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Abstract
Fibrillar type I and III collagens are the major constituents of the extracellular matrix, providing the
tissue with tensile strength and influencing cell attachment and migration. The amount of type III
collagen and the extent of its processing and cross-link maturation were studied in human
atherosclerotic plaques, abdominal aortic aneurysms, colon and ovarian cancer, and finally, colon
diverticulosis, using a novel radioimmunoassay for the cross-linked aminoterminal telopeptide of
type III collagen. In addition, immunoassays for different structural domains of type I and type III
collagens, together with immunohistochemical methods, were applied.
In atherosclerotic plaques, the fully cross-linked type III collagen was the major collagen type.
Type III collagen was completely processed, since the amount of type III pN-collagen was
negligible. The amounts of free type I and III procollagen propeptides in the soluble fraction were
small, indicating a low rate of collagen turnover. The proportion of type III collagen was lower in
abdominal aortic aneurysms than in atherosclerotic aortic control samples. Furthermore, the amount
of type III pN-collagen was significantly increased in aneurysms. Type I and III collagens were
also maturely cross-linked in colon diverticulosis, the only difference from normal colon tissue
being the increased amount of the aminoterminal propeptide of type III procollagen in the soluble
tissue extract, indicating a slightly increased metabolic activity of type III collagen.
In malignant ovarian tumors, the cross-linking of type I and III collagens was defective. A
similar trend was also seen for type I collagen in colon cancer. Even though procollagen synthesis
was increased in these malignancies, the total collagen content and the amounts of cross-linked
collagens were decreased. The amount of type III pN-collagen was increased in malignant ovarian
tumors, whereas no such tendency was seen in colon cancer.
These findings suggest a wide variety of changes in the metabolism of type I and III collagens
in diseases. Defective processing and cross-link maturation of these collagen types might result in
impaired fibril formation or increased susceptibility of collagens to proteolytic attack – both of
them processes with a potential role in the pathogenesis of diseases.
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1. Introduction
Insoluble fibers, microfibrils, soluble proteins and glycoproteins are the components of
the extracellular matrix (ECM). The ECM has an important role not only in providing
tissues with their individual mechanical and physiological properties, but also in
influencing cell attachment and cell migration.
Collagens are the most abundant proteins of the ECM. Each of the collagen types
shows a characteristic tissue distribution and thus has different functions and properties.
Type I collagen is the major collagen type present in most tissues. Type III collagen is the
second most abundant collagen in human tissues and occurs particularly in tissues
exhibiting elastic properties, such as skin, blood vessels and various internal organs.
These collagen types are synthesized as large precursor molecules containing propeptides
at both ends. During extracellular processing, these propeptides are cleaved off and the
collagen molecule participates in the intermolecular cross-linking responsible for tensile
strength. Occasionally, the aminoterminal propeptides of type I and III collagens are
retained, resulting in pN-collagen, which can only be found on the surface of collagen
fibrils.
The present study examines the characteristics of type I and especially type III
collagens in the pathogenesis of several human diseases, in which these collagen types
have been suggested to play a role. Type III collagen plays an important structural role in
hollow organs, such as the aorta and bowel. Furthermore, type III collagen, together with
type I collagen, takes part in the invasion of malignant tumors. For these reasons,
atherosclerosis, abdominal aortic aneurysms, diverticulosis, and colon and ovarian cancer
were studied in tissue samples by using specific immunoassays for several type I and III
collagen metabolites and corresponding purified antibodies for immunohistochemical
studies. In addition, new methods for quantifying type III collagen in tissue digests were
developed. The immunomethods used here detect newly synthesized procollagens on the
one hand and cross-linked, fibrillar type I and III collagens on the other, thus giving a
good view into the metabolic state and matrix organization of tissues under investigation.

2. Review of the literature
2.1. Structure and biosynthesis of collagens
Collagens are one of the most important structural proteins in vertebrates. The
characteristic features of collagens are the presence of at least one triple-helical domain
consisting of polypeptide chains with a repeated Gly-X-Y sequence and the ability to
form supramolecular aggregates with a structural function in the extracellular matrix
(ECM) (see Kielty et al. 1993, Prockop & Kivirikko 1995, Bateman et al. 1996 for
reviews). In addition to collagens, several other proteins, such as the complement
component C1q, acetylcholine esterase and macrophage scavenger receptors, contain
collagenous sequences, but since these proteins do not have any structural functions in
the ECM, they are not classified as collagens (see Kielty et al. 1993).
Collagens consist of three identical or different polypeptide chains, called α-chains,
each of which is coiled into a left-handed helix, the three together being twisted around
one another to form a right-handed super-helix. Glysine in every third position,
frequently hydroxylated proline and lysine residues in the X and Y positions, and exact
registration of the three α-chains are required for the zipper-like folding of the protein
and its consequent triple-helical conformation (for review, see Engel & Prockop 1991).
Collagens have traditionally been divided into two subgroups, fibril-forming and nonfibril-forming collagens, according to their structural features. The latter group may be
further divided into subfamilies: network-forming collagens, a beaded filament-forming
collagen, a collagen which forms anchoring fibrils, FACIT collagens (fibril-associated
collagens with interrupted triple helices), collagens with a transmembrane domain, and
MULTIPLEXINs (proteins with multiple triple helix domains and interruptions). To date,
nineteen genetically distinct collagen types with specialized functions and characteristic
tissue distributions have been identified (Table 1) (see Chu & Prockop 1993, Kielty et al.
1993, Prockop & Kivirikko 1995, Bateman et al. 1996, Adachi et al. 1997 for reviews).
After transcription of the procollagen genes and processing of the pre-mRNAs, the αchains are synthesized on the ribosomes of the endoplasmic reticulum. The signal
peptides at the aminoterminal ends of the chains are removed by a signal peptidase after
translocation across the membrane of the rough endoplasmic reticulum (RER). A large
number of post-translational modifications are involved in collagen biosynthesis, for
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which several specific enzymes are required. Proline and lysine residues in the Y-position
are hydroxylated to 4-hydroxyproline and hydroxylysine, respectively, and some of the
prolines in the X-position are hydroxylated to 3-hydroxyproline. Galactosyl moieties can
be attached to some hydroxylysine residues by hydroxylysyl galactosyltransferase, and
glucose can be attached to some of the galactosyl hydroxylysine residues by galactocyl
hydroxylysyl glucosyltransferase. In addition to the lysines in the triple-helical region,
the lysines in the short telopeptides can also be glycosylated (Cannon & Davison 1978).
Furthermore, the carboxyterminal propeptides of at least type I and III procollagens
contain asparagine-linked high-mannose type oligosaccharide side chains. Intra- and
interchain disulfide bonds are formed between cysteine residues by protein disulfide
isomerase (PDI) (Koivu & Myllylä 1987), which is a subunit of prolyl-4-hydroxylase.
Procollagen folding and association into a triple helix requires the involvement of
molecular chaperones, such as HSP47 (Nakai et al. 1992, Clarke et al. 1993). HSP47 is
needed in collagen assembly and also during the transport of collagen from the
endoplasmic reticulum to Golgi (see Nagata 1998). Increased HSP47 in the endoplasmic
reticulum has been demonstrated in osteogenesis imperfecta fibroblasts, where the
structure of type I collagen can be abnormal (Kojima et al. 1998). In addition to HSP47,
PDI has been shown to have chaperone functions as well (Wilson et al. 1998).
After the folding of the three polypeptide chains, the procollagen molecule is
transported to the Golgi complex, where phosphorylation of some serine residues and
sulfation of tyrosine residues in the propeptides of type I and III collagens take place,
respectively. Finally, the procollagens are secreted out of the cell, where the extracellular
processing takes place. Propeptides of the fibrillar collagens are cleaved off by specific
N- and C- proteinases, the collagen is assembled into fibrils, and cross-links are formed
between certain lysine and hydroxylysine residues after their conversion into aldehyde
derivatives by lysyl oxidase. For further reading and reviews on the biosynthesis of
collagen, see Kielty et al. (1993), Prockop & Kivirikko (1995) and Bateman et al. (1996).

Table 1. Collagen types, their genes, molecular forms and distributions in human tissues.
Type
I

Subgroup
Fibrillar

Gene
COL1A1
COL1A2

Molecular forms
[α1(I)]2α2(I)
[α1(I)]3

Distribution
Most tissues

II

Fibrillar

COL2A1

[α1(II)]3

Cartilage, cornea,
vitreous humor,
intervertebral disc

III

Fibrillar

COL3A1

[α1(III)]3

Soft tissues, with type I
collagen

IV

Network-forming

COL4A1
COL4A2
COL4A3
COL4A4
COL4A5
COL4A6

[α1(IV)]2α2(IV)
[α3(IV)]2α4(IV)
other forms

Basement membranes
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Table 1. continued.
Type
V

Subgroup
Fibrillar

Gene
COL5A1
COL5A2
COL5A3

Molecular forms
[α1(V)]3
α1(V)α2(V)α3(V)
other forms

Distribution
Minor amounts in most
tissues with type I collagen

VI

Beaded filamentforming

COL6A1
COL6A2
COL6A3

α1(VI)α2(VI)α3(VI) Minor amounts in most
tissues

VII

Anchoring
fibril-forming

COL7A1

[α1(VII)]3

Skin, cervix, oral mucosa

VIII

Network-forming

COL8A1
COL8A2

[α1(VIII)]2α2(VIII)

Many tissues

IX

FACIT

COL9A1
COL9A2
COL9A3

α1(IX)α2(IX)α3(IX) With type II collagen,
e.g. cartilage

X

Network-forming

COL10A1

[α1(X)]3

Hypertrophic cartilage

XI

Fibrillar

COL11A1
COL11A2
COL2A1

α1(XI)α2(XI)α1(II)
other forms

With type II collagen
e.g. cartilage

XII

FACIT

COL12A1

[α1(XII)]3

Many tissues with type I
collagen

XIII

Transmembrane
domain

COL13A1

Unknown

Minor amounts in many
tissues

XIV

FACIT

COL14A1

[α1(XIV)]3

Many tissues with type I
collagen

XV

MULTIPLEXINs

COL15A1

Unknown

Many tissues

XVI

FACIT

COL16A1

[α1(XVI)]3

Many tissues

XVII

Transmembrane
domain

COL17A1

[α1(XVII)]3

Hemidesmosomes of
stratified squamous
epithelia

XVIII

MULTIPLEXINs

COL18A1

Unknown

Liver, kidney, placenta, etc.

XIX

FACIT

COL19A1

Unknown

Several tissues

See text for references.
FACIT = fibril-associated collagens with interrupted triple helices
MULTIPLEXINs = proteins with multiple triple helix domains and interruptions
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2.2. Fibril-forming collagens
The type I, II, III, V and XI collagens make up the group of fibrillar collagens. By
forming highly organized fibers, these collagens provide the structural support for the
body in the skeleton, skin, blood vessels, nerves, intestines, and the fibrous capsules of
the organs. The characteristic features of fibrillar collagens include triple-helical domains
consisting of about 1000 amino acids per chain, propeptides at both ends of the molecular
precursor, and finally, highly complex fibrillogenesis. Collagen fibril formation is
intrinsically a self-assembly process, but considerable cellular control is also involved.
For references and further reading, see Prockop & Kivirikko (1995) and Kadler et al.
(1996).
Type I collagen is the most abundant collagen type, being present in most tissues, but
mainly in bone, tendon and skin. Type III collagen is often found in association with type
I collagen in all soft tissues, but not in mineralized bone. In addition, hybrid fibrils of
type I and III collagens are found in at least skin, tendon and amnion (Keene et al. 1987).
Type II collagen is often found in cartilage and vitreous humor in association with type
XI collagen (Sandberg et al. 1993), whereas type V usually occurs as a minor component
with type I collagen fibers (Birk et al. 1988). In mammals, type I and III collagens
account for approximately 70 % and 5 to 20 % of total collagen, respectively (see Adachi
et al. 1997).

2.2.1. Type III collagen
2.2.1.1. General features and assembly of type III collagen
Type III collagen is a homotrimer of three α1(III) chains encoded by a single gene found
on human chromosome 2 at location q24.3-q31 (Emanuel et al. 1985). This gene, which
is called the COL3A1 gene, is about 44 kb in length and contains 52 exons (see Chu &
Prockop 1993).
The isolation of collagen molecules with the chain composition of [α1 (III)]3 was first
reported almost 30 years ago (Miller et al. 1971). One α1(III) chain consists of an
uninterrupted triple-helical domain about 1000 amino acids and 300 nm in length.
Similarly to the other fibrillar collagens, type III collagen is also synthesized as a large
precursor molecule containing propeptides at both ends. These propeptides are then
enzymatically cleaved off during the extracellular processing of type III collagen.
Between these propeptides and the main triple helix, there are short, non-triple-helical
telopeptides containing the sites essential for intermolecular cross-linking (see Yamauchi
& Mechanic 1988, Kielty et al. 1993, Prockop & Kivirikko 1995 for reviews).
The folding of collagen requires association of the α-chains through the globular Cterminal domains, formation of a nucleus of triple-helical conformation at the Cterminus, and finally, propagation of the nucleus from the C-terminus to the N-terminal
domain with a zipper-like mechanism (see Engel & Prockop 1991, Baum & Brodsky
1999 for reviews). Intra- and interchain disulfide bonds are formed within C-propeptide
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and C-telopeptide, and when the triple helix is forming, disulfide bonds are also formed
within the N-propeptide (Bruckner et al. 1978).
There are a number of peptide bonds, to which proline contributes the nitrogen, in the
collagen polypeptide chains (see Engel & Prockop 1991). Since the peptide bonds must
be in the trans configuration in the native triple helix, the cis-trans isomerization limits
the rate of collagen folding. Type III collagen folds in two phases. In the fast phase, about
25 tripeptide units fold between the disulfide bonds at the C-terminal region and the first
cis peptide bond. During the second, much slower phase, which is determined by the
slow rate of cis-trans isomerization of the cis peptide bonds, the triple helix then
propagates in a zipper-like fashion (Bächinger et al. 1978, Bächinger et al. 1980,
Bächinger 1987, see Engel & Prockop 1991).
The currently available data indicates that the native type III collagen molecule is
unusually susceptible to proteolysis by trypsin when compared to type I collagen, which
is highly resistant to this proteolytic activity. This phenomenon has been attributed to the
lack of helicity in the trypsin-susceptible region of the type III collagen molecule (Miller
et al. 1976). Furthermore, human and various animal type III collagens are differentially
susceptible to hydrolysis by human collagenase 1 (MMP-1), probably due to variation in
helix stability (Welgus et al. 1985).

