). There was a moderate negative correlation 

between baseline GDF15 and GDF15 reactivity (rs = -0.44, p < 0.001; Figure 1C). 

 GDF15 measured in blood is a well-known marker of chronological age (Tanaka, 

Biancotto et al. 2018, Lehallier, Gate et al. 2019, Johnson, Shokhirev et al. 2020). In our 

sample, we found that salivary GDF15 was also elevated in older individuals, with small 

but significant positive correlations at baseline (rs = 0.21, p = 0.003; Figure 1D) and all 

other timepoints assessed (rs’s = 0.17 – 0.25, p’s = 0.0003 – 0.017; Figure 1E).  

Replicating our prior study demonstrating the stress-inducibility of salivary 

GDF15 (Huang, Monzel et al. 2024) and the relationship between salivary GDF15 and 

age, we then moved to explore the relationships between GDF15—at baseline and in 

response to stress (reactivity)—and a variety of health-related biopsychosocial factors 

using a series of partial spearman correlations accounting for age. 
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3.2 Salivary GDF15 and sex and gender characteristics 

Age-adjusted baseline salivary GDF15 was higher in males than in females (z = -

4.17, p = 0.0002; Figure 2A). Moreover, salivary GDF15 differed between gender roles 

(χ2(3) = 10.9, p = 0.012), with multiple comparison tests indicating that individuals 

characterized as androgynous (i.e., possessing both high masculine and feminine 

personality traits) had lower levels of basal GDF15 than those characterized as 

feminine, masculine, or undifferentiated (i.e., low in both masculinity and femininity; 

Table 1, Figure 2B). As the Bem scale provides ranges for masculinity and femininity, 

we also assessed the correlations between salivary GDF15 and these continuous 

variables. Baseline GDF15 and femininity were negatively related (rs = -0.19, p = 0.010, 

padj = 0.02), whereas masculinity trended in the opposite direction (rs = 0.13, p = 0.078, 

padj = 0.12; Figure 2C). We also assessed correlations between our salivary GDF15 

variables and concentrations of sex hormones (testosterone, estrogen, and 

progesterone) in both males and females. Baseline GDF15 was positively correlated 

with testosterone levels (rs = 0.25, p = 0.0004, padj = 0.002) and negatively correlated 

with estrogen levels (rs = -0.19, p = 0.007, padj = 0.02; Figure 2D). Together, these 

results (summarized in Figure 2E) suggest that salivary GDF15 levels may be lower in 

individuals who identified as female, have higher levels of estrogen, or who endorse 

behavioral characteristics traditionally deemed feminine, but higher in those who identify 

as male or who have higher levels of testosterone.  

These findings build on existing literature exploring the relationship between sex 

hormones and blood GDF15 in the context of diseased and disordered states (Liu, Dai 

et al. 2019, Chen, Dai et al. 2020, Peng, Li et al. 2021, Sun, Peng et al. 2021, Li, Mei et 
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al. 2023, Pan, Naviaux et al. 2023). Interestingly, our results align with previous studies 

demonstrating an inverse relationship between GDF15 and estrogen (Faubion, White et 

al. 2020) but contradict observations of an inverse relationship between GDF15 and 

testosterone (Liu, Dai et al. 2019, Chen, Dai et al. 2020, Peng, Li et al. 2021, Sun, Peng 

et al. 2021). 

3.2 Salivary GDF15 and psychosocial factors 

Next, we assessed the relationship between salivary GDF15 and psychosocial 

factors, including measures of mental health, burnout, work-related stress, chronic 

stress, and personality traits (Figure 3A). In relation to baseline salivary GDF15, we 

found that people who worked a greater number of hours per week had higher baseline 

GDF15 levels (rs = 0.17, p = 0.015, padj = 0.66; Figure 3B).  

We found greater evidence to suggest that salivary GDF15 reactivity to acute 

stress may be amplified in those experiencing chronic psychosocial stressors, but lower 

in those with more protective factors. For example, GDF15 reactivity tended to be 

higher in people reporting more trauma symptoms (rs = 0.20, p = 0.007, padj = 0.08), 

work-related cynicism (rs = 0.26, p = 0.0005, padj = 0.02), and emotional exhaustion (rs = 

0.17, p = 0.021, padj = 0.12), but lower in those who reported higher self-esteem (rs = -

0.15, p = 0.037, padj = 0.16), greater utilization of competence at work (rs = -0.18, p = 

0.017, padj= 0.11), and more work-related decision latitude (rs = -0.15, p = 0.038, padj = 

0.16; Figure 3C, D). Interestingly, GDF15 reactivity was also positively correlated with 

extraversion (rs = 0.21, p = 0.005, padj = 0.08; Figure 3D), suggesting that social 

engagement may also influence salivary GDF15 psychobiology.  
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3.3 Salivary GDF15 and measures of health and health behaviors 

Baseline GDF15 was not correlated with any measure of health or health-related 

behaviors, nor was it different between categories of individuals with certain behaviors 

or conditions (Figure 4A, Supp. Table 1). However, GDF15 reactivity was correlated 

with self-reported drug use (rs = 0.17, p = 0.024, padj = 0.12) and differed according to 

caffeine consumption (χ2(3) = 6.57, p = 0.046). Post-hoc comparisons revealed that 

GDF15 was lower in those who consumed 3 or more caffeinated beverages per day 

compared to those who only consume 1 to 2 caffeinated beverages (g = 0.22, z = 2.36, 

p = 0.027; Figure 4B, Supp. Table 1); this association remained significant with outliers 

removed.  

3.4 Psychosocial clustering predicts differences in GDF15 

To further assess the overall pattern of relationships between salivary GDF15 

and wellbeing, we used k-means clustering to categorize participants into 3 clusters 

based on the psychosocial and health-related behavioral variables (Supp. Figure 1A). 

Cluster 1 (n = 43) showed decreased age-adjusted GDF15 reactivity relative to cluster 2 

(n = 29). There were no significant differences between cluster 3 (n = 46) and either of 

the other clusters (Supp. Figure 1B, C). When projected onto a principal component 

(PC) space, cluster 1 and 2 were most distinguished along PC1, where cluster 1 was 

higher than cluster 2. The top negative loadings for PC1 were variables involving 

psychosocial stress (e.g., burnout and chronic stress), and the top positive loadings 

were the composite mental health score (Supp. Figure 1D). This pattern establishing 

an axis or dimension of mental health suggests that cluster 1 participants had better 

overall mental health than cluster 2 participants. These results support the correlational 
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results above that link greater psychosocial stress and fewer protective psychosocial 

factors to greater GDF15 reactivity. 

