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A B S T R A C T   

Background and aims: Large social disparities in the occurrence of cardiovascular disease (CVD) have been 
documented but the underlying biological mechanisms are largely unknown. We investigated a panel of bio-
markers linked to CVD to improve our understanding and quantify the biological pathways in socioeconomic 
disparity in CVD and their mediation through behavioural and biological risk factors. 
Methods: We included 1142 participants from the Copenhagen City Heart Study aged 55–64 years. Socioeco-
nomic position (SEP) was defined by the length of education and household income. Blood samples were ana-
lysed for 184 biomarkers (Olink). Pearson’s correlation analysis and linear regression with multivariate 
adjustment for CVD risk factors were performed. 
Results: The median length of education was 10 (IQR 7–11) years and associated with age, sex, BMI, smoking, 
blood pressure, physical activity and income. 48 biomarkers were significantly correlated (p < 0.05) to the length 
of education. The strongest negative associations were seen for interleukin-6 (IL-6), metalloproteinase 12, 
growth/differentiation factor 15 (GDF-15), retinoic acid receptor responder protein 2 (RARRES2), leptin (LEP), 
von Willebrand factor (vWF), and renin (REN) (all p < 0.0001) while the strongest positive associations were 
seen for chymotrypsin, paraoxonase, epidermal growth factor receptor (EGFR) and brother of CDO (cell adhesion 
and platelet activation) (all p < 0.001). Proportion mediated by CVD risk factors ranged from <1% to 100%. 
After multivariate adjustment, 14 biomarkers remained significantly associated with education. 
Conclusions: SEP was associated with multiple biomarkers, indicating pathways involving inflammation (IL-6, 
RARRES2), platelet-activation (vWF, IL-6), blood pressure (REN, LEP) and Mitogen-activated protein kinase 
cascade (GDF-15, EGFR) may contribute to the socioeconomic differences in CVD.   

1. Introduction 

Large and increasing social disparities have been documented in 
cardiovascular disease (CVD). Despite decades of research, what con-
stitutes the underlying pathophysiology is still not understood [1]. Even 
after considering differences in lifestyle, treatment, compliance to 
medication and other risk factors, a residual socioeconomic gradient is 
consistently reported [1,2]. To obtain a better understanding of possible 
linkages between socioeconomic position (SEP) and cardiovascular 
health, we need joint biological and social data. 

Several biomarkers for the prediction of the development and 
prognosis of CVD have been identified. They include markers of 
inflammation, lipid- and glucose metabolism, endothelial function, 
oxidative stress, platelet activation and adhesion, as well as biomarkers 
associated with renal function, myocardial fibrosis, heart failure and 
myocardial damage. These biomarkers have helped us understand the 
underlying pathophysiological process of atherosclerotic disease. 
Recently, large panels of protein biomarkers have become available and 
have further elucidated potential pathways. However, studies address-
ing SEP in the context of protein biomarkers linked to CVD are lacking. 

* Corresponding author. Department of Cardiology, Bispebjerg University Hospital, Bispebjerg Bakke 23, 2400, Copenhagen, Denmark. 
E-mail address: bilal.hasan.shafi@regionh.dk (B.H. Shafi).  

Contents lists available at ScienceDirect 

Atherosclerosis 

journal homepage: www.elsevier.com/locate/atherosclerosis 

https://doi.org/10.1016/j.atherosclerosis.2022.05.020 
Received 13 January 2022; Received in revised form 17 May 2022; Accepted 25 May 2022   

mailto:bilal.hasan.shafi@regionh.dk
www.sciencedirect.com/science/journal/00219150
https://www.elsevier.com/locate/atherosclerosis
https://doi.org/10.1016/j.atherosclerosis.2022.05.020
https://doi.org/10.1016/j.atherosclerosis.2022.05.020
https://doi.org/10.1016/j.atherosclerosis.2022.05.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atherosclerosis.2022.05.020&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Atherosclerosis 352 (2022) 62–68

63

Consequently, we have very limited knowledge about the differences in 
pathogenetic mechanisms leading to CVD in patients with different SEP 
[1,3]. 

SEP is regarded as a cause of causes, i.e. SEP is causal in determining 
behavioural and biological risk factors leading to CVD. These patho-
physiological pathways are reflected in individual up- and down- 
regulation of protein biomarkers. Therefore, the aim of this study was 
to address some of the gaps in our understanding of the social inequality 
in cardiovascular health by linking measurement of proteomics to SEP in 
a sample of the general population and to determine how behavioural 
and biological cardiovascular risk factors mediate associations. 

