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Abstract. Current diagnostic techniques of prostate cancer 
cannot efficiently distinguish the latent and low-risk forms 
from the high-risk significant forms of prostate cancer. 
Caveolin-1 (Cav-1), except other functions, plays an important 
role in cell transformation and the process of tumorigenesis. 
Furthermore, Cav-1 is involved in metastatic processes. It has 
also been shown that Cav-1 expression is induced under stress 
conditions, such as oxidative stress. The present study focused 
on the determination of prognostic markers of aggressive 
(high-grade) forms of prostate cancer. We determined serum 
Cav-1 and serum markers of antioxidant activity-glutathione 
(GSH), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Trolox equiva-
lent antioxidant capacity (TEAC), ferric-reducing antioxidant 
power (FRAP), N,N-dimethyl-1,4-diaminobenzene (DMPD), 
free radicals method (FRK) and blue chromium peroxide 
(Cro) in 97 serum samples (82 prostate cancer patients and 
15 controls). We found insignificant differences in Cav-1 
between the sera of patients and controls (5.69 in the cancer 
group vs. 5.42 ng/ml in the control group). However, we 
found a significant (p<0.004) 2.8-fold elevation of Cav-1 in 
high tumour stages (TNM T4) compared to lower stages and 
a significant positive association with histological grading 
(r=0.29, p=0.028). We also found that in patients with high 
serum Cav-1 the antioxidant capacity of the body is reduced. 
These findings indicate that Cav-1 may be an interesting tool 
for the prediction of disease burden.

Introduction

Discovering and definition of new biochemical markers, 
which are specifically connected with grave pathological 
states including tumour diseases, are among the most 
important objectives of biomedical research. Identification 
of highly specific and sensitive biomarkers represents the 
main aim of modern research, because only such biomarkers 
may be applied towards the early diagnosis of malignant 
disease, prediction of prognosis and eventually development 
of an appropriate treatment strategy in clinical practice (1). 
Malignant tumours occupy the first position among diagnosed 
diseases due to the improvement of health care. The process of 
genesis of a tumour cell includes accumulation of alterations 
in a cell genome, which may develop for decades. Mechanisms 
of the cell cycle and apoptosis regulation play a crucial role in 
the protection against these changes.

Prostate carcinoma is the most frequent malignant disease 
among men in the Czech Republic. Global data about the 
incidence of prostate carcinoma are not too exact, especially 
due to fact that a lot of men die due to this disease without 
its clinical manifestations (2). Substantial progress in the 
diagnosis of tumour diseases has been observed along with 
the development of proteomics due to the identification of 
new tumour markers (3-8). These markers, usually proteins, 
are closely connected with the development and eventually the 
progression of the disease and are present in tumour cells in 
altered concentrations. 

Due to the introduction of prostate-specific antigen (PSA) 
screening in prostate cancer diagnosis, the incidence of this 
disease has increased by >50% in the recent years. At present, 
its incidence is higher in comparison with bronchogenic carci-
noma with almost half of the men at the age of 80 suffering 
from prostate carcinoma. PSA represents the routinely used 
diagnostic marker of prostate carcinoma (9-11). Measurements 
of PSA blood serum levels began in the early 1980s. There are 
plenty of methods used for determination of PSA blood serum 
levels (10,12). However, determination of PSA is not specific 
and sensitive in the blood serum and its positive predictive 
value is only about 35%. PSA may also be elevated in various 
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non-tumour conditions in healthy men. Its level is increased in 
other prostate diseases (benign prostatic hyperplasia, prosta-
titis and prostate infections) or with physical activity including 
cycling. Almost two thirds of men with increased PSA are 
healthy. Contrariwise, 20% of men suffering from prostate 
carcinoma have normal PSA levels.

Therefore, it is not surprising that searching for new 
markers for this type of tumour disease is still a focus of 
research. Caveolin is a protein, which is often associated with 
tumour disease as a potential tumour marker. It is an integral 
membrane protein and important integral part of caveolae 
membranes. Its presence was already discovered in caveolae 
membranes in 1953 (13). These membranes are involved in 
receptor-independent endocytosis. Caveolae are microdomains 
of lipid rafts, which are rich in sphingolipids and cholesterol 
and play an essential role in the degradation of cholesterol 
(14). However, they also participate in transmembrane signal-
ling. There are three known types of caveolin, which differ in 
their molecular structure and tissue distribution. Caveolin-1 
is profusely present in adipocytes, epithelial cells, pneumo-
cytes and fibroblasts. Caveolin-2 is expressed in the cells of 
mesenchyma, epithelial cells and neuroglia. Caveolin-3 occurs 
predominantly in muscle cells (15,16). All types of caveolins 
are investigated in view of the pathogenesis of some diseases 
(17-20). The connection between caveolin-1 and tumorigenesis 
has been investigated in many studies (21-24). Caveolin-1 has 
been demonstrated to regulate cell proliferation, so, it can 
play an important role in cell transformation and the process 
of tumorigenesis (23,25,26). Caveolin-1 is also involved in 
metastatic processes (25). The reason for the participation of 
caveolin-1 in these processes is the fact that normal epithelial 
cells are characterized by cell adhesion and the cell is closely 
connected through the membrane with its surroundings and 
is able to respond to changes in cell surroundings. Caveolin-1 
directly participates in these cell processes, especially due to 
its connection with integrins. Changes in protein function lead 
to the lapse of cell functions (adhesion) and cell mobility and 
the development of metastatic processes (22). Furthermore, it 
has been demonstrated that caveolin-1 expression is induced 
under stress conditions, such as oxidative stress (27,28).

