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BACKGROUND: Knowledge of proteomic mechanisms explaining the link between psychosocial stress and cardiovascular
disease is limited. This study aimed to (1) identify plasma proteins associated with psychosogial factors and (2) assess
associational pathways between psychosocial factors, identified proteins, and incident cardiovasculéfdisease events in a
discovery cohort, JHS (Jackson Heart Study), and 2 replication cohorts, the CHS (Cardiovascular Health Study), and the
MESA (Multi-Ethnic Study of Atherosclerosis).

METHODS: JHS participants from exam 1 (2000-2004) with SomaScan 1.3k platform proteomics data were included (n=2143,
mean age=55.3). Depressive symptoms and perceived stress scores were measured via the 20-item Centers for Epidemiological
Studies scale and an 8-item perceived stress scale adapted for the JHS, respectively. Multivariable linear regression models
were used to test the association between psychosocial factors and plasma proteins, controlling for age, sex, proteomics batch,
and estimated glomerular function. Meta-analyses were also performed across cohorts, using Bonferroni correction for multiple
testing (F<3.782x107°). Mediation analyses with Cox proportional hazards models were used to evaluate potential proteomic
pathways in the association between psychosocial factors and coronary heart disease, heart failure, and stroke in JHS.

RESULTS: Angiopoietin-2 (p=0.013, SE=0.002, F/<0.001), contactin-5 (f=—0.013, SE=0.002, F<0.001), growth/
differentiation factor 15 or macrophage inhibitory cytokine 1'(=0.011, SE=0.002; /<0.001), neural cell adhesion molecule
120 (p=—0.012, SE=0.002, A<0.001), and KYNU (kynureninase; f=0.014, SE=0.003, ~<0.001) were each significantly
associated with depressive symptoms, with angiopoietin-2, contactin-5, macrophage inhibitory cytokine 1, and neural cell
adhesion molecule 120 replicating.in CHS and"MESA. Leukotriene A-4 hydrolase was associated with perceived stress
(p=—0.0235, SE=0.005, A~<0.001). Macrophage inhibitory-cytokine~1 partially accounted for the-association between
depressive symptoms and incident coronary heart disease in JHS (23%; £=0.0009).

CONCLUSIONS: Novel associations between psychosocial factors, plasma proteins, and cardiovascular disease were identified
in JHS. Circulating proteomic profiles across 3 cardiovascular disease cohorts showed differences in protein concentrations
by psychosocial measures. Future investigations should identify additional potentially targetable proteomic mechanisms by
which psychosocial factors contribute to disease.
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burdens Black communities in the United States,  ceived stress and depressive symptoms) are significantly
with Black individuals being 2 to 3x more likely to  associated with cardiovascular health indicators among
die of heart disease compared with White individuals.’ marginalized groups.>”® Due to the complex nature of the

Cardiovascular disease (CVD) disproportionately  Studies have found that psychosocial factors (high per-
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What Are the Clinical Implications?

Nonstandard Abbreviations and Acronyms

CES-D Centers for Epidemiological Studies
Depression

CHD coronary heart disease

CHS Cardiovascular Health Study

CVD cardiovascular disease

eGFR estimated glomerular filtration rate

GDF15 growth differentiation factor 15

JHS Jackson Heart Study

KYNU kynureninase

LKHA4 leukotriene A4 hydrolase

MESA Multi-Ethnic Study of Atherosclerosis

MIC-1 macrophage inhibitory cytokine 1

NCAM neural cell adhesion molecule

NTproBNP  N-terminal pro-B-type natriuretic
peptide

pathophysiology of psychosocial factors on health and
well-being, the mechanistic underpinnings and cause of
incident CVD remain poorly understood across popula-
tions and in marginalized communities.® Unraveling the
underlying psychosocial pathway of CVD risk and devel-
opment will aid in public health interventions and efforts
to prevent heart disease.”

Exposure to excessive psychosocial stress and hav-
ing a high burden of depressive symptoms can influence
CVD risk through dysregulation of central neuroendo-
crine pathways, including hyperactivity of the hypotha-
lamic—pituitary—adrenal 'axis and sympathetic hervous
system.® Dysregulation of these systems from excessive
stress can lead to downstream alterations in immune,
inflammatory, and metabolic signaling.? For instance, sus-
tained elevations in glucocorticoids and catecholamines
can promote endothelial dysfunction and oxidative stress
characterized by increased cytokine production and per-
turbations in coagulation and vascular remodeling path-
ways.? These neuroimmune and inflammatory processes
are increasingly recognized as key biological intermedi-
ates linking psychosocial exposures to atherosclerosis
progression and incident cardiovascular events.®

