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ORIGINAL RESEARCH

Large- Scale Plasma Protein Profiling of 
Incident Myocardial Infarction, Ischemic 
Stroke, and Heart Failure
Lars Lind , MD, PhD; Daniela Zanetti , PhD; Martin Ingelsson , MD, PhD; Stefan Gustafsson, PhD; 
Johan Ärnlöv , MD, PhD; Themistocles L. Assimes , MD, PhD

BACKGROUND: We recently reported a link between plasma levels of 2 of 84 cardiovascular disease (CVD)– related proteins and 
the 3 major CVDs, myocardial infarction, ischemic stroke, and heart failure. The present study investigated whether measure-
ment of almost 10 times the number of proteins could lead to discovery of additional risk markers for CVD.

METHODS AND RESULTS: We measured 742 proteins using the proximity extension assay in 826 male participants of ULSAM 
(Uppsala Longitudinal Study of Adult Men) who were free from CVD at the age of 70 years. Cox proportional hazards models 
were adjusted for age only, as well as all traditional risk factors. During a 12.5- year median follow- up (maximal, 22.0 years), 
283 incident CVDs occurred. Forty- one proteins were significantly (false discovery rate <0.05) related to the combined end 
point of incident CVD, with N- terminal pro– brain natriuretic peptide as the top finding, while 53 proteins were related to inci-
dent myocardial infarction. A total of 13 and 16 proteins were significantly related to incident ischemic stroke and heart failure, 
respectively. Growth differentiation factor 15, 4- disulfide core domain protein 2, and kidney injury molecule were related to all 
of the 3 major CVD outcomes. A lasso selection of 11 proteins improved discrimination of incident CVD by 5.0% (P=0.0038).
CONCLUSIONS: Large- scale proteomics seem useful for the discovery of new risk markers for CVD and to improve risk predic-
tion in an elderly population of men. Further studies are needed to replicate the findings in independent samples of both men 
and women of different ages.
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Genomics, proteomics, and metabolomics are in-
creasingly being applied to the study of a vari-
ety of cardiovascular diseases (CVDs) in order to 

better understand the pathophysiology of these dis-
eases1– 10 and improve our ability to predict their future 
occurrence. Some CVDs share common features, 
such as atherosclerosis for both myocardial infarction 
(MI) and ischemic stroke, or poor systolic function in MI 
and nonischemic causes of heart failure (HF). One can, 
therefore, anticipate that some aspects of the genomic, 
proteomic, and metabolomic profiles of these diseases 
are shared, while other aspects are likely unique to a 
specific disease and/or feature.11 Determining the 
overlap as well as the nonoverlap in the genomic, 

proteomic, and metabolomic profiles of CVDs of inter-
est is expected to facilitate the identification of shared 
and nonshared pathophysiological pathways.

We recently conducted an analysis of shared ge-
netic loci and plasma proteomic signatures of MI, 
ischemic stroke, and HF. Using existing results from 
genome- wide association studies, we found 4 genetic 
loci in common between MI and HF and 5 loci overlap-
ping between MI and ischemic stroke, while no locus 
was identified for all 3 of these CVDs.11 In that study, 
a nontargeted approach for selection of genetic loci 
was used. We also investigated the overlap between 
92 preselected CVD- related proteins measured in the 
plasma by the proximity extension technique (PEA) 
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and the same 3 major CVDs in the ULSAM (Uppsala 
Longitudinal Study of Adult Men) cohort. We found 
GDF- 15 (growth differentiation factor 15) and tumor 
necrosis factor– related apoptosis- inducing ligand re-
ceptor 2 to be related to all 3 CVDs, 3 proteins shared 
between MI and congestive HF (CHF), and 5 proteins 
shared between ischemic stroke and CHF.12

A major disadvantage with our proteomic analysis 
to date is restricting the analyzed proteins to a limited 
number already known or suspected to be linked to 
CVD. This design limitation restricted our ability to 
identify new pathophysiological pathways or targets of 
CVD. To partially overcome this problem, we applied 
the same PEA technology to study almost 10 times the 
number of proteins including many not previously linked 
to CVD. The primary aim was to identify novel proteins 
linked to ≥1 of the CVDs of interest. A secondary aim 
was to see whether protein determinations could im-
prove discrimination for CVD beyond that possible with 
traditional risk factors. To achieve these aims, we once 
again analyzed the prospectively followed ULSAM co-
hort, which documented incident CVD outcomes for 
almost 2 decades after blood collected at the age 70 
clinic visit in the early 1990s.