Metallothioneins (MT) as a metal-binding proteins repre-
sent other promising tumour markers, which are intensely 
studied in connection with prostate carcinoma among other 
diseases (29-31). It has been recently demonstrated that 
metallothioneins play an important role in the development 
and progression of some tumour diseases (32-42). Enhanced 
levels of MT in tumour cells are probably closely connected 
with cell proliferation (43,44). Recent studies point at the 
overexpression of MT in relation to the metal-based cyto-
static agents (45,46). Other potential tumour markers include 
α-methylacyl-CoA-racemase (AMACR). This substance 
is a peroxisomal and mitochondrial enzyme involved in 
β-oxidation of branched fatty acids and in catabolism of bile 
acids metabolites (47). Increased levels of these proteins have 
been described in adenocarcinomas and high grade prostatic 
intraepithelial neoplasia (48). On the other hand, only low 
levels of this marker are described in benign hyperplasia and 
in atypical adenomatous hyperplasia (47,49,50).

It is well evidenced that the total antioxidant capacity 
of the human body is reduced, when patients suffer from a 

serious disease such as cancer, particularly when the disease 
is long-term and the patients are of higher age (51-53). Thus, 
we aimed to determine most of the common markers of 
antioxidant capacity and to put them into the context with 
caveolin-1. The originality of this study consists in the analysis 
and mutual correlation between the above-mentioned tumour 
markers and the markers of oxidative stress in blood sera of 
patients suffering from prostate carcinoma. Our results show 
the necessity for the determination of more tumour markers to 
aid in the knowledge of the disease stage of the patient and for 
the identification of optimal treatments.

Materials and methods

Chemical and biochemical reagents. All chemicals of ACS 
purity were purchased from Sigma-Aldrich (St. Louis, Mo, 
USA) unless otherwise noted. The primary mouse metallo-
thionein antibody and the secondary anti-mouse horseradish 
peroxidase (HRP)-conjugated antibody were purchased 
from Abcam (Cambridge, MA, USA). The primary rabbit 
PSA and caveolin-1 antibody and the secondary anti-rabbit 
HRP-conjugated antibody were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). The primary 
rabbit AMACR antibody was purchased from Clonestar 
(Czech Republic). For chemiluminiscent detection of Western 
blot membranes the ECL Western blot detection reagents 
system from Bio-Rad Laboratories (USA) was used.

Sample preparation for electrochemical analysis. The samples 
of blood serum were denatured at 99˚C in a thermomixer 
(Eppendorf 5430, Germany) for 15 min with shaking and 
centrifuged at 15,000 x g at 4˚C for 30 min (Eppendorf 5402). 
Heat treatment effectively denatures and removes thermo-
labile and high-molecular-weight proteins from samples. The 
prepared samples were used for MT and glutathione (GSH) 
analyses.

Differential pulse voltammetry-Brdicka reaction. Differential 
pulse voltammetric measurements were performed with the 
747 VA Stand instrument connected to the 746 VA Trace 
Analyzer and the 695 Autosampler (Metrohm, Switzerland), 
using a standard cell with three electrodes and cooled sample 
holder (4˚C). A hanging mercury drop electrode (HMDE) 
with a drop area of 0.4 mm2 was the working electrode. An 
Ag/AgCl/3M KCl electrode was the reference and glassy 
carbon electrode was auxiliary. For data processing GPES 4.9 
supplied by EcoChemie was employed. The analysed samples 
were deoxygenated prior to measurements by purging with 
argon (99.999%) and saturated with water for 120 sec. Brdicka 
supporting electrolyte containing 1 mM Co(NH3)6Cl3 and 
1 M ammonia buffer [NH3(aq) + NH4Cl, pH 9.6] was used. 
The supporting electrolyte was exchanged after each analysis. 
The parameters of the measurement were as follows: initial 
potential of -0.7 V, end potential of -1.75 V, modulation time 
0.057 sec, time interval 0.2 sec, step potential 2 mV, modula-
tion amplitude -250 mV, Eads = 0 V, volume of injected sample: 
20 µl (x100 diluted sample with 0.1 M phosphate-buffer 
pH 7.0). All experiments were carried out at a temperature 
of 4˚C employing the thermostat Julabo F25 (Labortechnik 
GmbH, Germany).
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Determination of low-molecular-mass thiols. High perfor-
mance liquid chromatography with an electrochemical 
detection (HPLC-ED) system consisted of two solvent delivery 
pumps operating in the range of 0.001-9.999 ml/min (Model 
582 ESA Inc., Chelmsford, MA), Zorbax Eclipse AAA Column 
(4.6 x 150 mm 3.5-µm particle size; Varian Inc., CA, USA), 
and a CoulArray electrochemical detector (Model 5600A, 
ESA, USA). The sample (30 µl) was injected using an autos-
ampler (Model 540 Microtiter HPLC; ESA, USA). HPLC-ED 
experimental conditions were as follows. The compositions of 
the mobile phases were: A, 80 mM trifluoroacetic acid and 
B, methanol. They were mixed in gradient from 3% B in the 
first minute, 10 % B in the second to the sixth minute and 
98% B from the seventh minute of the separation; flow of 
the mobile phase was 0.8 ml/min, temperature of the sepa-
ration was 40˚C; working electrodes potential was 900 mV; 
detector temperature was 30˚C; each measurement was done 
in triplicates. Retention time of the reduced GSH was 5 min. 
GSH concentration was calculated from a calibration curve 
(0.5-100 µM). The signal was quantified as a sum of current 
responses from all working electrodes (54,55). In the case of 
real sample measurements, the shift of the retention time was 
of about ±2%.