Circulating plasma proteins can reflect the state of
neuroendocrine and immune system dysfunction due
to their roles in the immune system and hypothalamic
nervous system regulation.’ Studies that capture cir-
culating proteins that are plausibly downstream from
depressive symptoms and are linked to an increased risk
of CVD have identified inflammatory biomarkers such as
interleukin-6 and interleukin-10."" However, many of
these proteomic studies assayed only a small number
of candidate proteins, primarily traditional inflamma-
tion biomarkers.'?'® The identification of proteomic bio-
markers from more recent platforms could increase our
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This study conducted a proteome-wide analysis to
identify circulating proteins associated with psycho-
social factors and incident cardiovascular disease
using a large cohort of Black adults from the Jackson
Heart Study and replication in 2 additional multieth-
nic cohorts. We identified plasma proteins linked to
depressive symptoms and perceived stress, many

of which were involved in inflammation, vascular
function, and cellular stress responses. Importantly,
MIC-1 mediated the association between depres-
sive symptoms and incident coronary heart disease,
demonstrating a potential proteomic pathway by
which stress is linked to heart disease. The findings
move beyond traditional risk factors by showing that
psychosocial stressors are linked to measurable
molecular signals in the blood that are relevant to
cardiovascular risk. In the future, stress-related pro-
teomic profiles could help identify individuals at higher
risk who may benefit from earlier or more intensive
prevention, including behavioral, psychosocial, or
anti-inflammatory interventions. The proteins identi-
fied here also represent targets for future studies to
test whether improving mental and emotional health
can favorably alter biological pathways and reduce
cardiovascular disease, particularly in populations that
experience a high burden of both psychosocial stress
and cardiovascular disease.

understanding of the mechanisms that link psychosocial
factors to CVD and lead to improvements in targeted
interventions.'* Additionally, while there is motivation to
identify reproducible proteomic signatures associated
with” psychosocial stress, general proteomic-wide anal-
ysis with health-related risk factors has primarily been
concentrated in predominantly White or European popu-
lations in previous investigations.”>”'" Current research
on the association of depressive symptoms and per-
ceived stress measures with a diverse set of plasma pro-
teins is limited, especially in Black adults.

Our objective was to provide a comprehensive anal-
ysis of the association between psychosocial factors
(depressive symptoms and perceived stress) and plasma
proteins from the SomaScan platform in the JHS (Jack-
son Heart Study) cohort, one of the largest community-
based cohorts of Black adults. We sought to identify
targets for mediation analyses of biological pathways
linking psychosocial factors to CVD outcomes and rep-
licate the findings in 2 other multiethnic cohort studies
that also had proteomics data on the SomaScan plat-
form: the CHS (Cardiovascular Health Study) and the
MESA (Multi-Ethnic Study of Atherosclerosis). Our study
conducts a hypothesis-generating proteome-wide analy-
sis of psychosocial factors in JHS and adds to the racial
and ethnic diversity of proteomic research. Moreover, we
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hypothesized that these proteomic analyses would reveal
novel associations with psychosocial factors and incident
CVD events.

METHODS

The data used for this study can be requested for purposes
of reproducing results. Requests to access the JHS data set
may be directed to the qualified researchers trained in human
subject confidentiality within the JHS Coordinating Center at
jhsccrc@umc.edu. Data used for replication can be requested
from dbGaP and the cohorts named below.

Cohorts

The JHS is a community-based, single-site prospective study
of the risk factors associated with CVD among Black adults
from the Jackson, Mississippi metropolitan area. The on-going
epidemiological investigation collected data from 5306 partici-
pants ages 21 and older beginning in 2000 (exam 1: 2000~
2004, exam 2: 2005-2009, exam 3: 2009-2013, exam 4:
2021-ongoing).'®'® Of these participants, proteomic profiling
was performed at baseline using the SomaScan 1.3k platform
on 2143 individuals with available blood samples and no history
of CVD, with enrichment for individuals with genetic data con-
sent and unrelated participants.'” The study was approved by
the institutional review boards of the University of Mississippi
Medical Center, Jackson State University, and Tougaloo College.
All participants provided written informed consent.

In replication and meta-analyses; we leveraged cohorts with
similar available data with multiethnic representation who were
part of the National Heart, Lung, and Blood Institute’s Trans-
Omics for Precision Medicine initiative. The MESA cohort
recruited 6814 men and women aged 45 to 84 years, free of
clinical CVD at baseline across 6 clinical centers in the United
States.®® The baseline exam was conducted from 2000 to
2002, with 5 additional subsequent.exams-completed (exam
7 is ongoing). Participants_self-identified as belonging to one
of 4 racial/ethnic groups: Black, Hispanic, Asian, or White.
Proteomics profiling (SomaScan 1.3k, as described below) was
performed in 978 randomly selected individuals, also at base-
line. CHS is a population-based cohort study of risk factors for
coronary heart disease (CHD) and stroke in adults 65 years
and older recruited across 4 field centers. The original cohort
of 5201 participants, predominantly non-Hispanic White, was
recruited in 1989 to 1990 from random sampling of people
on Medicare eligibility lists.?'?? Subsequently, an additional pre-
dominantly Black cohort of 687 persons was enrolled. CHS
proteomics data have been previously described?® and were
available for 3399 participants, 3237 of whom have matched
phenotypic data in dbGaP. Blood plasma for proteomics data
was obtained at Year 5 (1992—-1993), at the same time as the
psychosocial data. Thus, psychosocial factors and proteomic
profiles were measured at the same assessmentin all 3 cohorts.

