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Summary 

 
Hepatic stellate cells (HSCs) and liver myofibroblasts (LMFs) represent major cell 

populations involved in liver fibrogenesis. Several lines of evidence demonstrate that in 

contrast to LMFs, HSCs undergo spontaneous apoptosis both in vitro and in vivo, in 

parallel with their activation. Therefore, LMFs appear to be an essential cell type with 

the fibrogenic potential in the liver. The IGF system including the insulin-like growth 

factors I and II (IGF-I, -II), their receptors (IGF-I receptor, IGF-IR; IGF-II/mannose 6-

phosphate receptor, IGF-II/M6-PR) and six high affinity IGF binding proteins (IGFBPs) 

participate in the regulation of growth and differentiation of cells of the fibroblast lineage, 

possibly contributing to the fibrogenic process. Therefore, the purpose of the current 

work was to study the expression and regulation of the IGF axis components in rat 

LMFs. Since IGF-I is known as a progression factor for the growth-promoting effects of 

platelet-derived growth factor (PDGF) in many cell types, the aim of this work was also 

to study the role of PDGF in proliferation of LMFs and to investigate a possible cross-

talk between PDGFR and IGF-IR signalling systems in rat LMFs.  

LMFs from passages 1 to 7 constitutively expressed transcripts encoding IGF-I, IGF-IR 

and IGF-II/M6-PR. A soluble form of the IGF-II/M6-PR was abundantly produced by 

LMFs, and its release was stimulated by IGF-II and transforming growth factor β (TGF-

β). In LMFs, biosynthesis of IGFBP-3 and -2 was observed that was stimulated by IGF-I, 

insulin and TGF-β and inhibited by PDGF-BB. During cultivation of LMFs IGFBP-3 gene 

expression was down-regulated, whereas that of IGFBP-2 was up-regulated.  

IGF-I stimulated de novo synthesis of type I collagen and had mitogenic activity, 

whereas long-R3-IGF-I, an IGF-I analogue which binds to the IGF receptors but not to 

IGFBPs, had no effect on DNA synthesis in LMFs. Simultaneous addition of 

recombinant human IGFBP-2 or -3 with IGF-I diminished the mitogenic effects of IGF-I 

on LMFs, whereas preincubation of LMFs with IGFBP-2 or -3 potentiated DNA 

synthesis induced by IGF-I. Exogenous IGFBP-3 revealed also mitoinhibitory activity in 

LMFs that was independent from IGF-I. Moreover, a relatively high amount of 

endogenous IGFBP-3 in LMFs was accumulated in the nucleus that might be linked with 

the intrinsic antiproliferative activity of IGFBP-3.  

Recombinant PDGF-BB stimulated DNA synthesis in LMFs and this effect was similar to 

that of IGF-I. Blockade of the IGF-IR with a selective inhibitor completely abrogated 

IGF-I- and PDGF-induced mitogenesis in cultures of rat LMFs. In rat liver, α and β 
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subunits of the PDGF receptor (PDGFR) were exclusively expressed in HSCs and 

LMFs, and were substantially up-regulated during their in vitro cultivation. IGF-I and 

PDGF-BB differentially affected the IGF-IR and PDGFR signalling systems. High 

concentrations of IGF-I induced down-regulation of the IGF-IR and decreased amount 

of IRS-1, a principal adaptor protein of the IGF-IR. Expression and activation of the 

PDGFRα was also inhibited by IGF-I. In contrast, PDGF-BB increased the IGF-IR 

expression and effectively prevented its IGF-I-induced down-regulation. However, 

PDGF-BB inhibited the IGF-I-induced tyrosine phosphorylation of IRS-1 and 

substantially decreased the abundance of several IRS proteins in the cell, in particular 

IRS-1, IRS-2 and Gab-1. PDGF-BB did not affect expression of the PDGFR. 

Transphosphorylation of the PDGFR and the IGF-IR was not observed in LMFs. PDGF-

BB effectively induced phosphorylation of all terminal MAP kinases (ERK1/2, JNK, p38 

kinase) in LMFs in contrast to IGF-I, which had only a weak effect. Inhibition of MEK, 

p38 kinase and JNK effectively blocked IGF-I-induced DNA synthesis in LMFs. 

Inactivation of JNK and p38 kinase also resulted in abrogation of mitogenic effects 

induced by PDGF-BB. However, the rate of PDGF-induced DNA synthesis was 

unaffected when phosphorylation of ERK1/2 was blocked. Inhibition of phospholipase C 

(PLC) in LMFs was associated with a substantial reduction of both PDGF- and IGF-I-

induced DNA synthesis, although in LMFs PLCγ1 was activated only in response to 

PDGF-BB, but not to IGF-I. Blockade of the IGF-IR kinase considerably impaired the 

ability of PDGF-BB to stimulate PLCγ1 activity in LMFs.  

In conclusion, the present study demonstrates that the IGF axis via complex interactions 

with the PDGFR signalling system may play an important role in the proliferation of 

LMFs in vitro that might be relevant in vivo for fibroproliferative response during acute 

and chronic liver injury.  
 
 
 



 13

1. Introduction 
 

1.1. IGF System 

The insulin-like growth factors (IGFs; IGF-I and IGF-II) are structurally related molecules 

that play essential roles in the regulation of metabolic, proliferative, and differentiation 

processes mediated by endocrine, autocrine and paracrine mechanisms (Rajaram et 

al., 1997; LeRoith, 1995). The IGF family is comprised of ligands (IGF-I, IGF-II, and 

insulin), six well characterized high affinity binding proteins (IGFBP-1 through –6), and 

cell surface receptors that mediate the biological functions of the ligands (LeRoith, 

2001). These transmembrane receptors include the IGF-I receptor (IGF-IR), IGF-

II/mannose 6-phosphate receptor (IGF-II/M6-PR), insulin receptor (IR) and recently 

described insulin receptor related receptor (IRR). 

 

 

1.2. Insulin-like Growth Factors 

In 1957, a growth factor was identified that was originally designated as „sulphation 

factor“ (Salmon and Daughaday, 1957) because it was capable to stimulate 35S- 

incorporation into rat cartilage. Froesch et al. (1963) described the non-suppressible 

insulin-like activity (NSILA) of two soluble serum components (NSILA I and II). In 1972, 

the names sulphation factor and NSILA were replaced by the term „somatomedin“, 

denoting a substance under control and mediating the effects of growth hormone (GH) 

(Daughaday et al, 1972). In 1976, two active substances were isolated from human 

serum, which due to their structural resemblance to proinsulin were renamed „insulin-

like growth factors I and II” (Rinderknecht and Humbel, 1976). Both IGFs are 

polypeptides that share 62% homology with proinsulin. However, in contrast to insulin 

and other peptide hormones, they are not stored within cells of a specific tissue but are 

produced by almost any cell in the body and circulate in approximately 1,000-fold higher 

concentrations than most other known peptide hormones (D´Ercole and Wilkins, 1984). 

These properties point to a more universal function of the IGFs in the organism 

compared with the more specific metabolic role of insulin.  
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1.2.1. IGF-I 

The prepro-IGF-I gene consists of six exons in most mammalian species and is located 

on the long arm of chromosome 12 in humans. The coding region of prepro-IGF-I is 

flanked by complex 5´- and 3´-untranslated regions that results in considerable 

heterogeneity in mature IGF-I transcripts. For instance, it has been demonstrated that 

separate start sites present in exon 1 and exon 2 in rat. In exon 1 transcription can be 

initiated from several different sites over a several hundred base pair region. This broad 

range of sites exists because there are no core promoter elements such as TATA and 

CAAT box motifs in exon 1. TATA and CAAT box motifs elements, however, are present 

upstream of the cluster of start sites present in exon 2. Nevertheless, in most tissues, 

the majority of transcripts arise from sites in exon 1. A variety of messenger ribonucleic 

acids (mRNAs), a result of transcription from different promoter sites as well as 

alternative splicing and alternative polyadenylation, eventually encode for 4 precursor 

proteins, which result in only one single molecule of IGF-I consisting of 70 amino acids 

with a molecular weight of 7649 Da (Rinderknecht and Humbel, 1978; Adamo et al., 

1993). Similar to insulin, IGF-I molecule has A and B domains connected by disulphide 

bonds. The C domain connecting A and B domains has 12 amino acids, and a unique D 

domain is present at the carboxy-terminal end and contains 8 amino acid (Rotwein et 

al., 1986). The alternative splicing of IGF-I RNA creates carboxy-terminal extension 

peptides, the E-peptides, which are not part of the mature IGF-I molecules. In addition, 

there is a truncated form of IGF-I that lacks first three N-terminal amino acids after 

cleavage from the prepro-IGF-I. This truncated IGF-I has been identified in human brain 

and has a higher mitogenic potency than the full-length form, perhaps because it does 

not bind to IGFBPs (Carlsson-Skwirut et al., 1989). 

Most of the circulating IGF-I is produced by the liver, although other tissues are capable 

to synthesize this peptide locally. Therefore, IGF-I has characteristics of both a 

circulating hormone and a tissue growth factor. Hepatic production of IGF-I is complex.  

GH, which is produced by the pituitary gland under the regulation of the hypothalamic 

factors somatostatin and growth-hormone-releasing hormone (GHRH), has a dominant 

role in induction of IGF-I gene expression, but its stimulatory influence is markedly 

attenuated by malnutrition (Pollak et al., 2004). IGF-I, in turn, feeds back and negatively 

regulates the GH secretion from the pituitary (Tannenbaum et al., 1983). GH-regulated 

circulating IGF-I levels are considered to be the major regulator of postnatal growth. 

However, recent gene-targeting studies in mice have shown that liver-specific deletion 
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of the IGF-I gene using Cre/loxP recombination system reduced the serum IGF-I 

concentration to approximately 25%. The growth rates and phenotype of these animals 

were not significantly different compared with wild-type animals (Yakar et al., 1999; 

Sjögren et al., 1999). This data points to the importance of extrahepatic, 

autocrine/paracrine production of IGF-I in growth regulation.  

 

1.2.2. IGF-II 

Human prepro-IGF-II gene consists of nine exons and is located on chromosome 11. 

The first six exons are noncoding. There are four promoters (P1-4), each promoter is 

located upstream of exons 1, 4, 5 and 6. A distinct activation pattern of different 

promoters correlates with IGF-II expression during development. Promoters P2, P3 and 

P4 are active in fetal liver, whereas after birth activities of P2-P4 decrease and P1 

becomes dominant. The IGF-II gene is one of the few known genes with parental allele-

specific expression and therefore is referred to as an imprinted gene. In normal cells 

IGF-II is maternally imprinted and is expressed only from paternal copy of the gene, 

whereas maternal allele remains transcriptionally silent. Genomic imprinting is an early 

event occurring during gametogenesis, and is an example of an epigenetic change that 

is a heritable change in phenotype that does not result from a change in DNA nucleotide 

sequence. During the formation of germ cells, genes subject to imprinting are marked 

by methylation according to whether they are present in a sperm or an egg. In this way, 

the parental origin of the gene can be subsequently detected in the embryo. DNA 

methylation is used as a mark to distinguish two copies of a gene that might be 

otherwise identical and to regulate their expression accordingly. In the case of IGF-II, 

methylation of an insulator element on the paternally derived chromosome blocks its 

function and allows a distant enhancer to activate transcription of the IGF-II gene. On 

the maternally derived chromosome, the insulator is not methylated and the IGF-II gene 

is therefore not transcribed. Physiological implication of genomic imprinting is unclear, 

however loss of IGF-II imprinting, frequently detected in a variety of tumors (Khandwala 

et al., 2000), results in biallelic expression of IGF-II, thereby leading to overexpression 

of IGF-II.  

Serum concentrations of IGF-II are higher than IGF-I (400-600 versus 100-200 ng/ml) in 

humans of all ages (Moschos and Mantzoros, 2002). Circulating IGF-II levels are 

relatively stable after puberty and not regulated by GH. IGF-II has proliferative and 

antiapoptotic actions similar to IGF-I since its effects are mediated via the IGF-IR 
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(O´Dell and Day, 1998). However, IGF-II plays a fundamental role in embryonic and 

fetal growth, whereas its role in postnatal period of life is less important as it is 

substituted by IGF-I. This observation was effectively proved in knockout mouse models 

for IGF-I, IGF-II and IGF-IR, alone or in combination (Baker et al., 1993). A possible 

explanation for the relatively lower importance of IGF-II in postnatal life might be the 2- 

to 15-fold lower affinity of IGF-II for the IGF-IR and the equal or greater affinity of 

IGFBPs for IGF-II than for IGF-I. The combination of higher affinity to binding proteins 

and lower affinity to the receptor results in relatively more IGF-I than IGF-II interacting 

with the IGF-IR. 

 

 

1.3. Receptors 

1.3.1. IGF-I Receptor and Insulin Receptor 

1.3.1.1. Structure and Ligand Specificity of IGF-I and Insulin Receptors  

Most of the actions of both IGF-I and IGF-II are mediated via the IGF-IR, which is very 

similar in structure with IR showing approximately 60% homology at the amino acid 

level (Ullrich et al., 1986). The IGF-IR and IR belong to the large family of cell surface 

receptors possessing intrinsic tyrosine kinase activity. The two receptors are structurally 

related and are composed of two α-subunits localized entirely extracellularly and two β-

subunits spanning the membrane and localized primarily intracellularly (Steele-Perkins 

et al., 1988). Both subunits are glycoproteins linked together by disulfide bonds. They 

assemble a α2β2-configuration with ligand binding primarily mediated by the α-subunits, 

which form a binding pocket. Binding of the ligand to the α-subunit leads to 

conformational changes resulting in stimulation of the β-subunit intrinsic tyrosine kinase 

activity with subsequent multisite phosphorylation of the β-subunit (Sasaki et al., 1985).  

The prevalent concept is that insulin and the IGFs act as bivalent ligands, both IGF-IR 

and IR are capable of binding insulin and IGF-I, though each receptor binds its own 

ligand with a 100-1000 fold higher affinity than the heterologous peptide (Dupont and 

LeRoith, 2001a). Therefore, it is not surprising that insulin in high doses can bind to the 

IGF-IR and mimic the effects of IGF-I, and on the contrary, at higher IGF 

concentrations, the IR can also be stimulated (Jones and Clemmons, 1995; LeRoith et 

al., 1995). In cells expressing both receptor genes, hybrid insulin/IGF-I receptors can 

form, comprising an insulin α-β-half-receptor („hemireceptor“) and an IGF-I 
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„hemireceptor“ (Moxham and Jacobs, 1992). The hybrid receptors have ligand 

specificity profiles more comparable to the IGF-IR than to the IR since they bind IGF-I 

with an affinity similar to the IGF-IR, but insulin with a much lower affinity (Jones and 

Clemmons, 1995; LeRoith et al., 1995; Pandini et al., 1999). Moreover, recent evidence 

suggests that the IR is also responsible for some of the mitogenic actions of IGF-II 

(Louvi et al., 1997; Morrione et al., 1997). IGF-II is an agonist of the A-isoform of the IR 

that lacks a 12-amino acid sequence 717-729 encoded by exon 11 due to alternative 

splicing. This splice variant of the IR is expressed at high levels in fetal and neoplastic 

tissues (Frasca et al., 1999). IRR and hybrid IR/IRR have not yet been extensively 

studied, and their ability to bind all the different insulin-like peptides as well as their 

biological significance remains unclear (Nakae et al., 2001).  
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Figure 1. Receptors as components of the IGF axis. The insulin receptor (IR), insulin-like growth factor I 
receptor (IGF-IR) and insulin receptor related receptor (IRR) are heterotetrameric complexes composed 
of extracellular α-subunits that bind the ligands, and β-subunits that anchor the receptor in the membrane 
and that contain tyrosine kinase activity in their cytoplasmic domains. Hybrids consist of a hemireceptor 
from both IR and IGF-IR. The IGF-II/M6-PR is not structurally related to the IGF-IR and IR or the IRR, 
having a short cytoplasmic tail and no tyrosine kinase activity. IR is responsible for metabolic effects, 
whereas IGF-IR and hybrid IR/IGF-IR for cell growth, survival and differentiation. The insulin-like growth 
factor II/mannose 6-phosphate receptor (IGF-II/M6-PR) functions as scavenger receptor and is 
responsible for uptake and degradation of the IGFs. This receptor is not considered to have any role in 
IGF signalling. 
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1.3.1.2. Structure and Expression of IGF-I Receptor Gene 

The human IGF-IR is the product of a single copy gene located at bands q25→26 at the 

distal end of chromosome 15 (Abbott et al., 1992). This gene spans more than 100 

kilobase pairs (kb) of genomic DNA and contains 21 exons. The exon/intron 

organization of the IGF-IR gene is strikingly similar to that of the IR gene (Ullrich et al., 

1986). The IGF-IR is organized into functional domains that reflect the exonic 

arrangement of the gene: exons 1-3 code for the 5´-untranslated region (URL), the 

signal peptide, the non-cysteine-rich N-terminal region, and the cysteine-rich domain of 

the α-subunit, a region that is mainly involved in ligand binding. Exons 4-10 encode the 

remainder of the α-subunit. Exon 11 encodes the Arg-Lys-Arg-Arg peptide cleavage site 

that generates the α- and β-subunits from the polypeptide precursor. The region 

exhibiting the highest amino acid identity in the IGF-IR and IR (80-95%) is the tyrosine 

kinase domain in the β-subunit, encoded by exons 16-20. Comparison of human and rat 

IGF-IR cDNAs revealed identities of 98% in the tyrosine kinase domain and 85% in the 

C-terminal domain (Pedrini et al., 1994). Northern blot hybridization of human mRNA 

with an IGF-IR cDNA probe yielded two bands of 11 and 7 kb, although only an 11-kb 

band was detected in rat tissues (Ullrich et al., 1986; Lowe et al., 1989). The IGF-IR 

mRNA is a low-abundance transcript, although its distribution range includes virtually 

every tissue and cell type (Bondy et al., 1990; Werner et al., 1989). The highest levels 

of the IGF-IR mRNA are seen at embryonic stages, and it decreases to much lower 

levels in the adult animal. In the adult rat, the highest levels of the IGF-IR mRNA are 

observed in the central nervous system with intermediate levels found in kidney, 

stomach, testes, lung and heart. No IGF-IR mRNA expression is seen in the liver, the 

major source of circulating IGF-I in the body. 

Control of transcription is a key step in the regulation of gene expression. Different 

physiological and pathological stimuli that affect the expression of the IGF-IR gene have 

been shown to act at the level of transcription. The promoter region of the IGF-IR gene 

has been cloned and sequenced and is highly conserved between human and rodent 

species. The IGF-IR promoter lacks TATA or CAAT motifs. These two elements, which 

are generally required for accurate positioning of the transcription machinery and for 

efficient transcription initiation, are absent in the promoters of many “housekeeping” 

genes, a class of ubiquitously expressed genes. In spite of the lack of these two 

regulatory elements, transcription of the IGF-IR gene starts from a unique site within an 

“initiator” motif, whereas transcription of the IR gene, which also lacks TATA and CAAT 
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boxes, starts from multiple sites. The initiator is a discrete promoter element that can 

direct specific transcription initiation from an internal site in the absence of a TATA 

element. Initiator elements have been described in genes, which like the IGF-IR, are 

highly regulated during differentiation and development. 

The initiator element is located 940 base pairs (bp) upstream of the ATG translation 

start codon in the rat gene and ~1000 bp upstream of the coding region in the human 

gene. Thus, the IGF-IR gene encodes one of the longest 5´-UTRs in eukaryotic genes. 

The IGF-IR 5´-UTR has the potential to form significant secondary structures, including 

a number of hairpin structures. In addition, an 84-bp open reading frame that begins 

and ends within the 5´-UTR at positions 741-824 has been identified. The function of 

this long 5´-UTR has not yet been clarified, although it has been shown that many of the 

genes containing these large, highly structured 5´-UTRs are involved in the regulation of 

cellular proliferation. These include growth factors, their receptors, and oncogenes. 

Like the IR gene and other widely expressed genes, the proximal 5´-flanking region and 

most of the 5´-UTR of the IGF-IR gene is extremely GC-rich (~80%). This region 

contains several GC boxes (GGGCGG), which are putative binding sites for 

transcription factor Sp1, as well as potential binding sites for transcription factors of the 

early growth response (EGR) family (GCGGGGGCG) (LeRoith et al., 1995). 

 

1.3.1.3. Signal Transduction Pathways Induced by IGF-I and Insulin Receptors 

Upon activation, the IGF-IR and IR undergo multisite autophosphorylation on 

intracellular tyrosine residues and activation of the receptor intrinsic tyrosine kinases. 

For the IGF-IR and the IR, the tyrosine autophosphorylation sites are found at 

homologous positions in the corresponding domains. For both receptors a cluster of 

three key tyrosine residues (Y1131, Y1135 and Y1136 in the IGF-IR, and Y1146, Y1150 

and Y1151 in the IR) resides in the kinase catalytic domain and forms a regulatory loop. 

One key tyrosine residue, Y950 in the IGF-IR (Y960 in the IR), is located in the 

juxtamembrane domain. When phosphorylated, this tyrosine is part of a recognition 

motif for several insulin receptor substrates. The COOH-terminus of the IGF-IR contains 

only one autophosphorylation site, Y1316, whereas the IR contains two 

autophosphorylation sites, Y1316 and Y1322. The role of the carboxy-terminal tyrosines 

is not clear, but they can be involved in generation of some differences in signalling 

between the IR and IGF-IR (Van Obberghen, 1994; Tartare et al., 1994).  
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Several lines of evidence indicate that the receptor tyrosine kinase activity, and its 

multisite autophosphorylation is essential for the biological activity and action of the 

insulin receptor and the IGF-I receptor (Kahn and White, 1988; Yarden and Ullrich, 

1988; Van Obberrghen, 1994).  

Activated receptors subsequently phosphorylate other tyrosine-containing cellular 

substrates. At present the family of IR and IGF-IR substrates includes two major groups 

of proteins: (1) insulin receptor substrate (IRS) proteins IRS-1, IRS-2, IRS-3, IRS-4 and 

related to them recently identified proteins referred to as downstream of kinase (DOK), 

namely IRS-5/DOK4 and IRS-6/DOK5; (2) IRS-like proteins such as Src-Homology-

Collagen (Shc) proteins, growth factor receptor bound-2 (Grb2) associated binder-1 

(Gab-1) and p62dok. The IRS proteins lack intrinsic catalytic activity. However, they have 

(1) N-terminal pleckstrin homology (PH) domain, (2) phosphotyrosine binding (PTB) 

domain and (3) domain containing several potential tyrosine phosphorylation sites. 

Upon phosphorylation they serve as binding sites for SH2 domain containing proteins 

such as adapters for phosphatidylinositol 3-kinase (PI3-K), Grb2 and SHP2. PH 

domains are considered to bind to acidic motifs in various proteins or to cell lipids in cell 

membranes, while PTB domains recognize phosphorylated NPXY motifs in proteins. 

Three Shc proteins (p46, p52 and p66) contain a N-terminal PTB domain, a central 

glycine and proline rich region homologous to the α1 chain of collagen, and carboxyl 

terminal SH2 domain. In contrast to IRS proteins, Gab-1 does not contain PTB domain 

and therefore does not directly interact with the receptor, but has PH domain and a 

domain with several tyrosine phosphorylation sites. p62dok was first detected in chronic 

myelogenous leukaemia progenitor cells as a constitutively tyrosine-phosphorylated 

protein. It undergoes phosphorylation induced by several receptor tyrosine kinases, 

including the IR, but its contribution to insulin and the IGFs action remains unclear. 

Although the role of these scaffold proteins merits attention, recent works with 

transgenic and knockout mice suggest that many responses induced by insulin and the 

IGFs, especially those that are associated with growth and metabolism, are 

predominantly mediated through IRS-1 and IRS-2. Being docking proteins, they bring 

together and coordinate the activity of other adapter proteins, finally resulting in 

activation of two principal downstream signalling cascades including PI3-K and mitogen-

activated protein kinase (MAPK) pathways. 

The PI3-K is a dimer which exists as a complex of p85 (SH2-containing regulatory 

subunit) and p110 (catalytic subunit). It is activated when the phosphorylated YMXM 
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motifs in IRS proteins occupy both SH2 domains in its regulatory subunit. In the cell 

membrane the activated PI3-K generates formation of phosphatidylinositol-3,4,5-

triphosphate from phosphatidylinositol-4,5-biphosphate, which recruits to the plasma 

membrane particular serine kinases known as phosphoinositide-dependent kinase 

(PDK1 and PDK2) and activates them. In turn, activated PDK1 and PDK2 promote 

membrane translocation of some protein kinase B (PKB) isoforms and phosphorylate 

them. Activated PKB, also known as Akt, is a key target in the PI3-K pathway, which 

phosphorylates a variety of substrates involved in the regulation of different biological 

processes including glucose transport, protein synthesis, glycogen synthesis, cell 

proliferation and cell survival (Dupont and LeRoith, 2001a; White, 2002).   

Alternatively, activated IRS proteins also initiate the MAPK pathway. The MAP kinases 

are a family of serine-threonine kinases that are activated in response to a variety of 

stimuli (Su and Karin, 1996). The first members identified in the family were p42 and 

p44 extracellular signal regulated kinases (ERK), now known as ERK1 and ERK2, 

respectively. After activation, IRS proteins recruit Grb2, an SH2-containing substrate 

which binds mSOS, a nucleotide exchange factor for Ras that converts Ras from its 

inactive GDP-bound form to its active GTP-bound form. Ras-GTP interacts directly with 

the regulatory N-terminal part of Raf-1, thereby activating the serine/threonine kinase in 

its C-terminus. Phosphorylation of Raf-1 activates the downstream protein kinase, MAP 

kinase kinase 1 (also known as MAPK/ERK kinase (MEK) or MKK1) or MAP kinase 

kinase 2 (MKK2). In turn, MKK 1 and 2 phosphorylate ERK1 and ERK2 that leads to 

activation of ERKs and their translocation to the nucleus where they phosphorylate 

certain transcription factors including Elk-1 and ATF-2 (De Meyts et al., 1994).  

Another class of MAP kinase family members is the stress activated c-Jun N-terminal 

kinase (JNK). There are 10 identified isoforms of JNK originating from three 

homologous genes (JNK1, JNK2 and JNK3) with molecular masses of 46 or 54 kDa due 

to alternative splicing. JNK activation induces the phosphorylation of transcription 

factors, including c-Jun, Elk-1 and ATF-2, which regulate immediate early gene 

expression (Kyriakis et al., 1995; Gupta et al., 1996). Although JNKs are responsive 

mainly to stressful stimuli, several lines of evidence suggest that JNKs can also be 

activated in response to IGF-I (Monno et al., 2000; Walsh et al., 2002). 

p38 kinase is a recently described member of the MAP kinase family, which like JNK 

also activates several transcription factors regulating immediate early gene expression 

and is primarily activated by environmental stressors (Han et al., 1994). However, there 
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is the wealth of evidence now demonstrating also involvement of IGF-I in p38 kinase 

activation in certain cell types (Cheng and Feldman, 1998; Heron-Milhavet and LeRoith, 

2002; Toyoshima et al., 2004; Wu et al., 2004).  
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Figure 2. Signal transduction cascades initiated by the IGF-IR. Activation of the IGF-IR kinase results in 
receptor autophosphorylation and tyrosine phosphorylation of several docking proteins such as insulin 
receptor substrate (IRS) proteins. Once activated, IRS recruit Src homology 2 (SH2)-domain containing 
molecules such as Grb2 and the p85 subunit of phosphatidylinositol-3´-kinase (PI3-K). Grb2 via SOS 
stimulates the activity of the GTPases Ras and Rac, which through the phosphorylation of certain MAP 
kinases kinases kinases (c-Raf, MEKK1, MEKK4, MLK) and MAP kinases kinases (MEK1, MEK2, MKK3, 
MKK4, MKK6, MKK7) finally lead to activation of terminal MAP kinases ERK, JNK and p38 kinase. 
Activated MAP kinases are translocated to the nucleus where they activate a variety of transcription 
factors. Alternatively, the binding of the p85 and p110 subunit of PI3-K to the IRS proteins generates 
phospholipids that participate in activation of 3-phosphoinositide-dependent kinase (PDK) 1 and 2. In 
turn, they phosphorylated several targets involved in the regulation of different biological processes 
including glucose transport, protein synthesis, glycogen synthesis, cell proliferation and cell survival. 

Both p38 kinase and JNK pathways are initiated by activated Ras, which via activation 

of the membrane-associated GTPase Rac activates certain MAP kinases kinases 

kinases, namely MEKK1, MEKK4, and some mixed lineage kinases (MLK). In turn, they 

phosphorylate MAP kinases kinases 3, 4, 6 and 7 that finally results in activation of p38 

kinase and JNK (Minden et al., 1995; Qiu et al., 1995; Zhang et al., 1995; Kuemmerle 

and Zhou, 2002).   

While MAPK has been implicated in mediating mitogenic action of the IGF-I, PI3-K has 

been shown to be more involved in mediating the metabolic, antiapoptotic and other 

more differentiated effects of IGF-I (LeRoith et al., 1995; Skrtic et al., 2001; Dupont et 
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al., 2001a, 2001b). IGF-I signalling pathways in different cell types have many features 

in common, although it has been shown that the relative importance of the different 

pathways can vary between cell types. 

As described earlier, IRS proteins play a pivotal role in the IGF-IR/IR signalling and had 

until recently been considered to be exclusively membranous or cytoplasmic proteins. 

Recent data, however, demonstrate that substantial fractions of IRS-1 (Prisco et al., 

2002; Tu et al., 2002) and IRS-2 (Sun et al., 2003) can be translocated to the nucleus in 

transformed cells expressing certain oncogenes (v-src, SV40 T antigen) and in IGF-I-

stimulated normal cells (Prisco et al., 2002; Tu et al., 2002; Sun et al., 2003). In the 

nucleus, IRS-1 and IRS-2 are accumulated mainly in the nucleoli, where they interact 

with the upstream binding factor, a protein that regulates RNA polymerase I activity, and 

stimulate the ribosomal DNA promoter, thereby positively regulating ribosomal RNA 

(rRNA) synthesis (Tu et al., 2002; Sun et al., 2003). It is speculated therefore that 

beside their signalling role, IRS proteins may also function as positive regulators of cell 

growth. In turn, there is also evidence that IRS-3 is translocated to the nucleus, and 

both PTB and PH domains of its molecule appear to be important for nuclear import. 

Furthermore, upon translocation, nuclear IRS-3 functions as a transcriptional co-

activator of certain genes and, therefore, appears to play an important role in a cross-

talk between IGF or insulin and other growth factors (Kabuta et al., 2002). Taken 

together, these data highlight a diverse range of biological activities of IRS proteins 

regulating cellular functions.  

 
1.3.2. Cooperation between IGF-I and PDGF Receptors  
The transactivation of heterologous receptors has become an emerging theme in the 

complex field of receptor-mediated signal transduction. Evidence for both direct and 

indirect interaction between the IGF-IR and other growth regulatory signals such as 

epidermal growth factor (Coppola et al., 1994; Hallak et al., 2002), platelet-derived 

growth factor (DeAngelis et al., 1995), vascular endothelial growth factor (Gray et al., 

2003), basic fibroblast growth factor (Hernandez-Sanchez et al., 1997; Scheidegger et 

al., 1999), growth hormone (Huang et al., 2004), angiotensin II (Scheidegger et al., 

1999; Zahradka et al., 2004), estrogens (Yee and Lee, 2000) and progesterone (Cui et 

al., 2003) has been demonstrated, thereby expanding the traditional view of highly 

specific IGF-IR/IGF interactions and rendering the IGF-IR central in cellular response. In 

terms of liver physiology, an interaction between the IGF-IR and platelet-derived growth 
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factor (PDGF) signalling system is of particular interest because it is well known that 

expression of PDGF receptor (PDGFR) strongly correlates with the severity of 

histological lesions and collagen deposition in liver cirrhosis (Pinzani et al., 1996).  
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Figure 3. The PDGF receptor signalling. In contrast to the IGF-IR, the PDGFR is a dimer which consists 
of two subunits. Each subunit has both binding capability and intrinsic kinase activity. There are alpha and 
beta subunits that differ in their affinity for a ligand, and their different combination leads to a formation of 
three types of PDGF receptor: PDGFRαα, PDGFRαβ and PDGFRββ. Phosphorylation of the PDGFR also 
results in activation of PI3-K and MAPK pathways. However, in contrast to the IGF-IR, the PDGFR can 
recruit Grb2 and PI3-K directly, without IRS proteins and, in addition, the PDGFR recruits PLC gamma 1 
(PLCγ), which after its activation generates degradation of certain lipids in cell membrane that together 
with activated PI3-K pathway finally leads to activation of certain isoforms of protein kinase C (PKC), 
which can effectively potentiate MAPK pathway by regulating proximal and distal components of this 
signalling cascade.  
 

PDGFR also belongs to the family of receptor tyrosine kinases. However, there are 

some principal structural and functional differences between the PDGF receptor 

(PDGFR) and the IGF-IR. In contrast to the IGF-IR which is a tetrameric complex, the 

PDGFR is a dimer consisting of two subunits. Each subunit has both binding capability 

and intrinsic tyrosine kinase activity. There are alpha and beta subunits that differ in 

their affinity for a ligand, and their different combination leads to the formation of three 

types of receptor dimers: PDGFRαα, PDGFRαβ and PDGFRββ. Upon ligand binding 

and receptor autophosphorylation, the activated PDGFR also induces activation of two 



 25

principal signalling pathways: MAPK pathway that plays a pivotal role in cell growth and 

proliferation, and PI3-K pathway, which is critical for regulation of apoptosis. In contrast 

to the IGF-IR, which is unable to recruit Grb2 and PI3-K directly and therefore requires 

docking proteins (IRS proteins), the PDGFR can recruit them directly, without IRS 

molecules. In addition, the PDGFR recruits phospholipase C (PLC) γ1, which after its 

activation induces lipid degradation in the plasma membrane with subsequent activation 

of certain members of protein kinase C (PKC) family (Heldin et al., 1998). At present, 

there is approximately a dozen of PKC isoforms, which can effectively potentiate MAPK 

pathway via regulation of proximal and distal components of this signalling cascade in a 

cell-type specific manner. 

In mouse embryo fibroblasts, the mitogenic activity of the PDGFR depends on the IGF-

IR. Cells derived from mouse embryos with a targeted disruption of the IGF-IR gene 

were unable to proliferate by the addition of PDGF. Moreover, overexpression of the 

PDGF receptor beta in IGF-IR negative cells did not restore the capability of these cells 

to proliferate in response to PDGF. And only reintroduction of the IGF-IR into these cells 

restored PDGF-mediated cell proliferation (DeAngelis et al., 1995). Thus, the IGF-IR 

appears to be a point of convergence for mitogenic signals arising from the PDGFR. 

