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Abstract

Objective: To identify causal pathophysiological mechanisms for atherosclerosis and incident 

cardiovascular events using protein measurements.

Approach and Results: Carotid artery atherosclerosis was assessed by ultrasound and 86 

cardiovascular-related proteins were measured using the Olink CVD-I panel in 7 Swedish 

prospective studies (11,754 individuals). The proteins were analyzed in relation to intima-media 

thickness in the common carotid artery (IMT-CCA), plaque occurrence, and incident 

cardiovascular events (composite end-point of myocardial infarction or ischemic stroke) using a 

discovery/replication approach in different studies.
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After adjustments for traditional cardiovascular risk factors, eleven proteins remained significantly 

associated with IMT-CCA in the replication stage, whereas nine proteins were replicated for 

plaque occurrence and seventeen proteins for incident cardiovascular events. NT-proBNP and 

MMP-12 were associated with both IMT-CCA and incident events, but the overlap was 

considerably larger between plaque occurrence and incident events, including MMP-12, TIM-1, 

GDF-15, IL-6, U-PAR, LOX-1 and TRAIL-R2. Only MMP-12 was associated with IMT-CCA, 

plaque, and incident events with a positive and concordant direction of effect. However, a two-

sample Mendelian randomization analysis suggested that increased MMP-12 may be protective 

against ischemic stroke (p=5.5 × 10−7), which is in the opposite direction of the observational 

analyses.

Conclusion: The present meta-analysis discovered several proteins related to carotid 

atherosclerosis that partly differed in their association with IMT-CCA, plaque, and incident 

atherosclerotic disease. Mendelian randomization analysis for the top finding, MMP-12, suggest 

that the increased levels of MMP-12 could be a consequence of atherosclerotic burden rather than 

the opposite chain of events.
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INTRODUCTION

Intima-media thickness in the common carotid artery (IMT-CCA) and plaque occurrence in 

the carotid arteries measured by ultrasound are both regarded as valid biomarkers for 

subclinical atherosclerosis, based on their previously reported associations with incident 

cardiovascular events in observational studies1, 2. Since also genetic studies have shown 

associations between both IMT-CCA and plaque and both coronary heart disease and 

stroke3, both indices must be regarded as important characteristics of carotid atherosclerosis.

Proteins can today be measured with high accuracy using multiplex methods. Proteins also 

have the advantage of being measurable in frozen samples, and are functional products of 

the information stored in the genetic code. Furthermore, potential causal relationships 

between proteins and atherosclerotic outcomes can be readily evaluated using Mendelian 

Randomization (MR) with minimal risk of pleiotropy, provided that the Mendelian 

randomization model is based on genetic variants in the protein-encoding gene. MR uses 

genetic variants as a natural experiment to separate observational from causal relationships, 

and has become an established epidemiological tool4.

Several proteins have shown association with atherosclerosis when measured one by one in 

different studies5–9. Using targeted proteomics that tested 92 proteins preselected for 

potential links to atherosclerosis and cardiovascular disease, we previously demonstrated 

that six4 proteins were related to carotid artery plaque occurrence, while none of the proteins 
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were significantly related to IMT-CCA10. The lack of significant associations between 

proteins and IMT-CCA may be explained by limited statistical power, since our previous 

study included only ~900 individuals. Recently, we identified significant associations 

between four proteins and IMT-CCA in a larger meta-analysis11.

In the present study, we investigated 86 circulating proteins to identify pathophysiological 

mechanisms for atherosclerosis in a meta-analysis of 7 different samples with an overall 

sample size exceeding 11,000 participants. We thereafter evaluated if the identified proteins 

were casually related to atherosclerosis in the carotid arteries by use of 2-sample MR, using 

protein quantitative trait loci (pQTL) from a recent genome-wide association study (GWAS) 

of protein levels on the same analytical platform12 and a recent GWAS for IMT-CCA and 

plaque occurrence3.