METHODS
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable 
request. ULSAM is a population- based cohort study 
initiated in 1970– 1974 when all men in Uppsala City, 
Sweden, aged 50 years were invited to a health survey 
aiming to evaluate risk factors for cardiometabolic dis-
ease. A total of 2322 men participated (82% of all men 
invited).13 This cohort has since been reexamined at 
ages 60, 70, 77, 82, and 88 years. The present study 
sample derives from the reexamination at the age of 70 
years, which included 1221 of the original participants. 
However, only 954 could be evaluated regarding 
plasma proteins, since we excluded 9 attributable to 

CLINICAL PERSPECTIVE

What Is New
• We measured 742 proteins with the proximity 

extension high- throughput assay in 826 men 
aged 70  years and determined which subset 
of proteins predicted the development of a first 
cardiovascular disease (CVD) event.

• A subset of 11 proteins selected through a spe-
cialized lasso regression analysis was able to 
improve discrimination of first CVD events by 
5% over established clinical risk factors.

• Some proteins tracking with disease are well 
known from prior studies, while others offer po-
tential novel insight into the pathophysiology of 
CVD.

What Are the Clinical Implications?
• Plasma proteins associated with CVD may pro-

vide new clues on the pathophysiology of CVD 
and potential new drug targets.

• Levels of multiple proteins in plasma may one 
day be routinely used to improve our ability to 
predict who will develop CVD.

• This improved prediction may lead to improved 
outcomes by allowing us to more efficiently 
implement established primary prevention 
strategies.

Nonstandard Abbreviations and Acronyms

CARDIoGRAMplusC4D Coronary Artery 
Disease Genome Wide 
Replication and Meta- 
Analysis (CARDIoGRAM) 
plus the Coronary 
Artery Disease (C4D) 
Genetics

FDR false discovery rate
GDF- 15 growth differentiation 

factor 15
GPNMB transmembrane 

glycoprotein NMB
HE4 human epididymis 

protein 4
KIM- 1 kidney injury molecule
LOD limit of detection
MMP- 12 macrophage 

metalloelastase 12
MR Mendelian 

randomization

PEA proximity extension 
assay

PIVUS Prospective Investigation 
of Vasculature in 
Uppsala Seniors

ULSAM Uppsala Longitudinal 
Study of Adult Men

WFDC2 WAP 4- disulfide core 
domain protein 2

WISP- 1 WNT1- inducible 
signaling pathway 
protein 1
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technical problems of the measurements with the ma-
jority of the protein panels and another 12 with multiple 
missing protein data, possibly because of a shortage 
of plasma. Another 107 patients with prevalent CVD at 
age 70 years were also excluded, resulting in a sample 
of 826 individuals in the final analyses.

Traditional Risk Factors
Blood was drawn into EDTA plasma tubes in the morn-
ing after an overnight fast. The tubes were immediately 
spun with a cooled centrifuge and within 1 hour the 
plasma was placed in vials and frozen at −80 °C. The 
vials were kept frozen at that temperature until protein 
analysis except for 1 thaw/freeze cycle 5 years before 
the protein analysis. Serum levels of cholesterol, tri-
glycerides, and high- density lipoprotein were assayed 
by enzymatic techniques on fresh samples. Friedewald 
formula was used to calculate low- density lipoprotein 
cholesterol. Blood glucose was measured using an 
oxidase method on fresh samples. Supine systolic and 
diastolic blood pressures were measured twice in the 
right arm after 10 minutes of rest, and the means of 
these 2 measures were calculated. Data on smoking 
status and medications at baseline were derived from 
a questionnaire.

CVD Diagnosis
Data on causes of death and hospitalizations were re-
trieved from the Swedish Cause of Death Register and 
the Swedish Hospital Discharge Register, respectively. 
The 3 major CVDs were defined as: MI (International 
Classification of Diseases, Eighth Revision [ICD- 8] 
code 410; International Classification of Diseases, 
Ninth Revision [ICD- 9] code 410; or International 
Classification of Diseases, Tenth Revision [ICD- 10] 
code I20); ischemic stroke (ICD- 8 codes 431, 433– 436; 
ICD- 9 code 431, 433– 436; ICD- 10 code I63- I66); and 
CHF (ICD- 8 codes 427.00, 427.10, 428.99; ICD- 9 code 
428; and ICD- 10 codes I50 and I11.0). The accuracy of 
these diagnoses in the Swedish registers have been 
deemed to be high,14 but since CHF diagnosis is less 
precise, we performed additional chart review– based 
validation of HF events, as previously described.15

Protein Analysis
We used 9 Olink Proseek Multiplex 96×96 panels 
(Cardiometabolic, Cardiovascular II, Cardiovascular 
III, Development, Immune Response, Inflammation, 
Metabolism, Oncology, and Organ Damage) to simul-
taneously measure proteins in plasma by real- time 
polymerase chain reaction using the Fluidigm BioMark 
HD (Olink).16

Olink provides a relative protein measure even when 
it falls below the limit of detection (LOD) for that protein. 