The molecular mechanisms that account for necessity of the IGF-IR for PDGF-mediated 

mitogenesis remain poorly understood, although it has been demonstrated that PDGF 

increases the promoter activity of the IGF-IR gene and also stimulates production of 

endogenous IGF-I in certain cell types (Clemmons, 1985; Pinzani et al., 1990; 

Delafontaine et al., 1991; Rubini et al., 1994). Thus, although several tyrosine kinase 

receptors may independently induce mitogenesis, a hierarchy may exist with the IGF-IR 

being both sufficient and necessary for mitosis. On the other hand, it has been 

demonstrated that PDGF markedly affects the insulin-induced intracellular signalling in 

3T3-L1 adipocytes. For instance, PDGF induces the phosphorylation of IRS-1 in intact 

cells on serine and threonine residues and inhibits insulin-induced phosphorylation on 

tyrosine residues that results in decreased binding of p85 subunit of PI3-K to IRS-1 

(Ricort et al., 1997). In this context, it appears very likely that complex cross-talk may 

also occur in the cell between the signalling pathways induced by PDGF and IGF-I.  
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1.3.3. IGF-II/Mannose 6-Phosphate Receptor 

The IGF-II/M6-PR is structurally distinct from the IGF-IR and is actually identical to the 

cation-independent mannose 6-phosphate receptor, which lacks tyrosine kinase activity 

and is not considered to have any role in IGF signal transduction (Braulke, 1999). The 

IGF-II/M6-PR is involved in uptake of lysosomal enzymes, their transporting between 

intracellular compartments and in their sorting in the Golgi apparatus (Wang et al., 

1994; LeRoith, 2001) as well as in uptake and degradation of IGF-II (Baker et al., 1993). 

The IGF-II/M6-PR represents a multifunctional receptor that interacts with a variety of 

ligands. Many of these ligands are glycoproteins that contain mannose 6-phosphate 

(M6P) residues as a component of their N-linked oligosaccharide side chains. They 

include numerous lysosomal enzymes and latent precursor of transforming growth 

factor β (TGF-β) (Kornfeld, 1992).  In contrast, IGF-II specifically interacts with the IGF-

II/M6-PR via M6P-independent mechanisms (Brown et al., 2002).  

The IGF-II/M6-PR is critical for normal mammalian development. Mice that are deficient 

in the IGF-II/M6-PR throughout fetal development die around the time of birth from a 

somatic overgrowth phenotype that is accompanied by severe skeletal, heart and lung 

abnormalities (Lau et al., 1994; Ludwig et al., 1996; Wang et al., 1994; Wylie et al., 

2003). IGF-II/M6-PR-deficient mice can be rescued by a concomitant deficiency of IGF-

II or the IGF-IR. This indicates that the failure to target IGF-II for lysosomal degradation 

via the IGF-II/M6-PR is accompanied by subsequent excessive signalling through the 

IGF-IR that finally results in lethal phenotype.  

Almost all mammalian tissues and cell lines express the IGF-II/M6-PR with the 

exception of several tumor-derived cell lines. The IGF-II/M6-PR possesses the 

properties of a tumor suppressor gene. Tumor cell growth is inhibited when the IGF-

II/M6-PR expression is restored to normal level and is increased when its expression is 

reduced (Kang et al., 1999; O´Gorman et al., 1999; Souza et al., 1999).  

In rodents, the IGF-II/M6-PR is already expressed at the two-cell stage when the IR and 

IGF-IR are not detectable. The IGF-II/M6-PR gene is developmentally regulated with 

variable expression in different tissues. The IGF-II/M6-PR is strongly expressed during 

tissue differentiation and organogenesis, and high levels of the IGF-II/M6-PR were 

found in fetal tissue, which decline in late gestation and in the early postnatal period 

(Sklar et al., 1989; 1992; Senior et al., 1990; Matzner et al., 1992).  
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The IGF-II/M6-PR is also an imprinted gene in most viviparous mammals, and is 

expressed only from the maternal allele (Barlow et al., 1991). The IGF-II/M6-PR 

imprinting evolved approximately 150 million years ago in a common ancestor to 

marsupials and Eutherian mammals, but was subsequently lost about 75 million years 

ago in an ancestral progenitor to primates (Killian et al., 2000; Nolan et al., 2001). Thus, 

in contrast to mice, both copies of the IGF-II/M6-PR are functional in humans. 

Interestingly, in mice, the IGF-II/M6-PR is imprinted in all tissues except for the brain 

where both alleles are expressed (Vu and Hoffman, 2000). It is highly expressed in 

neurons of the forebrain, in regions involved in emotional behavior, information 

processing and memory formation (Couce et al., 1992). It indicates that the IGF-II/M6-

PR can be important for the development of these brain functions. This postulate is 

reinforced by the identification of the IGF-II/M6-PR as the putative “IQ gene” because in 

children the IGF-II/M6-PR expression positively correlated with general cognitive ability 

(Chorney et al., 1998).  

The gene coding for the IGF-II/M6-PR is located on chromosome 6q 26-27 in humans 

and on chromosome 17 in mice. The mouse IGF-II/M6-PR gene is 93 kb in size and 

contains 48 exons. The gene contains strong minimal promoter of 266 bp or less. An 

extended 54 bp footprint within the proximal promoter containing two E-boxes and 

probable binding sites for Sp1, nerve growth factor-IA and related proteins has also 

been identified. Mutational analysis has demonstrated that each E-box contributed to 

more than half of the enhancer activity (Khandwala et al., 2000). The IGF-II/M6-PR 

protein has four structural domains: (1) N-terminal signal sequence, (2) 

extracytoplasmic domain, (3) transmembrane domain, (4) C-terminal cytoplasmic tail. 

The IGF-II binding site is localized in the extracytoplasmic domain. This domain also 

contains 19 potential N-glycosylation sites and at least two of them are utilized resulting 

in mature receptors of 275-300 kDa. However, glycosylation of the IGF-II/M6-PR is not 

required for IGF-II binding. Other posttranslational modifications such as 

phosphorylation and palmitoylation occur in the C-terminal domain of the receptor but 

their physiological implication remains, however, unclear. IGF-II binds to the IGF-II/M6-

PR at molar ratio of 1:1 and has 100-fold higher affinity compared with IGF-I (Braulke, 

1999).  

At steady state, the IGF-II/M6-PR is predominantly present in the endosomes and trans-

Golgi network (TGN). Only a small fraction of this receptor is present on the cell surface. 

This cell-surface IGF-II/M6-PR undergoes constitutive internalization and recycling (Liu 
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et al., 1999). The cycling of the IGF-II/M6-PR between TGN, endosomes and the 

plasma membrane occurs by vesicular transport, and is mediated by signalling 

elements localized mainly in the cytoplasmic domain of the receptor. Some of these 

signals have been identified, e.g. an internalization signal (YKYSKV; signal letter code) 

and the carboxy terminal dileucine motif (LLHV) required for efficient sorting of 

lysosomal enzymes in the TGN. The dileucine motif and a proximal casein kinase-2 

phosphorylation site at a serine residue in the cytoplasmic domain of the IGF-II/M6-PR 

promote the recruitment of assembly protein 1 (AP1) onto Golgi membranes. The 

translocation of ADP-ribosylation factor ARF-1 and AP1 from the cytosol onto 

membranes is necessary for efficient formation of clathrin-coated vesicles. In contrast, 

the tyrosine-containing internalization signal forms a type 1 β-turn structure which has 

been proposed to be required for AP2 binding followed by clathrin-coat assembly. 

Recently, a novel cytosolic 47 kDa protein (TIP 47) has been identified which is required 

for IGF-II/M6-PR from endosomes to the TGN. This transport step is rarely shared with 

other cell surface receptors and needs the rab 9 GTPase and PI3-K but not clathrin 

coat. The identity and function of another cytosolic protein TIP35 which interacts only 

with phosphorylated cytosolic tail of the IGF-II/M6-PR is still unknown (Braulke, 1999).  

The IGF-II/M6-P receptor is also implicated in the cell-surface activation of latent TGF-β. 

After binding to IGF-II/M6-P receptor latent TGF-β is presented to plasmin or other 

proteases associated with the cell surface of the same cell or other cells for proteolytic 

activation (Liu et al., 1999). Thus, the IGF-II/M6-PR effectively controls the extracellular 

bioavailability of IGF-II and TGF-β, thereby regulating cell proliferation and apoptosis.  

The IGF-II/M6-PR is one of a number of cell surface receptors, which also exist in a 

soluble, truncated form. This soluble form of the IGF-II/M6-PR (sIGF-II/M6-PR) is 

produced by proteolytic cleavage of the membrane receptor by deletion of the 

transmembrane and cytoplasmic domains during process designated as protein 

ectodomain shedding and is present in serum, urine and amniotic fluid of rodents and 

humans. The highest rate of the IGF-II/M6-PR shedding has been observed in the liver 

of adult rats (Bobek et al., 1992). However, enzymes which are responsible for cleavage 

of the IGF-II/M6-PR on the cell surface (IGF-II/M6-PR-specific sheddases) have not yet 

been identified. The sIGF-II/M6-PR binds IGF-II with high affinity in vivo and can bind 

M6P in vitro, suggesting that it shares at least some of its ligand specificity with the 

membrane IGF-II/M6-PR. There is evidence that the sIGF-II/M6-PR is a biologically 

active molecule. First, it retains the ability to bind IGF-II, preferentially high molecular 
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weight proIGF-II, and therefore it effectively inhibits mitogenic effects mediated by IGF-II 

in different cell types (Scott et al., 1996; Scott and Weiss, 2000). Second, mice 

overexpressing the sIGF-II/M6-PR have reduced size of some internal organs, probably 

due to sequestration of freely circulating IGF-II by excess of the sIGF-II/M6-PR that 

results in inhibition of IGF-II-mediated cell proliferation (Zaina et al., 1998a; 1998b). 

IGF-II/M6-PR

Sheddases

Binding and inactivation of IGF-II

Soluble IGF-II/M6-PR

 

Figure 4. Soluble form of the IGF-II/M6-PR. An important biological property of the IGF-II/M6-PRR is its 
ability to undergo a process known as protein ectodomain shedding, a release of extracellular part of 
receptor from the plasma membrane due to proteolysis on the cell surface by enzymes designated as 
sheddases. This soluble form of the IGF-II/M6-PR receptor can effectively block mitogenic effects 
mediated by IGF-II. 

 

 

1.4. IGF Binding Proteins 

Unlike insulin, the IGFs are present in the circulation and throughout the extracellular 

compartments almost entirely bound to a family of multifunctional, structurally related, 

high affinity IGF-binding proteins (IGFBPs), which can modulate mitogenic and 

metabolic effects of the IGFs.  

To date, six IGFBPs with high affinity have been cloned and sequenced. All share 

structural homology with each other and specifically bind the IGFs. They differ in 

molecular mass, binding affinities for the IGFs, and posttranslational modifications such 

as phosphorylation and glycosylation. Recently, a closely related family of genes has 

been identified that encode proteins with structural homology to the „classical“ IGFBPs, 
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but that bind the IGFs and insulin with relatively low affinity. Until now, four IGFBPs with 

low affinity have been identified and designated as IGFBP-related proteins (IGFBP-rPs) 

-1, -2, -3 and -4 (Baxter et al., 1998; Collet and Candy, 1998). 

 

1.4.1. Biochemical Characteristics of IGFBPs 

The chromosomal locations of all human IGFBP genes are well known. The IGFBP-1 

and IGFBP-3 genes not only reside on the same chromosome, at the locus 7p14-p12, 

but are only 20 kb apart, with transcription oriented in a tail-to-tail configuration. The 

IGFBP-2 and IGFBP-5 genes constitute another gene pair, located 20-40 kb apart on 

the chromosome 2q. Based on amino acid similarity analysis, IGFBP-1 gene is more 

closely related to IGFBP-2 gene than to IGFBP-3 gene, which, in turn, is more related to 

gene coding for IGFBP-5. IGFBP-4 gene, located on the chromosome 17q12-21.1, is 

more closely related to genes for IGFBP-1 and -2, whereas IGFBP-6 gene, found on the 

chromosome 12q13, appears to be the most divergent of the IGFBP genes. The 

similarity in configuration of the human IGFBP genes, especially the gene pairs, is 

striking, and, together with analysis of the protein sequences, has led to the hypothesis 

that a tandem gene duplication and inversion occurred early in the evolution of IGFBPs, 

and subsequent gene duplications primarily involved partial chromosome duplication. 

The gene structures of human IGFBPs are highly similar, although the sizes of the 

genes vary from 5.7 kb for IGFBP-1 to 33 kb for IGFBP-5, due to variations in the sizes 

of introns. All of the IGFBPs are encoded by four exons, with the exception of IGFBP-3, 

which has an extra exon, exon 5, which is not translated. The corresponding exons 

among the IGFBP genes are equivalent in size, with exon 1 less than 600 bp, exons 2 

and 3 less than 230 kb, and exon 4 more variable in size (Hwa et al., 1999).  

The precursor forms of all six IGFBPs have small secretory signal peptides (20-39 

amino acids) and the mature proteins that are all found extracellularly. The primary 

structure of mammalian IGFBP includes three distinct domains of approximately 

equivalent sizes: the conserved N-terminal domain, the highly variable midregion, and 

the conserved C-terminal domain. There is a striking correlation between these protein 

domains and the exons of human IGFBP genes. The N-terminal domain is encoded 

within exon 1 in all of the IGFBPs. Exon 2 encodes for the nonconserved midregion. 

Finally, both exon 3 and exon 4 encode for the conserved C-terminal domain (Hwa et 

al., 1999).  
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Important IGF-binding residues are found in the N-terminal domain, predicted by 

nuclear magnetic resonance studies on IGFBP-5 and confirmed for IGFBP-3 and 

IGFBP-5 by mutagenesis studies. Although no other major functional motifs have been 

identified in this domain, the observation that N-terminal proteolytic fragments of IGFBP-

3 cause IGF-independent inhibition of mitogenesis implies the existence of another 

active subdomain in this region. IGF-binding residues are also present in the conserved 

C-terminal domain demonstrated by the binding activity of natural C-terminal fragments 

of IGFBP-2 and recombinant C-terminal IGFBP-3 fragments and mutagenesis of 

IGFBP-5 residues. The observation that residues involved in IGF binding exist in both 

N- and C-terminal regions implies the existence of an IGF-binding pocket involving both 

domains. Other important subdomains have also been identified within the C-terminal 

domains of various IGFBPs. For example, Arg-Gly-Asp (RGD) integrin-binding motifs 

are located at residues 221-223 of IGFBP-1 and residues 265-267 of IGFBP-2. 

Functionally important 18-residue basic motifs with heparin-binding activity have also 

been identified at residues 215-232 of IGFBP-3 and residues 201-218 of IGFBP-5 and 

are involved in interaction with acid-labile subunit (ALS) and other ligands, cell and 

matrix binding and nuclear transport. The central domain of the IGFBPs shows 

essentially no structural conservation among any members of the family. Three sites of 

N-linked glycosylation in IGFBP-3 and one in IGFBP-4 are found in this region. Other 

sites of posttranslational modification also exist in this domain: potential 

phosphoacceptor sites on all IGFBPs, some of which are phosphorylated in IGFBP-1, -3 

and -5, and proteolytic cleavage sites in some of the binding proteins. Secondary 

IGFBP-5 binding sites for ALS and heparin and a potential cell-association domain of 

IGFBP-3 are also found in this region (Firth and Baxter, 2002). 

 

1.4.2. Biological Functions of IGFBPs 

The six high affinity IGFBPs act as carrier proteins in plasma, control the efflux of the 

IGFs from the vascular space, prolong half-lives of the IGFs. They regulate their 

metabolic clearance, provide tissue- and cell-specific localization of the IGFs and 

modulate biological actions of the IGFs, and, finally, some of them also have intrinsic 

bioactivities that are independent of the IGFs (Jones and Clemmons, 1995). 
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1.4.2.1. Carrier Protein Function 

In the body, the IGFs are present in at least three forms: i) unbound, ii) in binary 

complexes with IGFBPs, and iii) in high molecular weight ternary complexes with  

IGFBP-3 or -5 and ALS. The latter is a 85 kilodaltons (kDa) leucine-rich glycoprotein, 

which facilitates protein-protein interactions, and is synthesized exclusively in 

hepatocytes under the control of growth hormone.  

In serum, about 75-80% of the IGFs circulate in form of ternary complex of 150 kDa. 

Within this 150 kDa complex, the IGFs can not leave the vascular compartment, they 

are protected from proteolytic degradation and their half-lives therefore are prolonged 

from 10-20 min to 12-15 h (Jones and Clemmons, 1995; LeRoith et al., 2001). While 

IGFBP-3 was the first IGFBP identified as being present in the ternary complex, several 

lines of evidence suggest that IGFBP-5 is also capable of forming a complex with IGF 

and ALS (Twigg et al., 1998a, 1998b, 2000).  
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Figure 5. IGF pools in the circulation. The high molecular weight ternary complex consists of 7.5 kDa 
IGF-I or IGF-II plus 38-43 kDa IGFBP-3 or 22-31 kDa IGFBP-5 and a 85 kDa non-IGF-binding acid-labile 
component designated as ALS. The binary complexes consist of IGF-I or IGF-II bound to any of six 
IGFBPs. Free IGFs molecules are the bioactive fraction of total IGFs. 
 

When the IGFs are released from the ternary complex, IGFBPs can form lower 

molecular mass complexes. These approximately 50 kDa binary complexes, which bind 

20-25% of the IGFs in the circulation (Rajaram et al., 1997), can cross vascular 

endothelium and are responsible for transportation of the IGFs from the circulation to 

extravascular tissue compartment (Boisclair et al., 2001; Delhanty et al., 2001).  



 33

Less than 1% of the IGFs are found in the free form in blood circulation. Free IGFs are 

postulated to be the bioactive fraction of total IGFs, determining the biological effects of 

the IGFs (Hasegawa et al., 1996). High ratio of free IGF-I to total IGF-I is observed 

during rapid growth, indicating that high levels of free IGF-I may be related to the 

intensive growth of the body during infancy and puberty (Hasegawa et al., 1997; 

Yamada et al., 1998). 

 

1.4.2.2. Tissue- and Cell-Specific Sequestration of IGFs by IGFBPs 

IGFBPs are capable of facilitating storage of the IGFs in extracellular compartment by 

binding to different matrix proteins localized on the cell surface or in tissues. IGFBP-1 

and IGFBP-2 have RGD integrin recognition sequence and bind to the cell surface via 

α5β1-integrin, which has previously been described to recognize only fibronectin as a 

ligand (Drop et al., 1992; Jones et al., 1993; Doerr and Jones, 1996). As it has been 

mentioned above, IGFBP-3 molecule contains the 18-residue basic domain, which is 

implicated in cell surface association. This domain is also present in IGFBP-5. Binding 

of heparin and certain other glycosaminoglycans (GAGs), as well as cell surface 

proteoglycans, to this heparin-binding motif IGFBP-3 and -5 has been demonstrated 

(Firth and Baxter, 2002).  
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Figure 6. IGFBPs: role in tissue- and cell-specific localization of the IGFs. IGFBP facilitate storage of the 
IGFs in extracellular compartment by binding to matrix proteins (integrins, glycosaminoglycans, 
hydroxyapatites etc.) localized on the cell surface or in tissues. 
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It has been found out recently that both IGFBP-3 and IGF-I-IGFBP-3 complexes bind 

fibrinogen, fibrin (Campbell et al., 1999) and plasminogen (Campbell et al., 1998) with 

high affinity via the heparin-binding domain (HBD). It has also been shown that 

activation of plasminogen to plasmin, a specific protease for IGFBP-3, is not inhibited by 

IGFBP-3 binding (Campbell et al., 1998). In addition, fibronectin (Gui and Murphy, 2001) 

and type I collagen (Liu et al., 2003) binding to IGFBP-3 and IGF-I-IGFBP-3 complexes 

has also been recently demonstrated. Since all of these proteins are involved in the 

process of wound healing, these studies suggest a role for IGFBP-3 in concentrating 

IGF-I at sites of injury, and presumably, after proteolysis of IGFBP-3 by plasmin, IGF-I is 

released to exert its mitogenic effects. Analogous to IGFBP-3, the HBD region of 

IGFBP-5 has been demonstrated as binding site for several proteins (Firth and Baxter, 

2002). Its ability to bind to various GAGs (Schmid et al., 1996) and hydroxyapatites 

(Campbell and Andress, 1997) implies that IGFBP-5 may accumulate in bone and 

thereby sequester the IGFs. 

 

1.4.2.3. Modulation of IGF Actions 

IGFBPs are capable to modulate biological actions of the IGFs. The different cellular 

effects of IGF-I and IGF-II in highly differentiated cell types are mainly inhibited by 

IGFBPs. In this case, IGFBP molecules, freely circulating in the extracellular space, 

block IGF action simply by sequestering free IGFs and preventing the binding of the 

IGFs to IGF receptors (Jones and Clemmons, 1995; Baxter, 2000). However, some 

IGFBPs may also modulate action of the IGFs both in positive and in negative manner. 

The same IGFBP can have an IGF-inhibiting or potentiating role that is determined by 

an interaction between IGFBP and the IGFs, which in turn can be controlled by three 

different mechanisms: (i) posttranslational structural modifications of IGFBP; (ii) 

proteolytic cleavage of IGFBP; (iii) binding of IGFBP to cell surface and extracellular 

matrix (ECM).  

 

1.4.2.3.1. Modulation of IGF Actions by Posttranslational Structural Modifications of 
IGFBPs 
Posttranslational structural modifications of IGFBPs include phosphorylation and 

glycosylation of their molecules. IGFBP-1, IGFBP-3, and IGFBP-5 are all secreted as 

phosphoproteins (Coverley and Baxter, 1997). Phosphorylation and dephosphorylation 

status of human IGFBP-1 determines higher or lower binding affinity for IGF, thus 
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leading to inhibition or potentiation of IGF effects, respectively. Phosphorylation of 

IGFBP-1 is catalyzed by casein kinase and occurs only on serine residues of IGFBP-1 

located in acidic regions of the molecule. In human, in contrast to the highly 

phosphorylated IGFBP-1 that inhibits IGF actions, the nonphosphorylated form of 

IGFBP-1 has 4- to 6-fold lower affinity for IGF-I. This might contribute to sequestration 

of IGF-I by phosphorylated IGFBP-1 and more complete release of IGF-I in the vicinity 

of the IGF-IR by the nonphosphorylated form, thereby potentiating IGF-I effects. 

Although, as described earlier, IGFBP-1 can also interact with cells via the α5β1-integrin, 

it is not clear how this interaction is modulated by phosphorylation of IGFBP-1. 

IGFIGF--IRIR

IGFBPIGFBP

IGFIGF

 
Figure 7. Modulation of IGF actions by IGFBPs. In most cases IGFBPs inhibit action of the IGFs by 
sequestering free IGFs and thereby preventing the binding of the IGFs to IGF receptors. 

 
There is also evidence that phosphorylation inhibits IGFBP-3 cell binding. Human skin 

fibroblasts secrete IGFBP-3 into the culture medium as a phosphoprotein, but release of 

surface-bound IGFBP-3 from fibroblasts using an IGFIR-inactive IGF-I analogue was 

found to increase total IGFBP-3 but not phospho-IGFBP-3 in the culture medium, 

implying that surface-bound IGFBP-3 was nonphosphorylated (Coverley and Baxter, 

1995). More recently, phosphorylation of IGFBP-3 in vitro by casein kinase CK2 has 

been shown by direct binding studies to be inhibitory to cell surface association 

(Coverley et al., 2000). 

Some IGFBPs (IGFBP-3, -4, -5, -6) can also be glycosylated. In IGFBP-3, carbohydrate 

increases the size of core protein from 29 kDa to 40–43 kDa. Of the three potential 

glycosylation sites at Asn89, Asn109, and Asn172, the first two are always used, carrying 
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an estimated 4 kDa and 4.5 kDa of carbohydrate, respectively, whereas the third site 

alternatively contains either undetectable or about 5 kDa of carbohydrate, accounting for 

the characteristic doublet form of the protein (Firth and Baxter, 1999). Glycosylation of 

IGFBP-3 has no significant effect on the binding of IGF-I (Sommer et al., 1993) or ALS 

(Firth and Baxter, 1999). However, IGFBP-3 forms in which various glycosylation sites 

have been altered by mutagenesis reveal that decreasing glycosylation tends to 

increase cell surface association (Firth and Baxter, 1999). This suggests that the 

carbohydrate present in natural IGFBP-3 might mask potential cell-association sites. 

Likewise, association of IGFBP-6 with cell surface also appears to be inhibited by 

carbohydrate. Binding to glycosaminoglycans is greatly inhibited by glycosylation, and 

the non-glycosylated protein, which is not known to occur in nature, has been shown to 

bind to cell membranes, whereas the natural, glycosylated form shows no binding 

(Marinaro et al., 2000). It implies that, as observed in the case of IGFBP-3, cell binding 

sites of IGFBP-6 are permanently masked by carbohydrate. Several lines of evidence 

also suggest that non-glycosylated IGFBP is more susceptible than glycosylated IGFBP 

to proteolysis, thus glycosylated sites of IGFBP molecules may inhibit access to 

potential cleavage sites of proteases (Bach, 1999). 
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Figure 8. Role of posttranslational structural modifications of IGFBPs in modulation of IGF actions. In 
human, the highly phosphorylated IGFBP-1 (P) has much higher affinity for IGF-I than its 
nonphosphorylated form. Glycosylated IGFBPs (G) poorly associate with cell surface and are less 
susceptible to proteolysis than non-glycosylated IGFBP. 
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1.4.2.3.2. Modulation of IGF Actions by IGFBP Proteolysis 
Limited proteolysis of IGFBPs is believed to be the major mechanism for the release of 

IGF molecules from IGFBP-IGF complexes generating IGFBP fragments with reduced 

affinity for the IGFs (Bunn and Fowlkes, 2003). Several IGFBP-specific proteases such 

as kallikrein-like serine proteases, cathepsins and metaloproteinases, active both within 

circulation and in extravascular fluids, have been described and characterized. Whereas 

conditioned media from primary cultures of rat liver cells lacked neutral IGFBP protease 

activities, the presence of acid-activated IGFBP proteases – most likely lysosomal 

aspartyl and cystein proteases (cathepsins) – was observed. However, when 

hepatocytes and KC were cocultured at neutral pH in the presence of iodinated IGFBP-

3, a time-dependent disappearance of intact IGFBP-3 and the generation of IGFBP-3 

fragments of different sizes were observed. These data suggest that either endocytosed 

IGFBP-3 is degraded in cathepsin-containing organelles accompanied by partial 

recycling and release of IGFBP-3 fragments into the extracellular medium, or that 

IGFBP-3 is cleaved by protease(s) localized at the cell surface (Scharf and Braulke, 

2003). 
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Figure 9. IGFBP proteolysis. It is believed that major sites for IGFBP proteolysis are: (1) extracellular 
space, (2) cell surface, (3) intracellular organelles. Cathepsin-mediated IGFBP proteolysis in the 
endosomal recycling compartment is considered to be accompanied by partial recycling and release of 
IGFBP fragments into the extracellular compartment.  
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Proteolytical degradation has been shown for IGFBP-2 to -5. In case of IGFBP-3 and -5, 

the proteolytic fragments may retain significant affinity for the IGFs, whereas the affinity 

of IGFBP-2 and -4 fragments is drastically reduced. Furthermore, in case of IGFBP-3 

and IGFBP-5, the fragments themselves may potentiate IGF actions even when IGF 

affinity is substantially reduced (Jones and Clemmons, 1995).  

 

1.4.2.3.3. Modulation of IGF Actions by Binding of IGFBPs to Cell Surface and 
Extracellular Matrix 
Increased adherence of some IGFBPs to cell surface or ECM has been shown to be 

associated with a decrease in affinity for the IGFs and with an increased mitogenic 

response. It is speculated that a reservoir of local IGFs bound to the IGFBP localized on 

the cell surface and in ECM can lead to release the IGFs under the different conditions, 

thus providing a high local concentration of IGF to stimulate the IGF-IR, thus 

potentiating its local effects (Firth and Baxter, 2002). 
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Figure 10. Role of tissue- and cell-localized IGFBP in potentiation of IGF actions. Association of IGFBPs 
with proteins on the cell surface or in the ECM results in an increase in the local concentration of the IGF 
in the vicinity of the IGF-IR. Association with the cell surface or with the ECM lowers the affinity of 
IGFBPs for the IGFs. This decreased affinity allows the release of IGF to the receptor, thereby stimulating 
biological response.  
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1.4.2.4. IGF-independent Effects 

Several lines of evidence suggest that IGFBPs also possess intrinsic bioactivity that is 

IGF-independent. To date, the molecular mechanisms of these IGF-independent actions 

of IGFBPs are incompletely understood. Conceptually, IGFBPs are believed to exert 

their direct actions on target cells in three ways: 1) by activation of cell surface receptors 

or membrane-bound proteins that initiate intracellular signalling responses; 2) by direct 

importation to the cytoplasmic compartment where they modulate biological effects of 

intracellular proteins; 3) by direct translocation to the nucleus where via interaction with 

transcription factors (nuclear receptors) they induce their effects directly on gene 

expression.  
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Figure 11. IGF-independent effects of IGFBPs. Cellular response can be induced by IGFBPs in an IGF-
independent manner. Conceptually, IGFBP can exert their direct actions on target cells in three ways 
(pink arrows): 1) by activation of cell surface receptors (integrins, type V TGF-β receptor, IGFBP-3R) that 
initiate intracellular signalling pathways; 2) by direct importation to the cytoplasmic compartment where 
they modulate biological effects of intracellular proteins; 3) by direct translocation to the nucleus, 
mediated by importin β nuclear transport factor, where via interaction with transcription factors (nuclear 
receptors) they induce their effects directly on gene expression. 
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1.4.2.4.1. Cross-Talk between IGFBPs and Integrins 

Direct non-IGF-mediated effects have been demonstrated to result from the interaction 

of IGFBPs with integrins, which have an important role in anchoring the cell to the ECM 

and also in activating intracellular signalling pathways with critical effects on cell 

migration and cell survival. The potential for IGFBP to interact with integrins has been 

apparent since their structural characterization revealed the presence of the classical 

integrin recognition sequence, RGD, in the sequences of IGFBP-1 and IGFBP-2. Both 

IGFBP-1 and IGFBP-2 have been shown to bind to α5β1-integrin receptor through RGD 

sequence (Drop et al., 1992; Jones et al., 1993; Doerr and Jones et al., 1996) and to 

influence integrin intracellular signalling via the focal adhesion kinase (FAK) and MAPK. 

Gleeson et al. (2001) have demonstrated the ability of IGFBP-1 t bind to the α5β1-

integrin with subsequent activation of FAK and MAPK that leads to stimulation of cell 

migration. In contrast, Perks et al. (1999) and Schütt et al. (2004) have shown that 

binding of IGFBP-1 and IGFBP-2, respectively, to the α5β1-integrin resulted in increased 

dephosphorylation of FAK and MAPK in tumor cell lines, thereby increasing cell 

detachment and inhibiting proliferation and migration of tumor cells. Although the other 

IGFBPs do not possess classical integrin recognition sequences, it has been 

demonstrated that a number of IGFBPs can alter key integrin actions and signalling 

pathways, and, moreover, activation of integrins can dramatically alter IGFBP actions. 

Exposure of human breast cancer cells to IGFBP-3 significantly increased cell 

attachment to plastic, collagen, laminin indicating an acute effect on integrin function. 

Exposure to IGFBP-3 also acutely increased the association of FAK with β1 integrin 

subunits and decreased FAK phosphorylation demonstrating effects on integrin 

signalling pathways. In turn, the actions of IGFBP-3 on cell attachment and apoptosis 

could be abolished through the activation of integrin receptors by exogenous and 

endogenous fibronectin. Exposure of cells to IGFBP-5 also affected integrin actions and 

apoptosis, with opposing effects to those of IGFBP-3, but again activation of integrin 

receptors by fibronectin completely reversed the actions of IGFBP-5 (Holly and Perks, 

2002).  

It is also believed that binding of IGFBPs to integrin receptors can generate intracellular 

signals, which could interact with components of the IGF-I receptor signalling pathways 

and modulate the ultimate signals delivered to the nucleus (Nam et al., 2002). In this 

regard, it has been demonstrated that ligand occupancy of αVβ3-integrin receptor is 

required for full activation of the β subunit of IGF-IR and its signal transduction element, 



 41

IRS-1, by IGF-I stimulation. It is possible that cells may contain a protein mediating the 

interaction between αVβ3-integrin and IRS-1 or between αVβ3-integrin and the tyrosine 

kinase subunit of the IGF-IR (Zheng et al., 1998; Maile et al., 2001). Thus, integrins play 

an important role in mediating cellular effects of the IGFs and their binding proteins. 

 

1.4.2.4.2. IGFBP Receptors 

IGFBP-3 can inhibit cell proliferation by a cellular signalling pathway independent of the 

IGFs (Oh et al., 1993; Cohen et al., 1993; Valentinis et al., 1995; Butt et al., 2002). It 

has also been shown that IGFBP-3 induces apoptosis through a novel pathway 

independent of either p53 or the IGF/IGF-IR-mediated cell survival pathway (Rajah et 

al., 1997). Moreover, it has been suggested that IGFBP-3 may act as a mediator of p53-

dependent apoptosis (Butt and Williams, 2001). But, unlike IGFBP-1 and -2, IGFBP-3 

has no RGD sequence, and therefore its IGF-independent effects are hardly realized by 

binding to integrin receptors. Recently, it has been suggested that type V transforming 

growth factor β (TGF-β) receptor (TβR-V) may function as the putative IGFBP-3 

receptor (Leal et al., 1997; 1999). It has also been demonstrated that type I and type II 

TGF-β receptor can be involved in IGFBP-3 signalling as well (Fanayan et al., 2002). In 

turn, IGFBP-5 also exerts IGF-independent mitogenic activity, and the TβR-V is likely 

the same receptor for IGFBP-5 (Andress, 1998). Furthermore, antiproliferative signalling 

of IGFBP-3 appears to require an active TGF-β signalling pathway, and IGFBP-3 

stimulates phosphorylation of Smads, the TGF-β signalling intermediates (Baxter, 2001; 

Fanayan et al., 2002).  

Oh et al. (2002) have recently identified a putative IGFBP-3 receptor (IGFBP-3R) using 

a portion of the IGFBP-3 cDNA encoding the midregion of the protein as bait in the 

yeast two-hybrid system. This new gene product is widely expressed in human tissues 

and cell lines. The IGFBP-3R binds specifically to IGFBP-3, but not other IGFBP 

species. Overexpression of IGFBP-3R has led to a significant increase in binding of 

IGFBP-3 to the cell surface, and has potentiated IGFBP-3-induced suppression of 

proliferation. They have also found out that this growth inhibition was due to disruption 

of cell cycle, as evidenced by significant and specific reduction in the levels of cyclin D1 

and retinoblastoma proteins, and induction of apoptosis via activation of caspases, in 

particular caspase 8 and caspase 3, in a variety of human cancer cells. 
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1.4.2.4.3. Nuclear Translocation and Nuclear Effects of IGFBPs 

Recently, nuclear localizations of IGFBP-3 and -5 have been reported (Jacques et al., 

1997; Schedlich et al., 2000). Nuclear transport of IGFBP-3 and IGFBP-5 was not 

unexpected because both IGFBP-3 and IGFBP-5 possess basic C-terminal nuclear 

localization signals (NLS) and the DNA-binding domains of several transcription factors. 

