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Aim: We hypothesized that, in stable angina patients, atorvastatin therapy lowers the cathepsin S 
(CTSS) concentrations, as assessed non-invasively according to a plasma analysis. In addition, the 
low-density lipoprotein (LDL) and high-density lipoprotein (HDL) size and subclasses in the plasma 
were analysed to establish the association between CTSS and lipoprotein metabolism and determine 
whether this association is atorvastatin-sensitive.
Methods: A total of 43 patients with stable angina received atorvastatin therapy (20 mg/day, 10 
weeks). The plasma CTSS mRNA levels, CTSS protein concentrations and CTSS activity, as well as 
LDL and HDL size and subclasses, were analysed before and after treatment.
Results: Atorvastatin treatment did not change the plasma CTSS mRNA levels, although it lowered 
the plasma CTSS concentrations and activity. An increased plasma CTSS concentration and activity 
were found to be associated with a more atherogenic LDL subclass profile (a decreased dominant 
LDL size and increased percentage of small, dense LDL particles). The atorvastatin-induced CTSS-
lowering effect was concomitant with an improvement in the LDL subclass profile, and the changes 
were found to be interrelated. Concomitant, interrelated changes in the CTSS levels and LDL sub-
class profiles were found in the LDL phenotype B patients only (a dominant LDL diameter of ≤ 25.5 
nm at the start of the study). In this subgroup, lowering of the plasma CTSS mRNA level also corre-
lated with lowering of the proportion of small, dense LDL particles.
Conclusions: Atorvastatin-induced CTSS-lowering and LDL subclass profile improvements in the 
plasma of LDL phenotype B patients with stable angina are concomitant and interrelated. 
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Introduction

Cathepsin S (CTSS; EC 3.4.22.27) is a cysteine 
protease involved in autophagocytosis, damaged mito-
chondria clearance, major histocompatibility complex 
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cial. 

Methods

Subjects and Blood Sampling
Forty-three patients were consecutively enrolled 

from among those with stable angina treated at the 
Health Centre Laktasi (Bosnia and Herzegovina). The 
patients were given 20 mg of atorvastatin daily for 10 
weeks. Blood was collected from the subjects prior to 
the administration of therapy and 10 weeks later. Sta-
ble angina was diagnosed based on a clinical assess-
ment, electrocardiogram evaluation and laboratory 
findings17). Patients with endocrine diseases, as well as 
inflammatory, thyroid, liver, neoplastic or renal (serum 
creatinine concentration ≥ 120 μmol/L) diseases, were 
excluded based on a detailed history and clinical 
examination. This study was approved by the National 
ethics committee. Written informed consent was 
obtained from all participating subjects. A detailed 
description of the procedure for collecting cell-free 
plasma has been published elsewhere18). Patients with 
haemolysed samples were excluded at the start of the 
study.

CTSS mRNA Quantification in the Plasma 
RNA was isolated from 3 mL of plasma using 

the QIAamp Circulating Nucleic Acid Kit (Qiagen, 
Hilden, Germany) and QIAvac 24 Plus (Qiagen) 
according to the manufacturer’s instructions, with 
some modifications18). The following primers were 
used for cDNA transcript quantification (TaqMan 
Gene Expression Assay, Applied Biosystems, Foster 
City, CA, USA): Hs00175403_ml for CTSS (exon 
boundary 3-4, amplicon lengh 82 bp) and 
Hs99999905_ml for glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) as a reference gene. Four 
pairs of samples (obtained before and after statin ther-
apy) were chosen to select the most appropriate refer-
ence gene among the 32 candidates available on the 
TaqMan Human Endogenous Control Plate (Applied 
Biosystems). The cDNA transcripts were amplified via 
PCR according to the manufacturer’s protocol using 
the FastStart Universal Probe Master (ROX) (Roche 
Applied Science, Mannheim, Germany) with 11.25 μL 
of diluted (1:8) cDNA (CTSS) or 10.00 μL of diluted 
(1:12) cDNA (GAPDH). The kit components were 
run in a total reaction volume of 25 μL on an ABI 
PrismTM SDS PCR analyser (Applied Biosystems).