While these below LOD measures can be used for 
analyses, they are substantially less reliable than mea-
sures above the LOD. Thus, association with proteins 
carrying a high fraction of measures below the LOD are 
much less likely to be reproducible even in the same 
sample set. We thus chose to exclude any protein with 
>25% of the values below the LOD. Such a cutoff has 
been used in previously published studies using PEA 
technology, as well as in studies using measurements 
of other compounds with other techniques.4,12,17 This 
exclusion led to the following proteins being removed 
from our analyses: Cardiometabolic panel: prolylcar-
boxypeptidase, regenerating family member 3 alpha, 
superoxide dismutase 1, integrin subunit alpha M, and 
defensin alpha 1; Cardiovascular II panel: brain natri-
uretic peptide; Cardiovascular III panel: peptidase in-
hibitor 3 and kallikrein- 6; Development panel: cytosolic 
phospholipase A2, bone marrow stromal cell antigen 
1, myocilin, tyrosine- protein phosphatase non- receptor 
type 6, stress- induced- phosphoprotein 1, and serine 
protease inhibitor Kazal- type 5; Immune Response 
panel: zinc finger and BTB domain- containing protein 
16, interleukin 1 receptor- associated kinase 4, diacyl-
glycerol kinase zeta, thioredoxin- dependent peroxide 
reductase, fibroblast growth factor 2, corneodesmosin, 
FXYD domain- containing ion transport regulator 5, Egl 
nine homolog 1, eukaryotic translation initiation factor 
5A- 1, baculoviral IAP repeat- containing protein 2, mer-
lin, SH2B adapter protein 3, transcription factor AP- 1, 
protein kinase C theta type, aryl hydrocarbon receptor 
nuclear translocator, islet cell autoantigen 1, protein- 
arginine deiminase type- 2, TRAF family member- 
associated nuclear factor- kappa B activator, importin 
subunit alpha- 5, and interleukin 5; Inflammation panel: 
interleukin 2 receptor subunit beta, interleukin 1 alpha, 
interleukin 2, thymic stromal lymphopoietin, interleu-
kin 22 receptor subunit alpha- 1, beta- nerve growth 
factor, interleukin 24, interleukin 13, artemin, interleu-
kin 20, interleukin 33, interleukin 4, leukemia inhibitory 
factor, neurturin, and interleukin 5; Metabolism panel: 
protein S100- P, glutaredoxin- 1, diablo homolog, an-
nexin A4, annexin A11, catechol O- methyltransferase, 
hepatoma- derived growth factor, N- ribosyldihydronic
otinamide:quinone reductase 2, arginase- 1, peptidyl- 
prolyl cis- trans isomerase FKBP4, and disabled homo-
log 2; Oncology panel: no protein; and Organ Damage 
panel: claspin, mothers against decapentaplegic ho-
molog 1, casein kinase I isoform delta, anterior gradient 
protein 2 homolog, troponin I, NAD- dependent protein 
deacylase sirtuin- 5, tyrosine- protein kinase Fes/Fps, 
killer cell immunoglobulin like receptor, three Ig do-
mains and long cytoplasmic tail 1, REST corepressor 
1, protein phosphatase 1B, pyruvate dehydrogenase 
[acetyl- transferring]- phosphatase 1, tubulinyl- tyr car-
boxypeptidase 1, erbin, Ras GTPase- activating protein 
1, probetacellulin, melanoma- associated antigen D1, 
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protein max, integrin beta- 1- binding protein 1, NEDD8 
ultimate buster 1, methionine aminopeptidase 1, pro-
teasome subunit alpha type- 1, syntaxin- binding pro-
tein 3, peptidyl- prolyl cis- trans isomerase FKBP1B, 
Wiskott- Aldrich syndrome protein, receptor- type 
tyrosine- protein phosphatase eta, and ribonucleoside- 
diphosphate reductase subunit M2 B. Further details 
regarding LODs, reproducibility, and validations are 
available at https://www.olink.com/resou rces- suppo rt/
docum ent- downl oad- cente r/.