This nuclear import of IGFBP occurs through a NLS-dependent pathway, mediated by 

the importin β nuclear transport factor (Butt et al., 1999). Recently it has been 

established that cellular translocation of IGFBP-3 occurs via the transferrin receptor-

mediated endocytosis as well as via caveolic pathway. Interestingly, nuclear 

translocation of endogenous IGFBP-3 requires IGFBP-3 secretion and re-uptake (Lee et 

al., 2004). It has also been demonstrated that IGF-I can be internalized and transported 

to the cell nucleus together with IGFBP-3 (Li et al., 1997). The fact that IGF-I lacks NLS 

suggests that IGFBP-3 may be responsible for transporting IGF-I to the nucleus. A new 

mechanism of IGF-independent IGFBP-3 action emerged when the nuclear retinoid X 

receptor α (RXRα) has been cloned as an IGFBP-3 protein partner in a yeast two hybrid 

screen. It has been shown that IGFBP-3 and RXRα bind each other within the nucleus, 

and IGFBP-3-induced apoptosis was abolished in RXRα-knockout cells. IGFBP-3 and 

RXR ligands were additive in inducing apoptosis in prostate cancer cells. IGFBP-3 

enhanced RXR response element and inhibited signalling via retinoic acid receptor 

response element. RXRα-IGFBP-3 interaction has led to modulation of the 

transcriptional activity of RXRα and was essential for mediating the effects of IGFBP-3 

on apoptosis (Liu et al., 2000). Recently, Li et al. (2000) have shown that mitogenic 

effects in the cell were realized when RXR was coupled with the orphan receptor nur77, 

previously also known as TR3 or nerve growth factor-induced clone B NGFI-B. It has 

been suggested that the opposing biological activities of nur77 on cell survival and 

apoptosis were regulated by its subcellular localization, i.e. the mitogenic effects of 

nur77 occured in the nucleus through target gene regulation, whereas its proapoptotic 

effects occurred in the cytoplasm through regulation of mitochondrial activity. In this 

regard, Cohen et al. (2002) have demonstrated that in response to IGFBP-3, nur77 was 

translocated from the nucleus to the cytoplasm, where it targeted mitochondria with 

subsequent release of cytochrome c and apoptosis. Thus, IGFBP-3-induced 

translocation of nur77 from the nucleus to the cytoplasm may represent a new 

mechanism, which might play a critical role in regulation of cell cycle and apoptosis by 

IGFBP-3. 
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1.5. Liver and IGF system 

1.5.1. Liver as Central Organ in IGF Homeostasis 

The liver plays a central role in the IGF homeostasis (Baruch, 2000) because it is the 

main source of circulating IGF-I, some IGFBPs and ALS. Within rat liver, the 

biosynthesis of individual components of the IGF system is attributed to different cell 

population, i.e. IGF-I, IGFBP-1 and ALS to hepatocytes, and IGFBP-3 to non-

parenchymal cells (Scharf et al., 1995a; 1995b; 1996a; 1998; Arany et al., 1994; 

Gentilini et al., 1998; Zimmermann et al., 2000). Interestingly, despite the wide 

distribution of the IGF-IR throughout the body, the IGF-IR expression is almost 

undetectable in hepatocytes, the cells with the highest levels of IGF-I expression (Caro 

et al., 1988; Hartmann et al., 1990). In contrast, presence of the IGF-IR has been 

demonstrated in non-parenchymal liver cells such as hepatic stellate cells (Brenzel and 

Gressner, 1996; Scharf et al., 1998), sinusoidal endothelial cells (Zindy et al., 1992; 

Zimmermann et al., 2000) and Kupffer cells (Zindy et al., 1992). Moreover, production of 

the IGFs by these cells has also been observed (Pinzani et al., 1990; Zindy et al., 1992; 

Scharf et al., 1998).  
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Figure 12. The liver - central organ of the IGF system. It is the main source of circulating IGF-I, IGFBP-3 
and ALS, which form 150 kDa ternary complex, the most abundant transport form of the IGFs in the 
circulation. Within rat liver, the synthesis of IGF-I, IGFBP-3 and ALS is strictly compartmentalized. IGF-I is 
produced mainly by hepatocytes. Nonparenchymal liver cells, i.e. Kupffer cells (KCs), sinusoidal 
endothelial cells (SECs), hepatic stellate cells (HSCs), also capable to synthesize and secrete IGF-I. 
IGFBP-3 is produced by nonparenchymal liver cells, but not by hepatocytes. ALS is exclusively 
synthesized and secreted by hepatocytes. 
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1.5.2. Updated Concept of Liver Fibrogenesis 

Liver cirrhosis is a common sequela of chronic liver injuries from many causes, 

including viral infections (hepatitis B and C), alcohol abuse, drugs, helminthic invasions, 

metabolic diseases due to overload of iron and copper, autoimmune destruction of 

hepatocytes and bile duct epithelium, or congenital abnormalities. Hepatic fibrosis 

results from a distortion of the rates of synthesis (fibrogenesis) and degradation 

(fibrolysis) of ECM molecules (Friedman, 1993; Ramadori et al., 1998). This process in 

the liver is characterized by a three- to six-fold overall increase and deposition of the 

ECM components with their subsequent molecular reorganization resulting in an altered 

composition of fibrotic matrix. Advances in the isolation and characterization of liver 

cells, in conjunction with progress in molecular biology, have led to important new 

insights into the cellular basis of hepatic fibrosis.  
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Figure 13. The cellular basis of liver fibrogenesis. Until now, it is believed that hepatic stellate cells (HSC) 
located in the space of Disse, also known as Ito cells, are the key effectors of hepatic fibrogenesis. With 
an ongoing hepatic injury these cells are believed to undergo activation with transdifferentiation from this 
quiescent, vitamin A-rich phenotype to myofibroblast-like phenotype with high proliferative capacity and 
ability to produce large amounts of extracellular matrix. However, in parallel with the process of their 
activation HSC undergo apoptosis. Recent data have demonstrated that resident hepatic myofibroblasts 
located mainly in periportal and pericentral areas within the liver are morphologically and functionally 
distinct from HSC. The major feature of these cells is that in contrast to HSC they are resistant to 
apoptosis and they definitely represent a second cell population involved in hepatic fibrogenesis.  
 
Until now, it is believed that hepatic stellate cells, also known as Ito cells, are the key 

effectors of the fibroproliferative response in the liver (Friedman, 1993; 1999; 2000; 

Ramadori et al., 1998). In normal liver, this cell population is distinguished by prominent 

intracellular droplets containing vitamin A and is considered as the primary storage 

depot for retinoids in the liver. Both in vivo with an ongoing hepatic injury as well as in 

vitro after plating on culture dishes, these vitamin A-rich cells undergo a phenotypic 

transition from a quiescent, vitamin A-rich phenotype to myofibroblast-like phenotype 

(activated HSCs). In contrast to quiescent HSCs, myofibroblast-like HSCs per se are 
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highly proliferative and can produce large amounts of ECM proteins (Friedman, 2000). 

However, several independent groups have clearly demonstrated that HSCs undergo 

apoptosis both in vitro and in vivo (Saile et al., 1997; Iredale et al., 1998; Fischer et al., 

2002; Taimr et al., 2003). Furthermore, upon activation, both HSCs and KCs acquire the 

ability to produce certain apoptosis-inducing ligands such as CD95L and TRAILs, which 

via cognate receptors induce apoptosis in HSCs (Fischer et al., 2002; Taimr et al., 

2003). Therefore, it is hard to believe that dying cells are responsible for 

fibroproliferative process in the liver. Moreover, transdifferentiation of one clearly 

identified HSC to myofibroblast has never been shown in vitro. Thus, it appears likely 

that myofibroblast-like cells involved in hepatic fibrogenesis may also arise from another 

cell type within the liver. Recent data have demonstrated that activated HSCs and liver 

myofibroblasts (LMFs), despite their common features, represent morphologically and 

functionally different fibroblast populations. Moreover, it has also been found out that 

the ECM proteins fibronectin and type I collagen, deposited in a fibrillar matrix, are 

synthesized in higher amounts by LMFs than by HSCs, suggesting similar but not 

identical roles of these cells during fibrogenesis (Knittel et al., 1999a). Furthermore, 

HSCs and LMFs are present in normal and diseased livers in distinct anatomical 

compartments and respond differentially to tissue injury. Acute liver injury results in 

most exclusive increase in the number of HSCs, while in chronically injured livers both 

HSCs and LMFs are involved in fibrogenesis (Knittel et al., 1999b).  

At present, the precursor pool of LMFs is not identified, in spite of very important clinical 

relevance. The precursors of these cells could be resident cells of the fibroblast lineage 

in the liver such as portal fibroblasts, periductal fibroblasts, vascular myofibroblasts, 

„second layer“ cells or capsular fibroblasts. Portal fibroblast, residing under the normal 

conditions in the portal mesenchyme, can be responsible for periportal fibrosis. 

Periductal fibroblasts, which constitute a distinct subpopulation of mesenchymal cells in 

the portal tract, have been suggested to proliferate and transdifferentiate in response to 

bile duct ligation, causing periductal, periductular and periportal „biliary“ type of fibrosis. 

In schistosomiasis, vascular smooth muscle cells or vascular myofibroblasts situated in 

the wall of portal vein branches and portal arteries were thought to perpetuate to matrix-

producing cells, thereby leading to periportal fibrosis as well. So called „second layer“ 

cells are myofibroblasts located around the centrolobular vein. They were suggested to 

cause typical „alcoholic“ type of pericentral fibrosis. Finally, capsular fibroblasts 
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detected in Glisson’s capsule can also be a potential source of ECM in the liver 

(Cassiman et al., 2002; Ramadori et al., 2002).  

Recently it has been suggested that epithelial-mesenchymal transition (transformation 

or transdifferentiation) may play a role in fibrogenic organ remodeling. Indeed, to date 

there is evidence suggesting that in renal fibrosis myofibroblasts can derive from tubular 

epithelial cells by an epithelial to mesenchymal transition (Yang and Liu, 2001; 2002; 

Strutz et al., 2002). Recent studies have shown that hepatocytes, which are epithelial 

cells, can also undergo transdifferentiation to the migrating fibroblast-like cells with 

mesenchymal phenotype under noxious stimuli (Pagan et al., 1995; 1997; 1999). 

However, it is equally likely that in these cases proliferating LMFs simply replace 

apoptotic epithelial cells (Powell et al., 1999). 

 

1.5.3. IGFs, PDGFs and Liver Fibrogenesis 

The possible role of IGF-I in the pathogenesis of liver cirrhosis is obscure. It has been 

shown that in liver cirrhosis the IGF axis was severely disturbed. Patients with liver 

cirrhosis had reduced IGF-I, IGF-II and IGFBP-3 serum levels (Moller et al., 1995; 

Scharf et al., 1996b), which were associated with adverse clinical outcome and 

complications of advanced cirrhosis such as malnutrition (Mendenhall et al., 1989), 

insulin resistance (Shmueli et al., 1996), impaired immunity (Mendenhall et al., 1997) 

and osteoporosis (Gallego-Rojo et al., 1998). Intriguingly, recent in vivo studies have 

demonstrated that exogenous IGF-I improved liver function and reduced oxidative liver 

damage and fibrosis in rats with experimental liver cirrhosis (Castilla-Cortazar et al., 

1997). Alternatively, recent studies have shown that proliferation of HSCs and 

accumulation of type I collagen, the principal ECM protein, by these cells in vitro is 

stimulated in response to IGF-I (Scharf et al., 1998; Svegliati-Baroni et al., 1999; 

Gentilini et al., 1998; 2000; Pinzani and Marra, 2001). Therefore, it is believed that due 

to its chemotactic, mitogenic and fibrogenic activity IGF-I is locally released during 

hepatic injury and triggers HSCs and possibly LMFs, thereby leading to their activation, 

proliferation as well as to collagen production and, finally, to perpetuation of fibrogenic 

response within the liver.  

Interestingly, although PDGF shares many common features with IGF-I, it has totally 

different expression pattern in liver cirrhosis. Normal liver has almost undetectable level 

of PDGFs and their receptors, and healthy individuals have low serum PDGFs levels. 

Conversely, in liver cirrhosis, hepatic expression and circulating levels of PDGFs are 
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considerably higher and positively correlate with the severity of disease (Pinzani et al., 

1996; Zhang et al., 2003). Moreover, it has also been reported that blockade of PDGF 

receptor expression in vivo had beneficial effect in animals with liver cirrhosis (Borkham-

Kamphorst et al., 2004). At present, however, it is obscure whether there is any 

pathophysiological link between different expression patterns of IGF-I and PDGFs in 

liver cirrhosis. 

 

 

1.6. Aim of Study 

Recently published data clearly demonstrate that there are functionally different 

fibroblast populations within the liver. Apart from HSCs, LMFs can be regarded as an 

essential cell type of fibroblast lineage involved in liver fibrogenesis. Clearly, detailed 

insights into the mechanism of myofibroblast proliferation in the liver will allow to identify 

new molecular targets and to develop new therapeutic modalities for more specific, 

effective, less harmful modes of treatment capable to cease a progression of liver 

cirrhosis. Some of these targets could be components of the IGF axis. Therefore, the 

purpose of the current work was to study the expression and regulation of the IGF axis 

components in rat LMFs, and the specific issues which were addressed in this work are:  

1) to assess the capability of LMFs of expressing IGF-I and IGF-II;  

2) to study  the expression of receptors for the IGFs and to characterize their regulation;  

3) to determine IGFBP species produced by LMFs and to elucidate their regulation at 

transcriptional, protein and posttranslational levels;  

4) to evaluate mitogenic and fibrogenic effects of IGF-I in LMFs;  

5) to determine the role of endogenous and exogenous IGFBPs in LMFs physiology;  

6) to study a cross-talk between PDGFR and IGF-IR signalling systems in rat LMFs and 

to understand its implication for liver fibrogenesis. 

 



 48

2. Materials 
 

2.1. Animals 
Adult Wistar rats were purchased from Charles River (Sulzfeld, Germany) and kept at 

19-23°C under standard conditions with 12-hour light/dark cycles and access to fresh 

water and food ad libitum. Daily rats received 12-15 g of a standard laboratory chow diet 

as well as 12-25 ml of water, and had a 30-40 g gain of weight per week. Animals were 

used for experiments not earlier than 6 days after arrival. The preparation of liver cells 

was performed during the first three hours of the light phase. Rats were anesthetized by 

intraperitoneal injection of pentobarbital (400 mg/kg body weight). All animals received 

humane care in accordance with the institution’s guidelines, the German Convention for 

Protection of Animals and the National Institutes’ of Health guidelines. 

 

 

2.2. Bacterial Strain and Vectors 
2.2.1. Bacterial Strain 
E. coli DH5α strain [genotype: supE44, thi-1, recA1, relA1, hsdR17(rK-mK+), thi-1, 

∆lacU169(Φ80 lacZ∆M15), endA1, gyrA (Nalr)] (Stratagene, Heidelberg, Germany) was 

used for plasmid transformation.  

 

2.2.2. Vectors 
2.2.2.1. pBluescript SK+ Vector 

For molecular subcloning of rat IGF-I, IGF-II, IGFBP-2 and IGFBP-3 specific cDNA 

fragments the phagemid pBluescript SK+ (Stratagene) was used. This phagemid 

derived from the vector pUC19 consists of 2961 bp and has the orientation of the 

multiple cloning site in which lacZ transcription proceeds from SacI to KpnI. The “+” 

symbol on the pBluescript II phagemid indicates the orientation of the cloned phage f1 

intergenic region carrying the sequences required in cis for initiation and termination of 

phage f1 DNA synthesis and for packaging of DNA into bacteriophage particles. The 

vector contains T3 and T7 RNA polymerase promoters necessary for in vitro 

transcription, a multiple cloning region (polylinker) containing sites for different 

restriction endonucleases, and primer sequences (for universal and reverse primers) 

necessary for DNA sequencing.  
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2.2.2.2. pGEM®-3Z and pGEM®-4Z Vectors 

The pGEM®-4Z and pGEM®-3Z vectors were obtained from Promega (Mannheim, 

Germany). These standard cloning vectors were used to subclone rat IGF-IR and IGF-

II/M6-PR specific cDNA fragments, respectively, which were further used for Northern 

blot analysis. The pGEM®-4Z and pGEM®-3Z vectors consist of 2746 kb and 2743 kb, 

respectively. The vectors carry the lacZ α-peptide and the multiple cloning region 

arrangement from pUC18 allowing recombinants to be easily selected using blue/white 

color screening. In addition, the vectors contain both the SP6 and T7 RNA polymerase 

promoters flanking the multiple cloning region and, therefore, apart from standard 

cloning they can be used also for in vitro transcription. The vectors are convenient for 

cloning, because their multiple cloning site provides a selection of restriction sites. The 

pGEM®-3Z and pGEM®-4Z vectors are essentially identical except for the orientation of 

the SP6 and T7 promoters. 

 

2.2.2.3. pCR®II Vector 

The pCR®II vector was purchased from Invitrogen (Karlsruhe, Germany) to subclone rat 

PDGFRα and PDGFRβ specific cDNA fragments. The vector consists of 3932 bp and 

contains Sp6 and T7 RNA polymerase promoters, necessary for in vitro transcription, a 

multiple cloning site containing a variety of sites for different restriction endonucleases 

as well as primer sequences necessary for DNA sequencing.  

 

2.2.2.4. pBR322 Vector 

The pBR322 vector was obtained from Promega and was used for subcloning of human 

α2 chain of type I collagen cDNA fragment. The vector contains 4361 bp and comprises 

the replicon rep responsible for plasmid replication, the rop gene coding for Rop protein 

which promotes conversion of the unstable RNA I – RNA II complex to the stable 

complex and serves to decrease copy number, the bla gene coding for beta-lactamase 

that confers resistance to ampicillin and the tet gene responsible for resistance to 

tetracycline.  
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2.3. cDNA Probes and Oligonucleotides 
The following cDNA probes were used for Northern blot analysis:  

1) 700 bp EcoRI-HindIII fragment of rat IGF-I cDNA donated by Drs. Schwander and 

Margot (Basel, Switzerland);  

2) 500 bp EcoRI-BamHI fragment of rat IGF-II cDNA obtained from Dr. Gammeltoft 

(Copenhagen, Denmark);  

3) 265 bp EcoRI-SmaI fragment of rat IGF-IR cDNA (Werner et al., 1989) provided by 

Drs. LeRoith and Roberts (Bethesda, MD, USA); 

4) 500 bp EcoRI-BamHI fragment of rat IGF-II/M6-PR cDNA also generously donated 

by Drs. LeRoith and Roberts; 

5) 397 bp EcoRI-HindIII insert of clone pRBP2-501 coding for rat IGFBP-2 (Shimasaki 

and Ling, 1991) provided by Drs. Ling and Shimasaki (La Jolla, CA, USA); 

6) 699 bp ApaI-BamHI insert of clone pRBP3-AR encoding rat IGFBP-3 (Shimasaki and 

Ling, 1991) also from Drs. Ling and Shimasaki; 

7) 1500 bp EcoRI-XhoI insert of clone HF32 coding for human α2(I) chain of type I 

procollagen (Myers et al., 1981) obtained from Dr. Myers (Philadelphia, PA, USA);  

8) 308 bp EcoRI-EcoRI fragment of rat PDGFRα cDNA generated by polymerase chain 

reaction (PCR) by the group of Dr. Knittel (Dept. of Gastroenterology, University of 

Göttingen) using rat olfactory epithelium-derived cDNAs as a template (Lee et al., 

1990); 

9) 363 bp EcoRI-EcoRI fragment of rat PDGFRβ cDNA also generated by PCR by the 

group of Dr. Knittel using rat brain-derived cDNAs as a template (Herren et al., 1993). 

An oligonucleotide 5´ AAC GAT CAG AGT AGT GGT ATT TCA CC 3´ complementary 

to 28 S rRNA (MWG Biotech, Ebersberg, Germany) was used to quantify Northern 

blots. 

 

 

2.4. Antibodies 
2.4.1. Primary Antibodies 

Anti-IGF-I Antibody (Ab) 

A goat polyclonal antiserum (R&D Systems, Wiesbaden, Germany) raised against 

E.coli-derived recombinant mouse IGF-I was used for the neutralization of IGF-I 

endogenously produced by cultured rat liver myofibroblasts. Immunoglobulin (Ig) G 

specific for mouse IGF-I was purified by affinity chromatography. 
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Anti-IGFBP-2 Ab 

A rabbit polyclonal antiserum (Upstate Biotechnology, Lake Placid, NY, USA) raised 

against bovine IGFBP-2 purified by immunoaffinity chromatography and high-

performance liquid chromatography (HPLC) from conditioned medium of Madin Darby 

Bovine Kidney cells was used for the detection of IGFBP-2 by Western immunoblotting. 

Species reactivity: human, mouse, rat, bovine, goat, equine, porcine. 

 

Anti-IGFBP-3 Ab 

A rabbit polyclonal antiserum (GroPep, Adelaide, Australia) raised against a synthetic 

peptide of unique sequence from the central domain of mouse IGFBP-3 was used for 

the detection of rat IGFBP-3 by Western immunoblotting.  

 

Anti-IGF-II/M6-PR Ab 

For the detection of the IGF-II/M6-PR by immunoprecipitation, rabbit polyclonal 

antiserum raised against a sequence from the extracytoplasmic domain of the IGF-

II/M6-PR of rat origin was used. This antibody was kindly provided by Dr. T.Braulke 

(Dept. of Biochemistry II, University of Goettingen). Species reactivity: rat. 

 

Anti-IGF-IRβ Ab 

For the detection of the IGF-IRβ by Western immunoblotting and immunoprecipitation, 

an affinity purified rabbit polyclonal antiserum raised against a peptide mapping at the 

carboxy terminus of the IGF-IRβ of human origin was used (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). Species reactivity: mouse, rat, human. 

 

Anti-PDGFRβ Ab 

An affinity purified rabbit polyclonal antiserum (Santa Cruz Biotechnology) raised 

against a recombinant protein corresponding to amino acids 958-1106 mapping at the 

carboxy terminus of the PDGFRβ of human origin was used for the detection of the 

PDGFRβ by Western immunoblotting and immunoprecipitation. Species reactivity: 

mouse, rat, human. 
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Anti-PDGFRα Ab 

For the detection of the PDGFRα by Western immunoblotting and immunoprecipitation, 

an immunoaffinity purified rabbit polyclonal antibodies raised against a synthetic peptide 

conjugated with keyhole limpet hemocyanin (KLH) corresponding to amino acids 1035-

1053 of human PDGFRα were used (Upstate Biotechnology). Species reactivity: 

human, mouse, frog, chicken, rat, zebra fish. 

 

Anti-IRS-1 Ab 

For the detection of IRS-1 by Western immunoblotting and immunoprecipitation, an 

affinity purified rabbit polyclonal antiserum raised against a peptide mapping at the 

carboxy terminus of IRS-1 of human origin was used (Santa Cruz Biotechnology). 

Species reactivity: mouse, rat, human. 

 

Anti-IRS-2 Ab 

An affinity purified goat polyclonal antiserum (Santa Cruz Biotechnology) raised against 

a peptide mapping at the carboxy terminus of IRS-2 of mouse origin was used for the 

detection of IRS-2 by Western immunoblotting and immunoprecipitation. Species 

reactivity: mouse, rat, human. 

 

Anti-Gab-1 Ab 

For the detection of Gab-1 by Western immunoblotting and immunoprecipitation, a 

rabbit polyclonal antiserum raised against an 31 residue peptide sequence 

corresponding to C-terminal residues 664-694 of Gab-1 was used (Upstate 

Biotechnology). Species reactivity: human, mouse, rat. 

 

Anti-PLCγ1 Ab  

An affinity purified rabbit polyclonal antiserum (Santa Cruz Biotechnology) raised 

against a peptide mapping within the C-terminal domain of PLCγ1 of bovine origin was 

used for the detection of PLCγ1 by Western immunoblotting and immunoprecipitation. 

Species reactivity: mouse, rat, human. 

 

Anti-Phosphotyrosine Ab 

A mouse monoclonal antibody (clone PY20) raised against phosphotyrosine 

(Oncogene, San Diego, CA, USA) was used for the immunovisualization of the 
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immunoprecipitated proteins phosphorylated on tyrosine residues. This antibody was 

generated by immunizing BALB/c mice with the phosphotyrosine hapten conjugated to a 

carrier protein and fusing with NS-1 mouse myeloma cells. Resulting hybridomas were 

selected for reactivity with the phosphotyrosine hapten by ELISA. Species reactivity: all. 

  

Anti-Phospho-ERK Ab 

A mouse phospho-ERK1/2 (Thr202/Tyr204) monoclonal antibody (E10) (Cell Signaling, 

Beverly, MA, USA) was used to detect endogenous levels of p44 and p42 MAP kinases 

(ERK1 and ERK2) dually phosphorylated at threonine 202 and tyrosine 204 by Western 

immunoblotting. This antibody was produced by immunizing mice with a KLH-coupled 

synthetic phosphopeptide corresponding to residues around Thr202/Tyr204 of human 

p44 MAP kinase. Species reactivity: human, mouse, rat, hamster, zebra fish. 

 

Anti-Phospho-JNK Ab 

A mouse phospho-SAPK/JNK (Thr183/Tyr185) monoclonal antibody (G9) (Cell 

Signaling, Beverly, MA, USA) purified from ascitic fluid by affinity chromatography was 

used to detect endogenous levels of p46 and p54 SAPK/JNK dually phosphorylated at 

threonine 183 and tyrosine 185 by Western immunoblotting. This antibody was 

generated by immunizing mice with a KLH-coupled synthetic phosphopeptide 

corresponding to residues around Thr183/Tyr185 of human SAPK/JNK. Species 

reactivity: human, mouse, rat. 

 

Anti-Phospho-p38 Ab 

A mouse phospho-p38 kinase (Thr180/Tyr182) monoclonal antibody (28B10) (Cell 

Signaling) was used to detect p38 kinase phosphorylated at threonine 180 and tyrosine 

182 by Western immunoblotting. This antibody was produced by immunizing mice with 

a KLH-coupled synthetic phosphopeptide corresponding to residues around 

Thr183/Tyr185 of human p38 kinase. Species reactivity: human, mouse, rat. 

 

Anti-Fibronectin Ab 

A rabbit polyclonal antiserum (Boehringwerke, Marburg, Germany) was used for the 

detection of fibronectin by Western immunoblotting. Species reactivity: human, rat, 

mouse.  
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Anti-Fibulin 2 Ab 

An affinity purified goat polyclonal antiserum (Santa Cruz Biotechnology) raised against 

a peptide mapping near the carboxy terminus of human fibulin-2 was used for the 

detection of fibulin-2 by Western immunoblotting and immunocytochemistry. Species 

reactivity: mouse, rat, human. 

 

Anti-Collagen I Ab 

A rabbit polyclonal antiserum (Calbiochem, San Diego, CA, USA) raised against type I 

collagen purified from fetal mouse skin was used for the detection of type I collagen by 

Western immunoblotting and immunocytochemistry. Species reactivity: human, mouse, 

rat.  

 

Anti-Collagen IV Ab 

A mouse monoclonal antibody (clone IV-4H12) raised against type IV collagen 

(Oncogene) was used for the detection of this matrix protein by Western 

immunoblotting. This antibody was generated by immunizing BALB/c mice with a 

purified type IV collagen protein of human origin and fusing with NS-1 mouse myeloma 

cells. Species reactivity: human. 

 

Anti-Laminin Ab 

A rabbit polyclonal antiserum (Calbiochem, San Diego, CA, USA) was used for the 

detection of laminin by Western immunoblotting. Species reactivity: rat.  

 

Anti-α-Actin Ab 

To detect α-smooth muscle actin, mouse monoclonal antibody (clone 1A4, IgG2a 

isotype) was used (Sigma, Munich, Germany). This antibody was derived from the 

hybridoma produced by the fusion of mouse myeloma cells and splenocytes from an 

immunized mouse. The KLH-coupled N-terminal synthetic decapeptide of α-actin was 

used as immunogen. This antibody recognizes sarcomeric α-isoform of actin abundantly 

expressed in skeletal and cardiac muscle.  

 

Anti-β-Actin Ab 

For the detection of β-actin, mouse monoclonal antibody (AC-15 clone) raised against 

N-terminal peptide of β-actin was used (Sigma, Munich, Germany). This antibody 
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recognizes ubiquitously expressed β-isoform of actin and does not cross-react with 

sarcomeric α-isoform. Species reactivity: human, bovine, sheep, pig, rabbit, dog, 

mouse, rat, guinea pig, chicken, carp, fruit fly.  

 

2.4.2. Secondary Antibodies 

Peroxidase-Conjugated Swine Anti-Rabbit Immunoglobulins (Ig) 

For the detection of a primary antibody of rabbit origin bound to a protein of interest by 

Western immunoblotting and immunocytochemistry, the secondary horseradish 

peroxidase-conjugated swine antibodies directed against rabbit immunoglobulins were 

used (DAKO, Copenhagen, Denmark). Species reactivity: rabbit.  

 

Peroxidase-Conjugated Rabbit Anti-Mouse Ig 

For the detection of a primary antibody of mouse origin bound to a protein of interest by 

Western immunoblotting and immunocytochemistry, the secondary horseradish 

peroxidase-conjugated rabbit anti-mouse immunoglobulins were used (DAKO, 

Copenhagen, Denmark). Species reactivity: mouse.  

 

Peroxidase-Conjugated Rabbit Anti-Goat Ig 

For the detection of a primary antibody of goat origin bound to a protein of interest by 

Western immunoblotting, the secondary horseradish peroxidase-conjugated rabbit anti-

goat immunoglobulins were used (DAKO, Copenhagen, Denmark). Species reactivity: 

goat.  

 

 

2.5. Proteins, Enzymes and Protein Standards  
[125I]-IGFBP-2, recombinant, human Dr. Braulke, Department of 

Biochemistry, Children's Hospital, 
University Hospital Hamburg Eppendorf, 
Hamburg, Germany 

  
[125I]-IGFBP-3, recombinant, human Dr. Braulke, Department of 

Biochemistry, Children's Hospital, 
University Hospital Hamburg Eppendorf, 
Hamburg, Germany 

  
Basic fibroblast growth factor, recombinant, 
human 

Promocell, Heidelberg, Germany 

  
Bovine serum albumin (BSA) PAA, Linz, Austria 
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Collagenase H Roche, Mannheim, Germany 
  
Collagenase type I Biochrom, Berlin, Germany 
  
DNase I Roche, Mannheim, Germany 
  
Epidermal growth factor, recombinant, 
human 

Promocell, Heidelberg, Germany 

  
Glucose oxidase Sigma, Munich, Germany 
  
Growth hormone, human Nordisk, Mainz, Germany 
  
IGFBP-2, recombinant, human R&D Systems, Wiesbaden, Germany 
  
IGFBP-3, recombinant, human R&D Systems, Wiesbaden, Germany 
  
IGF-I, recombinant, human PeproTech, Rocky Hill, NJ, USA 
  
IGF-I, recombinant, human,  
in powder, for iodination 

GroPep, Adelaide, Australia 

  
Insulin, porcine Sigma, Munich, Germany 
  
LongTMR3IGF-I, recombinant, human GroPep, Adelaide, Australia 
  
PDGF-BB, rat, recombinant Sigma, Munich, Germany 
  
Pronase E Merck, Darmstadt, Germany 
  
Protein A sepharose 4 fast flow  Amersham Biosciences, Freiburg, 

Germany 
  
Rainbow™ colored protein molecular weight 
markers 

Amersham Biosciences, Freiburg, 
Germany 

  
Restriction enzymes with buffers Boehringer Mannheim, Mannheim, 

Germany 
  

TGF-β1, human, recombinant PeproTech, Rocky Hill, NJ, USA 
 

 
2.6. Pharmacological Inhibitors and Activators  
I-Ome-AG538, 
a selective inhibitor of IGF-IR kinase Calbiochem, San Diego, CA, USA 
  
Agaricus bisporus lectin, 
a non-selective inhibitor of nuclear import Sigma, Munich, Germany 
  
m-3M3FBS,  
a specific activator of phospholipase C Calbiochem, San Diego, CA, USA 
  
PD98059, 
a selective inhibitor of MEK Alexis, Grünberg, Germany 
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SB203580, 
a selective inhibitor of p38 kinase Calbiochem, San Diego, CA, USA 
  
SP600125, 
a selective inhibitor of JNK Alexis, Grünberg, Germany 
  
U-73122, 
a selective inhibitor of phospholipase C Calbiochem, San Diego, CA, USA 
 

 
2.7. Protease Inhibitors 
Antipain Sigma, Munich, Germany 

Benzamidine Sigma, Munich, Germany 

Chymostatin Sigma, Munich, Germany 

Leupeptin Sigma, Munich, Germany 

Pepstatin A Sigma, Munich, Germany 

Phenylmethanesulfonyl fluoride (PMSF) Sigma, Munich, Germany 

 
 

2.8. Phosphatase Inhibitors 
Sodium fluoride Merck, Darmstadt, Germany 

Sodium orthovanadate Sigma, Munich, Germany 

Tetrasodium pyrophosphate Sigma, Munich, Germany 

β-glycerophosphate Sigma, Munich, Germany 

 
 

2.9. Detergents 
CHAPS Roche, Mannheim, Germany 

Nonidet P-40 (NP-40) USB, Cleveland, OH, USA 

Sodium dodecyl sulfate (SDS) Roth, Karlsruhe, Germany 

Triton X-100 Serva, Heidelberg, Germany 

Tween 20 Serva, Heidelberg, Germany 
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2.10. Detection, Purification and Synthesis Systems (Kits) 
5-Bromo-2´-Deoxy-Uridine Labelling and Detection kit III, Roche, Mannheim, Germany 

Agarose Gel DNA Extraction Kit, Roche, Mannheim, Germany 

BCA Protein Assay, Pierce, Bonn, Germany 

EndoFreeTM Plasmid Maxi Kit, Qiagen, Hilden, Germany 

NEBlot® Kit, New England Biolabs, Schwalbach, Germany 

NE-PER® Nuclear and Cytoplasmic Extraction Reagents, Pierce, Bonn, Germany 

Nick Translation Kit, Invitrogen, Karlsruhe, Germany 

SuperSignal® West Pico Chemiluminescent Substrate, Pierce, Bonn, Germany 

 

 

2.11. Stock Solutions 
All stock solutions were prepared either in double distilled water (ddH2O) or (for 

experiments with RNA) in RNase-free water; the pH values of stock solutions are 

presented as the values at 25°C. 