3.5 Salivary GDF15 and biomarkers 

 We then assessed correlations between salivary GDF15 and metabolic health 

markers as well as allostatic load indices reflecting multisystem physiological 

dysregulation (Seeman, McEwen et al. 2001, Guidi, Lucente et al. 2021) (Figure 5A). In 

line with previous work connecting GDF15 with kidney disease and metabolic health 

(Gadd, Hillary et al. 2024, Lyu, Xv et al. 2024, Tang, Liu et al. 2024), baseline salivary 

GDF15 was positively correlated with creatinine (rs = 0.29, p < 0.0001, padj = 0.0005), 

albumin (rs = 0.29, p < 0.0001, padj = 0.0005), and waist-to-hip ratio (rs = 0.16, p = 0.026, 

padj = 0.16; Figure 5B). Salivary GDF15 reactivity was negatively correlated with 

albumin (rs = -0.16, p = 0.029, padj = 0.56; Figure 5C). No significant correlations were 

found between GDF15 measures and allostatic load indices. 

3.6 Salivary GDF15 and TSST response measures 

 Next, we assessed whether baseline salivary GDF15 and GDF15 reactivity 

correlated with other parameters measured during the TSST time course, including 

cortisol, blood pressure, heart rate, and arterial pressure measured at different 

timepoints, as well as their reactivity profiles (Figure 6A). In comparing the time courses 

of GDF15 and cortisol, we found that GDF15 peaked and recovered more quickly than 

cortisol levels in this same cohort (Figure 6B). Baseline GDF15 was positively 

correlated with cortisol measured 40 minutes post-TSST (rs = 0.17, p = 0.020, padj = 

0.66; Figure 6D). However, GDF15 reactivity was negatively correlated with cortisol 

levels across several timepoints (rs’s = -0.14 to -0.24, p’s = 0.0007 to 0.049, padj = 0.014 
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to 0.24; Figure 6C, E), and with the absolute (rs = -0.23, p = 0.001, padj = 0.01) and 

percent (rs = -0.19, p = 0.008, padj = 0.05) changes in cortisol from baseline to peak. 

Overall, this pattern of results suggest that GDF15 is a stress-responsive biomarker that 

may help to co-regulate cortisol reactivity, which is consistent with mouse models 

suggesting that GDF15 can act upstream of cortisol, signaling to the brain to trigger the 

hypothalamic-pituitary-adrenal axis that controls glucocorticoid secretion (Cimino, Kim 

et al. 2021, Ruud, Font-Gironès et al. 2024).  

We also note that individuals who anticipated the TSST as a challenge, rather 

than a threat, exhibited greater GDF15 reactivity (rs = 0.16, p = 0.034, padj = 0.019; 

Figure 6A, C), suggesting a potential link between anticipatory stress appraisals and 

GDF15 regulation. 

3.7 Considerations for using salivary GDF15 future studies 

 Finally, we found two additional patterns in salivary GDF15 that deserve 

consideration in future studies. Samples in this study were collected between October 

2011 and December 2012 in Montreal, Canada. Montreal experiences harsh winters 

where the average temperature during the Dec 2011-Feb 2012 sample collection period 

varied between -23oC to 10oC (average = -9oC). Summers can also get hot, while the 

fall—adorned with colorful foliage—is generally considered the most comfortable 

season. We reasoned that if salivary GDF15 increases in response to mental and/or 

physical stress, the low temperatures of winter or humid heat of summer could be 

associated with elevated salivary GDF15. Accordingly, age-adjusted GDF15 levels did 

differ between seasons (χ2(3) = 8.46, p = 0.037), such that baseline GDF15 levels were 

lower in individuals whose saliva was collected in the fall as compared to the winter (g = 
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0.59, Z = -2.83, p = 0.014; Figure 7A). We found no differences in GDF15 reactivity. 

This seasonal variation in basal GDF15 may reflect circannual fluctuations in GDF15-

inducing stressors, whether they be psychological or biological, and should be 

considered in future study designs and during participant recruitment.  

The second general note relates to the comparison of baseline vs. reactivity 

salivary GDF15 metrics. Consistent with the negative correlation between baseline 

GDF15 and GDF15 reactivity (see Figure 1D), most correlations between these GDF15 

variables and the other variables assessed were of opposite directions (Figure 7B). 

This means that individual characteristics associated with greater baseline GDF15 

levels tended to be associated with lower reactivity. Thus, researchers should consider 

which GDF15 metrics are best suited to their research question, as baseline and 

reactive GDF15 may lead to contradictory results.  

4. Discussion 

 Using a well-phenotyped sample of healthy adult workers, we explored the 

psychobiological correlates of salivary GDF15 at baseline and reactivity over the course 

of a socio-evaluative stress paradigm. Consistent with recent findings from the MiSBIE 

study (Huang, Monzel et al. 2024), we confirm that salivary GDF15 increases acutely by 

an average of ~28% with acute mental stress, positioning salivary GDF15 as a novel 

stress biomarker. Its biological origin positions GDF15 as a marker of energetic stress 

originating from mitochondria (Lockhart, Saudek et al. 2020, Monzel, Levin et al. 2024). 

Thus, the preliminary association patterns reported here between salivary GDF15 and a 

variety of psychosocial and biobehavioral factors open new opportunities for examining 

the shared psychobiological pathways linking human experiences and energetic stress.  
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In addition to these primary findings, our results warrant a few additional 

remarks. First, the observation that salivary GDF15 reactivity and recovery to the TSST 

preceded that of cortisol is consistent with the emerging psychobiological axis linking 

GDF15 to energy mobilization (Cimino, Kim et al. 2021, Wang, Townsend et al. 2023, 

Ruud, Font-Gironès et al. 2024), and potentially implicates GDF15 signaling in the 

regulation of canonical stress axes (e.g., the HPA axis). Second, our analyses 

confirmed that the association between salivary GDF15 and age is consistent with that 

observed using blood-based GDF15 measures. However, when comparing salivary and 

blood GDF15 collected from the same individual at the same time, their levels and 

reactivities do not correlate, suggesting that GDF15 secretion in different biofluids may 

be differentially regulated (Huang, Trumpff et al. 2024). Third, the novel associations 

between salivary GDF15 and biopsychosocial factors, including sex, traditional gender 

roles, trauma symptoms, work-related stress and burnout, and metabolic markers, 

potentially expand the spectrum of factors known to contribute to energy regulation. 