Statistical Analysis
All proteins were ranked inverse normalized to obtain 
a normal distribution and a similar scale for easy com-
parison between the proteins. To first obtain an over-
view of protein correlations, we calculated a pairwise 
correlation heat map using the lattice package in R 
version 3.6 (R Foundation for Statistical Computing).

Cox proportional hazard analysis was then applied to 
determine the presence of an association between each 
of the proteins and the composite end point of CVD (MI, 
ischemic stroke, or HF). In the first set of models, adjust-
ment was performed for age only. In the second set of 
models, adjustment was further made for traditional car-
diovascular risk factors; systolic blood pressure, diabe-
tes, smoking, low- density lipoprotein and high- density 
lipoprotein cholesterol, and body mass index.

Thereafter, similar analyses were performed for the 
3 CVD outcomes in isolation: MI, ischemic stroke, or 
HF. We regarded a false discovery rate (FDR) <0.05 
according to Benjamini- Hochberg for the age- adjusted 
analyses and nominal P<0.05 for the cardiovascular 
risk factor– adjusted analyses to be a significant find-
ing for a protein versus an outcome. We used FDR 
<0.05 instead of the more stringent Bonferroni adjust-
ment for multiple testing because we anticipated that 
many of the protein levels would be correlated making 
a Bonferroni- adjustment too conservative.

Next, we evaluated whether a plasma protein “sig-
nature” could improve discrimination for the composite 
end point of CVD (MI or ischemic stroke or HF) over and 
above that afforded by traditional risk factors. We first 
used least absolute shrinkage and selection operator 
(lasso) for logistic regression with the split sample tech-
nique (split 50/50 with cross- validation) with all 752 pro-
teins (forcing age into the model) to select a subset of 
the most independently predictive proteins. Thereafter, 
we compared the discrimination (C statistic, expressed 
as area under the curve) for a logistic regression model 
with the traditional risk factors (systolic blood pressure, 
diabetes, high-  and low- density lipoprotein cholesterol, 
body mass index, and smoking) with a model that further 
included the proteins identified using lasso. STATA16 
(StataCorp LLC) was used for these calculations.

Last, pathway enrichment analysis was conducted 
using Reactome online software (https://react ome.

org/).18 The hypergeometric test was used for enrich-
ment analyses. FDR <0.05 was regarded as a signifi-
cant pathway.

The study was approved by the ethics committee of 
Uppsala University on August 9, 2017 (Dnr 2017/286) 
and patients gave informed consent.

RESULTS
The risk factor profile of the cohort is given in Table 1. 
Mean intra- assay and interassay variation of all proteins 
measured was 8% and 12%, respectively. A correlation 
matrix of all proteins is provided in Figure 1 showing 
that many pairs of proteins are correlated, with many of 
the correlations in the range of 0.20 to 0.40.

A total of 283 failures occurred during a median 
follow- up of 12.5 years (maximal follow- up 22.0 years, 
and 9869 person- years at risk) for the combined end 
point CVD (MI, stroke, or HF).

We found a total of 38 proteins to be significantly 
related to incident CVD using FDR <0.05 for the age- 
adjusted analyses and P<0.05 for the cardiovascular 
risk factors– adjusted analyses (Table 2). The top 5 pro-
teins were NT- proBNP (N- terminal pro– brain natriuretic 
peptide), GDF- 15, WFDC2 (WAP 4- disulfide core do-
main protein 2), MMP- 12 (macrophage metalloelastase 
12), and KIM- 1 (kidney injury molecule).

A total of 125 incident cases of MI occurred during 
follow- up, and 53 proteins were significantly related to 
this specific outcome using FDR <0.05 (Table 3). The 
corresponding number of incident events of ischemic 
stroke and proteins associated with ischemic stroke 
was 135 and 13, respectively (Table  4). Lastly, we 
found 16 proteins to be significantly associated with 
155 incident HF outcomes (Table 5).

We found 3 proteins (GDF- 15, KIM- 1, and WFDC2) 
to be related to all 3 major CVD outcomes. NT- proBNP 
was related to both stroke and HF, metallopeptidase 
inhibitor 1 and WISP- 1 (WNT1- inducible signaling path-
way protein 1) were related to both MI and stroke, and 
MMP- 12 and GPNMB (transmembrane glycoprotein 

Table 1. Basic Characteristics in the Study Sample Free 
From Prevalent CVD (n=826)

Variable
Mean (SD) or 
proportion

Age, y 71.2 (0.6)

Systolic blood pressure, mm Hg 147 (19)

HDL- C, mmol/L 1.3 (0.4)

LDL- C, mmol/L 3.9 (0.9)

Current smoking 21

BMI, kg/m2 26.3 (3.4)

Diabetes prevalence 11

BMI indicates body mass index; CVD, cardiovascular disease; HDL- C, 
high- density lipoprotein cholesterol; LDL- C, low- density lipoprotein direct.

https://www.olink.com/resources-support/document-download-center/
https://www.olink.com/resources-support/document-download-center/
https://reactome.org/
https://reactome.org/
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NMB) were related to both MI and CHF. An overview of 
the overlap between the protein associations is given 
in Figure 2.