 
Ammonium persulphate (APS) 10% 

 For 10 ml 
APS 1 g 
ddH2O to 10 ml 
The solution was dispensed into 100 µl aliquots and stored at −20°C. 
 
Citric acid 0.25 M 

 For 100 ml 
Citric acid 4.8 g 
RNase-free H2O (Ampuwa®) to 100 ml 
The solution was stored at room temperature (RT). 
 
EDTA 0.5 M 

 For 100 ml 
EDTA (disodium salt) 18.61 g 
RNase-free H2O (Ampuwa®) to 100 ml 
pH was adjusted with 5N NaOH to 8.0. The solution was sterile filtered and stored at 
RT. 
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Phosphate-buffered saline (PBS) 10X 

 For 1 l Final concentration 
NaCl 81.82 g 1.4 M 
KCl 2 g 27 mM 
Na2HPO4 14.2 g 100 mM 
KH2PO4 2.45 g 18 mM 
ddH2O to 1 l  
pH was adjusted with HCl to 7.3. The solution was stored at RT. 
 
SDS 20% 

 For 100 ml 
SDS 20 g 
ddH2O to 100 ml 
In the case of SDS precipitation, the solution was warmed until it became clear. 
 
Sodium acetate 2 M 

 For 100 ml 
Sodium acetate 16.408 g 
RNase-free H2O (Ampuwa®) to 100 ml 
pH was adjusted with acetic acid to 5.4. The solution was stored at RT. 
 
Sodium citrate 0.25 M 

 For 100 ml 
Sodium citrate 7.35 g 
RNase-free H2O (Ampuwa®) to 100 ml 
pH was adjusted with 0.25 M citric acid to 7.0; the solution was stored at RT. 
 
Tris-HCl 2 M 

 For 1 l 
Tris-HCl 315.2 g 
RNase-free H2O (Ampuwa®) to 1 l 
pH was adjusted with NaOH to 7.4. The solution was sterile filtered and stored at 4°C. 
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2.12. Chemicals 
All chemicals were of analytical grade and obtained from commercial sources as 

indicated. 

 
Amersham Biosciences, Freiburg, Germany 
[35S]-labelled methionine (specific activity 1,000 Ci/mmol), [α-32P]-labelled deoxy-
cytidine-triphosphate (specific activity 3,000 Ci/mmol), Amplify fluorographic solution, 
Ficoll® 400, Percoll®, sodium [125I] iodide (carrier-free, specific activity 16.85 mCi/µg)  
 
AppliChem, Darmstadt, Germany 
Glycin, nonfat dried milk powder 
 
Biochrom, Berlin, Germany 
M199, fetal calf serum, trypan blue, trypsin 
 
Bio-Rad, Munich, Germany 
mixed bed resin AG 501-X8(D) 
 
Boehringer, Mannheim, Germany 
Ampicillin 
 
Chemicon, Temecula, CA, USA 
Re-Blot Plus (strong antibody stripping solution) 
 
Difco Laboratories, Detroit, MI, USA 
Bactoagar, bacto-trypton, yeast extract 
 
Fresenius, Bad Homburg, Germany 
Ampuwa® water 
 
Invitrogen, Karlsruhe, Germany 
123 kb DNA ladder, agarose, guanidine isothiocyanate, low melting point agarose 
 
MBI Fermentas, St. Leon-Rot, Germany 
6x loading dye  
 
Merck, Darmstadt, Germany 
All standard chemicals, acetic acid, acetone, bromophenol blue, chloramine T, ethanol, 
37% formaldehyde, formamide, glycerol, Kaiser’s glycerol gelatin, Meyer’s hemalum 
solution, methanol, β-mercaptoethanol, penicillin G, sodium bisulphite, sodium fluoride, 
streptomycin 
 
Merial, Hallbergmoos, Germany 
Pentobarbital sodium (Narcoren®) 
 
Nyegaard, Oslo, Norway 
Nycodenz® 
 
PAA, Linz, Austria 
Dulbecco´s modified Eagle medium (DMEM), L-Glutamine 
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Paesel and Lorei, Frankfurt, Germany 
Cesium chloride 
 
Pierce, Bonn, Germany 
Trifluoroacetic acid 
 
Roche, Mannheim, Germany 
Fish sperm DNA 
 
Roth, Karlsruhe, Germany 
Acetonitril, hydrogen peroxide, Rotiphorese Gel 30 (30% acrylamide stock solution with 
0.8% bisacrylamide in proportion 37.5:1)  
 
Promocell, Heidelberg, Deutschland  
Endothelial cell basal medium 
 
Serva, Heidelberg, Germany 
Ammonium persulfate, ponceau S, tetramethyl ethylene diamine (TEMED), Tris-HCl, 
Triton X-100, Tween 20 
 
Sigma-Aldrich Chemie, Munich, Germany 
All standard chemicals, citric acid, dexamethasone, dimethyl sulfoxide (DMSO), 
dithiothreitol (DTT), fish gelatine, EDTA, EGTA, ethidium bromide, glucose, HEPES, 
MOPS, N-lauroylsarcosyl, sodium acetate, sodium citrate  
 
Stratagene, Heidelberg, Germany) 
QuikHyb® Hybridization Solution 
 
Zinsser Analytic, Frankfurt, Germany 
Scintillation liquid 
 

 

2.13. Other Materials 
24-well plates, Petri dishes (100 mm) for bacterial cultures, Greiner, Frickhausen, 
Germany  
6-well plates, 96-well microtiter plates, Lab-Tek chamber slides, Nunc, Naperville, IL, 
USA 
Cover-slips, 24x55 mm, Menzel-Gläser, Braunschweig, Germany 
Culture dishes (35, 100 and 150 mm), Becton Dickinson Labware, Lincoln Park, NJ, 
USA 
Hybond N nylon membrane, disposable NICK columns prepacked with Sephadex® G-50 
DNA grade, Amersham Biosciences, Freiburg, Germany 
Hybridization glass tubes, Biometra, Göttingen, Germany 
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Intravenous cannula with injection port, Braun, Melsungen, Germany 
Intravenous cannula with injection port, Klinika Medical, Usingen, Germany 
Latex powder-free gloves, Kimberly-Clark, Zaventem, Belgium 
Microscope glass slides, 76x26 mm, Menzel-Gläser, Braunschweig, Germany 
Nitrile gloves Nitra Tex, Ansell, Kulim, Malaysia 
Nitrocellulose Transfer Membrane, Sartorius, Göttingen, Germany 
Polyallomer thin-walled centrifuge tubes (5 ml), Beckman, Munich, Germany 
Safe-Lock tubes (0.2, 0.5, 1.5 and 2 ml), Eppendorf, Hamburg, Germany 
Scintillation vials (5 ml), Zinsser Analytic, Frankfurt, Germany 
Serological pipettes (2, 5, 10, 25 ml), transfer pipettes, plastic tubes (15 and 50 ml), 
Sarstedt, Nümbrecht, Germany 
Sterile filter Nalgene, 0.2 µm, Sartorius, Göttingen, Germany 
Sterile filter pipette tips, Biozym, Oldendorf, Germany 
Whatman 3MM paper, Schleicher and Schuell, Dassel, Germany  
X-ray films HyperfilmTM, Amersham Biosciences, Freiburg, Germany 
X-ray films X-Omat AR, Kodak, Rochester, NY, USA 
X-ray films, Fuji, Düsseldorf, Germany 
X-ray films, Konica, Hohenbrunn, Germany 
 

 

2.14. Instruments 
Automatic pipettes, type Reference®, Eppendorf, Hamburg, Germany 
Automatic pipettes, type Pipetman, Gilson, Bad Camberg, Germany 
Bench-top centrifuges, high speed centrifuges, ultracentrifuges and rotors: 

Beckman model J2-21 centrifuge 
Beckman rotor JE-6B  Beckman, Munich, Germany 
  
Centricon T-2070 ultracentrifuge 
Centricon rotor TST55.5 – 55000 rpm

Kontron Instruments, Neufahrn, 
Germany 

  
Eppendorf bench-top centrifuge,  
type MiniSpin 5415C Eppendorf, Hamburg, Germany 
  
Hettich Mikro Rapid/K centrifuge 
Hettich Rotina 3850 centrifuge  
Hettich Rotina 48RS centrifuge 
Hettich Rotixa/RP centrifuge 

Hettich, Tuttlingen, Germany 

  
Minifuge GL centrifuge Heraeus-Christ, Osterode, Germany 
  
Sigma 3K30 centrifuge 
Rotor Nr 12156 – 16500 rpm 
Rotor Nr 12153 – 22000 rpm 

Sigma Laboratory Centrifuges, 
Osterode, Germany 
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Digital photocamera Canon EOS D60 and software Remote Capture 2.5, Canon, Tokyo, 
Japan  
Eagle Eye™ system with built-in ultraviolet emitter, video camera and frame integrator, 
Stratagene, Amsterdam, Netherlands 
Electrophoresis power supply Power Pac 300, Bio-Rad, Munich, Germany 
Electrophoresis power supply ST305, Invitrogen, Karsruhe, Germany 
End-over-end rotator, W.Krannich, Göttingen, Germany 
Gamma-counter, Mini-instruments, Burnham-on-Crouch, UK 
Gas controlled incubators, Heraeus-Electronic, Hannover, Germany 
Geiger hand gamma-counter, Berthold, Oak Ridge, TN, USA 
Gel dryer, LKB Bromma, Bromma, Sweden 
Horizontal gel electrophoresis system Horizon® 11-14, Invitrogen, Karsruhe, Germany 
Horizontal gel electrophoresis system Horizon® 58, Invitrogen, Karsruhe, Germany 
Hybridization oven, Biometra, Göttingen, Germany 
Ice machine, Ziegra, Isernhagen, Germany 
Incubator with shaking for bacterial culture, model 3-25, New Brunswick Scientific Co., 
Edison, New Jersey, USA 
Liquid scintillation counter Wallac 1409, EG&G, Turku, Finland 
Magnetic mixer with warming, type M21/1 Framo-Gerätetechnik, Eisenach, Germany 
Microplate reader MRX, Dynatech Laboratories, Chantilly, VA, USA 
Microscope Axioscop with fotocamera MC 100 Spot, Zeiss, Oberkochen, Germany 
Microscope Axiovert 25, Zeiss, Oberkochen, Germany 
Microwave, Whirlpool, Comerio, Italy 
Mini-vertical gel electrophoresis unit Hoefer Mighty Small II, Amersham Biosciences, 
Freiburg, Germany 
Peristaltic pump P-1, Amersham Biosciences, Freiburg, Germany 
pH-Meter, Glas-Gerätebau, Bovenden, Germany 
Pipette holder with safety valve, filter and wall holder; Hirschmann Laborgeräte, 
Eberstadt, Germany 
Rocking platform, Biometra, Göttingen, Germany 
Savant Speed Vac® concentrator, ThermoLife Sciences, Egelsbach, Germany 
Scanning densitometer, Molecular Analyst, Bio-Rad Hercules, CA, USA 
Sonicator Sonoplus HD 70, Bandelin, Berlin, Germany 
Standard dual cooled gel electrophoresis unit Hoefer SE 600, Amersham Biosciences, 
Freiburg, Germany 
Sterile bench, The Baker Company, Sanford, ME, USA 
Thermomixer 5436, Eppendorf, Hamburg, Germany 
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Thermostat, Heraeus, Hanau, Germany 
Thermostatic calculator, model 2219 Multitemp II, LKB Bromma, Bromma, Sweden 
Transfer electrophoresis unit Hoefer TE 50X, Amersham Biosciences, Freiburg, 
Germany 
Transfer electrophoresis unit Mini Trans-Blot®, Bio-Rad, Munich, Germany 
Ultra-pure water system Milli-Q, Millipore, Molsheim, France 
UV spectrophotometer, RNA/DNA Calculator GeneQuant II, Pharmacia Biotech, 
Freiburg, Germany 
UV-light crosslinker, Stratalinker™ 180, Stratagene, Heidelberg, Germany 
Vortex, Genie 2™, Bender and Hobein, Zurich, Switzerland 
Vortex, with platform, Schütt Labortechnic, Göttingen, Germany 
Water bath, W.Krannich, Göttingen, Germany 
X-ray film cassettes 10x18, Siemens, Munich, Germany 
X-ray film-developing machine SRX-101A, Konica Europe, Hohenbrunn, Germany 
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3. Methods 
 

3.1. Cell Biology Methods 
3.1.1. Isolation of Rat Hepatocytes 

Hepatocytes were isolated from male Wistar rats by circulating perfusion with 

collagenase as described previously (Seglen, 1973; Katz et al., 1979) with slight 

modifications. 

 

3.1.1.1. Liver Perfusion 

Rats were anesthetized by intraperitoneal injection of Pentobarbital-sodium and fixed on 

the preparation desk. The abdomen was desinfected with 70% ethanol and opened by 

longitudinal incision along linea alba up to processus xyphoideus giving access to the 

liver sinus and portal vein. After laparotomy, the vena portae was canulated, vena cava 

inferior was ligated above the diaphragm to prevent flow of the perfusion media into the 

circulation. Then the vena cava inferior was cut beneath the liver and canulated as well. 

The liver was perfused first in a non-recirculative mode through the portal vein with 

150-200 ml of CO2-enriched preperfusion medium at a flow rate of 30 ml/min until the 

liver was free from blood. Further, in order to break down sufficiently an extracellular 

matrix, the liver was perfused in a recirculative mode with collagenase perfusion 

medium until it started to soften (about 7-11 min).  

 

3.1.1.2. Preparation of Hepatocyte Suspension 

After perfusion, the liver was excised and transferred to a sterile glass beaker filled with 

culture medium M199 and supplements. Glisson’s capsule was carefully removed and 

discarded. To obtain a cell suspension, the tissue was disrupted mechanically using 

sterile forceps. Connective tissue and the remaining liver capsule as well as big cell 

aggregates were removed by filtration of the primary cell suspension through a nylon 

mesh (pore size 79 µm). Nonparenchymal cells and cell debris were removed by 

numerous selective sedimentations (20 x g, 2 min, 4°C) in wash medium. The cell pellet 

was resuspended in culture medium, and hepatocytes were then separated by Percoll® 

density gradient centrifugation (1500 x g, 5 min, RT). Finally, purified hepatocytes were 

resuspended in serum-enriched M199 with supplements, plated onto 35- and 60-mm 

Falcon plastic dishes at a density 1 x 106 and 2 x 106 cells per dish, respectively, and 

incubated at 370C in 5% CO2 atmosphere and 95% humidity. After 3-4 hours of culture, 
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supernatans were replaced by fresh serum-free M199, and cells were incubated for the 

following 20 hours. Cell-free supernatants were collected and frozen at -200C, and cells 

were rinsed in PBS buffer and frozen at -800C for subsequent experiments. 

 

3.1.1.3. Solutions and Media for Isolation and Culture of Rat Hepatocytes 

All media and solutions for cell culture were prepared in double distilled water, further 

purified by sterile filtration and stored at 4°C. All solutions were prepared not more than 

one day before the isolation. 

 

Krebs-Ringer stock solution 

 For 1 l Final concentration 
NaCl 7 g 120 mM 
KCl 0.36 g 4.8 mM 
MgSO4x7H2O 0.296 g 1.2 mM 
KH2PO4 0.163 g 1.2 mM 
NaHCO3 2.016 g 24.4 mM 
ddH2O to 1 l  
The solution was equilibrated with carbon dioxide and pH was adjusted to 7.35. 
 

Preperfusion medium 

 For 1 l Final concentration 
EGTA 95.1 mg 0.25 mM 
Krebs-Ringer stock solution to 1 l  
 

Collagenase perfusion medium 

 For 100 ml Final concentration 
HEPES 360 mg 15 mM 
CaCl2x2H2O 58.8 mg 4 mM 
Collagenase 50 mg  
Krebs-Ringer stock solution to 100 ml  
The medium was prepared directly prior to isolation, equilibrated with carbon dioxide for 
30 min and finally sterile filtered. 
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Wash medium 

 For 1 l Final concentration 
HEPES/NaOH pH 7.4 4.77 g 20 mM 
NaCl 7.00 g 120 mM 
KCl 0.36 g 4.8 mM 
MgSO4x7H2O 0.30 g 1.2 mM 
KH2PO4 0.16 g 1.2 mM 
BSA 4.00 g 0.4% 
ddH2O to 1 l  
 

Percoll® solution 

Percoll® 43.1 ml 
Gradient puffer 6.5 ml 
 

Gradient buffer for Percoll® solution 

 For 100 ml Final concentration 
NaCl 8.18 g 1.4 M 
KCl 0.37 g 50 mM 
MgCl2 0.163 g 8 mM 
Na2HPO4 0.28 g 16 mM 
KH2PO4 0.054 g 4 mM 
ddH2O to 100 ml  
pH was adjusted to 7.35, the solution was then sterile filtered. 

 

M199 with supplements (stock medium) 

Solution A 

 For 500 ml 

M199 with Earle’s salts without 
NaHCO3, in powder 1 bottle (for 1 l) 

BSA 2.0 g 
HEPES 3.6 g 
ddH2O to 500 ml 
pH was adjusted to 7.35, and the solution was equilibrated with carbon dioxide under 
the control of pH.  
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Solution B 

 For 500 ml 

NaHCO3 1.5 g 
ddH2O to 500 ml 
The solution was equilibrated with carbon dioxide and pH was adjusted to 7.35. Solution 
A and Solution B were then mixed and equilibrated with carbon dioxide under the 
control of pH. Finally, the medium was sterile filtered. 
 
Serum-enriched M199 with supplements 

 For 100 ml 

FCS 4 ml 

Dexamethasone stock 100 µl 

Insulin stock 10 µl 
Penicillin/streptomycin stock 1 ml 
M199 with supplements (stock 
medium) 

to 100 ml 

 
Serum-free M199 with supplements 

 For 100 ml 

Dexamethasone stock 100 µl 

Insulin stock 10 µl 
Penicillin/streptomycin stock 1 ml 
M199 with supplements (stock 
medium) 

to 100 ml 

 
 
Penicillin/Streptomycin stock 

 For 100 ml 
Penicillin G (sodium salt) 0.64 g 
Streptomycine sulfate 1.17 g 
NaCl 0.9 g 
ddH2O to 100 ml 
The penicillin/streptomycin stock was sterile filtered, aliquoted and stored at –20°C. 
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Dexamethasone stock solution (100 µM) 

 For 100 ml 
Dexamethasone 3.92 g 
0.9% NaCl to 100 ml 
Dexamethasone was first dissolved in 0.3 ml of ethanol and then adjusted with 0.9% 
NaCl to a final volume of 100 ml. The stock solution was then sterile filtered, aliquoted 
and stored at –20°C. 
 
Insulin stock solution (10 µM) 

 For 100 ml 
Insulin 6 mg 
BSA 100 mg 
0.9% NaCl to 100 ml 
Insulin was dissolved at pH 2.5, neutrilized and then BSA was added. The stock 
solution was then sterile filtered, aliquoted and stored at –20°C. 
 
 

3.1.2. Isolation of Nonparenchymal Liver Cells 
Rat nonparenchymal liver cells, i.e. liver macrophages (Kupffer cells, KCs) and 

sinusoidal endothelial cells (SECs) were isolated by liver enzymatic perfusion, gradual 

digestion, density gradient centrifugation and counterflow elutriation as previously 

described (Knook and Sleyster, 1976) with slight modifications.  

3.1.2.1. Liver Perfusion and Preparation of Cell Suspension 

The laparotomy and canulation were essentially performed as described above (see 

section 3.1.1.). The liver was perfused with preperfusion medium containing Gey’s 

Balanced Salt Solution (GBSS) and sodium hydrocarbonate, followed by perfusion with 

enzyme solution 1 containing pronase with subsequent change to enzyme solution 2 

containing pronase and collagenase. 

After perfusion, the liver was excised and transferred to a sterile Petri dish filled with 

enzyme solution 3 containing pronase, collagenase and DNase I and was mechanically 

disruptured with sterile forceps. The cell suspension obtained was stirred in the same 

perfusion solution for 30 min under the control of pH (7.5) and finally filtered through the 

sterile sieve and collected in 50 ml polypropylene tubes. To separate big cell 

aggregates and major part of the parenchymal liver cells, the suspension was 

centrifuged for 4 min at 35 x g (4°C). The supernatant was then centrifuged, and the 

pellet was resuspended in 50 ml of GBSS containing 100 µl of DNase I.  
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3.1.2.2. Separation of Nonparenchymal Liver Cells 

Nonparenchymal liver cells were separated through Nycodenz® density gradient 

centrifugation as follows: the cell suspension was transferred to four sterile 50 ml 

polypropylene tubes and centrifuged for 5 min at 640 x g (4°C). The supernatants were 

discarded, and the pellets were resuspended in small volumes (5-6 ml) of GBSS 

supplemented with DNase I and pooled together in one sterile 50 ml polypropylene 

tube. 30% Nycodenz® (14 ml) was added, and the volume was adjusted with GBSS to 

24 ml. This mixture was divided between four sterile 15 ml polypropylene tubes, and 

GBSS (1.5 ml per tube) was carefully layered over the content of the tubes. The 

samples were centrifuged through the gradient for 15 min at 1,800 x g (4°C). 

Subsequently, the interphase brown layer between Nycodenz® and GBSS containing 

nonparenchymal liver cells was carefully transferred to sterile 50 ml polypropylene tube 

and centrifuged for 5 min at 640 x g (4°C). 

3.1.2.3. Purification by Counterflow Elutriation 

To purify fractions enriched with KCs and SECs, nonparenchymal liver cells were 

fractionated by centrifugal counterflow elutriation (Knook and Sleyster, 1976). The pellet 

obtained in previous steps containing nonparenchymal liver cells was resuspended in 5-

6 ml of 0.4% BSA/GBSS, collected in a sterile 10 ml syringe and injected into the 

elutriation system. Using JE-6B elutriation rotor assembled according to the 

manufacturer’s instructions and spun at 2,500 rpm in a J2-21 centrifuge (Beckman 

Instruments), fractions enriched with sinusoidal endothelial cells and large Kupffer cells 

were collected at flow rates of 19 and 55 ml/min, respectively. The fractions of KCs and 

SECs were sedimented by centrifugation (5 min at 640 x g, 4°C), cells were then 

resuspended, counted in a Neubauer chamber and plated after evaluation of cell 

viability by Trypan blue staining. KCs were plated onto 35 mm dishes at a density of 4 x 

106 per dish in 1.5 ml of culture medium (serum-enriched M199 with supplements), 

which was replaced daily. SECs were cultured on type I collagen-coated 24-well plates. 

For this purpose, plates for SECs cultivation were prepared in advance. Briefly, collagen 

was dissolved in 10% acetic acid (25mg/100ml), and the solution was then diluted with 

water at a ratio of 1:50. The wells were incubated with collagen for 2 hours and air-dried 

afterwards at RT. SECs were resuspended in serum-enriched endothelial cell basal 

medium with supplements and plated at a density 2 x 106 cells per well. Medium was 

replaced every day. Primary cultures of KCs and SECs at day 2 were washed with PBS 
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and incubated for 24 hours in serum-reduced (0.3% of fetal calf serum) culture media. 

Cell-free supernatants were collected and frozen at -200C, and cells were rinsed in PBS 

and frozen at -800C for subsequent experiments.   

 

3.1.2.4. Isolation of Hepatic Stellate Cells 

Hepatic stellate cells (HSCs) were isolated from female Wistar rats weighing 300-350 g. 

The liver perfusion and separation of nonparenchymal liver cells from remaining 

hepatocytes were essentially performed as described earlier. After centrifugation 

through Nycodenz® density gradient, the upper white layer containing HSCs was 

transferred to a sterile tube and resuspended in GBSS supplemented with 0.2% BSA. 

Then the number of cells was counted, and cell viability was evaluated by Trypan blue 

staining. Finally, cells were resuspended in DMEM supplemented with 15% fetal calf 

serum, 100 U/mL penicillin, 100 µg/mL streptomycin and 1% L-glutamine, and plated 

onto 6-well plates at a density 8 x 105 cells per well in 4 ml of culture medium, which  

was replaced 2 days after plating and then every third day. Cultures of HSCs were kept 

at 370C in a 5% CO2 atmosphere and 95% humidity. Primary cultures of HSCs at days 

2, 4 and 7 were washed with PBS and were incubated for 24 hours in serum-reduced 

(0.3% fetal calf serum) culture medium. Cell-free supernatants were collected and 

frozen at -200C, and cells were rinsed in PBS and frozen at -800C for subsequent 

experiments. 

 

3.1.2.5. Isolation of Liver Myofibroblasts 

The liver was perfused as described above. Two independent approaches were used 

for isolation of rat liver myofibroblasts (LMFs): (1) isolation by density gradient 

centrifugation followed by counterflow elutriation of fraction enriched with LMFs, and (2) 

isolation by outgrowth from primary culture of rat hepatocytes.  

In the first approach, density gradient centrifugation and counterflow elutriation have 

been essentially done as described earlier. A fraction enriched with LMFs was collected 

at a flow rate of 23 ml/min (Knittel et al., 1999a). This fraction was then centrifuged (450 

x g, 10 minutes, 40C), the obtained cells were resuspended in culture medium (DMEM 

supplemented with 15% fetal calf serum, 100 U/mL penicillin, 100 µg/mL streptomycin 

and 1% L-glutamine) and plated. Culture medium was replaced 2 days after plating and 

then twice a week.  
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In order to obtain LMFs by outgrowth from primary hepatocytes culture, 24 hours after 

plating hepatocytes were washed in sterile PBS and new culture medium (DMEM with 

supplements as indicated above) was then added. In the presence of DMEM and serum 

hepatocytes were dying, whereas LMFs contaminating hepatocytes culture were 

proliferating. To eliminate dead hepatocytes, every two days the cultures were rinsed in 

PBS and medium was replaced.  

In both cases, cultured LMFs were allowed to grow until confluence and were then 

released from the culture dishes by trypsinization and replated at split ratio 1:3 or 1:4. 

Culture medium was replaced 2 days after passaging and then twice a week. Cells were 

cultured at 370C in 5% CO2 atmosphere and 95% humidity. Cells were subcultured for 

several passages. Cells from passages 1 to 7 were used for further studies.  

 

3.1.2.6. Treatment of Cultured Liver Myofibroblasts 

Before the addition of stimuli, cultures of rat LMFs were washed in PBS and were then 

growth-arrested in serum-reduced culture medium (DMEM) supplemented with 0.3% 

FCS for 1 hour at 370C in 5% CO2 atmosphere and 95% humidity, and thereafter cells 

were incubated in serum-reduced DMEM supplemented with certain hormones and 

growth factors. Alternatively, in order to study the phosphorylation of the IGF-IR, 

PDGFR and their signalling intermediates, cell starvation and treatment of cells were 

performed under serum-free conditions.  

After treatment, cell-free supernatants were collected and frozen at -200C, and cells 

were rinsed in cold PBS and immediately were used for RNA isolation and protein 

extraction. 
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3.1.2.7. Solutions and Media for Isolation and Culture of Nonparenchymal Liver Cells 
All media and solutions for cell culture were prepared in double distilled water, further 

purified by sterile filtration and stored at 4°C, unless otherwise indicated. 

 

10x GBSS (Gey’s Balanced Salt Solution) 

 For 1 l 

NaCl 80 g 
KCl 3.7 g 
MgSO4x7H2O 0.7 g 
NaH2PO4xH2O 1.7 g 
CaCl2x2H2O 2.2 g 
KH2PO4 0.3 g 
MgCl2x6H2O 2.1 g 
Glucose 10 g 
ddH2O to 1 l 
 

Preperfusion medium 

 For 1 l 

NaHCO3 227 mg 
10x GBSS 100 ml 
ddH2O to 1 l 
The solution was prepared directly prior to isolation; pH was adjusted to 7.4. 

 

1x GBSS without NaCl 

 For 1 l 

KCl 370 mg 
MgSO4x7H2O 70 mg 
NaH2PO4xH2O 170 mg 
CaCl2x2H2O 220 mg 
NaHCO3 227 mg 
KH2PO4 30 mg 
MgCl2x6H2O 210 mg 
Glucose 1 g 
ddH2O to 1 l 
pH was adjusted to 7.4. 
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30% Nycodenz® 

 For 100 ml 

Nycodenz® 30 g 
1x GBSS without NaCl to 100 ml 
The solution was dispensed into 14 ml aliquots and stored at –20°C. 

 

0.4% BSA/GBSS 

 For 500 ml 

BSA 2 g 
1x GBSS to 500 ml 
 

Enzyme solution 1 

 For 60 ml 

Pronase E 120 mg 
1x GBSS to 60 ml 
 

Enzyme solution 2 

 For 150 ml 

Pronase E 75 mg 
Collagenase H 80 mg 
1x GBSS to 150 ml 
 

Enzyme solution 3 

 For 100 ml 

Pronase E 20 mg 
Collagenase H 60 mg 
DNase I stock 300 µl 
1x GBSS to 100 ml 
All enzymes were dissolved in GBSS for 30 min at RT with slight agitation. DNase I was 
added to the solution immediately before application. 
 

DNase I stock 

 For 10 ml 

DNase I 100 mg 
ddH2O to 10 ml 
The solution was dispensed into 1 ml aliquots and stored at –20°C. 
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Serum-enriched M199 with supplements 

 For 100 ml 

FCS 15 ml 
Penicillin/streptomycin stock 1 ml 
L-Glutamine 1 ml 
M199 to 100 ml 
 

Serum-reduced M199 with supplements 

 For 100 ml 

FCS 0.3 ml 
Penicillin/streptomycin stock 1 ml 
L-Glutamine 1 ml 
M199 to 100 ml 
 

Serum-enriched Endothelial Cell Basal Medium with supplements 

 For 100 ml 
FCS 2 ml 
Penicillin/streptomycin stock 1 ml 
Epidermal growth factor,  
[100 ng/µl] 1 µl 

Basic fibroblast growth factor, 
[100 ng/µl] 0.1 µl 

Insulin stock 10 µl 
Endothelial cell basal medium to 100 ml 
 

Serum-reduced Endothelial Cell Basal Medium with supplements 

 For 100 ml 
FCS 0.3 ml 
Penicillin/streptomycin stock 1 ml 
Epidermal growth factor,  

[100 ng/µl] 
1 µl 

Basic fibroblast growth factor, 

[100 ng/µl] 
0.1 µl 

Insulin stock 10 µl 
Endothelial cell basal medium to 100 ml 
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Serum-enriched DMEM with supplements  

 For 100 ml 

Penicillin/streptomycin stock 1 ml 
FCS 15 ml 
L-Glutamine 1 ml 
DMEM (with low glucose) to 100 ml 
 

Serum-reduced DMEM with supplements 

 For 100 ml 

Penicillin/streptomycin stock 1 ml 
FCS 0.3 ml 
L-Glutamine 1 ml 
DMEM (with low glucose) to 100 ml 
 

Serum-free DMEM with supplements 

 For 100 ml 

Penicillin/streptomycin stock 1 ml 
L-Glutamine 1 ml 
DMEM (with low glucose) to 100 ml 
 

 

 

3.2. Molecular Biology Methods 
3.2.1. Transformation of E. coli 

Competent E. coli DH5α cells capable to take up linear or circular (plasmid) double 

stranded DNA were used for transformation.  

The competent bacteria (100 µl) were thawed on ice. Then 100 ng of plasmid DNA were 

added directly to the competent cells and the mixture was incubated on ice during 30 

min. Cells were subjected then to heat shock by incubating at 42°C for 2 min and 

subsequently cooled down on ice for 2 min. Afterwards, 300 µl of SOC medium were 

added to the cells followed by 40 min incubation at 37°C under continuous shaking at 

225 rpm. After cooling down on ice, transformed cells (50 µl) were spread over a LB-

ampicillin agar dish and incubated for 18 h at 37°C. 
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Media and solutions used for E. coli transformation  

SOC medium 

0.5% yeast extract 

2% bacto-trypton 

10 mM NaCl 

2.5 mM KCl 

10 mM MgSO4 

10 mM MgCl2 

20 mM glucose 

 

Luria Bertani (LB) medium  

 For 1 l 

Bacto-trypton 10 g 

Yeast extract 5 g 

NaCl 5 g 

ddH2O to 1 l 

pH was adjusted with NaOH to 7.3, the medium was autoclaved and stored at 4°C. Prior 
to use, ampicillin was added to the medium at the final concentration of 50-100 µg/ml. 
 

LB-ampicillin agar dishes 

Bactoagar was added to the LB medium to a final concentration of 1.5% followed by 

autoclaving. Subsequently, the medium was cooled down to 55°C and ampicillin was 

added to the final concentration of 50 µg/ml. This medium was poured onto 10 cm 

sterile Petri dishes and left undisturbed for about 30 min to solidify. LB-Agar dishes 

were stored in the dark at 4°C. 

 

Ampicillin stock solution 

Ampicillin 1 g 

H2O to 10 ml 

The powder was dissolved in sterile ddH2O; pH was adjusted with HCl to 7.0; 500 µl 
aliquots were stored at −20°C. 
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3.2.2. Purification of Plasmid DNA 

Purification of plasmid DNA from transformed bacteria was performed using 

EndoFreeTM Plasmid Maxi Kit (Qiagen).  

Qiagen plasmid purification protocol is based on a modified alkaline lysis procedure, 

followed by binding of plasmid DNA to Qiagen Anion-Exchange Resin under appropriate 

low-salt and pH conditions. RNA, proteins, and low molecular weight impurities are 

removed by a medium-salt wash. Plasmid DNA is eluted in a high-salt buffer and then 

concentrated and desalted by isopropanol precipitation.  

A single colony of transformed E. coli was scraped from LB-ampicillin agar dish and 

inoculated into 2 ml of ampicillin-containing LB medium, followed by incubation for 12 h 

at 37°C with vigorous shaking at 300 rpm. Afterwards, 850 µl aliquot of bacteria 

suspension was mixed with 150 µl of sterile 87% glycerol and stored at –80°C as a 

bacterial stock, other portion of this starter culture was diluted 1:1,000 in LB medium, 

and bacteria were grown at 37°C for 12-16 h with vigorous shaking at 300 rpm to a 

density of approximately 3-4x109 cells per ml that corresponds to OD600 of 1-1.5. The 

bacterial cells were harvested by centrifugation at 6,000 x g for 15 min at 4°C. The 

supernatant was discarded and bacterial pellet was effectively resuspended in 10 ml of 

P1 buffer containing RNase A.  