2. Patients and methods 

2.1. Study population 

The study population was derived from Copenhagen City Heart 
Study (CCHS), an ongoing prospective cohort study representing the 
general population and established in 1975 [4]. The first examinations 
took place in 1976–1978 with follow-up examinations in 1981–1983, 
1991–1994, 2001–2003 and in 2011–2015. At each examination, par-
ticipants were re-invited and supplemented by younger subjects. From 
the fourth examination (2001–03, n = 6237), we included all 1259 
participants aged 55–64 years, with a full dataset available in 1142 
participants (see Fig. 1 for patient flow). Data collected includes a 
self-administered questionnaire reviewed by an examiner on the day of 
attendance, physical examination, and blood samples. Informed consent 
was obtained from the CCHS participants, and the study was conducted 
according to the Helsinki Declaration, and the regional ethics committee 
had approved it. 

2.2. Socioeconomic position 

SEP is traditionally defined by education, income and job status. 
Education is stable over the lifetime, can be measured precisely, is 
comparable across gender and is the most widely used marker of SEP in 
health research, including in previous studies from the CCHS. [5] We, 

therefore, used a self-reported length of education as the main exposure 
variable and in some analyses divided this into three categories: less 
than 8, 8 to 11 and > 11 years (corresponding primary school, high 
school/academy profession degree and bachelor’s degree/higher edu-
cation, respectively). We used the length of education as a continuous 
variable truncated at 20 years in all other analyses. We used 
self-reported household income in 6 categories as a secondary SEP 
measure in supplementary analysis. 

2.3. Covariates 

Age and sex were regarded as confounders, whereas traditional CVD 
risk factors were regarded as potential mediators of associations be-
tween SEP and biomarkers (see Supplementary Fig. 1 for conceptual 
pathway). Hypertension was defined as present if the subject had a 
registered diagnosis of hypertension, used any antihypertensive drugs, 
or at the examination had a systolic and/or diastolic blood pressure of 
more than 140 mmHg or 90 mmHg, respectively. Diabetes mellitus was 
either a registered diagnosis, HbA1c fraction equal to or higher than 
0.065 (48 mmol/mol) or if they used any antidiabetic medication. Low- 
density lipoprotein (LDL) -cholesterol was measured non-fasting. Body 
mass index (BMI) was calculated as weight divided by height squared. 
Smoking was categorised as active, former or never-smokers. Physical 
activity was categorised as less than 2 h of moderate activity per week; 
between 2 and 4 h of moderate activity per week; more than 4 h mod-
erate activity or 2–4 h of vigorous activity per week; and, more than 4 h 
of vigorous activity per week. 

2.4. Protein biomarkers 

Plasma was analysed for protein biomarkers (Olink Proteomics, 
Uppsala, Sweden (www.olink.com)) using Proximity Extension Assay 
(PEA). PEA is based on PEA probes, which are pairs of antibodies. When 
the probes are brought in proximity, due to target binding, a new 
sequence in extension to the two oligonucleotides is formed by a DNA 
polymerase. This new sequence will act as a unique surrogate marker for 
the specific antigen. By quantitative real-time polymerase chain reaction 
(qPCR), this sequence is quantified. PEA has shown to be both sensitive 
and specific [3,6]. The results from the samples are provided as nor-
malised protein expressions data (NPX) in the Log2 scale. The output is 
not directly quantifiable, but a high protein value corresponds to a high 
protein concentration. Samples must deviate less than ± 0.3 from the 
median for the incubation to pass quality control (QC). Both for the 
incubation and detection control sample plate median values were 
calculated. Both had to be within limits to pass the QC [6,7]. The sam-
ples that did not pass the quality control (in our data: 1.7%) were 
excluded from our data and not included in the analyses. For each 
sample plate, a limit of detection (LOD) value was calculated. LOD is 
estimated from assay-specific standard deviations and negative controls. 
We kept the samples below the limit of detection (LOD) in the dataset 
and used the measured values as delivered, as has been practised else-
where [8] and as recommended by Olink Proteomics. 