2.2.1.2. Aminoterminal propeptide of type III procollagen, PIIINP
The aminoterminal propeptide of type III procollagen, PIIINP, is cleaved off by a specific
N-proteinase during the extracellular processing of type III procollagen molecules (Halila
& Peltonen 1986). The PIIINP molecule has a molecular weight of approximately 42 000
and consists of a cysteine-rich globular domain (Col 1), a triple-helical region (Col 3),
and another non-collagenous domain (Col 2) ending in the N-telopeptide. The Col 1
domain contains 5 intrachain disulfide bridges along with 79 amino acids. The Col 2
domain is an area 12 amino acids long and located in the carboxyterminal region of the
propeptide containing three interchain disulfide bonds. Finally, the Col 3 domain with 39
amino acids form a triple-helical structure between the Col 1 and Col 2 domains
(Bruckner et al. 1978) (Fig. 1). The aminoterminus, known as Col 1, is the most
immunogenic region in the molecule (Rohde et al. 1983). The Col 1 region has a
substrate site for transglutaminase (Bowness et al. 1987) (Fig. 1), which appears to play
an important role in, for example, wound healing (Bowness et al. 1988) and the binding
of other molecules, such as fibrinogen and LDL, to procollagen (Bowness et al. 1989).
The PIIINP molecule is stabilized by three interchain and five intrachain disulfide
bridges. The melting temperature of the collagenous domain is 53°C, and refolding of the
helix from denatured peptides takes place extremely fast, probably due to the disulfide
bonds that already keep the three chains together (Bruckner et al. 1978).
Tyrosine sulfation is a widespread post-translational modification (Huttner 1982). The
presence of acidic amino acids, most frequently an aspartic or glutamic acid, is the key
feature of tyrosine sulfation sites (Lee & Huttner 1983). Sulfation is a general
characteristic of type III procollagen, into which the anion is incorporated in the form of
tyrosine-O-sulfate (Jukkola et al. 1986) (Fig. 1). Interestingly, inhibition of tyrosine
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sulfation does not seem to affect the secretion or processing of type III procollagen in in
vitro experiments (Jukkola et al. 1990). Since it has been suggested that charged and
hydrophobic amino acids could contribute to the prevention of premature fibril formation
and the regulation of collagen fiber diameter (see Fleischmajer & Perlish 1986), one
possible function of tyrosine sulfation lies in collagen fibrillogenesis. Furthermore, these
sulfate residues, due to their negative charge, could influence the interactions of type III
procollagen with other extracellular matrix components.
Intact circulating PIIINP is cleared by scavenger receptors located on the endothelial
cells of the liver (Smedsrød et al. 1988, Melkko et al. 1994). The highly acidic nature of
the PIIINP molecule due to sulfation is believed to play a role in this recognition. The
most aminoterminal part, Col 1, is present as monomers, which are eventually removed
via the kidneys. Because the metabolism of type III collagen is altered in various clinical
situations, e.g. fibrosis and malignant processes, the measurement of PIIINP in human
serum by radioimmunoassay has established its status in clinical practice (Niemelä et al.
1985, Risteli et al. 1988a, Risteli & Risteli 1995). Elevated levels of circulating PIIINP
have been observed in hormonally induced growth (Trivedi et al. 1989) and in diseases
presenting with fibrosis (see Risteli & Risteli 1990 for a review). Decreased PIIINP
levels have been observed in Ehlers-Danlos syndrome type IV (Steinmann et al. 1989).
Furthermore, PIIINP assay may also be useful in monitoring dilated cardiomyopathy
(Klappacher et al. 1995) or vascular sclerosis in hypertension (see Weber 1998). In
addition, measurement of PIIINP concentrations in cerebrospinal fluid may be of value in
the clinical diagnosis of meningeal fibrosis (Sajanti & Majamaa 1999).

Fig. 1. Schematic illustration of the aminoterminal propeptide of type III procollagen. The
arrow represents the N-proteinase cleavage site. Possible tyrosine sulfation sites are indicated
by asterisks. The transglutamination site is marked by a circle. For clarity, these
modifications are only indicated in one of the three chains. The bars indicate the location of
the alleged disulfide bonds between cysteine residues (modified from Niemelä 1985, Risteli &
Risteli 1990).
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2.2.1.3. Aminoterminal telopeptide of type III collagen, IIINTP
A non-helical segment of 14 amino acid residues in type III collagen, the amino-terminal
telopeptide, has been recognized as a fundamental element for proper functioning of the
protein (Becker et al. 1976, Glanville & Fietzek 1976), since it contains intra- and
intermolecular cross-linking sites. In addition, the tyrosine residues in IIINTP could be
sulfated, as described in the previous chapter concerning PIIINP. After the cleavage of
the propeptides, the collagen molecules self-assemble into fibrils, which are then
stabilized by cross-links. In order to form these bonds, the collagen molecules are aligned
in a staggered manner, so that the molecules are laterally displaced by about one-quarter
of their length relative to the previous molecule along the axis of the fibril. Thus, the
individual 300-nm collagen molecules overlap each other by a distance of 67 nm, leaving
a gap of 40 nm between the ends of the non-overlapping molecules. For further reading
and references, see Kielty et al. (1993), Prockop & Kivirikko (1995) and Kadler et al.
(1996).
Four homologous loci of cross-linking are present in the molecules of type III
collagen. Two are aldehyde sites, one in each telopeptide region. The other two sites are
hydroxylysines located in the helical region at about 90 residues from each end of the
molecule (see Eyre et al. 1984 for a review). During extracellular processing, a trivalent
pyridinoline cross-link structure is formed between the lysine/hydroxylysine residues in
two aminoterminal telopeptides from the same collagen molecule and one in the
carboxyterminal triple-helical region of the neighboring collagen molecule (Fig. 2). There
is also data to support the existence of divalent cross-links joining only one N-telopeptide
to the carboxyterminal helical region (Henkel et al. 1979).

Fig. 2. Structure of the cross-linked aminoterminal telopeptide of type III collagen, IIINTP.
The actual non-triple-helical telopeptide domain is underlined. The arrows represent the Nproteinase and trypsin cleavage sites. The asterisks indicate tyrosine residues, which can
possibly be sulfated. The pyridinoline cross-link connects two aminoterminal telopeptides of
one molecule with the carboxyterminal helical region of the adjacent collagen molecule.
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2.2.1.4. Type III pN-collagen
The aminoterminal propeptides of both type I and III collagens have been suggested to
have a regulatory role in collagen fibril formation (see Fleischmajer & Perlish 1986). The
aminopropeptide of type III collagen is usually released more slowly than the
carboxyterminal propeptide (Fessler et al. 1981). Occasionally, the type III collagen
molecule retains its aminoterminal propeptide domain (PIIINP), resulting in type III pNcollagen. Fleischmajer et al. (1981) found type III pN-collagen along thin collagen fibrils
in human skin. Hedman et al. (1982) cultured amniotic epithelial cells, which only
synthesize type III collagen, and demonstrated the incorporation of pN-type III collagen
in early fibrillogenesis. Studies on human adult skin indicate that when the fibril reaches
the diameter of 35 – 55 nm, the aminoterminal propeptide of type III procollagen is
retained at the surface of the fibril, possibly resulting in the prevention of further fibril
growth (Fleischmajer et al. 1985) (Fig. 3). This differs from type I collagen, where the
aminoterminal propeptide is cleaved when the fibrils reach a diameter of 35-45 nm, thus
suggesting that the aminopropeptide has only a transient role in fibrillogenesis
(Fleischmajer et al. 1985). The same study also suggested that type I pN-collagen was
only present on very thin collagen fibrils, which are typically seen in fetal skin, whereas
type III pN-collagen was evident in both adult and fetal skin on fibrils ranging from 25 to
55 nm in diameter. This observation has also been previously reported in studies on
chicken embryo skin (Fleischmajer et al. 1983).

Fig. 3. Metabolism of type III collagen fibrils. When the procollagen molecule has been
secreted out of the fibroblast, the carboxyterminal propeptide (PIIICP) is cleaved. The
remaining type III pN-collagen, which still retains the aminoterminal propeptide domain, is
attached to the surface of the fibril. Depending on the thickness of the existing fibril, the
PIIINP molecule is cleaved off and released into the circulation. However, if the whole pNcollagen is degraded, the collagenous domain of PIIINP can also be further cleaved, so that
the most aminoterminal region of the molecule, known as Col 1, is released (modified from
Jensen & Høst, 1997).
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Evidence is also available to indicate that type III collagen remains associated with the
type I-containing collagen fibrils after removal of the amino- and carboxyterminal
propeptides, and that several tissues contain copolymers of at least type I and III
collagens (Keene et al. 1987, Fleischmajer et al. 1990). Furthermore, there are several
observations to support the hypothesis that type III pN-collagen also regulates the
diameter of type I collagen fibrils by coating the surface of the fibrils and thereby
allowing tip growth but no lateral growth of the fibrils, leaving them thinner
(Fleischmajer et al. 1990, Romanic et al. 1991).
Type III pN-collagen is suggested to be an important component of reticular fibers in
lymph nodes, both under normal conditions and in Hodgkin’s disease (Karttunen et al.
1988). The distribution of type III pN-collagen in the reticular fibers of the spleen is
different in developing and adult tissues, suggesting a possible role of type III collagen in
the development and function of normal spleen (Liakka et al. 1995). Interestingly, type
III pN-collagen is reduced in severely photodamaged skin, possibly resulting in altered
organization of fibrillar collagen and thus contributing to the wrinkled appearance of
injured skin (Talwar et al. 1995).

2.2.1.5. Carboxyterminal telopeptide (IIICTP) and propeptide
(PIIICP) of type III collagen
The C-propeptide (amino acid residues 1206-1466 of the pro-α1(III)-chain) plays a role
in the early stages of procollagen assembly (see McLaughlin & Bulleid 1998). The Cpropeptide has a recognition signal, which directs the type-specific assembly of
individual procollagen chains (Lees et al. 1997). By exchanging this sequence between
different procollagen chains, it is possible to direct chain association and, potentially,
assemble molecules with defined chain compositions (Lees et al. 1997). Bulleid et al.
(1997) showed that the triple helix nucleation took place even when the C-propeptide was
substituted with a transmembrane domain. Thus, it was concluded that the C-propeptide
is required only to ensure association of the monomeric chains. Furthermore, the same
study demonstrated that triple helix formation is directed by the most carboxyterminal
Gly-X-Y triplet of the triple helix and not by the propeptide.
The C-propeptide of the α1(III) chain contains 8 cysteine residues, which are essential
for the formation of intra- and interchain disulfide bridges. Disulfide bonds are thought to
form between the C-propeptide chains prior to the triple helix formation (Lukens 1976).
However, mutant chains lacking the ability to form interchain disulfide bonds are still
able to assemble, indicating that interchain disulfide bonding within the C-propeptide or
C-telopeptide is not required for triple helix formation (Bulleid et al. 1996).
The carboxyterminal propeptides of the secreted type III procollagen molecules are
rapidly cleaved off by the same C-proteinase that is also known to cleave type I and II
collagens (Kadler & Watson 1995). The C-telopeptide of the α1(III) chain contains a
conserved partial sequence Glu-Lys-Ala involved in enzymatic cross-linking. This
sequence has a polar region where nuclear magnetic resonance studies have suggested
existence of a β-turn (Liu et al. 1993, Henkel 1996). Apart from the interchain disulfide
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bridges within the C-telopeptide, there is also evidence of disulfide cross-links between
adjacent collagen molecules (Cheung et al. 1983, Henkel 1996).

2.2.1.6. Distribution of type III collagen in tissues
Type III collagen is the second most abundant collagen in human tissues and occurs
particularly in tissues exhibiting elastic properties, such as skin, blood vessels and various
internal organs. Several studies concerning the relative amounts of type I and III collagen
have been published, all giving more or less different results, depending mainly on the
tissue extraction methods used to solubilize the insoluble collagen (see Rauterberg et al.
1993). For example, the initial work on arterial collagens suggested a predominance of
type III collagen over type I, but later results have suggested that type I collagen accounts
for 55 – 88 % of the total amount of these two (see Barnes 1985 for a review). Hanson &
Bentley (1983) reported in one study that the vena cava contained 21 % of type III
collagen, whereas achilles tendon exhibited only type I collagen. The type III collagen
content of bone in normal subjects is about 4 % (Bailey et al. 1993). Type III collagen
accounts for 11 % and 20 % of the total collagen protein in normal myocardium and
valve leaflets, respectively (see Weber 1989). Dilated cardiomyopathy has recently been
found to be associated with significant changes in the collagen type I/III ratio
(Pauschinger et al. 1999). Liver has been reported to have as much as 45 % and human
lung 21 % of type III collagen (Kelley et al. 1984, van Kuppevelt et al. 1995). The
proportion of type III collagen out of the total collagen content is about 20 % and 50 % in
adult human skin and embryonic dermis, respectively (Epstein & Munderloch 1975,
Cheung et al. 1990).
There are also age-related changes in the relative amounts of type I and III collagens.
In studies on rats, type III collagen represented about one-third of the sum of types I and
III in all tissues at 2 weeks of age. After this, the proportion of type III collagen increased
for up to one year in both heart (54 %) and lung (48%), whereas it decreased in skin (19
%) (Mays et al. 1988). Similar results on human skin collagen had also been obtained
previously (Chan & Cole 1984). Tagasako et al. (1992) reported the total quantitity of
type III collagen to decrease upon ageing in all tissues.

2.2.1.7. Type III collagen mutations
The whole nucleotide and amino acid sequences of the human type III procollagen chain
were presented in 1989 (Ala-Kokko et al. 1989). Since then, several disease-causing
mutations in the COL3A1 have been found (see Kuivaniemi et al. 1997 for a review,
Schwartze et al. 1997, Bateman et al. 1998, Gilchrist et al. 1999). Most of the mutations
have been seen in patients with Ehlers-Danlos syndrome IV, the most severe form of
EDS, which may cause sudden death due to a rupture of large arteries and hollow organs,
in addition to causing skin and joint changes. The mutations include various single-base
substitutions that mostly convert a codon of glycine to a codon of some other amino acid,
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in combination with deletions and mRNA splicing defects (see Kuivaniemi et al. 1997).
EDS III is characterized by general laxity of joints and extensibility of skin, and a
glycine-to-serine mutation in the α1(III) chain has also been reported in this disease
(Narcisi et al. 1994). The different mutations in the COL3A1 gene have effects on the
secretion, folding, fibrillogenesis, and thermal stability of collagen as well as the tissue
architecture (Anderson et al. 1997, Smith et al. 1997).
In order to study the role of COL3A1 in the body, the murine COL3A1 gene was
inactivated in embryonic stem cells (Liu et al. 1997). About 10 % of the homozygous
mutant animals survived, but had a shortened lifespan. The major cause of death in the
mutant knock-out mice was rupture of the major blood vessels. Furthermore, it was
shown that type III collagen is essential for normal fibrillogenesis of type I collagen in
the cardiovascular system (Liu et al. 1997).
Mutations in the type III collagen gene are also associated with the pathogenesis of
abdominal aortic aneurysms without other features of EDS IV (Kontusaari et al. 1990,
Anderson et al. 1996). Spontaneous cervical arterial dissections have also been studied
for mutations, but even though some of the patients have a low ratio of type III to type I
collagen, mutations in the type III collagen gene are not considered responsible for
cervical arterial dissections (van den Berg et al. 1998). The structural unstability of type
III procollagen observed in patients with cerebral aneurysms (Majamaa et al. 1992) might
suggest mutations in the COL3A1 gene. Such mutations are, however, an infrequent
cause of these or any other familial aneurysms without other signs of connective tissue
manifestations (see Kuivaniemi et al. 1997).