Lasso logistic regression disclosed 11 proteins 
to be linked to the combined CVD end point with a 
lambda of 0.049: NT- proBNP, WFDC2, macrophage 
metalloelastase 2, KIM- 1, interleukin 1 receptor an-
tagonist, lipoprotein lipase (inverse relationship), mac-
rophage receptor with collagenous structure, Ras 
association domain- containing protein 2 (inverse), stro-
mal cell- derived factor 1, Fc receptor- like protein 6, and 

Thymosin beta- 10 (inverse). With these 11 proteins, 
we observed an improvement in the area under the 
curve of 5.0% (P=0.0038, from 0.649 [95% CI, 0.609– 
0.689] to 0.699 [95% CI, 0.661– 0.738]) compared with 
a model restricted to traditional risk factors (systolic 
blood pressure, diabetes, smoking, low-  and high- 
density lipoprotein cholesterol, and body mass index). 
NT- proBNP was by far the most predictive protein in 
this respect, but a model testing only the remaining 10 
selected proteins improved the area under the curve 
by 2.8% (P=0.039).

Figure 1. Pairwise correlations between the 742 proteins used in the analyses.
The correlation coefficients are given by the color- coding at the right. The names of the individual proteins cannot be given in the 
figure because of limitation in space, therefore the figure gives only an overview of the correlation matrix of the measured proteins.
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Pathway enrichment analysis disclosed 13 path-
ways to be enriched for MI, 2 for ischemic stroke, and 
none for HF (Table 6).

DISCUSSION
The main finding of our study was the identification of 
3 proteins measured in the plasma using the proximity 
extension assay to be related to the prediction of all 
3 major CVD outcomes: GDF- 15, KIM- 1, and WFDC2. 
These 3 proteins, together with 8 others selected by 
lasso, improved discrimination of incident CVD by 5% 
versus traditional risk factors.

GDF- 15 and KIM- 1 are among the proteins linked 
to multiple CVDs in our previously published study 
of 84 proteins.12 However, the association between 
WFDC2 and all 3 major CVDs in the present study is 
novel. WFDC2 is a broad range protease inhibitor19 ex-
pressed in a number of tissues, such as the cortex of 
the kidney, multiple urogenital tissues, salivary gland, 
and the thyroid, but not specifically tissues related to 
CVD (https://www.gtexp ortal.org/home/gene/WFDC2). 
The most well- known application of WFDC2 is as a bio-
marker of ovarian carcinoma.20 A search of this gene 
on Phenoscanner (http://www.pheno scann er.medsc 
hl.cam.ac.uk/) showed some genetic associations in 
the UK Biobank but no convincing evidence for a link 
with CVD. The WFDC2 protein is, however, also known 
as HE4 (human epididymis protein 4), and some stud-
ies have reported an increased risk of HF in patients 
with chronic kidney disease in those with high levels 
of HE4,21 as well as recurrence of atrial fibrillation after 
catheter ablation22 and incident CVD in patients with 
chronic obstructive pulmonary disease,23 supporting a 
potential role of the WFDC2/HE4 protein in CVD.

Mendelian randomization (MR) studies may pro-
vide vital insights on whether plasma protein levels 
are causally associated with phenotypes of interest. 
Unfortunately, no cis- protein quantitative trait locus 
has been published for WFDC2 that could be used in 
an MR study to evaluate whether WFDC2 is causally 
linked to CVD. In a search for genetic loci in and around 
the WFDC2 gene (location Chr20:44098346- 44110172 
using hg19) in the larger genome- wide associa-
tion study for coronary artery disease including MI, 
ischemic stroke, and HF, the lowest P value for any 
single nucleotide polymorphism in that region was 
0.03 in CARDIoGRAMplusC4D (Coronary Artery 
Disease Genome Wide Replication and Meta- Analysis 
[CARDIoGRAM] plus the Coronary Artery Disease 
[C4D] Genetics) consortium and the UK Biobank 
meta- analysis, 0.02 in MEGASTROKE,2 and 0.04 in 
Heart Failure Molecular Epidemiology for Therapeutic 
Targets (HERMES)3 on HF. Thus, formal MR studies for 
this protein with these 3 CVDs is unlikely to generate V
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a causal estimate for the WFDC2 protein at the pres-
ent time. The loci identified in CARDIoGRAMplusC4D 
and the UK Biobank meta- analysis being closest to the 

