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Summary

Abdominal aortic aneurysm is accompanied by the impairment of collagen metabolism in

arterial wall. Metalloproteinases and collagen-stimulating factors play an important role

in the maintenance of balance between collagen biosynthesis and degradation in tissues.

Insulin-like growth factor-I (IGF-I) plays a major role in the stimulation of collagen

biosynthesis. Its activity and bioavailability to target cells are modulated by IGF binding

proteins (IGFBPs). The potential role of these factors in the mechanism of collagen

metabolism deregulation in aortic aneurysm is the purpose of this study. Therefore, we

have compared the content of collagen, gelatinolytic activity, IGF-I, IGFBP-1 and IGFBP-3

in normal human aorta and aortic aneurysm. The content of hydroxyproline (representing

collagen content) in the proteins of aortic aneurysm was found to be similar to that

found in normal aorta. Taking into account that some of the hydroxyproline may be

derived from collagen degradation products (CDPs), they were separated and hydroxy-

proline was determined. It has been found that CDP-derived hydroxyproline content in

aortic aneurysm was increased as compared with normal aorta, suggesting an increased

collagen degradation. In contrast, zymography showed a decrease of collagenolytic activ-

ity in aortic aneurysm tissue, but an increase in mural thrombus, compared to respective

controls. IGF-I concentration in aortic aneurysm was decreased, while the concentrations

of BP-1 and BP-3 were both increased compared to control. The data suggest that

increased collagen degradation in aortic aneurysm is due to the increase in collagenolytic

activity in mural thrombus accompanying aneurysm tissue. It suggests that the mural

thrombus may play a critical role in the pathogenesis of abdominal aortic aneurysm.
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Abdominal aortic aneurysm is defined as an abnormal enlarge-

ment in the diameter of the aorta, with at least a 50% increase

over the unchanged, proximal section of the vessel (Gloviczki et al.

1990; Adolph et al. 1997). Normal size of the abdominal aorta

measured below the origin of renal arteries in adults aged 65 years

or more is 2.016 0.5 cm in diameter (the diameter of the aorta
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gradually increases in size with advancing age). Abdominal aortic

aneurysms pose a significant medical problem, due to their inci-

dence rate, reported to be as high as 2–4% of the general popula-

tion, and serious clinical course. Ruptured aneurysms account for

0.5–0.8% of all deaths (Henney et al. 1993; Dadgar et al. 1997).

Up to date, the factors contributing to the development of

the aneurysms still remain unknown. Atherosclerosis has been

considered as a main pathogenic cause of the abdominal aortic

aneurysm (Zatina et al. 1984). Currently, biochemical changes

within aortal wall lining the aneurysm wall with a thrombus as

well as atheromatosis are being considered as a major causa-

tive mechanism (Wills et al. 1996).

Collagen and elastin are the two most significant structural

proteins of the aortal wall. Together with proteoglycans and

glycosaminoglycans, they form elastic and collagen fibres,

maintaining the ability of reversible deformation and mechan-

ical load-bearing properties of the aorta. The characteristics of

elastin and collagen are mutually complementary. Elastic fibres

provide elasticity whereas collagen fibres account for strength

and durability. Certainly, a deregulation of metabolism of these

proteins may play a fundamental role in the pathogenesis of the

aortic aneurysm (Rasmussen & Hallet 1997; Campa et al. 1987).

Collagen, which accounts for about one third of total body

proteins, is essential for the maintenance of connective tissue

architecture in blood vessels and arteries (Rizzo et al. 1989).

The interaction between cells and extracellular matrix (ECM)

proteins, e.g. collagen can regulate cellular gene expression,

differentiation and growth (Bissel 1981; Carey 1991). There-

fore, any changes in quantity, structure and distribution of

collagens (and other ECM proteins) would be more likely to

alter metabolism in arteries and their function. Impaired

synthesis and degradation of collagen could potentially play

a major role in the regulation of collagen mass in arterial

diseases. The way in which the processes are regulated is still

poorly understood. It has been postulated that deregulation of

collagen synthesis and degradation may be an underlying

mechanism for aortic aneurysm (Brophy et al. 1991;

Sobolewski et al. 1995). Whether the deregulation takes

place in the tissue of aortic aneurysm or it is induced by

thrombus lining the aneurysm wall remains to by clarified.