Psychosocial Factors

Depressive symptoms and perceived stress were used as the
predictor variables in all models in JHS. Depressive symp-
toms were captured at exam 1 (2000-2004) via a 20-item
form in JHS, adapted from the Centers for Epidemiological
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Studies Depression (CES-D) scale.** Participants were asked
to rate their depressive symptoms over the past week on a 4-
point Likert scale (<1 day, 1-2 days, 3—4 days, or 5=7 days).
The CES-D scale has demonstrated reliability and validity in
Black English-speaking US adult populations and has a score
range of O to 60, with scores >16 indicating high depressive
symptoms.?>?¢ CES-D was also used in CHS and MESA, as
previously described?"?; of note, in CHS, a 10-item CES-D
screening tool was used, with a maximum score of 30, not 60.2°

Perceived stress was captured at exam 1 in JHS via an
8-item form, capturing stress (in relationships, caring for oth-
ers, job, neighborhood, medical, meeting basic needs, mistreat-
ment/discrimination, legal issues) over the past 12 months on
a 4-point Likert scale (not stressful, mildly stressful, moder-
ately stressful, or very stressful). The form was adapted from
the perceived stress scale,* which has been validated in adult
populations and found to be invariant across race and sex.'
The range of the perceived stress score is 0 to 24. In MESA,
chronic stress was assessed using the Chronic Burden scale,?®
and was similarly captured at the same time point as proteomic
profiling (MESA baseline exam). In CHS, stress was assessed
using the stressful life events scorex(range 0—10) obtained at
year 5 (1992-1993).2? Details oril é‘«”é%‘r“téss and depressive

Ass

symptoms scoring in each cohort are presented in Table S10.

Proteomic Profiling

Proteomic profiles were measured with the SomaScan platform,
an aptamer-based proteomics assay that measures human
protein analytes in plasma. Blood samples were collected at
Exam 1 and were stored at —80°C. Samples were assayed
using the 1.3k platform in 3 batches for JHS participants and 1
batch for MESA participants, as previously described.® In CHS,
participant samples were run in 2 batches using the 7k assay.?®
Although an expanded platform was used in CHS (+7000 pro-
teins assayed versus #1300 in JHS and MESA), proteins could
be matched across cohorts using SomaScan aptamer [Ds,
ensuring the same assay aptamer was used to assay the target
protein. Within-the cohort, protein values (provided in relative
fluorescence units) were log-transformed within batch (if sam-
ples were run in batches) and rank inverse normal transformed.

Incident CVD Events

Incident CVD event surveillance was performed through
December 31, 2016, for 3 primary events in the JHS: CHD,
stroke, and heart failure. CHD included myocardial infarction,
angina, and ECG changes consistent with a CHD diagnosis.
Stroke events were defined using International Classification of
Diseases, Ninth or Tenth codes as neurological symptoms last-
ing more than 24 hours or leading to death. Stroke and CHD
events were adjudicated beginning in 2000, and heart failure
hospitalization surveillance was monitored since 2005, as pre-
viously described.33-3¢

Assessment of Covariates

All regression and mediation models controlled only for dif-
ferences in proteomic profiles resulting from known nonpsy-
chosocial factors: age, sex, batch, and estimated glomerular
filtration (eGFR). Proteins are differentially expressed with both
age and sex®” The JHS and CHS samples were assayed in
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several batches that could confound analyses. MESA did not
assay in batches. Further, kidney filtration has been connected
to the regulation of circulating plasma proteins.®® In previous
studies of chronic kidney disease, levels of plasma proteins
were significantly associated with eGFR, suggesting that the
circulating proteome is impacted by a decline in kidney func-
tion.®® Given that psychosocial stress could also impact kidney
function, we considered kidney function a technical covariate
that impacts accurate protein measurement and thus adjusted
for it in our main models. We used the updated chronic kid-
ney disease-epidemiology creatinine equations in all cohorts to
capture eGFR, which no longer include race/race-ethnicity.*°
We avoided adjusting for conventional cardiovascular risk
factors in our main models, as we hypothesized that some of
the effects of psychosocial stress on incident CVD could be
mediated through risk factors such as smoking or body mass
index. However, adjustment for traditional CVD factors (as
described below) can be found in the supplement (Table S8).

Analyses

Covariate distributions in the JHS were captured by examining
the median and range of continuous variables. Linear regression
analyses on JHS and MESA data were run in R Studio Version
4.1.0. to identify associations between psychosocial factors
and plasma proteins, controlling for age, sex; batch (if appli-
cable), and eGFR. To explore the impact of established CVD
risk factors, we tested another model adjusting for Framingham
Risk Score components (high-density lipoprotein cholesterol,
total cholesterol, smoking status, systolic blood pressure, and
use of blood pressure medication).#' CHS regression analyses
were run using BioDataCatalyst.*? In JHS, significant associa-
tions were identified using a Bonferroni corrected P value of
a=3.782x10—° (0.06/1322) to account for multiple testing
for the 1322 proteins. METAL was used to run a sample-size
weighted P value—based meta-analysis of the summary sta-
tistics from MESA and CHS to identify signals that replicated
in external cohorts:*>*We considered.a protein as replicated if
it was directionally.-consistent-and-met a Bonferroni threshold
based on the number of proteins carried forward for replication
(6 proteins at a=0.05, or £<0.008). Since effect sizes cannot
be interpreted identically in all cohorts (due to different scal-
ing of the psychosocial stress and depressive symptoms vari-
ables), a sample size weighted P value based meta-analysis
was used. We also present an exploratory meta-analysis across
all 3 cohorts in Supplemental Materials (Tables S6 and S7), but
only for proteins that are present in JHS. To explore potential
interactions between psychosocial factors and sex, sex interac-
tion models were estimated in JHS. Models adjusted for sex,
age, eGFR, and batch and included an interaction term for the
psychosocial variable (stress or depressive symptoms) and sex
(Table S9).