In addition, in the same cohorts, we evaluated if the same proteins were associated with 

incident atherosclerotic events, defined as either myocardial infarction (MI) or ischemic 

stroke (IS). To assess whether the proteins were causal in MI and IS, we performed a 2-

sample MR. The hypothesis tested was that the present meta-analysis would provide a 

number of proteins being related to both atherosclerosis and incident atherosclerotic disease, 

and that some of these relationships would reflect casual pathophysiological mechanisms for 

atherosclerosis.

MATERIAL AND METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Samples

Seven different studies were used in the analyses. Of those, three were randomly selected 

population-based studies (the Malmö Diet and Cancer [MDC] study13, the Prospective 

Investigation of Vasculature in Uppsala Seniors [PIVUS] study14, and the Prospective 

investigation of Obesity, Energy and Metabolism [POEM] study15), one study consisted of 

high-cardiovascular risk individuals collected in five European countries (Carotid IMT and 

IMT-Progression as Predictors of Vascular Events in a High Risk European Population 

[IMPROVE])16, one study was a collection of subjects with diabetes (the Cardiovascular 

Risk in Type 2 Diabetes - A Prospective Study in Primary Care [CARDIPP])17, another one 

consisted of subjects with peripheral artery disease (Study of Atherosclerosis in 

Vastmanland [SAVA]- Peripheral Arterial Disease in Vastmanland [PADVA])18, while the 

last study consisted of control subjects from the same geographical area as those with 

peripheral artery disease (SAVA-control). The characteristics of the different studies are 

given in Table 1.

Traditional cardiovascular risk factors (systolic blood pressure, HDL- and LDL-cholesterol, 

body mass index (BMI) and prevalent diabetes) were determined by conventional methods, 

such as physical examinations, standard laboratory tests and questionnaire data. Self-

reported smoking status was used.
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Measurement of carotid ultrasound

In all studies, the common carotid artery, the bulb and the internal carotid artery were 

scanned with a 10 Hz transducer. IMT was imaged in CCA one cm proximal of the bulb 

(IMT-CCA), and the measurements analysis were performed by the same semi-automated 

software in all studies (AMS). Plaque occurrence (binary) was defined as either a local 

thickening of IMT of >50% or an IMT>1.2 mm in the bulb or in CCA. A detailed 

description of the carotid examinations could be found in19.

Protein analysis

Using the proximity extension assay (PEA)20, 92 cardiovascular-related proteins (CVD-I 

panel, Olink Proteomics, Uppsala, Sweden) were measured in all included subjects. Six of 

the proteins were removed prior to analysis since more than 25 % of observations were 

below the assay detection limit in most studies.

Incident atherosclerotic disease

We used a composite end-point combining fatal or non-fatal myocardial infarction (ICD-10 

code I21) or ischemic stroke (codes I63.0–5 and 7–9). Diagnoses and dates were obtained 

from the Swedish in-patient register and cause of death register. The IMPROVE study also 

includes individuals from other countries, and the collection of incident cases of 

atherosclerotic disease has previously been described in that study16. Data on incident cases 

were not available in POEM and SAVA/PADVA.

Statistical analysis

All protein measurements were given from the laboratory on the Log(2)-scale to ensure 

normally distributed data. These values were thereafter transformed to a SD-scale for easy 

comparison between the proteins. Also IMT-CCA was log-transformed to achieve a normal 

distribution.

Step 1: Proteins vs IMT-CCA and plaque—Regarding IMT-CCA, a linear regression 

model with IMT-CCA as the dependent variable and a protein as the independent variable, 

with covariate adjustment for age and sex as confounders, was evaluated for each of the 

proteins. A similar model was tested for each protein, but in this case the traditional risk 

factors (systolic blood pressure, HDL- and LDL-cholesterol, BMI, current smoking and 

prevalent diabetes) were also adjusted for in addition to age and sex.