Several growth factors are implicated in the regulation of colla-

gen metabolism. One of them is insulin-like growth factor-I (IGF-

I), a multifunctional growth factor with potent growth, collagen-

and proteoglycan-stimulating activity (Oyamada et al. 1990). The

effects of IGF-I are regulated by a family of IGF-I binding pro-

teins, designated IGF-I BP-1 through BP-6 (Clemmons 1997; Kim

et al. 1997). The different IGFBPs have been shown to restrict

IGF tissue availability, regulate IGF transport to cells and modu-

late IGF binding to membrane receptors (Le Roith et al. 1995).

Under normal conditions, most of the IGF-I circulates in

adult human plasma in a form bound to BP-3. It has been

postulated that it prolongs the half-life of IGF-I and increase

cell responsiveness to IGF-I stimulation (Clemmons 1998).

The other BPs (BPs: 1 and 2 as well as BPs: 4, 5 and 6) are

present in plasma and tissues in concentrations sufficient to

modify IGF-I action (Sara & Hali 1990; Lamson et al. 1991;

Levitt et al. 1991; Le Roith et al. 1995; Clemmons 1997).

Because collagen metabolism is disturbed in aortic

aneurysm, we assumed that the changes might be due to the

deregulation of IGF-I activity or collagenolitic activity in this

tissue. Therefore, the current study was undertaken to deter-

mine collagen, IGF-I, IGFBPs contents in control aorta and

aortic aneurysm and collagenolitic activity in these tissues

as well in parietal thrombus accompanying aneurysm wall.

Materials and methods

Hydroxyproline, gelatin, bovine serum albumin (BSA) were

purchased from Sigma Chemicals (Poznan, Poland) as were

most other chemicals used.

IGF-I radioimmunoassay (RIA) kit was purchased from

Incstar Corporation, Stillwater, MN, USA.

[125I]-IGF-I, Amerlex-M-Separation reagent was obtained

from Amersham (Little Chalfont, UK). IGFBP-1 immunoradio-

metric assay (IRMA) and IGFBP-3 (RIA) kits were purchased

fromDiagnostic Systems Laboratories, Inc., Webster, TX, USA.

Bio-gel P-60, Coomassie Brilliant Blue and Tween-20 were

obtained from Bio-Rad Laboratories (Warsaw, Poland).

Material

Aneurysms were obtained from 10 male patients at age of

56–72 years with the following lipid parameters: cholesterol

(118–239mg/dl), triglycerides (73–307mg/dl), high-density

lipoprotein (22–60mg/dl) and low-density lipoprotein

(110–202mg/dl). Comparative material consisted of normal

aorta obtained from 10 male (46–51 years old) donors of

kidney for transplantation. The lipid parameters were within

the normal range for this group of patients. Mural thrombus

was easily separated from aortic aneurysm after longitudinal

incision of this tissue. Aortic aneurysm was washed in PBS,

and the fragment of tissue (that was in contact with thrombus)

was used for preparation of aortic aneurysm tissue extract.

Preparation of tissue extracts

Tissue homogenates (20% w/v) were prepared in 0.05mol/l

Tris–HCl, pH7.6 with the use of knife homogenizer (Polytron,
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Bad Wildbad, Germany) and subsequently were sonicated at

0 �C. Homogenates were centrifuged at 16 000 · g for 10min

at 4 �C. Supernatant (tissue extract) was used for assays.

Hydroxyproline determination

Hydroxyproline was determined according to the method of

Prockop and Udenfriend 1960.