Determination of antioxidant activity. For determination 
of antioxidant activity a BS-400 automated spectrophotom-
eter (Mindray, China) was used. It is composed of cuvette 
space tempered to 37±1˚C, reagent space with a carousel for 
reagents (tempered to 4±1˚C), sample space with a carousel 
for preparation of samples and an optical detector. Transfer 
of samples and reagents is provided by robotic arm equipped 
with a dosing needle (error of dosage up to 5% of volume). 
Cuvette contents are mixed by an automatic mixer including 
a stirrer immediately after addition of reagents or samples. 
Contamination is reduced due to its rinsing system, including 
rinsing of the dosing needle as well as the stirrer by MilliQ 
water. For detection itself, the following range of wave lengths 
can be used - 340, 380, 412, 450, 505, 546, 570, 605, 660, 700, 
740 and 800 nm. Experimental details on all used spectro-
metric assays have been previously described (56).

Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE). The electrophoresis was performed according 
to Laemmli using a Mini Protean Tetra apparatus with a gel 
dimension of 8.3 x 7.3 cm (Bio-Rad Laboratories) (57). Firstly 
we poured 10% (m/V) running gel and then 5% (m/V) stacking 
gel. The gels were prepared from 30% (m/V) acrylamide stock 
solution with 1% (m/V) bisacrylamide (SERVA, Germany). 
The polymerization of the running or stacking gels was carried 
out at room temperature for 45 min. Prior to analysis the 
samples were mixed with reducing (DTT, final concentration 
400 mM) sample buffer in 4:1 ratio. The samples were boiled 
for 5 min and then the sample was loaded onto the gel. For 
determination of molecular mass, the protein ladder, broad or 
lower range (Bio-Rad Laboratories) was used. The electropho-
resis ran at 80 V for 20 min subsequently increased to 120 V 
for 1 h (Power Basic, Bio-Rad Laboratories) in Tris-glycine 
buffer (0.025 M Trizma-base, 0.19 M glycine and 0.0035 M 
SDS, pH 8.3). Silver staining of the gels was performed using 
the Bio-Rad Silver stain kit according to Merril et al (58).

Western blot analysis. After the electrophoretic separation, 
the proteins were transferred onto a nitrocellulose membrane 
(Bio-Rad Laboratories) in a Bio-Rad apparatus. The blotting 
was carried out for 1 h at a constant current of 0.9 mA for 
1 cm2 of the membrane. After the transfer, the membrane 
was blocked in 5% non-fat milk in PBS (137 mM NaCl, 
2.7 mM KCl, 1.4 mM NaH2PO4, and 4.3 mM Na2HPO4; 
pH 7.4) for 2 h. The incubation with mouse primary antibody 
in dilution of 1:750 in PBS with 5% non-fat milk was carried 
out for 12 h at 4˚C. After three washing with PBS containing 
0.05 % (v/v) Tween-20 (PBS-T) for 5 min the membrane was 
incubated with secondary antibody (anti-mouse labelled with 
HRP, Sigma-Aldrich, diluted 1:5,000) for 1 h at room tempera-
ture. Then, the membrane was washed three times with PBS-T 
for 5 min and incubated with the ECL WB detection reagents 
(Santa Cruz Biotechnology Inc.).

