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ABSTRACT

Objectives To investigate the association between

type | collagen o1 chain (COL10a:1) levels and coronary
artery disease (CAD) by using absolute quantification in
plasma. Also, to investigate the correlates of COL1a1 to
clinical characteristics and circulating markers of collagen
metabolism.

Design Life conditions, Stress and Health (LSH) study:
prospective cohort study, here with a nested case—control
design.

Assessing Platelet Activity in Coronary Heart Disease
(APACHE) study: prospective cohort study.

Setting LSH: primary care setting, southeast Sweden.
APACHE: cardiology department, university hospital,
southeast Sweden.

Participants LSH: 1007 randomly recruited individuals
aged 45-69 (50% women). Exclusion criteria was serious
disease. After 13 years of follow-up, 86 cases with primary
endpoint were identified and sex-matched/age-matched to
184 controls.

APACHE: 125 patients with myocardial infarction (Ml), 73
with ST-elevation Ml and 52 with non-ST-elevation MI.
Exclusion criteria: Intervention study participation, warfarin
treatment and short life expectancy.

Primary and secondary outcome measures Primary
outcome was the association between baseline COL10:1
and first-time major event of CAD, defined as fatal/non-
fatal MI or coronary revascularisation after 13 years.
Secondary outcomes were the association between the
collagen biomarkers PRO-C1 (N-terminal pro-peptide

of type | collagen)/C1M (matrix metalloproteinase-
mediated degradation of type | collagen) and CAD;
temporal change of COL1a1 after acute Ml up to 6
months and lastly, correlates between COL1o1 and
patient characteristics along with circulating markers of
collagen metabolism.

Results COL1o:1 levels were associated with CAD, both
unadjusted (HR=0.69, 95% Cl=0.56 to 0.87) and adjusted
(HR=0.55, 95% Cl=0.41 to 0.75). PRO-C1 was associated
with CAD, unadjusted (HR=0.62, 95% Cl=0.47 to 0.82)
and adjusted (HR=0.61, 95% Cl=0.43 to 0.86), while C1M
was not. In patients with MI, COL10:1 remained unchanged
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STRENGTHS AND LIMITATIONS OF THIS STUDY

= The study includes two well-characterised cohorts
that complement each other in elucidating the role
of type I collagen o1 chain (COL1o1) in coronary
artery disease (CAD).

= Absolute quantification of COL1a1 in plasma was
used to consolidate its novel relationship with inci-
dent CAD, as compared with a previous study using
a relative quantification method.

= The relationship to other biomarkers reflecting colla-
gen synthesis and degradation, along with markers
of inflammation and myocardial injury was investi-
gated to further clarify the role of COL1a:1 in CAD.

= Although adjustments for the most common cardio-
vascular risk factors were performed in our models,
there might be residual confounding factors that ex-
plain the observed associations.

= The study design and limited sample size (especial-
ly women subjects) makes it difficult to draw any
definitive mechanistic conclusions from our results
along with limiting the generalisability to other
populations.

up to 6 months. COL1a1 was correlated to PRO-C1, but
not to C1M.

Conclusions Plasma COL1at1 was independently and
inversely associated with CAD. Furthermore, COL1o:1
appeared to reflect collagen synthesis but not degradation.
Future studies are needed to confirm whether COL1a1 is a
clinically useful biomarker of CAD.

INTRODUCTION

Cardiovascular disease is the leading cause
of death and source of disease burden world-
wide. Most clinical manifestations, such as
coronary artery disease (CAD), are caused by
atherosclerosis.! Atherosclerosis is a complex
and long-lasting process in which multiple
factors such as lipid profile, inflammation
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and extracellular matrix (ECM) remodelling contribute
to the phenotype of the atherosclerotic plaque. Whether
a plaque develops into a vulnerable one, with increased
risk of atherothrombotic complications, largely depends
on its phenotype.” The ECM remodelling process in the
arterial wall involves the synthesis and breakdown of ECM
proteins such as collagens, proteoglycans and elastin.”
Excessive or uncontrolled ECM remodelling in CAD has
been proposed by previous studies showing that ECM-
degrading enzymes, such as matrix metalloproteinases
(MMPs), are upregulated in rupture-prone plaques.*™
Also, circulating levels of MMPs, particularly MMP-9, have
been shown to predict the risk of CAD.”®