WFDC2 gene was located about 200 kb downstream 
the WFDC2 gene (position Chr 20:44586023_C_T), but 
the data from the present study do not suggest that this 

Table 4. Relationships Between Multiple Proteins at Age 70 Years and Incident Ischemic Stroke in ULSAM

Variable Gene name

Age- adjusted
Adjusted for traditional 
cardiovascular risk factors

HR
95%CI 
lower

95%CI 
higher P value HR

95%CI 
lower

95%CI 
higher P value

N- terminal prohormone brain natriuretic peptide NTproBNP 1.62 1.35 1.95 1.61E- 07 1.63 1.35 1.97 4.96E- 07

Growth differentiation factor 15 GDF15 1.5 1.26 1.79 7.14E- 06 1.42 1.18 1.7 1.52E- 04

Syndecan- 1 SYND1 1.45 1.21 1.73 3.52E- 05 1.46 1.21 1.75 6.97E- 05

Thrombospondin- 2 THBS2 1.43 1.2 1.7 5.45E- 05 1.39 1.15 1.68 7.09E- 04

Metalloproteinase inhibitor 1 TIMP1 1.42 1.19 1.69 9.36E- 05 1.35 1.13 1.62 9.44E- 04

Adhesion G protein– coupled receptor G1 ADGRG1 1.38 1.16 1.63 1.97E- 04 1.31 1.07 1.61 9.86E- 03

WAP 4- disulfide core domain protein 2 WFDC2 1.4 1.17 1.68 2.67E- 04 1.41 1.17 1.71 4.07E- 04

Tenascin TNC 1.36 1.15 1.62 3.45E- 04 1.32 1.1 1.58 2.23E- 03

Leukocyte immunoglobulin- like receptor subfamily 
B member 4

LILRB4 1.38 1.16 1.64 3.67E- 04 1.39 1.16 1.67 4.27E- 04

Hepatitis A virus cellular receptor 1 KIM1 1.37 1.14 1.64 5.82E- 04 1.25 1.04 1.51 1.68E- 02

Polypeptide N- acetylgalactosaminyltransferase 10 GALNT10 1.35 1.14 1.6 6.74E- 04 1.27 1.06 1.52 9.57E- 03

Insulin- like growth factor- binding protein 7 IGFBP7 1.35 1.13 1.6 8.46E- 04 1.3 1.09 1.55 2.96E- 03

CCN family member 4 WISP1 1.34 1.13 1.6 9.25E- 04 1.28 1.07 1.53 6.84E- 03

Only proteins with a false discovery rate <0.05 for age- adjusted P value and multiadjusted P value <0.05 are shown. HR indicates hazard ratio; and ULSAM, 
Uppsala Longitudinal Study of Adult Men.

Table 5. Relationships Between Multiple Proteins at Age 70 Years and Incident HF in ULSAM

Variable
Gene 
name

Age- adjusted
Adjusted for traditional cardiovascular risk 
factors

HR
95%CI 
lower

95%CI 
higher P value HR

95%CI 
lower

95%CI 
higher P value

N- terminal prohormone brain 
natriuretic peptide

NTproBNP 1.88 1.58 2.24 1.20E- 12 1.98 1.64 2.39 9.80E- 13

Leukocyte immunoglobulin- like 
receptor subfamily A member 5

LILRA5 1.42 1.2 1.67 3.48E- 05 1.25 1.04 1.49 1.57E- 02

Macrophage metalloelastase MMP12 1.42 1.2 1.68 3.74E- 05 1.32 1.1 1.59 2.56E- 03

WAP 4- disulfide core domain 
protein 2

WFDC2 1.41 1.19 1.67 9.51E- 05 1.41 1.18 1.7 2.36E- 04

Amphiregulin AREG 1.39 1.17 1.64 1.18E- 04 1.31 1.11 1.56 1.77E- 03

Protein fosB FOSB 1.37 1.17 1.6 1.19E- 04 1.36 1.16 1.61 2.40E- 04

Interleukin 6 IL6 1.37 1.17 1.61 1.36E- 04 1.25 1.05 1.5 1.33E- 02

Tumor necrosis factor ligand 
superfamily member 12

TWEAK 0.75 0.64 0.87 2.70E- 04 0.8 0.68 0.95 9.91E- 03

Heat shock protein beta- 1 HSP27 1.29 1.11 1.5 1.14E- 03 1.29 1.1 1.51 2.10E- 03

Fibroblast growth factor 23 FGF23 1.32 1.12 1.57 1.14E- 03 1.23 1.03 1.47 1.96E- 02