2.2.2. Type I collagen and its metabolites
Type I collagen is the major collagen type in most tissues. For example, most of the
organic matrix of bone consists of type I collagen. The main cells synthesizing type I
collagen in soft tissues are fibroblasts, whereas bone collagen is produced by osteoblasts.
The most abundant molecular form of type I collagen is a heterotrimer of two α1(I)
chains and one α2(I) chain. In addition to this classical type I collagen, there is evidence
of a type I α1-homotrimer collagen consisting of three α1(I) chains (Jimenez et al. 1977,
Wohllebe & Carmichael 1978). A third variant, the laminin-binding collagen found in
colon and breast cancer tissue, has been suggested to consist of one α1(I) chain, one
α1(III) chain, and a unique acidic chain (Pucci-Minafra et al. 1993).
Similarly to other fibrillar collagens, type I collagen is synthesized as large precursor
molecules containing extra propeptide domains at both ends. The aminoterminal
propeptide (PINP) and the carboxyterminal propeptide (PICP) of type I collagen are
cleaved off enzymatically by specific endoproteinases, after the procollagen molecule has
entered the extracellular space (see Risteli & Risteli 1999). Cleavage of the
carboxyterminal propeptide is required for the initiation of fibril formation (Kadler et al.
1987). The molecules can retain their aminoterminal propeptide for a while, resulting in
type I pN-collagen, which has been suggested to regulate the lateral growth of type I
collagen fibers (Fleischmajer et al. 1985). The PINP molecule is similar to PIIINP and
consists of three structural subdomains: Col 1 (the globular part in the most
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aminoterminal region containing intrachain disulfide bridges, which is also
phosphorylated), Col 2 (the short non-helical part) and Col 3 (the central collagenous
domain) (see Risteli & Risteli 1999 for a review). The molecular mass of the PINP
molecule is 35 000, and it is cleared from the blood via scavenger receptors of liver
endothelial cells (Melkko et al. 1994). The PICP molecule, in turn, is cleared via the
mannose receptor of the same liver endothelial cells (Smedsrød et al. 1990) and has a
molecular mass of about 100 000. The PICP molecule is a glycoprotein containing highmannose type oligosaccharides (Clark 1979).
The concentrations of PINP and PICP antigens in serum have been shown to reflect
the synthesis of type I collagen in both physiological and pathological situations (see
Risteli & Risteli 1999). Radioimmunossays for these two metabolites have been
developed for clinical use (Melkko et al. 1990, Melkko et al. 1996). Especially PINP has
proved useful in detecting changes in the rate of bone collagen metabolism, such as those
seen during estrogen treatment in postmenopausal women (Suvanto-Luukkonen et al.
1997), Paget’s disease of bone (Sharp et al. 1996), and in patients with aggressive breast
cancer (Jukkola et al. 1997).
Between the propeptides and the helical collagen molecule, there are short, non-triplehelical telopeptide domains containing sites for intra- and intermolecular cross-linking.
The lysine or hydroxylysine residue of the aminoterminal telopeptide of type I collagen
can be oxidized into aldehyde, which can further mature into trivalent pyridinoline or
pyrrole cross-links (see next chapter). The carboxyterminal telopeptide forms a divalent
cross-link by binding to a helical region of another collagen molecule, which, in turn, can
mature into pyridinoline or other mature structures (see next chapter) (see Bailey et al.
1998, Risteli & Risteli 1999). An interesting feature in the C-terminal telopeptide is the
β-isomerization of the aspartic acid as a result of the normal ageing process (Fledelius et
al. 1997), the biological effects of which are yet to be elucidated.
As for the propeptides of type I collagen, namely PINP and PICP, specific assays have
also been developed for the telopeptide regions in order to monitor the degradation of
type I collagen in serum and urine. The NTx assay detects the trivalently cross-linked
aminoterminal telopeptide structure of type I collagen (Hanson et al. 1992). The original
CrossLaps assay was developed for a synthetic peptide, the amino acid sequence
(EKAHDGGR) of which was derived from the carboxyterminal telopeptide (Bonde et al.
1994). The ICTP assay, which was also used in the current studies, detects degradation
products of mature type I collagen with a trivalent cross-link (Risteli et al. 1993, Sassi et
al. 2000).

2.2.3. Enzymatic cross-linking of type I and III collagens
2.2.3.1. Lysyl oxidase
Lysyl oxidase is a copper-dependent extracellular enzyme, which is responsible for the
oxidation of certain lysine and hydroxylysine residues in collagen and lysine residues in
elastin to form α-aminoadipic-δ-semialdehyde, which, in turn, can react with the
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neighboring molecules to form covalent cross-links (see Smith-Mungo & Kagan 1998 for
a review). The cross-linking process goes on continuously on the surface of the growing
fibril and therefore occurs at a very early stage of fibril formation (Cronlund et al. 1985).
Up to date, lysyl oxidase, LO (Hämäläinen et al. 1991), has two identified isoforms: lysyl
oxidase-like protein, LOL (Kenyon et al. 1993, Kim et al. 1995) and lysyl oxidaserelated protein, LOR (Saito et al. 1997). The existence of these highly related genes
implies the presence of a lysyl oxidase gene family, additional members of which may
yet remain to be identified (see Smith-Mungo & Kagan 1998).
The expression of lysyl oxidase responds to many physiological conditions, such as
growth, development, ageing and wound healing. A number of genetic diseases affecting
copper metabolism and the function of lysyl oxidase, such as cutis laxa and Menkes
syndrome, have been identified (see Smith-Mungo & Kagan 1998). LO expression is
increased in fibrotic conditions (see Kagan 1994). An opposite situation prevails in
malignant cell line cultures, where LO expression is down-regulated at the transcriptional
level (Hämäläinen et al. 1995). In addition, there is evidence of a lack of LO in the
stroma accompanying invading tumors, consistent with the deficiency of properly crosslinked fibers (Peyrol et al. 1997, see Smith-Mungo & Kagan 1998). Lysyl oxidase is also
a candidate gene for a tumor suppressor (Contente et al. 1990).

2.2.3.2. Cross-linking pathways
Collagen cross-linking is essential for the tensile strength of tissue, since it increases the
resistance of collagen fibers against proteolysis (Vater et al. 1979). Two pathways of
enzymatic cross-linking have been described for fibrillar collagens: one based on lysine
aldehydes, and another based on hydroxylysine aldehydes. The cross-linking of type III
collagen has not been so widely studied as that of type I collagen, but the cross-linking
pathways have been thought to be similar in these two collagen types. The specific
hydroxylation of lysine residues in the telopeptides is responsible for the nature of the
cross-link and thus for the biomechanical properties of the tissue. The lysine aldehyde
pathway predominates at least in adult skin, cornea, sclera and rat tail tendon, whereas the
hydroxylysine aldehyde pathway predominates in bone, cartilage, ligaments, tendons and
most internal organs, being also present in embryonic skin (see Eyre 1987, Yamauchi &
Mechanic 1988, Bailey et al. 1998 for reviews). There is recent evidence of a bonespecific telopeptide lysyl hydroxylase, which could be partially responsible for the tissuespecific collagen cross-linking (Bank et al. 1999, Uzawa et al. 1999). Cross-linking does
not occur only between the chains of one collagen type: type I collagen, for example, may
be co-polymerized with type III collagen (Henkel & Glanville 1982).
Enzymatic cross-linking of collagen is illustrated in Figure 4. The telopeptide lysyl
and hydroxylysyl aldehydes are capable to react with the unmodified lysine or
hydroxylysine residues of another collagen molecule to form immature reducible divalent
cross-links. In addition, two lysyl aldehydes from the same molecule can react with each
other to form an intramolecular aldol condensation product (ACP). In the hydroxylysyl
aldehyde pathway, the divalent cross-links spontaneously undergo an Amadori
rearrangement, resulting in acid and heat-stable keto-imine cross-links, which then
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mature further into trivalent pyridinoline and pyrrole cross-links. Divalent cross-links
derived from the lysyl aldehyde pathway can react with hydroxylysine and histidine
residues resulting in trivalent histidinohydroxylysinonorleucine (HHL) and tetravalent
histidinohydroxymerodesmosine (HHMD) cross-links. However, the in vivo existence of
the latter cross-link along with the pyrroles is controversial. Of the trifunctional crosslinks, histidinohydroxylysinonorleucine (HHL) is found at least in skin and cornea,
whereas hydroxylysylpyridinoline (HL-Pyridinoline) is very typical of type II collagen in
cartilage, and lysylpyridinoline (L-Pyridinoline) in calcified tissue. HL-Pyridinoline has
been reported to be located equally at both the N- and the C-terminus, whereas LPyridinoline and the pyrroles are preferentially located at the N- terminus of the molecule
(Hanson & Eyre 1996). The other mechanism of intermolecular cross-linking of collagen
is the non-enzymatic reaction with glucose. For references and more thorough reviews on
the cross-linking of collagen, see Eyre et al. (1984), Eyre (1987), Yamauchi & Mechanic
(1988) and Bailey et al. (1998).

Fig. 4. Schematic representation of enzymatic cross-link formation and maturation in type I
and III collagens (modified from Yamauchi & Mechanic 1988, Bailey et al. 1998). The
possible maturation product of deH-LNL is currently unknown (marked by a question
mark). For abbreviations, see the list of abbreviations at the beginning of this book.

The cross-link profiles are, to some extent, tissue-specific and may change with age.
For example, the content of reducible cross-links in bone collagen decreases markedly
between birth and 25 years (Eyre et al. 1988), followed by a suggested maturation mainly
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into pyrrolic trivalent structures, whereas the amount of pyridinolines may remain almost
the same (Knott et al. 1995). The age-related changes causing a functional deficiency of
collagenous tissues are possibly due to increased intermolecular cross-linking (Bailey et
al. 1998). In addition to normal ageing, changes in collagen cross-linking may be
involved in the pathogenesis of many diseases, including liver fibrosis (Ricard-Blum et
al. 1996), dilated cardiomyopathy (Gunja-Smith et al. 1996) and diabetes (Reiser 1991).
Cannon & Davison (1978) reported that type III collagen isolated from bovine amnion
tissue contained large amounts of immature lysine-derived cross-links, particularly
dihydroxylysinonorleucine. In addition, almost 80 % of these cross-links were
glycosylated. Divalent hydroxylysinonorleucine cross-links containing only one Ntelopeptide plus the carboxyterminal helical region and trivalent mature cross-links
containing two N-telopeptides in addition to the helical region have been found in human
uterine leiomyoma (Henkel et al. 1979). The cross-link analysis of the C-terminus of type
III collagen from calf aorta revealed covalent cross-linking between the C-terminal
telopeptide of type III molecule and the N-terminal helical cross-linking region of
another. This structure contained mainly dihydroxylysinonorleucine with a small amount
of hydroxylysinonorleucine, indicating that the lysine residues involved in cross-linking
are both hydroxylated (Henkel 1996). In addition to the intermolecular aldehyde-derived
cross-links, type III collagen also has disulfide cross-links (Cheung et al. 1983). For
example, Henkel (1996) suggested a presence of intermolecular disulfide cross-links
between the cysteine residues of adjacent collagen molecules in the C-terminus.

2.2.4. Degradation of type I and III collagens
Degradation of collagens can occur via intracellular or extracellular routes. Matrix
metalloproteinases (MMPs), which are zinc-dependent endopeptidases, play a crucial role
in the extracellular degradation of collagens. Breakdown of the ECM is needed in many
physiological situations, such as development, tissue repair and angiogenesis. Several
pathological conditions involve changes in the synthesis and activity of the matrix
metalloproteinases. MMPs are grouped into collagenases, gelatinases, stromelysins and
stromelysin-like MMPs, membrane type-MMPs (MT-MMPs), and novel MMPs,
depending on their substrate specificity and primary structure. MMP activity is regulated
by gene transcription, activation of the inactive proenzyme forms and the action of
specific inhibitors, the major ones being the group of tissue inhibitors of MMPs (TIMPs).
For references and further reading, see Kähäri & Saarialho-Kere (1997) and Kähäri &
Saarialho-Kere (1999).
Collagenase-1 (fibroblast collagenase, MMP-1), collagenase-2 (neutrophil
collagenase, MMP-8) and collagenase-3 (MMP-13) (Freije et al. 1994) can cleave
fibrillar collagens at about three fourths of the way from the aminoterminal end, resulting
in two separate fragments susceptible to denaturation and further proteolysis (see Kähäri
& Saarialho-Kere 1997). MMP-8 preferentially degrades type I collagen, whereas MMP1 cleaves type III and MMP-13 type II collagen (Knäuper et al. 1996a, see Kähäri &
Saarialho-Kere 1997). In addition, human MMP-13 cleaves type I collagen in the
aminoterminal non-helical telopeptide (Krane et al. 1996).
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Gelatinases are very important in the final degradation of collagens after cleavage by
collagenases. At least 72-kDa gelatinase (gelatinase A, MMP-2) has been shown to
cleave native type I collagen into fragments identical to those generated by collagenases
(Aimes & Quigley 1995). MMP-2 has also been shown to activate at least MMP-13
(Knäuper et al. 1996b). Type I collagen, similarly to the types II and V, is digested in the
N-terminal non-helical telopeptide by 92-kDa gelatinase (gelatinase B, MMP-9) (Okada
et al. 1995). The stromelysins and stromelysin-like MMPs are able to degrade a wide
range of substrates in the extracellular matrix, including some of the collagens, but not
type I and III collagens in their native form. Of the membrane-type MMPs, MT1-MMP
(MMP-14) degrades the native collagens I, II and III (D’Ortho et al. 1997, Ohuchi et al.
1997) and activates gelatinases and MMP-13 (see Murphy et al. 1999). MT3-MMP has
been shown to cleave type III collagen (Matsumoto et al. 1997). The substrate
specificities of the newer MMPs are yet to be established.
In addition to extracellular collagen degradation by specific endoproteinases, such as
MMPs, fragments of collagen fibers can be endocytosed and degraded within the
lysosomes. Furthermore, part of the newly synthesized collagen can be degraded before it
has even been secreted out of the cell (see Everts 1996 et al. for a review). Intracellular
degradation plays an important role particularly when the synthesized collagen is
abnormal due, for example, to insufficient post-translational modifications or mutations
(Berg et al. 1980, Bateman et al. 1984).
In addition to the degradation of type IV collagen in basement membranes, destruction
of the stromal type I and III collagens is an essential step in the invasive and metastatic
behavior of tumor cells (see Kähäri & Saarialho-Kere 1999 for a review). TIMPs play a
key role in malignant tissue, not only by controlling the activity of MMPs, but also by
affecting cell proliferation and survival (see Blavier et al. 1999). In addition to malignant
processes, MMPs or TIMPs have been associated with at least atherosclerosis (Sukhova
et al. 1999, Lindstedt et al. 1999), abdominal aortic aneurysms (see Grange et al. 1997),
congestive heart failure (Spinale et al. 1999), dilated cardiomyopathy (Thomas et al.
1998), rheumatoid arthritis (Maeda et al. 1995) and fibrotic conditions, such as
scleroderma of the skin (see Kähäri & Saarialho-Kere 1997). Unrevealing the detailed
structures of MMPs and TIMPs and their role in the pathogenesis of diseases have
provided a basis for the development of drugs aimed at modulation of MMP activity (see
Skotnicki et al. 1999). Measurement of plasma or serum MMP and TIMP levels may
provide important data for selecting and following patients considered for treatment with
these drugs (see Zucker et al. 1999 for a review).
In addition to MMPs, there are lysosomal cysteine proteinases, such as cathepsins,
along with different serine and aspartic proteinases, all capable of degrading proteins of
the extracellular matrix. Cathepsin K is abundant in at least human osteoclasts (Drake et
al. 1996) and macrophages (Sukhova et al. 1998). Cathepsin K cleaves native type I
collagen at the N-terminal end of the triple helix and at multiple sites within the helical
region (Garnero et al. 1998, Kafienah et al. 1998). Furthermore, this enzyme cleaves the
trivalently cross-linked C-terminal fragment of type I collagen (Sassi et al. 2000). As for
the other cathepsins, cathepsin B has been reported to raise the activity of the other
MMPs and to stimulate angiogenesis in malignancies, which together may promote tumor
invasion (Kostoulas et al. 1999).
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2.3. Type I and III collagens in atherosclerosis and abdominal
aortic aneurysms
2.3.1. General features of atherosclerosis
Atherosclerosis is a response to injury to the endothelium, characterized by a
fibroproliferative inflammatory reaction, degenerative changes and accumulation of
extracellular matrix and lipids. One of the parameters associated with the endothelial cell
dysfunction that results from exposure to oxidized LDL is increased adherence of
macrophages and other inflammatory cells. Macrophages are known to localize
subendothelially, where they scavenge lipids and turn into large foam cells. Proliferation
and migration of vascular smooth muscle cells (SMCs) together with their transition from
the “contractile” type into the “synthetic” phenotype are key features in the development
of atherosclerosis. SMCs, T-cells and foam cells together form a fatty streak, which in
turn may develop into an intermediate, fibrofatty lesion and, finally, into a fibrous plaque
with calcification. The whole process is extremely complex, involving growth factors,
cytokines, hormones, hemostatic agents and changes in collagen synthesis and smooth
muscle cells (see Ross 1993, Rekhter 1999 for reviews).