Type I collagen is the most abundant protein in
the human body and expressed in numerous tissues
including skin, bone, tendons and arteries. It consists
of two identical polypeptide ol chains (COLloal) and
one 02 chain resulting in a triple helix molecule. Pro-
collagen is the precursor to mature collagen in tissues
and has three major domains: an N-terminal pro-
collagen domain, a central triple helical domain and a
C-terminal pro-collagen domain.” During the collagen
synthesis, the N-terminal and C-terminal pro-collagens
are cleaved off from the central domain. These frag-
ments, including the PRO-C1 (N-terminal pro-peptide
of type I collagen) biomarker, can reflect the systemic
synthesis of type I collagen when measured in plasma.'’
Breakdown fragments of the triple helical domain on
the other hand, including the CIM (MMP-mediated
degradation of type I collagen) biomarker, can reflect
systemic degradation of type I collagen.'" In athero-
sclerotic plaques, type I collagen comprises 60% of the
total protein content and is the primary component
of the fibrous cap.'”” ' The type I collagen content is
associated with a stable plaque phenotype. Reversibly,
reduced synthesis and/or increased degradation of type
I collagen may lead to thinning of the fibrous cap and
thereby increase the risk of plaque rupture.”'* ' In line
with this, circulating markers of collagen type I degra-
dation have been shown to predict incident CAD.'"® !’
Whether biomarkers reflecting collagen type I synthesis
can be used to predict cardiovascular risk has been
studied to a lesser extent. Recently, we performed an
exploratory study using relative quantification of 184
cardiovascular disease-related proteins to identify plasma
biomarkers that predicted CAD over a 13-year follow-up
period in a population-based Swedish cohort.'® Inter-
estingly, COL1al was significantly and inversely associ-
ated with the risk of first-time major event of CAD. It
also appeared to be the only biomarker which remained
significant after multivariate adjustments for common
cardiovascular risk factors. This was the first study show-
casing the relevance of COLlal levels for future CAD
risk. However, it is yet to be examined if COLlal levels
are associated with collagen synthesis/degradation,
inflammation and myocardial injury. Also, there are no
studies examining COLIol changes in the circulation
right after an acute CAD event.

Here, the overall aim was to investigate COLlal in
plasma as a novel biomarker of CAD in a broader context,
using two distinct cohorts. In a population-based cohort,
we assessed if plasma COLIal could be used to determine
future risk of CAD. We also assessed whether PRO-C1
and CIM, two biomarkers reflecting type I collagen
synthesis and degradation, respectively, were associated
with COLlal and CAD in the same cohort. In a clinical
cohort, we measured plasma COLlol in patients with
acute myocardial infarction (MI) from admission to 6
months after discharge. In both cohorts, we investigated
the correlates of COLlal, including a number of demo-
graphic, clinical and laboratory variables.

METHODS

Study population I: the LSH cohort

The longitudinal Life conditions, Stress and Health (LSH)
study has been described previously.®'® In summary, the
LSH cohort consisted of 1007 individuals, aged 45-69
years and evenly distributed by sex, that were randomly
recruited from 10 healthcare centres in the County of
Ostergotland in southeast Sweden. The participation
rate was 62.6%. Exclusion criteria were serious physical
or psychiatric disease. One participant was excluded due
to pancreatic cancer. Data were collected from the end
of 2003 to the middle of 2004, using health question-
naires and a visit to the primary healthcare centre for
health status, including blood pressure measurements,
body mass index (BMI) calculation and collection of
fasting venous samples. Venous samples were analysed
immediately for routine laboratory analytes including
blood lipids. In the questionnaires, participants reported
smoking status, medical history and prescription drugs.
A composite variable called ‘chronic disease’ was created
including chronic lung disease, cancer and kidney
disease. The measurements of C-reactive protein (CRP)
(n=250), interleukin (IL)-6 (n=263) and MMP-9 (n=251)
in plasma have been described previously.® The primary
outcome measured during a 13-year follow-up was onset
of first-time major CAD event, defined as fatal/non-fatal
MI or coronary revascularisation (percutaneous coro-
nary intervention or coronary artery bypass surgery). The
outcome data was collected from the Swedish Cause of
Death Registry and the Registry of Hospital Admissions
managed by the Swedish National Board of Health and
Welfare. Six participants did not approve of the linkage
of their data to the National Board of Health and Welfare
and was therefore excluded from the follow-up. For this
study, 86 cases with a primary outcome were identified,
14 on fatal MI, 53 on non-fatal MI, 10 on percutaneous
coronary intervention and 9 on coronary artery bypass
graft surgery. Mean time to event was 7.0 years (range
0.7-13 years). For a nested case—control design, 184 age-
matched and sex-matched controls were identified. Two
to three controls of the same sex and born in the same
year were randomly selected through computer software
to match the cases.
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Study population II: the APACHE cohort