The largest of the samples, MDC, was used for the discovery phase of the protein vs IMT-

CCA/plaque relationships, and a false discovery rate (FDR) of 5% was used as criterion in 

the age and sex-adjusted analysis to take a protein forward to the validation step. The 

validation step used an inverse-variance weighted fixed-effect meta-analysis of the 

remaining six samples using FDR<5% for the age and sex-adjusted analysis. In addition, we 

demanded the multiple-adjusted p-value to be <0.05 in order to claim that the relationship 

between a protein and an outcome was significant. Also the sign of direction for an 

association had to be the same in the discovery and validation analyses in order to be judged 

as being valid.
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For prevalent plaque, a similar approach was applied as for IMT-CCA with plaque as the 

dependent variable, but in this case logistic regression analysis was used.

As secondary analyses, we also performed meta-analyses including all samples. Since those 

analyses were not replicated, we used the more stringent Bonferroni adjustment of the p-

value as the limit of significance (p=0.05/86=0.00058).

Step 2: Mendelian randomization for IMT-CCA and plaque—The 2-sample MR 

analysis, evaluating the relationships between proteins and IMT-CCA/plaque, used 

instrumental variables from a recently published GWAS for the protein quantitative trait loci 

(pQTL) (SCALLOP)12. To obtain data on genetic variants related to carotid atherosclerosis, 

a recently published GWAS for IMT/plaque loci was used, including around 70,000 

individuals for IMT-CCA, and 48,000 individuals for carotid plaque3. For each SNP used in 

the MR-analyses, we have checked that the effect allele is the same in the instrument 

compared to the outcome GWAS.

In the gene-protein step, an LD-pruning for the GWAS significant SNPs (p<5×10−8) was 

performed, so that only independent SNPs (r<0.001 for LD) were used in the MR analysis. 

The primary analysis included only cis-pQTLs (defined as a locus within 1 Mb of the gene 

encoding the protein), but in an exploratory analysis also trans-pQTLs were included. The 

Wald ratio was used to obtain the causal estimate when only one pQTL was used as 

instrumental variable. An inverse-variance weighted fixed-effect meta-analysis (IVW) was 

used when more than one SNP was used as instrumental variable. When > 3 pQTLs were 

evaluated, also MR Egger and the weighted median method were used. Since we tested the 

potential causality of 19 proteins vs two outcomes in the MR analyses, we set the level of 

significance to 0.05/2×19=0.0013.

The genetic instruments used in the MR analyses are given in Supplemental Table I.

Step 3: Proteins and incident atherosclerotic disease—When the relationships 

between the proteins and incident atherosclerotic disease were studied, we used a composite 

endpoint of fatal or non-fatal MI or IS. Similar to the above-mentioned analyses, MDC was 

used as discovery cohort and a meta-analysis of the other cohorts were used for replication. 

An FDR of 5% for the age and sex-adjusted results was applied for both discovery and 

replication. Cox proportional hazards models were used, with one model being adjusted for 

age and sex and the other also for traditional risk factors. We demanded the multiple-

adjusted p-value to be <0.05 in order to claim that the relationship between a protein and an 

outcome was significant. Also the sign of direction for an association had to be the same in 

the discovery and validation analyses in order to be judged as being valid.

As secondary analyses, we also performed meta-analyses including all samples. Since those 

analyses were not replicated, we used the more stringent Bonferroni adjustment of the p-

value as the limit of significance (p=0.05/86=0.00058).

Step 4: Mendelian randomization for coronary artery disease and ischemic 
stroke—As described above, a 2-sample MR analysis was used to evaluate the potential 
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causal relationships between the 17 proteins showing association with incident 

cardiovascular events. In this case, GWAS pQTL data from the SCALLOP CVD-I study12 

was used for instrumental variable selection. CARDIoGRAMplusC4D21 was used for the 

GWAS of the outcome coronary artery disease (CAD), and MEGASTROKE22 was used for 

the outcome stroke. For each SNP used in the MR-analyses, we have checked that the effect 

allele is the same in the instrument compared to the outcome GWAS. Since we tested 17 

pQTLs for proteins vs two different outcomes in the MR analyses, we set the level of 

significance to 0.05/2×17=0.0014 in this analysis.