The possibility of DNA interference in the Taq-
Man Gene Expression Assay was excluded by running 
the PCR reaction with subject samples while omitting 
reverse transcription. In order to exclude the possibil-

class Ⅱ antigen presentation and atherogenesis1, 2). As 
to the CTSS-mediated effects observed in the setting 
of atherogenesis, the CTSS mRNA and protein levels 
are increased in human and animal atheromas, but 
not in non-atherosclerotic arteries3, 4). CTSS is synthe-
sized by macrophages, smooth muscle cells and endo-
thelial cells5) and, when released extracellularly, it 
exerts elastolytic and collagenolytic effects, leading to 
elastic lamina degradation6, 7), plaque rupture8) and 
necrotic core development 7). Some studies have 
reported higher concentrations of CTSS in the plasma 
of patients with cardiovascular disease9, 10). Studies of 
animals also indicate that CTSS increases apoptosis in 
atherosclerotic lesions7), although the exact mecha-
nisms remain unknown. Current data on the effects of 
statins on CTSS are scarce. One study conducted in 
humans indicated that statin treatment does not 
change the CTSS activity in the wall of abdominal 
aortic aneurysms11), while another study revealed that 
the expression of CTSS mRNA and protein was sig-
nificantly increased in the myocardium of apoE−/− 
mice fed a Western-style diet and that simvastatin 
decreases the levels of CTSS mRNA and protein after 
32 weeks of treatment12). In our previous study13), a 
plasma mRNA analysis revealed that patients with 
coronary atherosclerosis have a much higher CTSS 
expression than control subjects, despite receiving 
statin treatment. 

In vitro studies also indicate that CTSS may have 
an impact on lipoproteins metabolism. The incuba-
tion of HDL3 (high-density lipoprotein isolated via 
sequential ultracentrifugation from the plasma within 
a density range of 1.125 to 1.210 g/mL) with cathep-
sin S leads to the rapid loss of preβ-HDL and reduced 
cholesterol efflux from macrophages14), and cathepsins 
in general (e.g. D, F, S and K) modify apolipoprotein 
B in LDL and subsequently induce foam cell forma-
tion15). Moreover, a study of catK−/apoE− mice 
showed a trend toward increased serum cholesterol 
and LDL cholesterol levels16). 

Aim

We hypothesized that, in stable angina patients, 
atorvastatin therapy (20 mg/day, for 10 weeks) 
decreases the CTSS expression and activity in the vas-
cular bed, as assessed non-invasively according to the 
CTSS mRNA level, CTSS protein concentration and 
enzyme activity in the plasma. In addition, LDL and 
HDL size and subclasses analyses in the plasma were 
performed to establish the association between CTSS 
and lipoprotein metabolism and determine whether 
this association is atorvastatin-sensitive and/or benefi-
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reagents obtained from Roche Diagnostics (Roche 
Diagnostics, Mannheim, Germany), and the C-reac-
tive protein (CRP) level was determined using Beck-
man Coulter CRP Latex reagent (Beckman Coulter, 
Inc. Brea, CA, USA), according to the manufacturers’ 
instructions. The serum amyloid A (SAA) level was 
determined as previously described18).

Statistical Analysis
All calculations were performed using the SPSS 

v.20.0 (SPSS Inc., Chicago, IL, USA) software pro-
gram. Numerical data are shown as the mean±stan-
dard deviation for normally distributed variables and 
the median and interquartile range for non-normally 
distributed variables. Categorical variables are pre-
sented as relative frequencies. Comparisons of the data 
obtained before and after 10 weeks of atorvastatin 
therapy were made using the paired t-test for normally 
distributed data or Wilcoxon’s signed-rank test for 
non-normally distributed variables. The unpaired Stu-
dent’s t-test and Mann-Whitney U-test were used to 
compare data between subgroups with the LDL B and 
LDL A phenotypes. The analysis of categorical vari-
ables was performed using the Chi-square and Fisher-
Exact tests (where appropriate). The relationships 
between the variables were determined using the 
Spearman rank-order correlation test.