Uromodulin UMOD 0.77 0.66 0.9 1.15E- 03 0.82 0.69 0.97 2.13E- 02

Contactin- 1 CNTN1 0.77 0.65 0.9 1.15E- 03 0.77 0.65 0.91 2.39E- 03

C- X- C motif chemokine 6 CXCL6 0.77 0.66 0.9 1.23E- 03 0.75 0.64 0.88 4.67E- 04

Growth differentiation factor 15 GDF15 1.31 1.11 1.55 1.41E- 03 1.19 1 1.42 4.71E- 02

Beta- 1,4- glucuronyltransferase 1 B4GAT1 0.78 0.66 .91 1.51E- 03 0.83 0.7 0.98 2.72E- 02

Transmembrane glycoprotein 
NMB

GPNMB 1.29 1.1 1.52 1.59E- 03 1.3 1.1 1.53 2.06E- 03

Only proteins with a false discovery rate <0.05 for age- adjusted P value and multiadjusted P value <0.05 are shown. HF indicates heart failure; HR, hazard 
ratio; and ULSAM, Uppsala longitudinal study of adult men.
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locus is a quantitative trait locus for WFDC2. Although 
both of the other top findings, GDF- 15 and KIM- 1, have 
previously been related to CVD in observational stud-
ies,12 causality versus CVDs was not demonstrated for 
these 2 proteins in a previously published MR study 
including multiple CVD- related proteins.24

We found several novel proteins to be associated 
with 2 of our 3 CVD outcomes in this study. First, we 
found NT- proBNP to be associated with ischemic 
stroke and CHF. Based on what is already known 
about the pathophysiology of elevated NT- proBNP, el-
evated levels of this natriuretic peptide are most likely 
to be a consequence of certain CVDs rather than the 
cause. Previous MR studies have also shown that ge-
netically determined high NT- proBNP levels are caus-
ally related to reduced blood pressure and a reduced 
risk of stroke and cardiovascular mortality.25,26 Second, 
we found WISP- 1, also known as CCN4, to be associ-
ated with both MI and stroke. WISP- 1 is a downstream 
regulator in the Wnt/Frizzled signaling pathway, being 

associated with cell survival. The protein attenuates 
p53- mediated apoptosis in response to DNA damage 
through activation of protein kinase B. Genetic loci in 
the WISP- 1 gene have been linked to hypertension in 
the UK Biobank in an online- only report (http://www.
neale lab.is/uk- biobank). Last, we found GPNMB to be 
associated with MI and CHF. GPNMB is a type I trans-
membrane glycoprotein, which shows homology to 
the Pmel17 precursor, a melanocyte- specific protein. 
The protein has previously been linked to melanomas, 
and polymorphisms in GPNMB have been associated 
with HF mortality and treatment for hypertension in the 
online- only UK Biobank analyses.

Our lasso selection of 11 proteins improved the dis-
crimination statistic from 0.65 to 0.70 versus traditional 
risk factors when validated in the ULSAM cohort of pa-
tients at age 70 years. Since these 11 proteins were not 
tested in an independent sample, the data are at risk 
of overfitting. In comparison, in our previous study, the 
addition of 7 proteins selected by lasso in the PIVUS 

Figure 2. Overview of relationships between protein associations and the 3 different cardiovascular diseases.
The table to the right gives the proteins related to myocardial infarction (MI) only. HF indicates heart failure.

http://www.nealelab.is/uk-biobank
http://www.nealelab.is/uk-biobank
https://en.wikipedia.org/wiki/Transmembrane
https://en.wikipedia.org/wiki/Transmembrane
https://en.wikipedia.org/wiki/Glycoprotein
https://en.wikipedia.org/wiki/SILV
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(Prospective Investigation of Vasculature in Uppsala 
Seniors) cohort improved discrimination from 0.64 to 
0.72 versus traditional risk factors when the calculation 
of discrimination was performed in the ULSAM cohort 
at age 77 years.12 Thus, we observed comparable im-
provement in discrimination in the 2 studies despite 
having access to many more proteins in this study. 
While these results might be caused by differences in 
the risk factor profile of the 2 cohorts, we note that 
NT- proBNP was the major protein contributing to the 
improvement in discrimination in both studies, while 
other proteins played a minor role in relation to NT- 
proBNP. A similar conclusion was drawn in an analysis 
of the ULSAM cohort performed before the - omics era 
in which 4 biomarkers (NT- proBNP, C- reactive protein, 
cystatin C, and troponin T) were measured by ELISA.27 
The present results suggest that NT- proBNP as mea-
sured by the PEA technique is a powerful predictor of 
CVD that may be useful in the risk stratification of the 
general population in addition to the care and identifi-
cation of patients with HF.

