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Cystatin C Is Associated with the Extent and Characteristics
of Coronary Atherosclerosis in Patients with Preserved Renal
Function

(cystatin C / coronary plaque / intravascular ultrasound / virtual histology)

A. KRAL!, T. KOVARNIK!, Z. VANICKOVA?, H. SKALICKA!, J. HORAK!,
K. BAYEROVA!, Z. CHEN3, A. WAHLE?, L. ZHANG3, K. KOPRIVA*, H. BENAKOVA?,
M. SONKA3, A. LINHART!

121 Department of Medicine — Department of Cardiovascular Medicine, *Institute of Medical Biochemistry
and Laboratory Diagnostics, First Faculty of Medicine, Charles University and General University Hospital
in Prague, Czech Republic

STowa Institute for Biomedical Imaging, Department of Electrical & Computer Engineering, The University

of lowa, lowa City, IA, USA

*Cardiology Department of Homolka Hospital, Prague, Czech Republic

Abstract. Cystatin C (CysC), an endogenous inhibi-
tor of cysteine proteases and a sensitive and accurate
marker of renal function, is associated with the sever-
ity of coronary atherosclerosis assessed by angiogra-
phy and future cardiovascular events according to
previous studies. We aimed to evaluate the associa-
tion between CysC levels and coronary plaque volume,
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composition and phenotype assessed by intravascu-
lar ultrasound and intravascular ultrasound-de-
rived virtual histology in patients with preserved
renal function. Forty-four patients with angiograph-
ically documented coronary artery disease and com-
plete intravascular imaging were included in the
study. Patients were categorized into tertiles by CysC
levels. Subjects in the high CysC tertile had signifi-
cantly higher mean plaque burden (48.0 % % 6.9 vs.
42.8 % = 7.4, P=0.029), lower mean lumen area (8.1
mm? = 1.7 vs. 9.9 mm?+ 3.1, P = 0.044) and a higher
number of 5-mm vessel segments with minimum lu-
men area < 4 mm? (17.9 + 18.9 vs. 6.8 = 11.7, P =
0.021) compared to patients in the lower tertiles. In
addition, CysC levels demonstrated significant posi-
tive correlation with the mean plaque burden (r =
0.35, P=0.021). Neither relative, nor absolute plaque
components differed significantly according to CysC
tertiles. The Liverpool Active Plaque Score was sig-
nificantly higher in the high CysC tertile patients
(0.91 £+ 1.0 vs. 0.18 = 0.92, P = 0.02). In conclusion,
our study demonstrated a significant association of
increased CysC levels with more advanced coronary
artery disease and higher risk plaque phenotype in
patients with preserved renal function.

Introduction

The atherosclerotic process involves substantial re-
modelling of the arterial extracellular matrix. In addi-
tion to serine proteases and matrix metalloproteinases
(MMP), the cysteine proteases cathepsins and their
competitive inhibitors cystatins serve an important role
in the degradation of extracellular matrix components,
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chiefly collagen and elastin, and vascular wall remodel-
ling (Sukhova et al., 2005; Cheng et al., 2011; Salgado
etal., 2013). Cystatin C (CysC), the most abundant mem-
ber of the cystatin superfamily of cysteine protease in-
hibitors, is a low-molecular-weight protein (13.4 kDa)
consisting of 120 amino acids, synthesized in all nucle-
ated cells. In addition to its protease inhibitory function,
CysC also acts as an immunomodulatory molecule by
decreasing the sensitivity of macrophages to interferon
v (IFN-y) stimulation (Frendéus et al., 2009). Further-
more, CysC induces NO production by up-regulating
inducible nitric oxide synthase (iNOS) in macrophages
(Verdot et al., 1999). Recent findings suggest that CysC
is regulated by multiple mechanisms at the transcrip-
tional, as well as post-translational level (Xu et al., 2015).
Importantly, cystatins are regulated by pro-inflamma-
tory cytokines and growth factors, e.g., transforming
growth factor Bl (TGF-B1) and IFN-y (Shi et al., 1999;
Eriksson et al., 2004).