2.3.2. Type I and III collagens in normal and atherosclerotic aorta
As in most connective tissues, the quantitatively most abundant group of arterial
collagens are the fibril-forming type I and III collagens (see Barnes 1985 for a review).
These collagen types together are responsible for tensile strength, but also contribute,
together with elastin, somewhat to the extensile properties of the aorta (Dobrin et al.
1984, Dobrin & Mrkwicka 1994). The quantitative ratios of type I and III collagens in
normal and atherosclerotic aortas have usually been determined after extraction of the
collagens or collagen fragments from tissue specimens and quantification, after
separation, into different types (see Barnes 1985, Rauterberg et al. 1993 for reviews).
The increased proportion of type I collagen is thought to be characteristic of the
atherosclerotic intimal plaque. In spite of extensive research, our knowledge of the
quantitative ratios of type I and III collagens in normal and atherosclerotic aortic wall is
incomplete and controversial (see Barnes 1985, Rauterberg et al. 1993). The currently
existing data on type I and type III collagen ratios in atherosclerosis are shown
summarized in Table 2.
Data from immunohistological studies indicate only small differences in the normal
aorta in the distribution of type I and III collagens (see Rauterberg et al. 1993). Both
these collagen types are present in the normal fibrillar structures around smooth muscle
cells and elastic membranes (McCullagh et al. 1980, Shekhonin et al. 1985, Katsuda et
al. 1992). Furthermore, they co-localize with fibronectin (Shekhonin et al. 1987) and
stain more intensively in the adventitia than in the media (Katsuda et al. 1992). The type I
and III collagens appear together in the thickened intimas of atherosclerotic lesions,
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where their staining intensity is also greater than in healthy aorta (Katsuda et al. 1992,
see Rauterberg et al. 1993).

Table 2. Summary of data on type I and III collagen contents in normal and
atherosclerotic human aorta.
Method
Finding
Reference
Pepsin digestion,
65 % type I in atherosclerosis
McCullagh &
SDS-PAGE
30 % type I in normal aorta
Balian 1975
Pepsin digestion,
SDS-PAGE

66 % type I in atherosclerosis

Ooshima 1981

Pepsin /
CNBr cleavage,
SDS-PAGE

76 % type I in atherosclerosis
No major shift when compared to
healthy aorta

Morton &
Barnes 1982

CNBr cleavage,
CMC chromatography,
SDS-PAGE

58 % type I in normal aorta
90 % type I in atherosclerosis

Hanson &
Bentley 1983

Pepsin,
DEAE-cellulose
chromatography,
CNBr, SDS-PAGE

38 % type I in normal aorta

Hill & Harper
1984

CNBr, SDS-PAGE

70 % type I in normal aorta

Halme et al. 1986

Pepsin,
CMC chromatography
HPLC, CNBr,
SDS-PAGE

70 % type I in atherosclerosis
No major shift when compared to
normal aorta

Leuschner &
Haust 1986

Pepsin, CNBr,
SDS-PAGE

70 % type I collagen, type III ↓
with advancing atherosclerosis

Murata et al.
1986

Pepsin, CNBr,
HPLC, UV absorbance

62 % type I in normal thoracic aorta
47 % type I in normal abdominal aorta

Miller et al. 1991

CNBr, HPLC,
59 % type I in normal thoracic aorta
Deyl et al. 1997
SDS-PAGE, capillary
52 % type I in normal abdominal aorta
electrophoresis
CMC = carboxymethyl-cellulose; CNBr = cyanogen bromide; DEAE =
diethylaminoethyl; HPLC = high-performance liquid chromatography; SDS-PAGE =
sodium dodecyl sulfate polyacrylamide gel electrophoresis
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2.3.3. Synthesis and degradation of type I and III collagens in
atherosclerotic plaques
The increased amount of type I collagen-producing cells has been established in all types
of human atherosclerotic lesions (Andreeva et al. 1997). In animal models, the collagen
content in atherosclerotic lesions has been shown to increase consistently over time
(Kratky et al. 1999). The plaque collagen is mainly produced by smooth muscle cells
(SMCs), but endothelial cells are also able to synthesize collagen (Canfield et al. 1992).
Furthermore, cells different from typical SMCs produce type I collagen in human
atherosclerotic lesions (Rekhter et al. 1996, Andreeva et al. 1997, Tintut et al. 1998).
SMC phenotype, proliferation, migration and collagen production play an important role
in the pathophysiology of atherosclerosis (see Rekhter 1999). There is evidence to
indicate that ageing is associated with dysregulation of the proliferative responses of
SMCs from old aortas, possibly predisposing to atherosclerotic changes (McCaffrey et al.
1988). In addition, DNA alterations have been found in SMCs of human atherosclerotic
lesions, suggesting that mutational events may be part of the atherosclerotic process (De
Flora et al. 1997).
At least type I collagen synthesis has been clearly shown to be upregulated in
atherosclerotic plaques compared with the media and normal arteries (Rekhter et al.
1993). Recently published data suggest that genes consistent with increased proliferation
and collagen production are upregulated in SMCs during atherogenesis (Laury-Kleintop
et al. 1999). A number of cytokines and growth factors produced and secreted by
macrophages and other inflammatory cells have been described as being involved in the
process of atherosclerotic plaque formation, in part by altering the rate of collagen
synthesis (see Rekhter 1999 for a review). Transforming growth factor beta (TGF-β) is
the most potent and consistent stimulator of collagen synthesis in vascular SMCs
(Amento et al. 1991). There is evidence of genomic instability of the type II TGF-β1
receptor gene in human atherosclerotic and restenotic vascular cells, probably causing
resistance to the antiproliferative effects mediated by this particular receptor type
(McGaffrey et al. 1997). Platelet-derived growth factor (PDGF) (Amento et al. 1991),
interleukin-1 (IL-1) (Amento et al. 1991), angiotensin-II (Kato et al. 1991),
homocysteine (Majors et al. 1997), endothelin-1 (Rizvi et al. 1996) and oxidized LDL
(Bachem et al. 1999) have also been reported to stimulate collagen synthesis in SMC
culture. Human connective tissue growth factor (CTGF) is undetectable in normal blood
vessels, but overexpressed in atherosclerotic lesions, suggesting that CTGF plays a role in
atherogenesis (see Oemar & Lüscher 1997). Furthermore, mechanical stress has been
shown to have a stimulatory effect on collagen synthesis (Kolpakov et al. 1995a). In
contrast, fibroblast growth factor (Majors & Ehrhart 1993, Pickering et al. 1997), nitric
oxide (Kolpakov et al. 1995b, Myers & Tanner 1998), interferon gamma (IFN-γ)
(Amento et al. 1991) and prostaglandins (Fitzsimmons et al. 1999) all inhibit collagen
production (see Rekhter 1999). In addition, SMC may exhibit different biosynthetic
activity depending on the matrix environment, and the extracellular matrix itself is thus
able to control collagen synthesis in SMC culture (Thie et al. 1991).
Plaque rupture is responsible for the acute manifestations of atherosclerosis. Rupture
prone plaques are characterized by a large lipid pool, a thin fibrous cap, an increased
amount of inflammatory cells and a reduced collagen and SMC content (see Lee & Libby
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1997, van der Wal & Becker 1999 for thorough reviews). Previous studies (Henney et al.
1991, Galis et al. 1994, Brown et al. 1995, Nikkari et al. 1995, Shah et al. 1995, Li et al.
1996) have implicated matrix metalloproteinases, mostly MMP-1, gelatinases and
stromelysins, together with certain tissue inhibitors of metalloproteinases, in the
pathogenesis, destabilization and rupture of atherosclerotic lesions. Recently, Sukhova et
al. (1999) demonstrated increased levels of MMP-1 and MMP-13 in atheromatous versus
fibrous carotid atherosclerotic plaques. A large portion of matrix-degrading enzymes is
produced by inflammatory cells, especially macrophages. The numbers of mast cells, T
lymphocytes and MMP-9-containing macrophages increase as the atherosclerotic lesions
become more severe (Kaartinen et al. 1998). In addition to the MMPs, macrophages in
human atheroma have been reported to contain abundant amounts of cathepsins K and S
(Sukhova et al. 1998). Certain infections, such as Chlamydia pneumoniae (see Movahed
1999 for a review), have been suggested to play a role in the pathogenesis of
atherosclerotic lesions, possibly by inducing the inflammatory process and thus the
production of MMPs.

2.3.4. Other collagen-related events in atherosclerotic plaques
It has been suggested that oxidized low-density lipoprotein (LDL) is a key component in
the endothelial injury in atherosclerotic lesions. The type I collagen content in the aortas
of cholesterol-fed birds has been shown to be increased compared to controls (Jarrold et
al. 1999). LDL may directly injure the endothelium or play a role in the adherence and
migration of inflammatory cells (see Ross 1993). In addition, several collagen types are
known to bind oxidized lipoproteins, and the accumulation of collagen in the intima may
thus promote lipoprotein accumulation (Greilberger et al. 1997). Furthermore, oxidized
LDL-containing immunocomplexes have been shown to play an important role in
macrophage activation, which, in turn, may result in the secretion of cytokines capable of
inducing collagen synthesis (Virella et al. 1995).
The aminoterminal propeptide of type III procollagen, PIIINP, has been found to be
elevated in the blood of patients with coronary artery disease (Bonnet et al. 1988). In
addition, thrombolytic treatment of patients with acute myocardial infarction results in
collagen breakdown (Peuhkurinen et al. 1991, Peuhkurinen et al. 1996). Furthermore,
thrombin, a very important peptide in blood coagulation and platelet activation,
stimulates procollagen production in cultured SMCs and thus in the arterial wall
(Dabbagh et al. 1998).
One of the most common features of advanced atherosclerosis is vascular calcification.
Type I collagen has been shown to promote calcification of vascular cells in in vitro
conditions (Watson et al. 1998). Type I collagen may also be important in plaque
neoangiogenesis (Jackson & Jenkins 1991) and the organization of thrombus (Rekhter et
al. 1996). Furthermore, human coronary restenosis involves rapid accumulation of
collagen fibers (Pickering et al. 1996). Collagen accumulation has also been found to
correlate with the severity of restenosis after angioplasty in an animal model (Lafont et
al. 1999). Not only synthesis but also degradation of collagen has an important role in
collagen turnover after balloon angioplasty (see Rekhter 1999).
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2.3.5. Type I and III collagens in abdominal aortic aneurysms (AAA)
Atherosclerotic plaques are present in aneurysmal walls, and atherosclerosis is thought to
be, at minimum, a permissive factor in aneurysm development (see Grange et al. 1997 for
a review). There is evidence to suggest that the ratio of type III to type I collagen is not
altered in the aneurysmal aorta (Rizzo et al. 1989). However, occasional lower amounts
of type III collagen at the tissue level have been described in patients with a family
history of aneurysms (Menashi et al. 1987, Powell & Greenhalg 1989). Kuga et al.
(1998) suggested that the amount of type III collagen is significantly decreased in
atherosclerotic AAAs compared with atherosclerotic aortas without aneurysmal changes.
In addition, he found abnormal fragments of type III collagen in AAA tissue. Deak et al.
(1992) and van Keulen et al. (1999) reported decreased type III procollagen secretion in
fibroblasts in a small group of patients with familial AAA. The expression of type I and
III collagens is increased in human abdominal aortic aneurysms (McGee et al. 1991,
Mesh et al. 1992, Minion et al. 1993). The increased expression of collagen is located in
adventitial fibroblasts, medial smooth muscle cells near the inflammatory infiltrates, and
myofibroblasts inside the plaque (Hunter et al. 1996, see Grange et al. 1997). The
existing data on the amount of collagen are controversial: there is evidence of increased
(Menashi et al. 1987, Rizzo et al. 1989, Baxter et al. 1994, He & Roach 1994),
unchanged (McGee et al. 1991) or even decreased (Sumner et al. 1970) proportion of
total collagen in AAAs.
Aneurysm formation is a complex remodeling process that involves both synthesis and
degradation of matrix proteins (see Ghorpade & Baxter 1996 for a review). The
identification of at least the MMPs 1, 2, 3, 9 and, recently, 13 in AAA tissue has been
reported by several investigators (Irizarry et al. 1993, Newman et al. 1994, McMillan et
al. 1995, Thompson et al. 1995, Sakalihasan et al. 1996, Tamarina et al. 1997, Mao et al.
1999). Freestone et al. (1995) reported more MMP-2 activity in small aneurysms,
whereas MMP-9 was significantly increased in large aneurysms. On the other hand,
MMP-9 expression has also been reported to be significantly higher in medium-sized
AAAs than in either small or large aneurysms (McMillan et al. 1997). In addition, the
activity of several cathepsins has been found to be increased in aortic aneurysms (Gacko
& Chyczewski 1997). Clinical methods of MMP inhibition are under development. For
example, preoperative treatment with doxycycline has been associated with reduction in
the aortic wall expression of MMP-2 and MMP-9 (Thompson & Baxter 1999), and
marimastat (an MMP inhibitor) has been shown to significantly inhibit matrix
degradation and active MMP-2 production in a porcine model of aneurysm disease
(Treharne et al. 1999). MMP-9, which is increased in the plasma of AAA patients, could
be a potential diagnostic marker for clinical purposes (McMillan & Pearce 1999). Other
diagnostic approaches have been studied as well: the aminoterminal propeptide of type III
collagen, PIIINP, has previously been found to be clinically useful in the follow-up of
patients with abdominal aortic aneurysms (Satta et al. 1997).
Ehlers-Danlos syndrome IV (EDS IV), which is characterized by multiple aneurysms
and other connective tissue manifestations, is caused by mutations in the gene encoding
the α1-chain of type III collagen (see Kuivaniemi et al. 1997). In addition, there are many
studies reporting a strong familial tendency to aneurysms not associated with EDS IV
(see Verloes et al. 1996 for a review). In these studies, the proportion of AAA probands
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with a positive family history has ranged from 12 to 20 %, and the relative risk for
siblings has been 10 - 28. Van Keulen et al. (1999) recently reported that 29 % of 56
consecutive AAA patients had a positive family history of aneurysms. The characteristic
features of familial aneurysms are an early age of diagnosis and a higher risk of rupture.
Furthermore, even though both sporadic and familial AAAs are more common in men,
the patients with familial AAA are more likely to be women (see Verloes et al. 1996).
Type III collagen gene mutations have been suggested to contribute to the development
of AAAs (Kontusaari et al. 1990, Anderson et al. 1996), and other genes, such as those
for collagenases and elastin, have also been mapped for abdominal aneurysms (see
Verloes et al. 1996). Some of the patients with familial aneurysms show decreased type
III collagen production in cultured skin fibroblasts (Deak et al. 1992, van Keulen et al.
1999), or even lack type III collagen in skin and aortic wall (Hamano et al. 1998).