To lyse the cells, 10 ml of P2 buffer were added and mixed by gentle inverting. After 5 

min of incubation at RT, 10 ml of chilled P3 buffer were added to the lysate to 

precipitate genomic DNA, proteins and cell debris. Immediately after precipitation, lysate 

was transferred to the barrel of QIAfilter Cartridge and kept there for 10 min at RT that 

was essential for optimal function of QIAfilter Maxi Cartridge. During this incubation, 

floating layer of the precipitate was formed on top of the lysate. Subsequently, the lysate 

was cleared by passing the liquid through the filter of the QIAfilter Maxi Cartridge using 

the plunger. After addition of 2.5 ml of ER buffer, the filtered lysate was incubated on ice 

for 30 min, and then was applied onto a Qiagen-tip 500 column equilibrated with 10 ml 

of QBT buffer. When the entire volume of lysate had entered the resin, the column was 

washed twice with 30 ml of QC buffer. For all subsequent steps endotoxin-free reagents 

and plasticware were used. Plasmid DNA was eluted with 15 ml of QN buffer. To 

precipitate DNA, the eluate was mixed with 10.5 ml of room-temperature isopropanol 

and centrifuged immediately at 15,000 x g for 30 min at 4°C. The supernatant was 

discarded and the DNA containing pellet was washed from precipitated salt with 5 ml of 

endotoxin-free, room-temperature 70% ethanol, followed by centrifugation at 15,000 x g 
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for 10 min. The supernatant was carefully decanted. The DNA pellet was air-dried for 5-

10 min and then resuspended in a suitable volume (usually 100-500 µl depending on 

the amount of DNA) of endotoxin-free TE buffer.  

To determine DNA concentration and the presence of protein in the probes, the OD at 

260 nm (DNA) and 280 nm (protein) was measured. One OD at 260 nm approximately 

corresponds to the DNA concentration of 50 µg/ml. In a protein-free solution, the ratio 

OD260/OD280 is 2. In addition, the integrity and purity of the obtained plasmid DNA was 

controlled by analytical agarose gel analysis (see section 3.2.4.) 

 

Solutions used for plasmid DNA purification 

50 mM Tris·Cl, pH 8.0 
10 mM EDTA 

P1 buffer (resuspension buffer ) 

100 µg/ ml RNase A 

200 mM NaOH P2 buffer (lysis buffer) 

1% SDS 

P3 buffer (neutralization buffer) 3.0 M potassium acetate, pH 5.5 

750 mM NaCl  

50 mM MOPS, pH 7.0 

15% isopropanol 

QBT buffer (equilibration buffer) 

0.15% Triton X-100 

1 M NaCl 

50 mM MOPS, pH 7.0 

QC buffer (washing buffer) 

15% isopropanol 

QN buffer (elution buffer) 1.6 M NaCl 

 50 mM MOPS, pH 7.0 

 15% isopropanol 

TE buffer 10 mM Tris·HCl, pH8.0 

 50 mM MOPS, pH 7.0 

 15% isopropanol 
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3.2.3. Restriction of Plasmid DNA 

For radioactive random primed DNA labelling cDNA inserts from certain plasmid clones 

were used as templates. In order to isolate these fragments from the whole plasmids, 

digestion of plasmid DNA with restriction enzymes has been performed. Typically, 

preparative reaction contained 20 µg of plasmid DNA in a final volume of 60 µl. The 

amount of each component required for restriction reaction was calculated in advance. 

The following chart was used as a guide: 

 
RNase/DNase-free water 
(Ampuwa®) 

to 60 µl 

Reaction buffer, 10x 6 µl 
Plasmid DNA 20 µg 
Restriction enzyme I 100 U 
Restriction enzyme II 100 U 
 
In sterile 1.5 ml tube placed on ice nuclease free water was first added to a final volume 

to 60 µl followed by addition of buffer and plasmid DNA. Finally, restriction enzymes 

were added, and contents of tube was mixed gently but thoroughly and microfuged 

briefly in an Eppendorf bench-top centrifuge. The reaction mixture was then incubated 

at appropriate temperature (usually at 37°C) for 4 hours. Afterwards, the mixture was 

subjected to agarose gel electrophoresis in order to separate the cDNA insert from the 

remaining plasmid DNA. The following restriction enzymes and buffers were used for 

isolation of certain cDNA inserts in the current work: 

cDNA of interest Enzyme I Enzyme II Buffer 

IGF-I EcoRI HindIII B 

IGF-II EcoRI BamHI B 

IGF-IR EcoRI BamHI B 

IGF-II/M6-PR EcoRI BamHI B 

IGFBP-2 EcoRI HindIII B 

IGFBP-3 ApaI BamHI A 

PDGFRα EcoRI - A 
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3.2.4. Agarose Gel Electrophoresis of DNA 

For preparation of 0.75% and 1.25% gels, 187.5 mg and 375 x g of low melting point 

agarose were mixed with 25 ml of 1x TAE buffer and further dissolved by microwaving. 

For visualization of the bands, 8 µl of ethidium bromide (10 mg/ml) were added to the 

mixture. Then the agarose solution was poured onto the gel casting plate. During gel 

polymerization, the samples were prepared for loading. For analytical gels, 10 µl of 

respective DNA sample were mixed with 2 µl of 6x Loading Dye Solution. For 

preparative gels, 60 µl of DNA sample (product of restriction reaction) were mixed with 

12 µl of 6x Loading Dye Solution. In parallel, molecular weight DNA marker was also 

processed by mixing of 3 µl of the 123 kb DNA ladder, 7 µl of nuclease free water and 2 

µl of 6x Loading Dye Solution. After polymerization, the gel was placed into an 

electrophoresis chamber filled with 1x TAE buffer, the samples and molecular weight 

marker were loaded (12 µl per well), and the electrophoresis was carried out at a 

constant voltage of 60 V. Finally, DNA bands on the ethidium bromide-stained gel were 

visualized by ultraviolet shadowing in the Eagle Eye™ system consisting of UV 

transilluminator, intensity control unit, video camera and printer. Additionally, after size-

fractionation of the restricted plasmid, the bulk of the DNA corresponding to the size of 

the cDNA of interest was cut out with a sharp scalpel from the gel, transferred to a 

clean, preweighted reaction tube and saved at -200C for further manipulations.  

 

20x Tris/Acetate/EDTA (TAE) buffer 

 For 1 l Final concentration 
Tris base 122 g  1 M 

Sodium acetate 32 g 0.4 M 

EDTA 14 g 40 mM 

ddH2O to 1 l  
After EDTA was completely dissolved, pH was adjusted with acetic acid to 7.4; the 
buffer was autoclaved and stored at RT. 
 

1x TAE buffer 

 For 1 l 
20x TAE buffer 50 ml 

ddH2O to 1 l 
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3.2.5. Agarose Gel DNA Extraction  

To isolate DNA fragments from TAE agarose gels for subsequent random primed 

labelling, the agarose gel DNA extraction kit (Roche) was used. The extraction of DNA 

by this kit is based on specific adsorption of nucleic acids to the pretreated spherical 

silica matrix. Since the binding process is specific only for nucleic acids, the bound 

material can be easily separated and purified from impurities (salts and proteins) by a 

simple washing step. Nucleic acids elute from the matrix in a low salt buffer or water. 

Moreover, the uniformity of the spherical particles enables the isolation of both large 

and small DNA fragments. 

The procedure was started by addition of agarose solubilization buffer to the reaction 

tube containing electrophoretically separated DNA fragment. Usually, 3 µl of agarose 

solubilization buffer was applied per 1 mg of gel. Subsequently, 10 µl of the 

resuspended silica suspension were added to the tube. The sample was incubated at 

60 0C for 10 min and vortexed every 2 min.  After centrifugation for 30 sec at maximal 

speed in a table top centrifuge, the supernatant was discarded, and the matrix 

containing DNA was resuspended after addition of 500 µl of nucleic acid binding buffer. 

After centrifugation (30 sec, maximal speed) the supernatant was discarded, and the 

pellet was washed with 500 µl of washing buffer. The sample was centrifuged again, the 

supernatant was discarded, and the pellet was air-dried for 15 min at RT. Afterwards, 25 

µl of Tris-HCl were applied on the pellet, and the sample was incubated at 60 0C for 10 

min and vortexed every 2 min. After centrifugation (30 sec, maximal speed) the 

supernatant containing the eluted DNA was transferred to a new reaction tube. 

Typically, two elution cycles were performed (2 x 25 µl). Finally, the DNA concentration 

was measured, and the extracted DNA insert was further stored at -200C. 

 
 

3.2.6. Radioactive cDNA Labelling  

Radioactive random primed DNA labelling was performed to label specific cDNA 

fragments restricted from the respective plasmids coding for rat IGFBP-2, IGFBP-3, 

IGF-I, IGF-II, IGF-IR, IGF-II/M6-PR and PDGFRα. Alternatively, nick translation was 

used to label full-length plasmids containing cDNA fragments specific for rat PDGFRβ 

and human α2(I) chain of type I procollagen, respectively.  
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3.2.6.1. DNA Labelling by Random Priming Reaction 

Random primed DNA labelling was performed using NEBlot® Kit (New England Biolabs) 

designed to produce labelled DNA probes using the method of Feinberg and Vogelstein 

(Feinberg and Vogelstein, 1983), where random sequence octadeoxynucleotides serve 

as primers for DNA synthesis in vitro from denaturated double-stranded template DNA 

by the Klenow Fragment of E. coli DNA polymerase I. One labelled deoxyribonocleotide 

is used in the dNTP reaction mixture and is incorporated during primer directed DNA 

synthesis by DNA polymerase. The resulting labelled DNA serves as a hybridization 

probe in Northern blot analysis. 

50-100 ng of template DNA were dissolved in nuclease free water to the final volume of 

33 µl. The DNA was denatured by heating at 95°C for 5 min and subsequently cooled 

down on ice for 5 min. The following reagents were added to the DNA in the indicated 

order: 

5 µl of 10x labelling buffer (includes Random Octadeoxyribonucleotides), 

2 µl of dATP, 

2 µl of dTTP, 

2 µl of dGTP,  

5 µl of [α-32P]-dCTP (50 µCi), 

1 µl of DNA Polymerase I − Klenow Fragment (5 units). 

The mixture was incubated at 37°C for 1 h, the reaction was then stopped by addition of 

5 µl of 0.2 M EDTA, pH 8.0.  

3.2.6.2. DNA Labelling by Nick Translation Method 

DNA labelling by nick translation method was performed using Nick Translation System 

kit (Invitrogen). 

Nick translation requires the activity of two different enzymes. DNase I is used to cleave 

(nick) phosphodiester bonds at random sites in both strands of a double-stranded target 

DNA. E. coli DNA polymerase I is necessary for integration of deoxynucleotides to the 

3´-hydroxyl termini created by DNase I. In addition to its polymerizing activity, DNA 

polymerase I carries a 5´→3´ exonucleolytic activity that removes nucleotides from the 

5´ side of the nick. The simultaneous elimination of nucleotides from the 5´ side and the 

addition of radiolabelled nucleotides to the 3´ side result in movement of the nick (nick 

translation) along the DNA, which becomes labelled to high specific activity (Kelly et al., 

1970). The reaction is carried out at low temperature (15°C). 
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In sterile 1.5 ml tube placed on ice, nuclease free H2O was added to the solution 

containing 1 µg of template DNA to the volume of 35 µl. Consequently, the following 

reagents were added to the DNA in the indicated order: 

5 µl dNTP mix (mixture of dATP, dTTP and dGTP), 

5 µl [α-32P]-dCTP (3,000 Ci/mmol, 50 µCi), 

5 µl Pol I/DNase I mix. 

The components were mixed gently but thoroughly and centrifuged briefly in an 

Eppendorf bench-top centrifuge. The mixture was incubated at 15°C for 60 min. Finally, 

5 µl of stop buffer was added to stop the reaction.  

3.2.6.3. Purification of Labelled DNA 

Synthesized labelled cDNA probe was separated from non-incorporated nucleotides by 

gel filtration on Sephadex® G-50 using Pharmacia NICK Column (Pharmacia Biotech).  

A column was opened according to the manufacturer’s instructions and equilibrated with 

3 ml of 1x TE buffer, pH 8.0. After the entire volume of buffer had entered the gel, 

random priming reaction mixture was applied onto the column, followed by addition of 

400 µl of 1x TE buffer. The flow-through was collected in the tube placed under the 

column and kept for further measurement of radioactivity. A new reaction tube was 

placed under the column and the purified labelled DNA was eluted with 400 µl of 1x TE. 

Finally, the β-radioactivity in the obtained sample was measured, and labelled DNA was 

either immediately used for hybridization or stored at −20°C for further experiments.  

 

10x TE 

 For 1 l Final concentration 
2 M Tris-HCl, pH 7.4 50 ml 100 mM 

0.5 M EDTA 20 ml 10 mM 

RNase-free H2O to 1 l  

pH was checked and, if necessary, was adjusted with NaOH or HCl to 7.6. The solution 
was sterile filtered and stored at RT. 
 

1x TE 

 For 500 ml 
10x TE 50 ml 

RNase-free H2O to 500 ml 

The solution was stored at RT. 
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3.2.6.4. Measurement of β-Radioactivity 

After purification, the radioactivity of labelled cDNA samples was measured using 

Wallac 1409 liquid scintillation β-counter (EG&G, Turku, Finland). 2 µl aliquots from the 

flow-through and elution fractions were transferred to screw-lid plastic tubes containing 

5 ml of scintillation liquid, mixed by inverting and subjected to measurement of β-

radioactivity. The latter was expressed in counts per minute (cpm). The activity value in 

flow-through fraction was used to evaluate the efficiency of radioactive nucleotide 

incorporation. For effective labelling this value should not exceed 10% of the 

radioactivity value of the cDNA sample. 

 

 

3.2.7. Isolation of Total RNA 

Total cellular RNA was isolated from monolayers of cultured rat liver cells by means of 

guanidine isothiocyanate (GITC) extraction, cesium chloride (CsCl) density-gradient 

ultracentrifugation and ethanol precipitation according to the method of Chirgwin 

(Chirgwin et al., 1979).  

This method is convenient and efficient way to extract intact RNA from most tissues and 

cultured cells, even if the level of endogenous RNases is high. Cells are rapidly lysed in 

GITC-containing buffer, which effectively inactivate RNases. The lysate is layered then 

onto CsCl gradient and spun in the ultracentrifuge. Proteins remain in the aqueous 

guanidine portion, DNA bands in the CsCl, and RNA pellets are concentrated at the 

bottom of the tube. The RNA is recovered by resuspension of the pellet. The recovery of 

RNA is usually high unless the capacity of the gradient has not been exceeded.  

Culture dishes with both frozen and alive liver cells were placed on ice and 3 ml of 

GITC-buffer with freshly added β-mercaptoethanol (10 µl per ml) were immediately 

applied onto the dish, and cells were scraped with a disposable scraper, transferred to a 

prechilled RNase-free 1.5 ml tube and homogenized by passing through 24G injection 

needle connected to the syringe. This step was performed rapidly to prevent RNA 

degradation. In the meantime, 2 ml of CsCl buffer were applied into 5-ml polyallomer 

ultracentrifuge tube. Cell lysate was carefully layered onto CsCl buffer. The samples 

were centrifuged overnight (14-20 h) at 35,000 rpm in a Kontron TST55 rotor at 20°C. 

Thereafter, the supernatants were carefully removed by aspiration and transparent 

gelatin-like RNA pellets were reconstituted in 200 µl of RNase-free water and 

transferred to sterile 1.5 ml reaction tubes. RNA was further precipitated with 400 µl of 
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100% ethanol in the presence of 2M sodium acetate, pH 5.4 (20 µl per sample) 

overnight at –20°C.  

RNA precipitates were sedimented by centrifugation (12,000 rpm, 30 min, 4°C). 

Supernatants were discarded and pellets were washed with 150 µl of ice-cold 70% 

ethanol to remove all traces of sodium acetate. After subsequent centrifugation (12,000 

rpm, 30 min, 4°C) the supernatants were discarded and the pellets were air-dried at RT. 

Finally, the pellets were reconstituted in 100 µl of RNase-free water. 

To determine the concentration and purity of the RNA obtained, the aliquot of RNA 

sample was diluted 1:100 in RNase-free water and the extinction at 260 and 280 nm 

was measured by the spectrophotometer (GeneQuant II, Pharmacia Biotech). The ratio 

between OD at 260 nm and OD at 280 nm characterized the RNA purity. In a protein-

free solution, the ratio OD260/OD280 is 2. In the RNA isolations performed in the current 

work this ratio was usually in the range between 1.6 and 1.8 due to minor protein 

contaminations.  

 

GITC buffer 

 For 200 ml Final concentration 
Guanidine isothiocyonate 94.53 g 4 M 

0.25 M sodium citrate 20 ml 25 mM 

N-lauroylsarcosyl 1 g 0.5% 

RNase-free H2O to 200 ml  

The solution was sterile filtered and stored in the dark at 4°C. β-mercaptoethanol was 
added briefly before RNA isolation at the quantity of 10 µl per 1 ml of GITC buffer.  
 

CsCl buffer 

 For 200 ml Final concentration 
Cesium chloride 192 g 5.7 M 

0.25 M sodium citrate 20 ml 25 mM 

0.5 M EDTA 40 ml 100 mM 

RNase-free H2O to 200 ml  

pH was adjusted with 0.25 M citric acid to 7.5; the solution was sterile filtered and stored 
at RT. 
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3.2.8. Northern Blot Analysis 

Northern blot analysis is a technique for quantitative evaluation of gene expression. 

Under RNase-free conditions, total RNA is separated in a denaturing formaldehyde/ 

agarose gel, blotted by capillary transfer to a nylon membrane and fixed by UV cross-

linking. Specific transcripts are identified by autoradiography after hybridization with a 

specific radiolabelled cDNA probe. 

3.2.8.1. Preparation of RNA Samples 

10 µg of total RNA were mixed with 7.5 µl of sample buffer and denatured by heating at 

65°C for 10 min. The samples were then briefly cooled down on ice and centrifuged 

(10,000 rpm, 1 min, RT) in an Eppendorf bench-top centrifuge. Finally, each sample 

was mixed with 3 µl of loading buffer, centrifuged (10,000 rpm, 1 min, RT) and loaded 

onto the gel.  

3.2.8.2. Formaldehyde/Agarose Gel Electrophoresis of RNA  

For preparation of 1% denaturing formaldehyde/agarose gel, 1 g of agarose was mixed 

with 72.2 ml of RNase-free water (Ampuwa®), dissolved by microwaving and then 

slightly cooled down to approximately 70°C. Subsequently, 10 ml of 10x running buffer 

and 16.7 ml of 37% formaldehyde were added. To visualize RNA bands in the gel, in 

particular 28S and 18S rRNA bands, 8 µl of ethidium bromide (10 mg/ml) were added 

as well. The solution was mixed, poured onto the casting plate and left for 

polymerization under the fume hood. Thereafter, prepared RNA samples were loaded 

onto the gel, and the electrophoresis was performed at a constant voltage of 80 V. After 

electrophoresis, equal loading and integrity of RNA were evaluated by ultraviolet 

shadowing in the UV transilluminator built-in Eagle Eye™ system (Stratagene), the gel 

was then photographed and immediately subjected to RNA transfer. 

3.2.8.3. RNA Transfer to Nylon Membrane 

Size-fractionated RNA samples were transferred to nylon membranes using capillary 

transfer system. The system for transfer was assembled as depicted on Figure 14. A 

plastic tray was filled with 500 ml of 20x SSC buffer and covered with a glass plate. 

Oblong Whatman 3MM filter paper was soaked in 20x SSC buffer and draped over the 

glass plate with edges submerging in the buffer. Air bubbles between the Whatman 

paper and glass plate were squeezed out by rolling a glass pipette over surface. The gel 

was carefully placed on the filter and covered with 2x SSC buffer. Bubbles were 
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carefully removed. Four strips of paraffin were placed in contact with the gel edges to 

prevent direct absorbtion of buffer by paper towels. Wetted piece of nylon membrane 

was delicately placed on the exposed gel surface, smoothed out and covered with two 

additional sheets of Whatman 3MM paper wetted in 2x SSC buffer. Finally, paper towels 

were stacked on top of Whatman papers to a height of approximately 8 cm, covered 

with another glass plate and pressed with an 1 kg blotting weight. The transfer was 

carried out overnight. After transfer, RNA was cross-linked to the membrane by 

ultraviolet waves in the Stratalinker™ 180 system (Stratagene).  

1 kg

Tray

20X SSC

Glass plate

Whatman paper wick
Agarose gel

Nylon membraneWhatman paper

Absorbent material

Weight

Glass plate

 
Figure 14. Capillary Northern blot setup. A plastic tray is filled with 20x SSC buffer and covered with a 
glass plate. Whatman 3MM paper is soaked in 20x SSC buffer and draped over the glass plate with 
edges submerging in the buffer. The gel is carefully placed on the Whatman paper and covered with 2x 
SSC buffer. A piece of nylon membrane is placed on the exposed gel surface and covered with two 
additional sheets of Whatman 3MM paper wetted in 2x SSC buffer. Finally, paper towels are stacked on 
top of Whatman papers to a height of approximately 8 cm, covered with another glass plate and pressed 
with an 1 kg blotting weight.  

 

3.2.8.4. Hybridization of RNA with Radiolabelled cDNA Probe 

After cross-linking, the nylon membrane was rinsed with RNase-free water to remove 

traces of agarose. Afterwards, the membrane was placed into the hybridization tube, 

and any bubbles between the membrane and internal wall of the tube were carefully 

squeezed out. To prevent unspecific binding, the membrane was first prehybridized in 

QuikHyb® hybridization solution at 68°C for 2 hours. Radiolabelled probe (1,500,000-
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3,000,000 cpm/ml) was mixed with a double volume of fish sperm DNA and denatured 

at 95°C for 5 min. After cooling down on ice, the DNA probe was applied into QuikHyb® 

solution inside the hybridization tube. The tube was placed back in the hybridization 

oven, and hybridization was carried out at 68°C for 2 h. After hybridization, the 

membrane was washed once in 2x SSC/0.1% SDS for 10 min at RT, then twice in 0.1x 

SSC/0.1% SDS for 15 min at 430C (IGF-IR, IGF-II/M6-PR, PDGFRβ cDNA), 55 0C (IGF-

I, IGF-II, PDGFRα cDNA) or 600C (IGFBP-2, IGFBP-3, α2(I) chain of type I procollagen 

cDNA) and, finally, twice in 2x SSC/0.1% SDS for 10 min at RT. To visualize 28S rRNA, 

the membrane was prehybridized in QuikHyb® hybridization solution at 42°C for 2 hours 

followed by overnight hybridization at 42°C with the labelled oligonucleotide specific for 

28S rRNA and washed three times in 2x SSC/0.1% SDS for 10 min at 370C. After 

washing, membranes were wrapped in a saran wrap, placed in X-ray film cassette and 

autoradiographed during various exposure times. Each membrane was reprobed up to 

5 times. Typically, first hybridizations were performed to visualize low abundance 

transcripts followed by sequential hybridizations with cDNAs complementary to more 

abundant mRNAs. When reprobing, the membrane was unwrapped, immediately placed 

in warm (60-800C) 1x TE buffer and incubated with slight shaking until overall 

radioactivity (checked by Geiger hand counter) on the membrane surface disappeared. 

The membrane was then placed in a new hybridization tube and subjected to the next 

experiment. 

 

10x running buffer  

 For 500 ml Final concentration 
MOPS 20 g 200 mM 

2M sodium acetate 12.5 ml 50 mM 

0.5 M EDTA 10 ml 10 mM 

RNase-free H2O (Ampuwa®) to 500 ml  

pH was adjusted with 5N NaOH to 7.0; the solution was sterile filtered and stored in the 
dark at 4°C.  
 

1x running buffer 

 For 1 l 
10x running buffer 100 ml 

RNase-free water (Ampuwa®) to 1 l 

The solution was stored at RT for 1-2 weeks. 
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Sample buffer 

Deionized formamide 500 µl 

37% formaldehyde 169 µl 

10x running buffer 100 µl 

The solution was dispensed into 1 ml aliquots and stored at –20°C for 2-3 months.  

 

Deionized formamide 

Formamide 100 ml 

Mixed Bed Resin AG 501-X8 (D) 10 g 

The mixture was stirred for 30 min in the dark at RT, afterwards it was sterile filtered, 
dispensed into 50 ml aliquots and stored in the dark at –20°C. 
 

Loading buffer 

10x running buffer 5 ml 

RNase-free H2O (Ampuwa®) 3 ml 

Ficoll 400 1.5 g 

Bromophenol blue 10 mg 

The solution was dispensed into 0.5 ml aliquots and stored for 2-3 months at –20°C. 

 

20X SSC 

 For 2 l 

NaCl 350.6 g 

Sodium citratex2H2O 176.4 g 

ddH2O to 2 l 

The solution was autoclaved and stored at RT. 

 

2x SSC 

 For 500 ml 

20x SSC 50 ml 

ddH2O to 500 ml 

The solution was stored at RT. 
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10x TE 

 For 1 l Final concentration 

2 M Tris-HCl, pH 7.4 50 ml 100 mM 

0.5 M EDTA 20 ml 10 mM 

RNase-free H2O to 1 l  

pH was controlled and, if necessary, adjusted with NaOH or HCl to 7.6. The solution 
was sterile filtered and stored at RT. 
 

1x TE 

 For 500 ml 

10x TE 50 ml 

RNase-free H2O to 500 ml 

The solution was stored at RT. 

 

2x SSC/0.1% SDS 

 For 500 ml 

20x SSC 50 ml 

20% SDS 2.5 ml 

ddH2O to 500 ml 

The solution was stored at RT. In the case of SDS precipitation the solution was 
warmed until it became clear. 
 
 

0.1x SSC/0.1% SDS 

 For 500 ml 

20x SSC 2.5 ml 

20% SDS 2.5 ml 

ddH2O to 500 ml 

The solution was stored at RT. In the case of SDS precipitation, the solution was 
warmed until it became clear. 
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3.3. Immunochemical and Biochemical Methods 
3.3.1. Protein Extraction from Cultured Cells 

3.3.1.1. Preparation of Cell Lysates 

The whole procedure was performed at 4°C to prevent proteolytical degradation of 

proteins. After respective treatment, cells were washed with ice-cold PBS, placed on ice 

and then solubilized in ice-cold lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM 

EDTA, 1% CHAPS, pH 7.4) supplemented with protease and phosphatase inhibitors 

(500 and 1500 µl of buffer per 100 mm and 150 mm dish, respectively). Solubilized cells 

were harvested by scraping and transferred to prechilled 2.0 ml reaction tubes, which 

were incubated on ice for 30 min and vortexed every 5 min. For better homogenization, 

cell lysates were passed through 24G injection needle connected to the syringe. The 

insoluble material was removed by centrifugation at 10,000 x g for 10 min at 4°C, and 

the supernatants containing cellular proteins were then transferred to new 2.0 ml 

reaction tubes. Protein concentrations were determined by BCA protein assay (Pierce) 

using bovine albumin as a protein standard. Cell lysates were stored at −20°C and were 

further subjected to immunoprecipitation or were directly electrophoresed and 

immunoblotted as described below. 

 

10x lysis buffer (stock) 

 For 100 ml Final concentration 

2 M Tris-HCl, pH 7.4 2.5 ml 50 mM 

NaCl 0.877 g 150 mM 

500 mM EDTA 200 µl 1 mM 

ddH2O to 100 ml  

pH was adjusted to 7.4. The solution was stored at 4°C.  

 

1x lysis buffer with supplements 

 For 10 ml Final concentration 

10x lysis buffer (stock) 1000 µl 1x 

10% CHAPS 1000 µl 1% 

Sodium orthovanadate 50 µl 1 mM 

Sodium fluoride 50 µl 2 mM 

Sodium pyrophosphate 500 µl 10 mM 

β-glycerophosphate 500 µl 8 mM 
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PMSF 20 µl 1 mM 

Benzamidine 10 µl 1 mM 

Chymostatin 10 µl 8.25 mM 

Pepstatin A 10 µl 1 µg/ml 

Leupeptin 1 µl 1 µg/ml 

Antipain 1 µl 1 µg/ml 

ddH2O to 10 ml  

The buffer was prepared briefly before use. 

 

CHAPS stock  

 For 100 ml Stock concentration 

CHAPS 10 g 10% 

ddH2O to 100 ml  

The solution was stored at 4°C.  

 

Stock solutions of phosphatase inhibitors  

  Stock concentration 

Sodium orthovanadate 0.74 g in 20 ml H2O 200 mM 

Sodium fluoride 1.68 g in 100 ml H2O 400 mM 

Sodium pyrophosphate 8.922 g in 100 ml H2O 200 mM 

β-glycerophosphate 3.456 g in 100 ml H2O 160 mM 

Stock solutions of sodium fluoride, sodium pyrophosphate and β-glycerophosphate 
were stored in the dark at RT. Activated stock solution of sodium orthovanadate was 
stored as an aliquot (500 µl) at –20°C.   
 

Stock solutions of protease inhibitors  

  Stock concentration 

PMSF 87.1 mg in 1 ml DMSO 500 mM 
Benzamidine 313.2 mg in 2 ml H2O 1 M 
Chymostatin 1 mg in 0.2 ml DMSO 8.25 mM 
Pepstatin A 1 mg in 1 ml 

DMSO:acetic acid (9:1) 
1 mg/ml 

Leupeptin 1 mg in 0.1 ml H2O 10 mg/ml 
Antipain 1 mg in 0.1 ml H2O 10 mg/ml 
Protease inhibitors stocks were stored as small aliquots at −20°C. 
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Properties of used protease inhibitors 

Antipain: inhibits reversibly serine/cysteine proteases and some trypsin-like serine 

proteases. Its action resembles leupeptin, but it inhibits plasmin less and cathepsin A 

more than does leupeptin. Antipain also inhibits papain, trypsin, cathepsin B, cathepsin 

D, chymotrypsin, pepsin, and calpain I. 

Benzamidine: inhibits reversibly trypsin-like enzymes and serine proteases. It is also a 

strong competitive inhibitor of trypsin, thrombin and plasmin. Benzamidine is sensitive to 

oxidation and for the most part interchangeable with pepstatin A. 

Chymostatin: strongly inhibits a variety of proteases, including chymotrypsin, 

chymotrypsin-like serine proteases, chymases and lysosomal cysteine proteases such 

as cathepsins B, H and L. Weakly inhibits human leukocyte elastase. 

Leupeptin: reversibly and competitively inhibits serine and thiol proteases such as 

trypsin, plasmin, proteinase K, kallikrein, papain, thrombin and cathepsin A and B. 

Unaffected are α, β, γ, and σ-chymotrypsins, pepsin, cathepsin D, elastase, renin and 

thermolysin. 

Pepstatin A: inhibits acid proteases (aspartyl peptidases). It forms complexes at a 

molar ratio of 1:1 with proteases such as pepsin, renin, cathepsin D, bovine chymosin, 

solubilized γ-secretase, retroviral protease, and protease B (Aspergillus niger). The 

inhibitor is highly selective and does not inhibit thiol proteases, neutral proteases or 

serine proteases. 

PMSF: inhibits serine proteases such as chymotrypsin, trypsin and thrombin as well as 

thiol protease papain. Does not inhibit metalloproteases, most thiol and aspartate 

proteases. PMSF is very unstable in the presence of water. 
 

3.3.1.2. Extraction of Nuclear and Cytoplasmic Proteins from Cultured Cells 

Stepwise preparation of cytoplasmic and nuclear extracts from cultured rat liver 

myofibroblasts was performed in the current work using NE-PER® Nuclear and 

Cytoplasmic Extraction Reagents (Pierce). The technique used enables the purification 

of non-denatured, active cytoplasmic and nuclear proteins in less than two hours. 

Addition of the Cytoplasmic Extraction Reagents I and II to a cell pellet causes 

disruption of cell membranes and release of cytoplasmic contents. After recovering the 

intact nuclei by centrifugation, the nuclei are lysed with the Nuclear Extraction Reagent 

to yield the nuclear extract. Obtained extracts generally have less than 10% 
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contamination that is sufficient purity for most experiments involving studies of nuclear 

physiology. 

After respective treatment, rat LMFs cultured on 150 mm dishes were detached by 

trypsinization and centrifuged at 1,000 x g for 5 min at RT. The supernatant was 

discarded. The pellet was resuspended in 1 ml of PBS, transferred to a new 1.5 ml 

reaction tube and centrifuged briefly in a bench-top centrifuge. The PBS was removed, 

and the pellet was resuspended in 100 µl of ice-cold Cytoplasmic Extraction Reagent I 

by vigorous vortexing for 15 sec. The samples were incubated on ice for 10 min. 

Subsequently, 5.5 µl of ice-cold Cytoplasmic Extraction Reagent II were added, the 

samples were vortexed for 5 sec, incubated on ice for 1 min, again vortexed and, finally, 

centrifuged in a bench-top centrifuge for 5 min. The supernatant fraction containing 

cytoplasmic proteins was transferred to a new precooled 1.5 ml reaction tube and 

placed on ice. The pellet containing intact nuclei was then resuspended in 50 µl of ice-

cold Nuclear Extraction Reagent. Nuclei were allowed to swell on ice for 40 min and 

were vortexed vigorously every 10 min for 15 sec. The insoluble material was pelleted 

by centrifugation in a bench-top centrifuge at maximum speed for 10 min. The 

supernatants containing nuclear extracts were collected in clean prechilled tubes, and 

protein concentrations were determined by BCA protein assay (Pierce). Both nuclear 

and cytoplasmic extracts were stored at -800C and were further subjected to [125I]-IGF-I-

ligand blot and Western blot analyses.  

  

Cytoplasmic Extraction Reagent I, working solution 

 For 10 ml Final concentration 
Cytoplasmic Extraction Reagent I 
(stock) 

10 ml  

1M DTT 10 µl 1 mM 
PMSF 20 µl 1 mM 
Benzamidine 10 µl 1 mM 
Chymostatin 10 µl 8.25 mM 
Pepstatin A 10 µl 1 µg/ml 
Leupeptin 1 µl 1 µg/ml 
Antipain 1 µl 1 µg/ml 
The buffer was prepared briefly before use. 
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Nuclear Extraction Reagent, working solution 

 For 10 ml Final concentration 
Nuclear Extraction Reagent 
(stock) 

10 ml  

1M DTT 10 µl 1 mM 
PMSF 20 µl 1 mM 
Benzamidine 10 µl 1 mM 
Chymostatin 10 µl 8.25 mM 
Pepstatin A 10 µl 1 µg/ml 
Leupeptin 1 µl 1 µg/ml 
Antipain 1 µl 1 µg/ml 
The buffer was prepared briefly before use. 

 

 

3.3.2. Measurement of Protein Concentration 

The BCA Protein Assay is a detergent-compatible formulation based on bicinchoninic 

acid (BCA) for the colorimetric detection and quantification of total protein. This method 

combines the well-known reduction of Cu2+ to Cu+ by protein in alkaline medium (the 

biuret reaction) with the highly sensitive and selective colorimetric detection of the 

cuprous cation (Cu+) using a reagent containing BCA. The purple-colored reaction 

product of the assay is formed by the chelation of two molecules of BCA with one 

cuprous ion. This water-soluble complex exhibits a strong absorbance at 562 nm that is 

linear with increasing concentrations over a broad working range of 20-2,000 µg/ml. 