Human atherosclerotic plaques display increased ex-
pression of cathepsins S and K compared with normal
vessels. It has been demonstrated that human vascular
smooth muscle cell (VSMC) and endothelial cell cath-
epsin-dependent proteolytic activity is induced by pro-
inflammatory cytokines, e.g. tumour necrosis factor a
(TNF-a), interleukin 1 8 (IL-1p), IFN-y and growth fac-
tors (Sukhova et al., 1998, 2005). Conversely, human
atherosclerotic lesions show reduced CysC levels com-
pared with normal arteries (Shi et al., 1999). Data from
murine experiments further support the role of CysC in
the pathogenesis of atherosclerosis. In one study, CysC
and apolipoprotein E-deficient (cysC-/- apoE-/-) mice
fed an atherogenic diet developed significantly larger
subvalvular aortic plaques characterized by increased
total macrophage content compared with cysC+/+ apoE-/-
mice, suggesting an atheroprotective role of CysC
(Bengtsson et al., 2005). Another group using the same
experimental animals (CysC-/- apoE-/- mice) found that
CysC-deficient mice exhibited significantly increased
elastic lamina fragmentation of the tunica media, de-
creased medial size, and dilatation of the thoracic and
abdominal aorta compared with control mice, implying
that CysC crucially participates in the regulation of me-
dia elastic laminae integrity (Sukhova et al., 2005).
Furthermore, CysC-deficient VSMCs exhibited higher
cathepsin L and S activity upon pro-inflammatory cy-
tokine and growth factor stimulation in this study
(Sukhova et al., 2005). In summary, current observa-
tions indicate that an imbalance between tissue levels of
cysteine proteases and their inhibitors might play an im-
portant role in human atherosclerosis.

CysC is freely filtered in the glomerulus, then reab-
sorbed and fully degraded in the proximal tubular cells.
In recent years, CysC has been proposed as a sensitive
and accurate marker of renal function, less affected by
age, race, gender, muscle mass and diet than serum cre-
atinine, serving as an alternative parameter for glomeru-
lar filtration rate (GFR) estimation (Stevens et al., 20006).
In contrast to the observed reduced tissue levels of CysC

in human atherosclerotic lesions, numerous studies have
shown increased serum CysC levels to be predictive of
future cardiovascular events in patients with acute coro-
nary syndromes (Silva et al., 2012), stable coronary ar-
tery disease (Ix et al., 2007), patients after elective per-
cutaneous coronary intervention (PCI) with drug-eluting
stents (DES) (Sai et al., 2016), as well as in the general
elderly population (Shlipak et al., 2005). Furthermore,
several studies in individuals with preserved renal func-
tion (i.e., GFR > 60 ml/min) have demonstrated an as-
sociation of CysC with the presence and severity of
coronary artery disease (CAD) assessed by means of co-
ronary angiography (CAG) (Niccoli et al., 2008; Kiyo-
sue et al., 2010; Wang et al., 2014).

Thus, CysC has been proposed as a novel marker for
CAD prediction and risk stratification in individuals
without renal dysfunction (Koc et al., 2010). Different
intravascular imaging modalities including intravascu-
lar ultrasound (IVUS) and IVUS-derived virtual histol-
ogy (IVUS-VH) are utilized for precise characterization
of coronary artery atherosclerotic disease. IVUS and
IVUS-VH-derived parameters, e.g. plaque burden and
composition, provide significant incremental prognostic
value compared to CAG (Stone et al., 2011; Hong et al.,
2013). However, sparse data exist on the relationship of
CysC and coronary plaque magnitude and composition
assessed by intravascular imaging (Gu et al., 2009). In
this study, we aimed to evaluate the association between
CysC levels and coronary plaque volume, composition,
and phenotype assessed by IVUS and IVUS-VH and the
correlation of CysC levels with inflammatory markers
in patients with preserved renal function.