The vendor has defined two CVD panels, each comprising 92 bio-
markers thought to play a role in the pathogenesis of CVD. Some are 
already well-known, while others are less established as markers of CVD. 
The manufacturer has classified biomarkers according to biological 
process, disease area, tissue expression and protein class (based on 
widely used public-access bioinformatic databases, including Uniprot, 
Human Protein Atlas, Gene Ontology (GO) and DisGeNET) into 17 
biological pathways (angiogenesis, blood vessel morphogenesis, cata-
bolic process, cell adhesion, chemotaxis, coagulation, heart develop-
ment, immune response, inflammatory response, Mitogen-activated 
protein kinase (MAPK) cascade (a pathway involved in cell proliferation, 
differentiation and death), platelet activation, proteolysis, regulation of 
blood pressure, response to hypoxia, response to peptide hormone, 
wound healing and other gene ontology terms), albeit with considerable 

Fig. 1. Flowchart depicting how the study population was derived from the 
Copenhagen City Heart Study (CCHS). 
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overlap in biomarkers. The Olink CVD panels have been used in multiple 
previous studies [3,9–11]. The 184 biomarkers with abbreviations and 
UniProt identification are listed in Supplementary Table 1. 

2.5. Statistical analyses 

Variables with a normal distribution are presented with the mean 
and standard deviation (SD), categorical variables with the count and 
percentage. Comparisons across groups defined by education were 
calculated with either one-way analysis of variance (ANOVA) or Pear-
son’s chi-squared test. 

To understand the big amount of data, we first visualised pairwise 
correlations between the 184 protein biomarkers, educational length 
and CVD risk factors in heatmaps. We then performed pairwise corre-
lation analyses between educational length and each of the 184 bio-
markers using Pearson’s correlation coefficient and depicted these in 
volcano plots. For each of the proteins significantly correlated with 
educational attainment (p < 0.05), we performed linear regression 
models in three steps to explore the associations between socioeconomic 
status and biomarkers and the mediating role of behavioural and bio-
logical risk factors: A basic unadjusted model (raw), a model with 
adjustment for the confounders age and sex (estimating the total effect 
of socioeconomic status) and a model with full adjustment for CVD risk 
factors described above (estimating direct associations between socio-
economic status and the biomarkers and the mediation proportion of 
behavioural and biological risk factors). Each of the 184 biomarkers was 
kept as the dependent variable, while education, the confounders and 
CVD risk factors were independent variables. Because multiple bio-
markers were involved in inflammatory pathways, we performed sup-
plementary analyses with adjustment for low-grade inflammation by 
adjusting for hs-CRP and interleukin 6 (IL-6). Our mediation analysis has 
(as possible) been aligned with AGReMA: A guideline for reporting 
mediation analyses [12]. 

The analysis was considered exploratory, and no adjustment was 
made for multiple testing initially since this would penalise signal/noise 
equally. However, we also present false discovery rate (FDR) adjusted 
results using the Benjamini and Hochberg method with a threshold of 
<5%. 

All analyses were performed using the statistical software R (version 
R-3.6.1). 

3. Results 

3.1. Study population 

Baseline characteristics of the study population according to the level 
of education are shown in Table 1. Lower education was associated with 
higher BMI, higher prevalence of smoking, higher blood pressure, lower 
income and lesser physical activity both in time and intensity. Men 
tended to have more short or long education while women had more 
intermediary. For the remaining CVD risk factors, no clear socioeco-
nomic trend was seen. Similar associations were seen for income. 

3.2. Socioeconomic position and protein biomarkers 

The 184 protein biomarkers were significantly correlated with 
several of the covariates listed in Table 1 and Supplementary Fig. 2. Of 
the 184 biomarkers, 48 were significantly correlated with educational 
length (p < 0.05). Of these, 33 were negatively correlated, indicating 
lower values with a higher level of education, while 15 were positively 
correlated (Fig. 2). This was reduced to 23 after adjusting for multiple 
testing with False discovery rate (FDR) < 5%. The strongest negative 
associations (p < 0.00001) were seen for IL-6, matrix metalloproteinase 
12 (MMP-12), growth differentiation factor 15 (GDF-15), retinoic acid 
receptor responder protein 2 (RARRES2), leptin (LEP), von Willebrand 
factor (vWF) and renin (REN) and the strongest positive associations (p 
< 0.001) with chymotrypsin C (CTRC), paraoxonase (PON3), epidermal 
growth factor receptor (EGFR) and brother of CDO (BOC). 