Another hormone with primary effects on energy metabolism is cortisol (Picard, McEwen 

et al. 2018). Hypocortisolism is a marker of pathophysiology linked to fatigue, burnout, 

trauma, and other stress-related conditions (Fries, Hesse et al. 2005), so our results 

could point to the potential interaction between GDF15, cortisol, and biobehavioral 

experiences. 

 Our data also suggest the potential relevance of GDF15 in the context of mental 

health conditions and in the face of ongoing work stress. Although our baseline salivary 

GDF15 data do not show significant correlations with depression symptoms, as 

previously reported with blood GDF15 (Frye, Nassan et al. 2015, Mastrobattista, Lenze 
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et al. 2023, Pan, Naviaux et al. 2023), here we present preliminary evidence showing 

that psychosocial stressors, including PTSD and work-related burnout, are associated 

with greater salivary GDF15 reactivity to acute psychosocial stress, whereas protective 

psychosocial factors, such as self-esteem, tend to predict less GDF15 reactivity. The 

positive relationships between GDF15 reactivity and extraversion and challenge 

appraisals of the psychosocial stress paradigm also deserve further research. These 

findings implicate not only objective stress or strain in salivary GDF15 regulation, but 

also psychological appraisal and social engagement—echoing preclinical findings 

linking mitochondrial biology and energy metabolism with social behaviors, motivation, 

and effort (Hollis, van der Kooij et al. 2015, Zalachoras, Astori et al. 2022).  

4.1 Strengths and Limitations 

 In this exploratory study, we investigated the associations among salivary GDF15 

and several biopsychosocial factors spanning various facets of the lived human 

experience. A key strength of this study is the extensive profiling of study participants 

and the consequent breadth of analyses, which enabled us to investigate many 

domains of life. However, a related limitation is the large number of comparisons 

performed, which largely precludes definitive conclusions around the associations of 

saliva GDF15 to >120 specific measures or variables (see Supplemental Table 1). 

While additional research is needed to confirm these findings, the patterns unveiled by 

this study suggests that salivary GDF15 is potentially related to several clinically 

relevant measures of health and wellbeing. Moreover, our study sample was exclusively 

drawn from employees of a large psychiatric hospital, which is both a strength and 

limitation with respect to interpreting our work-related stress findings. The sample also 
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constrains the generalizability of our findings to other professions. Finally, the 

exploratory and cross-sectional nature of this study also limits our ability to assess 

causality and the persistence of these relationships over time. It is our hope that the 

associations presented here motivate the deployment of salivary GDF15 studies to 

examine the energetic dimension of the human stress response, the modifiability of age-

related and stress-related risk factors, and the psychobiology of well-being.  

4.2 Conclusions 

GDF15 is emerging as the most robust and specific biomarker of cellular 

energetic deficit currently available to researchers and clinicians (Sharma, Reinstadler 

et al. 2021, You, Guo et al. 2023, Deng, You et al. 2025). The inducibility of saliva 

GDF15 by acute mental stress and the association of GDF15 metrics with several 

psychosocial factors point to energetic stress as a common factor for several facets of 

the human experience (Bobba-Alves, Juster et al. 2022, Kelly, Trumpff et al. 2024). 

Figure 8 highlights known triggers for blood GDF15, together with factors explored in 

this study that require replication in larger studies. These results lay the foundation for 

future research using saliva and/or blood GDF15 to examine the energetic dimension of 

stress psychobiology. 

 

Declaration of interest 

The authors have no competing interests to declare. 

 

Acknowledgements  

The authors are grateful to Janick Boissonneault, Helen Findley, Ryan Hogan, Cécile Le 
Page, and Nathalie Wan, and for their support in the materials transfer. We thank Sonia 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 26

J Lupien for allowing us to reuse these saliva samples for emergent discovery. We also 
thank Quinn Conklin for her critical advising and reading on the manuscript. 

 

Funding 

The work of the authors was supported by NIH grants R01MH122706 and 
R01MH137190, the Wharton Fund, and Baszucki Group to C.T. and M.P. R.P.J. is 
supported by the Fonds de recherche Santé Québec and the Fondation l'Institut 
universitaire en santé mentale de Montréal. Data collection was supported by the 
Canadian Institutes of Health Research (CIHR) Institute of Gender and Health (Grant 
No. 222055) awarded to S. J. Lupien (Principal Investigator) while R.P.J. was a Doctoral 
candidate supported by the CIHR Institute of Aging (Grant No. SIA 95402) and the 
Research Team on Work and Mental Health (ERTSM). 

 

Author contributions 

R.P.J. designed and coordinated the original SGA study under the supervision of Sonia 
J. Lupien. C.C.L. and Q.H. performed GDF15 assays. C.C.L. analyzed the data. C.T. 
and M.P. advised on data analysis. C.C.L. and M.P. drafted the manuscript. C.T. and 
M.P. obtained funding and supervised the GDF15 analyses. All authors reviewed the 
final version of the manuscript.  

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 27

References 

Amstad, A., M. Coray, C. Frick, C. Barro, J. Oechtering, M. Amann, J. Wischhusen, L. 
Kappos, Y. Naegelin, J. Kuhle and M. Mehling (2020). "Growth differentiation factor 15 is 
increased in stable MS." Neurol Neuroimmunol Neuroinflamm 7(2). 

Andersson-Hall, U., L. Joelsson, P. Svedin, C. Mallard and A. Holmäng (2020). "Growth 
differentiation factor 15 levels in obese and healthy pregnancies and its relation to 
insulin resistance and insulin secretory function: a longitudinal study during and after 
pregnancy." Authorea Preprints. 

Barr, E., R. Popkin, E. Roodzant, B. Jaworski and S. M. Temkin (2024). "Gender as a 
social and structural variable: research perspectives from the National Institutes of 
Health (NIH)." Transl Behav Med 14(1): 13-22. 

Beck, A. T., R. A. Steer and G. K. Brown (1996). "Beck depression inventory." 

Bem, S. L. (1974). "The measurement of psychological androgyny." Journal of 
consulting and clinical psychology 42(2): 155. 

Bem, S. L. (1978). Bem inventory, Consulting Psychologists Press. 

Blevins, C. A., F. W. Weathers, M. T. Davis, T. K. Witte and J. L. Domino (2015). "The 
posttraumatic stress disorder checklist for DSM‐5 (PCL‐5): Development and initial 
psychometric evaluation." Journal of traumatic stress 28(6): 489-498. 

Bobba-Alves, N., R.-P. Juster and M. Picard (2022). "The energetic cost of allostasis 
and allostatic load." Psychoneuroendocrinology 146: 105951. 