2.4. Type I and III collagens in cancer of the ovary and colon
Altered synthesis and increased breakdown of extracellular proteins have been shown to
play very important roles in the invasion and growth of malignant ovarian tumors (AutioHarmainen et al. 1993, Moser et al. 1994, Afzal et al. 1996, Wilson et al. 1996, Santala
et al. 1998). Probably due to the increased collagenolytic activity, the type I and III
collagen fibers are poorly organized and disintegrated in ovarian tumor tissue (Zhu et al.
1993a, Zhu et al. 1995). The synthesis of type I and III procollagens is normally very
slow in ovarian tissue, and an increase of the production of these collagen types is related
to the degree of malignancy (Zhu et al. 1993b, Kauppila et al. 1996). Some of the
malignant cells even seem to have a capacity to produce type I collagen themselves (Zhu
et al. 1995). Type I collagen is crucial for the invasion and metastasis of ovarian cancer,
because it promotes the migration of carcinoma cells through an integrin-mediated
mechanism and induces the activation of at least MMP-2 (Fishman et al. 1998, Boyd &
Balkwill 1999). Insertion polymorphism in the promoter region of the MMP-1 gene
resulting in greater transcriptional activity of the gene has been suggested to be
associated with at least ovarian cancer (Kanamori et al. 1999).
The increased synthesis and degradation of type I and III collagens in ovarian
malignancy can be monitored by measuring the type I and III collagen metabolites in
serum, cyst fluid or ascitic fluid (Santala et al. 1998). Measurement of the circulating
aminoterminal propeptide of type III procollagen, PIIINP, has turned out valuable in the
assessment of the prognosis and clinical course of the disease (Risteli et al. 1988b,
Kauppila et al. 1989, Tomás et al. 1990). Elevated serum concentrations of the crosslinked carboxyterminal telopeptide of type I collagen, ICTP, reflecting increased
degradation of type I collagen, are strongly related to impaired prognosis in patients with
ovarian cancer (Santala et al. 1995, Santala et al. 1999).
Altered synthesis and degradation of the extracellular matrix are also seen in human
gastrointestinal malignancies, where the increased collagen synthesis takes place in
stromal fibroblasts (Ohtani et al. 1992). Even though the expression of type I and III
procollagens is increased in gastrointestinal carcinoma, the overall collagen content is
decreased (Turnay et al. 1989). Retained secretion of collagen molecules together with
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altered type I to type III procollagen ratios have been described in tumor-associated
fibroblast-like cells, which are responsible for the production of collagen in colon
adenocarcinoma (Turnay et al. 1989, Turnay et al. 1991). Collagenolytic activity is
increased in colorectal malignant tissue and correlates with tumor differentiation (van der
Stappen et al. 1990). In various gastrointestinal cancers, the gene expression of MMP-1,
which degrades particularly type III collagen, is very abundant in stromal cells, especially
at the margin of tumor invasion (Otani et al. 1994). On the other hand, the invasive areas
of human colon cancer display signs of active fibrosis and tissue contraction, which has
been suggested to be responsible for obstructing type colonic carcinomas (Miura et al.
1993).
There is also evidence of a variant of type I and III collagens in both colon and breast
carcinoma tissue. This onco-fetal/laminin-binding collagen is a heterotrimer of α1(III)chain, α1(I)-chain and a unique acidic chain, being completely absent in normal tissue,
which makes it a possible marker of malignancy (Pucci-Minafra et al. 1993).
Furthermore, α2(I) chains have been suggested to be either overmodified or completely
absent in colon cancer tissue (Pucci-Minafra et al. 1998). The occurrence of these matrix
irregularities in malignant tissue may promote tumor invasion by affecting the
supramolecular assembly of the collagenous matrix (Pucci-Minafra et al. 1998).

2.5. Type I and III collagens in colon diverticulosis
Diverticulosis of the colon is characterized by thickening of the muscle layers. The bowel
lumen is encroached by thickened bars of circular muscle, which divide it into a series of
small chambers (for reviews, see Smith 1986, Ming 1998). Surprisingly, the muscle cells
in diverticular disease appear to be normal, with no evidence of hyperplasia or
hypertrophy (Whiteway & Morson 1985). There is, however, evidence of a threefold
increase in the elastin content of the taeniae coli when compared with the controls
(Whiteway & Morson 1985). Diverticular disease is also associated with increased
intraluminal pressure of the colon (Painter et al. 1965) and a deficiency of dietary fiber
consumption (Painter et al. 1971). Genetic factors are also involved, since diverticulosis
has been reported in Marfan’s syndrome and Ehlers-Danlos syndrome IV (Beighton et al.
1969, Suster et al. 1984), which involve mutations in fibrillin and type III collagen genes,
respectively.
Type I and III collagens are the most abundant collagen types in colon tissue, being
interspersed in the muscle layer and thus providing the tissue with tensile strength. There
is a link between diverticular disease, the ageing process, and the decreased tensile
strength of the colonic wall. There is also evidence of different kinds of diverticular
disease, one being mainly associated with muscle abnormalities, whereas another, a nonmuscle form, is possibly caused by a failure of collagen support (see Smith 1986, Ming
1998). Collagen content has been suggested to decrease progressively or to be altered
upon ageing either by rearrangement of the matrix or by increasing weakness of the
individual fibers (see Smith 1986). Collagen fibrils in the left colon have been shown to
become smaller and more tightly packed over increasing age (Thomson et al. 1987).
Furthermore, the cross-linking of colonic collagen appears to increase with age and thus
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in diverticulosis (Wess et al. 1995). A high-fiber diet has been found to be associated
with a decrease in collagen cross-linking in an animal model (Wess et al. 1996a).
Furthermore, the offspring of rats on a high-fiber diet presented no colonic diverticulosis,
suggesting that the maternal diet plays an important role in the development of
diverticular disease (Wess et al. 1996b).

3. Outlines of the present study
Fibrillar collagens are the major proteins of the extracellular matrix (ECM) and provide
the tissue with tensile strength. Furthermore, collagens play an important role in
pathological remodeling of tissues, such as invasion of malignant tumors. At the time the
present work was initiated, a lot of information was already available on the metabolism
of type I and III collagens in various diseases. This information had mostly been gained
by measuring collagen metabolites in patient serum or other biological fluids, such as
ascites, pleural effusion and synovial fluid. However, the situation at tissue level had
usually only been studied with immunohistochemical techniques or hydroxyproline
analyses, which were not able to shed light on the absolute amounts of the different
collagen types or the state of maturation of their cross-links. The purpose of this study
was to develop new immunological methods that would allow us to investigate the crosslinked type I and III collagens in tissues and, eventually, to apply these methods to study
clinical conditions in which type III collagen, in particular, is known to play a role.
During the course of the work, atherosclerosis, abdominal aortic aneurysms, colon and
ovarian malignancies, and colon diverticulosis were chosen for further analysis. The
present results not only represent the changes in collagen metabolism and processing in
selected clinical situations, but also increase our understanding of the complex nature of
collagen metabolism in pathological conditions in general.
The specific aims of this study were as follows:
1. to characterize the cross-linking of type I and III collagens and the processing of type
III pN-collagen in human atherosclerotic plaques
2. to examine the possible role of fibrillar collagens, particularly type III collagen and
pN-collagen, in the pathogenesis of human abdominal aneurysms
3. to study the cross-linking and processing of type I and III collagens in malignant
processes, such as cancer of the ovary and colon
4. to study cross-linking of type I and III collagens in diverticulosis of the human colon

4. Materials and methods
4.1. Tissue samples
The human leiomyomas for the purification of type III collagen telopeptide were obtained
from the Department of Obstetrics and Gynecology, Oulu University Hospital.
Altogether 17 atherosclerotic plaques from the carotid (n = 15) and femoral (n = 2)
arteries and 8 pieces of atherosclerotic aorta (I) were obtained from routine surgery at the
Department of Surgery, Oulu University Hospital. One piece of healthy aorta, obtained
from the Department of Pathology, Oulu University Hospital, was added to the study to
validate the method. All the samples were stored at -20°C until processed.
Nine pieces of abdominal aortic aneurysms (II) were collected during operations at the
Department of Surgery, Oulu University Hospital. The control material for this study
consisted of ten pieces of extremely atherosclerotic abdominal aorta from autopsies at the
Department of Forensic Medicine, Oulu University Hospital. All the samples were stored
at -20°C until processed.
Altogether 24 pieces of colonic diverticulosis, six tissue samples of cancer of the colon
and nine controls (III) were obtained from routine operations at the Department of
Surgery, Oulu University Hospital. The histology of the samples was confirmed by a
pathologist (TJK, see paper III) at the Department of Pathology, Oulu University
Hospital. All the samples were stored at -20°C until processed.
The ovarian cancer material (IV) obtained from the Department of Obstetrics and
Gynecology, Oulu University Hospital, consisted of 18 samples of benign serous
cystadenomas and malignant adenocarcinomas. The diagnoses were confirmed by routine
histopathological analysis at the Department of Pathology, and the samples were stored at
-20°C. Parts of the tissue were used for immunohistochemical analysis and therefore
fixed in 10 % buffered formalin, embedded in paraffin and cut into 5 µm sections.
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4.2. Purification of the aminoterminal telopeptide of type III collagen
The aminoterminal telopeptide of type III collagen, IIINTP, was originally purified from
human uterine leiomyoma, which was first cut into small pieces, homogenized, and
treated with 6 mol/L urea in 0.05 mol/L Tris/HCl buffer (pH 7.4) at +4°C for 24 hours.
The residue was then washed with distilled water and reduced with NaBH4 in 0.1 mol/L
sodium phosphate buffer, pH 7.4 (see Eyre 1987). The fat was extracted with
acetone/methanol, and the residue washed briefly with distilled water and 0.2 mol/L
ammonium bicarbonate (NH4HCO3), and freeze-dried.
The insoluble pellet was suspended in 500 ml of 0.2 mol/L NH4HCO3, denatured at
+70°C for 1 hour, and treated with 1 mg of trypsin (Worthington; TPCK-treated) per 100
mg of tissue at +37°C for 4 hours. After this, the residue was re-denatured, homogenized
with an Ultra-Turrax homogenizer and digested with the same amount of trypsin
overnight. The residual trypsin activity was destroyed at +70°C for 30 minutes, and the
material was centrifuged at 10 000 g for 30 minutes. The supernatant was collected and
freeze-dried.
IIINTP was purified using Sephacryl S-100 (Pharmacia) gel filtration (equilibrated in
0.2 mol/L NH4HCO3 at room temperature), chromatography on a reverse-phase C8
column (Vydac) (0.4 % ammonium acetate + 0 → 60 % acetonitrile, pH 7.4), and finally,
Sephacryl S-300 (Pharmacia) gel filtration (equilibrated in 0.2 mol/L NH4HCO3 at room
temperature). Polyacrylamide gel electrophoresis was performed on 18 % gels with
sodium dodecyl sulfate (SDS) to determine the purity and size of the purified peptide.
The exact concentration was determined by amino acid analysis after acid hydrolysis.
IIINTP was deblocked with pyroglutamate aminopeptidase (Sigma) (Podell & Abraham
1978, Hörlein et al 1979) and sequenced.

4.3. Production of antiserum
Antibodies against the aminoterminal telopeptide region of type III collagen were raised
in New Zealand White rabbits by giving them purified or synthetic peptides conjugated
with bovine thyroglobulin and mixed with equal amounts of 0.9 % NaCl and Freund’s
incomplete adjuvant (Sigma) as intradermal injections at three- to four-week intervals.
The conjugate was prepared by dissolving 2.5 mg of antigen and 10 mg of bovine
thyroglobulin to 500 µl of 10 mM sodium phosphate buffer, to which 100 mg carbodiimide (Sigma) diluted to 1 ml of sodium phosphate buffer was added. The mixture was
allowed to stay on ice in a mixer for two hours and dialyzed overnight against PBS at pH
7.2. Finally, 100 to 200 µl of this conjugate-antigen mixture per one animal was used for
immunization.
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4.4. Radioimmunoassay for IIINTP
The purified IIINTP was labelled with 125I by the Chloramine-T method, and free iodine
was separated from the iodinated antigen by disposable Sep pak C18 cartridges (Waters)
(see Risteli & Risteli 1987). 100-µl aliquots of a properly diluted sample were incubated
with 200 µl of the antiserum dilution and 200 µl of 125I-IIINTP solution for 2 h at 37°C.
After that, 0.5 ml of the second antibody in 10 % polyethylene glycol (M.W. 6 000) was
added, and the tubes were incubated at 4°C for 30 min. The samples were centrifuged at
2000 x g for 30 min at 4°C and the radioactivity in the precipitates was counted.

4.5. Other immunoassays for type I and III collagen domains
Radioimmunoassays for the aminoterminal propeptide of type I procollagen (PINP)
(Melkko et al. 1996), the carboxyterminal propeptide of type I procollagen (PICP)
(Melkko et al. 1990), the carboxyterminal telopeptide of type I collagen (ICTP) (Risteli
et al. 1993), and the aminoterminal propeptide of type III collagen (PIIINP) (Risteli et al.
1988a) were used to determine their concentrations, when required. In addition, two inhouse methods were used for analyses: an immunoassay for the synthetic peptide SP 6
having the amino acid sequence DVKSGVAVGGLAGY (Neosystem Laboratories) from
the aminoterminal telopeptide of the α1-chain of type III collagen (amino acid residues
nos. 159 – 162) and an immunoassay for the synthetic peptide SP 4 having the amino
acid sequence SAGFDFSFLPQPPQEKY (Neosystem), derived from the carboxyterminal
telopeptide of the α1-chain of type I collagen (amino acid residues nos. 1193 – 1208 +
tyrosine residue). Samples in duplicate were diluted appropriately, and the analyses were
performed as described above.