Results

The group of stable angina patients (n =43) 
comprised 11 men and 32 women (of whom five were 
smokers), 61.67±9.10 years of age, with a mean body 
mass index of 27.97±5.13 kg/m2. The patients had 
received other therapies prior inclusion into in this 
study, including beta blockers (44.2%), ACE inhibi-
tors (67.4%), calcium-channel blockers (32.6%), 
nitrates (39.5%) and acetylsalicylic acid (11.6%). All 
drugs were administered continuously throughout the 
study, and the patients were given additional atorvas-
tatin (20 mg/day) therapy daily following their diag-
nosis of stable angina. 

The baseline laboratory parameters and their 
changes after 10 weeks of atorvastatin treatment are 
shown in Fig.1 and Table 1. As to the first part of our 
hypothesis, atorvastatin treatment did not change the 
plasma CTSS mRNA levels (difference in medians −
7.8%, p =0.677), although it lowered the plasma 
CTSS concentrations (−13.8%, p =0.016) and 
plasma CTSS activity (−6.5%, p =0.043). As 
expected, atorvastatin increased the dominant LDL 
size (＋2.1%, p＜0.001), although it did not change 
the percentage of small, dense LDL particles. Simi-

ity of external mRNA contamination, a negative con-
trol (blank) was analysed. The between-run impreci-
sion for the entire analytical procedure (mRNA isola-
tion from pooled plasma, reversed transcribed into 
cDNA and transcript quantification as the average Ct 
assessment performed in triplicate - all conducted for 
three independent runs, thus giving three average Ct 
values), expressed as the coefficient of variation (CV) 
of Ct was less than 2%19). The amount of each investi-
gated transcript was normalized to the amount of the 
reference gene20). Samples from the same patient 
(obtained before and after therapy) were processed in 
the same run.

CTSS Protein Quantification and CTSS Activity 
Estimation in the Plasma 

Quantitative CTSS ELISA with a combination 
of 1E3 MAb and 2B4 Mabs (Krka, d.d., Ljubljana, 
Slovenia) was used as previously described21). The 
CTSS activity was determined using fluorogenic sub-
strate Z-VVR-AMC (Biomol International, Hamburg, 
Germany). Substrate (final concentration: 10 μM) and 
serum (dilution: 1:3 in assay buffer [100 mM of phos-
phate buffer, pH 6.5 containing 0.1% (w/v) polyeth-
ylene glycol 8000, 5 mM of cysteine and 1.5 mM of 
EDTA]) were added to the wells of a black microplate. 
The formation of fluorescent degradation products 
was monitored continuously at 380±5 nm excitation 
and 460±5 nm emission on a Tecan Safire2TM spec-
trofluorometer (Tecan Group Ltd, Männedorf, Swit-
zerland). Samples from the same patient (obtained 
before and after therapy) were processed in the same 
run.

LDL and HDL Subclass Determination
The plasma LDL and HDL particles were sepa-

rated using a method previously described by Rainwa-
ter et al.22). A detailed description of the procedure has 
been published elsewhere23, 24). Based on the dominant 
diameter, we classified the LDL phenotype as pheno-
type A (＞25.5 nm) or phenotype B (≤ 25.5 nm). The 
relative proportions of the LDL and HDL subclasses 
were estimated by determining the areas under the 
peaks of densitometric scans. The relative proportion 
of small, dense LDL particles was ascertained by com-
puting the area of the densitometric scan at or below 
25.5 nm25). Likewise, the relative proportion of small 
HDL particles was assessed by computing the area of 
the densitometric scan at or below 8.8 nm25).

Other Measurements in the Plasma
The levels of total cholesterol (TC), triglycerides 

(TG), LDL-C and HDL-C were determined using 
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centrations of CRP, SAA, TC, LDL-C and TG, but 
not HDL-C. Concomitant therapies (administered in 
addition to atorvastatin) generally had no effect on the 
statin-induced reductions, with the exception that cal-

larly, atorvastatin increased the dominant HDL size 
(＋4.9%, p=0.002) and simultaneously lowered the 
percentage of small HDL particles (−1.5%, p=0.003). 
Finally, atorvastatin treatment lowered the serum con-