Protein concentrations in the assay are determined and reported with reference to 

standards of a common protein such as bovine serum albumin (BSA). A series of 

dilutions of known concentration are prepared from the protein and analyzed before the 

concentration of each unknown sample is determined based on the standard curve.  

To measure protein concentration, 25 µl of each standard or unknown sample were 

applied into its own microplate well in triplicate. Subsequently, 200 µl of working reagent 

(mixed 50 parts of BCA reagent A and 1 part of BCA Reagent B) were added to each 

well, and the plate was gently and thoroughly shaken for 30 sec followed by incubation 

at 370C for 30 min. The plate was then cooled down to RT, and the absorbance was 

measured at 570 nm on a plate reader. 
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Working reagent  

 For 5 ml 
BCA Reagent A 5 ml 

BCA Reagent B 100 µl 
The solution was prepared briefly before use.  

 

 

3.3.3. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

For all applications described, a Tris/glycine SDS polyacrylamide gel system was used 

according to the method of Laemmli (Laemmli, 1970). For [125I]-IGF-I ligand blot 

analysis and [125I]-IGFBP protease assay, gels of standard sizes were cast, and 

proteins were electrophoretically separated in the standard dual cooled gel 

electrophoresis unit Hoefer SE 600 (Amersham Biosciences). For Western blot analysis 

and immunoprecipitation studies, mini-gels and the mini-vertical gel electrophoresis unit 

Hoefer Mighty Small II (Amersham Biosciences) were used. The units were assembled 

according to manufacturer’s instructions. In general, a discontinuous gel system was 

used, which was composed of 4% (polyacrylamide concentration) stacking gel and 5-

12.5% resolving gel. Resolving and stacking gels were prepared as described below.  

To cast the resolving gel, the monomer acrylamide solution was poured inside the gel 

sandwich and overlaid carefully with water to create a barrier for oxygen, which inhibits 

polymerization. After polymerization of acrylamide (about 30 min at RT), the water was 

aspirated, and the monomer solution of stacking gel was applied over the polymerized 

resolving gel. The wells were formed by appropriate comb inserted into the sandwich. 

The gel was polymerized for approximately 20 min. Subsequently, the comb was 

removed, the wells were rinsed with water, and traces of water were carefully aspirated. 

The samples were loaded into the wells (100 µl per well in standard gel and 30 µl per 

well in mini-gel) and were carefully covered with cathode buffer. Thereafter, precooled 

cathode and anode buffers were poured into the upper and lower buffer chamber, 

respectively. The gel electrophoresis unit was then fully enclosed and connected to a 

suitable power supply. Proteins were size-fractionated at a constant current (8 mA per 

gel in the standard dual cooled gel electrophoresis unit Hoefer SE 600, and 25 mA per 

gel in the mini-vertical gel electrophoresis unit Hoefer Mighty Small II). Rainbow™ 

colored protein marker (Amersham Biosciences) was used as a molecular weight 

standard.  
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Buffer for resolving gel  

 For 250 ml Final concentration 

Tris 45.43 g 1.5 M 

SDS 1 g 0.4% 

ddH2O ad 250 ml  
pH was adjusted to 8.8. The buffer was stored at RT. 
 

 

Buffer for stacking gel  

 For 100 ml Final concentration 

Tris 6.05 g 0.5 M 

SDS 0.4 g 0.4% 

ddH2O to 100 ml  
pH was adjusted to 6.8. The buffer was stored at RT. 
 

 

Resolving Gel  

 5% 6% 7.5% 10% 12.5% 

Rotiphorese Gel 30 5.25 ml 6.3 ml 7.9 ml 10.5 ml 13.1 ml 

Buffer for resolving gel 7.5 ml 7.5 ml 7.5 ml 7.5 ml 7.5 ml 
10% APS 250 µl 250 µl 250 µl 250 µl 250 µl 
TEMED 25 µl 25 µl 25 µl 25 µl 25 µl 
ddH2O to 30 ml to 30 ml to 30 ml to 30 ml to 30 ml 
 
 

Stacking Gel  

 4% 
Rotiphorese Gel 30 1.3 ml 
Buffer for stacking gel 2.5 ml 
10% APS 100 µl 
TEMED 10 µl 
ddH2O to 10 ml 
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1x anode buffer  

 For  5 l Final concentration 

Tris base 15.1 g 250 mM 

Glycin  72.0 g 192 mM 
ddH2O to 5 l  
pH of this buffer was approximately 8.3. The buffer was stored at 4 0C. 
 

1x cathode buffer  

 For  5 l Final concentration 

Tris base 15.1 g 250 mM 

Glycin  72.0 g 192 mM 
SDS 5 g 0.1% 
0.1% Bromophenol blue 0.5 ml 100 µg/l 
ddH2O to 5 l  
pH of this buffer was approximately 8.3. The buffer was stored at 4 0C. 
 
 

 

3.3.4. Electrophoretic Transfer of Proteins 

Electrophoretic transfer was carried out essentially as described by Towbin (Towbin et 

al., 1979). Prior to transfer, fiber pads, blotting paper and nitrocellulose transfer 

membrane were soaked in transfer buffer. After electrophoresis, the gel was removed 

from the sandwich and immersed in transfer buffer. For electrophoretic transfer of 

proteins, the transfer electrophoresis unit Hoefer TE 50X (Amersham Biosciences) and 

the Mini-Trans-Blot® Cell (Bio-Rad) compatible with the described system for 

electrophoresis were used. The transblot sandwich was assembled according to the 

manufacturer’s instructions in the following order starting from the anode side: sponge, 

1 sheet of blotting paper, nitrocellulose membrane, gel, 1 sheet of blotting paper, 

sponge. Air bubbles were carefully squeezed out by rolling a glass pipette over the gel. 

The assembled transfer cassette was inserted into the transblot cell filled with precooled 

transfer buffer. Proteins were then electroblotted at a constant current of 350 mA for 2 h 

at 40C. After transfer, the membrane was stained with Ponceau S to ensure that protein 

transfer was satisfactory, and thereafter subjected to [125I]-IGF-I ligand and 

immunoblotting. 
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1x transfer buffer  

 For  5 l Final concentration 

Tris base 15.1 g 250 mM 

Glycin  72.0 g 192 mM 
Methanol 500 ml 10% 
20% SDS 2.5 ml 0.01% 
ddH2O to 5 l  
pH was adjusted to 8.3. The buffer was stored at 4 0C. 
 

10x Ponceau S 

 For  100 ml Final concentration 

Ponceau S 2 g 2% 

Trichloroacetic acid 30 ml 30% 

Sulfosalicylic acid 30 ml 30% 

ddH2O to 100 ml  
The solution was stored at RT. 
 

1x Ponceau S 

 For  50 ml 

10x Ponceau S 5 ml 

ddH2O to 50 ml 

The solution was stored at RT. 
 

 

3.3.5. Iodination of IGF-I 

IGF-I was iodinated by the chloramine-T method to a specific activity of about 60-80 

µCi/µg. Briefly, 1 mCi Na125I (usually 10 µl) was added to the reaction tube containing 

10-15 µg of IGF-I. Iodination reaction was started by addition of 10 µl of 0.4 mg/ml 

chloramine-T working solution and stopped after 10-15 seconds by addition of 20 µl of 

12.6 mg/ml sodium bisulphite. The reaction mixture was then diluted with 100 µl 

chromatography buffer (buffer A) and loaded into HPLC column equilibrated with buffers 

A and B in order to separate [125I]-labelled IGF-I from unreacted product. The column 

was then run at a flow rate of 1.5 ml/min and 1.5 ml fractions were collected. Finally, the 

gamma-radioactivity of each sample was measured, and fractions with highest 
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radioactivity rates were selected and stored at –200C. The quality of [125I]-labelled IGF-I 

was checked by ligand blot analysis with human and rat serum samples. 

 

0.4M sodium phosphate buffer 

 For  100 ml Final concentration 
di-Sodium hydrogen phosphate 
dihydrate 

7.12 g 0.4M 

Sodium dihydrogen phosphate 4.66 g 0.4M 
ddH2O to 100 ml  
pH was adjusted to 7.4. The solution was stored at RT. 
 

Chloramine-T working solution 

 For  1 ml Final concentration 

Chloramine-T 4 mg 4 mg/ml 

0.4M sodium phosphate buffer 1 ml  

The solution was freshly prepared before iodination. 
 

Sodium bisulphite working solution 

 For  1 ml Final concentration 

Sodium bisulphite 12.6 mg 12.6 mg/ml 

0.4M sodium phosphate buffer 1 ml  

The solution was freshly prepared before iodination. 
 

Buffer A 

 For  1 l Final concentration 

Trifluoroacetic acid 1 ml 0.1% 

HPLC H2O to 1 l  

The solution was stored at RT. 
 

Buffer B 

 For  1 l Final concentration 

Acetonitril 700 ml 70% 

Trifluoroacetic acid 1 ml 0.1% 

HPLC H2O to 1 l  

The solution was stored at RT. 
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3.3.6. [125I]-IGF-I Ligand Blot Analysis 

To determine which IGFBPs are secreted by cultured rat liver cells, samples of 

conditioned media (CM) were analyzed by [125I]-IGF-I ligand blot analysis according to 

Hossenlopp et al. (1986), with slight modifications. For SDS-PAGE, proteins were 

obtained by overnight precipitation of 750 µl of the whole culture supernatant in 1200 µl 

of absolute ethanol at -800C followed by centrifugation (14,000 rpm, 15 min, 40C) in a 

bench-top centrifuge. The supernatant was then discarded, the pellet was air-dried, 

resuspended in 100 µl of non-reducing sample electrophoresis buffer, heated at 950C 

for 5 minutes and loaded onto 10% gel. Alternatively, to study nuclear localization of 

IGFBP-3, 150-300 µg of nuclear and cytoplasmic proteins were denatured in non-

reducing sample buffer by boiling at 95°C and also subjected to SDS-PAGE. 

Electrophoretic separation of proteins and their transfer to nitrocellulose membranes 

were performed as described above. Molecular weight standard was processed in 

parallel. After transfer, the nitrocellulose membranes were blocked in Tris-buffered 

saline supplemented with 1% fish gelatine at RT for two hours with slight agitation, and 

were then incubated with 8,000,000 cpm of [125I]-IGF-I diluted in 30 ml of washing buffer 

at 40C overnight. Finally, the membranes were washed in washing buffer (three times, 

10 min on each occasion), air-dried, wrapped and exposed to X-ray films at -800C for 

various exposure times. 

 
2x sample buffer (non-reducing)  

 For 10 ml Final concentration 

SDS 200 mg 2% 

Tris base  302 mg 250 mM 
Glycerin 2 ml 20% 
ddH2O to 10 ml  

pH was adjusted to 6.8. The buffer was stored as an aliquot (1000 µl) at -200C. 
 

1x TBS stock for ligand blot  

 For  2 l Final concentration 

Tris base 12.11 g 50 mM 

NaCl 18 g 150 mM 
ddH2O to 2 l  
pH was adjusted to 7.4. The buffer was stored at RT. 
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Blocking buffer  

 For  100 ml Final concentration 

Fish gelatine 1 ml 1% 
1x TBS stock for ligand blot 100 ml  

The buffer was prepared briefly before use. 
 

Washing buffer  

 For  100 ml Final concentration 

Fish gelatine 1 ml 1% 
Nonidet P-40 200 µl 0.2% 

TBS stock for ligand blot 100 ml  

The buffer was prepared briefly before use. 
 

 

3.3.7. Western Blot Analysis 

10-50 µg of cell lysates, nuclear and cytoplasmic extracts as well as proteins extracted 

from 375 µl of medium conditioned by cultured rat liver myofibroblasts were denatured 

in reducing sample buffer by boiling at 95°C and further subjected to SDS-PAGE (5-

12.5% acrylamide). Electrophoretic separation of proteins and their transfer to 

nitrocellulose membranes were performed as described above. After transfer, the 

membrane was incubated overnight on rocking platform with blocking buffer at 4°C. 

Subsequently, the blot was incubated with primary antibody diluted in antibody dilution 

buffer for 3 h at RT. After washing in TBST buffer (six times, five min on each occasion), 

the membrane was incubated with HRP-conjugated secondary antibody diluted in 

antibody dilution buffer for 1 h at RT. The membrane was then washed as before. For 

the chemiluminescent detection SuperSignal® West Pico Chemiluminescent Substrate 

(Pierce) was used. Substrate working solution was prepared by mixing of equal volumes 

of two substrate components. The membrane was incubated with substrate working 

solution for 5 min at RT, placed between two sheets of transparent plastic films and 

exposed to X-ray films. The exposure time varied between 5 seconds and 1 hour. 

Several membranes were reprobed with different antibodies. When reprobing, the 

membrane was placed in Re-Blot Plus® stripping buffer (Chemicon) and incubated for 

20 min at RT with slight agitation. After washing in TBST buffer (three times, 5 min on 

each occasion), the membrane was again blocked with milk and subjected to the next 

experiment. 
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2x sample buffer (reducing)  

 For 10 ml Final concentration 

DTT 31 mg 20 mM 

SDS 200 mg 2% 

Tris base  302 mg 250 mM 
Glycerin 2 ml 20% 
ddH2O to 10 ml  

pH was adjusted to 6.8. The buffer was stored as an aliquot (1000 µl) at -200C. 
 

10x TBS buffer for Western blot  

 For 2 l Final concentration 

Tris base 48.4 g 200 mM 

NaCl 58.48 g 500 mM 

ddH2O to 2 l  
pH was adjusted with HCl to 7.4; the solution was stored at room temperature. 

 

1x TBST buffer 

 For 5 l Final concentration 

10x TBS stock 500 ml 1x 

Tween 20 5 ml 0.1% 

ddH2O to 5 l  
The buffer was prepared briefly before use. 
 

Blocking buffer 

 For 50 ml Final concentration 

Non-fat dried milk powder 2.5 g 5% 

1x TBST buffer to 50 ml  

The buffer was prepared briefly before use and stored at 4°C. 
 

Antibody incubation buffer 

 For 50 ml Final concentration 

5% nonfat milk 5 ml 0.5% 

1x TBST buffer to 50 ml  

The buffer was prepared briefly before use and stored at 4°C. 
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1x Re-Blot Plus® stripping buffer 

 For 10 ml Final concentration 

10x Re-Blot Plus® buffer 1 ml 1x 

ddH2O to 10 ml  

The buffer was prepared briefly before use and stored at 4°C. 
 

Primary antibodies were used in the following dilutions: 

Anti-IGFBP-2 1:250 

Anti-IGFBP-3 1:100 

Anti-IGF-IRβ 1:100 

Anti-PDGFRβ 1:50 

Anti-PDGFRα 1:250 

Anti-IRS-1 1:100 

Anti-IRS-2 1:200 

Anti-Gab-1 1:500 

Anti-PLCγ1 1:100 

Anti-phosphotyrosine 1:100 

Anti-phospho-ERK 1:1,000 

Anti-phospho-JNK 1:1,000 

Anti-phospho-p38 1:1,000 

Anti-fibronectin 1:250-1:500 

Anti-fibulin 2 1:100 

Anti-collagen I 1:500 

Anti-collagen IV 1:100 

Anti-laminin 1:250 

Anti-β-Actin 1:10,000 

 

Secondary HRP-conjugated antibodies were used in the following dilutions: 

Peroxidase-conjugated  
swine anti-rabbit Ig 

1:2,000-1:5,000 

Peroxidase-conjugated  
rabbit anti-mouse Ig 

1:2,000-1:10,000 

Peroxidase-conjugated  
rabbit anti-goat Ig 

1:2,000 
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3.3.8. Immunoprecipitation 

Cell lysates containing equal amounts (500 µg) of protein were mixed with antibodies (5 

µg of antibody per sample) and incubated overnight at 40C with slight agitation on the 

end-over-end rotator. The immune complexes were then incubated with 100 µl of 30% 

protein A sepharose bead slurry (30 µl of packed beads) for 4 hours at 4°C. 

Subsequently, sepharose beads were collected by centrifugation at 14,000 rpm for 1 

min in a bench-top centrifuge. The supernatant was carefully removed by aspiration 

through the 29 G needle connected to the syringe, the pellet was washed with 500 µl of 

ice-cold 50 mM Tris buffer (pH 7.4) three times, and the proteins were resuspended in 

35 µl of 2x reducing sample buffer and boiled at 95°C for 5 min. Finally, dissociated 

sepharose beads were pelleted by pulse centrifugation at 14,000 rpm for 30 sec. The 

supernatant containing the precipitated protein was carefully transferred to a new 1.5 ml 

reaction tube. Immunoprecipitates were then size-fractionated by SDS-PAGE and 

transferred to nitrocellulose membrane. To detect tyrosine phosphorylation of 

precipitated proteins, the membrane was subjected to immunoblotting with monoclonal 

mouse anti-phosphotyrosine antibody as described above. To ensure equal loading of 

the precipitated protein, after evaluation of tyrosine phosphorylation the membrane was 

stripped of immunoglobulin and reprobed with an antibody that was used for protein 

precipitation. Membrane stripping was performed as described in previous section. 

 

Tris-HCl 50 mM, pH 7.4 

 For 100 ml Final concentration 

2M Tris-HCl, pH 7.4 2.5 ml 50 mM 

ddH2O to 100 ml  

pH was adjusted to 7.4; the buffer was stored at 4°C. 
 

 

3.3.9. Biosynthetic Labelling and Immunoprecipitation of the IGF-II/M6-PR 
Newly synthesized proteins were endogenously pulse-labelled using methionine-free 

DMEM containing 100 µCi [35S]-methionine per 1 ml of medium. After two hours of 

labelling, the radioactive medium was removed, and cells were washed with PBS. 

Subsequently, new culture media supplemented with methionine and certain growth 

factors were added, and cells were incubated for the next 24 hours. The treatment was 

then stopped, the supernatants were collected, and proteins were immediately extracted 
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from cell layers as described above. Aliquots of cell lysates and culture supernatants 

containing the same amount of protein-bound radioactivity were subjected further to 

immunoprecipitation with rabbit polyclonal antiserum raised against the IGF-II/M6-PR of 

rat origin (2 µl per sample). Immunoprecipitation and SDS-PAGE (5% acrylamide) 

under non-reducing conditions were essentially done as described earlier. After 

electrophoresis, the gel was placed in fixation solution and incubated for 30 min at RT 

with slight agitation. After fixation, the gel was incubated in Amplify fluorographic 

solution (Amersham Biosciences) for 30 min to increase detection efficiency for 35S. The 

gel was then dried and exposed to X-ray films at -800C. 

 

Fixation solution 

 For 100 ml Final concentration 

Acetic acid 10 ml 10% 

Methanol 40 ml 40% 

ddH2O 50 ml  

The solution was prepared briefly before use. 
 

 

3.3.10. IGFBP Protease Assay 
[125I]-labelled recombinant human IGFBPs (rhIGFBPs) kindly provided by Dr. Braulke 

(Department of Biochemistry, Children's Hospital, University Hospital Hamburg 

Eppendorf, Hamburg, Germany) were added (5,000-10,000 cpm) to 50 µl of medium 

conditioned by rat liver myofibroblasts with pH adjusted to the values 4.0 and 7.4 and 

incubated at 370C for 24 hours. Subsequently, samples were solubilized in 2x sample 

buffer and subjected to SDS-PAGE (12.5% acrylamide) under non-reducing conditions 

as described earlier. After electrophoresis, the gel was placed in fixation solution and 

incubated for 20 min at RT with slight agitation. After fixation, the gel was washed in a 

tap water three times for 15 min, dried and exposed to X-ray films at -800C. Molecular 

masses of radiolabelled intact rhIGFBPs and/or their proteolytic fragments were 

estimated by comparing the electrophoretic mobility of the IGFBPs and proteolytic 

fragments to prestained Rainbow™ colored protein marker (Amersham Biosciences). 
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Fixation solution 

 For 100 ml Final concentration 

Acetic acid 10 ml 10% 

Methanol 40 ml 40% 

ddH2O 50 ml  

The solution was prepared briefly before use. 
 

 

3.3.11. Immunocytochemistry 

Rat liver myofibroblasts cultured on Lab-Tek chamber slides were washed in PBS, fixed 

in methanol (10 minutes) and aceton (10 seconds) at -200C, again washed in PBS, air-

dried and frozen at -200C. To block endogenous peroxidases, after washing in PBS 

cells were incubated in solution supplemented with glucose, glucose oxydase and 

sodium azide for 30 min at 370C. Cells were rinsed again with PBS, and nonspecific 

binding was blocked by incubation with undiluted fetal calf serum for 30 minutes. The 

slides were then placed in a humidified chamber, and cells were incubated with primary 

antibodies for 60 min at RT. Dilutions of primary antibodies are indicated below. 

Thereafter, cells were washed three times for 5 min in PBS followed by incubation with 

secondary peroxidase-conjugated antibodies for 60 min at RT also performed in a 

humidified chamber. Secondary antibodies were preabsorbed with rat serum to avoid 

nonspecific binding. For this purpose, 10 µl of rat serum were added to 50 µl of 

secondary antibody and incubated for 60 min at 37°C, followed by centrifugation for 5 

min at maximum speed in a bench-top centrifuge to pellet precipitate. Afterwards, 50 µl 

of supernatant were transferred to a new reaction tube and mixed with 350 µl of PBS 

and 600 µl of γ-globulin-free serum. After incubation with secondary antibodies, cells 

were washed as described above, and immune complexes were visualized by 

diaminobenzidine, which upon oxidation forms a brown end-product at the site of the 

target antigen. For this purpose slides were placed in a cuvette containing PBS 

supplemented with diaminobenzidine (0.5 mg/ml) and H2O2 (0.01%), and cells were 

incubated for 10 minutes at RT. Finally, cells were washed 2 times for 5 min in distilled 

water and counterstained in Mayer’s hemalum solution for 5 min at RT. After additional 

washing step (10 min in a tap water), the slides were covered with Kaiser’s glycerol 

gelatine and mounted with cover-slips. Images were acquired using a light microscope 

(Axioskop, Carl Zeiss), digital photocamera Canon EOS D60 (Canon) and software 

Remote Capture 2.5 (Canon). 
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Peroxidase inhibition solution 

 For 100 ml 

Glucose 180 mg 

Glucose oxidase 5 mg 

1M sodium azide 100 µl 

PBS to 100 ml 

The solution was prepared briefly before use. The components were dissolved in PBS, 
the solution was placed in prewarmed cuvette and incubated for 10 min at 37°C in a 
water bath. 
 

 

Diaminobenzidine working solution 

 For 100 ml Final concentration 

Diaminobenzidine 50 mg 0.5 mg/ml 

33% hydrogen peroxide 33 µl 0.01% 

PBS to 100 ml  

The solution was prepared briefly before use. First, diaminobenzidine was dissolved in 
PBS by stirring for 60 min at RT in the dark. The solution was filtered, and, finally, 
hydrogen peroxide was added.  
 

 

Primary antibodies were used in the following dilutions: 

Anti-fibulin 2  
rabbit polyclonal antiserum 

1:50 

Anti-collagen type I  
rabbit polyclonal antiserum 

1:100 

Anti-smooth muscle α-actin  
mouse monoclonal antibody  

1:50 

 

 

Secondary HRP-conjugated antibodies were used in the following dilutions: 

Peroxidase-conjugated 
swine anti-rabbit Ig 

1:50 

Peroxidase-conjugated 
rabbit anti-mouse Ig 

1:50 
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3.3.12. Determination of DNA Synthesis 

DNA synthesis in cultures of rat liver myofibroblasts was evaluated by BrdU Labelling 

and Detection Kit III (Roche). This kit is based on the cell ELISA principle. Cells are 

cultured in an 96-well microtiter plate. 5-bromo-2´-deoxyuridine (BrdU), a thymidine 

analogue, is added then to the culture medium and incorporated into freshly 

synthesized DNA. Cells which have incorporated BrdU into DNA can be easily detected 

using a monoclonal antibody against BrdU. Peroxidase-conjugated secondary antibody 

binds to BrdU via primary antibody. In the final step, the peroxidase substrate is added. 

The cleavage of the substrate catalyzed by peroxidase yields a colored reaction 

product. Its absorbance can be determined using a microtiter plate reader and is directly 

correlated to the level of BrdU incorporated into cellular DNA. 

In the current work, rat liver myofibroblasts were plated on 96-well microtiter plates and 

cultured for 2 days. After starvation in serum-reduced DMEM for 1 hour, cells were 

incubated with certain growth factors and binding proteins in the presence or absence of 

specific pharmacological inhibitors for 24 hours. To study the effect of exogenous 

IGFBP-3 and -2 on IGF-I-stimulated DNA synthesis, LMFs were incubated for 24 hours 

in the presence of increasing concentrations of rhIGFBP-3 or -2 (50, 100 and 150 

nmol/L) with or without IGF-I (100 nmol/L). In addition, cells were pretreated for 1 hour 

with rhIGFBP-3 or -2 at the indicated concentrations before IGF-I stimulation for 24 

hours. Control wells were incubated with serum-reduced DMEM alone. Cells were 

labelled with 10 µmol/L of BrdU for 24 h. After treatment, cells were washed in culture 

medium supplemented with 10% serum, fixed with precooled ethanol/HCl solution at -

200C for 30 min, washed again, and then incubated with nucleases (100 µl per well) at 

370C for 30 minutes to digest partially cellular DNA. After washing, wells were incubated 

with monoclonal HRP-conjugated anti-BrdU Fab-fragments (100 µl per well) at 370C for 

30 minutes, rinsed three times in washing buffer, the conjugate bound to an 

incorporated BrdU was visualized by soluble chromogenic substrate (ABTS substrate 

supplemented with enhancer; 100 µl per well), and the absorbance was measured 

using an ELISA reader at 405 nm with a reference wavelength at 490 nm. 
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BrdU labelling solution  

 For 1800 µl Final concentration 

BrdU labelling reagent 20 µl 1:90 

Serum reduced DMEM with 
supplements 1780 µl  

The solution was prepared briefly before use. 

 

Washing medium  

 For 100 ml 

Penicillin/streptomycin stock 1 ml 
FCS 10 ml 
L-Glutamine 1 ml 
DMEM (with low glucose) to 100 ml 
The medium was stored at 40C. 

 

Fixation solution  

 For 100 ml Final concentration 

100% Ethanol 70 ml 70% 

25% Hydrochloric acid 6.7 ml 0.5M 

ddH2O to 100 ml  

The solution was stored at -200C. 

 

Nucleases, stock solution  

 For 1300 µl 

Nucleases 1 vial 

ddH2O 650 µl 

Glycerol 650 µl 
The solution was stored at -200C. 

 

Nucleases, working solution  

 For 10 ml Final concentration 

Nucleases, stock solution 100 µl 1:100 

Incubation buffer 9.9 ml  

The solution was prepared briefly before use. 
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1x washing buffer  

 For 100 ml Final concentration 

10x washing buffer concentrate 10 ml 1:10 

ddH2O 90 ml  

The solution was prepared briefly before use. 

 

Anti-BrdU-POD, stock solution  

 For 1250 µl 

Anti-BrdU-POD 1 vial 

ddH2O 1250 µl 
The solution was stored at 40C. 

 

Anti-BrdU-POD, working solution  

 For 10 ml Final concentration 

Anti-BrdU-POD, stock solution 100 µl 1:100 

1x washing buffer 9.9 ml  

The solution was prepared briefly before use. 

 

Peroxidase substrate, stock solution  

ABTS powder 1 vial 
Substrate buffer 1 vial 
The solution was stored at 40C. 

 

Peroxidase substrate, working solution  

 For 10 ml Final concentration 

Substrate enhancer 10 mg 1 mg/ml 

Peroxidase substrate,  
stock solution 10 ml  

The solution was prepared briefly before use. 
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3.4. Statistical Analysis 
Autoradiographs of ligand and Northern blots were scanned (Bio-Rad, Hercules, CA) 

and densitometrically analyzed (Molecular Analyst, Bio-Rad). The relative densities of 

bands were expressed as the percentage of increase or decrease compared with the 

respective untreated control. The BrdU incorporation assay was performed in triplicate 

using three separate cell isolations. Student's t-test was used to evaluate differences 

between the sample of interest and its respective control. Means ± standard error of the 

mean (SEM) are indicated; p < 0.05 was considered statistically significant. 
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4. Results 
 
4.1. Morphological and Immunophenotypical Features of Liver Myofibro-
blasts 
Liver myofibroblasts (LMFs) represent a second cell population involved in liver 

fibrogenesis. In contrast to well-characterized hepatic stellate cells (HSCs), another liver 

cell population with fibrogenic potential (Friedman, 1993; Pinzani, 1995), detailed 

morphological and functional analysis of LMF has not yet been performed so far. 

Therefore, in the current work studying morphological and immunophenotypical features 

of rat LMFs preceded subsequent experiments.  

It has been observed that LMFs were present in primary cultures of rat nonparenchymal 

liver cells and hepatocytes. These cells appeared after several days of cultivation and 

demonstrated high proliferating activity, thereby representing a significant cell 

population in late-stage cultures.  

C
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Figure 15. Morphological and cultural features of liver myofibroblasts (LMFs). Outgrowth of LMFs from 
primary culture of rat hepatocytes (A) is observed when serum-enriched medium is added to hepatocytes, 
which are normally cultured under serum-free conditions. Within 5-10 days, LMFs (white arrow) become 
predominant in these cultures and form a confluent cell layer in contrast to hepatocytes (black arrow), 
which die after prolonged cultivation. Hepatic stellate cells (HSCs) at day 7 of culture (B) share some 
morphological features with LMFs (C, D). In culture, LMFs show fibroblast-like phenoptype (C) with 
spindle-shaped appearance, and myofibroblast-like phenotype (D) with cross-striated morphology as 
assessed by phase-contrast microscopy. Original magnification x 200.  
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Two experimental approaches were used to isolate LMFs from rat liver: (i) isolation by 

density gradient centrifugation followed by counterflow elutriation of fraction enriched 

with MF; and (ii) isolation by outgrowth from primary culture of rat hepatocytes.  

Outgrowth of LMFs was observed when serum-enriched medium was added to 

hepatocytes, which are normally cultured under serum-free conditions. Within 5-10 

days, LMFs became predominant in these cultures and formed a confluent cell layer 

after prolonged cultivation (Fig. 15).  

In culture, LMFs showed either a fibroblast-like phenotype characterized by spindle-

shaped appearance, or a myofibroblast-like phenotype with cross-striated morphology. 

The myofibroblast-like phenotype seemed to increase with age of culture and following 

passages of cells and possibly represents a state of myofibroblast maturation and 

differentiation (Fig. 15).  
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Figure 16. Immunocytochemical detection of smooth muscle α-actin, collagen type I and fibulin-2 
expression in LMFs. Antibodies against smooth muscle α-actin (A, D), collagen type I (B, E) and fibulin 2 
(C, F) were used, detected by peroxidase-labelled second antibodies. Negative control was obtained by 
omitting primary antibodies (data not shown). Original magnification x 200 (A, B, C); x 400 (D, E, F). 
Immunoreactive material was detected by the peroxidase staining protocol.  
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To further characterize rat LMFs, the expression of some cytoskeletal and extracellular 

matrix proteins, namely smooth muscle α-actin (SMAα), type I collagen and fibulin-2, 

was studied by immunocytochemistry and Western blot analysis. Rat LMFs obtained 

from different cell isolations as well as from different passages showed 

immunoreactivity to SMAα, collagen type I and fibulin-2 (Fig. 16). Secretion of fibulin-2 

decreased with the number of cell passages whereas that of α1 and α2 chains of type I 

collagen increased slightly with passaging of LMFs (Fig. 17). In rat, fibulin-2 has 

recently been described as specific marker for LMFs, but not for HSCs (Knittel et al., 

1999a; Ramadori et al., 2002).  
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Figure 17. Secretion of fibulin-2 and collagen type I by LMFs after serial passages. LMFs from passages 
1-4 (P1-4) were cultivated under serum-reduced conditions for 36 h. Fibulin-2 (A) and collagen type I (B) 
were detected in conditioned media (CM) from LMFs by Western blot analysis.  
 
 
 
4.2. Characterization of IGF Axis in Liver Myofibroblasts 
4.2.1. Expression of IGF-I and IGF-II 
The capability of rat LMFs to express the IGFs was evaluated by Northern blot analysis. 

For this purpose, total RNA obtained from passaged rat LMFs (passages 1-7, P1-7), 

HSCs at day 2, 4 and 7 of culture as well as from hepatocytes at day 3 after plating 

(used as positive control in these experiments) were probed for IGF-I expression. These 

experiments detected a prominent IGF-I messenger RNA (mRNA) transcript at 7.5 kb, 

while minor bands appeared at 2 and 1.0 to 1.5 kb. In total RNA from hepatocytes, 

HSCs and LMFs, both the larger and smaller transcripts were detected with similar 

intensity of bands (Fig. 18). A relatively high level of IGF-I mRNA expression was 

observed in LMFs. Moreover, steady levels of IGF-I transcripts in LMFs were unaffected 

during in vitro cultivation and after serial passages of cells. In contrast, HSCs at day 2 of 

culture had very low level of IGF-I mRNA expression, which increased severalfold after 
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their transformation to myofibroblast-like cells (HSCs at day 7 of culture). Transcripts 

encoding IGF-II were detectable neither in LMFs nor in HSCs (data not shown). 
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Figure 18. IGF-I mRNA expression in LMFs. (A) 10 µg of total RNA obtained from rat LMFs (passages 1-
7, P.1-P.7), hepatocytes (HCs) and hepatic stellate cells (HSCs) at different time points of culture as 
indicated, were separated by 1% agarose gel electrophoresis, blotted and hybridized with a 
complementary DNA (cDNA) specific for rat IGF-I. (B) Equal loading of RNA was demonstrated after 
stripping and rehybridization of membranes with an oligonucleotide complementary to 28S ribosomal 
RNAs (rRNA). The sizes of the hybridization bands (in kb) are indicated on the left. 
 
 
 
4.2.2. Expression of IGF-IR  
The mitogenic effects of the IGFs are mediated via the IGF-IR. Therefoe, the IGF-IR 

expression was studied by Northern blot analysis, which revealed messenger RNA 

species for the rat IGF-IR at 11 kb (Fig. 19). Total RNA obtained from hepatocytes, 

which were used as a negative control, showed no hybridization signals with the 

radiolabelled IGF-IR probe, whereas IGF-IR-specific transcripts were detected in KCs, 

which were used as a positive control. The level of the IGF-IR mRNA expression in 

LMFs was considerably higher than in KCs. In LMFs, transcripts encoding the IGF-IR 

were steady expressed during in vitro cultivation and remained unaffected after serial 

passages of cells.  
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Figure 19. IGF-I receptor (IGF-IR) mRNA expression in LMFs. (A, C) 10 µg of total RNA obtained from 
rat hepatocytes (HCs), Kupffer cells (KCs), LMFs (passages 1-7, P.1-P.7) at different time points of 
culture as indicated, were separated by 1% agarose gel electrophoresis, blotted and hybridized with a 
cDNA specific for rat IGF-IR. (B, D) Equal loading of RNA was demonstrated after stripping and 
rehybridization of membranes with an oligonucleotide complementary to 28S rRNA. The sizes of the 
hybridization bands (in kb) are indicated on the left. 
 