The age- and sex-adjusted and the multiple factors adjusted regres-
sion coefficients for association between education and the 48 bio-
markers significantly associated with education are depicted in a 
combined forest plot and heatmap (Fig. 3). After adjusting for age and 
sex, 37 biomarkers remained significantly associated with the length of 
education (Fig. 3A). After further adjusting for CVD risk factors, the 
following 14 biomarkers were significantly (directly) associated with 
education (Fig. 3B) (see Supplementary Table 1 for abbreviations): vWF, 
IL-6, MMP-12, REN, and tartrate-resistant acid phosphatase type 5 (TR- 
AP) with negative associations while growth hormone (GH), CTRC, 
myoglobin (MB), protein delta homolog 1 (DLK-1), gastrotropin (GT), 
Neurogenic locus notch homolog protein 3 (NOTCH3), BOC, Kallikrein- 
6 (KLK6) and EGFR with positive associations. The combined mediation 

Table 1 
Baseline characteristics of study participants according to the length of education.   

Education years  

<8 years 
N = 440 

8–11 years 
N = 420 

>11 years 
N = 282 

p value 

Age [years] 60.9 (2.8) 60.1 (2.9) 59.2 (2.9) <0.001 
Male 210 (47.7%) 166 (39.5%) 148 (52.5%) 0.002 
BMI [kg/m2] 27.7 (4.9) 26.5 (4.5) 25.5 (3.9) <0.001 
Smoking status    <0.001 

Current 191 (44.1%) 147 (35.6%) 77 (27.3%)  
Former 130 (30%) 134 (32.5%) 117 (41.5%)  
Never 112 (25.9%) 132 (32%) 88 (31.2%)  

Hypertension 124 (28.4%) 109 (25.6%) 59 (20.1%) 0.081 
Systolic BP [mmHg] 140.3 (20) 139.5 (20.1) 135 (19.4) 0.001 
LDL-C [mM] 3.7 (1) 3.7 (1) 3.6 (1) 0.26 
Diabetes 89 (20.4%) 68 (16.2%) 47 (16.7%) 0.24 
Physical activity*    0.002 

None to < 2 moderate 45 (10.3%) 14 (3.3%) 21 (7.5%)  
2–4 moderate 232 (53.1%) 237 (56.4%) 137 (48.6%)  
> 4 moderate or 2–4 vigorous 139 (31.8%) 152 (36.2%) 114 (40.4%)  
> 4 vigorous 21 (4.8%) 17 (4.1%) 10 (3.6%)  

Annual income [1000 EURO]    <0.001 
< 25 168 (38.4%) 96 (23.3%) 44 (15.7%)  
25-80 256 (58.6%) 255 (61.9%) 139 (49.6%)  
> 80 13 (3%) 61 (14.8%) 97 (34.6%)  

BMI = Body Mass Index. Systolic BP = Systolic blood pressure. LDL-C = Low-density lipoprotein cholesterol. *In hours per week. 
Values are number (%) or mean (SD). 
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proportion of the risk factors (systolic blood pressure, LDL-cholesterol, 
BMI, diabetes, activity level and smoking status) ranged from <1% to 
100% and is also presented on Fig. 3B. The dataset was stratified by sex, 
and unadjusted regression models showed overall the same trend in the 
association to biomarkers in both sexes (Supplementary Fig. 3). Both 
age- and sex-adjusted and the multiple factors adjusted regression 
models were additionally adjusted for IL-6 and hs-CRP. We found REN 
and TR-AP losing their significant correlation to education after multi- 
factor adjustment. Furthermore, regression model adjusting for age 
and sex was performed with educational length as a categorical variable 
confirming a dose-response relationship for associations between 
educational attainment and biomarkers (Supplementary Fig. 4). 

Supplementary analysis with correlations between biomarkers and 
household income showed a significant correlation with 68 of the 184 
protein biomarkers (Supplementary Fig. 5). Except for CXCL16, the 
strongest correlated biomarkers (p < 0.00001) were overlapping, 
including IL-6, MMP-12, GDF-15, RARRES2, LEP and vWF. The com-
parison of correlation coefficients between education and household 
income as SEP measure is presented in Supplementary Table 2. After 
correcting for multiple testing (FDR <5%), 46 biomarkers remained 
significantly correlated to household income. 