A canonical correlation analysis of proteomics data in JHS
and MESA previously identified strong associations between
blood cell counts and protein abundance.** These findings
suggest that adjusting for blood cell composition might affect
proteomic association results; similar to eGFR, we would con-
sider such relationships to be somewhat technical/related to
accurate measurement, even though it is also true that blood
cell counts may also be influenced by psychosocial factors.*®
Therefore, we performed a sensitivity analysis adjusting for
measures of platelet (TH/CMM), red blood cell count (M/
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CMM), and white blood cell count (TH/CMM) in addition to
age, sex, batch, and eGFR (Table S1).

We ran Cox proportional hazards models in JHS for both
psychosocial factors to identify significant relationships
with CVD events, adjusting for age, sex, batch, and eGFR
(Bonferroni-adjusted £<0.05/6=0.008). For associations
identified as statistically significant, additional Cox models
were run to include psychosocial factors and the plasma pro-
teins identified in our first set of analyses on the CVD event,
adjusting for the same covariates. If there was a difference
in the effect estimate between the Cox models of psychoso-
cial factors versus psychosocial factors and proteins, a sub-
sequent statistical mediation analysis was used to estimate
the indirect effects of plasma proteins on psychosocial factors
and the time- to-event CVD outcome,*® controlling for age,
sex, batch, and eGFR. The indirect effect estimates result-
ing from these models measured the extent to which plasma
proteins have an indirect effect on the psychosocial factor
and incident CVD association. All Cox models and mediation
analyses were run in SAS Studio Version 3.81.

American

RESULTS

Summary Statistics for Characteristics of JHS
Participants

Heart
Association.

In total, 2143 JHS participants had available pro-
teomic profiling. These -individuals were relatively
similar across select characteristics at baseline com-
pared with the full JHS cohort, as shown in Table 1.
The median age of participants with proteomic profiling
was b6 years, and the median total scores for depres-
sive symptoms and perceived stress were 10 and 4,
respectively. 'Additionally, 1229 1(11.66%) participants
experienced CHD, 191 (10.40%) experienced heart
failure;. and-103 (5.09%) experienced-a stroke event
in the follow=up period. Time- to-event summary statis-
tics.are also provided.in Table 1. Summary statistics for
characteristics of MESA and CHS participants can be
found in Tables 2 and 3.

Association Between Psychosocial Factors and
Plasma Proteins

In JHS, 6 plasma proteins out of the 1322 tested
were found to have a significant association with either
depressive symptoms or perceived stress, after Bonfer-
roni correction for multiple testing. There were no pro-
teins associated with both depressive symptoms and
perceived stress. As shown in Table 4, after adjustment
for age, sex, eGFR, and batch effects, angiopoietin-2
(p=0.0142, SE=0.0032; P=1.3454x107®), growth/dif-
ferentiation factor 15 or MIC-1 (macrophage inhibitory
cytokine 1; p=0.0137, SE=0.0025; P=3.9774x1079),
and KYNU (kynureninase; p=0.0143, SE=0.0032;
P=1.2250x107°) were positively associated with depres-
sive symptoms. Contactin-56 (f=—0.0168, SE=0.0032;
P=1.4929x107") and neural cell adhesion molecule

Arterioscler Thromb Vasc Biol. 2026;46:¢324125. DOI: 10.1161/ATVBAHA.125.324125
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Table 1. Cohort Characteristics in Full Sample and the
Proteomic Sample at Baseline: The JHS

Psychosocial Factors, Proteins, Heart Disease

Table 2. Cohort Characteristics in Full Sample and the
Proteomic Sample at Baseline: The MESA

Proteomic sample (n=2143) | Full cohort (h=5306) Proteomic Sample (n=978) | Full cohort (n=6452)
Median Range Median | Range Median Range Median | Range
Age 56 20-93 55 20-95 Age 59 44-83 62 44-84
eGFR 86.92 3.86-128.75 | 8755 3.86-132.48 eGFR 72.65 17.10-152.54 | 78.84 5.32-158.24
Depressive 10 0-47 9 0-48 Depressive 6 0-50 5 0-53
symptoms score symptoms score
Perceived stress | 4 0-24 4 0-24 Perceived stress | 1 0-5 1 0-5
score score
CHD follow-up 13.52 0.02-16.27 13.72 0.02-16.27 CHD follow-up 17.93 5.44-19.41 17.58 0.11-19.46
years years
Heart failure 12.00 0.04-12.00 12.00 0.04-12.00 Heart failure 17.94 0.21-19.41 17.65 0.09-19.46
follow-up years follow-up years
Stroke follow-up 13.65 0.05-16.27 13.72 0.05-16.27 Stroke follow-up | 17.91 0.57-19.41 17.63 0.02-19.46
years years
Frequency (%) Frequency (%) Frequency (%) Frequency (%)
Sex (female) 1312 (61.2) 3367 (63.5) Sex (female) 521 (53.3) 3381 (52.4)
Note: 746 (34.8%) and 18 (0.8%) participants with proteomic data are missing Race/ethnicity
a depressive symptoms total score or global stress total score, respectively. CHD White 414 (42.3) 2531 (39.2)
indicates coronary heart disease; eGFR, estimated glomerular filtration rate; and - = Adriean
JHS, Jackson Heart Study. Chinese 71 (7.3) C a9 (12.1)
Black 192 (19.6) 1689 (26.2)
- Hispanic/ 301 (30.8) 1453 (22.5)
(NCAM) 120 (B=—0.0159, SE£=0.0032, P=72374x107") Latino