The study of Assessing Platelet Activity in Coronary
Heart Disease (APACHE) has been described previ-
ously." The APACHE cohort consisted of 125 patients
with MI undergoing coronary angiography, of which
73 with ST-elevation MI (STEMI) and 52 with non-ST-
elevation MI (NSTEMI), defined according to the global
definition of MIL.** The patients were recruited between
January 2009 and August 2011 at the University Hospital
Linkoéping, Sweden. Exclusion criteria were that the
patient: already participated in an intervention study,
were treated with warfarin before admission, had short
life expectancy (less than 6 months) and were unwilling
to participate. Information on previous medical history,
use of medication and smoking status was collected in
a case report form at the time of inclusion. Coronary
angiography was performed on all patients with STEMI
immediately after admission to hospital and in 98% of
patients with NSTEMI within 72 hours. Left ventricular
function was assessed by echocardiography 2-3 days after
admission. Patients were classified into having normal,
mildly reduced, moderately reduced or severely reduced
ventricular function according to established American/
European guidelines.”’ Blood samples were collected at
four time points: at admission (n=122), 3days (n=117),
7-9days (n=110) and 6 months after admission (n=106).
Laboratory tests such as lipid profile and CRP were anal-
ysed according to clinical routine between day 2 and 4
after admission. High-sensitivity troponin T (hsTnT) was
assessed 6-8 hours after admission. MMP-9 and IL-6 were
analysed in plasma collected from admission (n=102)
according to manufacturer’s instructions using commer-
cially available ELISA kits (R&D Systems, Minneapolis,
Minnesota, USA).

Quantification of COL1a1 in plasma

Absolute plasma levels of COLlal were quantified in
both LSH cases (n=86) and controls (n=184), and in
the APACHE cohort (n=125). All samples were sodium
heparin plasma, except 15 samples in the LSH cohort
that were EDTA-plasma (3 cases and 12 controls). Plasma
was stored in -70°C from the time of collection until
analysis in 2019. After thawing, the sample tubes were
centrifuged at 16 000xg for 4min right before anal-
ysis. A Magnetic Luminex Assay (R&D Systems, Cata-
logue Number LXSAHM) was used to quantify COLlal
according to manufacturer’s instructions. The Magnetic
Luminex Assay steps and principles have been described
in detail elsewhere.”” An automatic plate washer, Hydro-
Flex (Tecan Trading AG, Switzerland), was used for
washing steps. The samples were analysed on a Flexmap
3D analyzer (Luminex, Hertogenbosch, Netherlands)
platform using the Bioplex manager software (Bio-Rad)
to create a standard curve with a five-parameter logistic
curve fit. On every assay plate, with 96 wells per plate,
a duplicate of control plasma was analysed to calculate
intra-assay and inter-assay coefficients of variation (CV).
In the LSH samples, the intra-assay CV ranged from 0.4%

to 7.0% with an inter-assay CV of 14.6%. In the APACHE
samples, intra-assay CV ranged from <0.1% to 4.4% and
inter-assay CV amounted to 21.1%. Lower limit of quan-
tification (LLOQ) ranged between 735 and 750 pg/mL
while upper limit of quantification (ULOQ) ranged
between 175 475 and 176 100 pg/mL. Three samples in
LSH (two controls and one case) were below the LLOQ
and excluded from analysis. The type of anticoagulant did
not seem to affect plasma levels of COL1al, for example,
in LSH controls, the levels in sodium heparin plasma
(n=172) did not differ significantly from those in EDTA-
plasma (n=12), median 4410 pg/mL versus 4490 pg/mL
(p=0.21).