STATA16 (Stata inc, College Station, TX; USA) was used for the analyses, except for the 

LD-pruning step (clumping) of the gene vs protein relationships for which Plink 1.9 was 

used. For the statistical code, please see the Major Resources Table in the Supplemental 

Materials.

A flow chart for the different analyses performed and the different samples used in each step 

is given as Figure 1.

RESULTS

Step 1:

Proteins vs IMT-CCA—Of 63 proteins associated with IMT-CCA after age- and sex 

adjustment in the discovery cohort (Supplemental Table II), 21 were replicated at FDR<5% 

(Table 2). Of those 21 proteins, 11 remained significant at p<0.05 after adjustment for 

cardiovascular risk factors. The strongest replicated associations after risk factor adjustments 

were matrix metalloproteinase-12 (MMP-12) (positive relationship) and galanin (GAL) 

peptides (inverse relationship).

In the secondary meta-analysis including all samples, seven proteins showed p<0.00058 

(Bonferroni-adjustment) vs IMT-CCA for the age- and sex-adjusted analysis and p<0.05 

after adjustment for cardiovascular risk factors (Supplemental Table III). Of those, Matrix 

metalloproteinase-3 (MMP-3) was the only protein not being identified by the above 

mentioned discovery/validation approach.

Proteins vs Plaque—After age- and sex adjustment, 13 proteins were found to be 

associated with plaque occurrence (Table 3 and Supplemental Table IV). Of those, 12 

proteins showed FDR<5% at the replication stage. Further adjustment for cardiovascular risk 

factors rendered 3 proteins no longer significant, which left 9 proteins. MMP-12 showed a 

strong positive relationship also with plaque occurrence. In addition, growth/differentiation 

factor 15 (GDF-15) was replicated at a positive direction of effect.

In the secondary meta-analysis including all samples, sixteen proteins showed p<0.00058 

(Bonferroni-adjustment) vs plaque for the age- and sex-adjusted analysis and p<0.05 after 

adjustment for cardiovascular risk factors (Supplemental Table V). Of those, renin was the 

top ranked protein not being identified by the above mentioned discovery/validation 

approach.
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Overlap of findings for IMT-CCA vs plaque—As seen in Figure 2, only MMP-12 was 

significantly related to both IMT-CCA and plaque occurrence. GAL, N-terminal pro-B-type 

natriuretic peptide (NT-pro-BNP), CD40L receptor (CD40), monocyte chemotactic protein 1 

(MCP-1), caspase-8 (CASP-8), eosinophil cationic protein (ECP), pappalysin-1 (PAPPA), 

CD40 ligand (CD40L), heat shock 27 kDa protein (HSP 27) and thrombomodulin (TM) 

were significantly related to IMT-CCA only whereas GDF-15, T-cell immunoglobulin and 

mucin domain 1 (TIM-1), interleukin-6 (IL-6), urokinase plasminogen activator surface 

receptor (U-PAR), TNF-related apoptosis-inducing ligand receptor 2 (TRAIL-R2), lectin-

like oxidized LDL receptor 1 (LOX-1), matrix metalloproteinase-10 (MMP-10) and leptin 

(LEP) were significantly associated with plaque only.

Step 2:

Mendelian randomization for IMT-CCA and plaque—NT-proBNP showed evidence 

of causality on IMT-CCA (natriuretic peptides B (NPPB), p=4.4 × 10−5, Supplemental Table 

VI) whereas no other protein met the thresholds set for statistical significance. The causal 

estimate for NT-proBNP was negative, which contrasts the reported observational 

relationship between NT-proBNP plasma levels and IMT-CCA. The addition of trans-pQTLs 

in the MR models did not yield any significant causal estimates. No significant causal 

estimates were seen for plaque occurrence (Supplemental Table VII). When the 8 

independent SNPs being GWAS significant for IMT were used as instrument vs NT-proBNP 

levels, no evidence for a causal role of IMT on NT-proBNP levels was found (IVW estimate 

0.97, SE 1.54, p-value=0.52, MR Egger estimate −2.9, SE 8.7, p-value=0.75).

