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Abstract 
 
Cardiovascular disease (CVD) affects individuals across the lifespan, with multiple 

cardiovascular (CV) risk factors increasingly present in young populations. The underlying 

mechanisms in early cardiovascular disease development are complex and still poorly 

understood. We therefore employed urinary proteomics as a novel approach to gain better 

insight into early CVD-related molecular pathways based on a CVD risk stratification 

approach. 

This study included 964 apparently healthy (no self-reported chronic illnesses, free from 

clinical symptoms of CVD) black and white men and women (aged 20-30 years old) from the 

African Prospective study on the Early Detection and Identification of Cardiovascular disease 

and Hypertension (African-PREDICT) study. Cardiovascular risk factors used for stratification 

included obesity, physical inactivity, tobacco use, high alcohol intake, hyperglycemia, 

dyslipidemia and hypertension. Participants were divided into low (0 risk factors), medium (1-

2 risk factors) and high (≥3 risk factors) CV risk groups. We analyzed urinary peptidomics by 

capillary electrophoresis time-of-flight mass spectrometry. 

After adjusting for ethnicity, sex and age, 65 sequenced urinary peptides were differentially 

expressed between the CV risk groups (all q-values≤0.01). These peptides included a lower 

abundance of collagen type I- and III-derived peptides in the high compared to the low CV risk 

group. With regard to noncollagen peptides, we found a lower abundance of alpha-1-

antitrypsin fragments in the high compared to the low CV risk group (all q-values≤0.01). 

Our findings indicate lower abundances of collagen types I and III in the high compared to the 

low CV risk group, suggesting potential early alterations in the CV extracellular matrix. 

Keywords: cardiovascular risk factors, collagen type I, collagen type III, hypertension, 

peptidomics   
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Introduction 

The early development of cardiovascular diseases (CVDs) is becoming a major health 

concern, especially in light of the high prevalence of young adults, as well as children, with 

increased risk factors for CVD [1-3]. Numerous interrelated risk factors contribute to the 

development of CVD, including hypertension, obesity, elevated cholesterol levels, smoking, 

excessive alcohol use, diabetes, ethnicity, sex, physical inactivity and increasing age [4-6]. In 

addition, the mechanisms underlying CVD development have multisystem complexity [7, 8]. 

New approaches, including proteomics, may provide further insight into CVD-related 

molecular pathways. Proteomics can detect dynamic changes in protein expression to provide 

insight into the molecular and cellular processes underlying disease [9] and are therefore able 

to identify and define novel biomarkers for diagnosis, disease staging, novel therapeutic 

targets, prediction and ultimately disease prevention [10, 11]. 

With the use of proteomics, unique molecular patterns have already been identified for various 

conditions and are able to discriminate between health and disease states. Urinary proteomic 

analysis enabled defining biomarkers specific to coronary artery disease (CAD) [12, 13], 

chronic kidney disease (CKD) [14, 15], diabetes [16, 17], diabetic nephropathy [17] and heart 

failure [18]. However, to the best of our knowledge, no proteomic studies have focused on CV 

risk factors and the early stages of CVD development in young adults. 

We therefore aimed to identify a urinary proteomic profile that would differentiate between low, 

medium and high cardiovascular risk among young asymptomatic adults to better understand 

the molecular make-up and pathogenic principles that may be involved in the early stages of 

CVD development. 
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Methods 

Study population and organizational procedures 

The African Prospective study on the Early Detection and Identification of Cardiovascular 

disease and Hypertension (African-PREDICT) is a longitudinal study designed to characterize 

the development of hypertension over a follow-up period of 10 years. Baseline data were 

collected from 2013-2017 and included 1202 (aged 20-30 years) healthy adults [19]. This 

study included baseline data of 964 participants from the African-PREDICT study with 

complete urinary peptidomics data. Recruitment took place in the North West province of 

South Africa. Recruited participants were invited to the screening phase to determine if they 

met the inclusion criteria of the research phase of the African-PREDICT study. The inclusion 

criteria were HIV-uninfected and clinic normotensive (office brachial blood pressure <140/90 

mmHg), men or women aged 20–30 years of self-reported black or white ethnicity with no self-

reported chronic illness or use of chronic medication. Participants were required to sign an 

informed consent form to participate in the screening and research phases of this study. The 

African-PREDICT study (NWU-00001-12-A1), as well as this substudy (NWU-00495-19-A1), 

were approved by the Health Research Ethics Committee of the North-West University 

(ClinicalTrials.gov identifier: NCT03292094). 