Bobba-Alves, N., G. Sturm, J. Lin, S. A. Ware, K. R. Karan, A. S. Monzel, C. Bris, V. 
Procaccio, G. Lenaers and A. Higgins-Chen (2023). "Cellular allostatic load is linked to 
increased energy expenditure and accelerated biological aging." 
Psychoneuroendocrinology 155: 106322. 

Boyd, M. (2008). "A socioeconomic scale for Canada: Measuring occupational status 
from the census." Canadian Review of Sociology/Revue canadienne de sociologie 
45(1): 51-91. 

Buysse, D. J., C. F. Reynolds, 3rd, T. H. Monk, S. R. Berman and D. J. Kupfer (1989). 
"The Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice and 
research." Psychiatry Res 28(2): 193-213. 

Cefis, M., V. Marcangeli, R. Hammad, J. Granet, J.-P. Leduc-Gaudet, P. Gaudreau, C. 
Trumpff, Q. Huang, M. Picard and M. Aubertin-Leheudre (2025). "Impact of physical 
activity on physical function, mitochondrial energetics, ROS production, and Ca2+ 
handling across the adult lifespan in men." Cell Reports Medicine. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 28

Chen, J., W. Dai, C. Zhu, H. Liu, Y. Li and P. Zhang (2020). "Circulating levels of growth 
differentiation factor 15 and sex hormones in male patients with HBV-associated 
hepatocellular carcinoma." Biomedicine & Pharmacotherapy 121: 109574. 

Cimino, I., H. Kim, Y. L. Tung, K. Pedersen, D. Rimmington, J. A. Tadross, S. N. Kohnke, 
A. Neves-Costa, A. Barros and S. Joaquim (2021). "Activation of the hypothalamic–
pituitary–adrenal axis by exogenous and endogenous GDF15." Proceedings of the 
National Academy of Sciences 118(27): e2106868118. 

Crook, T. H., 3rd, E. P. Feher and G. J. Larrabee (1992). "Assessment of memory 
complaint in age-associated memory impairment: the MAC-Q." Int Psychogeriatr 4(2): 
165-176. 

Deng, Y.-T., J. You, Y. He, Y. Zhang, H.-Y. Li, X.-R. Wu, J.-Y. Cheng, Y. Guo, Z.-W. Long, 
Y.-L. Chen, Z.-Y. Li, L. Yang, Y.-R. Zhang, S.-D. Chen, Y.-J. Ge, Y.-Y. Huang, L.-M. Shi, 
Q. Dong, Y. Mao, J.-F. Feng, W. Cheng and J.-T. Yu (2025). "Atlas of the plasma 
proteome in health and disease in 53,026 adults." Cell. 

Dumont, L., M. F. Marin, S. J. Lupien and R. P. Juster (2020). "Sex Differences in Work-
Stress Memory Bias and Stress Hormones." Brain Sci 10(7). 

Faubion, L., T. A. White, B. J. Peterson, J. R. Geske, N. K. LeBrasseur, M. J. Schafer, 
M. M. Mielke and V. M. Miller (2020). "Effect of menopausal hormone therapy on 
proteins associated with senescence and inflammation." Physiol Rep 8(16): e14535. 

Fejzo, M., N. Rocha, I. Cimino, S. Lockhart, C. Petry, R. Kay, K. Burling, P. Barker, A. 
George and N. Yasara (2024). "GDF15 linked to maternal risk of nausea and vomiting 
during pregnancy." Nature 625(7996): 760-767. 

Freeman, D. W., N. Noren Hooten, Y. Kim, N. A. Mode, N. Ejiogu, A. B. Zonderman and 
M. K. Evans (2020). "Association between GDF15, poverty and mortality in urban 
middle-aged African American and white adults." Plos one 15(8): e0237059. 

Fries, E., J. Hesse, J. Hellhammer and D. H. Hellhammer (2005). "A new view on 
hypocortisolism." Psychoneuroendocrinology 30(10): 1010-1016. 

Frye, M. A., M. Nassan, G. D. Jenkins, S. Kung, M. Veldic, B. A. Palmer, S. E. Feeder, 
S. J. Tye, D. S. Choi and J. M. Biernacka (2015). "Feasibility of investigating differential 
proteomic expression in depression: implications for biomarker development in mood 
disorders." Transl Psychiatry 5(12): e689. 

Gaab, J. (2009). "PASA–primary appraisal secondary appraisal." Verhaltenstherapie 
19(2): 114-115. 

Gadd, D. A., R. F. Hillary, Z. Kuncheva, T. Mangelis, Y. Cheng, M. Dissanayake, R. 
Admanit, J. Gagnon, T. Lin and K. L. Ferber (2024). "Blood protein assessment of 
leading incident diseases and mortality in the UK Biobank." Nature Aging 4(7): 939-948. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 29

Gosling, S. D., P. J. Rentfrow and W. B. Swann Jr (2003). "A very brief measure of the 
Big-Five personality domains." Journal of Research in personality 37(6): 504-528. 

Guidi, J., M. Lucente, N. Sonino and G. A. Fava (2021). "Allostatic Load and Its Impact 
on Health: A Systematic Review." Psychother Psychosom 90(1): 11-27. 

Guo, Y., J. You, Y. Zhang, W. S. Liu, Y. Y. Huang, Y. R. Zhang, W. Zhang, Q. Dong, J. F. 
Feng, W. Cheng and J. T. Yu (2024). "Plasma proteomic profiles predict future dementia 
in healthy adults." Nat Aging. 

He, L., P. de Souto Barreto, J. L. Sánchez Sánchez, Y. Rolland, S. Guyonnet, A. Parini, 
A. Lucas and B. Vellas (2022). "Prospective Associations of Plasma Growth 
Differentiation Factor 15 With Physical Performance and Cognitive Functions in Older 
Adults." J Gerontol A Biol Sci Med Sci 77(12): 2420-2428. 

Hollis, F., M. A. van der Kooij, O. Zanoletti, L. Lozano, C. Cantó and C. Sandi (2015). 
"Mitochondrial function in the brain links anxiety with social subordination." Proceedings 
of the National Academy of Sciences 112(50): 15486-15491. 

Huang, Q., A. S. Monzel, S. Rausser, R. Haahr, J. Devine, C. C. Liu, C. Kelly, E. 
Thompson, M. Kurade, J. Michelson, S. Li, K. Engelstad, K. Tanji, V. Lauriola, T. Wang, 
S. Wang, A. L. Marsland, B. A. Kaufman, M. P. St-Onge, R. Sloan, R. P. Juster, G. 
Gouspillou, M. Hirano, M. Picard and C. Trumpff (2024). "The Energetic Stress Marker 
GDF15 is Induced by Acute Psychosocial Stress." bioRxiv. 