4.6. Immunohistochemical staining
The anti-aminoterminal propeptide of type I procollagen (anti-PINP), the anticarboxyterminal telopeptide of type I collagen (anti-ICTP), and the anti-aminoterminal
propeptide of type III procollagen (anti-PIIINP) were used for immunohistochemical
analysis. These antibodies were purified by cross-adsorption with several extracellular
matrix proteins (7S domain of human type IV collagen, P1 fragment of human laminin,
different type I and III collagen domains) and with the specific antigen in question
coupled to CNBr-activated Sepharose 4B.
The immunohistochemical stainings for type I and III collagens were carried out using
the avidin-biotin-immunoperoxidase technique (Zhu et al. 1993a, Zhu et al. 1995).
Deparaffinized, rehydrated and PBS-washed sections were treated with 0.4 % pepsin
(Sigma) in 0.01 mol/L HCl, pH 2, at 37°C for 30 minutes to 2 hours, washed with PBS
and incubated in 0.3 % H2O2 in 100 % methanol for 30 minutes. Afterwards, the sections
were washed with distilled water and incubated with 2 % goat serum for 30 minutes and,
finally, with primary antibody diluted 1:25 (anti-ICTP) and 1:100 (anti-PINP and anti-
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PIIINP) in PBS in a moist chamber for 2 hours at room temperature. Then the specimens
were incubated for 30 minutes with biotinylated anti-rabbit immunoglobulin diluted in
1:400 in PBS and for 30 minutes with an avidin-peroxidase complex, washed with PBS
and treated with 3,3-diaminobenzidine tetrahydrochloride and H2O2 in Tris buffer, pH
7.4. The samples were then washed with distilled water and stained with hematoxylin.

4.7. Chromatographic analyses of type I and III collagen antigens in
tissue samples
Sephacryl S-300 gel filtration column was used to analyze the soluble tissue extracts. 2
ml of sample (100 mg/ml) was put to a column equilibrated in PBS-Tween at room
temperature, and fractions of 2 ml were collected at 20-minute intervals. These fractions
were used for PIIINP, PINP and PICP analyses after suitable dilutions.
The molecular sizes of telopeptides of insoluble cross-linked collagens, together with
the aminoterminal propeptide antigens of type III pN-collagen, were characterized on a
Sephacryl S-100 gel filtration column equilibrated in 0.2 mol/L NH4HCO3 at room
temperature. 1 ml of sample (10 mg/ml) was analyzed, and fractions of 2 ml were
collected at 20-minute interval. ICTP, IIINTP, PIIINP, SP4 and SP6 were assayed in
properly diluted fractions (see chapters 4.4. and 4.5.).

4.8. Hydroxyproline measurements
The content of hydroxyproline was measured as described previously (Kivirikko et al.
1967). The samples were hydrolyzed overnight in 6 mol/L HCl at 120°C. The hydrolytes
were then evaporated to dryness and diluted in 2 ml of distilled water. pH was adjusted to
neutral by using 0.005 mol/L KOH. 1.5 g of KCl was used to saturate the samples, and
250 µl of 10 % L-alanine and 500 µl of potassiumborate buffer (1 mol/L H3BO3, 3 mol/L
KCl, pH 8.7) were added. The samples were stirred and incubated at room temperature
for 20-30 minutes. Then, 500 µl of 0.2 mol/L chloramin-T (Riedel-deHaën) (2.82 g/ 50
ml 1,3-propandiol) was added and the solution was allowed to incubate for 25 minutes.
The reaction was stopped by adding 1.5 ml of 3.6 mol/L Na2S2O3. After this, 2.5 ml of
toluene was added, the samples were stirred and centrifuged at 2000 x g, and the upper
phase was removed. The samples were then incubated in boiling water for 30 minutes,
after which toluene was added and the samples were re-centrifuged as described above.
After centrifugation, 2 ml of the upper phase was pipetted and mixed with 0.8 ml of
Ehrlich´s reagent (Sigma) (120 g of p-dimethylaminobentsaldehyde, 400 ml of ethanol
and 27.4 ml of H2SO4), and incubated for 30 minutes. Absorbances were measured at 560
nm, and the amount of hydroxyproline was estimated from the standard curve (standards
1 µg, 2.5 µg, 5 µg and 10 µg of L-hydroxyproline (S.A.F. Hoffmann – La Roche & Co.
LTD.) in 2 ml of distilled water (standards prepared as the samples except for
hydrolysis).
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4.9. Investigation of the proteolytic fragments of PIIINP
PIIINP was purified from human ascitic fluid as described earlier (Niemelä et al. 1985,
Risteli et al. 1988a) and digested with trypsin at 37°C after heat denaturation. A smaller
trypsin-generated fragment of PIIINP, probably corresponding to the most aminoterminal
part of the monomeric PIIINP, was purified from the human uterine leiomyoma with
Sephacryl S-100 gel filtration, chromatographies on a reverse-phase C8 column (0.4 %
ammonium acetate + 0 → 75 % acetonitrile, pH 7.4), DEAE (50 mmol/L ammonium
acetate + 0 → 0.3 mol/L NaCl, pH 5), and finally, a reverse-phase C18 column (0.1 %
TFA + 0 → 70 % 2-propanol). The effect of trypsin treatment on the antigenic activity of
PIIINP was studied further in radioimmunoinhibition assay. The molecular sizes of these
trypsin-generated peptides were characterized by polyacrylamide gel electrophoresis and
Sephacryl S-100 gel filtration.

4.10. Statistics
Statistical analyses were carried out using the SPSS analysis tool and CIA confidence
interval analyses. Spearman’s rank correlation was used for correlation analysis. Means
and 95 % confidence intervals were calculated. Non-parametrical Mann-Whitney U test
and one-way ANOVA with corrected LSD (Bonferroni) test were used for estimating
statistical significances when appropriate.

4.11. Ethical considerations
Approvals of the local ethics committee for the collection of tissue samples were
obtained by our clinical collaborators for the studies I, II and IV and by our own research
group for study III. The tissue samples were obtained during routine surgical operations,
and nothing else was removed from the patients. In the case of cadavers, only the pieces
of tissue removed for diagnostic purposes were used.

5. Results
5.1. Purification of the human cross-linked aminoterminal telopeptide
of type III collagen (IIINTP)
The cross-linked aminoterminal telopeptide of type III collagen, IIINTP, was purified
from human uterine leiomyoma after extraction with urea, reduction with NaBH4, and
digestion with TPCK-treated trypsin, followed by a series of Sephacryl S-100 and S-300
gel permeations and C8 reverse-phase chromatography on HPLC. The purity and size of
the peptide were determined by SDS-polyacrylamide gel electrophoresis. Aminoterminal
amino acid sequencing yielded a sequence equivalent to the aminoterminal telopeptide of
human type III collagen (QYDSYDV). Without deblocking with pyroglutamic
aminopeptidase, the obtained amino acid sequence GAAGI corresponded to the
carboxyterminal triple-helical area of α1(III) containing a lysine residue involved in
intermolecular cross-linking. Cross-link analysis of the IIINTP antigen indicated that at
least 80 % of the cross-links were hydroxylysylpyridinoline (unpublished data, courtesy
of Jason Mansell, Bristol University). With the purified IIINTP antigen, a
radioimmunoassay for the cross-linked aminoterminal telopeptide of type III collagen
was established.

5.2. New radioimmunoassays for type III collagen
A radioimmunoassay for IIINTP from human uterine leiomyoma was developed based on
polyclonal antibodies and iodine-labeled IIINTP antigen. A 1:400 dilution of the
antibodies was chosen, giving 53 % binding. In paper IV, another antiserum with a
different dilution (1:200) but similar immunological properties was used. Serum samples
did not give inhibition in the assay, indicating that the physiological degradation product
of type III collagen likely to exist in the circulation differs from the trypsin-generated
telopeptide antigen. The intra- and interassay coefficients of variation were tested by
using 100 µl trypsin-digested human colon tissue diluted 1:1000. The intra- and
interassay coefficients of variance were 6 % and 10 %, respectively.
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An immunoassay for the synthetic peptide SP 6, having the sequence
DVKSGVAVGGLAGY from the aminoterminal telopeptide of the α1-chain of type III
collagen, was also established in the same way as the IIINTP assay. A 1:2000 dilution of
the antibodies was chosen, giving 45 % binding in the assay. In this assay, the serum
samples gave linear inhibition, and 1:2 dilution of serum (about 50 % inhibition) was
used to determine the intra- and interassay variations, which were 4.3 and 11.5 %,
respectively.

5.3 Type I and III collagens in atherosclerotic plaques (I)
Trypsin digestion was found to release effectively the cross-linked type I (ICTP) and type
III (IIINTP) collagen telopeptide antigens from atherosclerotic plaques into analysis (see
Figure 1 in paper I). The ICTP and IIINTP antigens were partially purified from the
trypsin-digested plaque material, and both these cross-linked telopeptides were found to
be similar to those of the corresponding standard antigens, indicating mature crosslinking of these collagen types (see Figure 2 in paper I). In addition, the samples gave a
linear inhibition in the ICTP and IIINTP assays. Furthermore, the IIINTP and ICTP
antigens in the atherosclerotic plaques corresponded in size to the trivalent, fully crosslinked peptide standards, when studied by gel filtration (see Figure 5 in paper I).
The amount of type III collagen (calculated as a percentage of the sum of types I and
III, respectively), was 61 % (CI 58 – 65) in human atherosclerotic plaques (n = 17) and
56 % (CI 44 – 68) in atherosclerotic aortic specimens (n = 8). The one healthy young
aorta contained 72 % of type III collagen. For comparison, in human leiomyoma and
placenta, the proportions of type III collagen calculated in the same way were 35 % and
33%, respectively. In the calcified fraction of the atherosclerotic plaques, the mean
proportion of type III collagen was 54 %.
The amount of type III pN-collagen was calculated from the molar amounts of PIIINP
and IIINTP. To validate the results obtained, the effect of trypsin digestion on the
antigenicity and size of the PIIINP antigen was studied. After trypsin digestion, a
truncated form of the monomeric propeptide chain appeared, indicating partial cleavage
of the propeptide leading to a 50 % decrease in the immunoreactivity of this peptide (see
Figures 3 and 4 in paper I). Thus, the trypsin loss of PIIINP was corrected by multiplying
the obtained PIIINP concentrations by two. The amount of type III pN-collagen in the
insoluble matrix of the plaques was 0.0081 % (CI 0.0042-0.0121) (see Table 2 in paper I).
In the soluble tissue extracts, type III pN-collagen accounted for 42 % of the total type
III collagen content. The mean concentrations of type I procollagen propeptides were
very low (PINP 0.13 µg/g and PICP 1.18 µg/g) in the soluble tissue extracts, indicating a
low rate of type I procollagen synthesis. The mean PIIINP concentration was 0.31 µg/g.
Gel filtration analysis of the soluble tissue extracts revealed that the type III collagen was
in the form of pN-collagen, whereas PINP was always present as a free propeptide. For
PICP, in turn, nearly equal amounts of authentically cleaved propeptide and type I pCcollagen were seen (see Figure 6 in paper I).
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5.4. Type I and type III collagens in human abdominal
aortic aneurysms (II)
The average amounts of type I and type III collagens expressed per total hydroxyproline
were 5.3 and 3.4 times higher in the abdominal aortic aneurysms (AAA) than in the
atherosclerotic aortic samples (AOD), respectively (see upper panel of Figure 2 in paper
II). However, the mean hydroxyproline concentrations were practically the same in both
AAAs (7.8 ± 1.4 mg/g) and AODs (7.8 ± 1.2 mg/g). The relative amount of type III
collagen was 44 % (CI 38-41) in AAAs (n = 9) and 60% (CI 53-67) in AODs (n = 10) (p
< 0.001), indicating a significantly smaller relative amount of cross-linked type III
collagen in aneurysm tissue (see lower panel of Figure 2 in paper II). The concentrations
of ICTP and IIINTP antigens correlated significantly in both AAAs (r = 0.867; p < 0.002)
and AODs (r = 0.648; p < 0.043). In both groups, most of the IIINTP antigen eluted as
one peak corresponding to the elution position of the trivalently cross-linked
aminoterminal telopeptide antigen of type III collagen (see Figure 3 in paper II).
The mean absolute amounts of PIIINP in the insoluble fractions of AAA and AOD
samples were 14.9 µg/g and 0.27 µg/g, respectively (see Figure 7A in paper II). The
average relative amount of type III pN-collagen in the insoluble collagenous matrix was
over 12 times higher in AAAs (0.74 %) than in AODs (0.06%) (see Table 1 in paper II).
This difference was also evident in the gel filtration analysis, where the PIIINP
antigenicity eluted mostly in one major peak in AAAs, whereas no propeptide derived
antigens were seen in AODs (see Figure 3 in paper II). The major peak of PIIINP
antigenicity in insoluble AAA tissue shown in Figure 3 in paper II corresponded in size
to the partially cleaved PIIINP molecule (see chapter 5.3. and Figure 3 in paper I). Thus,
we were able to use the same correction factor 2 as in paper I. However, some PIIINP
antigenicity, clearly smaller in size, was found in the gel-filtrated samples (see Figure 3
in paper II). When purified from human uterine leiomyoma, this smaller peptide was
found to be a single monomeric chain corresponding to the Col 1 part of the
aminoterminal propeptide (see Figure 5 in paper II). This smaller form of digested PIIINP
reacted about 30 times less intensely in the radioimmunoinhibition assay for the intact
aminoterminal propeptide of type III collagen than did the larger trypsin-generated
PIIINP (see Figure 6 in paper II).
The mean absolute amounts of PIIINP in the soluble tissue extracts of AAA and AOD
were 0.68 µg/g and 1.15 µg/g (see Figure 7B in paper II). As much as 78 % of PIIINP
was found to be soluble in AODs, whereas the corresponding percentage in AAAs was
only 6 %. In the soluble tissue extracts, the relative amount of type III pN-collagen
accounted for 69 % and 41 % in AAAs and AODs, respectively (see Table I in paper II).
The solubilized PIIINP antigens were studied on Sephacryl S-300 gel exclusion
chromatography; most of the PIIINP antigenicity in AAAs eluted as type III pN-collagen,
whereas AODs also appeared to contain free propeptide (see Figure 4 in paper II).
Immunohistochemical studies (M.K. Bode, Y. Soini, J. Melkko, J. Satta, L. Risteli, J.
Risteli, unpublished data) indicated abundant PIIINP staining in the media of abdominal
aortic aneurysms, whereas type I pN-collagen localized in the intima in both AAAs and
AODs (Fig. 5). The healthy aorta, in turn, showed no immunoreactivity for either PIIINP
or PINP (not shown).
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Fig. 5. Immunohistochemical type I (A) and type III (B) pN-collagen staining in abdominal
aortic aneurysms. Type I (C) and type III (D) pN-collagen staining in atherosclerotic
abdominal aorta. Hematoxylin counterstain, original magnification, x 10, i = intima, m =
media, a = adventitia.
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5.5. Type I and III collagens in colon diverticulosis and
colon cancer (III)
The total collagen content was measured in trypsin-digested colon tissue by
hydroxyproline analysis, which showed about 50 % less collagen in malignant tissue than
controls (see Figure 1A in paper III). The amount of fibrillar type III collagen measured
by IIINTP presented a similar pattern: the cancer samples showed less cross-linked type
III collagen than did the controls (0.14 mg/g and 0.36 mg/g, respectively). For type I
collagen, no such significant difference was found (see Table I in paper III). The
proportion of type III collagen (as a percentage of the sum of type I and III collagens)
was significantly decreased in malignant samples (see Table I in paper III). The
correlations were 0.884 between hydroxyproline and ICTP, 0.940 between
hydroxyproline and IIINTP, and 0.877 between ICTP and IIINTP. The amount of fibrillar
type III pN-collagen was also assessed (calculated from the molar amounts of PIIINP and
IIINTP). The mean amounts of type III pN-collagen were 0.48 % (range 0.00-2.97), 1.71
% (range 0.15-5.96) and 0.40 % (range 0.05-1.38) in diverticulosis, cancer samples, and
controls, respectively. However, due to the obvious large variation, there were no
statistically significant differences between the groups analyzed.
The trypsin-digested type I and III collagen antigens were characterized by gel
filtration analysis on Sephacryl S-100, to further analyze their molecular sizes and the
state of cross-linking. In order to do that, immunoassays for ICTP, IIINTP, SP4 and SP6
were applied. In the samples of malignancy, the ICTP antigen eluted in one peak,
corresponding to the trivalently cross-linked mature type I collagen. SP4, however, eluted
in two peaks, the latter representing immaturely cross-linked type I collagen. In the
diverticulosis and control samples, no such tendency was evident (see Figure 2 in paper
III). In all the samples, type III collagen eluted in one peak, representing the maturely
cross-linked type III collagen, IIINTP (see Figure 2 in paper III).
The aminoterminal propeptide domains of type I and III procollagens, PINP and
PIIINP, respectively, were quantified in the soluble fraction, where the molecules are in
transit from biosynthesis to collagen fibers. The mean PINP concentrations were
significantly higher in the colon cancer samples than in the controls (1.57 µg/g and 0.24
µg/g, respectively). The mean PIIINP values, in turn, were significantly higher in
diverticulosis than in the controls (1.73 µg/g and 0.83 µg/g, respectively). The proportion
of type III collagen (as a percentage of the sum of type I and III collagen) was
significantly decreased in the tumor samples (see Table II in paper III).
The sizes of the soluble PINP and PIIINP antigens were assessed by gel filtration
analysis on Sephacryl S-300. The major PINP and PIIINP antigenicities in the tumor
samples eluted as free propeptides related to the ongoing synthesis. In diverticulosis,
PINP eluted as a free propeptide, whereas the profile for PIIINP showed practically
identical amounts of type III pN-collagen and free aminoterminal propeptide. In the
control samples, most of the PINP and PIIINP antigenicities eluted in their pN-form (see
Figure 3 in paper III).
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5.6. Type I and III collagens in ovarian tumors (IV)
The tissue contents of both ICTP and IIINTP were lower in the malignant than in the
benign tissues. For type I collagen, this tendency was even more obvious: the amount of
ICTP in the benign cystadenomas was about 8 times higher than that in adenocarcinomas
(mean 0.57 mg/g and 0.07 mg/g, respectively, see Table 2 in paper IV). Furthermore, the
amount of total collagen measured by hydroxyproline analysis showed a nearly five-fold
decrease in the malignant samples compared to the benign ones (see Table 2 in paper IV).
There was a strong correlation between hydroxyproline and IIINTP (0.96),
hydroxyproline and ICTP (0.98), and IIINTP and ICTP (0.96).
The amount of type III collagen (calculated as a percentage of the sum of type I and III
collagens) was 35 % (CI 28-42 %) in the benign ovarian tumor tissue. In the insoluble
tissue, the PIIINP/IIINTP ratio was used to estimate the amount of type III pN-collagen,
which was clearly elevated in the malignant samples (3.20 % in adenocarcinomas and
0.70 % in cystadenomas, see Table 3 in paper IV). There was no statistically significant
difference, however, in the total amount of PIIINP in the trypsin-digested ovarian tumors
between the two groups (see Table 3 in paper IV). In the soluble extracts, the mean PINP
concentration was higher in the carcinoma samples than in the benign tumors (2.45 µg/g
and 1.00 µg/g, respectively). No such tendency was evident for PIIINP (2.04 µg/g for
malignant and 1.44 µg/g for benign samples).
The sizes of the type I and III collagen telopeptide fragments were analyzed on gel
exclusion chromatography. In the benign samples, most of the ICTP and IIINTP antigens
eluted in one major peak, corresponding to the trivalently cross-linked telopeptide
antigens (see Figures 1A-C and 2A in paper IV). In the malignant samples, however,
there were also smaller forms present, indicating immaturely cross-linked type I and III
collagens (see Figures 1D-F and 2B in paper IV).
The soluble PINP and PIINP antigens were also characterized by gel filtration. In both
the benign and the malignant samples, the major PINP antigenicity eluted as a free
propeptide, whereas PIIINP was present in its pN-form (see Figure 3 in paper IV).
In the benign samples, PINP staining showed type I pN-collagen mainly at the
epithelial-stromal junction, whereas in poorly differentiated tumors PINP was seen near
the malignant cells. Mature cross-linked type I collagen (ICTP staining) was weaker in
the malignant samples compared to the benign ones. Type III pN-collagen staining
resembled that seen for type I pN-collagen. Immunostainings also revealed disorganized
type I and type III collagen fibers in malignant tumors (see Figure 4 in paper III).
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Table 3. Summary of the quantitative and qualitative findings of type I and III collagens
in the human tissues studied.
Type III/
(Type III +I) %