Relative measurement of COLlal in the LSH cases
(n=86) and controls (n=184) was performed using prox-
imity extension assay (PEA) which has been described
previously.”® In short, 184 cardiovascular disease-related
proteins, one of which was COLloal, were measured in
plasma. The PEA-technique uses DNA oligonucleotide
labelled antibody probes to quantify protein concentra-
tions through real-time PCR technology. The protein
concentrations are presented as normalised protein
expression (NPX) values. Higher and lower NPX values
correspond to higher and lower protein concentrations,
respectively, although not being absolute concentration
values.

Quantification of PRO-C1 and C1M in plasma

Two neo-epitope specific biomarkers targeting type I
collagen formation (PRO-C1) and type I collagen degra-
dation (CIM) were measured in 255 heparin plasma
samples (83 cases and 172 controls) in the LSH cohort
using competitive ELISAs developed by Nordic Bioscience
(Herlev, Denmark)."” "'The inter-assay and intra-assay CV
were <15% and <10% respectively for both assays. In the
case of PRO-CI, 3 samples were below LLOQ while C1M
had 21 samples below LLOQ along with 1 sample above
ULOQ, we excluded these samples from further analysis.

Statistical analysis

Descriptive statistics were used to yield means, medians,
SDs and IQRs. Medians (IQR) were presented instead of
mean (SD) if the variable did not follow distribution of
normality in any of the groups presented. Kolmogorov-
Smirnov test was used for testing the distribution of
normality for the variables. If not stated otherwise,
missing values for variables were in single digits and were
handled by exclusion from analysis. For comparison
between two groups, independent samples t-test was used
for normally distributed variables and Mann Whitney
U-test for non-normally distributed variables. Correlation
analyses were performed using Spearman’s analysis. A
multiple linear regression model was used when testing
for independent predictors of biomarker levels. Variables
significantly correlated to biomarker levels in Spearman’s
analysis were included as non-dependent variables in
these models. In APACHE, Friedman analysis was used to
explore if there was a significant difference in COLlal
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level across the four time points. To investigate the HR for
COLlal, pro-Cl and C1IM in terms of primary outcome
(see definition above) in the LSH population, a Cox
proportional hazard regression analysis was performed,
both with and without covariates. In accordance with our
previous study,'® covariates being adjusted for were estab-
lished cardiovascular risk factors: sex, age, systolic blood
pressure, smoking, body mass index, triglycerides, high-
density lipoprotein (HDL) cholesterol, non-HDL choles-
terol, CRP, use of anti-hypertensive and lipid-lowering
medication and presence of chronic disease. When
performing the Cox proportional hazard analysis, we used
the log, value of COL1al. Pro-C1 and CIM Cox propor-
tional hazard analyses were performed with log, values as
well. When assessing the difference in cumulative survival
in terms of our primary outcome between groups the log
rank test was performed to test for statistical significance
along with plotting a Kaplan-Meier curve for visualisation.
Two-tailed p<0.05 was used as a cut-off for statistical signif-
icance. IBM SPSS, release 28 (IBM Corporation, Armonk,
New York, USA) was used for all statistical analyses.

Patient and public involvement statement

At the time of conducting this research, patients and/
or the public were not involved in the design, conduct,
reporting or dissemination of the research.

RESULTS
Plasma levels of COL1a1 and their association with incident
CAD in the LSH cohort
Demographic, clinical and laboratory characteristics of
the LSH cases (n=86) and controls (n=184) are presented
in table 1. The mean age was 61 years and around 64%
were men. The cases smoked more, had higher blood pres-
sures, higher levels of non-HDL cholesterol, triglycerides,
CRP and MMP-9 and lower levels of HDL cholesterol
compared with controls. As shown in table 2, the absolute
concentrations of COLlal measured by Luminex were
significantly lower in LSH cases compared with controls.
Furthermore, the absolute concentrations of COLlal
exhibited a significant correlation with the PEA-based
relative concentrations of COLlal (r=0.69, p<0.001, see
online supplemental figure 1). The PEA-based data were
previously published by Ong et al.'®

We next proceeded to assess whether absolute concen-
trations of COL1al were associated with incident CAD
at 13-year follow-up (table 2). When performing Cox
proportional hazard analysis, COLlal levels showed
significant association with incident CAD in the unad-
justed model (HR=0.69, 95% CI=0.56 to 0.87, p=0.001). In
the adjusted model, COL1a levels remained significantly
associated with incident CAD (HR=0.55, 95% CI=0.41 to
0.75, p<0.001). Furthermore, when the LSH participants
were separated into two groups based on their COLlol
values, above or below the median level (= or < 4010 pg/
mL), their cumulative survival in terms of CAD outcome
differed significantly (p=0.002, figure 1).