Huang, Q., C. Trumpff, A. S. Monzel, S. Rausser, J. Devine, C. C. Liu, C. Kelly, M. 
Kurade, S. Li, K. Engelstad, K. Tanji, V. Lauriola, T. Wang, S. Wang, R. Sloan, R.-P. 
Juster, M. Hirano and M. Picard (2024). "The mitochondrial disease biomarker GDF15 is 
quantifiable in saliva, exhibits dynamic properties, and correlates with disease severity." 
OSF. 

Johnson, A. A., M. N. Shokhirev, T. Wyss-Coray and B. Lehallier (2020). "Systematic 
review and analysis of human proteomics aging studies unveils a novel proteomic aging 
clock and identifies key processes that change with age." Ageing research reviews 60: 
101070. 

Juster, R.-P. and S. Lupien (2012). "A sex-and gender-based analysis of allostatic load 
and physical complaints." Gender Medicine 9(6): 511-523. 

Juster, R.-P., C. Raymond, A. B. Desrochers, O. Bourdon, N. Durand, N. Wan, J. C. 
Pruessner and S. J. Lupien (2016). "Sex hormones adjust “sex-specific” reactive and 
diurnal cortisol profiles." Psychoneuroendocrinology 63: 282-290. 

Juster, R. P., B. S. McEwen and S. J. Lupien (2010). "Allostatic load biomarkers of 
chronic stress and impact on health and cognition." Neurosci Biobehav Rev 35(1): 2-16. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 30

Juster, R. P., J. C. Pruessner, A. B. Desrochers, O. Bourdon, N. Durand, N. Wan, V. 
Tourjman, E. Kouassi, A. Lesage and S. J. Lupien (2016). "Sex and Gender Roles in 
Relation to Mental Health and Allostatic Load." Psychosom Med 78(7): 788-804. 

Karasek, R., C. Brisson, N. Kawakami, I. Houtman, P. Bongers and B. Amick (1998). 
"The Job Content Questionnaire (JCQ): an instrument for internationally comparative 
assessments of psychosocial job characteristics." Journal of occupational health 
psychology 3(4): 322. 

Kelly, C., C. Trumpff, C. Acosta, S. Assuras, J. Baker, S. Basarrate, A. Behnke, K. Bo, N. 
Bobba-Alves and F. A. Champagne (2024). "A platform to map the mind–mitochondria 
connection and the hallmarks of psychobiology: the MiSBIE study." Trends in 
Endocrinology & Metabolism 35(10): 884-901. 

Kerr, P., M. Barbosa Da Torre, C. Giguère, S. J. Lupien and R. P. Juster (2021). 
"Occupational gender roles in relation to workplace stress, allostatic load, and mental 
health of psychiatric hospital workers." J Psychosom Res 142: 110352. 

Keyes, C. L. (2009). "Atlanta: Brief description of the mental health continuum short 
form (MHC-SF)." 

Kirschbaum, C., K.-M. Pirke and D. H. Hellhammer (2008). "The ‘Trier Social Stress 
Test’ – A Tool for Investigating Psychobiological Stress Responses in a Laboratory 
Setting." Neuropsychobiology 28(1-2): 76-81. 

Krintus, M., F. Braga, M. Kozinski, S. Borille, J. Kubica, G. Sypniewska and M. 
Panteghini (2019). "A study of biological and lifestyle factors, including within-subject 
variation, affecting concentrations of growth differentiation factor 15 in serum." Clinical 
Chemistry and Laboratory Medicine (CCLM) 57(7): 1035-1043. 

Kumar, P., V. Millischer, J. C. Villaescusa, I. A. Nilsson, C.-G. Östenson, M. Schalling, U. 
Ösby and C. Lavebratt (2017). "Plasma GDF15 level is elevated in psychosis and 
inversely correlated with severity." Scientific reports 7(1): 7906. 

Lehallier, B., D. Gate, N. Schaum, T. Nanasi, S. E. Lee, H. Yousef, P. Moran Losada, D. 
Berdnik, A. Keller and J. Verghese (2019). "Undulating changes in human plasma 
proteome profiles across the lifespan." Nature medicine 25(12): 1843-1850. 

Li, Y., S. Li, Y. Qiu, M. Zhou, M. Chen, Y. Hu, S. Hong, L. Jiang and Y. Guo (2022). 
"Circulating FGF21 and GDF15 as Biomarkers for Screening, Diagnosis, and Severity 
Assessment of Primary Mitochondrial Disorders in Children." Front Pediatr 10: 851534. 

Li, Y., T. Mei, T. Sun, X. Xiao and R. Peng (2023). "Altered circulating GDF-15 level 
predicts sex hormone imbalance in males with major depressive disorder." BMC 
psychiatry 23(1): 28. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 31

Lin, Y., K. Ji, X. Ma, S. Liu, W. Li, Y. Zhao and C. Yan (2020). "Accuracy of FGF-21 and 
GDF-15 for the diagnosis of mitochondrial disorders: A meta-analysis." Ann Clin Transl 
Neurol 7(7): 1204-1213. 

Liu, H., W. Dai, Y. Cui, Y. Lyu and Y. Li (2019). "Potential associations of circulating 
growth differentiation factor-15 with sex hormones in male patients with coronary artery 
disease." Biomedicine & Pharmacotherapy 114: 108792. 

Lockhart, S. M., V. Saudek and S. O’Rahilly (2020). "GDF15: a hormone conveying 
somatic distress to the brain." Endocrine reviews 41(4): bnaa007. 

Lu, X., J. Duan, Q. Cheng and J. Lu (2020). "The association between serum growth 
differentiation factor-15 and 3-month depression after acute ischemic stroke." Journal of 
Affective Disorders 260: 695-702. 

Lyu, L., C. Xv, J. Xu, Z. Liu, Y. He, W. Zhu, L. Lin, Q. Yang, Y. Wei, J. Wang, T. Huang, 
B. Hao and H. Liu (2024). "Growth differentiation factor-15 predicts all-cause death and 
major adverse cardiovascular events in patients with coronary heart disease: a 
prospective cohort study." J Thromb Thrombolysis 57(7): 1109-1121. 

Maslach, C., Jackson, S. E., & Leiter, M. P. (1996). " Maslach Burnout Inventory Manual 
(3rd ed.)." Palo Alto, CA: Consulting Psychologists Press. 