Table 1. Laboratory findings of the 43 patients with stable angina

Parameter 
Baseline

After 10 weeks of 
atorvastatin therapy

Mean difference

Absolute Relative (%) p

Dominant LDL diameter (nm)
Small, dense LDL particles (%)
Dominant HDL diameter (nm)
Small-sized HDL particles (%)
TC (mmol/L)
LDL-C (mmol/L)
HDL-C (mmol/L)§

TG (mmol/L)
CRP (mg/L)
SAA (mg/L)

25.92 (24.84-27.05)
44.7 (36.9-57.0)
9.27 (9.03-10.52)
32.6 (29.2-40.3)
7.15 (6.60-7.77)
4.75 (4.32-5.20)

1.33±0.37
1.60 (1.30-2.35)
2.05 (1.10-4.72)

23.00 (13.27-35.19)

26.47 (25.53-27.64)
45.1 (38.8-54.3)
9.72 (9.33-10.71)
32.1 (28.2-37.9)
4.80 (4.20-5.07)
2.65 (2.40-3.00)

1.40±0.34
1.40 (1.20-1.80)
1.90 (1.00-3.50)

14.44 (9.99-25.27)

0.55
0.40
0.45

−0.50
−2.35
−2.10

0.07 
−0.20 
−0.15
−8.56

2.1
0.9
4.9

−1.5
−33.3 
−43.8 

5.3 
−12.5 
−7.3 
−37.2 

＜0.001 
0.708
0.002 
0.003 

＜0.001 
＜0.001

0.074 
＜0.001 

0.010 
＜0.001 

The values are presented as the median (Q1-Q3) or mean±standard deviation.
Wilcoxon’s matched pairs test was used for the comparisons (see the Statistical analysis section), except for variables marked with§, for 
which Student’s t-test was used. 
Abbreviations: p, level of significance; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipopro-
tein cholesterol; TG, triglycerides; CRP, C-reactive protein; SAA, serum amyloid A.

Fig.1. CTSS mRNA levels and CTSS concentrations and activity in the plasma of the 43 patients with stable 
angina

The box plots demonstrate the interquartile range (25th and 75th percentiles), with the line inside the box denoting the 
median. The whiskers indicate the largest and smallest values inside the 1.5 x interquartile range. Outliers (·) are the 
values between the 1.5 and 3 x interquartile ranges. The plasma mRNA levels were standardized to the mRNA level of 
glyceraldehyde-3-phosphate dehydrogenase as a reference gene. The differences in variables before and after treatment 
were analyzed using Student’s t-test for the CTSS activity. Wilcoxon’s matched pairs test was used to assess the CTSS 
mRNA level and CTSS concentration. Abbreviations: CTSS, cathepsin S; CTSS, gene encoding CTSS; p, statistically 
significant. 
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concomitantly with the LDL subclass profile improve-
ments.

In order to further study the CTSS and LDL 
subclass profile interrelationships, the patients were 
classified in two groups according to the LDL pheno-
type. The LDL B phenotype group comprised 18 sta-
ble angina patients (five men and 13 women), 63.1±
7.6 years of age. The LDL A phenotype group (n=25 
patients) was equivalent in terms of age (60.1±10.1 
years, p=0.405) and gender (six men and 19 women, 
p=0.779) to the LDL B phenotype group. Examinees 
with the LDL B and A phenotypes did not differ in 
terms of body mass index (28.57±3.99 kg/m2 vs. 
27.54±5.86 kg/m2, p=0.532) or the proportion of 
smokers (11.1% vs. 12%, p=0.929). In addition, 
there were no differences between the two analyzed 
groups concerning the administration of beta blockers 
(55.5% vs. 36%, p=0.230), ACE inhibitors (66.7% 
vs. 68%, p=0.927), calcium channel blockers (27.8% 
vs. 36%, p=0.744), nitrates (50% vs. 36%, p=0.532) 
or acetylsalicylic acid (5.6% vs. 12%, p=0.628). The 
CTSS plasma profiles and lipid and inflammatory 
profiles at baseline and after 10 weeks of therapy in 
each group are given in Table 2. 