The pathway enrichment analyses revealed signif-
icant findings only for the proteins associated with 
MI, highlighting a potential role of the immune sys-
tem and cytokines, as well as cell death and apop-
tosis. The role of the immune system in the initiation 
of atherosclerosis, as well as rupture of the vulnera-
ble coronary plaque, is well studied, especially in the 
experimental setting.28 Also, apoptosis, autophagy, 

and cell death seem to be an important feature of 
atherosclerosis.29

A major strength of this study is the measurement 
of multiple proteins in a cohort with a long follow- up 
of CVD events. Furthermore, a minority of measured 
proteins examined have known links to CVD, making 
our approach more nontargeted than our previous 
efforts. We acknowledge, however, that a completely 
unbiased approach can only truly be implemented with 
antibody- based techniques, such as PEA, sometime 
in the future when almost all proteins in plasma may 
be included in the assay. Significant limitations of our 
study include lack of an adequately powered replica-
tion cohort with the same proteins measured and the 
fact that we studied men only of European descent. 
Our findings, therefore, still need to be replicated in 
other cohorts that include women, as well as other 
age, geographic, and ethnic groups.

Another potential limitation of our study was the pro-
longed storage time of the plasma used for the protein 
analyses. During the almost 25 years of storage, some 
proteins might have degraded. However, we suspect 
that such degradation would only serve to drive associ-
ations observed toward the null hypothesis and would 
not produce false- positive findings. We are further re-
assured that some of our top findings overlap with find-
ings from one of our previous studies on protein levels 
and CVD involving a different cohort with substantially 
shorter freezer storage time of plasma samples.12 The 

Table 6. Pathway Enrichment Analysis for the Proteins Found in Table 3 to Table 5 for the 3 CVDs

Pathway name Entities found Entities total P value FDR

Myocardial infarction

TNFs bind their physiological receptors 9 30 1.98E- 14 3.36E- 12

TP53 regulates transcription of death receptors and ligands 6 18 2.81E- 10 2.39E- 08

TNFR2 noncanonical nuclear factor- kB pathway 9 104 1.10E- 09 6.18E- 08

TP53 regulates transcription of cell death genes 6 83 2.16E- 06 8.98E- 05

Interleukin 10 signaling 6 86 2.64E- 06 8.98E- 05

Nectin/Necl trans heterodimerization 3 7 4.78E- 06 1.34E- 04

Immune system 27 2681 1.37E- 05 3.29E- 04

Regulation by c- FLIP 3 11 1.83E- 05 3.30E- 04

Dimerization of procaspase- 8 3 11 1.83E- 05 3.30E- 04

CASP8 activity is inhibited 3 14 3.74E- 05 6.36E- 04

Caspase activation via death receptors in the presence of 
ligand

3 20 1.07E- 04 1.61E- 03

Neutrophil degranulation 9 480 2.82E- 04 3.72E- 03

Cytokine signaling in immune system 14 1092 2.86E- 04 3.72E- 03

Ischemic stroke

Post- translational protein phosphorylation 3 109 2.66e- 04 1.20E- 02

Regulation of IGF transport and uptake by IGFBPs 3 127 4.15e- 04 1.20E- 02

HF

None

Only pathways with a false discovery rate (FDR) <0.05 are shown. c- FLIP indicates cellular FLICE- like inhibitory protein; CVD, cardiovascular disease; HF, 
heart failure; IGF, insulin- like growth factor; IGFBP, insulin- like growth factor– binding protein; and TNF, tumor necrosis factor.
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fact that the present plasma samples were subjected 
to 1 thaw/freeze cycle is probably of less importance, 
since it has been shown that up to 8 such cycles have 
little effect on the PEA measurements.30

In conclusion, we demonstrate the potential utility of 
a high- throughput plasma proteomic study to discover 
new proteins linked to the causes or consequences 
of CVD. In addition to providing insights on patho-
physiology, associated proteins may one day allow for 
clinically meaningful improvement in risk prediction. 
However, more definitive conclusions in this respect 
await replication of our findings in independent sam-
ples with the same or even more proteins.
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