were negatively associated ‘with depressive symptoms.
LKHA4 (leukotriene A4 hydrolase) was positively asso-
ciated with perceived stress (3=0.0235, SE=0.0050,
P=2.8610x1079). Further adjustment for Framingham
Risk Score components attenuated all associations,
as shown in Table S8. Neither depressive symptoms
nor stress hadia significant interaction with sex in the
association with these proteins (Table S9). Adjusting. for
complete blood count measures resulted’in a modest
attenuation (Table S1). Sensitivity analyses were not per-
formed in MESA or CHS, as these cohorts did not have
complete blood count measures available.

Table 5 shows a comparison of the proteins associ-
ated with psychosocial factors across cohorts and in
the meta-analyses. Of the 6 proteins identified as sta-
tistically significant in JHS, 2 proteins (angiopoietin-2
and NCAM 120) were also associated with depres-
sive symptoms in MESA and CHS. In the MESA-CHS
meta-analyses, all proteins were statistically significant,
but angiopoietin-2, contactin-5, MIC-1, and NCAM
120 successfully replicated in the meta-analyses due
to their consistent direction and A<0.008. KYNU was
directionally consistent but only nominally significant
in the MESA/CHS meta-analysis (P=0.040), so it was
not considered replicated. Statistics from the CHS and
MESA meta-analysis are in Tables S4 and Sb. Sta-
tistics from the full meta-analysis of proteins associ-
ated with depressive symptoms and perceived stress
scores in JHS, MESA, and CHS are in Tables S6 and
S7, as exploratory results for proteins that may be con-
sidered for replication in future analyses. Included in
these tables are measures of heterogeneity (Cochran

Arterioscler Thromb Vasc Biol. 2026;46:¢324125. DOI: 10.1161/ATVBAHA.125.324125

Note: 3 (0.31%) and 8 (0.82%) participants with proteomic data are missing
a depressive symptoms total score or global stress total score, respectively. CHD
indicates coronary heart disease; eGFR, estimated glomerular filtration rate; and
MESA, Multi-Ethnic Study of Atherosclerosis.

Q and P). We caution interpretation given that depres-
sive symptoms and stress scores are on different scales
across cohorts, which would be expected to lead to het-
erogeneity regardless of any actual heterogeneity in
psychosocial factor-protein relationships by cohort.

Association Between'Psychosocial Factors,
Proteins, and Incident CVD Events in JHS

Table 6 shows the association between psychosocial fac-
tors and incident CVD events using a Bonferroni £<0.008
(0.05/6). Among JHS participants with proteomic data,
depressive symptoms had a significant direct effect on
the hazard of incident CHD (=0.0301, SE=0.0101;
P=0.0028), but this relationship was not significant
for incident heart failure and stroke in the proteomics
sample set. No statistically significant direct association
was found between perceived stress and incident CVD
events. The results from the time-to-event analyses of
depressive symptoms and plasma proteins on CHD and
heart failure, and the percent change in point estimates
(total direct effects) between these models and the Cox
models with depressive symptoms are in Table S3.

The 4 proteins associated with depressive symptoms
in JHS and which replicated in the meta-analyses were
tested in mediation models in the association between
depressive symptoms and CVD, as shown in Table 7.
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Table 3. Cohort Characteristics in Full Sample and the
Proteomic Sample at Year 5: The CHS

Proteomic sample (n=3206) | Full cohort (n=4589)

Psychosocial Factors, Proteins, Heart Disease

Table 4. Associations Between Psychosocial Factors and
Plasma Proteins: Results From Linear Regression Analyses
in the Jackson Heart Study

Note: 3 (0.0009%) and 2 (0.0006%) participants with proteomic data are
missing a depressive symptoms total score or life events total score, respectively.
eGFR indicates estimated glomerular filtration rate; CHD, coronary heart disease;
and CHS, Cardiovascular Health Study.

Adjusting for multiple testing, only MIC-1 had a statisti-
cally significant indirect effect in the association between
depressive symptoms and CHD, though Angiopoietin-2
was also nominally significant. MIC-1 resulted in the
largest indirect effect” estimate” (f)=1.0065 [95% ClI,
1.0027-1.0103]; ~=0.001) and percentage mediated
(23.28%) for depressive symptoms and CHD.