Material and Methods

Patient population

We used data from baseline examinations of 44 pa-
tients included in the trial “The prediction of extent and
risk profile of coronary atherosclerosis and their changes
during lipid-lowering therapy based on non-invasive
techniques”, NCT01773512. In brief, this trial enrolled
patients with stable angina and preserved renal function
(eGFR > 60 ml/min/1.73 m? according to the MDRD
formula) who were indicated for CAG due to symptoms.
All subjects provided informed consent. The study pro-
tocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki as reflected in a priori approval
by the institution’s human research committee. The study
was approved by the institutional review boards of the
General University Hospital, Prague, Czech Republic.

Intravascular ultrasound and virtual histology

We analysed 44 baseline datasets that met the follow-
ing criteria:

1) IVUS-VH of a native coronary artery with stenosis <
50 % of lumen diameter determined by angiography
with no indication for either PCI or coronary artery by-
pass grafting (CABQG) at the time of initial imaging;
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2) Good-quality IVUS-VH pullbacks (i.e., without no-
ticeable pullback speed discontinuity);

3)Imaged vessels free of severe calcification to avoid
inconsistency of IVUS-VH plaque type determina-
tion in areas of acoustic shadowing;

4) Examined segments at least 30 mm long with plaque
burden (PB) > 20 %.

One segment of a coronary artery from each patient
was chosen for the study. The lesion located in the prox-
imal coronary segment or located in non-angulated seg-
ment was selected if several similar stenoses were pre-
sent in the imaged vessel.

IVUS was performed in the standard fashion using
the IVUS phased-array probe (Eagle Eye 20 MHz 2.9F
monorail, Volcano Corporation, Rancho Cordova, CA),
IVUS console, Gold standard software, with automatic
pullback at 0.5 mm/s (research pullback, model R-100,
Volcano Corporation). After administration of 200 pg of
intracoronary nitroglycerin, the IVUS catheter was in-
serted into the target vessel beyond a distal fiduciary
point and then pulled back to the aorto-ostial junction.

Original B-mode IVUS pullback image data were
transferred to the lowa Institute for Biomedical Imaging
(Iowa City, IA) for quantitative analysis. For each frame
of all IVUS pullbacks, luminal and external elastic
membrane (EEM) surfaces were automatically seg-
mented using the fully three-dimensional LOGISMOS
graph-based approach (Li et al., 2006; Yin et al., 2010).
Automatically determined borders were reviewed and
algorithmically refined by an expert reader (TK) using
an operator-guided computer-aided interface (Sun et al.,
2013). EEM and lumen surfaces/contours served as the
input for off-line virtual histology computation using

Fig. 1. Plaque burden calculation

Ilustration of plaque burden calculation according to the
following formula: PB = EEM area — LA/EEM area (in %)
LA — lumen area; EEM — external elastic membrane; PB —
plaque burden

Volcano’s research software, which allows VH compu-
tations based on user-supplied segmentation of lumen
and external elastic membrane. Employing our previ-
ously reported approach (Wahle et al., 1999), geometri-
cally correct fully 3D representation of the vascular wall
surfaces and IVUS-VH defined tissue characterization
was obtained via fusion of bi-plane angiography and
IVUS-VH.

This 3D model served as a basis for quantitative mor-
phologic analyses and quantitative assessment of plaque
composition in every frame of the imaged vessel (Wahle
et al., 2006). Frame-based indices of plaque morpholo-
gy and virtual histology were computed and averaged in
5-mm vessel segments. Vessel and plaque measurement
morphologic indices included: EEM cross-sectional
area (CSA), lumen CSA, PB (EEM CSA — lumen CSA/
EEM CSA) and eccentricity index (max. plaque thick-
ness — min. plaque thickness)/max. plaque thickness)
(Mintz et al., 2001, 2011; Nair et al., 2002), (Fig. 1).