 As shown in Table 2 and Fig.2, the relative 
changes in the CTSS concentrations and activity were 

cium-channel blockers appeared to be associated with 
a minor decrease in the TG levels (difference in means 
−20.3% in patients without vs. −3.8% in patients 
prescribed calcium-channel blockers, p=0.048). 

Regarding the second part of our hypothesis, the 
CTSS protein concentration and LDL subclass profile 
were found to be interrelated. For instance, a higher 
plasma CTSS concentration at baseline was associated 
with a lower dominant LDL diameter (r=−0.476, 
p=0.001) and a higher proportion of small, dense 
LDL particles (r=0.527, p＜0.001). Furthermore, the 
relative lowering of the plasma CTSS protein concen-
tration induced by atorvastatin treatment correlated 
with the relative increment in the dominant LDL 
diameter (r=−0.380, p=0.013) and the relative dec-
rement in the proportion of small, dense LDL parti-
cles (r=0.384, p=0.012). A higher plasma CTSS 
activity was also found to be associated with a higher 
proportion of small, dense LDL particles (results not 
shown). Conversely, the changes in the CTSS and 
HDL subclass profiles were not interrelated. None of 
the other observed parameters were found to be asso-
ciated with the above mentioned interrelations, with 
the exception of CRP plasma concentration-lowering, 
which correlated with the lowering of the CTSS pro-
tein concentration (r=0.368, p=0.015), although not 

Table 2. Plasma CTSS mRNA and protein concentrations and activity, lipid profiles and LDL and HDL size and subclasses at 
baseline and after 10 weeks of atorvastatin therapy in the phenotype B (18 patients) and phenotype A (25 patients) groups

Parameter  Patients with LDL B phenotype
 
 

Patients with LDL A phenotype

Baseline After 10 weeks p Baseline After 10 weeks p

CTSS mRNA†

CTSS (μg/L)
CTSS (RFU/s)
Dominant LDL diameter (nm)
Small, dense LDL particles (%)
Dominant HDL diameter (nm)
Small-sized HDL particles (%)
TC (mmol/L)
LDL-C (mmol/L)
HDL-C (mmol/L)
TG (mmol/L)†

CRP, mg/L†

SAA, mg/L†

32.11 (25.90-45.89)
20.82±6.48§, ＊＊＊

15.36±2.97§, ＊＊

24.44±0.64§, ＊＊＊

56.9±5.1§, ＊＊＊

9.22±0.70§, ＊

35.8±9.3
7.63±0.99§, ＊

5.20±0.98§, ＊

1.25±0.36
2.05 (1.56-3.45)‡, ＊＊

1.85 (1.25-4.28)
21.60 (12.63-33.09)

32.56 (27.06-44.17)
16.37±4.49
13.57±2.26
25.46±0.93§, ＊＊＊

52.0±7.4§, ＊＊＊

9.72±0.66§, ＊＊＊

34.1±8.1
4.59±0.57
2.66±0.55
1.33±0.35
1.6 (1.30-2.10)‡, ＊

1.45 (1.00-3.30)
14.988 (10.05-24.48)

0.955
＜0.01
＜0.05
＜0.001
＜0.05
＜0.01

0.097
＜0.001
＜0.001

0.245
＜0.01
＜0.05
＜0.01

 
 

32.37 (19.48-43.69)
14.69±3.77
13.39±3.07
27.00±0.87
37.2±8.1
9.74±0.84
34.4±7.8
6.96±0.79
4.73±0.52
1.40±0.37

1.5 (1.05-1.75)
2.80 (1.10-4.95)

23.74 (12.52-35.41)

29.08 (22.20-34.62)
14.68±5.17
13.28±3.24
27.32±0.93
41.6±8.1

10.03±0.92
32.8±7.6
4.96±0.79
2.93±0.72
1.46±0.33

1.2 (1.05-1.65)
2.10 (1.00-3.75)

13.59 (9.88-28.02)