We further explored whether there was a pattern linking education 
to specific biological pathways by studying predefined pathways sepa-
rately. From previous work [13–15], inflammation/immune response, 
platelet activation/cell adhesion and MAPK cascade were of significant 
interest. Educational attainment was associated with multiple bio-
markers in all three biological pathways (Fig. 2). Multiple biomarkers 
classified as involved in the catabolic process and proteolysis were also 
represented among the 48 biomarkers significantly associated with SEP 
(see Supplementary Fig. 6 for an overview). 

4. Discussion 

We addressed the relationship between SEP and multiple CVD bio-
markers by assessing correlations between educational length and 184 
protein biomarkers involved in the atherosclerotic disease process in the 
Copenhagen City Heart Study (CCHS). With an exploratory approach, 
we found that education was significantly associated with 48 biomarkers 
and household income with 68. In mediation analyses, a varying pro-
portion of the association was mediated by CVD risk factors, and for 14 
biomarkers, there was a statistically significant direct association. 

There is limited research involving SEP and biomarkers, and we have 
identified no studies with a proteomics approach. In a few previous 
studies of single-biomarkers, SEP has been linked mainly to inflamma-
tory biomarkers (hs-CRP, IL-6, fibrinogen, TNF-alfa, IL1-RA) and bio-
markers of cell adhesion and platelet activation (vWF, sICAM1, MCP-1) 
[1,13,14]. Thus, the current data represent a substantial expansion of 
knowledge in the field. 

4.1. Socioeconomic position and cardiovascular risk factors linked to 
behaviour 

The strongest associations between SEP and risk factors were seen for 
BMI, smoking and blood pressure. This link between SEP and both 
obesity and smoking are well known from multiple population studies 
and confirmed in our study. 

Among biomarkers associated with SEP, the strongest positive as-
sociations with BMI was seen for LEP, IL-6, fatty acid-binding protein 
adipocyte (FABP4), RARRES2, LDL receptor, angiotensin-converting 
enzyme 2 (ACE2) and galectin-9 (GAL-9) and the strongest negative 
associations for insulin-like growth factor-binding protein 1 (IGFBP-1) 
and paraoxonase (PON3). After multivariate adjustment we found these 
associations to be considerably attenuated and because of the strong 
associations to BMI, BMI is thought to be a mediating factor. Smoking 

Fig. 2. Volcano plots depicting negative logarithm of p value (y) against correlation coefficient (x) for Pearson’s correlation analysis of each of the 184 biomarkers 
against the length of education. 
Biomarkers significantly correlated with education are noted with blue text, negative correlations on the left, positive correlations on the right. (A) All 184 bio-
markers. (B) Biomarkers in platelet activation/cell adhesion pathway. (C) Biomarkers in inflammation/immune response pathway. (D) Biomarkers involved in MAPK 
cascade. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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showed the strongest positive association with MMP-12 and kidney 
injury molecule (KIM1) and negative association with BOC and 
NOTCH3, also resulting in considerable attenuation of the SEP- 
biomarker association for most of these biomarkers after multivariate 
adjustment. 

As shown in Fig. 3, some associations between SEP and biomarkers 
are likely mediated by behavioural and biological risk factors as indi-
cated by the attenuation after multivariate adjustment and for media-
tion proportions up to 100%. Of note, mediation analyses are likely to 
overestimate the mediation proportion, as discussed below. Other bio-
markers remained significantly associated with SEP even after multi-
variate adjustment, suggesting that these biomarkers’ association to SEP 
is not mediated through the CVD risk factors included in our model. 
Several other unmeasured factors may explain these associations, 
including factors such as diet, pollution, noise and psychological 
distress, all factors known to be associated with CVD and SEP. 

4.2. Biological pathways 

The biomarkers significantly associated with education mainly 
represent the biological processes inflammation and immune response, 
cell adhesion and platelet activation and MAPK. Most of these bio-
markers are involved in several biological processes, notably, IL-6 is 
involved all three biological processes. However, adjusting for IL-6 and 
hs-CRP as measures of low-grade inflammation did not significantly 
affect associations between biomarkers and SEP. 