Table 1 Baseline characteristics of cases and controls in
the LSH cohort

Controls Cases
Characteristics (n=184) (n=86) P value
Age, years 60.6 (6.4) 60.6 (6.6) 0.84
Women, n (%) 66 (36) 31 (36) >0.9
Smokers, n (%) 19 (11) 24 (30) <0.001
BMI, kg/m? 26.8 (3.6) 27.8 (3.8) 0.048
Systolic blood 135 (18) 146 (24) <0.001
pressure, mm Hg
Antihypertensive 32 (17) 30 (35) 0.002
medication, n (%)
Lipid-lowering 9 (4.9 11 (13) 0.027
medication, n (%)
Diabetes, n (%) 14 (7.6) 8 (9.3) 0.64
Angina pectoris,n 4 (2.2) 12 (14) <0.001
(%)
Serious chronic 13 (7.1) 9 (11) 0.34
illness, n (%)
HDL-cholesterol, 1.50 (0.50) 1.40 (0.42)  0.001
mmol/L*
LDL-cholesterol, 3.54 (0.82) 3.64 (0.90) 0.39
mmol/L
Non-HDL 4.11 (0.89) 4.36 (0.91) 0.036
cholesterol, mmol/L
Triglycerides, 1.10 (0.66) 1.40 (0.92) <0.001
mmol/L*
CRP, mg/L* 0.835 (1.7) 1.56 (2.4) 0.01
IL-6, pg/mL* 0.560 (2.25) 1.68 (2.5) 0.097
MMP-9, ng/mL* 30.7 (32) 39.5 (31) 0.036

Data expressed as mean (SD) or median (IQR).

*if data do not possess distribution of normality. P values from
comparing controls and cases in terms of characteristics.

BMI, body mass index; CRP, C-reactive protein; HDL, high density
lipoprotein; IL-6, interleukin-6; LDL, low density lipoprotein;

LSH, Life conditions, Stress and Health; MMP-9, matrix
metalloproteinase-9.

Plasma levels of PRO-C1 and C1M and their associations with
incident CAD in the LSH cohort

As further shown in table 2, PRO-C1 levels were signifi-
cantly lower in cases compared with controls in LSH,
while CIM levels did not differ significantly between the
groups. PRO-CI levels showed a significant association
with CAD outcome both in the unadjusted (HR=0.62,
95% CI=0.47 to 0.82, p=0.001) and adjusted model
(HR=0.61, 95% CI=0.43 to 0.86, p=0.005). On the other
hand, CIM levels did not show any significant association
with CAD outcome. Cumulative survival differed signifi-
cantly in terms of CAD outcome when the LSH cohort
was split based on PRO-C1 levels into groups with above
or below median PRO-CI levels (= or < 71.9ng/mL)
(p<0.001, figure 1).
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Table 2 Circulating levels of COL1a1, PRO-C1, C1M and their association with incident coronary artery disease at 13-year

follow-up in the LSH cohort

Median (IQR) level

Unadjusted model Adjusted model*

Control Case
Biomarker (n=184t) (n=861) Difference P value HR (95% Cl) P value HR (95% Cl) P value
COL1at 4430 (2900) 3810 (3400) 16% 0.002 0.69(0.56t00.87) 0.001 0.55(0.41t00.75) <0.001
(pg/mL)
PRO-C1 77.6 (43) 59.7 (39) 30% <0.001 0.62 (0.47t00.82) 0.001 0.61(0.43t00.86) 0.005
(ng/mL)
C1M (ng/ 22.0 (16) 23.9 (19) 8.6% ns 1.57 (0.57t0 4.34) ns 0.92 (0.29t0 3.37) ns
mL)

Association expressed as HRs per one unit increase in log2-tranformed unit from Cox proportional hazard analysis.
*Covariates being adjusted for were sex, age, systolic blood pressure, smoking, body mass index, triglycerides, high-density lipoprotein (HDL)
cholesterol, non-HDL cholesterol, C-reactive protein (CRP), use of anti-hypertensive and lipid-lowering medication and presence of chronic

disease.