Plaque phenotype definitions and plaque
scoring systems

VH-IVUS classifies plaques into four tissue types: fi-
brous —F, fibro-fatty — FF, dense calcification — DC, and
necrotic core — NC. The plaque composition was ex-
pressed both as a relative amount of the four plaque
components in percentages as well as their absolute
amount in pixels. Using quantitative assessment of vir-
tual histology tissue types, each 5-mm vessel segment
was classified into one of six phenotypic categories as
previously reported (Garcia-Garcia et al., 2009; Stone et
al., 2011):

1) no lesion — NL (plaque burden less than 40 %)
2) pathologic intimal thickening — PIT

3) fibrous plaque — FP

4) fibro-calcific plaque — FcP

5) thick cap fibroatheroma — ThCFA

6) thin cap fibroatheroma — TCFA

based on previously accepted definitions, as per Fig.
2. To determine the TCFA category, three consecutive
frames were analysed. Assigning one of the six pheno-
type category labels to each 5-mm segment was based
on the morphologic analysis of each frame within the
5-mm segment — the segment-specific category for each
5-mm segment resulted from the most severe frame-
category type within the segment.

In addition to the standard plaque phenotype defini-
tions, we developed a novel plaque stage scoring sys-
tem, the plaque risk score (PRS), based on the combined
weight of plaque phenotype presence in individual
IVUS frames by assigning the following weights: TCFA
(5 points), ThCFA (4 points), FcP (3 points), FP
(2 points), PIT (1 point), NL (0 point). The PRS was
calculated for all frames and the highest score within
each 5-mm segment determined the risk score for that
segment. We also calculated the Liverpool Active
Plaque Score (LAPS) to compare this phenotype classi-
fication with a previously established plaque scoring
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Fig. 2. Coronary plaque phenotypic categories

Using quantitative assessment of virtual histology tissue
types, each 5-mm vessel segment was classified into one of
six phenotypic categories:

PIT — pathologic intimal thickening; FP — fibrous plaque;
FcP—fibro-calcific plaque; ThCFA — thick cap fibroatheroma;
TCFA — thin cap fibroatheroma.
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system. We used the following formula: —2.149 + 0.68 x
NC/DC + 3.39 x MLA (minimal lumen area) + 5.1 (if
remodelling index was > 1.05) + 3.7 x TCFA adapted
from Murray et al. (2014). The standard LAPS defini-
tion was modified solely to account for differences in
remodelling definition, as our serial analysis allowed
more accurate determination of remodelling based on
temporal changes in reference EEM measurements.

Laboratory methods

Samples were centrifuged and aliquoted on the day of
venopuncture and stored at —20 °C until analysis. CysC
was determined by the latex enhanced turbidimetric
method by Diazyme (Powray, CA) in a DxC analyser
(Beckman Coulter, Prague, Czech Republic). The meth-
od uses anti-human CysC chicken polyclonal antibodies
and a 6-point calibration curve. ICAM-1 and VCAM-1
were determined by the ELISA method (eBioscience,
Vienna, Austria) with a 6-point calibration curve. CD40L,
TNF-o and IL-6 were determined by the ELISA method
(RayBiotech, Inc., Norcross, GA) with an 8-point cali-
bration curve. ELISA methods use human-specific anti-
bodies, tetra-methyl benzidine as a substrate, results are
read at wavelengths 450 nm with reference wavelengths
570 nm in microplate reader Spectra (SLT-Labinstru-
ments, Salzburg, Austria) and evaluated by KIMW Soft-
ware (Dan Kittrich, Prague, Czech Republic). TNF-a
levels < 1 pg/ml have higher noise-to-signal ratio, and
therefore were classified as 0 pg/ml.

GFR estimation was performed according to the sim-
plified Modification of Diet in Renal Disease (MDRD)
formula based on the level of serum creatinine (SCr) :

eGFR, .= 186 x SCr (umol/1)/88.4 115 x age 0203 x
0.742 (if female), expressed as ml/min/1.73 m? (Levey

et al., 1999).