Separation of tissue intact collagen from collagen

degradation products

The method of Kang et al. (1967) was employed for separation

of collagen degradation products (CDPs) from intact tissue

collagen. Tissue homogenate (20% w/v) was incubated with

equal volume of 1mol/l of acetic acid for 2 h at room tem-

perature. Intact collagen was precipitated by the addition of

sodium chloride at final concentration of 2.5mol/l and cen-

trifuged at 16 000· g for 15min at 4 �C. The supernatant

containing low molecular weight CDPs was concentrated to

0.5ml, submitted to hydrolysis in 6mol/l of hydrochloric acid

at 124C for 16 h in nitrogen atmosphere and hydroxyproline

was determined. Similar procedure was employed for the

determination of hydroxyproline in the pellet.

Zymography

Gelatinolytic activity was determined according to the method

of Unemori and Werb (1986). Tissue extract was mixed with

Laemmli sample buffer, Laemmli (1970) containing 2.5% SDS

(without reducing agent). Equal amounts (about 20 mg) of

protein were electrophoresed under non-reducing conditions

on 10% polyacrylamide gels impregnated with 1mg/ml of

gelatin. After electrophoresis, the gels were incubated in 2%

Triton X-100 for 30min at 37 �C to remove SDS and incu-

bated for 18 h at 37 �C in substrate buffer (50mM Tris–HCl

buffer, pH8, containing 5mM CaCl2). After staining with

Coomassie Brilliant Blue R250, gelatin-degrading enzymes

present in tissue extract were identified as clear zones in a

blue background.

Separation of IGF-I from BPs

At acidic pH, the IGFBPs complex dissociates releasing free

IGF-I which may be determined by RIA. This procedure has

been described in detail in previous papers (Palka et al. 1989;

Palka & Peterkofsky 1988). Briefly, 250ml of tissue extract or
25 ml of serum in 1M acetic acid were submitted to gel filtra-

tion on Bio-gel P-60 (100–200 mesh) column (1· 40 cm) and

eluted with 1M acetic acid. Fractions of 1ml were collected.

To determine the position of IGF-I in eluate, the 125I-labelled

IGF-I was added to 250 ml of tissue extract or 25 ml of serum
and chromatographed as described above.

Fractions of eluate, containing IGF-I were pooled, evapor-

ated to dryness, redissolved in 0.5ml of assay buffer, consisted

of 0.03M sodium phosphate, 0.2mg/ml protamine sulphate,

0.02% sodium azide, 0.01M EDTA and 0.25% BSA. Aliquots

were submitted to RIA for IGF-I, as described below.

Fractions of eluate containing BPs were pooled, evaporated,

redissolved in 0.5ml of 0.1M Tris–HCl buffer, pH7.6 and

submitted to specific BP assays.

RIA for IGF-I

The assay was performed according to slightly modified pro-

tocol provided by Amersham with Somatomedin C reagent

pack for RIA (code IM 1721). The reaction mixture contained

100ml of assay buffer, supplemented with either unlabelled

IGF-I (0.05–3.2 ng) or the pooled low molecular weight frac-

tions from the Bio-gel P-60 column (20–40ml diluted with

assay buffer 1 : 10) and 100 ml of antibody diluted 1 : 4000

with assay buffer. Samples were incubated for 30min at

room temperature and then 100 ml of [125I]-IGF-I (about

15 000 cpm, specific activity about 74TBq/mmol5 2000Ci/

mmol) was added. Incubation was continued for 48 h, at 4 �C

after which 500 ml of Amerlex-M second antibody reagent was

added. The mixture was incubated for 10min at room tem-

perature with occasional mixing, centrifuged at 25 000· g for

10min and radioactivity of the sediment was determined. A

standard competition curve was established using 0.05–3.2 ng

of unlabelled IGF-I per tube. The radioactivity of control

Table 1 Hydroxyproline (Hyp) content of total collagen and collagen degradation product (CDP) preparations from normal aorta and

aneurysm tissue

Aorta Total Hyp (mg/mg of protein) CDP-derived Hyp (mg/mg of protein) CDP (% of total)

Normal 19.863.6 3.360.8 16.6

Aneurysm 24.765.3 11.165.9* 44.9

The assays were performed on 10 individual samples and mean values with standard deviations are presented. *P < 0.05 compared to control

values.
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samples (containing 100 ng of unlabelled IGF-I) was sub-

tracted from the radioactivity of the test samples to correct

for non-specific binding.