 

 

4.2.3. Expression of IGF-II/M6-PR  
In total RNA from LMFs at a different time of culture as well as from passaged cells, 

Northern blot analysis also revealed mRNA species encoding the IGF-II/M6-PR at 9 kb 

(Fig. 20). IGF-II/M6-PR-specific transcripts were detected in hepatocytes, which were 

used as a positive control in these experiments. The IGF-II/M6-PR was constitutively 

expressed in LMFs and its mRNA expression was not substantially altered during 

cultivation of cells and after repeated passages. Conversely, the IGF-II/M6-PR mRNA 

expression was low in quiescent HSCs (day 2 of culture) and increased severalfold after 

their in vitro transformation. 
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Figure 20. IGF-II/mannose 6-phosphate receptor (IGF-II/M6-PR) mRNA expression in LMFs. (A, C) 10 
µg of total RNA obtained from rat hepatocytes (HCs), LMFs (passages 1-4, P.1-P.4) and hepatic stellate 
cells (HSCs) at different time points of culture as indicated, were separated by 1% agarose gel 
electrophoresis, blotted and hybridized with a cDNA specific for rat IGF-II/M6-PR. (B, D) Equal loading of 
RNA was demonstrated after stripping and rehybridization of membranes with an oligonucleotide 
complementary to 28S rRNA. The sizes of the hybridization bands (in kb) are indicated on the left. 
 
 

 

4.2.4. Ectodomain Shedding of IGF-II/M6-PR  
An important biological property of the IGF-II/M6-PR is its ability to undergo ectodomain 

shedding, a release of extracellular part of the receptor from the plasma membrane due 

to proteolysis on the cell surface. In rat, the liver was shown to be the tissue with 

highest release of the soluble IGF-II/M6-PR (Bobek et al., 1992). Since hepatocytes and 

LMFs showed highest levels of transcripts coding for the IGF-II/M6-PR in rat liver, the 

ability of the IGF-II/M6-PR in these cell populations to undergo ectodomain shedding 

was studied as well.  

For this purpose biosynthetic labelling of cellular proteins with [35S]-methionine was 

performed followed by immunoprecipitation of the IGF-II/M6-PR from cell lysates and 
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culture supernatants. These data demonstrate that the IGF-II/M6-PR was highly 

abundant in conditioned media of both hepatocytes and LMFs. Moreover, in contrast to 

hepatocytes, both synthesis of the IGF-II/M6-PR and release of its soluble form in LMFs 

tended to be positively regulated by IGF-II and TGF-beta, the principal ligands of the 

IGF-II/M6-PR (Fig. 21). 
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Figure 21. Synthesis and release of the soluble form of the IGF-II/mannose 6-phosphate receptor (IGF-
II/M6-PR) in hepatocytes and LMFs. Rat hepatocytes (A) and LMFs (B) were pulse-labelled with [35S]-
methionine in the presence or absence of insulin (100 nmol/L), IGF-I (100 nmol/L), IGF-II (100 nmol/L), 
TGF-β (10 ng/mL) and PDGF-BB (10 ng/mL) for 24 hours. Aliquots of whole cell lysates and culture 
supernatants containing the same amount of protein-bound radioactivity were subjected to 
immunoprecipitation with antibodies directed against rat IGF-II/M6-PR, followed by SDS-PAGE and 
autoradiography. The position of the molecular weight standard is indicated on the left. 
 
 
 

4.2.5. Secretion of IGFBPs 
To identify IGFBPs produced by rat LMFs, conditioned media (CM) from cultured rat 

liver cells and rat serum (used as a reference) were subjected to SDS-PAGE and 

further analyzed by [125I]-IGF-I ligand and immunoblotting. CM of LMFs contained two 

species of IGFBPs in the molecular range of 34 and 41 to 45 kDa (Fig. 22A). The 34-

kDa IGFBP comigrated with IGFBP species present in CM from hepatocytes, KCs and 

SECs. This 34-kDa IGFBP in CM of LMFs showed immunoreactivity with an antiserum 

raised against IGFBP-2 (Fig. 22B). The 41- to 45-kDa doublet in CM of LMFs showed 
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the same mobility after SDS-PAGE than IGFBPs detected in rat serum and in CM of 

KCs, SECs and HSCs at day 7 of culture. This IGFBP was identified by an antiserum 

against IGFBP-3. Both IGFBP-2 and IGFBP-3 were detected in supernatants of cells 

from passages 1 to 4 (Fig. 22C). 
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Figure 22. IGFBP secretion in rat liver cells. (A) [125I]-IGF-I ligand blot of rat serum (S) and of CM from rat 
hepatocytes (HCs), Kupffer cells (KCs), sinusoidal endothelial cells (SECs), hepatic stellate cells (HSCs; 
day 7 of culture) and LMFs. Cultures of rat liver cells were kept under serum-reduced conditions for 24-36 
hours prior to further analysis. (B) [125I]-IGF-I ligand and immunoblot of rat serum (S) and of CM from 
LMFs. For immunoblot analysis of CM from LMFs, nitrocellulose membranes were incubated with the 
indicated IGFBP antiserum. (C) IGFBP secretion by LMFs during passaging. LMFs from passages 1-4 
(P.1-P.4) were cultivated under serum-reduced conditions for 36 hours. CM were analyzed by [125I]-IGF-I 
ligand blotting. The positions of the molecular mass standards are indicated.  
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In line with previous reports, IGFBP-2 and -3 were detected by ligand blotting in CM 

from KCs and SECs. Analysis of CM from hepatocytes revealed the presence of IGFBP 

species of 24, 30 and 34 kDa identified as IGFBP-4, -1 and -2 (Scharf et al., 1995a; 

1996a). CM from HSCs at day 7 of culture contained IGFBPs of 24, 41 and 45 kDa 

corresponding to IGFBP-4, and IGFBP-3, respectively (Scharf et al., 1998). 
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Figure 23. IGFBP mRNA expression in LMFs. 10 µg of total RNA obtained from rat LMFs and HSCs at 
different days of culture as indicated, were separated by 1% agarose gel electrophoresis, blotted and 
hybridized with cDNAs specific for rat IGFBP-3 (A) and IGFBP-2 (C). Equal loading of RNA was 
demonstrated after stripping and rehybridization of membranes with an oligonucleotide complementary to 
28S rRNA (B, D). The sizes of the hybridization bands (in kb) are indicated on the left. 
 
 

 

4.2.6. IGFBP mRNA expression 

The ligand and immunoblot data were confirmed by Northern blot analysis of total RNA 

from LMFs, which revealed messenger RNA species for IGFBP-3 at 2.5 kb and IGFBP-

2 at 1.6 kb (Fig. 23). IGFBP-1 and -4 specific mRNA in LMFs were below the limits of 
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detection (data not shown). Both IGFBP-2 and IGFBP-3 transcripts were detected in 

cells from different passages. A temporal IGFBP-3 mRNA expression was different in 

LMFs and HSCs during their cultivation in vitro (Fig. 23). With time of culture IGFBP-3-

specific transcripts decreased in LMFs but increased in HSCs, in parallel with their in 

vitro transformation. In contrast to IGFBP-3, IGFBP-2 mRNA expression was up-

regulated during cultivation of LMFs with maximal level of expression at day 7 of culture. 

In accordance with the ligand and immunoblotting data, no IGFBP-2-specific transcripts 

were detected in HSCs. 

 

 

4.2.7. Regulation of IGFBP Secretion 

The effect of hormones and growth factors, namely GH, insulin, IGF-I, PDGF-BB and 

TGF-β, on IGFBP secretion was studied by ligand blotting of medium samples. In LMFs 

IGF-I and insulin at a concentration of 100 nmol/L as well as TGF-β at a concentration 

of 10 ng/mL stimulated abundance of IGFBP-3 approximately 2.5-fold and that of 

IGFBP-2 1.5-fold, respectively. PDGF-BB inhibited secretion of both IGFBP-3 and -2 to 

70% and 79% of controls, respectively. GH had only a moderate stimulatory effect on 

IGFBP secretion (Fig. 24). Furthermore, the addition of insulin or IGF-I time- (Fig. 25) 

and dose-dependently (Fig. 26) increased abundance of IGFBP-3 and of IGFBP-2 

showing maximal effects at 100 nmol/L after 24 hours. 

 

 

4.2.8. Regulation of IGFBP mRNA Expression 

To inestigate whether stimulatory effect of insulin and IGF-I on IGFBP secretion in LMFs 

was transcriptionally regulated, total RNA obtained from rat LMFs treated with insulin or 

IGF-I was analyzed by Northern blot analysis. Both IGF-I and insulin time-dependently 

(Fig. 27) increased mRNA expression of IGFBP-2 and IGFBP-3. Thus, IGF-I and insulin 

stimulate de novo synthesis of the IGFBPs in LMFs. 
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Figure 24. Effect of hormones and growth factors on IGFBP secretion in LMFs. (A) LMFs were incubated 
in serum-reduced medium in the presence or absence of GH (100 nmol/L), insulin (100 nmol/L), IGF-I 
(100 nmol/L), PDGF-BB (10 ng/mL) and TGF-β (10 ng/mL) for 36 hours. CM were analyzed by [125I]-IGF-I 
ligand blotting. (B) The effect of hormones and growth factors was quantified after densitometric analysis 
of the respective bands. The relative densities of bands were expressed as the percentage of increase or 
decrease for IGFBP-3 (solid bars) and IGFBP-2 (open bars) compared with the respective untreated 
control. Data are shown as means ± SEM (n = 5). Statistically significant difference (p<0.05*; p<0.01**; 
Student’s t-test) compared with untreated control cultures. 
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Figure 25. Time course of insulin and IGF-I stimulated IGFBP secretion in LMFs. (A) LMFs were 
incubated in serum-reduced medium in the presence or absence of insulin and IGF-I at 100 nmol/L for 12, 
24 and 36 hours. CM were analyzed by [125I]-IGF-I ligand blotting. Densitometric analysis of IGFBP 
secretion in LMFs after treatment with insulin (B) or IGF-I (C). The relative densities of bands were 
expressed as the percentage of increase for IGFBP-3 ( ) and IGFBP-2 ( ) compared with the respective 
untreated controls (n = 4). Statistically significant difference in IGFBP-3 (#) and IGFBP-2 (§) secretion 
(p<0.05, Student’s t-test) compared with respective untreated control cultures. 
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Figure 26. Dose-dependent effect of insulin and IGF-I on IGFBP secretion in LMFs. (A) LMFs were 
incubated in serum-reduced medium in the presence or absence of insulin and IGF-I at concentrations 
ranging from 0.1 to 100 nmol/L for 36 hours. CM were analyzed by [125I]-IGF-I ligand blotting. 
Densitometric analysis of IGFBP secretion in LMFs after treatment with insulin (B) or IGF-I (C). The 
relative densities of bands were expressed as the percentage of increase for IGFBP-3 ( ) and IGFBP-2 
( ) compared with the respective untreated controls (n = 4). Statistically significant difference in IGFBP-3 
(#) and IGFBP-2 (§) secretion (p<0.05, Student’s t-test) compared with untreated control cultures. 
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Figure 27. Time course of IGFBP mRNA expression in LMFs after treatment with insulin (A, B) and IGF-I 
(C, D). Upper panels: total RNA (10 µg) isolated from LMFs incubated in the presence or absence of the 
indicated hormone were separated by 1% agarose gel electrophoresis, blotted and probed for IGFBP-2 
and IGFBP-3, respectively. The sizes of the hybridization bands (in kb) are indicated on the left. Lower 
panels: equal loading of RNA was demonstrated after stripping and rehybridization of membranes with an 
oligonucleotide complementary to 28S rRNA. Densitometric analysis of insulin (B) and IGF-I (D) 
stimulated IGFBP mRNA expression in LMFs. The relative densities of bands were expressed as the 
percentual increase of IGFBP-3 mRNA ( ) and IGFBP-2 mRNA ( ) compared with the respective 
untreated controls (n = 3). Statistically significant difference in IGFBP-3 (#) and IGFBP-2 (§) mRNA 
expression (p<0.05, Student’s t-test) compared with respective untreated control cultures. 
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4.2.9. IGFBP Proteolysis 

It has been shown that specific proteases are important regulators of IGFBP abundance 

in extracellular space (Bunn and Fowlkes, 2003). Therefore, conditioned media of LMFs 

were also analyzed in the IGFBP protease assay for IGFBP-3 and IGFBP-2 proteolytic 

activity. When protease activity was tested in CM from different passages of LMFs for 

24 hours at neutral pH using iodinated recombinant human IGFBP-3 and -2, no 

fragmentation of the 29 kDa non-glycosylated IGFBP-3 or the 31 kDa IGFBP-2 was 

observed (Fig. 28). At pH 4.0, however, IGFBP-3 was fragmented by media conditioned 

by LMFs from different passages in contrast to IGFBP-2, which remained unaffected.  
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Figure 28. IGFBP proteolysis in LMFs. [125I]-labelled recombinant human IGFBP-3 (A) and IGFBP-2 (B) 
were incubated with control medium (Dulbecco´s modified Eagle medium supplemented with 0.3% of fetal 
calf serum) or with media conditioned by cultured LMFs (passages 1-4, P.1-P.4) for 24 hours at 370C at 
pH 4.0 or 7.4. Samples were further subjected to SDS-PAGE and autoradiography. The sizes of 
molecular weight standards are indicated. 
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4.2.10. Effect of IGF-I on DNA Synthesis  
To study whether the presence of the IGF-IR on LMFs might affect cell proliferation, the 

effect of GH, insulin and IGF-I on DNA synthesis was examined by BrdU-incorporation 

assay. Incubation with insulin and IGF-I stimulated the DNA synthesis in cultured LMFs, 

whereas GH had no effect (Fig. 29). Of note, long-R3-IGF-I, an IGF-I analogue which 

binds to the IGF receptor but not to IGFBPs, had no effect on DNA synthesis. It implies 

that mitogenic activity of IGF-I in LMFs requires endogenous IGF binding proteins. 
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Figure 29. Effect of growth hormone, insulin and IGF-I on DNA synthesis in LMFs. After starvation in 
serum-reduced DMEM for 1 hour, cells were incubated in the presence or absence of GH (100 nmol/L), 
insulin (100 nmol/L), IGF-I (100 nmol/L) or long-R3-IGF-I (100 nmol/L) for 24 hours and labelled with 
BrdU. Control cells were incubated with serum-reduced DMEM alone. Results are expressed as the 
percentage of incorporation ± SEM relative to the untreated control (n = 3). Statistically significant 
difference (p<0.05*; p<0.01**; Student’s t-test) compared with untreated control cultures. 
 

 

4.2.11. Effect of IGF-I on Synthesis of Extracellular Matrix Proteins  
Regulation of ECM protein synthesis by IGF-I was studied by incubation of rat LMFs 

with increasing concentrations of IGF-I (1, 10 and 100 nmol/L). Western blot analysis 

revealed synthesis of type I collagen, type IV collagen, fibronectin and laminin in LMFs 

(Fig. 30A). IGF-I caused a dose-dependent stimulation of type I collagen synthesis with 

maximal effect at 100 nmol/L. In contrast, synthesis of other ECM proteins was not 

significantly altered after treatment with IGF-I. Moreover, the stimulatory effect of IGF-I 

on type I collagen production is transcriptionally regulated. As demonstrated by 

Northern blot analysis (Fig. 30B), the addition of IGF-I slowly and time-dependently 

increased mRNA expression of α2(I) chain of type I procollagen showing maximal effect 

after 36 hours of treatment. 
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Figure 30. Effect of IGF-I on synthesis of extracellular matrix proteins in LMFs. (A) LMFs were incubated 
in serum-reduced medium in the presence of increasing concentrations of IGF-I (1, 10, 100 nmol/L) for 24 
hours. Proteins (25 µg) extracted from whole cell lysates were size-fractionated by SDS-PAGE, blotted 
and probed for certain ECM proteins using specific antibodies. The positions of the molecular weight 
standards are indicated on the left. Equal loading of proteins was demonstrated by immunoblotting with 
an antibody directed against β-actin. (B) For Northern blot analysis, 10 µg of total RNA obtained from rat 
LMFs incubated in serum-reduced medium in the presence or absence of IGF-I (100 nmol/L) for 6, 12, 24 
and 36 hours were separated by 1% agarose gel electrophoresis, blotted and hybridized with a cDNA 
specific for α2(I) chain of type I procollagen. Equal loading of RNA was demonstrated after stripping and 
rehybridization of membranes with an oligonucleotide complementary to 28S rRNA. The sizes of the 
hybridization bands (in kb) are indicated on the left. 
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4.2.12. Modulation of IGF-I-Stimulated DNA Synthesis by Exogenous IGFBP-2 and 
IGFBP-3 
In previous experiments (see section 4.2.10) it has been shown that mitogenic effect of 

IGF-I in LMFs appeared to require endogenous IGFBPs. Since IGFBP-3 and -2 have 

been detected in LMFs at both protein and mRNA levels, the effect of exogenously 

added rhIGFBP-3 and rhIGFBP-2 on IGF-I-stimulated DNA synthesis in cultures of 

LMFs was evaluated (Fig. 31). When LMFs were coincubated simultaneously with 100 

nmol/L of IGF-I and increasing concentrations of recombinant IGFBP-2 or -3, the rate of 

DNA synthesis was lower as compared with LMFs incubated with 100 nmol/L of IGF-I 

alone (Fig. 31A, 31B). After preincubation of LMFs with rhIGFBP-2 or -3 for 1 hour prior 

to the addition of 100 nmol/L of IGF-I, DNA synthesis was additionally stimulated 

compared with LMFs treated with IGF-I alone (Fig. 31A, 31B). For both rhIGFBP-2 and -

3, the most pronounced effect was observed when rhIGFBPs were added at the final 

concentration of 50 nmol/L resulting in a 1.8 ± 0.1-fold increase of BrdU incorporation 

for rhIGFBP-3 (Fig. 31A) and a 2.4 ± 0.2-fold increase of BrdU incorporation for 

rhIGFBP-2 (Fig. 31B). 

 

 

4.2.13. Inhibition of DNA Synthesis by IGFBP-3 
Recombinant IGFBP-3 applied alone at the concentration of 50 nmol/L led to substantial 

inhibition of DNA synthesis in rat LMFs as evaluated by BrdU incorporation assay (Fig. 

31A, 32). This mitoinhibitory effect of IGFBP-3 is not attributed to sequestration of 

endogenous IGF-I and appears to be IGF-I-independent because treatment of cultured 

LMFs with function-blocking anti-IGF-I antibodies did not affect DNA synthesis.  

 

 

4.2.14. Nuclear Accumulation of IGFBP-3 
IGFBP-3 contains classical nuclear localization signals (NLS) and is translocated to the 

nucleus via importin-beta-mediated pathway where IGFBP-3 is supposed to bind to 

certain transcription factors (Butt et al., 1999). This binding appears to be important for 

direct proapoptotic activity of IGFBP-3 in the cell (Liu et al., 2000). To test whether the 

intrinsic mitoinhibitory activity of IGFBP-3 observed in rat LMFs can be associated with 

nuclear accumulation of IGFBP-3, nuclear and cytoplasmic extracts obtained from LMFs 

were further subjected to ligand blot analysis.  
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Figure 31. Effect of rhIGFBP-3 (A) and rhIGFBP-2 (B) on DNA synthesis in LMFs. After starvation in 
serum-reduced DMEM for 1 hour, cells were incubated for 24 hours with either rhIGFBP-3 or rhIGFBP-2. 
The effect of IGFBP on IGF-I-stimulated DNA synthesis was evaluated by simultaneous addition of 
rhIGFBP-3 or rhIGFBP-2 at concentrations of 50, 100 and 150 nmol/L (solid bars) with 100 nmol/L IGF-I. 
In a second approach, MF were preincubated with rhIGFBP-3 or rhIGFBP-2 at concentrations of 50, 100 
and 150 nmol/L (open bars) for 1 hour followed by the addition of 100 nmol/L IGF-I. Control cells were 
incubated for 24 hours with either serum-reduced DMEM alone (1) or 100 nmol/L IGF-I (2). Cells were 
labelled with BrdU for 24 hours. Results are expressed as the percentage of incorporation ± SEM relative 
to the control (n = 3). Statistically significant difference (p<0.05; Student’s t-test) compared with untreated 
control cultures (*) or IGF-I treated cultures (#).  
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Figure 32. Intrinsic mitoinhibitory activity of IGFBP-3 in LMFs. After starvation in serum-reduced DMEM 
for 1 hour, cells were incubated in the presence or absence of IGF-I (100 nmol/L), rhIGFBP-3 (50 nmol/L) 
and function-blocking anti-IGF-I antibodies (2.5 µg/mL) for 24 hours and labelled with BrdU. Control cells 
were incubated with serum-reduced DMEM alone. Results are expressed as the percentage of 
incorporation ± SEM relative to the untreated control (n = 3). Statistically significant difference (p<0.05; 
Student’s t-test) compared with untreated control cultures (*) or IGF-I treated cultures (#). 
 

The edible mushroom (Agaricus bisporus) lectin (ABL) was used as an inhibitor of NLS-

dependent import. This Galβ1-3GalNAcα (TF antigen)-binding lectin has been shown to 

block NLS-dependent protein uptake into the nucleus without any apparent cytotoxic 

effects (Yu et al., 1999). The ligand blot data demonstrate that under normal conditions 

IGFBP-3 in cultures of rat LMFs is present in three compartments: (i) in the conditioned 

medium, (ii) in the cytoplasm, and a relatively high amount of IGFBP-3 is also observed 

(iii) in the nucleus. However, pretreatment of cells with ABL for 6 hours prior to the re-

addition of serum-containing medium effectively inhibited the re-entry of IGFBP-3 into 

the nucleus (Fig. 33), thus demonstrating that IGFBP-3 in LMFs is translocated to the 

nucleus via importin-mediated pathway. Moreover, blockade of nuclear import with ABL 

prior to the addition of IGF-I, one of the most potent stimulator of IGFBP-3 secretion in 

LMFs, was accompanied by a pronounced accumulation of IGFBP-3 in the conditioned 

medium compared with cells treated with IGF-I alone. Therefore, in LMFs a relatively 

high amount of newly synthesized IGFBP-3 after secretion undergoes re-uptake by cells 

with subsequent translocation to the nucleus. 
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Figure 33. Nuclear accumulation of IGFBP-3 in LMFs. After starvation in serum-reduced DMEM for 1 
hour, cells were incubated in the presence or absence of the edible mushroom (Agaricus bisporus) lectin 
(ABL) (20 µg/mL) for 5 hours and re-fed in serum-containing medium for 18 hours. Alternatively, growth-
arrested LMFs after 5-hour preincubation with ABL (20 µg/mL) were also cultured in serum-reduced 
medium supplemented with IGF-I (100 nmol/L) for 18 hours. Nuclear and cytoplasmic protein extracts (50 
µg) (A) as well as conditioned media (B) were subjected to SDS-PAGE and [125I]-IGF-I ligand blot 
analysis. The positions of the molecular weight standards are indicated. 
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4.3. Cross-Talk between PDGF and IGF-I Receptors in Liver Myofibroblasts 
4.3.1. IGF-I-Induced Down-Regulation of IGF-IR and IRS-1  

In liver cirrhosis reduced hepatic IGF-I expression and serum IGF-I levels are 

associated with adverse clinical outcome and complications (Moller et al., 1995; Scharf 

et al., 1996b). Moreover in a rat model of liver cirrhosis, administration of exogenous 

IGF-I is accompanied by improvement of liver function and reduction of liver damage 

and fibrosis (Castilla-Cortazar et al., 1997). In agreement with these findings, the data 

presented here clearly demonstrate that high concentrations of IGF-I effectively inhibit 

the IGF-IR expression in rat LMFs. As shown by Northern blot analysis, IGF-I reduced 

the IGF-IR mRNA expression in cultures of LMFs whereas GH and insulin had no effect 

(Fig. 34A). In turn, Western blot analysis revealed that incubation of LMFs with IGF-I 

resulted in a dose-dependent inhibition of synthesis of the IGF-IR β subunit (Fig. 34B). 

The inhibitory effect of IGF-I on the IGF-IRβ production was observed only at high 

concentrations (50 and 100 nmol/L). Moreover, biosynthesis of IRS-1, a principal 

signalling element of the IGF-IR, was also dose-dependently inhibited by IGF-I. This 

effect was specific because synthesis of another IRS protein, Gab-1, was unaffected by 

increasing concentrations of IGF-I. 

 

 

4.3.2. Expression of PDGF Receptors  

In contrast to IGF-I, expression of PDGFs in cirrhotic tissue is considerably higher 

compared with normal liver tissue. To identify the cellular targets for PDGFs in the liver, 

Northern blot analysis of the PDGFR expression has been performed using total RNA 

isolated from different rat liver cells. Transcripts encoding rat PDGFRα were detected at 

6.5 and 4.7 kb and mRNA species specific for rat PDGFRβ at 5.4 kb (Fig. 35A). Total 

RNA obtained from hepatocytes showed no hybridization signals with the radiolabelled 

PDGFRα and PDGFRβ probes. In total RNA obtained from KCs only mRNA species 

coding for the PDGFRα were detected. Transcripts encoding both PDGFRα and 

PDGFRβ were highly abundant in LMFs and HSCs. In LMFs, steady levels of 

transcripts encoding the PDGFRα and PDGFRβ were unaffected by serial passages of 

cells. PDGFR expression was substantially up-regulated with increasing cell density 

during cultivation of LMFs and during in vitro transformation of HSCs (Fig. 35B).  

Increased PDGFR mRNA expression in cultures of LMFs had direct functional 

consequence. As demonstrated by BrdU incorporation assay, PDGF-BB stimulated 
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DNA synthesis in LMFs and this effect was more pronounced in cell cultures with higher 

cell density (Fig. 35C). 
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Figure 34. IGF-I-induced down-regulation of the IGF-IR in LMFs. (A) Upper panel: total RNA (10 µg) 
isolated from LMFs incubated in the presence or absence of GH, insulin and IGF-I at concentration of 100 
nmol/L for 36 hours were separated by 1% agarose gel electrophoresis, blotted and probed for rat IGF-IR. 
Lower panel: equal loading of RNA was demonstrated after stripping and rehybridization of membranes 
with an oligonucleotide complementary to 28S rRNA. The sizes of the hybridization bands (in kb) are 
indicated on the left. (B) LMFs were incubated in serum-reduced medium in the presence of increasing 
concentrations of IGF-I (0, 1, 2.5, 5, 10, 25, 50 and 100 nmol/L) for 36 hours. Proteins (25 µg) extracted 
from whole cell lysates were size-fractionated by SDS-PAGE and immunoblotted with anti-IGF-IRβ, anti-
IRS-1 and anti-Gab-1 antibodies. Equal loading of proteins was demonstrated by immunoblotting with an 
antibody directed against β-actin. The sizes of proteins are indicated on the left. 
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Figure 35. PDGF receptor mRNA expression in LMFs (A, B). Upper panels: 10 µg of total RNA obtained 
from rat LMFs (passages 1-7, P.1-P.7), hepatocytes (HCs), Kupffer cells (KCs) and hepatic stellate cells 
(HSCs) at different time points of culture as indicated, were separated by 1% agarose gel electrophoresis, 
blotted and hybridized with cDNAs specific for rat PDGFRα and PDGFRβ, respectively. Equal loading of 
RNA was demonstrated after stripping and rehybridization of membranes with an oligonucleotide 
complementary to 28S rRNA. The sizes of the hybridization bands (in kb) are indicated on the left. Effect 
of cell density on mitogenic response to PDGF-BB in rat LMFs (C). After starvation in serum-reduced 
DMEM for 1 hour, subconfluent (open bars) and confluent (solid bars) cultures of LMFs were incubated in 
the presence or absence of PDGF-BB (10 ng/mL) for 24 hours. DNA synthesis was evaluated by BrdU 
incorporation assay. Results are expressed as the percentage of incorporation ± SEM relative to the 
untreated control (n = 3). Statistically significant difference (p<0.05; Student’s t-test) compared with 
untreated control cultures (*) or PDGF-BB treated subconfluent cultures (§). 
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4.3.3. Effect of IGF-IR Blockade on IGF-I- and PDGF-Stimulated DNA Synthesis  
To test whether a functional IGF-IR is required for mitogenic activity of PDGF in LMFs 

as it has been demonstrated formerly in mouse embryo fibroblasts (DeAngelis et al., 

1995), the effect of tyrphostin I-Ome-AG 538, a selective inhibitor of the IGF-IR kinase, 

on PDGF-induced mitogenic activity was evaluated in BrdU incorporation assay. 

Recombinant PDGF-BB stimulated DNA synthesis in LMFs and this effect was similar to 

that of IGF-I. Coincubation of LMFs with PDGF-BB and IGF-I has demonstrated 

synergism in their mitogenic effect. Blockade of the IGF-IR kinase with tyrphostin I-

Ome-AG 538 completely abrogated IGF-I- and PDGF-induced mitogenesis in cultures 

of rat LMFs (Fig. 36). Thus, presence of the IGF-IR appears to be necessary for PDGF-

induced mitogenic activity in LMFs. 

++--++--PDGF-BB, 10 ng/mL

+

+ +

+

+

-

+----I-OMe-AG 538, 20 µmol/L

-+-+-IGF-I, 100 nmol/L

*

# §

▼

1 2 3 4 5 6 7 8
0

100

200

300

D
N

A 
sy

nt
he

si
s

(%
 o

f c
on

tro
l) *

*

 
Figure 36. Effect of IGF-IR blockade on IGF-I- and PDGF-stimulated DNA synthesis in LMFs. After 
starvation in serum-reduced DMEM for 1 hour, cells were incubated for 24 hours with IGF-I (100 nmol/l) 
and/or PDGF-BB (10 ng/mL) in the presence or absence of tyrphostin I-OMe-AG 538 (20 µmol/L), a 
selective inhibitor of the IGF-IR tyrosine kinase. Control cells were incubated for 24 hours with serum-
reduced DMEM alone. DNA synthesis was evaluated by BrdU incorporation assay. Results are 
expressed as the percentage of incorporation ± SEM relative to the control (n = 3). Statistically significant 
difference (p<0.05; Student’s t-test) compared with untreated control cultures (*) or IGF-I (#), PDGF-BB 
(§) and IGF-I/PDGF-BB (▼) treated cultures 
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4.3.4. Differential Regulation of IGF-IR and PDGFR mRNA Expression by PDGF 
and IGF-I  
PDGF-BB and IGF-I had divergent effects on the IGF-IR and PDGFR expression. As 

demonstrated by Northern blot analysis, recombinant PDGF-BB time-dependently 

increased the IGF-IR mRNA expression in cultures of LMFs showing maximal effect 

after 24 hours of treatment (Fig. 37A). These data were also confirmed by Western blot 

analysis which showed that incubation of LMFs with increasing concentrations of 

PDGF-BB resulted in a dose-dependent stimulation of the IGF-IRβ biosynthesis (Fig. 

37B).  
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Figure 37. PDGF-induced up-regulation of the IGF-IR expression in LMFs. (A) Upper panel: 10 µg of total 
RNA isolated from LMFs treated with PDGF-BB (10 ng/mL) for 30 min, 60 min, 3 h, 6 h and 24 h were 
separated by 1% agarose gel electrophoresis, blotted and probed for rat IGF-IR. Lower panel: equal 
loading of RNA was demonstrated after stripping and rehybridization of membranes with an 
oligonucleotide complementary to 28S rRNA. The sizes of the hybridization bands (in kb) are indicated on 
the left. (B) LMFs were incubated in serum-reduced medium in the presence of increasing concentrations 
of PDGF-BB (0, 0.5, 1, 2.5, 5 and 10 ng/mL) for 24 hours. Proteins (25 µg) extracted from whole cell 
lysates were size-fractionated by SDS-PAGE and immunoblotted with anti-IGF-IRβ antibody. Equal 
loading of proteins was demonstrated by immunoblotting with an antibody directed against β-actin. The 
sizes of proteins are indicated on the left. 
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Furthermore, IGF-I-induced down-regulation of the IGF-IR was effectively prevented by 

addition of recombinant PDGF-BB (Fig. 38A). Remarkably, IGF-I inhibited mRNA 

expression of PDGFRα, which was also partially restored by addition of PDGF-BB (Fig. 

38B). However, IGF-I had no effect on the PDGFRβ gene expression (Fig. 38C). 

Interestingly, in contrast to the IGF-IR which undergoes ligand-induced down-regulation, 

gene expression of both PDGFR subunits was not inhibited by their natural ligand (Fig. 

38B, 38C). 
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Figure 38. PDGF-induced stabilization of the IGF-IR and PDGFR mRNA expression in LMFs. (A, B, C) 
10 µg of total RNA isolated from LMFs treated with IGF-I (100 nmol/L) and/or PDGF-BB (10 ng/mL) for 36 
hours were separated by 1% agarose gel electrophoresis, blotted and probed for rat IGF-IR (A), PDGFRα 
(B) and PDGFRβ (C), respectively. (D) Equal loading of RNA was demonstrated after stripping and 
rehybridization of membranes with an oligonucleotide complementary to 28S rRNA. The sizes of the 
hybridization bands (in kb) are indicated on the left.  
 
 

 

4.3.5. IGF-I- and PDGF-Induced Tyrosine Phosphorylation of IGF-IR, PDGFR, IRS-1 
and PLCγ1   
Since transphosphorylation of heterologous receptors has been known to occur, next 

we wished to investigate whether the PDGFR and IGF-IR can directly transactivate 

each other. For this purpose, the IGF-IR, the PDGFR and their principal signalling 
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elements, IRS-1 and PLCγ1, respectively, were precipitated from lysed cells treated with 

IGF-I or PDGF-BB for 10 min under serum-free conditions.  
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Figure 39. IGF-I- and PDGF-induced tyrosine phosphorylation of the IGF-IR β subunit, PDGFR α and β 
subunits, IRS-1 and PLCγ1 in LMFs. Serum starved cells were stimulated with IGF-I (100 nmol/L) and/or 
PDGF-BB (10 ng/mL) for 10 minutes and immediately subjected to detergent lysis followed by 
immunoprecipitation (IP) of IGF-IRβ, PDGFRα, PDGFRβ, IRS-1 and PLCγ1. Subsequently, after SDS-
PAGE and electroblotting, tyrosine phosphorylation of the precipitated proteins was evaluated by Western 
blot analysis (WB) with anti-phosphotyrosine antibodies (anti-pY). Equal loading of proteins was ensured 
by reprobing immunoblots with antibodies used for immunoprecipitation. The sizes of proteins are 
indicated on the left. 
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The activated status of the precipitated proteins was visualized by immunoblotting with 

an anti-phosphotyrosine antibody. Treatment with IGF-I resulted in the tyrosine 

phosphorylation of the β subunit of the IGF-IR and IRS-1 (Fig. 39). In contrast, PDGF-

BB induced the tyrosine phosphorylation of both PDGFR subunits and PLCγ1. 