4.2.1. Inflammation 
Inflammation is involved in the initiation and progression of 

atherosclerotic plaques and has a pivotal role in developing CVD. 
Overall, 20 biomarkers of inflammation were significantly associated 
with education, of which 18 were attenuated or disappeared after 
adjustment for age, sex and traditional CVD risk factors, e.g. smoking 
and obesity. Thus, a large proportion of the socioeconomic gradient in 
inflammation is mediated through these mainly behavioural risk factors. 

IL-6 and TR-AP remained significantly inversely related to educa-
tional length after multiple adjustment. The role of IL-6 in the inflam-
matory process leading to CVD is well documented [16] and presently 
under investigation as a therapeutic target. TR-AP is an enzyme 
expressed in macrophages and activated in acidic conditions, and its 
associations with CVD are less well studied. In one study, TR-AP was 
associated with a lower risk of hospitalisation for heart failure in pa-
tients with chronic kidney disease [17]. In another study, TR-AP was 
inversely associated with an endpoint consisting of cardiac death, heart 
transplantation, left ventricular assist device implantation and man-
agement of acute or worsened heart failure [18]. Another study found 
higher levels of TR-AP in patients with myocardial infarction [19]. 

Inflammatory processes in CVD are potentially modifiable as docu-
mented by the recent CANTOS trial showing effect of monoclonal anti-
body (canakinumab) targeting the IL1β – TNFα – IL-6 – CRP 
inflammatory pathway [16], and recent trials of colchicine also showed 
effects on inflammatory biomarkers and CVD outcome [20,21]. The 
association between SEP and multiple biomarkers of low-grade 

Fig. 3. Forest plot and heatmap of the 48 protein biomarkers significantly correlated to educational length. 
Regression coefficients from linear regression of education on each protein biomarker with their respective 95% CI intervals. Green: total association adjusted for age 
and sex and direct association, blue: additional adjustment for systolic blood pressure, LDL-cholesterol, BMI, diabetes, physical activity and smoking status. (A) Forest 
plot ordered according to the regression coefficient from high to low by total association and panel B by direct association. (B) the forest plot also includes MP: 
biomarkers mediation proportion in per cent of the coefficients from total to direct association. Panel B also comprises a heatmap indicating correlations (Pearson’s) 
with the corresponding biomarker and education and risk factors. White: no correlation, red shades: negative correlation and blue shades: positive correlation. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

B.H. Shafi et al.                                                                                                                                                                                                                                 



Atherosclerosis 352 (2022) 62–68

67

inflammation, in particular, IL-6 indicate that behavioural risk factors 
do not fully capture the risk associated with low SEP and also points 
towards a potential role of anti-inflammatory treatment to target SEP 
inequity in CVD outcomes. 

4.2.2. Cell adhesion and platelet activation 
Cell adhesion/aggregation and tissue remodelling are highly active 

processes in CVD. Cell adhesion molecules are produced at the site of 
atherosclerosis and attract and allow immune cells to enter. When 
transformed into macrophages, they phagocytise oxidised cholesterol, 
and an immune response can be activated. Platelet activation also plays 
a role in promoting the inflammatory response at these sites [1]. 

Fourteen biomarkers belonging to the cell adhesion and platelet 
activation pathway were significantly associated with education. Of 
these, 10 remained significant after adjustment for age and sex. After 
multiple adjustment, this was true for von Willebrand factor (vWF), 
BOC, and epidermal growth factor receptor (EGFR), as well as IL-6 and 
TR-AP, described above. 

vWF stabilises coagulation factor VII. This factor is linked to the 
regulation of angiogenesis, platelet adhesion and inflammation [22]. 
Higher plasma levels of vWF have been linked to adverse prognosis in 
CVD, and in patients with atrial fibrillation, higher levels of vWF predict 
stroke and vascular events [23]. BOC is a transmembrane co-receptor 
that enhances the hedgehog pathway. In one study, BOC was higher in 
patients with heart failure and decreased after a heart transplant [24]. 
EGFR is described below. Future studies must determine whether acti-
vation of this biological pathway by low SEP or other factors is associ-
ated with the greater effect of antiplatelet therapy. 

4.2.3. MAPK cascade 
MAPKs are intracellular signal mediators typically consisting of at 

least three kinases; a MAPKKK, a MAPKK and a MAPK. The first factor 
phosphorylates the next factor until MAPK gets activated after phos-
phorylation. Through various interactions between different cascades, 
MAPK activation is seen activated during inflammation and cellular 
stress, for example, oxidative stress. MAPK signalling pathways also play 
roles in cell proliferation, differentiation and cell death [25]. 