Statistical analysis

CysC and eGFR values were categorized into tertiles.
Mean values =+ standard deviations (or percentages)
were calculated for all numerical variables. Differences
between numerical datasets were examined by Student’s
t-test. For categorical variables, contingency tables were
used to display frequency distributions. Statistical sig-
nificance was calculated by Fisher’s exact test. Cor-
relations between variables were performed using the
Pearson correlation test or Spearman test, as appropri-
ate.

The correlation of CysC and eGFR with biomarkers
of atherosclerosis (ICAM-1, VCAM-1, CD40L, IL-6,
and TNF-a) and plaque characteristics was evaluated.
Data was analysed using JMP 11 statistical software
(SAS Institute, Cary, NC). A P value of < 0.05 was con-
sidered statistically significant.

Results

Basic characteristics

The range of CysC levels was 1.1-2.34 mg/l, mean
1.63 = 0.3 mg/l, median 1.58 mg/l. The range of CysC
concentrations by tertiles was as follows: tertile I, 1.1.—
1.43 mg/l; tertile II, 1.44—1.64 mg/l and tertile 111, 1.65—
2.34 mg/l. Due to the sample size, patients in the high
CysC tertile were compared to the lower tertile patients
(I+1I). The basic clinical characteristics and laboratory
values of the study population categorized by serum
CysC tertiles (III vs. I+II) are summarized in Table 1.
Patients in the high CysC tertile had lower eGFR, but
did not differ significantly in serum creatinine concen-
tration.

Cystatin C and plaque magnitude

Patients in the high CysC tertile had significantly
higher mean plaque burden (48.0 % £ 6.9 vs. 42.8 % =
7.4, P=0.029), lower mean lumen area (8.1 mm? £ 1.7
vs. 9.9 mm? + 3.1, P = 0.044) and a higher number of
5-mm vessel segments with minimum lumen area <
4 mm?(17.9+ 189 vs. 6.8 £ 11.7, P=0.021) compared
to patients in the lower tertiles (I+1I), (Figs. 3-5). In ad-
dition, CysC levels demonstrated significant positive
correlation with mean PB (r=0.35, P=0.021) and max-
imal PB (r = 0.3, P=0.047).

Cystatin C and plaque composition

Neither relative, nor absolute plaque components dif-
fered significantly according to CysC tertiles. The amount
of necrotic and calcified tissues was non-significantly
higher (P=0.15 and 0.24, respectively) in the high CysC
tertile patients.
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Table 1. Basic characteristics of study subjects according to CysC tertiles. Values are presented as mean + standard de-

viation.
Lower tertiles (N =29) | Highest tertile (N = 15) P
Age 63+£9.2 60.8+£9.0 0.48
Male gender 21 (72.4 %) 10 (66.7 %) 0.69
Previous MI 21 (72.4 %) 7 (46.7 %) 0.09
Family history of CAD 14 (48.3 %) 9 (60.0 %) 0.46
Arterial hypertension 25 (86.2 %) 15 (100 %) 0.06
Hyperlipidaemia 26 (89.7 %) 14 (93.3 %) 0.68
Total cholesterol (mmol/l) 4.0+0.19 43+1.1 0.42
LDL cholesterol (mmol/l) 22+0.73 2.4+0.94 0.33
HDL cholesterol (mmol/I) 1.1+£0.31 1.17£0.46 0.57
Ejection fraction 55.6 % +2.8 61 %=+1.7 0.11
Active smoking 8 (27.6 %) 5(33.3%) 0.69
Diabetes mellitus 6 (20.7 %) 5333 %) 0.37
Fasting glycaemia 57+13 6.0+1.0 0.41
Beta blockers 21 (84.2 %) 11 (73.3 %) 0.95
Statins 26 (89.7 %) 13 (86.7 %) 0.77
Calcium blockers 9 (31.0 %) 4(26.7 %) 0.76
ACEI 23 (79.3 %) 15 (100 %) 0.06
Serum creatinine (pmol/l) 86.7+£16.3 78.2£12.5 0.06
e¢GFR (ml/min/1.73 m*) MDRD 87.6+13.9 72.5 +14.14 0.0015