Anthropometric measurements 

An anthropometrist made use of the International Society for the Advancement of 

Kinanthropometry [20] guidelines to take measurements of the participants. We measured 

height, weight (Seca, Hamburg, Germany) and waist circumference (Lufkin Steel 

Anthropometric Tape; W606PM; Lufkin, Apex, USA). Body mass index (BMI) was calculated 

with the use of the following formula: weight (kg)/height squared (m²). 
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Questionnaires 

A general health and demographic questionnaire was completed by each participant. The 

socioeconomic score of each participant was calculated with the use of a point system adapted 

from Kuppuswamy’s Socioeconomic Status Scale [21] for a South African environment. 

Participants were scored on three categories, skill level, education level and household 

income [19], and categorized into low, medium and high socioeconomic groups. Furthermore, 

each participant also completed a Global Physical Activity Questionnaire [22]. 

Cardiovascular measurements 

Ambulatory blood pressure 

Twenty-four-hour ambulatory blood pressure measurements (ABPM) were determined with a 

Card(X)plore device validated by the British Hypertension Society (Meditech, Budapest, 

Hungary) [23]. A fitted cuff was used on the participant’s nondominant arm that measured 

blood pressure in 30-minute intervals during daytime (08:00-22:00) and hourly during 

nighttime (22:00-06:00). 

Biochemical analysis 

Participants were required to fast for eight hours prior to biological sampling. Biological 

samples comprised of blood samples taken from the antebrachial vein with the use of a winged 

infusion set by a registered nurse, as well as an early-morning spot urine sample. Biological 

samples were taken to an on-site laboratory to be prepared, aliquoted into cryovials and stored 

in biofreezers (–80 °C) for later analysis. The following basic biochemical measurements were 

included: serum total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein 

cholesterol, triglycerides, high-sensitivity C-reactive protein, gamma-glutamyl transferase, 

albumin, creatinine, glycated hemoglobin (HbA1c) (Cobas Integra 400 plus, Roche, Basel, 

Switzerland), serum cotinine (Immulite, Siemens, Erlangen, Germany) and plasma total 

fibrinogen (Instrumentation Laboratories, Milan, Italy). 
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Urinary peptidomics 

Sample preparation for urinary peptidomics analysis included the dilution of 700 μl of urine 

with 700 μl of urea 2M solution and 0.1 M of ammonium hydroxide containing 0.02% sodium 

dodecyl sulfate. Ultracentrifugation was performed with a 20 kDa molecular weight cutoff 

Centrisart centrifugal ultrafiltration unit (Sarorius, Göttingen, Germany) at 3000 x g for 1 hour 

at 4 °C [24, 25]. The filtrate was then desalted to remove urea, electrolytes and salts with a 

PD-10 desalting column (Amersham Bioscience, Buckinghamshire, UK), and peptide elution 

was achieved with 0.01% aqueous ammonium hydroxide. Then, the samples were lyophilized, 

stored at 4 °C, and resuspended in high-performance liquid chromatography (HPLC)-grade 

water to a final concentration of 2 μg/μl before analysis [24, 25]. Capillary electrophoresis time-

of-flight mass spectrometry (CE-TOF-MS) was performed using a P/ACE MDQ capillary 

electrophoresis system (Beckman Coulter, Fullerton, USA) coupled with a microTOF mass 

spectrometer (Bruker Daltonic, Bremen, Germany) as previously described [26]. For a detailed 

description of the biochemical analysis of urinary peptidomics, refer to Supplemental Material: 

Appendix A: Urinary peptidomics biochemical analysis. We also included the previously 

defined urinary proteomic classifier CAD238 [12], which consisted of 238 CAD-specific 

polypeptides that were able to identify patients with CAD with high sensitivity and specificity, 

as well as classifier CKD273 [27], which consisted of 273 CKD-specific polypeptides that were 

also able to identify CKD patients with high confidence. 

Statistical analyses 

R version 3.6.0 software (R Foundation for Statistical Computing, Vienna) [28], IBM® SPSS® 

Statistics version 25 software (IBM Corporation; Armonk, New York, USA) and G*Power 

version 3.1.9.3 software (Faul, Erdfelder, Lang, & Buchner, 2007) [29] were used to perform 

statistical analyses. 