The educational length was associated with 13 biomarkers in the 
MAPK cascade. Eight were significantly associated after age and sex 
adjustment, while four remained significantly associated after multiple 
adjustment: IL-6, REN, EGFR and GH. 

REN is an endopeptidase that elevates blood pressure by activating 
the renin-angiotensin-aldosterone system (RAAS). It functions by 
hydrolysing angiotensinogen into angiotensin I, which then is cleaved 
by the angiotensin-converting enzyme to the potent vasoconstrictor 
angiotensin II [26]. RAAS activation is associated with increased 
atherosclerotic burden in patients with and without type 2 diabetes 
[27]. EGFR is a transmembrane protein receptor for epidermal growth 
factors. EGFR can be activated by angiotensin II, which can activate the 
MAPK cascade amongst other pathways. One previous study has found 
that pathways related to inflammation and EGFR in patients with dia-
betes and heart failure could be possible targets for treatments [9]. GH is 
a peptide hormone also known as somatotropin. It has been suggested 
that administration of GH can improve cardiac functioning through 
enhancing collateral vessels, but this remains to be proven [28]. Future 
studies are needed to examine whether modification of the 
MAPK-cascade is relevant for the socioeconomic disparity. 

4.2.4. Biomarkers and cardiovascular risk prediction 
It is vital to have accurate risk stratification tools to target risk 

modification and treatment to those at the highest risk. Despite the well- 
documented socioeconomic disparity in CVD health, socioeconomic 
factors are not incorporated in ESC or AHA/ACC risk prediction models 
[29,30]. Our results indicate that the traditional CVD risk factors by 
which we assess future CVD risk only capture a part of the risk caused by 
socioeconomic factors. Notably, SEP remained directly associated with 

biomarkers strongly associated with CVD outcomes, e.g. IL-6. vWF and 
REN. Further, the association with multiple biomarkers from pathways 
of inflammation, cell adhesion, platelet activation and MAPK cascade 
indicates that these biomarkers may help incorporate socioeconomic 
status into CVD risk prediction by capturing the biological risk rather 
than a more imprecise measure of socioeconomic status. By further in-
vestigations of how biomarkers mediate the socioeconomic disparity in 
CVD, SEP could become a reliable predictive risk marker for CVD. 

4.3. Strengths and limitations 

This represents the hitherto largest study exploring associations be-
tween SEP and CVD protein biomarker panels. The strengths of the study 
include that a large proportion of the biomarkers studied represent well- 
known biological processes and have been investigated in multiple 
studies of CVD. The panels used are regarded as high quality, they are 
commercially available and have been used in numerous previous 
studies [31]. The study population comprised men and women who are 
representative of the general population, although limited to the age 
55–64 years at the time of inclusion. We have well defined SEP using 
their educational length, which is the most constant parameter of SEP. 
Furthermore, the findings have been confirmed by using household in-
come as a measure of SEP. 

The study’s main limitation is that with the exploratory approach, 
we have performed multiple binary analyses with an inherent risk of 
reporting spurious associations (type I error). We have addressed this by 
looking at biological pathways rather than independent biomarkers, and 
we present FDR adjusted results but, regardless, the findings need 
confirmation in other studies. Another limitation is the cross-sectional 
nature of the study, which limits inference of causality. However, 
since education largely remains constant through life, this may not be a 
real limitation. Mediation analyses assume causal inference and should 
be interpreted with caution. Whether the differences in biomarker 
profiles are a result of lifestyle related risk factors or the lifestyle related 
risk factors are in fact preceded by differences in biomarker profiles, was 
not accounted for in our analyses As an example, SEP may be causally 
related to diabetes which in turn increases inflammatory biomarkers but 
SEP may also be directly causally related to inflammation contributing 
to development of diabetes. In this case the mediating role of diabetes 
may be overestimated. Further, mediation proportion may be erroneous 
if the associations are not causally related. Mediation proportion may be 
overestimated due to confounding. However, through our multivariate 
adjusted regression model we found that even after accounting for 
lifestyle related risk factors there was a residual of socioeconomic 
gradient in biomarkers. Follow-up studies must determine whether the 
socioeconomic gradient in CVD is mediated through these biological 
pathways. 