Dot-immunobinding assay. For immunobinding assays 
PVDF membranes (Bio-Rad Laboratories) were used. The 
sample (1 µl) was applied and dried. Further the membrane 
was blocked in 2% bovine serum albumin (BSA) in PBS for 
0.5 h with constant shaking. The incubation with the primary 
antibody (1:500 diluted) was carried out for 1 h at 37˚C. 
After three times repeated washing in PBS containing 0.05% 
(v/v) Tween-20 (0.05% PBS-T) for 5 min, the membrane was 
incubated in the presence of secondary antibody at a dilution 
1:5,000 for 1 h at 37 C. Then the membrane was washed three 
times in 0.05% PBS-T for 5 min and incubated in chromogenic 
substrate [0.4 mg/ml AEC (3-aminoethyl-9-carbazole) in 
0.5 M acetate buffer with 0.1% H2O2, pH 5.5]. After sufficient 
colouring the reaction was stopped by rinsing in water.

tPSA and fPSA determination. Total PSA (tPSA) and free PSA 
(fPSA) contents were determined by the immunochemistry 
analyser AIA 600 II (Tosoh, Japan). AIA 600 II is specifically 
designed for measurement of immunochemistry parameters in 
biological fluids using reagents of AIA-PACK series. Analyses 
were carried out according to the manufacturer's instruc-
tions. The instrument was calibrated using the AIA-PACK 
Calibrator set using a 6-point calibration (Tosoh). All reactions 
were performed in the special disposable test cups containing 
dried and lyophilized reagents. The immunochemical antigen-
antibody reaction employed magnetic particles (1.5 mm). 
Samples were incubated at 37˚C. 4-Methylumbelliferyl phos-
phate was used as a substrate and fluorescence corresponding 
to enzymatic activity on magnetic particles was measured.

Determination of serum caveolin-1 protein. For determination 
of the serum levels of caveolin-1 protein the Human caveolin-1 
ELISA Kit (Uscn Life Science, Inc., Wuhan, China; detection 
range 0.24-15 ng/ml) was used according to the manufacturer's 
manual. To detect the concentration of serum caveolin-1 level 
using the ELISA kit, the 60 ng/ml caveolin-1 standard was 
diluted to the concentration range 0.24-16 ng/ml in duplicates 
and absorption was measured.

Densitometric and statistical analysis. The signal intensity of 
bands after immunochemistry analysis was determined using 
the ImageJ 1.45 software (NIH, USA) as an area under the 
curve and concentration was calculated according to the protein 
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standard. Software Statistica 9.1 (StatSoft, USA) was used for 
statistical analysis. To test the normal distribution of data and 
thus usability of parametric tests, the Kolmogorov-Smirnov test 
was used. The Student's t-test for independent values was used 
to evaluate differences between the two groups. Simple linear 
correlations were performed to reveal the relationships between 
variables. To characterize data, associations were visualized 
using tree clustering with Euclidean distances measurement 
and single linkage. Subsequently, patients divided into clusters 
using K-means clustering analysis. Unless noted otherwise, a 
level of statistical significance was designated to p=0.05.

Results

Blood serum caveolin-1 levels were statistically evaluated 
in groups of controls and histologically verified tumours. 
Consequently, caveolin-1 level was related to data in the patient's 
history, such as age, smoking habits, associated diseases, clin-
ical tumour stage and histological grade (Fig. 1). Subsequently, 
caveolin-1 was related to the level of serum PSA in order to 
evaluate the use of caveolin-1 as an auxiliary marker along 

with a PSA. Cluster analysis of PSA and caveolin-1 levels was 
performed to divide the patients into the groups characterised 
with high or low caveolin-1 or PSA. In these groups tumour 
stage and grade was evaluated.

Because tumour pathogenesis and growth are tightly asso-
ciated with oxidative stress, we also determined serum markers 
of antioxidant activity, GSH, 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), Trolox® equivalent antioxidant capacity (TEAC), 
ferric reducing antioxidant power (FRAP), N,N-dimethyl-1,4-
diaminobenzene (DMPD), free radicals method (FRK) and 
blue chromium peroxide (Cro). We have previously described 
these methods in detail in study by Sochor et al (56). In addition, 
it has been shown that caveolin-1 is associated with oxidative 
stress in cancer progression. Thus, we correlated caveolin-1 
levels with markers of oxidation and performed cluster 
analysis to elucidate possible associations. We also associated 
caveolin-1 with other previously determined potential prostate 
cancer serum tumour markers, namely α-methylacyl-CoA 
racemase (AMACR) and metallothionein (MT) which we have 
previously demonstrated as a high specificity and sensitivity 
diagnostic tool for prostate cancer diagnosis (59).

Figure 1. Characterisation of patients and controls. Categorization by tumour localization and differentiation. HLP, hyperlipoproteinaemia; HT, hypertension; 
IHD, ischaemic heart disease; DMII, diabetes mellitus type II; PVD, peripheral vascular diseas; PUD, peptic ulcer disease.
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Tested cohort characteristics. We have analysed sera of 82 
patients with histologically verified acinar adenocarcinoma 
of the prostate and 15 controls (Fig. 1). Out of these patients 
only 62 patients were selected for further analysis due to the 
lack of complete history data or insufficient quality of samples 
(haemolysis and/or extreme values detected). The average age 
of the patients was 63.7 years and ranged from 48 to 78 years. 
Of the 62 patients, 49 were non-smokers, 9 were smokers 
and the rest were former smokers. Forty-two patients (68%) 
had localized tumours (T1-2) and 20 patients had spreading 
tumours of higher stage. The tumour differentiation ranged 
from well differentiated (3 tumours) to poorly differenti-
ated (27 tumours) (Table I). The Gleason sum score ranged 
within 5-10. Patients had the following associated illnesses: 

hypertension (39 patients) hyperlipoproteinaemia (21 patients), 
ischaemic heart disease (5 patients), diabetes mellitus type II 
(6 patients), peripheral vascular disease (1 patient), peptic ulcer 
disease (3 patients), and tumour in history (1 patient). Of 62 
patients, 15% did not suffer from any associated disease.