Participants (n=964) were divided into three groups based on the number of cardiovascular 

risk factors (Figure 1), i.e., zero risk factors, 1-2 risk factors and 3 or more risk factors. The 
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following factors were chosen to define low, medium and high classifications of early 

cardiovascular risk: waist/height ratio >0.55 (kg/m) [30]; body mass index ≥30 (kg/m²) [31]; 

physical inactivity (moderate vigorous intensity exercise<600 MET-min or moderate 

exercise<150 min and vigorous exercise<75 min) [22]; self-reported smoking or plasma 

cotinine levels ≥11 (ng/ml) [32]; self-reported alcohol use or gamma-glutamyl transferase 

levels ≥49 (U/L) [33, 34]; glycated hemoglobin ≥5.7(%) [35]; low-density lipoprotein >3 (mmol/l) 

[36]; and hypertension (24-hour mean SBP ≥130 mmHg and/or 24-hour mean DBP ≥80 

mmHg) [37]. 

All biochemical variables were tested for normality (Q-Q plots). Skewed data (lipids, C-reactive 

protein, glucose, gamma-glutamyl transferase, cotinine and glycated hemoglobin) were 

logarithmically transformed. We performed ANOVA and ANCOVA (adjusted for ethnicity) to 

compare the groups. 

All urinary peptide data were logarithmically (log2) transformed to obtain comparable intensity 

ranges of peptides. All peptides with >45% missing or undetectable values were excluded 

from further data analysis, as this would produce unreliable results. Missing data imputation 

was performed by replacing the missing values with the minimum value of the peptide divided 

by two (min/2). We performed ANCOVAs (adjusted for ethnicity, sex and age) on the 

transformed peptidomics data (909 peptides) to compare the peptide levels between the 

groups. Adjustment for multiple comparisons was applied following the Benjamini‒Hochberg 

approach to lower the false discovery rate (q≤0.05). Only sequenced peptides with a q-

value≤0.01 were included in the bar graphs (Figure 2). Furthermore, in the total group 

(n=964), we performed partial correlations (adjusting for age and ethnicity) between the 

cardiovascular disease risk factors and the urinary peptides with a q-value≤0.01 to assess 

which risk factors mainly contributed to differences in urinary peptide levels between the CV 

risk groups.   
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Results 

The general characteristics of the low, medium and high cardiovascular risk groups are 

described in Table 1. The high-risk group was older (mean age 25.4 vs. 23.9 and 24.1; 

p<0.001) than the medium- and low-risk groups. The low-risk group included a lower fraction 

of black individuals compared to the medium- and high-risk groups (p<0.006), whereas sex 

and socioeconomic scores were similar between the groups (all p>0.22). 

Cardiovascular risk factors in the low-, medium- and high-risk groups 

All metabolic and blood pressure-related risk factors were higher in the high-risk group than 

in the medium- or low-risk group. Body mass index (with 41.3% obese individuals in the high-

risk group) was higher in the high-risk group than in the medium-risk group. A greater 

proportion of people had hypertension in the high-risk group (by 27%) than in the medium-risk 

group (5%), and HbA1c was higher in the high-risk group (by 18% above the normal range) 

than in the other risk groups (7%) (all p<0.001). The remaining risk factors differed significantly 

between all the groups, including higher cotinine (by 47% above the normal range) and 

gamma-glutamyl transferase (15% above the normal range in the high-risk group) levels and 

lower physical inactivity in the high-risk group (by 75%) than in the medium-risk group (41%) 

(all p<0.001). The high-risk group had a less favorable lipid profile and higher levels of C-

reactive protein (with 8% above the normal range (>=10 mg/L)) than the medium-risk group 

(3%) [38]. With regard to established classifier scores, we found higher levels of the CKD273 

classifier score in the high-risk group than in the low CV risk group (<0.001). 

Urinary peptidomics in the low-, medium- and high-risk groups 

In ANCOVAs, 147 sequenced peptides differed significantly between the groups (q-

value≤0.05), with 65 peptides with a q-value≤0.01. 