DISCUSSION

The goal of this study was to identify plasma proteins
associated with psychosocial factors and incident CVD
events. Our analyses identified novel proteomic asso-
ciations for depressive symptoms and perceived stress
across multiple cohorts. In the discovery cohort, JHS,
we found angiopoietin-2, contactin-5, MIC-1, NCAM
120, and KYNU to be cross-sectionally associated
with depressive symptoms and LKHA4 to be cross-
sectionally associated with perceived stress. When we
performed replication and meta-analysis, angiopoietin-
2, contactin-b, MIC-1, and NCAM 120 were also cross-
sectionally associated with depressive symptoms in
MESA and CHS meta-analysis, as was LKHA4 with
perceived stress. Additionally, MIC-1, also known as

6 May 2026

. . Beta Standard
Median Range Median | Range
! g ! g Protein estimate error P value
Age 73 65-98 74 65-103 .
Depressive symptoms score
eGFR 66.67 3.54-103.38 66.19 3.54-1032 . L.
Angiopoietin-2 (015123) 0.0142 0.0032 1.3454x107°
D i 4 0-29 4 0-29
epressive Contactin-5 (094779) —00168 | 00032 | 1.4922x10~
symptoms score
- —8
Perceived stress | 1 0-6 1 0-6 MIC 1 (GDF-15, Q99988) 0.0137 0.0025 3.9774x10
score NCAM 120 (P13591) —0.0159 0.0032 7.2374x1077
CHD follow-up 11.73 0.01-14.06 10.82 0-14.06 KYNU 0.0143 0.0032 1.2250x107°
years Perceived Stress score
Heart Failure 12.32 0.02-14.06 11.26 0.02-14.06 LKHA4 0.0235 0.0050 2.8610%10-°
follow-up years
Stroke follow-up 13.09 0.05-14.06 12.12 0.05-14.06 Results are from linear regression. Covariates included age, sex, batch, and
years estimated glomerular filtration rate. The beta represents the SD change in
depression or stress score for a 1 SD change in the higher level of protein. GDF-
Frequency (%) Frequency (%) 15 indicates growth differentiation factor 15; KYNU, kynureninase; LKHA4,
Sex (female) 1940 (60.5) 2668 (58.1) luekotriene A-4 hydrolase; MIC, macrophage inhibitory cytokine; and NCAM,
neural cell adhesion molecule 120.
Race/ethnicity
White 2644 (82.5) 3946 (13.47) ] - o
GDF15 (growth differentiationfagter.15), was signifi-
Black 562 (17.5) 618 (86.00) . . QY Loy
cantly associated with both depressivé symptoms and
Asian/Pacific N/A 4 (0.09) L .
islander incident CHD in JHS.
In JHS, depressive symptoms were significantly and
American N/A 10 (0.22) ) "J S, P . y, P 9 y,
Indian/Alaskan positively associated with incident CHD and heart failure,
native and this association is well-known across other cohorts.
Other N/A 11 (0.24) There are only a few studies, to our knowledge, that have

conducted targeted proteome-wide analyses of psycho-
social factors such as perceived stress and depressive
symptoms, and none to our knowledge assessed as
many-proteins.or included replication-analyses similar to
our study. In the English Longitudinal Study of Ageing,
which included 3262 older adults, the authors found no
association between depressive symptoms and 276 pro-
teins measured using the Olink platform.*” Another study
tested the association between depressive symptoms
and plasma proteins, also measured using a targeted
Olink platform, among participants from the German
Diabetes study.*® Their results identified statistically sig-
nificant associations between depressive symptoms and
CDC137, SIRT2, and LEPR, but did not identify any of
the proteins our study found from the SomaScan plat-
form. In our study, only SIRT2 was common in all cohorts,
and it was not statistically associated with depressive
symptoms across cohort studies (Table S6: meta-analysis
P>0.05). However, we note that prior studies did not
include any participants from the United States, had dif-
ferent versions of the CES-D scale, and may have had
differing cohort recruitment strategies. In the current
study of US participants without CVD, angiopoietin-2,
MIC-1, contactin-5, and NCAM120 met the Bonferroni
threshold for being cross-sectionally associated with
depressive symptoms across all cohorts. Angiopoietin-2
and MIC-1 are linked to cellular growth and inflamma-
tion*9%% which could be important biomarkers for under-
standing the detrimental effects of psychosocial stress.
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Table 5. Association Between Psychosocial Factors and Plasma Proteins That Replicated Across

(=]

Cohorts: Results From Meta-Analysis g

JHS beta estimate MESA beta CHS beta estimate E

Protein (P value) estimate (P value) | (Pvalue) Meta P value* ;

. m

Depressive symptoms score (7]

m

Angiopoietin-2 (015123)t | 0.014 (P=1.345x107) 0.008 (P=0.015) 0.015 (P=7.659%107%) 1.017x10°° ;

(=]

Contactin-5 (094779)t —0.017 (P=1.492x1077) | —0.013 (P=0.002) —0.007 (P=0.080) 0.002 =|:

MIC-1 (099988)t 0.014 (P=3.977x107%) 0.004 (P=0.238) 0.013 (P=3.663x107°) 2.863x10° ,E
NCAM 120 (P13591)t —0.016 (P=7.237x1077) | —0.011 (P=0.010) —0.008 (P=0.026) 0.001
KYNU (Q16719) 0.014 (P=1.225x107°) 0.003 (P=0.469) 0.007 (P=0.015) 0.040

Perceived Stress Score

LKHA4 (P09960)t 0.024 (P=2.861x107°) 0.029 (P=0.241) 0.035 (P=0.015) 0.007

Results are from linear regression, and effect sizes cannot be interpreted identically in all cohorts- while proteins are inverse
normalized in all cohorts, the scaling of psychosocial stress variables is not identical in each cohort, which is why a sample size
weighted meta-analysis is used. CHS indicates Cardiovascular Health Study; JHS, Jackson Heart Study; KYNU, kynureninase;
LKHAA4, luekotriene A-4 hydrolase; MESA, Multi-Ethnic Study of Atherosclerosis; MIC, macrophage inhibitory cytokine; and NCAM,
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neural cell adhesion molecule 120.
“Unadjusted Pvalue.

tSignificant protein (directionally consistent with a Bonferroni-adjusted £<0.05/6=0.008).