Mastrobattista, E., E. J. Lenze, C. F. Reynolds, B. H. Mulsant, J. Wetherell, G. F. Wu, D. 
M. Blumberger, J. F. Karp, M. A. Butters and A. P. Mendes-Silva (2023). "Late-life 
depression is associated with increased levels of GDF-15, a pro-aging mitokine." The 
American Journal of Geriatric Psychiatry 31(1): 1-9. 

McEwen, B. S. and E. Stellar (1993). "Stress and the individual. Mechanisms leading to 
disease." Arch Intern Med 153(18): 2093-2101. 

Monzel, A. S., M. Levin and M. Picard (2024). "The energetics of cellular life transitions." 
Life metabolism 3(3): load051. 

Nam, C. B. (2000). "Comparison of three occupational scales.". 

Nam, C. B. and M. Boyd (2004). "Occupational status in 2000; over a century of census-
based measurement." Population Research and Policy Review 23: 327-358. 

Ortolá, R., E. García-Esquinas, A. Buño-Soto, M. Sotos-Prieto, E. A. Struijk, F. F. 
Caballero, E. Lopez-Garcia, J. R. Banegas and F. Rodríguez-Artalejo (2021). "Healthy 
dietary patterns are associated with lower concentrations of growth differentiation factor 
15 in older adults." The American Journal of Clinical Nutrition 113(6): 1619-1626. 

Ortolá, R., E. García‐Esquinas, A. Buño‐Soto, A. Carballo‐Casla, M. Sotos‐Prieto, J. R. 
Banegas and F. Rodríguez‐Artalejo (2022). "Alcohol consumption patterns and growth 
differentiation factor 15 among life‐time drinkers aged 65+ years in Spain: a 
cross‐sectional study." Addiction 117(6): 1647-1657. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 32

Pan, L. A., J. C. Naviaux, L. Wang, K. Li, J. M. Monk, S. S. Lingampelly, A. M. Segreti, 
K. Bloom, J. Vockley and M. A. Tarnopolsky (2023). "Metabolic features of treatment-
refractory major depressive disorder with suicidal ideation." Translational psychiatry 
13(1): 393. 

Peng, R., D. Li, S. Q. Mei and Y. Li (2021). "The Association Among Serum Growth 
Differentiation Factor 15 Level and Suicidal Ideation is Dependent on Testosterone 
Deficiency in Depressive Patients." J Inflamm Res 14: 2723-2730. 

Picard, M., R. P. Juster and B. S. McEwen (2014). "Mitochondrial allostatic load puts the 
'gluc' back in glucocorticoids." Nat Rev Endocrinol 10(5): 303-310. 

Picard, M., B. S. McEwen, E. Epel and C. Sandi (2018). "An energetic view of stress: 
Focus on mitochondria." Frontiers in neuroendocrinology. 

Rosenberg, M. (1965). Society and the adolescent self-image, Princeton university 
press. 

Ruud, L. E., F. Font-Gironès, J. Zajdel, L. Kern, J. Teixidor-Deulofeu, L. Mannerås-Holm, 
A. Carreras, B. Becattini, A. Björefeldt and E. Hanse (2024). "Activation of GFRAL+ 
neurons induces hypothermia and glucoregulatory responses associated with nausea 
and torpor." Cell Reports 43(4). 

Schaufeli, W., M. Leiter, C. Maslach and S. Jackson (1996). "The Maslach Burnout 
Inventory—General Survey. In C. ." Maslach, S. E. Jackson, & M. P. Leiter, MBI Manual 
(3rd edition). Palo Alto, CA: Consulting Psychologists Press. 

Schulz, P. (1995). Entwicklung eines Fragebogens zur Erfassung von chronischem 
Stress und protektiven Faktoren, Univ., Psychologie. 

Seeman, T. E., B. S. McEwen, J. W. Rowe and B. H. Singer (2001). "Allostatic load as a 
marker of cumulative biological risk: MacArthur studies of successful aging." Proc Natl 
Acad Sci U S A 98(8): 4770-4775. 

Shafi, B. H., M. Bøttcher, A. Ejupi, G. Jensen, M. Osler, T. Lange and E. Prescott (2022). 
"Socioeconomic disparity in cardiovascular disease: Possible biological pathways based 
on a proteomic approach." Atherosclerosis 352: 62-68. 

Sharma, R., B. Reinstadler, K. Engelstad, O. S. Skinner, E. Stackowitz, R. G. Haller, C. 
B. Clish, K. Pierce, M. A. Walker and R. Fryer (2021). "Circulating markers of NADH-
reductive stress correlate with mitochondrial disease severity." The Journal of Clinical 
Investigation 131(2). 

Siegrist, J., J. Li and D. Montano (2014). "Psychometric properties of the effort-reward 
imbalance questionnaire." Department of Medical Sociology, Faculty of Medicine, 
Duesseldorf University, Germany 4: 1-4. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 33

Sun, T., R. Peng, X. Sun and Y. Li (2021). "Associations between sex hormones and 
circulating growth differentiation factor-15 in male patients with major depressive 
disorder." Brain Sciences 11(12): 1612. 

Tanaka, T., A. Biancotto, R. Moaddel, A. Z. Moore, M. Gonzalez-Freire, M. A. Aon, J. 
Candia, P. Zhang, F. Cheung, G. Fantoni, C. H. I. consortium, R. D. Semba and L. 
Ferrucci (2018). "Plasma proteomic signature of age in healthy humans." Aging Cell 
17(5): e12799. 

Tang, Y., T. Liu, S. Sun, Y. Peng, X. Huang, S. Wang and Z. Zhou (2024). "Role and 
Mechanism of Growth Differentiation Factor 15 in Chronic Kidney Disease." J Inflamm 
Res 17: 2861-2871. 

Trumpff, C., Q. Huang, J. Michelson, C. C. Liu, D. Shire, C. G. Habeck, Y. Stern and M. 
Picard (2025). "Blood mitochondrial health markers cf-mtDNA and GDF15 in human 
aging." bioRxiv: 2025.2001.2028.635306. 

Wang, D., L. K. Townsend, G. J. DesOrmeaux, S. M. Frangos, B. Batchuluun, L. 
Dumont, R. E. Kuhre, E. Ahmadi, S. Hu and I. A. Rebalka (2023). "GDF15 promotes 
weight loss by enhancing energy expenditure in muscle." Nature 619(7968): 143-150. 