Caveolin-1 in patients and controls. Caveolin-1 standard in 
the concentration range from 0.24 to 16 ng/ml was used for 
determining the calibration dependence shown in Fig. 2A. 
Using linear regression we obtained strictly linear dependence 
with R2>0.99. The serum caveolin-1 concentration ranged 
within 1.12-14.15 ng/ml and 1.74-14.97 ng/ml in the patients 
group and controls, respectively. The mean serum concentra-
tions were 5.69 ng/ml in the cancer group and 5.42 ng/ml 

Figure 2. Caveolin-1 in patients. (A) Calibration curve. Absorbance of caveolin-1 standard in concentrations 0.24-16 ng/ml, obtained calibration curve at 
correlation r=0.98. (B) Serum caveolin-1 in patients and controls. No significant difference between groups was observed. (C) Caveolin-1 in relation to TNM 
tumour stage. Significantly higher (p<0.004) caveolin-1 level was determined in tumour exceeding seminal vesicles (T4) compared to lower stages of tumour. 
(D) Caveolin-1 grouped by histological tumour grade (Gleason sum). Higher caveolin-1 level was in high grade tumours (correlation r=0.29 at p=0.028).

Table I. Caveolin-1 and PSA levels in relation to tumour stage (TNM T stage), histological differentiation and tumour grade 
(Gleason sum score).

  n PSA (ng/ml) Free PSA (ng/ml) Caveolin-1 (ng/ml)

Tumour stage
 T1 1 3.12 0.54 4.19
 T2 40 5.41±3.44 0.77±0.44 5.25±2.62
 T3 18 5.18±3.96 0.58±0.38 6.60±3.69
 T4 3 5.58±4.01 0.57±0.33 14.25±2.19a

Tumour differentiation
 Well 3 4.15±1.40 0.63±0.42 4.13±1.27
 Moderately 23 4.83±3.50 0.66±0.40 5.64±3.02
 Poorly 28 5.95±4.66 0.72± 0.48 6.28±3.32
Tumour grade (Gleason sum score)
   5 5 3.69±1.43 0.46±0.02 3.86±1.11
   6 20 5.03±2.56 0.82±0.39 5.11±2.42
   7 32 4.85±3.22 0.58±0.37 5.75±2.98
   8 3 10.12±8.17 1.02±0.82 6.96±4.83
   9 4 6.87±5.03 0.64±0.42 9.99±4.04
 10 1 3.90 -b -b

Total 62 4.83±3.56 0.66±0.39 5.65±3.02

aSignificant at p<0.004; binsufficient data for Gleason sum score 10 patients.
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in the control group. To verify the normality and thus suit-
ability of parametric methods, the Kolmogorov-Smirnov test 
was performed. We found caveolin-1 levels were distributed 
normally (p<0.1), thus, independent t-test was used. No 
significant change between group of controls and patients was 
determined (Fig. 2B). Cluster analysis revealed statistically 
significant variance of values in a group of cancer sera and led 
to classification of patients into two groups: high caveolin-1 
and low caveolin-1 (data are not shown). Serum caveolin-1 
was subsequently related to tumour stage (TNM T stage) and 
tumour grade (Gleason score sum) to clarify the differences in 
values. A similar trend was observed in both relations: cave-
olin-1 levels remained low in low stage and low grade tumours 
and distinctly increased in the highest stage and grade tumours 
(Fig. 2C and D). Patients with tumour spreading beyond the 
seminal vesicle (TNM T4 stage) had significantly (p<0.004) 
2.8-fold increased serum caveolin-1 levels compared to T1-3 
stages (Table I). However, no statistically significant differ-
ences between localised (T1-2) tumours and those that extend 
through the prostate capsule (T3-4) were detected. In terms 
of tumour grade and its relation to caveolin-1, patients with 

Gleason sum 9 had distinctly higher caveolin-1 levels. This 
trend was significant (r=0.29 at p=0.028); however, the differ-
ence between Gleason sum 9 patients and others was below the 
threshold of statistical significance.

In addition, other correlations with data obtained from 
history were carried out. No statistically important correla-
tions between age of patients and caveolin-1 were found. Level 
of caveolin-1 was not significantly changed in connection with 
associated disease-hypertension, ischemic heart disease and 
hyperlipidaemia, ischemic disease of lower extremities and 
duodenal ulcer. Similarly, no differences in monitored markers 
between group of smokers and non-smokers were evident (data 
not shown).