0.331
0.985
0.801
0.066

＜0.01
0.145

＜0.05
＜0.001
＜0.001

0.241
0.152
0.090

＜0.01

The values are presented as the mean±standard deviation or median (Q1-Q3).
The CTSS mRNA levels were standardized to the mRNA level of glyceraldehyde-3-phosphate dehydrogenase as a reference gene.
†Data compared according to Wilcoxon’s test. §Significantly different from that observed in the patients with the LDL A phenotype at the same 
point of time, according to the unpaired Student’s t-test. ‡Significantly different from that observed in the patients with the LDL A phenotype at 
the same point of time, according to the Mann-Whitney U-test. ＊p＜0.05; ＊＊p＜0.01; ＊＊＊p＜0.001. 
Abbreviations: CTSS, cathepsin S; CTSS, gene encoding CTSS; p, level of significance; TC, total cholesterol; LDL-C, low-density lipoprotein cho-
lesterol; HDL-C, high-density cholesterol; TG, triglycerides; CRP, C-reactive protein; SAA, serum amyloid A.
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Discussion

In the present study of patients with stable 
angina, treatment with atorvastatin (20 mg/day, for 10 
weeks) did not change the plasma CTSS mRNA lev-
els, although it lowered the plasma CTSS concentra-
tions and activity. An increased plasma CTSS concen-
tration and activity were both found to be associated 
with a more atherogenic LDL subclass profile (a 
decreased dominant LDL size and increased percent-
age of small, dense LDL particles), while atorvastatin-
induced lowering of the plasma CTSS concentration 
correlated with favourable changes in the LDL sub-
class profile. The beneficial effects of atorvastatin on 
the CTSS level and its association with the athero-
genic LDL subclass profile were observed in the LDL 
phenotype B patients only. In this subgroup of 
patients, the atorvastatin-induced lowering of the 

significantly higher in the patients with the LDL B 
phenotype. In addition, this group experienced signif-
icantly greater changes in the LDL and HDL subclass 
distribution after treatment (Fig.2). Furthermore, the 
CTSS and LDL subclass profiles were found to be 
interrelated in the patients with the LDL B phenotype 
only. For instance, the relative lowering of the plasma 
CTSS activity induced by atorvastatin correlated with 
the relative decrement in the proportion of small, 
dense LDL particles (r=0.553, p＜0.05). The relative 
lowering of the plasma CTSS mRNA level also corre-
lated with the relative decrement in the proportion of 
small, dense LDL particles (r=0.625, p＜0.05). Inter-
estingly, we found an association between the changes 
in the plasma CTSS concentrations and the changes 
in the CTSS plasma activity in the patients with the 
LDL B phenotype only (r=0.617, p＜0.01).

Fig.2. Relative changes in the examined parameters after 10 weeks of atorvastatin therapy in the patients with 
the LDL B (18 patients) and LDL A (25 patients) phenotypes

A, plasma CTSS mRNA levels and CTSS concentrations and activity; B, lipid parameters; C, LDL subclasses; D, HDL 
subclasses. The data were compared according to the Mann-Whitney U-test and are presented as the median: ＊p＜0.05; 
＊＊p＜0.01. Abbreviations: CTSS, cathepsin S; CTSS, gene encoding CTSS; TC, total cholesterol; LDL, low-density 
lipoprotein; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density cholesterol; TG, triglycerides; p, statisti-
cally significant.

A

C

B

D
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independent of any concomitantly prescribed drugs, 
although all conclusions should be drawn cautiously 
due to the use of polyvalent therapy.