Collagen type I- and III-derived peptides 
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Almost all (except for peptide e12556) COL1A1-derived peptides (represented by 35 peptides) 

(q-value≤0.01) (Figure 2), COL1A2-derived peptides (represented by 10 peptides) (q-

value≤0.01), and COL3A1-derived peptides (represented by 5 peptides) (q-value≤0.01) were 

lower in the high-risk group than in the low-CVD risk group. 

Other collagen-derived peptides 

Other collagen-derived peptides that differed significantly between the groups included 

COL2A1, COL4A3, COL6A1, COL10A1, COL11A2, COL16A1, and COL26A1 (all q-

values≤0.01) and were lower in the high-risk group than in the low-CVD risk group. 

Furthermore, COL7A1- and COL11A2-derived peptides were higher in the high-risk group 

than in the low-CVD risk group (Figure 2). 

Noncollagen-derived peptides 

All noncollagen-derived peptides, including alpha-1-antitrypsin, were lower in the high-risk 

group than in the low-CVD risk group (all q-values≤0.01). For a detailed description of the 

ANCOVAs for all urinary peptides (sequenced and nonsequenced peptides), please refer to 

Supplemental Material: Appendix B: Analysis of covariance descriptive test for urinary 

peptides. 

Main cardiovascular risk factors that correlated with urinary peptides 

In partial regression analyses, we identified low-density lipoprotein (LDL), HbA1c, gamma-

glutamyl transferase (GGT) and physical activity correlated with the majority of urinary 

peptides with a q-value≤0.01. Low-density lipoprotein, HbA1c and GGT were inversely 

correlated, and physical activity was positively correlated with urinary peptides (Supplemental 

Material: Appendix C: Partial regression analysis between cardiovascular risk factors 

and urinary peptides). 
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Discussion 

In this study, we aimed to identify and compare urinary peptides in adults with low, medium 

and high CVD risk to aid in the understanding of molecular processes involved in the early 

development of CVD. We identified 65 sequenced urinary peptides (q-value≤0.01) that were 

differentially expressed between the low-, medium- and high-cardiovascular risk groups. The 

majority of peptides that were identified consisted of collagen fragments, which was not 

surprising since collagen is the most abundant protein in the body [39]. As seen in this study, 

previous urine-based proteomic studies also revealed that collagen-derived peptides 

contributed prominently to signatures that define control and various disease groups [13, 40]. 

In two previous manuscripts, endogenous peptides in urine and plasma were compared [41, 

42]. The authors consistently found poor or no correlation when investigating all peptides but 

significant correlations when only collagen-derived peptides were investigated. These findings 

gave rise to the hypothesis that a major fraction of the urinary collagen fragments likely result 

from glomerular filtration of blood and are therefore not kidney derived. 

We identified a lower abundance of collagen type I- and III-derived peptides in the high-CV 

risk group than in the low-CV risk group. Several urinary proteomic studies among patients 

with arterial stiffness [43], CAD [12], left ventricular diastolic dysfunction [40], chronic kidney 

disease [44], diabetes and diabetic nephropathy [45] indicated a lower abundance of collagen 

type I among cases than among controls. A few urine-based proteomic studies on CAD [12] 

and diabetic nephropathy [44] also found a lower abundance of collagen type III fragments 

among the cases compared to the controls. Our findings with regard to the abundance of 

collagen type I- and III-derived peptides indicated the same patterns as seen in the 

aforementioned studies but in a young population with increased CVD risk and without CVD 

or overt organ damage. Since the arterial and cardiac extracellular matrix (ECM) are 

predominantly composed of fibrillar collagen types I and III, which provide tensile strength and 

structure [46], our results suggest that it may be beneficial to investigate early changes in ECM 

turnover to identify possible targets for intervention. 
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Collagen types I and III 

A tightly controlled ECM turnover is necessary for normal protein function and relies on the 

balance between ECM synthesis and degradation [47]. When ECM turnover is disturbed, 

factors that contribute to the synthesis or degradation of ECM proteins will trigger acute or 

chronic tissue remodeling, changing the structure and mechanical function of the ECM [47]. 