Cystatin C and plaque phenotypes

The LAPS was significantly higher in the high tertile
patients (0.91 = 1.0 vs. 0.18 £ 0.92, P = 0.02) (Fig. 6).
Patients in the high CysC tertile showed a trend for
higher PRS compared to lower tertile subjects (3.05 =
1.19 vs. 2.4 £ 1.1, p = 0.08). We did not observe a sig-
nificant difference in plaque phenotypes between high
and lower CysC tertile subjects. There was only a trend
for a lower number of 5-mm vessel segments classified
as “no lesion” (29.7 £23.9 vs. 43.7+22.4, P=0.06) and
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Fig. 3 Comparison of plaque burden according to CysC
The data are presented as box-plots, showing the median,
25" and 75" percentile.

for a higher occurrence of fibroatheromas: TCFA plus
ThCFA (32.1% + 12.7 vs. 25.4 % £+ 12, P = 0.09) in the
high tertile patients. However, CysC levels demonstrat-
ed a significant negative correlation with the number of
“no lesion” vessel segments (r =-0.3, P =0.048).

Cystatin C and pro-inflammatory markers

CysC levels positively, albeit modestly correlated with
VCAM-1 (r=0.37,P=0.015) and TNF-a (r=0.33,P=
0.027) levels (Figs. 7, 8). CysC levels did not correlate
significantly with ICAM-1, CD40L and IL-6 levels.
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Fig. 4 Comparison of mean lumen area according to CysC

The data are presented as box-plots, showing the median,
25" and 75" percentile.
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eGFR and plaque characteristics

We compared patients in the low eGRF tertile with
patients in the second and third eGFR tertile. We found
that patients in the low eGFR tertile had:
1/lower MLA (3.2 £ 6.4 vs. 4.4 £2.0, P=0.027),

2/ higher maximum PB (75.6 % £9.5 vs. 69.5 % £+ 9.1,

P =0.046),
3/and a higher number of 5-mm vessel segments with

TCFA plaque characteristics and MLA < 4 mm?

(7.9+7.vs.3.1+5.5,P=0.018).

Discussion

Previous studies have consistently shown a correla-
tion of CysC levels with the presence and extent of coro-
nary artery disease assessed by CAG in individuals with
preserved renal function (Niccoli et al., 2008; Lee et al.,

Cystatin C (mg/)

Fig. 7. Correlation between CysC and VCAM-1 levels
Analysed by the Spearman’s correlation test

Cystatin C vs. TNF-a
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i
.

8

o -
MW Wmosse

s o @ *

20
Cystatin C (mg/l)

Fig. 8. Correlation between CysC and TNF-a levels
Analysed by the Spearman’s correlation test

2010; Wang et al., 2014). IVUS and IVUS-VH provide
a much more detailed evaluation of coronary artery ath-
erosclerosis compared to angiography including assess-
ment of plaque magnitude, composition, and MLA, all
parameters relevant to future plaque behaviour and im-
portantly, patient outcomes (Virmani et al., 2006; Hong
et al., 2007; Stone et al., 2011; Cheng et al., 2014).
However, there is paucity of data on the relationship be-
tween CysC and coronary plaque morphology assessed
by IVUS and IVUS-VH. Moreover, data on the relation-
ship between CysC and plaque composition and pheno-
type are completely lacking.