Caveolin-1 and PSA correlation. Correlation analysis of serum 
caveolin-1 levels to PSA levels, found that no correlation exists 
between these proteins (p=0.13). When cluster analysis was 
performed, three groups were found: patients with low cave-
olin-1 and low PSA (grey dotted ellipse, cluster 3 in Fig. 3A), 
patients with low PSA and high caveolin-1 (grey cluster 1) and 
patients with high caveolin-1 and PSA (black dashed cluster 2). 

Figure 3. Caveolin-1 and prostate specific antigen (PSA). (A) Caveolin-1-PSA relation weak insignificant correlation was observed (see inset). Three clusters 
were apparent: patients with low PSA and high caveolin-1 (grey cluster 1), patients with high PSA and high caveolin-1 (dashed cluster 2) and patients with low 
PSA and low caveolin-1 (dotted grey cluster 3). (B) Tumour stage (TNM T) in three determined PSA/caveolin-1 clusters. Patients with low caveolin-1 and low 
PSA (cluster 3) had mostly lower grade tumours compared to clusters 1 and 2. (C) Tumour grade (Gleason sum) in PSA/caveolin-1 clusters of patients. Larger 
proportion of patients with higher PSA and higher caveolin-1 had higher grade (GS 8,9) tumours compared to patients with high caveolin-1 only (cluster 1) and 
low PSA and low caveolin-1 (cluster 3). (D) Caveolin-1 and free PSA no significant dependence revealed. Three clusters were apparent: patients with high free 
PSA and low caveolin-1 (grey cluster 1), patients with high caveolin-1 and low free PSA (dashed cluster 2) and patients with low caveolin-1 and low free PSA 
(dotted grey cluster 3). (E) Tumour stage (TNM T) in fPSA/caveolin-1 clusters. Patients with low fPSA and high caveolin-1 (cluster 2) had distinctly higher 
stage tumours compared to other clusters. (F) Tumour grade (Gleason sum) in fPSA/caveolin-1 clusters of patients. Patients with high caveolin-1 and low free 
PSA (cluster 2) had distinctly higher grade tumours.
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To characterize patients within those clusters, stage and grade 
was plotted in Fig. 3B and C. It is well evident that patients 
with high caveolin-1 and PSA (cluster 2) had lower proportions 
of localized tumours T1 and T2 compared to patients where 
only caveolin-1 is high and the PSA remains low (cluster 1), 
or where both proteins were low (cluster 3). A similar trend 
was evident in tumour grading (Fig. 3C), whereas in cluster 
3 there was only a minimal proportion of high grade Gleason 
sum 8 and 9 tumours. In the ‘both markers high cluster 2’ the 
proportion of these high grades was about 40%.

A similar association was also observed with caveolin-1 
and the free PSA fraction (Fig. 3D). Similarly to the total PSA, 

in a group of low free PSA and low caveolin-1 (cluster 3) the 
proportion of low stage and low grade tumours was higher 
(Fig. 3E and F). Patients characterised with high serum free 
PSA and low caveolin-1 were of marginally higher stage and 
grade compared to the ‘low free PSA-low caveolin-1’ cluster 3 
group, whereas, patients with high serum caveolin-1 and low 
free PSA were of significant proportion of T3-4 and grade 
Gleason sum 8 and 9 tumours.

Association of caveolin-1 and oxidative stress. Markers of 
antioxidant activity were determined in the sera of patients 
and correlated with serum caveolin-1 level to elucidate 

Figure 4. Caveolin-1 and markers of oxidation. (A) Correlations of markers of oxidation and caveolin-1 with each other with distribution histograms (diago-
nally). Bottom left part displays relations of markers/proteins, the top right part displays statistical significance of correlation (black, more significant trend; 
white, less significant). Evident significant correlations of caveolin-1 with reduced glutathione (GSH), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and Trolox® 
equivalent antioxidant capacity (TEAC). (B) Cluster analysis of markers of oxidation together with caveolin-1. Inverse association of caveolin-1 and markers is 
obvious: the first cluster is characterized by no relations in caveolin-1 and markers of oxidation. The second cluster represents patients with high antioxidative 
potential (low GSSG and high antioxidative markers) and high caveolin-1. The third cluster represents patients with lower oxidative/antioxidant markers and 
low caveolin-1. (C) Tumour stage in subsequent clusters. No distinct differences in tumour staging within clusters of high or low caveolin-1/markers of oxida-
tion were evident. (D) Tumour grade (represented as Gleason sum) in subsequent clusters. In the ‘low antioxidative potential’ cluster 3 are patients of distinctly 
higher content of high grade tumours compared to other patients. (E) Markers of antioxidant capacity in clusters by PSA/caveolin-1 characterized in Fig. 3A. 
We found significantly lower levels of the GSH/GSSG ratio, DPPH, TEAC and DMPD in the ‘high PSA-high caveolin-1’ cluster compared to the other clusters.
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potential connections. Association between those markers is 
displayed in Fig. 4A. We observed significant trends between 
caveolin-1 and reduced GSH, TEAC and borderline signifi-
cance with DPPH. Among others, our results show that most 
of the markers of antioxidant capacity correlate more with 
each other compared to with caveolin-1. Strongest correlations 
were observed between ferric reducing antioxidant power and 
N,N-dimethyl-1,4-diaminobenzene and free radical method. 
In order to elucidate the connections between markers of 
(anti)oxidation, cluster analysis was performed. Using this 
procedure, patients were divided into three distinct clusters 
(Fig. 4B) as follows. Cluster 2 which consists of patients with 
high antioxidant capacity, low caveolin-1 and low reduced 
GSH (Fig. 4B); cluster 3 which consists of patients with low 
antioxidative capacity, high caveolin-1 and high reduced gluta-
thione and cluster 1 which shows no apparent dependencies 
compared to the previous clusters, and in which the markers 
of (anti)oxidation are of rather lower levels. In Fig. 4C and D 
we identified the tumour grade and tumour stage within these 