In this study, we demonstrated an interrelation-
ship between an increased CTSS level and an athero-
genic LDL subclass profile in the plasma of stable 
angina patients, which can be improved with atorvas-
tatin treatment. That atorvastatin therapy induces 
improvements in an atherogenic LDL subclass profile 
has been documented previously29); however, the asso-
ciation with CTSS has not yet been studied. It appears 
that the impact of CTSS on lipid metabolism has 
been elucidated only in part. In vitro cathepsins 
degrade apolipoprotein B in LDL, and modified LDL 
exhibits increased binding to proteoglycans as well as 
enhanced aggregation and fusion and augmented 
foam cell formation15, 30). However, in our study, an 
increased CTSS concentration and activity at baseline 
correlated with a higher proportion of small, dense 
LDL particles in the plasma. It appears that CTSS 
may also degrade apolipoprotein B and LDL in the 
plasma in the way that small, dense LDL particles 
accumulate intravascularly. This observation is further 
supported by the findings obtained after atorvastatin 
therapy. Namely, the atorvastatin-induced lowering of 
the CTSS concentration was in line with the favour-
able changes noted in the dominant LDL size and 
proportion of small, dense LDL particles in the 
plasma. The close interrelationship between an 
increased CTSS level and atherogenic LDL subclass 
profile in the plasma requires further clarification, as 
such a relationship may suggest a new mechanism 
underlying CTSS-mediated atherogenesis. Small, 
dense LDL particles easily penetrate the vascular 
intima, reside longer in the subendothelium and are 
more prone to oxidation, as compared to their larger 
counterparts31), and, once formed, oxidized LDL dis-
plays potent proinflammatory, immunogenic, apop-
totic and cytotoxic effects31). The spectrum of proin-
flammatory activities also involves the differentiation 
of monocytes into macrophages. Therefore, our find-
ings offer an additional explanation for the occurrence 
of CTSS-mediated lipid accumulation in the vascular 
wall5) and the observation that CTSS-mediated ath-
erogenesis is associated with CD40-mediated inflam-
matory and immune responses10). However, the alter-
native explanation that atorvastatin first improved the 
atherogenic LDL subclass profile, which then lowered 
the plasma CTSS concentration (via decreased athero-
sclerotic stress that reduced apoptosis and/or the CTSS 
expression in vascular cells) is also possible, although 
it has some limitations, as discussed in the previous 
paragraph. The actions of cystatin C, which was 

plasma CTSS mRNA level also correlated with the 
lowering of the proportion of small, dense LDL parti-
cles. Conversely, the atorvastatin-induced changes in 
the CTSS levels and HDL subclass profiles were not 
found to be interrelated.

The present results indicate that atorvastatin 
treatment exerts a ‘beneficial’ effect on the CTSS con-
centration; however, not by lowering the gene expres-
sion, but rather by lowering the extracellular protein 
concentration and enzyme activity. The absence of 
atorvastatin-induced lowering of the CTSS expression, 
as assessed non-invasively according to a plasma 
mRNA analysis, is contradictory to the decreased gene 
expression observed in the myocardium of apoE−/− 
mice after 32 weeks of simvastatin treatment12) but in 
line with the findings of our previous study in which 
atorvastatin-treated patients with coronary atheroscle-
rosis had a higher CTSS expression than healthy sub-
jects13). In the present study, despite the lack of 
changes in the gene expression, atorvastatin lowered 
the extracellular CTSS protein concentrations and 
enzyme activity. This finding is notable and requires 
explanation. Current studies suggest that statins 
increase the CTSS concentration in the plasma via the 
statin-induced apoptosis of vascular cells26) and/or 
statin-enhanced lysosomal enzyme activity in vascular 
cells27), which in turn can again induce apoptosis and 
CTSS extracellular leakage. However, this suggestion 
has limitations, as statin treatment did not change the 
CTSS activity in the wall of abdominal aortic aneu-
rysms in one small case-control study11) and CTSS 
deficiency by itself reduces the apoptosis of vascular 
macrophages7). An alternative explanation is that ator-
vastatin downregulated inflammation, matrix remod-
elling and oxidative stress in our patients28), which 
further reduced the CTSS expression and amount of 
CTSS extracellular leakage. Indeed, the plasma CRP 
lowering observed in our study correlated with lower-
ing of the CTSS protein concentration in the plasma; 
however, again, this suggestion has limitations, as we 
found no concomitant associations with the changes 
in the plasma CTSS mRNA levels. Another reasonable 
explanation is that, in our study, atorvastatin improved 
the balance between the activity of CTSS and the level 
of cystatin C (a potent endogenous CTSS inhibitor), 
as documented in a previous study11), thus reducing 
the level of CTSS-mediated vascular cell apoptosis, 
which further decreased the extracellular CTSS con-
centration and enzyme activity. Unfortunately, we did 
not measure the cystatin C levels, which considerably 
limits this interpretation. Whatever the background 
mechanism, atorvastatin treatment exhibits a benefi-
cial effect on the CTSS concentration. This effect is 
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entially increase the level of large HDL particles34, 36). 
Data regarding the effects of statins on HDL subfrac-
tions are inconsistent and difficult to interpret. More 
recent findings suggest that small, dense HDL has a 
significantly higher atheroprotective activity than large 
HDL37). However, certain impairments of the protein/
lipid content in small, dense HDL may decrease its 
anti-atherogenic capacity or even induce pro-athero-
genic properties35, 38). On the other hand, a higher 
level of large HDL particles is associated with reduced 
atherosclerotic progression and a lower risk of cardio-
vascular events35). Likewise, the presence of a large 
HDL 2b subclass was found to be highly inversely 
correlated with the risk of coronary disease in the pro-
spective Malmo Diet and Cancer Study39). Regardless, 
the changes in the HDL subclass profiles observed in 
our study were not associated with statin-induced 
CTSS-lowering, as we had hypothesized based on pre-
viously published in vitro evidence14).