In the present study, we demonstrated an association
of CysC levels with plaque magnitude assessed by
IVUS in individuals with preserved renal function, de-
fined as eGFR > 60 ml/min/1.73 m?. Patients with high-
er CysC levels had more bulky plaques expressed as
higher mean plaque burden. Furthermore, we found
lower mean lumen area and a higher number of vessel
segments with MLA < 4 mm? in patients with higher
CysC levels. In addition, CysC levels demonstrated a
significant positive correlation with mean and maximal
PB and a negative correlation with the number of “no
lesion” vessel segments. Importantly, the plaque burden
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has been shown to be a predictor of future cardiovascu-
lar events (Stone et al., 2011; Cheng et al., 2014). The
eGFR however, was predictive neither of mean plaque
burden, nor of mean lumen area. Thus, we found CysC
to be a superior predictor of the total coronary athero-
sclerotic burden in comparison to eGRF in our cohort.
Nevertheless, eGFR inversely correlated with maximal
plaque burden, shown to be a risk factor for future coro-
nary events as well (Stone et al., 2011). A study by Gu et
al. (2009) found a modest positive correlation of plasma
CysC with plaque area and plaque burden in patients
with unstable angina, a finding in accordance with our
results.

In addition to the plaque magnitude and total coro-
nary atherosclerotic burden, the plaque composition and
the presence of TCFA plaque phenotype are comparably
important for further plaque evolution. A study by Hong
et al. (2007) showed that patients with acute coronary
syndromes have higher percentages of necrotic core and
lower percentage of fibro-fatty tissue compared to pa-
tients with stable angina. In another study, Cheng et al.
(2014) demonstrated that the presence of TCFAs in non-
culprit coronary arteries is strongly predictive of future
adverse cardiac events. In our study, both CysC and
eGFR demonstrated an association with high-risk
plaque characteristics. Higher CysC levels were associ-
ated with higher LAPS, a novel scoring system designed
to discriminate stable and unstable coronary plaques
(Murray et al., 2014). Similarly, the eGFR was associ-
ated with a higher occurrence of the TCFA plaque in
conjunction with low MLA (< 4 mm?), high risk indices
shown to be significant predictors of cardiovascular
events in previous large-scale studies (Calvert et al.,
2011; Stone et al., 2011). Nevertheless, the absolute and
relative amounts of plaque tissue components did not
vary significantly according to CysC levels and eGFR in
our cohort.

However, the mechanisms underlying the observed
association of increased serum CysC levels with coro-
nary artery disease remain unclear and partially specula-
tive (Salgado et al., 2013; Wang et al., 2014). Likewise,
the extent to which the levels of circulating CysC are
determined by mechanisms other than GFR remains
only partly elucidated (Stevens et al., 2006; Taglieri et
al., 2009). Moreover, the discrepancy between consist-
ently documented increased serum CysC levels in indi-
viduals with more advanced atherosclerosis and de-
creased CysC levels in atherosclerotic plaques remains
unresolved (Shi et al., 1999; Koc et al., 2010; Wang et
al., 2014). Several hypotheses striving to elucidate the
link of increased serum CysC levels to atherosclerosis
have emerged in the past years. Firstly, CysC is per-
ceived as a sensitive marker of impaired renal function,
which represents an established cardiovascular risk fac-
tor (Go et al., 2004). Abundant data indicate that even
mild renal impairment is associated with a pro-inflam-
matory state, increased oxidative stress, lipoprotein ab-
normalities and pertubations in vascular wall lipid traf-
ficking, leading to accelerated atherosclerosis (de Boer

et al., 2008; Wang et al., 2008; Zuo et al., 2009; Nerpin
et al., 2012). However, many researchers have linked
CysC with cardiovascular disease and events within
normal ranges of GFR (Lee et al., 2010; Salgado et al.,
2013). Moreover, cardiovascular risk associated with
higher CysC levels was found to be eGFR independent
in several studies (Ix et al., 2007; Patel et al., 2013).

Secondly, elevated CysC has been related to a pro-
inflammatory state characterized by increased hs-CRP
and fibrinogen levels (Urbonaviciene et al., 2011; Wang
et al., 2014). Some authors speculate that higher serum
CysC concentrations could result from increased CysC
production by cytokine-stimulated cell lines during the
atherosclerotic process, thus presumably compensating
for the decreased tissue levels of CysC and increased
cathepsin-related proteolytic activity in atherosclerotic
plaques (Taglieri et al., 2009; Salgado et al., 2013).