IRMA for IGFBP-1

The assay was performed according to protocol provided by

Diagnostic Systems Laboratories Inc. with ActiveTM Total

IGFBP-1 Coated-Tube Immunoradiometric Assay Kit (code

DSL-7800). The assay is based on the procedure of Miles

et al. (1974). The reaction mixtures contained 10 or 25 ml of
samples (1 : 10 diluted pooled fraction of BPs from serum or

tissue extracts).

RIA for IGFBP-3

The assay was performed according to protocol provided by

Diagnostic Systems Laboratories Inc. with IGFBP-3 Radio-

immunoassay Kit (code DSL-6700). The reaction mixtures

contained 100ml of samples (1 : 100 diluted pooled fraction

of BPs from serum or tissue extracts).

Radioactivity assay

Radioactivity was measured with the use of a Mini-gamma

1275 counter (LKB Wallac, Boston, MA, USA).

Statistical analysis

In all experiments, the mean values with standard deviations

for 10 assays were calculated. The results were submitted to

statistical analysis using the Student’s t-test, accepting P< 0.05

as significant.

Results

The characteristic feature of collagen is the presence of

hydroxyproline (1/8 of collagen mass), which very rarely

occurs in other proteins (Birkedal-Hansen 1987). Therefore,

the amount of this amino acid in tissue proteins multiplied by

8 represent approximately the amount of tissue collagen. Total

amount of hydroxyproline was determined in normal aorta

and aneurysm.The content of this amino acid in the proteins of

aortic aneurysm (about 400mg/mg of dry tissue) was found to

be similar to that found in normal aorta (about 360mg/mg of

dry tissue), suggesting similar content of collagen in both

tissues. Taking into account that some of the tissue hydroxy-

Pro-MMP-9

Pro-MMP-2

1 2 3 4

116 kDa
97 kDa
96 kDa

Figure 1 Zymography of tissue homogenates from control aorta

(lane 1), aortic aneurysm (lane 2), mural thrombus (lane 3) and

serum (lane 4). The assay was performed with 20 mg of protein of

10 pooled tissue homogenates or 2ml of serum of 10 pooled

patient’s sera. The following molecular weight standards were

used: galactosidase (116 kDa), phosphorylase b (97 kDa) and

bovine serum albumin (66 kDa). MMP, metalloproteinase.
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Figure 2 The contents of insulin-like growth factor-I (IGF-I) (a)

and its binding proteins (BPs): IGFBP-1 (b) and IGFBP-3 (c) in

control and aneurysm tissues. The assays were performed on 10

individual samples and mean values with standard deviations are

presented. P <0.05 compared to control values.
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proline may be derived from CDPs, they were separated as

described in Materials and methods, hydrolysed and released

hydroxyproline was determined. As summarized in Table 1,

CDP-derived hydroxyproline content in aortic aneurysm was

significantly increased as compared with normal aorta. It sug-

gests that the increase in CDP content in aneurysm may result

from an increase in gelatinolytic activity in this tissue. Figure 1

shows that this is not the case. Gelatinolytic activity deter-

mined by zymography was found to be higher in control aorta

than in aortic aneurysm. Both tissues contain the following

gelatinases; first, represented by about 92 kDa gelatinase [pre-

sumably latent metalloproteinase-9 (MMP-9)], and second,

represented by about 62kDa gelatinase (presumably an active

form of MMP-2). Both of them are well-defined tissue gelat-

inases (Brown et al. 1993). Interestingly, the activity of both

gelatinases, particularly 92 kDa gelatinase, is increased in

mural thrombus accompanying aneurysm tissue as compared

with normal aorta and aneurysm tissue as well serum.

Although the data present average gelatinolytic activity in

aortic tissues from 10 patients, the individual patient’s samples

showed similar results, implying the mechanism for increased

CDP in aortic aneurysm.