Conclusions

In conclusion, among the patients with stable 
angina treated in the present study, atorvastatin (20 
mg/day, 10 weeks) did not change the plasma CTSS 
mRNA levels, although it lowered the plasma CTSS 
concentrations and activity. In addition, an increased 
plasma CTSS concentration and activity were found 
to be associated with a more atherogenic LDL subclass 
profile (decreased dominant LDL size and increased 
percentage of small, dense LDL particles). Further-
more, the atorvastatin-induced CTSS-lowering 
observed in this study was concomitant with improve-
ments in the LDL subclass profile and the changes 
were interrelated, which requires further clarification. 
Concomitant and interrelated changes in the CTSS 
concentrations and LDL subclasses were observed in 
the LDL phenotype B patients only. 
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unfortunately not measured in this study, may explain 
the mechanism underlying the close interrelationship 
observed between an increased CTSS level and an ath-
erogenic LDL subclass profile in the plasma. The find-
ing of an association between cystatin C and a “bene-
ficial” LDL subclass profile in the plasma in future 
studies would convincingly support the suggested 
mechanism of CTSS-mediated atherogenesis. 

The beneficial effects of atorvastatin on the 
CTSS concentration and LDL subclass were observed 
in the LDL phenotype B patients only, which further 
supports the assumption that the CTSS level and LDL 
subclass in the plasma are causally related. Variability 
in plasma lipoprotein patterns (LDL phenotypes A 
and B) has recently been recognised to be important 
in selecting adequate lipid-lower therapy. In the pres-
ent study, atorvastatin treatment had a beneficial effect 
on the LDL particles size distribution in the patients 
with the LDL B phenotype (Table 2), who were ini-
tially characterised by an increased proportion of 
small, dense LDL particles and, consequently, a higher 
risk of cardiovascular disease. This finding is consis-
tent with those of previous studies32). However, the 
most intriguing finding of our study is that statin-
induced CTSS-lowering was demonstrated in the 
LDL phenotype B patients only. Furthermore, our 
unique simultaneous measurements of plasma mRNA 
and its protein revealed that decreases in plasma CTSS 
mRNA and its enzyme activity were associated with 
lowering of the proportion of small, dense LDL parti-
cles. Such beneficial, concomitant and interrelated 
reductions in the atherogenic lipoprotein levels and 
CTSS concentration and its enzyme activity are likely 
to be causally related and, importantly, lead to improve-
ments in a patient’s overall condition. Unfortunately, 
the extent of coronary atherosclerosis was not evalu-
ated in this study. The finding of an association of the 
interrelationship between the CTSS concentration 
and LDL subclass profile with the severity of athero-
sclerosis in future studies would further support the 
role of CTSS as an important factor to be considered 
when selecting adequate lipid-lower therapy.

In the present study, the HDL subclass analysis 
revealed that atorvastatin increased the dominant 
HDL size, with a concomitant decrease in the propor-
tion of small, dense subclasses. This finding is in line 
with the results of previous studies33, 34) showing the 
beneficial effects of statins via an increase in the level 
of large HDL particles. Indeed, statin therapy induces 
a minor increase in the HDL-C level (by 5-10%), 
consistent with a reduction in the cholesteryl ester 
transfer protein activity and stimulation of apolipo-
protein A-Ⅰ production35). As a result, statins prefer-
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