Step 3:

Proteins and incident atherosclerotic disease—Identification of proteins associated 

with incident cardiovascular events was based on 754 incident cases in the MDC study 

(median follow-up 23 years) with replication based on 433 cases from the meta-analysis of 4 

studies (see Supplemental Table VIII for details on follow-up).

A total of 37 proteins were associated with cardiovascular events in MDC (Supplemental 

Table IX), of which 31 were replicated (FDR<0.05) using the age and sex-adjusted model 

and 17 were replicated after adjustment for cardiovascular risk factors (Table 4).

In the secondary meta-analysis including all samples, twenty-five proteins showed 

p<0.00058 (Bonferroni-adjustment) vs incident atherosclerotic disease for the age- and sex-

adjusted analysis and p<0.05 after adjustment for cardiovascular risk factors (Supplemental 

Table X). Of those, interleukin −6 (IL-6) was the top ranked protein not being identified by 

the above mentioned discovery/validation approach.

Mendelian randomization for coronary artery disease and ischemic stroke—
The 17 proteins associated with incident events were tested for causality using MR with 

CAD and IS as outcome traits. MMP-12 was found to be inversely causal in ischemic stroke 

using either the model based on cis-pQTLs only (p=5.5 × 10−7) or the model using both cis- 

and trans-pQTLs as instrumental variables. Whilst the estimate of MMP-12 on CAD did not 
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attain corrected statistical significance, a trend towards inverse causality was noted, similar 

to IS. (Supplemental Tables XI and XII)

DISCUSSION

Main findings

In the present investigation, we tested the association of 86 cardiovascular proteins with 

carotid artery plaque, IMT, and incident atherosclerotic events, and assessed their potential 

causal role in IMT-CCA and risk of IS and CAD using MR. Seven proteins showed 

association with both carotid artery plaque and incident atherosclerotic disease, although 

only MMP-12 was related to IMT-CCA, as well as to plaque and incident atherosclerotic 

disease with a positive direction of the effect. Mendelian randomization analyses showed 

that MMP-12 is inversely causal in IS, which contrasts our observational data for plaque, 

IMT-CCA and incident cardiovascular disease. Interestingly, also a previous study showed 

that MMP-12 was inversely causal in CAD23. Thus, our observational studies on MMP-12 

levels in relation to atherosclerosis, suggest that the increased levels of MMP-12 could be a 

consequence of atherosclerotic burden rather than the opposite chain of events.

Proteins vs IMT-CCA and plaque

While the 92 proteins on the CVD-I panel were selected for potential cardiovascular 

relevance, the selection was based on multiple criteria including experimental data in 

preclinical models and in vitro. Many of the proteins had no prior association with 

cardiovascular events in human studies. However, most of the proteins that were identified in 

the present study have previously been linked to carotid atherosclerosis in humans, such as 

MMP-1210, MMP-1024, NT-proBNP25, CD40 ligand26, MCP-127, ECP28, PAPPA29, 

HSP2730, TM31, LOX-132, GDF-1510, TIM-110, IL-633, U-PAR34 and LEP35. To the best of 

our knowledge, no such links with human carotid atherosclerosis in the population have 

been published for GAL, CD40, CASP-8, and TRAIL-R2.

TRAIL-R2 is one of the receptors for the tumor necrosis factor (TNF)-related apoptosis-

inducing ligand (TRAIL), a protein known to be involved in apoptosis. TRAIL has been 

shown to induce apoptosis and upregulation of inflammatory genes in endothelial cells36. 

When TRAIL was knocked out in an atherosclerosis prone background in mice, an increased 

calcification was found37, and in patients with chronic renal failure, low levels of TRAIL 

were related to an accelerated plaque progression over 2 years38. However, we did not find 

TRAIL-R2 levels to be causally related to carotid atherosclerosis or atherosclerotic events.