Contactins and NCAMs are generally involved in ner-
vous system development®'®2 and may play significant
roles in anxiety and depression.?®® LKHA4 was also
cross-sectionally associated with perceived stress in our
analyses and replicated in MESA and CHS. The gene
LTA4H is likely linked to the protein LKHA4, which has
been reported to be associated with genetic variations of
depression by sex.

To our knowledge, there is a paucity of studies that
have attempted to map the proteomic pathway of psy-
chosocial stress to incident CVD.%¢ Although extensive
prior studies have linked proteins like MIC-1/GDF-15 to
CHD and other aging-related diseases,® our focus here
on depressive symptoms.and_the association between
depressive symptoms and CHD is more novel. Both
angiopoietin-2 and MIC-1 had statistically significant
indirect effects in the association between depressive
symptoms and incident CHD. GDF-15 is induced under

Table 6. Associations Between Psychosocial Factors and
Incident CVD Events: Results From Time-to-Event Analyses
in the Jackson Heart Study

Incident cardiovascular Hazard beta Standard
disease event type estimate error P value
Depressive symptoms score
CHD 0.0301 0.0101 0.0028
Heart failure 0.0230 0.0117 0.0503
Stroke —0.0021 0.0172 0.9028
Perceived stress score
CHD 0.0248 0.0166 0.1353
Heart failure 0.0263 0.0179 0.1412
Stroke —0.0016 0.0252 0.9505

CHD indicates coronary heart disease; and CVD, cardiovascular disease.

“Total direct effects from the Cox proportional hazards model, adjust-
ing for age, sex, and estimated glomerular filtration rate. Bonferroni-adjusted
<0.05/6=0.008.

Arterioscler Thromb Vasc Biol. 2026;46:¢324125. DOI: 10.1161/ATVBAHA.125.324125

oxidative stress conditions ar]\yi;;hAsso‘é‘;pptential immune
regulatory functions,®® which may help explain its asso-
ciation with CHD and all-cause mortality.5**® GDF-15
was highlighted as a key predictor of recurrent athero-
sclerotic ‘cardiovascular disease in recent analyses of
targeted Olink panels.?® Recent analyses of contributors
to variance in SomaScan measured proteins found that
GDF-15% was in the top 1% of age-associated proteins
(with' >12% variance explained); while age has been
adjusted for in our analyses, this fits with accumulating
evidence that GDF-15 is a strong marker of accelerated
aging. Foriexample, GDF-15 has been included in accel-
erated aging protein clocks®" and is strongly associated
with DNA methylation-based. accelerated aging clocks
as 'well® GDF-15 was also strongly.influenced by cur-
rent smoking status (>10% variance explained), which
may mediate some of the observed effects of depressive
symptoms.®® Unfortunately, this ANOVA explained did
not include psychosocial factors, which should be more
comprehensively assayed with other potential upstream
drivers of protein variance in future work.8%6*%% Previous
studies have similarly found Angiopoietin-2 to be associ-
ated with CVD risk, particularly for incident heart failure.
Angiopoietin-2 has roles in endothelial cell function, pro-
liferation, and in promoting postischemic cardiac hypoxia
and inflammation.%®¢ Angiopoietin-2 has been associated
with NT-proBNP (N-terminal-pro-B-type natriuretic pep-
tide), a prognostic factor for heart failure, in patients with
heart failure with preserved ejection fraction.®” Addition-
ally, angiopoietin-2 was one of the top 20 proteins (out of
>4000 tested on the SomaScan panel) positively associ-
ated with the risk of death or heart failure-related hospi-
tal admission in the Penn Heart Failure Study.®® We note
that more detailed follow-up is needed to understand the
exact mechanisms by which these proteins may be influ-
enced by psychosocial factors, or vice versa.
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Table 7. The Indirect Effect of Plasma Proteins in the Association Between Depressive Symptoms and
Incident Coronary Heart Disease Events: Results From Mediation Analyses in the Jackson Heart Study

Incident CVD Hazard beta estimate Percent

event Protein (indirect effect) SE 95% ClI P value mediated

CHD Angiopoietin-2 (015123) | 1.0030 0.0015 1.0000-1.0060 0.0489 9.3315
Contactin-5 (094779) 1.0010 0.0017 0.9976-1.0043 0.5736 3.2383
MIC-1 (Q99988) 1.0065 0.0019 1.0027-1.0103 0.0009 23.2836
NCAM-120 (P13591) 1.0000 0.0014 0.9973-1.0028 0.9820 0.1070

Estimates represent the natural indirect effect of proteins in the association of depressive symptoms and incident CHD. Estimates include
covariate adjustment for age, sex, batch, and estimated glomerular filtration rate. The Bonferroni-adjusted £<0.05/4/0.0125. CVD indicates
cardiovascular disease; CHD, coronary heart disease; MIC, macrophage inhibitory cytokine; and NCAM, neural cell adhesion molecule.