Welsh, J. B., L. M. Sapinoso, S. G. Kern, D. A. Brown, T. Liu, A. R. Bauskin, R. L. Ward, 
N. J. Hawkins, D. I. Quinn, P. J. Russell, R. L. Sutherland, S. N. Breit, C. A. Moskaluk, 
H. F. Frierson, Jr. and G. M. Hampton (2003). "Large-scale delineation of secreted 
protein biomarkers overexpressed in cancer tissue and serum." Proc Natl Acad Sci U S 
A 100(6): 3410-3415. 

Yang, F., I. G. Barbosa, E. L. Vieira, M. E. Bauer, N. P. Rocha and A. L. Teixeira (2018). 
"Further evidence of accelerated aging in bipolar disorder: focus on GDF-15." 
Translational neuroscience 9(1): 17-21. 

You, J., Y. Guo, Y. Zhang, J.-J. Kang, L.-B. Wang, J.-F. Feng, W. Cheng and J.-T. Yu 
(2023). "Plasma proteomic profiles predict individual future health risk." Nature 
communications 14(1): 7817. 

Zalachoras, I., S. Astori, M. Meijer, J. Grosse, O. Zanoletti, I. G. de Suduiraut, J. M. 
Deussing and C. Sandi (2022). "Opposite effects of stress on effortful motivation in high 
and low anxiety are mediated by CRHR1 in the VTA." Science advances 8(12): 
eabj9019. 

Zang, Y., Z. Zhu, Y. Xie, Z. Liu, J. Yin, P. Yang, K. Zhang, X. Bu, A. Wang and J. Chen 
(2022). "Serum growth differentiation factor 15 levels are associated with depression 
after ischemic stroke." Journal of the American Heart Association 11(1): e022607. 

Zimet, G. D., N. W. Dahlem, S. G. Zimet and G. K. Farley (1988). "The multidimensional 
scale of perceived social support." Journal of personality assessment 52(1): 30-41. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 34

Table 1 

Differences in Baseline GDF15 and GDF15 reactivity by categorical variables 

  Baseline GDF15 GDF15 Reactivity 
 N Mean (SD) p-value Mean (SD) p-value 
Sex/Gender characteristics 

Sex   0.0002***  0.18 
Female 138 44.0 (33.8)  40.0 (206.5)  
Male 59 70.1 (46.8)  17.4 (59.1)  

Gender Characteristics   0.012*  0.28 
Androgynous 37 39.1 (42.1)  27.4 (58.2)  
Feminine 46 55.6 (44.2)  79.4 (330.5)  
Masculine 58 52.5 (34.3)  7.4 (88.7)  
Undifferentiated 52 56.8 (39.9)  24.8 (95.4)  
NA 4 55.7 (29.4)  37.3 (63.0)  

Psychosocial factors 

Major Stressful Events in past year   0.55  0.88 
No 114 51.3 (38.9)  40.9 (213.9)  
Yes 83 52.6 (41.3)  22.6 (102.8)  

Mental Health Conditions   0.39  0.065 
No 46 40.7 (22.7)  83.5 (326.8)  
Yes 151 55.4 (43.4)  17.6 (83.0)  

Depression Symptoms   0.053  0.16 
Minimal 160 53.1 (28.3)  34.5 (67.9)  
Mild 38 41.6 (42.1)  25.3 (203.2)  
Moderate 31 44.3 (28.3)  32.7 (39.0)  
Severe 17 28.8 (8.80)  91.8 (34.7)  
NA 15 66.3 (58.8)  25.4 (48.9)  

Health/Health behaviors 

Smoking Status   0.79  0.95 
Non-Smoker 165 53.3 (42.1)  34.7 (189.9)  
Smoker 32 44.7 (25.1)  25.5 (61.9)  

Alcohol consumption (weekly)   0.10  0.61 
None 61 44.5 (32.8)  34.4 (93.3)  
1-5 104 52.3 (39.5)  35.7 (231.9)  
6+ 32 64.9 (50.2)  22.8 (48.6)  

Illicit Drug Use   0.66  0.61 
No 182 50.4 (37.4)  34.1 (182.3)  
yes 15 68.8 (61.7)  21.5 (42.5)  

Caffeinated beverages per day   0.58  0.046* 
None 59 57.7 (42.3)  20.3 (59.9)  
1-2 89 50.0 (42.4)  55.3 (240.0)  
3+ 47 48.1 (31.3)  9.3 (123.7)  

Physical Health Conditions   0.28  0.42 
None 110 48.9 (36.3)  33.6 (221.9)  
1 61 57.4 (40.5)  33.4 (98.0)  
2+ 26 51.2 (51.2)  31.3 (54.0)  

Seasons 

Seasons   0.037*  0.13 
Fall 76 42.7 (29.3)  21.7 (47.9)  
Spring 49 54.0 (48.6)  56.9 (339.2)  
Summer 29 52.6 (35.9)  61.5 (123.4)  
Winter 40 63.7 (45.2)  11.7 (57.0)  
NA 7 64.2 (42.1)  4.1 (37.3)  

Note. Mann-Whitney U tests were conducted for comparisons between two groups. Kruskal-Wallis tests were 
conducted for comparisons between multiple groups  
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FIGURE LEGENDS 

Figure 1. Salivary GDF15 is responsive to stress and correlated with age.  
(A) Experimental design measuring salivary GDF15 in response to psychosocial stress 
induction (TSST) (n = 194-197). (B) Average salivary GDF15 levels normalized to 
baseline (-10min) during the TSST task. Error bars represent SEM. Mixed-effect 
analysis revealed a significant effect of Time (F(3.77, 734.3) = 8.35, p < 0.0001), with 
Tukey’s multiple comparisons test indicating significant differences between baseline, 
and 0min and 10min post-TSST. (C) Correlation between baseline GDF15 and log 
GDF15 reactivity (n = 196). (D) Correlation between baseline GDF15 and age (n = 197). 
(E) Forest plot of correlations between age and GDF15 at all time points (n = 194-198). 
Error bars represent 95% CI. Two-tailed significance indicated as *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. All correlations performed using Spearman’s rank correlation.  