Galanine peptides is a family with diverse actions spanning from neurotransmission to 

effects on metabolism, energy homeostasis, inflammation, immunity, and bone formation, as 

reviewed by Lang et al39. We could not find any published link with atherosclerosis, and our 

data did not support a casual role for galanin peptides in the atherosclerosis process.

CD40L is involved in adhesion molecule expression on endothelial cells, as well as 

activation of platelets, two major steps in atherosclerosis and subsequent clot formation40. 

Elevated levels of CD40L have also been linked to occlusive carotid artery disease in 
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humans26. However, we did not find CD40L levels to be causally related to carotid 

atherosclerosis or atherosclerotic events.

CASP-8 is mainly known as for signaling of apoptosis and cell death. However, as reviewed 

by Keller et al, CASP-8 is also involved in cell adhesion and migration by its proteolytic 

activity41. However, our data did not support a casual role for CASP-8 in the atherosclerosis 

process.

At first sight it looks surprising that some proteins are related to plaque occurrence, while 

other proteins are related to IMT-CCA. Only MMP-12 was significantly related to both of 

these measures of atherosclerosis. However, atherosclerosis of the carotid arteries often 

starts in the bulb, and not in CCA, although it could well later expand to also include the 

CCA part of the carotid artery. Previous observational studies have shown that IMT in the 

CCA mainly is associated with hypertension and stroke, but IMT in the bulb, on the other 

hand, mainly was related with coronary heart disease and its risk factors42. Furthermore, 

genes known to be related to coronary atherosclerosis were associated with carotid plaques 

and IMT of the bulb, as expected, not to IMT-CCA19. In addition, we have previously found 

that IMT in the bulb was more closely related to future atherosclerotic events compared to 

IMT-CCA11, further exemplifying that measurement of plaque and IMT-CCA partly 

represent different cardiovascular phenotypes. From that perspective it is not surprising that 

we found that several of the proteins are related to only one of these two indices of carotid 

atherosclerosis

Mendelian randomization for IMT-CCA and plaque

In the Mendelian randomization study for IMT-CCA and plaque, we used a fairly arge study 

on protein QTLs and primarily used SNPs being located in or close to the gene encoding the 

protein of interest (cis protein QTLs) to avoid pleiotropy of the chosen instruments. We also 

used a large GWAS on IMT-CCA and plaque3. The only cis-protein QTL resulting in a 

significant causal estimate was found for rs198389, adjacent to the BNP gene, NPPB. The 

Wald ratio estimate for IMT-CCA was negative, which is opposite of what would be 

expected from our observational data on showing a positive relationship between NT-

proBNP and IMT-CCA. The A allele of the NT-pro-BNP protein QTL has previously been 

linked to lower BNP levels in the Jackson Heart Study43, and we have previously shown that 

NT-proBNP levels, measured using Olink PEA, were associated with incident stroke in a 

positive fashion in the PIVUS and ULSAM studies44. These results were also in line with a 

large meta-analysis that measured NT-proBNP using a conventional ELISA45.

NT-proBNP is a prohormone and the function of its product BNP is to increase natriuresis 

and thereby reduce plasma volume, blood pressure and cardiac strain. It has been shown that 

individuals with SNPs associated with low NT-proBNP have higher blood pressure, perhaps 

due to a lower capacity to eliminate sodium from the circulation46. Hypertension is the 

major cause of media-thickening and IMT-CCA. This could explain why SNPs associated 

with low NT-proBNP are associated high IMT-CCA, while positive relationships are found 

between circulating NT-proBNP and IMT-CCA. However, when we evaluated if IMT was 

causally related to NT-proBNP levels using the bidirectional MR approach, no such 

significant causal effect was seen. It must however be emphasized that the instrumental 
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strength for IMT was poor compared to that of NT-proBNP (R2= 0.0041 for the IMT 

instrument and R2=0.023 for the NT-proBNP instrument). With such poor R2 as seen for 

IMT, it is generally very hard to achieve significant findings in a MR analysis.