The current study did not find a statistically signifi-
cant association between psychosocial stress and inci-
dent CHD, stroke, or heart failure, nor did it find an
association between depressive symptoms and stroke.
We believe that JHS lacked statistical power in the
proteomics analysis sample size. A power analysis con-
firmed that we were underpowered to identify a main
effect (eg, with 2143 participants and 229 CHD cases,
we had 0.07% power to detect a hazard ratio of 1.03).
We note that prior work in the full JHS cohort did identify
statistically significant associations between depressive
symptoms and incident heart failure and stroke, though
attenuation was observed on adjustment for lifestyle fac-
tors and self-reported coping strategies.?® In JHS, the
association between perceived stress and incident CVD
has not been reported, but perceived stress has been
associated with incident hypertension.?® The number of
proteins identified for perceived stress was also limited
to LKHA4. Proteomic technologies enable the discovery
of novel candidate biomarkers, and there are likely. more
proteins associated with psychosocial stress; future work
should identify additional proteomic.mediators.in other
cohorts with greater power. However, in the current study,
we had confidence that LKHA4 was indeed a significant
finding and applicable across samples, due to the con-
servative threshold used and the replication in CHS and
MESA. Given the exploratory nature of this work, the pro-
teins identified may help prioritize candidates for further
follow-up. We hope to expand on this work as the num-
ber of participants with proteomics data and consider-
able follow-up time increases.

We acknowledge several limitations of our study. First,
the proteomic platform available (SomaScan 1.3k) only
covered a small portion of the human proteome. Although
our work highlights potentially interesting biological
findings, SomaScan protein measures are ultimately
semi-quantitative and have limited ability to be trans-
lated directly to clinical biomarkers. Future work should
prioritize follow-up with orthogonal platforms (eg, mass
spectrometry). We would also like to note that our study
is limited by differences in how the psychosocial fac-
tors were measured across cohorts, which may partially
explain why KYNU was only associated with depressive
symptoms in JHS.

8  May 2026

There were a few limitations related to our method-
ological approaches. The Bonferroni correction approach
used to identify significant associations between psy-
chosocial factors and proteins fails to consider between-
feature dependence, which can arise in proteomics
because of the complex interactions between proteins,
and in general, may have led to missed features of inter-
est due to its conservative appreach.”® Also, the psycho-
social factors and proteins Werej;@p‘mred at the same
time point, and the temporality assumption of the media-
tion analyses could not be fully satisfied. The assump-
tion of temporal precedence of the predictor, mediator,
and outcome in a mediation analysis expects changes
in psychosocial factors to precede changes in protein
measures, and changes in protein measures to precede
incident CVD events.”" Although psychosocial factors and
protein measures were both collected at the same time
point, we tested the mediation model under the assump-
tion that psychosocial stress occurred first, as both the
depressive symptoms and perceived stress forms inquired
about past psychosocial experiences. Causal inference
methods for.mediation analysis also explicate additional
assumptions for estimating natural indirect effects.” The
models assume there'is no unmeasured confounding
between any of the associations tested in the mediation
model. These assumptions were addressed to the extent
possible by adjusting for the minimally sufficient set of
covariates and limiting adjustment of other potential
mediators; however residual confounding remains pos-
sible, particularly from socioeconomic status, lifestyle fac-
tors and health behaviors (eg, smoking, physical activity,
and diet), and comorbidity-related factors, each of which
may influence both psychosocial exposures and circulat-
ing protein levels. Although additional sensitivity analyses
adjusted for traditional Framingham risk factors, these
may not capture the complex social, behavioral, and clini-
cal determinants that jointly shape psychosocial stress
and proteins. Thus, our results should be interpreted with
appropriate caution regarding potential unmeasured con-
founding. Lastly, there were differences in the psychoso-
cial measures across cohorts, which influenced our ability
to replicate and meta-analyze findings in CHS and MESA.

However, this study is not without strengths. Our
discovery sample was comprised of a large sample
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of Black participants from the Southeastern United
States, where CVD burden and incidence are higher
than in other areas in the United States. Participants
were free of CVD, which allowed us to examine the
true incidence of CVD events. Additionally, the majority
of the significant proteins associated with depressive
symptoms and stress showed consistent associations
in other cohorts with participants from different areas
in the US. This study also included mediation analyses,
and our findings demonstrated evidence of a potential
proteomic pathway from depressive symptoms to CHD.
Future research should consider multiomic approaches
to understand biological links between a broader array
of social determinants of health and CVD, especially
using validated multidimensional assessments of fac-
tors, such as stress, trauma, coping, and social sup-
port. We highlight that potentially combining omics
could also be an additional method to explore a more
complete biological pathway to CVD to help identify
upstream regulators and potential intervention points.
Future analyses in larger sample sizes could explore
multi-mediator models and pathway or latent class anal-
yses. Additionally, the use of longitudinal proteomics or
repeated measures should be prioritized in future stud-
ies to address temporality. An important next step for
this research is to develop better methods to explore
such research questions and to include multiple racial/
ethnic representations in cohort samples and external
validation of findings. As studies continue to answer
research questions about targetable biomarkers, it
will be important for omics to be used to predict CVD
beyond traditional models/risk scores to improve preci-
sion medicine based on psychosocial risk profiles.
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