Type III pN/
Total Type III %

Immaturely cross-linked
forms of
________________________________________________________

type I

type III

Atherosclerotic
plaques (n = 17)

61

0.01

-/+

-/+

Aorta
AOD (n = 10)
AAA (n = 9)

60
44

0.06
0.74

-/+
-/+

-/+
-/+

Ovarian tumor
Benign (n = 8)
Malignant (n = 10)

35
42

0.70
3.20

-/+
+++

-/+
++

Colon
Cancer (n = 6)
Diverticulosis (n = 24)
Control (n = 9)

53
62
65

1.71
0.48
0.40

+++
-/+
-/+

-/+
-/+
-/+

Placenta (n = 1)
Leiomyoma (n = 1)

33
35

8.50
1.41

ND
++

ND
++

ND = not determined
-/+ = no or minor amounts ; ++ = moderate, and +++ = large amounts of immature forms,
determined by gel exclusion chromatography by antigen size (qualitative analysis)

6. Discussion
6.1. Insoluble vessel wall collagens – methodological and
structural aspects
One of the most striking events of atherosclerosis is the accumulation of fibrillar
collagens, which is why the quantities of especially type I and III collagens in
atherosclerotic lesions have been extensively investigated (see Barnes 1985, Rauterberg
et al. 1993 for reviews). However, the evidence has remained controversial. The initial
work by McCullagh & Balian (1975) suggested type III collagen to predominate in
normal arterial wall. Since then, research results have indicated type I collagen to be the
major collagen type in both normal and atherosclerotic arteries (see Barnes 1985). Our
study (paper I), in turn, suggested that type III collagen predominates in atherosclerotic
lesions.
The amounts of collagen types found in arterial wall may depend on the method of
extraction, and type III collagen seems to be more easily extractable than type I collagen
(Szymanowicz et al. 1982). Pepsin, for example, cleaves collagen molecules from the
telopeptide region, which contains the sites for intermolecular cross-linking. Thus, pepsin
digestion may result in different degrees of solubilization due to the different extents of
intermolecular cross-linking (see Rauterberg et al. 1993). Most previous studies on the
quantitative ratios of type I and III collagens have been made by using cyanogen bromide
(CNBr), which cleaves after the methionine residue (see Rauterberg et al. 1993). This
method has several advantages compared to pepsin digestion, one of the most important
being the high yield of soluble collagenous peptides. However, the cleavage of the
collagen chains may be incomplete due to methionine oxidation. In addition, the CNBr
method is very often based on simple staining of the cleaved peptide fragments on SDSPAGE, which is not ideal for collagenous sequences. Recently, improved methods based
on the quantitation of collagens by capillary electrophoresis after CNBr digestion have
been developed (Deyl et al. 1997). Trypsin is known to cleave after the amino acids
lysine and arginine, liberating the cross-linked telopeptides into analysis. Furthermore,
previous studies have shown that trypsin solubilizes 99 % of cross-linked type I collagen
(Kuboki et al. 1981). Due to these reasons, in addition to the easy availability and low
price of the enzyme, trypsin was selected for these studies.
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The presence of differently organized type I and III collagen fibrils could theoretically
influence the solubility of collagens and the interpretation of the data. Two populations of
fibrils, the smaller ones about 28 nm and the larger ones about 42 nm in diameter, have
been described in the aortic wall by Shiraishi et al. (1980). In contrast, Raspanti et al.
(1989) detected only one kind of fibril population in the aortic media, but found evidence
of two morphologically different fibril types in other tissues, one arranged into
unidirectionally packed fibrils and the other with a helical conformation. Raspanti et al.
(1989) further suggested that unidirectional packing would be characteristic of skeletal
tissues, whereas helical fibrils might be present in, for example, skin and vessel walls.
There is evidence to suggest that helically arranged fibrils are present in tissues rich in
type III collagen, but there are also exceptions to this rule (see Rauterberg et al. 1993).
Henkel (1996) previously investigated the supramolecular assembly and cross-linking
of the carboxyterminal telopeptide of type III collagen. He suggested that several dimers
containing two quarter-staggered molecules with hydroxylysine or lysine-derived crosslinks can be thought as being joined by disulfide bonds, resulting in a tetrameric structure
stabilized by lysine derived cross-links connecting the N-telopeptides of different type III
collagen molecules (Henkel 1996). The different ways of organization and cross-linking
of fibrillar collagens are likely to influence the mechanical properties of tissues and thus
their functions. They may also have an effect on the results and their interpretations in
studies aiming to quantify collagens in tissue digests.
The total collagen contents of tissue samples have been traditionally measured by
hydroxyproline analysis (Kivirikko et al. 1967). Many different types of collagens have
been described in vessel walls (see Barnes 1985, Rauterberg et al. 1993), and since the
amount of one collagen type may increase at the same time as that of another decreases,
hydroxyproline content cannot give any easily interpretable information on specific
collagen types. In paper II, the total amount of hydroxyproline was not significantly
different between AAAs and AODs, similarly to the finding published by Minion et al.
(1994). However, type I and III collagen specific analyses showed the amounts of the two
fibrillar collagen types to be larger in AAAs than in undilated atherosclerotic aortas.
Thickening of the intima due to atherosclerosis may increase the amounts of at least type
V, VI (Katsuda et al. 1992) and VIII collagens (Plenz et al. 1999), which may explain the
lower amounts of type I and III collagens per hydroxyproline in AODs. Furthermore,
hydroxyproline is not collagen specific, since several other proteins, such as elastin, the
C1q component of complement, scavenger and some other cell surface receptors, and
acetylcholinesterase, contain hydroxyproline (see Kielty et al. 1993).

6.2. Type I and III collagens – soil for atherosclerosis
Fibrillar type I and III collagens constitute a major part of the total plaque protein (see
Barnes 1985 for a review) and occupy about 80 % of the section area in samples of
human coronary restenotic lesions (Pickering et al. 1996). Thus, these collagen types play
an important role in plaque growth and arterial lumen narrowing. In addition, collagen
stimulates atherogenesis by serving as a depot for proatherogenic peptides and molecules,
such as lipoproteins, growth factors and cytokines, and modulates the responses of
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inflammatory cells and SMC proliferation (see Rekhter 1999). Furthermore, injury to the
endothelium leads to activation of the coagulation system, since the thrombogenic
material of the plaque - lipids and collagens in particular - is exposed, resulting in
thrombus formation.
A typical feature of advanced atherosclerosis is calcification, which shares many
histological features with bone and involves many bone-related proteins, such as
osteopontin, osteonectin and osteocalcin (Hirota et al. 1993, Bini et al. 1999). These bone
matrix proteins, apolipoproteins, fibrinogen, and proteases, are suggested to interact in
the formation of calcification and thus the progression of the atherosclerotic lesions (Bini
et al. 1999). Furthermore, intraplaque thrombus is suggested to contribute to arterial
calcification as a source of osteocalcin (Bini et al. 1999). Osteonectin promotes binding
of calcium to collagen (Termine et al. 1981), and vascular calcification is, in turn,
promoted by type I collagen and fibronectin in in vitro conditions (Watson et al. 1998).
In the current quantitative analyses of type I and III collagens in atherosclerotic plaques,
no marked differences were seen between the non-calcified and calcified insoluble type I
and III collagens. Thus, despite the reported similarities in bone mineralization and
vascular calcification, the presence of type III collagen in mineralized aortic tissue does
not suggest the calcification process to be identical with that in bone.
The present study demonstrated that the amount of partially processed type III
procollagen molecules with a retained aminoterminal propeptide (type III pN-collagen) is
negligible in atherosclerotic plaques. In addition, the synthetic activity of these collagen
types was found to be very low, as suggested by the small concentrations of free
propeptides in the soluble fraction, where collagen molecules are in transit from
biosynthesis to collagen fibers. Thus, the present data supports the idea of metabolically
inert, silent plaques (Kockx et al. 1998). Type I and III collagens appear to be fully crosslinked in atherosclerotic plaques. This is consistent with the previously reported increased
activity of lysyl oxidase, an enzyme responsible for the cross-linking of collagen in the
rabbit aorta with diet-induced atherosclerosis (Kagan et al. 1981). Thus, mature crosslinking reflects the fibrotic process seen in atherosclerosis.
Several previous studies have implicated matrix metalloproteinases (MMPs), which
are enzymes responsible for collagen degradation, in the destabilization and rupture of
atherosclerotic lesions (Henney et al. 1991, Galis et al. 1994, Brown et al. 1995, Nikkari
et al. 1995, Shah et al. 1995, Li et al. 1996, Sukhova et al. 1999). It can be suggested that
the synthesis and degradation of collagens in the plaque are relatively balanced processes,
but over time the degradation of collagens may overcome the synthesis, resulting in
plaque rupture. On the other hand, if collagen synthesis decreases due, for example, to the
reported inhibitory effect of monocyte prostaglandins (Fitzsimmons et al. 1999) and Tlymphocyte-derived IFN-γ (Amento et al. 1991) on collagen production, or apoptosis of
SMCs (Bauriedel et al. 1999), an acute lack of plaque-stabilizing collagenous matrix
might develop and result in complications (see Lee & Libby 1997, Rekhter 1999). This is
consistent with the finding that macrophages, T-lymphocytes and activated monocytes
are particularly abundant at the site of plaque rupture, whereas the number of SMCs is
decreased (van der Wal et al. 1994, Kovanen et al. 1995). Many reports have suggested
fibrous plaques to be clinically more stable than those containing large pools of lipids
(see van der Wal & Becker 1999). Feeley et al. (1991) reported that even though
asymptomatic carotid plaques contain more fibrous material (88 %) than symptomatic
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plaques (66 %), no relationship between plaque composition and the number of ischemic
events was evident.
The development of atherosclerosis and restenosis is a very complex process involving
many different but interrelated factors. Therefore, further studies on the regulation of
collagen synthesis, processing and degradation are necessary to reveal the underlying
mechanisms.