Proteins and incident atherosclerotic disease

Higher MMP-12 levels were not only related to both IMT-CCA and plaque, but also to 

incident cardiovascular events. We have previously shown that high levels of this 

metalloprotease are linked to IMT-CCA11, and others have shown its association to future 

cardiovascular disease47. Since MMP-12, and other proteases, are involved in the integrity of 

the collagen-rich fibrous cap of the plaque, the links to IMT-CCA, plaque, and overt 

ischemic disease are plausible.

We also replicated the association of six other proteins with cardiovascular events and 

showed association with plaque occurrence, but not to IMT.

Nine proteins were related to incident atherosclerotic cardiovascular disease, but not to IMT-

CCA or to plaque. Plaques in themselves generally do not induce acute coronary syndromes. 

A thrombus formation is also needed, usually proceeded by plaque rupture. The mechanisms 

involved with plaque formation may be different from those involved in plaque rupture and 

thrombus formation. In addition, many thrombi are dissolved by the endogenous fibrinolytic 

system and thereby does not cause overt acute disease. It may well be that the nine proteins 

being related to incident atherosclerotic disease, but not to atherosclerosis, are involved in 

plaque rupture, thrombus formation or a defect fibrinolysis. None of those proteins are new 

findings when considering cardiovascular events.

Mendelian randomization for incident atherosclerotic disease

MMP-12 belongs to a large group of metalloproteases that are known to be secreted from 

immunocompetent cells, as well as being expressed in vascular tissue, as reviewed by 

Myasoedova et al48. They are endopeptidases that process various parts of the extracellular 

matrix and has as a group been shown to be involved in all stages in the atherosclerotic 

process. MMP-12 is considered a metalloelastase, and ApoE/MMP-12 double knock-out 

mice show reduced lesion size, as well as increased content of smooth muscle cells and 

reduced macrophage content in the lesions49, suggesting a role deleterious role for MMP-12 

in both lesion formation and plaque stability.

In observational studies it has been shown that MMP-12 levels are related to both the 

amount of atherosclerosis10, 47, 50, 51, as well as to incident atherosclerotic events in different 

samples10, 47, 50. It has furthermore been reported that a high content of MMP-12 in 

macrophages in plaque is linked to incident CVD52. Thus, both experimental and human 

observational data points towards a deleterious role of MMP-12 in atherosclerosis.

It was therefore a surprise that genetically determined MMP-12 was inversely related to 

ischemic stroke in the MR-analysis in the present study. This could be a false positive 

finding despite the thorough correction of the p-value for multiple testing, but the finding of 

a similar inverse relationship in an MR-analysis of MMP-12 vs coronary heart disease23 

support the view that our MR result is not only a chance finding. It cannot be excluded that 
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MMP-12 is upregulated to compensate for pro-atherogenic processes during early 

atherogenesis, and that individuals with reduced capacity to synthesize MMP-12 therefore 

have increased cardiovascular risk. This could possibly explain the seemingly contradictive 

result of the MR analysis compared to the observational association between MMP-12 and 

incident cardiovascular events. However, future studies with MMP-12 activity modulating 

drugs are needed to solve this matter.

As with the NT-proBNP vs IMT relationship, we evaluated if ischemic stroke was casually 

related to MMP-12 levels using MR analysis in the recently published paper from the 

SCALLOP consortium12. However, we had the same problem with a poor power of the 

instrument for ischemic stroke compared to that of MMP-12 (R2=0.0053 for the ischemic 

stroke instrument and R2=0.13 for the MMP-12 instrument), so it was not a surprise that we 

did not find ischemic stroke to be causally related to MMP-12 levels (p-value=0.35).

Strength and limitations

The strengths of the present study are the large sample size obtained by the meta-analysis, 

the use of a discovery/validation approach in independent samples to minimize the risk of 

false positive findings, together with the use of MR to assess causality. Also the uniform 

measurements of the protein chip should increase the chances of accurate findings.