TFor pro-C1 and C1M, n=172and n=83 for controls and cases, respectively.
C1M, MMP-mediated degradation of type | collagen; COL1a1, collagen type | a1 chain; HR, hazard ratio; LSH, Life conditions, Stress and
Health; ns, non-significant; PRO-C1, N-terminal pro-peptide of type | collagen.
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Figure 1 Kaplan-Meier survival curves showing cumulative
survival in terms of primary outcome (Ml or invasive coronary
intervention) between participants with high versus low
(above or under median) COL1a1 or PRO-C1 values in
the LSH cohort. COL1a1, collagentype | a1 chain; Cum,
cumulative; LSH, Life conditions, Stress and Health; Ml,
myocardial infarction; PRO-C1, N-terminal pro-peptide of
type | collagen.

Temporal changes of plasma COL1a1 in the APACHE cohort
Demographic, clinical and laboratory characteristics
of the APACHE cohort, 73 patients with STEMI and 52
patients with NSTEMI, are shown in table 3. The mean
age was 66 years and around 70% were men. The COL1al
levels did not change significantly from admission to 6
months in patients with neither STEMI nor NSTEMI. In
terms of different time points, COLIol median (IQR)
value in the APACHE cohort was 3590 (3200), 3780
(3100), 3570 (3300) and 3330 (2800) pg/mL at arrival,
after 3days, after 7-9days and after 6 months, respec-
tively (p=0.92). As shown in figure 2, COL1ol levels in
the APACHE cohort (at admission) were comparable to
COL1lol levels in the LSH cases.

Correlates of COL1a1, PRO-C1 and G1M
Among baseline characteristics in the LSH cohort,
COLlol showed correlations with female sex, HDL
cholesterol, diabetes and angina pectoris (online
supplemental table 1). In a multiple regression model,
only female sex remained significantly associated with
COLlal levels (beta=0.21, p=0.001). As further shown
in online supplemental table 1, PRO-CI correlated with
female sex, BMI, angina pectoris, triglycerides, HDL
cholesterol, IL-6 and MMP-9. In a multiple regression
model, only female sex remained significantly associated
with PRO-C1 levels (beta=0.23, p=0.001). Further, CIM
correlated to female sex, age, BMI, triglycerides, non-
HDL cholesterol, CRP, diabetes and IL-6. However, in a
multiple regression model, only CRP (beta=1.68, p<0.001)
and non-HDL cholesterol (beta=1.80, p=0.032) remained
significantly related to C1M levels. When examining the
intercorrelations between COL1ol, PRO-C1 and CIM in
the LSH cohort, PRO-CI1 and COLlol showed a strong
correlation (r=0.73, p<0.001) while C1M did not correlate
to either COLlal or PRO-CI.

In the APACHE cohort, female sex showed a signifi-
cant but weak correlation with COLlol concentrations
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Table 3 Baseline characteristics of 125 patients with acute Ml in the APACHE cohort

Characteristics Total (n=125) STEMI (n=73) NSTEMI (n=52) P value
Age, years 66.0 (12) 65.9 (13) 66.1 (11) 0.86
Women, n (%) 37 (30) 25 (34) 12 (23) 0.18
Smokers, n (%) 34 (27) 25 (34) 9(17) 0.037
BMI, kg/m?* 26.3 (4.4) 26.2 (4.2) 26.3 (4.1) 0.59
Systolic blood pressure, mm Hg 148 (28) 141 (26) 159 (28) 0.001
Diastolic blood pressure, mm Hg 83 (17) 81 (15) 86 (20) 0.14
Lipid-lowering medication, n (%) t 31 (25) 13 (18) 18 (35) 0.033
Diabetes, n (%) 16 (13) 7 (9.5) 9(17) 0.18
LV-function, normal/mildly reduced, n (%) 109 (87) 60 (82) 49 (94) <0.001
hsTnT (at 6-8 hours), ng/mL * 9.12 (91) 7.90 (130) 17.5 (71) 0.68
HDL-cholesterol, mmol/L* 1.10 (0.37) 1.10 (0.39) 1.10 (0.45) 0.59
LDL-cholesterol, mmol/L 2.84 (0.90) 2.94 (0.89) 2.67 (0.89) 0.12
Non-HDL cholesterol, mmol/L * 3.49 (1.3) 3.50 (1.3) 3.40 (1.5) 0.51
Triglycerides, mmol/L * 1.45 (0.87) 1.40 (0.75) 1.50 (1.1) 0.50
CRP, mg/L* 3.66 (6.0) 4.44 (5.3) 3.16 (7.0) 0.34
IL-6, pg/mL * 3.58 (5.0) 4.36 (5.8) 2.64 (3.0) 0.005
MMP-9, ng/mL* 263 (210) 253 (170) 310 (230) 0.62
COL1a1, pg/mL* 3590 (3200) 3670 (3900) 3580 (2400) 0.31