Individuals with low SEP and higher disease burden are underrep-
resented in the CCHS (healthy responder effect), as in all population 
level studies. This may affect external generalizability but does not affect 
internal validity. When defining SEP, factors such as employment status, 
access to health care or vehicle etc., were not accounted for. Also, me-
diators as neighbourhood socioeconomic deprivation and mental health 
were not included in the models. These factors are difficult to capture 
and were not available to us, but they are likely to explain a substantial 
proportion of the residual risk, as is diet, which was also not assessed. 

4.4. Conclusion 

SEP was associated with multiple biomarkers linked to CVD in men 
and women. The range of biomarkers indicates that pathways 
involving inflammation (IL-6, LEP, RARRES2), platelet-activation 
(vWF, IL-6), blood pressure (REN, LEP) and MAPK cascade (GDF- 
15, LEP, IL-6, REN, EGFR) may contribute to the socioeconomic 
gradient in CVD. These results may help understand and quantify the 
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underlying biological pathways leading to socioeconomic disparity 
in CVD. 
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A. Benetos, A. Biffi, J.M. Boavida, D. Capodanno, B. Cosyns, C. Crawford, C. 
H. Davos, I. Desormais, E.D.I. Angelantonio, O.H. Franco, S. Halvorsen, F.D. 
R. Hobbs, M. Hollander, E.A. Jankowska, M. Michal, S. Sacco, N. Sattar, 
L. Tokgozoglu, S. Tonstad, K.P. Tsioufis, I Van DIs, IC Van Gelder, C. Wanner, 
B. Williams, et al., ESC Guidelines on cardiovascular disease prevention in clinical 
practice, Eur. Heart J. 42 (2021) 3227–3337, 2021. 

[31] Olink publications. https://www.olink.com/data-you-can-trust/publications/. 
(Accessed 18 August 2021). 

B.H. Shafi et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.atherosclerosis.2022.05.020
https://doi.org/10.1016/j.atherosclerosis.2022.05.020
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref1
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref1
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref1
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref2
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref2
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref2
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref3
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref3
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref3
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref4
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref4
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref4
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref5
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref5
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref5
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref6
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref6
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref6
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref6
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref6
http://www.olink.com
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref8
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref8
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref8
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref8
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref9
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref9
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref9
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref9
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref9
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref10
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref10
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref10
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref10
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref11
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref11
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref11
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref12
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref12
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref12
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref13
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref13
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref13
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref14
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref14
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref14
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref15
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref15
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref15
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref16
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref16
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref16
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref16
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref16
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref16
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref17
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref17
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref17
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref18
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref18
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref18
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref18
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref18
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref19
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref19
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref19
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref19
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref20
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref20
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref20
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref20
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref20
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref20
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref21
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref21
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref21
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref21
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref22
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref22
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref23
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref23
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref23
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref24
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref24
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref24
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref25
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref25
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref26
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref26
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref27
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref27
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref27
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref27
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref27
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref27
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref28
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref28
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref29
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref29
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref29
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref29
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref29
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref29
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref30
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref30
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref30
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref30
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref30
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref30
http://refhub.elsevier.com/S0021-9150(22)00274-X/sref30
https://www.olink.com/data-you-can-trust/publications/

	Socioeconomic disparity in cardiovascular disease: Possible biological pathways based on a proteomic approach
	1 Introduction
	2 Patients and methods
	2.1 Study population
	2.2 Socioeconomic position
	2.3 Covariates
	2.4 Protein biomarkers
	2.5 Statistical analyses

	3 Results
	3.1 Study population
	3.2 Socioeconomic position and protein biomarkers

	4 Discussion
	4.1 Socioeconomic position and cardiovascular risk factors linked to behaviour
	4.2 Biological pathways
	4.2.1 Inflammation
	4.2.2 Cell adhesion and platelet activation
	4.2.3 MAPK cascade
	4.2.4 Biomarkers and cardiovascular risk prediction

	4.3 Strengths and limitations
	4.4 Conclusion

	Funding
	CRediT authorship contribution statement
	Declaration of competing interests
	Acknowledgements
	Appendix A Supplementary data
	References