The concentration of IGF-I was measured in normal

human aorta and aortic aneurysm. The amount of IGF-I in

aortic aneurysm was significantly decreased compared to

that in control tissue (Figure 2a). BP-1 (Figure 2b) and BP-3

(Figure 2c) were both increased compared to controls.

Discussion

Some studies have previously found that aortic aneurysm is

accompanied by the increased activity of various proteases,

including enzymes degrading elastin, collagen as well as non-

specific lysosomal cathepsins (Gacko & Glowinski 1998). Our

results show an increased amount of CDPs in aortic aneurysm,

compared to that in normal aorta. It may be expected that

increased gelatinolytic activity should be found in aortic

aneurysm tissue. Our results, however, provide evidence that

gelatinolytic activity in aneurysm tissue is not different from

that in normal aorta. Instead, increased gelatinolytic activity

was found in thrombus accompanying aneurysm. All aortic

aneurysm contained mural thrombus. Thrombus and aortic

aneurysm tissues were derived from individual patients, paired

and measured individually. Although the zymography present

data on pooled tissues, in all individual cases, an increase in

gelatinolytic activity in thrombus compared to aneurysm tis-

sue was observed. It can be suggested that increased CDPs in

aortic aneurysm result from the action of gelatinases origin-

ated in mural thrombus accompanying the aneurysm tissue.

The cellular composition of parietal thrombus is not constant.

During the time of thrombus deposition, neutrophils, macro-

phages, lymphocytes and endothelial cells infiltrate the throm-

bus. The cells play an important role in the reorganization of

thrombus and underlying aortic tissue. Sometimes, neo-

vascularization of internal and medial wall of aneurysm may

be observed (Holmes et al. 1995). It seems possible that cells

present in thrombus may participate in forming aneurysm.

This hypothesis is supported by the observation that most of

proteases are synthesized in macrophages and granulocytes

infiltrating the external and middle layers of the aneurysm

wall. Increased levels of non-specific proteases in aneurysm

serve probably for rapid utilization of CDP. It cannot be

excluded that the non-specific enzymes may play an important

role in gelatinase activation. Among MMPs found in the

thrombus lining aneurysm wall, MMP-9 was found as a latent

enzyme and only MMP-2 was found as an active form. How-

ever, the expression of MMP-2 was not different between

thrombus, aneurysm and normal aorta, suggesting minor con-

tribution of this MMP to CDP production in aneurysm tissue.

In contrast, the expression of latent pro-MMP-9 was increased

in thrombus, compared to other studied tissues. It can be

speculated that the pro-MMP-9 from the thrombus is trans-

ported into the surrounding tissues, where it is activated. This

mechanism may explain the increased CDP in aortic aneurysm

that may reflect local increase in extracellular collagen degrad-

ation during the disease.

It cannot be excluded that disturbances of collagen meta-

bolism in aortic aneurysm may to some extent result from

deregulation of IGF-I homeostasis. IGF-I is considered as a

potent stimulator of collagen biosynthesis (Oyamada et al.

1990), and the concentration of IGF-I in aortic aneurysm

tissue is significantly decreased compared to that in control

aorta. It could suggest a decrease in collagen biosynthesis and

deposition in the tissue. However, insignificant changes in

collagen content were found in aneurysm compared to con-

trol aorta. It is possible that the discrepancy may result

from the increase in both IGFBP-1 and IGFBP-3 concentra-

tions in aneurysm tissue. The IGF-I binding proteins may

concentrate IGF-I in the tissue maintaining the required

level for collagen biosynthesis. Therefore, it seems that dis-

turbances in collagen metabolism in aortic aneurysm are not

a result of deregulation of IGF-I homeostasis in this tissue.

Thus, in summary, the data suggest that increased collagen

degradation in aortic aneurysm is due to the increase in

gelatinolytic activity in mural thrombus accompanying

aneurysm tissue. It suggests that the mural thrombus may

play critical role in the pathogenesis of abdominal aortic

aneurysm.
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