Statistics expressed as mean (SD) or median (IQR).

*if data do not possess distribution of normality. P values from comparing patients with STEMI and NSTEMI in terms of characteristics.
Laboratory variables represent levels at admission (if not otherwise indicated).

TDefined as statin use at arrival to cardiology department.

APACHE, Assessing Platelet Activity in Coronary Heart Disease; BMI, body mass index; COL1a1, collagentype | a1 chain; CRP, C-reactive
protein; HDL, high density lipoprotein; hsTnT, high-sensitivity Troponin T; IL-6, interleukin-6; LDL, low density lipoprotein; LV, left ventricular;
MI, myocardial infarction; MMP-9, matrix metalloproteinase-9; NSTEMI, non-ST-elevation MI; STEMI, ST-elevation MI.
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Figure 2 Box plots showing COL1a1 plasma levels (pg/mL)
measured by the Luminex Assay among participants in LSH
and APACHE. P value based on Mann-Whitney U test. *At
admission. APACHE, Assessing Platelet Activity in Coronary
Heart Disease; COL1a1, collagentype | a1 chain; LSH, Life
conditions, Stress and Health study.

in bivariate correlation analyses at 6 months (7=0.19,
p=0.047). COLlol did not showcase any significant
correlations to IL-6, MMP-9 or CRP in LSH nor in
APACHE. Neither was it correlated to hsTnT or to left
ventricular dysfunction in APACHE.

As shown in online supplemental figure 2, women
had significantly higher COLlIal levels than men in
the LSH cohort. Also, female controls had significantly
higher COLlal levels than female cases. Furthermore,
PRO-CI levels were higher in women than in men, 85.6
(60) versus 67.3 (32) ng/mL (p=0.001) while C1M levels
did not differ between the sexes (data not shown). In
the APACHE cohort, the difference in COLl1al levels at
admission between men and women did not reach signif-
icance but was significantly different at 6 months, median
(IQR) 3200 (2600) versus 3840 (3700) pg/mL, respec-
tively (p=0.048).

DISCUSSION

The present study showed that COLlal in plasma was
independently and inversely associated with future risk
of CAD. PRO-C1, a marker for type I collagen synthesis,
showed a similar relationship to CAD outcome while
CIM, a marker for type I collagen degradation, did not.
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Further investigation of COLlol in an MI population
showed that levels remained stable up to 6 months after
the acute event without any relationship to inflammation
or myocardial injury.

In the population-based cohort, COLlal levels in
plasma were significantly lower in those who developed
CAD compared with those who did not. A cox propor-
tional hazard analysis confirmed the association between
lower COLlal levels and CAD outcome, even after
multiple adjustment. The results confirm, and extend, the
previous findings by Ong et al.'® However, in that explor-
ative study, the measurements of COLlal were based on
relative quantification, and it was therefore important to
validate the results by a quantifying assay. Prior to the study
by Ong et al,'® there were no studies available on COL1o.1
in a CAD setting, except for one study reporting that a
COLlal gene polymorphism occurred more frequently
in MI survivors, as compared with age-matched controls.”