clusters. It is clear from these results that patients with lower 
antioxidative potential and higher caveolin-1 level (cluster 
3) had a higher proportion of high grade (Gleason sum 8,9) 
tumours compared to others (compare clusters 2 and 3 in 
Fig. 4D). No similar trend was however observed, if we high-
lighted tumour stage within these clusters (Fig. 4C).

Then, we aimed our attention at the markers of antioxida-
tive capacity from a different perspective. We related markers 
of antioxidation to caveolin-1 and PSA together. Three clusters 
of PSA have been described: high PSA and caveolin-1, high 
caveolin-1, and low PSA and caveolin-1. In these clusters, the 
levels of individual antioxidative markers were visualized. We 
found a significantly lower (p<0.05) level GSH/GSSG ratio, 
DPPH, TEAC and DMPD in the group of patients with high 
caveolin-1 and high PSA compared to the group of patients 
with low serum caveolin-1 and low PSA.

Association of caveolin-1 with other potential tumour 
markers. We subsequently performed correlation analyses 

Figure 5. Relation of caveolin-1 to other potential prostate cancer markers. (A) Correlation matrix. A weak significant trend was observed between caveolin-1 
and metallothionein (MT), no significant relation between caveolin-1 and PSA and α-methylacyl CoA-racemase (AMACR). (B) Caveolin-1 and MT clustering 
analysis of clinical data. Three clusters were apparent: patients with higher MT and lower caveolin-1 (grey cluster 1), patients with low MT and low caveolin-1 
(grey dotted cluster 2) and patients with high caveolin-1 and high MT (black cluster 3). (C) Tumour stage (TNM T) in MT/caveolin-1 clusters. Higher propor-
tion of high-stage tumours are apparent in cluster 3 compared to cluster 2. (D) Tumour grade (Gleason sum) in clusters of patients. In the cluster with higher 
MT and higher caveolin-1 (cluster 3) a higher proportion of patients with high-grade tumours is apparent compared to the other clusters.
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between caveolin-1 and other potential serum markers of 
prostate cancer, which we have determined in our previous 
studies on the same sample set of patients (59). Thus, regarding 
PSA, which is mentioned in this table for overall complexity, 
here we show associations of caveolin-1 with MT and AMACR 
(Fig. 5A). In our previous study we have shown that metallo-
thionein may be utilized as a marker of prostate cancer with 
high level of sensitivity and specifity (59). We found no major 
relationships between serum caveolin-1 level and serum MT 
levels (r=0.08, Fig. 5B). No trend was also observed when 
associated with AMACR. When cluster analysis on MT and 
caveolin-1 was carried out in the same way as with PSA or 
markers of oxidation (Fig. 5A), we found that when both of 
these serum markers are of high level, worse prognosis is 
expected, because greater proportion high grade (30 vs. 0% of 
GS 8-9 tumours in cluster 3 vs. cluster 2) and high stage (30 vs. 
14% of T3b and T4 tumours in cluster 3 vs. cluster 2) tumours 
are present in these patients (Fig. 5C and D).

Discussion

In this study, we may clearly conclude that caveolin-1 is asso-
ciated with worse prognosis. This we may evidence by three 
findings: first, higher serum caveolin-1 levels are associated 
with higher stage and grade tumours (which are of worse 
prognosis); second, caveolin-1 positively correlates with PSA 
levels, and third, patients with high serum caveolin-1 have 
a lower antioxidant capacity of the body. It is highly desir-
able to differentiate high-risk ‘significant’ forms of prostate 
cancer from latent, ‘non-significant’ forms. We expect that the 
prediction of high-risk tumours may be estimated when more 
cancer markers are determined concurrently. Utilization of 
caveolin-1 together with free and total PSA and possibly also 
with metallothionein may provide more accurate results in the 
estimation of prostate cancer risk when determined together. 
Based on our results we may conclude that patients with low 
free PSA, high caveolin-1 and high total PSA have worse 
prognosis compared to patients with lower serum caveolin-1 
levels. Similarly, patients, who have high caveolin-1 and 
low PSA have better prognosis (lower stage and lower grade 
tumours) compared to patients with high PSA and caveolin-1 
together. The similar benefit is also provided by the combined 
utilization of metallothionein and caveolin-1 as tumour 
markers, where patients with high metallothionein and low 
caveolin-1 are of better prognosis compared to patients with 
high levels of both markers. The merit of the use of fPSA, 
tPSA, caveolin-1 together as a marker of worse prognosis 
tumour may be underplayed by this finding. In cancers, the 
antioxidant capacity is reduced (51-53). Furthermore, patients 
with reduced antioxidant capacity are of worse prognosis 
when compared to patients with higher antioxidant potential. 
We may clearly confirm that the antioxidant capacity is associ-
ated with the severity of disease in this experiment by findings 
shown in Fig. 4D, from which it is apparent that patients with 
low antioxidative markers are of higher tumour grade.