It should however be pointed out that despite the fact that fairly large samples were used in 

the MR analysis, the limiting factor is usually the strength of the genetic instruments for the 

plasma protein levels as well as outcomes, and therefore true minor casual effects of some 

proteins cannot be excluded. Another limitation is that all samples mainly consisted of 

Caucasians, so these results have to be confirmed in other ethnic groups.

As could be seen in Table 1, the time of collection of plasma for protein analysis differed 

between studies. Since time in freezer might affect protein levels, this fact might have had an 

impact on the results. However, such an increased variation in protein measurements could 

only drive the statistical analyses towards the null hypothesis and would not produce any 

false positive findings.

In accordance with our previous papers on proteins vs stroke and atrial fibrillation44, 53, we 

regard the discover/validation approach in different samples as the main analysis, since 

replication in an independent sample is a valid way to minimize the number of false positive 

findings. In addition, to maximize the power, we also performed a secondary meta-analysis 

including all samples. It should however be remembered that those results are not replicated 

and therefore must be taken with caution.

In conclusion, the present meta-analysis discovered several proteins related to carotid 

atherosclerosis that partly differed in their association with IMT-CCA, plaque, and incident 

atherosclerotic disease. Mendelian randomization analysis for the top finding, MMP-12, 

suggest that the increased levels of MMP-12 could be a consequence of atherosclerotic 

burden rather than the opposite chain of events.
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ABBREVIATIONS

BMI body mass index

CARDIPP Cardiovascular Risk in Type 2 Diabetes - A Prospective Study in 

Primary Care

CASP-8 caspase-8

CD40 CD40L receptor

CD40L CD40 ligand

ECP eosinophil cationic protein

FDR false discovery rate

GAL galanin

GDF-15 growth/differentiation factor 15

HSP 27 heat shock 27 kDa protein

IL-6 interleukin-6

IMPROVE Carotid IMT and IMT-Progression as Predictors of Vascular Events 

in a High Risk European Population

IMT-CCA intima-media thickness in the common carotid artery

IS ischemic stroke

IVW inverse-variance weighted fixed-effect meta-analysis

GWAS genome-wide association study

LEP leptin

LOX-1 lectin-like oxidized LDL receptor 1

MCP-1 monocyte chemotactic protein 1

MDC the Malmö Diet and Cancer study
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MI myocardial infarction

MMP-10 matrix metalloproteinase-10

MMP-12 matrix metalloproteinase-12

MR Mendelian Randomization

NT-proBNP N-terminal pro-B-type natriuretic peptide

pQTL protein quantitative trait loci

PAPPA pappalysin-1

PADVA the Peripheral Arterial Disease in Vastmanland study

PIVUS the Prospective Investigation of Vasculature in Uppsala Seniors study

POEM the Prospective investigation of Obesity, Energy and Metabolism 

study

SAVA Study of Atherosclerosis in Vastmanland

TIM-1 T-cell immunoglobulin and mucin domain 1

TM thrombomodulin

TRAIL-R2 TNF-related apoptosis-inducing ligand receptor 2

U-PAR urokinase plasminogen activator surface receptor
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HIGHLIGHTS

• Intima-media thickness in the common carotid artery (IMT-CCA), plaque 

occurrence, and incident cardiovascular events were related to 86 proteins.

• Seven studies with >11,000 individuals were used.

• Only MMP-12 was associated with IMT-CCA, plaque, and incident events 

with a positive effect.

• Mendelian randomization analysis suggested that increased MMP-12 is 

protective against ischemic stroke

• Increased levels of MMP-12 could be a consequence of atherosclerotic burden 

rather than the opposite.
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Figure 1. 
Flow chart of the different statistical analyses and the data included in each analysis step.
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Figure 2. Venn diagram of validated findings for proteins vs intima-media thickness
in the common carotid artery (IMT-CCA) or plaque or incident atherosclerotic 

cardiovascular disease (myocardial infarction or ischemic stroke).
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