Similar to COLlal, PRO-C1, a biomarker of type I
collagen synthesis, was inversely associated with CAD
in both unadjusted and adjusted models while C1M, a
biomarker for type I collagen breakdown, did not show
any association. In line with this, COL1a1 showed a strong
correlation with PRO-C1 indicating that both are markers
of type I collagen synthesis. COL1al is the ol chain partly
making up the type I collagen molecule, while PRO-C1
is the internal epitope in the N-terminal pro-peptide of
type I collagen. Hence, they can be regarded as products
from two different stages of type I collagen synthesis.” '
To our knowledge, no previous studies have investigated
PRO-CI in the context of CAD. On the other hand, CIM
has been associated with increased risk of cardiovascular
events. One previous study reported that elevated CIM
levels predicted MI in a prospective cohort of postmeno-
pausal women (n=5450, median age 71 years) with a
median follow-up time of 14 years.17 Another study with
a follow-up of 6 years reported that elevated C1M levels
predicted cardiovascular events and mortality in patients
who had undergone carotid endarterectomy (n=473,
median age 72 years, 64% men).'® The discrepancy in
results between these previous studies and the present
study as regards C1M could be due to several reasons. First,
the two previous studies measured C1M in serum while
we used plasma, a distinction that can lead to different
outcomes with examples from other biomarkers such as
MMPs.** Moreover, the study populations are not compa-
rable in terms of size and composition. For example, the
study by Holm Nielsen et al'® included patients who had
undergone carotid endarterectomy yielding an older
cohort with high atherosclerotic burden compared with
our population-based cohort.

In the present study, we also investigated the temporal
pattern of COLlal levels in patients with MI by
performing serial measurements from admission up to
6 months after the acute event. COLlal did not show
any temporal changes over time in patients with STEMI
or NSTEMI, neither did it show any correlation with

inflammatory markers or hsTnT in the early phase. Obvi-
ously, COL1al levels in plasma were not associated with
acute atherothrombosis, inflammation or myocardial
injury. Interestingly, COLlol values in patients with
acute MI in the APACHE cohort were found to be compa-
rable to COLlal values in individuals who subsequently
developed incident CAD in LSH, as shown in figure 2.
However, this comparison should be made with caution
since it is based on two distinct cohorts.

Women had significantly higher levels of COLlal and
PRO-C1 compared with men in the LSH cohort. Female
sex was also the only determinant that remained inde-
pendently associated with COLlal and PRO-CI in a
multiple regression model including baseline variables.
Collagen homeostasis has been shown to be affected by
oestrogen.” PRO-C1 and other bone turnover markers
are known to increase in women after menopause while
there is little increase in men with age.”® This may partly
explain why women in our population-based cohort had
higher levels of COLIol and PRO-C1 than men. The sex
difference in COLlal was also observed in the APACHE
cohort, however these data should be interpreted with
caution due to the limited number of female subjects in
APACHE.

The major limitation of our study is the limited sample
size, especially as regards women. Also, our cohorts
reflected the Swedish population, which may limit the
generalisability of results to other populations. Further-
more, in the LSH-cohort, case—control matching was
performed based only on age and sex, which might result
in differences between the groups that could affect the
study outcome. To address this issue, other factors known
to be of major importance for CAD risk were included
in adjustment models. Still, it is possible that we have
residual confounding factors contributing to the associ-
ation between COLIlol and risk of CAD. A recent study
showed that COLlol was upregulated in left ventricular
heart tissue from patients with heart failure and that
plasma levels were increased in those who were candi-
dates for heart transplant.”” However, the MI cohort in
our study included only 16 patients with moderate or
severe left ventricular dysfunction, which does not permit
us to draw conclusions about the relationship between
COLlol and heart failure.

Based on our results, it can be speculated that plasma
levels of COL1ol and PRO-C1 reflect the ability to form
type I collagen in arterial tissue, thereby influencing the
development and fate of atherosclerotic plaques and risk
of MI. However, bones and tendons are other sources of
COLIloalin the circulation. Also, the liver may leak ECM
components to the bloodstream under pathological
conditions.”® Whether COL1al itself has a causal role in
the development of CAD is unclear. Interestingly, a few
previous clinical studies have investigated the effect of
collagen supplement therapies on atherosclerosis-related
factors. These studies, although small and with short
intervention periods, have shown positive effects on LDL
(low density lipoprotein) cholesterol/HDL cholesterol
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ratio, toxic advanced glycation end-products, cardio-ankle
vascular index and brachial-ankle pulse wave velocity.?*

To summarise, we confirm that absolute concentrations
of COLlal in plasma are independently and inversely
associated with future risk of CAD, but does not seem
to change in an acute coronary event setting. COLlol
in plasma appears to reflect collagen synthesis, but not
collagen degradation, inflammation or myocardial injury.
Larger studies are needed to confirm the clinical useful-
ness of COLlal as a marker of coronary atherosclerosis
and/or predictor of incident CAD.
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