An important finding of our study is the fact that high 
caveolin-1 levels are associated with patients of low antioxida-
tive potential. Cluster analysis shown in Fig. 4B clearly points 
to the relationship between caveolin-1 and the antioxidative 
capacity of the patient's body. Patients with low caveolin-1 

are of better prognosis because their antioxidative capacity is 
apparently higher (cluster 2 in Fig. 4B), whereas patients with 
high serum caveolin-1 have apparently lower antioxidative 
capacity. Due to the fact that caveolin-1 positively correlates 
with reduced glutathione and negatively correlates with 
markers of antioxidant capacity (even below the level of signif-
icance), we may speculate that caveolin-1 reflects the burden of 
the disease. This relation has not been published yet. The rela-
tionship of caveolin-1 with oxidative stress can also be viewed 
from another point of view. Recent studies have demonstrated 
that caveolin-1 is a target molecule in p38 MAPK mediated 
response to stress conditions such as oxidative stress (27,28). 
After such stimuli, caveolin-1 is phosphorylated and thus 
contributes to various signalling pathways (60) resulting most 
likely in processes, such as premature cellular senescence 
(27). Thus, the connection of low antioxidant capacity and 
high caveolin-1 found in our study may be explained as conse-
quence of caveolin-1 mediated response to high oxidative 
burden. In such long-term high oxidative stress conditions the 
resulting antioxidant capacity may be reduced, nevertheless, 
caveolin-1 remains higher. Utilization of multiple protocols 
for the determination of antioxidative capacity or free radical 
quenching activity, as performed in this study, may be useful 
because of discrepancies between the activity measured 
in vitro, and the antioxidative effects observed in vivo (61). 
Each technique is based on different principles and enables 
determination of the antioxidant activity of specific groups of 
compounds (56,62,63).

In the recent decade, caveolin-1 was linked with various 
types of cancers, of which it was most extensively studied in 
the cancers of the breast and prostate. It was found that tumour 
tissue and/or serum caveolin-1 levels vary in a cancer-depen-
dent manner and these changes in caveolin-1 levels may be 
associated with tumour protection or progression (25). When 
focused on prostate cancer, elevated caveolin-1 expression 
was observed in tumour tissue and in mice when compared 
to non-tumour tissue (64-66). According to Thompson et al, 
caveolin-1 is also elevated in the serum of patients with 
localized tumours compared to healthy controls and patients 
with benign prostatic hyperplasia (67,68). These findings are 
inconsistent with ours; we found no significant difference 
between controls and cancers. However, it has also been 
revealed that caveolin-1 is connected with tumour progres-
sion and metastatic dissemination and is distinctly elevated in 
androgen resistant tumours. Thus this molecule was suggested 
as a tissue marker of an aggressive form of cancer (68-74). It 
has also been shown that suppression of caveolin-1 expression 
can restore the sensitivity to androgens in androgen-insensitive 
tumours (65). Higher expression of caveolin-1 was also identi-
fied in tissue samples of patients of higher grade tumours and 
of higher PSA (75). This is in good agreement with our results, 
where we also identified associations with high stage and high 
grade tumours with high PSA. Also, according to a study by 
Karam et al on patients before and after radical prostatectomy, 
patients of higher caveolin-1 are in risk of higher postoperative 
PSA and thus of worse postoperative prognosis (75). Although 
we did not compare patients before and after treatment proce-
dures, we similarly observed correlation of caveolin-1 with 
PSA. Furthermore, worse prognosis could be expected from 
higher oxidative stress in high caveolin-1 patients.
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Our findings together with data from recent studies suggest 
that caveolin-1 is involved in disease pathogenesis and progres-
sion. Clarification can contribute to the understanding of this 
disease with potential novel targeted therapeutic approaches. 
Although associations between caveolin-1 and high-risk 
tumours were identified in this study, we still cannot infer that 
caveolin-1 may serve as a high-risk aggressive tumour marker 
even in a phase when tumours are localized in the prostate 
and thus are still curable. To confirm this, it is necessary to 
monitor caveolin-1 levels in a follow-up study during the 
course of prostate cancer progression from its initial stages. 
It is necessary to verify these facts in the extensive group of 
patients including those with disseminated disease.
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