We have demonstrated a positive correlation of CysC
with VCAM-1 and TNF-a levels. On the other hand,
CysC did not correlate with ICAM-1, IL-6, and CD40L
levels. IL-6, an important pro-inflammatory cytokine,
may contribute to plaque instability by promoting the
expression of MMPs and TNF-a (Zakynthinos and
Pappa, 2009). Several studies suggested IL-6 levels to
be predictive of adverse cardiac events; however, the
utility of IL-6 as a biomarker is weakened by its sub-
stantial circadian variation and lacking confirmatory
studies (Zakynthinos and Pappa, 2009). Soluble CD40L
is a pro-inflammatory marker involved crucially in
plaque destabilization and atherothrombosis. Not sur-
prisingly, CD40L was predictive of adverse cardiovas-
cular events in many studies (Zakynthinos and Pappa,
2009; Zhang et al., 2013). Cell adhesion molecules, e.g.
VCAM-1 and ICAM-1, play a principal role in the inter-
actions between leucocytes, thrombocytes and endothe-
lial cells, i.e. in the early steps of atherosclerosis (Na-
kashima et al., 1998). Elevated VCAM-1 levels were
predictive of future cardiovascular events in patients
after an acute coronary syndrome (Mulvihill et al.,
2001) as well as in the general CAD population (Blank-
enberg et al., 2001). In contrast, ICAM-1 was not a pre-
dictor of cardiovascular events in both patient popula-
tions (Blankenberg et al., 2001; Mulvihill et al., 2001).
In our previous study, VCAM-1 was a significant pre-
dictor of coronary artery plaque burden (Kovarnik et al.,
2013). Thus, VCAM-1 appears to correlate intimately
with both the coronary artery disease burden and cardio-
vascular events. TNF-a is perceived as one of the prin-
cipal mediators of endothelial dysfunction and athero-
genesis (Kleinbogard et al., 2010), and elevated TNF-a
levels are predictive of recurrent coronary events after
myocardial infarction (Ridker et al., 2000).

In summary, our findings support the notion that chro-
nic inflammation, characterized by increased VCAM-1
and TNF-a levels, contributes to the association of high-
er serum CysC levels with more advanced coronary ath-
erosclerosis in individuals with preserved renal function
according to eGFR. Our data suggest that serum CysC
represents a sensitive biomarker of mild renal dysfunc-
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tion not unmasked by eGFR, and presumably of chronic
inflammation, processes leading to the development of
more advanced coronary atherosclerosis.

Furthermore, the genetically determined variation of
CysC levels has been evaluated in relation to atheroscle-
rosis in several studies. The CysC gene is regarded as
a housekeeping gene, indicating stable production of
CysC by most cellular types (Salgado et al., 2013).
However, studies on the association of CysC gene vari-
ants affecting serum CysC concentrations with athero-
sclerosis have reported conflicting results (Eriksson et
al., 2004; Loew et al., 2005; Svensson-Fiarbom et al.,
2015). Thus, the genetically determined variation of se-
rum CysC levels does not seem to be related to altered
risk of atherosclerosis (Svensson-Farbom et al., 2015).

In conclusion, our study demonstrated a significant
association of increased CysC levels with more ad-
vanced coronary artery disease characterized by more
bulky plaques, lower mean lumen area and higher risk
plaque phenotype in patients with preserved renal func-
tion. Moreover, CysC was found to be a superior predic-
tor of risk plaque features, compared to eGFR. Our ob-
servations support the hypothesis that CysC does not
merely represent an early marker of renal insufficiency,
and that additional mechanisms may be involved in the
association of increased CysC levels with more ad-
vanced coronary atherosclerosis. Given our findings and
the prognostic significance of CysC in patients with
coronary artery disease demonstrated in other studies,
we suggest to incorporate CysC measurement into the
risk stratification algorithm of these patients. Larger-
scale trials are warranted to confirm and further extend
our preliminary findings.
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