6.3. Abdominal aortic aneurysms and atherosclerosis
Because atherosclerosis is an almost universal finding in the walls of aneurysms, AAAs
have been thought to be caused by atherosclerosis. In addition, the risk factors for these
two clinical conditions – high blood pressure, high serum cholesterol, and cigarette
smoking – are the same (Reed et al. 1992).
Proliferation of SMCs is a typical feature in atherosclerosis (see Ross 1993), whereas
the density of these cells in aneurysmal wall is low due to apoptosis (López-Candales et
al. 1997, Henderson et al. 1999). SMCs together with adventitial fibroblasts are the
source of collagens in the aortic wall. Atherosclerosis is characterized by accumulation of
the extracellular matrix. Most of the existing data on AAAs suggest increased
procollagen expression (McGee et al. 1991, Mesh et al. 1992, Minion et al. 1993). The
proportion of collagen has been reported to be increased (Menashi et al. 1987, Rizzo et
al. 1989, Baxter et al. 1994, He & Roach 1994), unchanged (McGee et al. 1991) or even
decreased (Sumner et al. 1970) in AAAs compared to undilated aortas. In our study, no
such comparison was possible due to the different extents of calcification between the
AOD and AAA samples. However, since the amounts of aminoterminal propeptide of
type III procollagen, PIIINP, in the soluble tissue extracts of AAAs and AODs did not
differ, the synthesis of type III procollagen does not seem to be markedly increased in
dilated aorta.
Type III collagen molecule with a retained aminoterminal propeptide is often found on
the surface of collagen fibrils. When the fibril has reached its final diameter, the
aminoterminal propeptide is retained, thus preventing the attachment of other collagen
molecules to the fibril surface (Fleischmajer et al. 1985). Satta et al. (1995) found higher
serum PIIINP concentrations below than above the aneurysmal region, which also
provided a rationale for us to investigate type III collagen at tissue level. Indeed, the
current study (paper II) indicated that the amount of type III pN-collagen is increased in
abdominal aortic aneurysms, thus suggesting the presence of thinner than usual type III
collagen fibers. This might result in increased susceptibility of collagen to proteases,
which are clearly increased in abdominal aortic aneurysms. There are studies indicating
the presence of MMP-1, the main substrate of which is native type III collagen, in AAA
tissue (Irizarry et al. 1991, Newman et al. 1994). Most studies have concentrated on
gelatinases (MMP-2 and –9), the activities of which have usually been reported to be
higher in AAAs compared to AODs, with a few exceptions, where no differences
between these two clinical conditions were seen (see Grange et al. 1997 for a review).
More recent findings have suggested that MMP-9 is elevated in both AAA and AOD
tissue, whereas the MMP-2 mRNA and protein levels are only significantly higher in
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AAA tissue samples (Davis et al. 1998). At the same time, however, Elmore et al. (1998)
reported completely opposite results, suggesting that MMP-9, but not MMP-2, is an
important factor in the etiology of AAAs. The role of these MMPs in aneurysm
pathogenesis has been mainly attributed to their elastolytic properties. However, native
type I and denatured collagen have also been reported as substrates for gelatinases (see
Kähäri & Saarialho-Kere 1997).
Fragmentation and decreased concentrations of elastin have been described as one the
most striking histologic features in aneurysm tissue (Rizzo et al. 1989, Baxter et al.
1992). Changes in elastin content and architecture are not, however, exclusive to AAAs,
but have also been described in AOD tissue (Campa et al. 1987). Degradation of elastin
leads to aortic dilatation, whereas degradation of collagen results in both dilatation and,
above all, rupture (Dobrin & Mrkvicka 1994). Thus, an increased amount of type III pNcollagen might be responsible for at least part of the clinical manifestations of aneurysms,
making the collagen molecules more susceptible to degradation.
Infiltration of inflammatory cells is a characteristic feature of aortic aneurysms and
atherosclerosis. Since some of the matrix-regulating peptides together with proteolytic
enzymes are produced by inflammatory cells, this has an important role in both collagen
and elastin metabolism (see Ghorpade & Baxter 1996, Grange et al. 1997). Furthermore,
both atherosclerosis (see Movahed 1999) and abdominal aortic aneurysms (Juvonen et al.
1997) have also been previously suggested to be associated with Chlamydia pneumoniae
infection.
Our recent immunohistochemical studies have shown abundant type III pN-collagen
staining in the media of aneurysms (see Fig. 5 in Results-section). Type I pN-collagen
staining, in contrast, was seen in the intima of both AAA and AOD specimens. Thus, it
seems that the atherosclerotic injury in the intima causes fibroproliferative reactions
characterized by enhanced synthesis of type I procollagen, whereas the pathogenesis of
abdominal aortic aneurysms includes changes in type III collagen metabolism in the
media layer. Recent data suggests that the MMPs 1, 2 and 9 are differently expressed in
the aortic wall of AAAs and AODs (Palombo et al. 1999). Therefore, type III collagen in
the media of aneurysms might be under a more severe proteolytic attack than the wall of
a corresponding atherosclerotic aorta without dilatation.
In our biochemical studies (paper II), the relative amount of type III collagen was
significantly lower in aneurysms than in AODs and atherosclerotic plaques. These
observations together with the previously reported observations on decreased type III
collagen in AAAs (Kuga et al. 1998, van Keulen et al. 1999) and cerebral aneurysms
(Pope et al. 1981, van den Berg et al. 1997) suggest a very important role of type III
collagen in aneurysm formation. In addition, Pauschinger et al. (1999) reported a
decreased relative amount of type III collagen in dilated cardiomyopathy, a disorder
similar to AAAs. The disorder in the processing of type III collagen might predispose
aneurysmal tissue to atherosclerosis, because the PIIINP molecule contains a
transglutamination site available to LDL binding, for example (Bowness et al. 1989). On
the other hand, this was not the case in atherosclerotic plaques in paper I, since the
amount of type III pN-collagen was negligible.
A clear familial tendency of AAAs has been demonstrated on several occasions (see
Verloes et al. 1996). Ehlers-Danlos syndrome type IV is caused by several mutations in
the type III procollagen gene (see Kuivaniemi et al. 1997 for a review), and there is also
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evidence of type III procollagen gene mutations in familial aneurysms (Kontusaari et al.
1990, Anderson et al. 1996). In the present study, all the AAAs were atherosclerotic and
without a family history. Yet, the relative proportion of type III collagen in AAA tissue
was decreased. Therefore, one might question if there is a genetic factor involved, which
only becomes apparent after the damaging effect of atherosclerosis on the aortic wall.

6.4. Type I and III collagens in AAA and diverticular disease of colon
The macroscopic appearance of both colon diverticula and abdominal aortic aneurysms
suggests a loss of tensile strength of the tissue. Abnormalities in the architecture of
elastin can be seen in both AAAs (Rizzo et al. 1989) and colon diverticulosis (Whiteway
& Morson 1985). In addition, both of these clinical conditions may be associated with at
least genetic factors and increased intraluminal pressure. The collagen content has been
reported to be increased in AAAs (Menashi et al. 1987, Rizzo et al. 1989, Baxter et al.
1994, He & Roach 1994). In colon diverticulosis, the total amount of collagen is not
altered, but an increase in the proportion of insoluble collagen has been suggested (Wess
et al. 1995).
The present data indicates that type I and III collagens are maturely cross-linked in
both AAAs and colon diverticulosis. However, the increase in type III pN-collagen was
only seen in aneurysm tissue. In contrast to Wess et al. (1995), there was no sign of
increased cross-linking of collagen in colon diverticulosis. However, the result of Wess et
al. was only based on hydroxyproline analysis and observations on collagen solubility in
weak acids, which makes the obtained results susceptible to several errors. Mature
collagen cross-linking is thought to be a general feature of fibrotic conditions (RicardBlum et al. 1993), which is supported by the abundant ICTP staining in liver fibrosis
(Ricard-Blum et al. 1996). Because the amount of maturely cross-linked telopeptides
(ICTP and IIINTP) and hydroxyproline was not increased in colon diverticulosis, our
results did not indicate a marked fibrotic process in this clinical situation.
In AAAs, mature cross-linking of type III collagen was found. There is evidence of a
lower total amount of cross-links in ruptured intracranial aneurysms than in unruptured
aneurysms or healthy controls (Gaetani et al. 1998). Furthermore, the involvement of
proteases in the pathogenesis of aneurysms has been established on several occasions.
Thus, it seems that the whole situation may depend on the presence or absence of balance
between the synthesis, cross-linking and degradation of collagen. On the other hand, we
were unable to find any signs of decreased cross-linking in the two AAA specimens,
which had ruptured. The relative amount of type III collagen was decreased in AAA
tissue but not in colon diverticulosis, suggesting that type III collagen has a different
function in the wall of the colon compared to the aorta. However, the rate of type III
procollagen synthesis seemed quite active in colon diverticulosis, where the amount of
PIIINP in the soluble tissue extract was significantly increased compared to normal
controls. In addition, soluble PIIINP eluted partly in its cleaved form in gel filtration
analysis, suggesting ongoing synthesis. In AAA tissue, in turn, the synthesis of type III
procollagen did not seem to be particularly increased when analyzed quantitatively, thus
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suggesting that the delayed maturation of type III collagen might be the reason for
increased type III pN-collagen.

6.5. Maturation and processing of type I and III collagens in ovarian
and colon cancer
The previously reported increased expression of type I and III procollagens in ovarian
(Kauppila et al. 1996) and type I collagen in gastrointestinal carcinomas (Ohtani et al.
1992) was supported by the increased synthesis of type I collagen measured by PINP
assay in the soluble tumor extracts. However, the amounts of cross-linked type I and III
collagen antigens and hydroxyproline were lower in the enzyme-digested malignant
tissues than in the benign or normal controls. In addition, the cross-linking of especially
type I collagen was found to be defective in tumor tissue. This is in agreement with the
previous findings indicating that the expression of lysyl oxidase, a key enzyme in crosslinking process of fibrillar collagens, is decreased in malignancies (Hämäläinen et al.
1995, Peyrol et al. 1997). Thus, the malignant process seems to be very different from
many other situations, e.g. wound healing, where the expression of lysyl oxidase
increases together with increasing collagen expression (Fushida-Takemura et al. 1996).
This might suggest that lysyl oxidase, in addition to having a role in collagen crosslinking, also has many other important regulatory functions in malignant tissues. Indeed,
it has been suggested that lysyl oxidase might have a function as a tumor suppressor
(Contente et al. 1990).
In paper IV, the immunohistochemical studies on malignant ovarian tumors showed
irregular arrangement of collagen fibers, as also described previously in our laboratory
(Zhu et al. 1993a, Zhu et al. 1995). This is most probably due to the increased proteolytic
activity in malignant tissue. Increased levels of MMP-2 have been reported in both
ovarian and gastrointestinal cancer (Levy et al. 1991, Autio-Harmainen et al. 1993,
Moser et al. 1994, Afzal et al. 1996). In addition to MMP-2, MMP-1 has also been
shown to be associated with ovarian and colorectal cancer (van der Stappen et al. 1990,
Kanamori et al. 1999). MMP-1 is able to cleave fibrillar type I and III collagens, whereas
MMP-2 has been shown to degrade native type I collagen in addition to type IV collagen
(Aimes & Quigley 1995). Indeed, MMP-1 produced by breast tumor cells has been
reported to effectively mediate invasion by degrading type I collagen (Benbow et al.
1999). Interestingly, there is new data to suggest that MMP-1 is a target gene for tumor
suppressor protein p53 (Sun et al. 1999). Thus, the ECM degradation seen in
malignancies due to high levels of MMPs might be related to inactivation of p53. Many
other matrix metalloproteinases, e.g. MMP-7 in gastrointestinal cancer (Adachi et al.
1999), have been associated with tumor progression and invasion as well (see Kähäri &
Saarialho-Kere 1999), but these matrix metalloproteinases do not necessarily cleave
fibrillar type I and III collagens.
Even though the type I collagen synthesis detected by PINP was increased in
malignant samples, no such tendency was seen in the case of type III collagen measured
by PIIINP. The amount of type III collagen with the retained aminoterminal propeptide,
called type III pN-collagen, was significantly increased in the insoluble ovarian
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carcinoma tissue, suggesting enhanced type III collagen metabolism. This was not the
case in colon cancer. The increased amounts of type III pN-collagen might contribute to
tumor invasion by leaving the fibers thinner (Fleischmajer et al. 1985) and thus more
susceptible to proteolysis by MMPs. An interesting observation in both ovarian and colon
cancers was that type I collagen was more poorly cross-linked than type III collagen. This
phenomenon might suggest that type III collagen undergoes mature cross-linking more
rapidly than type I collagen, being therefore more resistant to proteolysis. On the other
hand, firmly cross-linked collagen may have decreased endurance for tension (Allain et
al. 1978), and hence be mechanically weak and susceptible to degradation. The above
differences between type I and III collagen synthesis and processing might be related to a
recent observation by Boyd & Balkwill (1999) suggesting that type I collagen induces
MMP-2 production in ovarian carcinoma. Thus, type I collagen may be more important
in the regulation and function of tumor matrix proteins and malignant cells than type III
collagen.

7. Conclusions
The aim of the present study was to biochemically characterize the tissue contents of type
I and III collagens in various clinical conditions.
1. In contrast to the current opinion, human atherosclerotic plaques contained a lot of
type III collagen. In addition, the type III collagen was found to be completely
processed, since the amount of type III pN-collagen was low. Both type I and III
collagens were maturely cross-linked. This together with the low levels of type I and
III procollagen propeptides in soluble tissue extracts warrants the conclusion that
metabolic inertia prevails in atherosclerotic plaques. Thus, the possible
thrombogenicity of type III collagen must be based on completely processed and
cross-linked collagen.
2. In abdominal aortic aneurysms (AAAs), the relative amount of type III collagen was
decreased, whereas the amount of incompletely processed type III collagen with the
retained aminoterminal propeptide was increased. Because type III pN-collagen has
been reported to regulate the fibril diameter, it is suggested that the collagen fibers in
AAAs are thinner, possibly resulting in susceptibility to proteolysis and decreased
tensile strength. Furthermore, the retained aminopropeptide might interfere with the
cross-linking process.
3. Collagen synthesis was enhanced in ovarian and colon cancer, whereas the total
collagen content in tissue was decreased. The cross-linking of especially type I
collagen was defective in both these clinical conditions. These findings suggest an
increased turnover of collagen in ovarian and colon cancer. The decreased crosslinking might be a general feature in malignant tissue, making collagen fibers more
susceptible to proteolysis and thereby promoting tumor invasion and growth.
4. Type I and III collagens were very similar in normal colon tissue and in colon with
diverticular disease. The only difference was the increased amount of free
aminoterminal propeptide of type III collagen, related to ongoing type III collagen
synthesis. There was no evidence of the previously reported increased cross-linking of
collagen.
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Taken together, the current results suggest that disturbances in the processing, crosslinking and fibril formation of type I and III collagens may lead or contribute to
numerous pathological conditions. For example, the increased proteolysis in AAAs and
malignant processes reported on several occasions might require defective processing of
collagen molecules in order to take place in significant amounts. New biochemical
markers for follow-up or even diagnostic purposes may arise when we learn about the
pathogenesis of these conditions. Knowledge of the pathogenesis of these clinical
conditions may also facilitate the development of new therapeutic applications.
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