Previous studies indicated that transforming growth factor-β (TGF-β) activation is associated 

with the development of CVD [48, 49]. Under normal physiological circumstances, TGF-β 

contributes to a healthy vessel wall structure through the control of ECM protein synthesis and 

deposition [47]. A potential mechanism could be increased activation of TGF-β in the high-CV 

risk group, which may consequently lead to an increase in type I and III collagen deposition in 

the ECM and therefore lower excretion of these collagen peptides. Furthermore, with the 

overall higher blood pressure in the high-risk group, we hypothesize that collagen type I and 

III degradation may be attenuated as a result of higher mechanical stress exerted on the 

vascular or cardiac wall [50]. The proposed reduced collagen type I and III degradation in the 

ECM may be an early altered vascular remodeling process to maintain homeostasis for the 

higher mechanical strain and workload on the vascular and cardiac walls [51, 52]. 

Furthermore, in the total population group (n=964), LDL, HbA1c and GGT were inversely 

correlated, whereas physical activity was positively correlated with collagen type I and III 

fragments. Research shows that LDL, HbA1c (prediabetes) and GGT promote vascular 

inflammation [53-55]. Since the high-risk group had higher levels of LDL, HbA1c and GGT, we 

propose that vascular inflammation may be elevated in the high-risk group compared to the 

other groups, which may lead to early changes in vascular ECM turnover. Additionally, 

research has shown that physical activity promotes vascular health, whereas physical 

inactivity is associated with CVD risk factors such as high blood pressure, lower insulin 

sensitivity and a less favorable lipid profile [56], which may further promote vascular 

inflammation. Since physical activity was the lowest in the high-risk group compared to the 

other risk groups, we suggest that vascular inflammation may be higher in the high-risk group, 
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which may lead to unhealthy ECM turnover. We therefore propose that the regulation of both 

collagen types I and III may be altered in the high-CV risk group, which may lead to the 

development of CVD over time if healthier lifestyle changes are not implemented. 

Noncollagen peptides 

Regarding the identification of noncollagen peptides, we found a lower abundance of alpha-

1-antitrypsin fragments in the high-CV risk group than in the low-CV risk group. Alpha-1-

antitrypsin is a serine proteinase inhibitor and acute phase protein with anti-inflammatory 

properties [57]. Although we found higher levels of inflammatory markers, such as C-reactive 

protein, in the high-CV risk group than in the low-CV risk group, it is possible that alpha-1-

antitrypsin may carry out a cardioprotective role in the high-CV risk group by binding to the 

endothelium to limit inflammatory pathways and vascular injury [57]. 

Perspectives 

The peptides that are differentially expressed between low, medium and high early 

cardiovascular risk may reflect early changes and possible cardioprotective pathways, such 

as altered ECM remodeling and inflammatory responses involved in the development of 

cardiovascular disease. Even though this hypothesis-generating study focused on single 

peptides, many of the sequenced peptides identified in our study correspond with the 

previously identified and well-established CKD273 and CAD238 classifiers, including fragments 

of collagen types I and III and alpha-1-antitrypsin [12, 58]. Therefore, the analyses of single 

peptides in young adults with increased CVD risk may contribute to our understanding of the 

mechanism involved in the early development of CVD. Hence, the possible hypotheses 

represented by the identified biomarkers should not be underestimated. 

Strengths and limitations 

This study consisted of a young (aged 20-30 years) and healthy black and white population 

without overt organ damage. To the best of our knowledge, this study is the first to identify an 
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altered abundance of collagen types I- and III-related peptides among young asymptomatic 

adults with high compared to low CVD risk that may indicate an altered ECM turnover. It is 

beyond the scope of this descriptive study to explain the mechanisms of different collagen 

turnover and whether it is a cause or a consequence of other pathological processes. This 

study does not have TGF-β data, and more research should be conducted to test our 

hypotheses about the possible involvement of TGF-β and urinary peptides in an altered ECM. 

Conclusion 

To conclude, we found a significantly lower abundance of collagen types I and III and alpha-

1-antitrypsin in the high compared to the low-CVD risk groups. Our results may reflect potential 

cardioprotective pathways involved in the circulatory ECM and inflammatory responses due 

to the presence of multiple cardiovascular risk factors even at younger ages. 
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Table legends 

Table 1: Characteristics of the cardiovascular risk groups. 

 

Figure legends 

Figure 1: Stratification of low-, medium- and high-risk groups according to cardiovascular risk 

factors. 

Figure 2: Urinary peptide level comparison between the low, medium and high early 

cardiovascular risk groups. 
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