Figure 2. Salivary baseline GDF15 and GDF15 reactivity in correlations with sex 
and gender characteristics. 
(A) Difference in age-corrected baseline GDF15 between males (n = 59) and females (n 
= 138) tested with Mann-Whitney U test. Hedge’s g effect size labeled. (B) Differences 
in age-corrected baseline GDF15 between gender categories (Androgynous n = 37, 
Feminine n = 46, Masculine n = 58, Undifferentiated n = 52) as indicated by Dunn’s 
multiple comparison tests, with Hedge’s g effect size labeled. (C) Partial Spearman’s 
correlations between baseline GDF15 and masculinity (n = 193) or femininity (n = 193), 
adjusted for age. (D) Partial Spearman’s correlations between baseline GDF15 and 
testosterone (n = 197) or estrogen (n = 194), adjusted for age. (E) Heatmap showing 
partial correlations between sex and gender characteristics and baseline GDF15 or 
GDF15 reactivity (n = 53-197), adjusted for age. Sorted by descending effect size for 
baseline GDF15. Two-tailed significance indicated as *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Unadjusted p-values are indicated in the figure; FDR-adjusted p-values 
can be found in Supplemental Table 1. All correlations performed using Spearman’s 
rank correlation. 

Figure 3. Salivary baseline GDF15 and GDF15 reactivity correlations with 
psychosocial factors. 
(A) Heatmap showing partial correlations between psychosocial questionnaires and 
baseline GDF15 or GDF15 reactivity (n = 156-197), adjusted for age. The heatmap was 
sorted by descending effect size for baseline GDF15. (B) Scatter plot showing the 
partial correlation between baseline GDF15 and work hours per week (n = 197) or 
extraversion (n = 186), adjusted for age. (C) Forest plot of significant partial correlations 
between GDF15 reactivity and psychosocial questionnaires (n = 185-186), adjusted for 
age. (D) Scatter plots showing select partial correlations between GDF15 reactivity and 
cynicism (n = 186), extraversion (n = 185), self-reported PTSD symptoms (n = 183), 
burnout sum (n = 186), utilization of competence (n = 186), and self-esteem (n = 182) 
scores, adjusted for age. Two-tailed significance indicated as *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Unadjusted p-values are indicated in the figure; FDR-
adjusted p-values can be found in Supplemental Table 1. All correlations performed 
using Spearman’s rank correlation. 

Figure 4. Salivary baseline GDF15 and GDF15 reactivity correlations with health 
and health behaviors. 
(A) Heatmap showing partial correlations between health and health behaviors and 
baseline GDF15 or GDF15 reactivity (n = 180-197), adjusted for age. The heatmap was 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2025.02.27.640377doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.27.640377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 36

sorted by descending effect size for baseline GDF15. Unadjusted p-values are indicated 
in the figure; FDR-adjusted p-values can be found in Supplemental Table 1. (B) 
Scatterplot of significant partial correlation between GDF15 reactivity self-reported drug 
abuse (n = 185), adjusted for age. (C) Age-adjusted log GDF15 reactivity by number of 
caffeinated beverages per day (0 beverages n = 59, 1-2 beverages n = 89, 3+ 
beverages n = 47). Significance of Dunn’s multiple comparison tests and Hedge’s g 
effect sizes labeled. Two-tailed significance indicated as *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. All correlations performed using Spearman’s rank correlation. 

Figure 5. Salivary baseline GDF15 and GDF15 reactivity correlations with 
biomarkers and allostatic load. 
(A) Heatmap showing partial correlations between metabolic and allostatic load markers 
and baseline GDF15 or GDF15 reactivity (n = 187-197), adjusted for age. The heatmap 
was sorted by descending effect size for baseline GDF15. (B) Scatterplots of significant 
partial correlations between baseline GDF15 and creatinine (n = 192), albumin (n = 
190), and waist-to-hip ratio (n = 188), adjusted for age. (C) Scatterplot of significant 
partial correlation between GDF15 reactivity albumin (n = 187), adjusted for age. Two-
tailed significance indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Unadjusted 
p-values are indicated in the figure; FDR-adjusted p-values can be found in 
Supplemental Table 1. All correlations performed using Spearman’s rank correlation. 

Figure 6. Salivary baseline GDF15 and GDF15 reactivity correlations with TSST 
response measures. 
(A) Heatmap showing partial correlations between TSST response measures and 
baseline GDF15 or GDF15 reactivity (n = 194-196), adjusted for age. The heatmap was 
sorted by descending effect size for baseline GDF15. (B) Average Cortisol and GDF15 
time courses, normalized to baseline. Error bars represent SEM. Maximum reactivity 
labelled. (C) Forest plot of significant partial correlations between cortisol measures and 
GDF15 reactivity (n = 195), adjusted for age. (D) Partial correlation between baseline 
GDF15 and cortisol at 40 minutes post-TSST (n = 196), adjusted for age. (E) Partial 
correlations between log GDF15 reactivity and cortisol at 40 minutes post-TSST (n = 
194) or cortisol Area Under the Curve calculated to ground (AUCg; n = 194), adjusted 
for age. Two-tailed significance indicated as *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Unadjusted p-values are indicated in the figure; FDR-adjusted p-values 
can be found in Supplemental Table 1. All correlations performed using Spearman’s 
rank correlation.  

Figure 7. Additional patterns in salivary GDF15 
(A) Age-adjusted baseline GDF15 concentrations by season (Fall n = 76, Winter n = 40, 
Spring n = 49, Summer n = 29). Significance of Dunn’s multiple comparison tests and 
Hedge’s g effect sizes labeled. (B) Spearman’s r of partial correlations between 
variables and baseline GDF15 plotted against Spearman’s r partial correlations between 
the same variables with GDF15 reactivity. Two-tailed significance indicated as *p<0.05. 
 
Figure 8. Known and unknown associations around blood and saliva GDF15 
There are several known triggers and correlates of blood GDF15, many of which are 
energetically challenging (top). This study reports results linking baseline GDF15 and its 
stress reactivity with trait- and state-level biopsychosocial factors including sex and 
gender characteristics; measures of mental health, stress, and burnout; physical health 
and health behaviors; and anthropometric and blood-based metabolic biomarkers (left, 
and right). 
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SUPPLEMENTAL FIGURE LEGENDS 
 
Figure S1. Clustering based on self-report questionnaire variables. 
(A) k-means clustering using questionnaire data, projected on a PCA space. (B) Age-
adjusted baseline GDF15 concentrations by cluster (Cluster 1: n = 28, Cluster 2: n = 42, 
Cluster 3: n = 48). Significance of Dunn’s multiple comparison test and Hedge’s g effect 
sizes labeled. (C) Age-adjusted log GDF15 reactivity by clusters (Cluster 1: n = 28, 
Cluster 2: n = 42, Cluster 3: n = 48). Significance of Dunn’s multiple comparison test 
and Hedge’s g effect sizes labeled. (D) PC1 loadings. (E) PC2 loadings. Significance 
indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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