Transactivation of IGF-IR by PDGFR and PDGFR by IGF-IR was not observed. In turn, 

transactivation of IRS-1 by PDGFR and PLCγ1 by IGF-IR has been excluded as well. 

When IGF-I and PDGF-BB were applied together to cultured cells, there was no additive 

tyrosine phosphorylation of the receptors and their major signalling intermediates. 

Contrariwise, IGF-I inhibited the phosphorylation of the PDGFR, in particular of its α 

subunit, and the IGF-I-induced tyrosine phosphorylation of IRS-1 was attenuated by 

addition of PDGF-BB. 

 

 

4.3.6. Effect of MAPK Pathway Inhibitors on IGF-I- and PDGF-Stimulated DNA 
Synthesis   
The mechanism by which the IGF-IR cooperates with the PDGFR during mitogenic 

response is not understood. It has been suggested that the IGF-IR is probably more 

effective in inducing cell signalling through the MAPK cascade. To test this hypothesis, 

the effect of pharmacological inhibitors of MAPK pathway components on PDGF- and 

IGF-I-induced DNA synthesis has been investigated. For this purpose, LMFs at day 2 of 

culture were serum-starved for 1 h and stimulated with IGF-I (10 nmol/L) or PDGF-BB 

(10 ng/mL) in the presence or absence of the respective pharmacological inhibitor (10 

and 20 µmol/L) for 24 h. Newly synthesized cellular DNA was labelled by BrdU. As 

demonstrated by BrdU incorporation assay, an inhibition of MEK by PD98059, p38 

kinase by SB203580 and JNK by SP600125 effectively blocked IGF-I-induced mitogenic 

effect (Fig. 40). Likewise, mitogenic activity of PDGF-BB was abrogated when JNK and 

p38 kinase were inactivated. In contrast to IGF-I, however, the rate of PDGF-induced 

DNA synthesis was unaffected when activation of ERK1 and ERK2 was prevented. 
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Figure 40. Effect of MAPK pathway inhibitors on IGF-I- and PDGF-stimulated DNA synthesis in LMFs. 
After starvation in serum-reduced DMEM for 1 hour, cells were treated for 24 hours with IGF-I (100 
nmol/l) (A) or PDGF-BB (10 ng/mL) (B) in the presence or absence of the MEK inhibitor PD98059, the 
p38 kinase inhibitor SB203580 and the JNK inhibitor SP600125 at concentrations of 10 and 20 µmol/L. 
Control cells were incubated for 24 hours with serum-reduced DMEM alone. DNA synthesis was 
evaluated by BrdU incorporation assay. Results are expressed as the percentage of incorporation ± SEM 
relative to the control (n = 3). Statistically significant difference (p<0.05; Student’s t-test) compared with 
untreated control cultures (*) or growth factor (§) treated cultures. 
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4.3.7. Effect of IGF-I and PDGF on MAPK Activation 
To investigate whether IGF-I is more effective than PDGF in activating terminal MAP 

kinases, proteins extracted from LMFs treated with IGF-I and PDGF-BB for 10 min 

under serum-free conditions were further subjected to Western blot analysis with 

antibodies raised against dually phosphorylated forms of ERK1/2, JNK and p38 kinase. 

Although all terminal MAP kinases were phosphorylated in response to both growth 

factors, PDGF-BB was definitely more effective in activating MAP kinases than IGF-I 

(Fig. 41). Moreover, when both growth factors were simultaneously added to cells, IGF-I 

did not have an additive effect on MAP kinases activation. Cells simultaneously treated 

with IGF-I and PDGF-BB and cells treated with PDGF-BB alone had the same level of 

MAP kinases phosphorylation. 
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Figure 41. Effect of IGF-I and PDGF-BB on MAPK activation in LMFs. Serum starved cells were 
stimulated with IGF-I (100 nmol/L) and/or PDGF-BB (10 ng/mL) for 10 minutes and immediately subjected 
to detergent lysis. Proteins (50 µg) extracted from whole cell lysates were size-fractionated by SDS-
PAGE and immunoblotted with antibodies raised against dually phosphorylated forms of ERK1/2, JNK 
and p38 kinase. Equal loading of proteins was demonstrated by immunoblotting with an antibody directed 
against β-actin. The positions of the molecular weight standards are indicated on the left. 
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4.3.8. Effect of PLC Inhibitor and Activator on DNA Synthesis   
Since it has previously been shown that phospholipase C is required for amplification of 

cell signalling through the MAPK cascade, the role of PLC in PDGF- and IGF-I-induced 

mitogenesis in rat LMFs was investigated as well. Growth-arrested LMFs at day 2 of 

culture were treated with either IGF-I (10 nmol/L) or PDGF-BB (10 ng/mL) in the 

presence or absence of the specific PLC inhibitor U73122 (2.5 and 5 µmol/L) for 24 h. 

In parallel, cells were also treated with the specific PLC activator m-3M3FBS (1 nmol/L). 

As demonstrated by BrdU incorporation assay (Fig. 42), DNA synthesis of LMFs 

induced by both PDGF-BB and IGF-I was severely blunted in the presence of U73122. 

In contrast, m-3M3FBS could mimic the mitogenic effect induced by growth factors.  
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Figure 42. Effect of phospholipase C (PLC) inhibitor and activator on DNA synthesis in LMFs. After 
starvation in serum-reduced DMEM for 1 hour, cells were treated for 24 hours with IGF-I (100 nmol/l) or 
PDGF-BB (10 ng/mL) in the presence or absence of the specific PLC inhibitor U73122 (2.5 and 5 µmol/L). 
Alternatively, cells were also treated with the specific PLC activator m-3M3FBS (1 nmol/L). Control cells 
were incubated for 24 hours with serum-reduced DMEM alone. DNA synthesis was evaluated by BrdU 
incorporation assay. Results are expressed as the percentage of incorporation ± SEM relative to the 
control (n = 3). Statistically significant difference (p<0.05; Student’s t-test) compared with untreated 
control cultures (*) or growth factor (§) treated cultures. 
 

4.3.9. Effect of IGF-IR Blockade on Tyrosine Phosphorylation of PLCγ1 

It has been demonstrated in previous experiments (see section 4.3.6) that PLCγ1, which 

appears to have an essential role for mitogenesis and cellular proliferation in LMFs (see 

section 4.3.9),  is activated only in response to PDGF-BB but not to IGF-I. To investigate 
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whether functional IGF-IR is required for full activation of PLCγ1, subconfluent LMFs 

were growth-arrested in serum-free medium for 1 h, pretreated with the selective 

inhibitor of the IGF-IR kinase I-OMe-AG 538 (20 µmol/L) for 10 min, and stimulated with 

PDGF-BB (10 ng/mL) and/or IGF-I (100 nmol/L) for 10 min. Consequently, PLCγ1 was 

imunoprecipitated from whole cell lysates, subjected to SDS-PAGE, and, finally, the 

phosphorylated form of PLCγ1 was visualized by immunoblotting with an anti-

phosphotyrosine antibody. In agreement with previous data, treatment of cells with IGF-I 

alone did not lead to the tyrosine phosphorylation of PLCγ1 (Fig. 43). PDGF-BB 

effectively induced activation of PLCγ1. However, blockade of the IGF-IR by a selective 

inhibitor was accompanied by a decreased activation of PLCγ1 in cells treated with 

PDGF-BB. Interestingly, high concentrations of IGF-I also inhibited the phosphorylation 

of PLCγ1 on tyrosine residues, most likely due to IGF-I-induced inhibition of the 

PDGFRα phosphorylation. Moreover, this inhibitory effect of IGF-I was additive to that 

of I-OMe-AG 538.  
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Figure 43. Effect of IGF-IR blockade on tyrosine phosphorylation of PLCγ1 in LMFs. Subconfluent cultures 
of LMFs were growth-arrested in serum-free DMEM for 1 h, pretreated with the selective inhibitor of the 
IGF-IR kinase I-OMe-AG 538 (20 µmol/L) for 10 min, and stimulated with PDGF-BB (10 ng/mL) and/or 
IGF-I (100 nmol/L) for 10 min. After treatment, cells were immediately subjected to detergent lysis 
followed by immunoprecipitation (IP) of PLCγ1, SDS-PAGE and electroblotting. Tyrosine phosphorylation 
of PLCγ1 was evaluated by Western blot analysis (WB) with anti-phosphotyrosine antibodies (anti-pY). 
Equal loading of protein was ensured by reprobing immunoblots with anti-PLCγ1 antibody. The size of 
PLCγ1 is indicated on the left. 
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4.3.10. Split Effect of PDGF on IGF-IR Signalling System 

Western blot analysis revealed divergent effects of PDGF-BB on the IGF-IR signalling 

system. PDGF-BB increased amount of the IGF-IR β subunits in a concentration-

dependent manner, whereas the biosynthesis of certain IRS proteins, in particular IRS-

1, IRS-2 and Gab-1, was dose-dependently inhibited (Fig. 44). This inhibitory effect 

appears to be specific because synthesis of PLCγ1 was unaffected by increasing 

concentrations of PDGF-BB. 
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Figure 44. Effect of PDGF-BB on synthesis of components of the IGF-IR signalling system in LMFs. Cells 
were incubated in serum-reduced medium in the presence of increasing concentrations of PDGF-BB (0, 
0.5, 1, 2.5, 5 and 10 ng/mL) for 24 hours. Proteins (25 µg) extracted from whole cell lysates were size-
fractionated by SDS-PAGE and immunoblotted with anti-IGF-IRβ, anti-IRS-1, anti-IRS-2, anti-Gab-1 and 
anti-PLCγ1 antibodies. Equal loading of proteins was demonstrated by immunoblotting with an antibody 
directed against β-actin. The sizes of proteins are indicated on the left. 
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5. Discussion 
 
5.1. IGF Axis in Liver Myofibroblasts 
Apart from HSC, (myo)fibroblasts located in periportal and pericentral areas within the 

liver have been identified as a second cell population involved in hepatic fibrogenesis 

(Knittel et al., 1999a; 1999b; Cassiman et al., 2002). During acute and chronic liver 

injury, proliferation of resident (myo)fibroblasts is believed to be stimulated by mitogens 

released from hepatocytes due to membrane damage and by cytokines and growth 

factors secreted at the site of necrosis by activated KCs/macrophages, SECs, HSCs, 

platelets and lymphocytes. Among other cytokines and growth factors, IGF-I might be a 

relevant mitogen for rat LMFs as it has been demonstrated for rat HSCs (Scharf et al., 

1998; Skrtic et al., 1997; 1999a; 1999b, Issa et al., 2001). Therefore, the purpose of the 

present work was to study the expression of individual components of the IGF axis in rat 

LMFs. LMFs from different passages revealed a constitutive gene expression of IGF-I, 

the IGF-IR and IGF-II/M6-PR. IGF-I and to a lesser extent insulin induced DNA 

synthesis in LMFs while GH at high concentrations had only a moderate effect. In 

addition, gene expression and synthesis of type I collagen, one of the most abundant 

components of fibrotic matrix in cirrhotic liver (Ramadori et al., 1998), were stimulated 

by IGF-I as well. These data point to the IGF axis as a relevant system which might be 

involved in regulation of proliferation of LMFs and ECM production during liver injury. 

Indeed, several studies have proved the production of IGF-I in liver cell populations 

neighbouring LMFs, i.e. in hepatocytes (Scott et al., 1985; Kachra et al., 1991), KCs and 

SECs (Zindy et al., 1992; Scharf et al., 1998), HSCs (Pinzani et al., 1990; Scharf et al., 

1998), platelets (Karey et al., 1989a; 1989b) and lymphocytes (Nyman and Pekonen, 

1993). In line with previous reports demonstrating the IGF production by myofibroblasts 

adjacent to parenchymal cells in different organs (Pfeilschifter, 1994; Miller et al., 1998; 

Simmons et al., 1999) in the present study a constitutive IGF-I mRNA expression has 

been detected in LMFs that was unaffected in vitro during cultivation of cells and by 

repeated passaging.  
So far, knowledge on the expression and function of IGF receptors in different liver cell 

populations is incomplete. The data of the present study demonstrate that LMFs had 

steady levels of transcripts encoding the IGF-IR and the IGF-II/M6-PR, which were not 

dependent on time of culture and cell passages. This finding extends previous studies 

demonstrating the presence of the IGF-IR in nonparenchymal cells such as KCs, SECs 
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and HSCs (Zindy et al., 1992; Brenzel and Gressner, 1996; Scharf et al., 1997; 1998; 

Zimmermann et al., 2000) whereas hepatocytes, the major source of serum IGF-I, are 

lacking the IGF-IR (Caro et al., 1988; Hartmann et al., 1990; Scharf et al., 2000). 

Therefore, nonparenchymal liver cells are supposed to be susceptible for the mitogenic 

effects of the IGFs through the presence of the IGF-IR, whereas hepatocytes do not 

appear to be a major target for the actions of IGF-I. In contrast to the IGF-IR, expression 

of the IGF-II/M6-PR has been demonstrated in both hepatocytes and nonparenchymal 

liver cells including LMFs (Zindy et al., 1992; Schmitz et al., 1995; Scharf et al., 1997; 

1998; Waguri et al., 2001). One of the major functions of the IGF-II/M6-PR is the 

regulation of extracellular levels of IGFs by mediating endocytosis and delivery of these 

growth factors to lysosomes for final degradation. Both hepatocytes and 

nonparenchymal liver cells do not only produce IGF-I, but also take up and degrade 

IGFs in the liver, thus providing an equilibrium of these growth factors under 

physiological conditions. The possible involvement of an IGF-independent action of the 

IGF-II/M6-PR during fibrogenesis has also to be considered because the IGF-II/M6-PR 

is involved in the activation of TGF-β, a strong profibrogenic cytokine (Braulke, 1999). 

Moreover, the data of the present study demonstrate that a soluble form of the IGF-

II/M6-PR, a bioactive molecule that also capable to bind and sequester IGF-II, is 

abundantly produced by hepatocytes and LMFs, the cell populations with highest levels 

of the IGF-II/M6-PR mRNA expression in the liver. Interestingly, in LMFs synthesis of 

the IGF-II/M6-PR and release of its soluble form appear to be stimulated by IGF-II and 

TGF-β, the principal ligands of the receptor. That might imply the existence of an 

important autoregulatory loop in LMFs, which is capable to neutralize excessive 

amounts of extracellular IGF-II and cease further undesirable activation of TGF-β.  

The amount of local IGFs is modulated by the presence of six high affinity IGF binding 

proteins (IGFBPs) that do not only regulate the bioavailability of IGFs but also inhibit or 

enhance their action on target tissues. The production of IGFBPs by different cells of 

the fibroblast lineage has already been reported. Human dermal fibroblasts and fetal rat 

lung fibroblasts express IGFBP-3 and IGFBP-4 (Conover et al., 1994; Price et al., 

2002), whereas human intestinal fibroblasts also produce IGFBP-5 (Simmons et al., 

2002). In rat liver, biosynthesis of IGFBPs has been attributed to different cell 

populations. IGFBP-3 gene expression was observed in nonparenchymal liver cell 

populations (Takenaka et al., 1991; Villafuerte et al., 1994) including KCs, SECs 

(Villafuerte et al., 1994; Scharf et al., 1995a; 1996a; Zimmermann et al., 2000) and 
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HSCs (Scharf et al., 1998). In the current work it has been found out that LMFs secrete 

IGFBP-3 and IGFBP-2. These results were also confirmed by Northern blot analysis, 

which revealed transcripts encoding IGFBP-3 and IGFBP-2 in LMFs as well. Thus, the 

data obtained strengthen the concept of anatomical compartmentalization of IGFBP 

biosynthesis in rat liver with hepatocytes as source of IGFBP-1 and nonparenchymal 

liver cells as source of IGFBP-3 (Scharf et al., 2001). Interestingly, temporal expression 

of IGFBP-3 was different in LMFs and HSCs during their cultivation in vitro. With time of 

culture, the gene expression of IGFBP-3, a negative growth regulator and proapoptotic 

factor for most cell types (Jones and Clemmons, 1995; Butt and Williams, 2001; Firth 

and Baxter, 2002), decreased in LMFs and increased in HSCs, in parallel with their in 

vitro transformation, which is accompanied by spontaneous apoptosis (Saile et al., 

1997). In contrast, the gene expression of IGFBP-2 (Wolf et al., 2000), which has 

growth-promoting activity in certain cell types, was up-regulated during cultivation of 

LMFs. Of note, in contrast to LMFs, HSCs do not produce IGFBP-2, but IGFBP-4 

(Scharf et al., 1998), a binding protein that has an IGF-dependent mitoinhibitory activity 

in virtually all cell types (Jones and Clemmons, 1995). Taken together, these data 

further support previous observations that LMFs and HSCs are distinct liver cell 

populations, and point to the IGFBPs as possible important regulators of cell growth and 

apoptosis in these cell populations.   

It is noteworthy that in LMFs IGF-I had mitogenic effect, whereas long-R3-IGF-I, an IGF-

I analogue that has high affinity for the IGF receptors but poorly binds to IGFBPs, failed 

to induce DNA synthesis. That implies that mitogenic activity of IGF-I in LMFs requires 

cooperation with endogenous IGFBPs. In line with these data, in the present work it has 

also been found out that in LMFs simultaneous addition of IGF-I and equimolar or 

excessive amounts of recombinant IGFBP-3 or -2 resulted in an inhibition of BrdU 

incorporation, whereas preincubation of cells with IGFBP-3 or -2 prior to the addition of 

IGF-I (at the IGFBP/IGF-I molar ratio of 1:2) substantially potentiated DNA synthesis 

induced by IGF-I. It is well known that under different physiological conditions, IGFBPs 

can either enhance or attenuate biological effects of the IGFs. This complexity, 

however, is incompletely understood. Inhibition of IGF-I activity as observed after 

simultaneous addition of IGF-I with the IGFBPs most likely results from sequestration of 

the peptide thus preventing the activation of the IGF-IR. In contrast, the potentiation of 

mitogenic activity of IGF-I after preincubation of cells with IGFBP-3 might be explained 

by binding of IGFBP-3 to ECM or cell membranes thus causing slow and steady release 



 151

of IGF-I and facilitating optimal stimulation of the IGF-IR. In line with the data obtained, 

in fibroblast cultures it has been demonstrated that simultaneous incubation of IGFBP-3 

with IGF-I inhibited the mitogenic effect of IGF-I, whereas preincubation of cells with 

recombinant IGFBP-3 prior to the addition of IGF-I potentiated IGF-I action. It has been 

found out that these opposing effects were attributed to the soluble and membrane-

bound forms of IGFBP-3. Soluble IGFBP-3 inhibited the mitogenic effect of IGF-I by 

forming inactive complexes with IGF-I, which in turn block IGF-I/IGF-IR interaction (De 

Mellow and Baxter, 1988), whereas membrane-bound IGFBP-3 had a 10-fold lower 

affinity for IGF-I resulting in enhanced local IGF-I bioavailability and mitogenic activity 

(Conover, 1992).  

Likewise, IGFBP-2 has also been reported to exert dual effects on cell proliferation, 

which were cell type dependent. In most studies, IGFBP-2 has been shown to inhibit 

IGFs actions (Jones and Clemmons, 1995; Wolf et al., 2000). For instance, increased 

expression of IGFBP-2, IGF-II and the IGF-II/M6-PR in rat lung alveolar epithelial cells 

was associated with cell proliferation arrest (Cazals et al., 1994; Mouhieddine et al., 

1994). However, numerous studies found a positive correlation between IGFBP-2 

expression and cell proliferation, particularly in tumor-derived cell lines (Wolf et al., 

2000). IGFBP-2 exerted modest inhibitory effects on growth of normal prostate epithelial 

cells, whereas pronounced stimulatory activity on cell proliferation was observed in 

prostate cancer cells (Moore et al., 2003). Similarly, IGFBP-2 also promoted malignant 

transformation of Y1 mouse adrenocortical cells through unknown IGF-independent 

mechanisms (Fottner et al., 2004). The mechanism of growth-promoting activity of 

IGFBP-2 remains poorly understood. It is well known, however, that IGFBP-2 is capable 

to bind to α5β1-integrin through its RGD sequence and affect classical integrin 

intracellular signalling (Firth and Baxter, 2002). In this regard it is important to note that 

ligand occupancy of integrins is also necessary for full activation of the IGF-IR and its 

principal docking molecule, IRS-1, by IGF-I (Zheng et al., 1998; Maile et al., 2001). 

Therefore, the possibility of potentiation of IGF-mediated effects by IGFBP-2 through 

the integrin signalling should be definitely in the focus of further investigation.  

Moreover, there is accumulating evidence that IGFBP-3 has intrinsic mitoinhibitory and 

proapoptotic activity that is independent from IGFs, and some of these antiproliferative 

effects appear to require nuclear translocation of IGFBP-3. The IGFBP-3 molecule 

contains classical nuclear localization signals (NLS) and is translocated to the nucleus 

via importin-β-mediated pathway where it binds to retinoid X receptor α (RXRα) (Butt et 
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al., 1999; Liu et al., 2000). This binding appears to be important for direct proapoptotic 

activity of IGFBP-3 because IGFBP-3-induced apoptosis was abolished in cells with a 

targeted disruption of the RXRα gene. It has been established recently that mitosis of 

the cell is associated with binding of RXR to the nuclear orphan receptor nur77 (Li et al., 

2000). In response to IGFBP-3, however, nur77 is released from this complex and 

translocated to the cytoplasm, where it targets mitochondria with subsequent release of 

cytochrome c, activation of caspase cascade and induction of apoptosis (Li et al., 2000; 

Cohen et al., 2002). In the present work BrdU incorporation assay revealed 

mitoinhibitory activity of exogenous IGFBP-3 in LMFs. This antiproliferative activity of 

IGFBP-3 was not related to sequestration of endogenous IGF-I and therefore was IGF-I-

independent because treatment of cells with IGF-I-neutralizing antibodies did not affect 

DNA synthesis. Moreover, [125I]-IGF-I ligand blotting data demonstrate that in LMFs a 

relatively high amount of secreted IGFBP-3 undergoes re-uptake by cells under 

physiological conditions. Subsequently, IGFBP-3 is translocated to the nucleus where it 

presumably acts as an internal negative regulator of growth and proliferation of LMFs. 

Humoral regulation of IGFBP production is complex and depends on cell type. In rat 

KCs insulin and IGF-I did not affect secretion of IGFBPs. In contrast, in cultures of rat 

hepatocytes IGFBP-1 and IGFBP-2 synthesis was inhibited by insulin and IGF-I, 

whereas IGFBP-4 secretion was inversely affected (Scharf et al., 1996a). In turn, data 

of the present study demonstrate that insulin and IGF-I stimulate IGFBP-3 and IGFBP-2 

secretion in rat LMFs in a concentration- and time-dependent manner. In general, the 

regulation of IGFBP-3 abundance occurs at either transcriptional or posttranslational 

level and appears to be cell type specific. In human HSCs and dermal fibroblasts IGF-I 

stimulated release of IGFBP-3 at posttranslational level, by binding and subsequent 

release of cell-associated IGFBP-3 (Martin et al., 1992; Gentilini et al., 1998). In 

contrast, in the current study it has been found out that biosynthesis of IGFBP-3 in 

LMFs was regulated by IGF-I via induction of IGFBP-3 gene expression, and IGFBP-3 

mRNA levels positively correlated with the amount of secreted protein. Interestingly, 

PDGF, an important mitogenic factor for cells of mesenchymal origin, inhibited secretion 

of IGFBP-3, whereas TGF-β, whose mitoinhibitory activity has been described in a 

variety of cells, stimulated release of IGFBP-3 in LMFs. Therefore, it is reasonable to 

suggest that opposing effects of PDGF and TGF-β on cell proliferation may also be 

related, at least in part, to the regulation of IGFBP-3 secretion. In this context, it is 

important to note that in human breast cancer cells IGFBP-3 has been identified as a 
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major antiproliferative factor and a key element in TGF-β-induced growth inhibition (Oh 

et al., 1995; Rajah et al., 1997). 

Since it has been demonstrated that specific proteases are important regulators of 

IGFBP levels, proteolytical activity of CM from LMFs was analyzed in a cell-free IGFBP 

protease assay. When CM from LMFs were tested for protease activity at neutral pH, no 

fragmentation of recombinant IGFBPs was observed. At acidic pH, IGFBP-3, but not 

IGFBP-2, was fragmented in the presence of CM from LMFs. Although these results are 

in agreement with other studies demonstrating acid-activated IGFBP proteolysis in CM 

from a variety of cell types and tissue extracts, their physiological significance remains 

unclear. Many acid-activated IGFBP proteases belong to the family of cathepsins, which 

are secreted as inactive precursors, and are activated at low pH. It can be speculated 

that an extracellular acidic microenvironment may exist at sites of inflammation or 

necrosis during an ongoing liver injury resulting in an activation of cathepsin precursor 

forms. Alternatively, the proteolytical activity of CM from LMFs might also reflect the 

ability of acidic proteases localized on the cell surface and/or in intracellular organells, 

e.g. in endosomal recycling compartment and lysosomes, to cleave IGFBP-3. It is 

noteworthy that LMFs do not produce proteases against IGFBP-2, which substantially 

potentiates mitogenic effects induced by IGF-I, though they secrete proteases that 

induce degradation of IGFBP-3, which has IGF-I-independent mitoinhibitory activity. 

Therefore, production of IGFBP-3 proteases may represent an important mechanism 

facilitating proliferation of LMFs during liver injury.  

LMFs have recently been found morphologically and functionally distinct from HSCs and 

have been identified as a second liver cell population involved in the production and 

deposition of altered ECM during hepatic fibrogenesis (Knittel et al., 1999a; 1999b; 

Cassiman et al., 2002). The different expression of the IGF axis components in HSCs 

and LMFs as demonstrated in the present work further support the concept of distinct 

liver cell populations with fibrogenic potential. LMFs had constitutive expression of IGF-I 

and the IGF receptors that was unaffected during cultivation of cells and after repeated 

cell passages. In contrast, expression pattern of the IGF axis components in HSCs was 

altered during their in vitro transformation from the quiescent to the myofibroblast-like 

phenotype. Quiescent HSCs expressed high levels of the IGF-IR, which were down-

regulated during their transformation to myofibroblast-like cells both in vitro and in vivo 

(Brenzel and Gressner, 1996; Scharf et al., 1998). On the other hand, expression of 

IGF-I and the IGF-II/M6-PR was low in quiescent HSCs and increased severalfold 
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during their transformation (De Bleser et al., 1995; Scharf et al., 1998; Weiner et al., 

1998). Consequently, due to high expression of the IGF-IR, mitogenic activity in 

quiescent HSCs was strongly induced by exogeneous IGF-I, whereas myofibroblast-like 

HSCs were refractory to the mitogenic effects of IGF-I (Scharf et al., 1998). These data 

point to a putative role of IGF-I for the activation of HSCs during initial phases of acute 

liver injury. In contrast to HSCs, due to the stable expression of the IGF-IR, LMFs 

remain sensitive to biological effects of IGF-I during an ongoing liver injury. 

Moreover, LMFs and HSCs had different IGFBP profiles. LMFs produced IGFBP-3 and -

2, whereas HSCs expressed IGFBP-3 and -4. The temporal IGFBP expression was also 

different. Expression of IGFBP-3, which possesses intrinsic mitoinhibitory activity in 

LMFs, decreased, whereas that of IGFBP-2, which is capable to enhance growth-

promoting effects of IGF-I, increased during cultivation of LMFs. In contrast, in HSCs 

expression of both IGFBP-3 and IGFBP-4, which in most cases inhibit mitogenic activity 

of IGF-I, was up-regulated severalfold during their in vitro transformation.  

Taken together, these findings highlight the significance of the IGF axis for the 

proliferative activity of LMFs during chronic liver injury. This view is in accordance with 

recent reports demonstrating different life spans and regulation of cell cycle in rat HSCs 

and LMFs (Saile et al., 2002; 2004). The current data are also supported by a study of 

Knittel et al. (1999a), who has shown in vivo an exclusive accumulation of HSCs within 

damaged liver tissue during acute liver injury, whereas in chronically injured livers both 

HSCs and LMFs were involved in fibrogenesis. 

In summary, this part of the work demonstrates that in vitro IGF-I possesses mitogenic 

and fibrogenic activity in LMFs, and that might be relevant for fibrogenesis in vivo during 

acute and, particularly, chronic liver injury. The high constitutive expression of the IGF-

IR renders LMFs susceptible to biological effects of IGF-I. It can be hypothesized that 

IGF-I released from neighbouring liver cells and inflammatory cells during liver injury 

might initiate proliferation of LMFs and collagen production, and, in turn, IGF-I produced 

by expanded population of LMFs in cooperation with the other components of the IGF 

axis might lead to a perpetuation of fibroproliferative response within the liver.  
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5.2. Cross-Talk between PDGF and IGF-I Receptors in Liver Myofibroblasts: 
Implication for Liver Fibrogenesis 
Although in vitro data of the present work clearly demonstrate that rat LMFs 

constitutively express the IGF-IR rendering cells susceptible to the mitogenic and 

fibrogenic effects of IGF-I, it remains unclear why in vivo, despite high hepatic and 

circulating levels of IGF-I, there is no fibroproliferative process in normal liver. Moreover, 

in liver cirrhosis hepatic IGF-I expression and serum IGF-I levels are reduced (Caufriez 

et al., 1991; Hattori et al., 1992; Buzzelli et al., 1993; Moller et al., 1993; Scharf et al., 

1996b), but reverted very rapidly after successful orthotopic liver transplantation 

(Bassanello et al., 2004). Low circulating IGF-I levels are associated with adverse 

clinical outcome and frequent complications of advanced cirrhosis such as malnutrition 

(Mendenhall et al., 1989; Inaba et al., 1999), insulin resistance (Shmueli et al., 1994; 

1996), impaired immunity (Mendenhall et al., 1997), osteopenia (Gallego-Rojo et al., 

1998; Cemborain et al., 1998; Tanaka et al., 2003), wasting of skeletal muscle (Gayan-

Ramirez et al., 1998), hypogonadism (Castilla-Cortazar et al., 2000; 2004a) and jejunal 

microvilli atrophy (Castilla-Cortazar et al., 2004b). It is also puzzling why administration 

of exogenous IGF-I, a potential mitogen for LMFs, is accompanied by improvement of 

liver function and reduction of liver damage and fibrosis in experimental models of liver 

cirrhosis (Castilla-Cortazar et al., 1997; Muguerza et al., 2001; Mirpuri et al., 2002; 

Canturk et al., 2003). On the other hand, PDGF, a growth factor that shares many 

common features with IGF-I, has a totally different expression pattern in cirrhotic liver 

tissue. Normal liver tissue reveals an almost undetectable expression of PDGFs and 

their receptors, and healthy individuals have low serum PDGF levels. In contrast, in liver 

cirrhosis, hepatic expression and circulating levels of PDGFs are considerably higher 

and positively correlate with the severity of disease (Pinzani et al., 1996; Zhang et al., 

2003). Moreover, blockade of PDGF receptor expression in vivo has a beneficial effect 

in experimental liver cirrhosis (Borkham-Kamphorst et al., 2004). Therefore, aim of the 

current work was to unravel a pathophysiological link between different expression 

patterns of IGF-I and PDGFs. 

The data of the present study demonstrate that in rat liver only cells with fibrogenic 

potential, i.e. LMFs and HSCs, express both subunits of the PDGFR. Furthermore, the 

PDGFR expression is substantially up-regulated during cultivation of LMFs and HSCs in 

vitro, and this up-regulation positively correlates with mitogenic response to PDGF. 

Intriguingly, in mouse embryo fibroblasts it has been demonstrated that the IGF-IR is 

required for the mitogenic activity of the PDGFR (DeAngelis et al., 1995). Cells derived 
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from mouse embryos with a targeted disruption of the IGF-IR gene were unable to 

proliferate after the addition of PDGF. In turn, overexpression of the PDGFRβ in IGF-IR 

negative cells did not restore the capability of these cells to proliferate in response to 

PDGF. And only reintroduction of the IGF-IR restored PDGF-mediated cell proliferation 

(DeAngelis et al., 1995). Similar data were obtained in the present study. Simultaneous 

incubation of cells with PDGF-BB and I-OMe-AG538, a selective inhibitor of the IGF-IR 

kinase, completely abrogated PDGF-induced mitogenic response in LMFs.  

The molecular mechanisms that account for the necessity of the IGF-IR for PDGF-

mediated mitogenesis remain poorly understood, though it has been demonstrated that 

PDGF increased the promoter activity of the IGF-IR gene and stimulated expression 

and/or secretion of endogenous IGF-I in certain cell types (Clemmons, 1985; Pinzani et 

al., 1990; Delafontaine et al., 1991; Rubini et al., 1994). Thus, although several tyrosine 

kinase receptors may independently induce mitogenesis, a hierarchy may exist with the 

IGF-IR being most effective in inducing mitogenic response. 

In LMFs, PDGF-BB affected neither gene expression nor secretion of endogenous IGF-I 

(data not shown). However, PDGF-BB increased gene expression and synthesis of the 

IGF-IR in a concentration- and time-dependent manner, and this effect was opposite to 

that of IGF-I. The ability of IGF-I to induce a down-regulation of the IGF-IR is well known 

and has been published elsewhere (Rosenfeld and Dollar, 1982; Conover and Powell, 

1991; Eshet et al., 1993; Hernandez-Sanchez et al., 1997; Bostedt et al., 2001). In line 

with these reports, the data of the current work demonstrate that in LMFs high 

concentrations of IGF-I effectively inhibited the IGF-IR expression at both mRNA and 

protein level. Furthermore, expression of IRS-1, a principal signalling element of the 

IGF-IR, was also dose-dependently inhibited by IGF-I, presumably via induction of the 

ubiquitin-mediated proteasome degradation of IRS-1 (Lee et al., 2000). IGF-I-induced 

down-regulation of the IGF-IR and IRS-1 in LMFs is an important finding that might be 

relevant for the situation in vivo. It clarifies, at least in part, why fibrogenesis does not 

occur in normal liver and why exogenous IGF-I has a beneficial effect in liver cirrhosis. 

Moreover, IGF-I-induced down-regulation of the IGF-IR was effectively prevented by 

addition of PDGF-BB. Interestingly, IGF-I substantially inhibited gene expression of the 

PDGFRα, though the PDGFRβ mRNA levels have not been affected by IGF-I that 

apparently is associated with different functions of both PDGFR subunits in LMFs. It is 

well known that two PDGFR subunits mediate similar, but not identical, cellular effects 

(Heldin et al., 1998). It has been shown in several cell types that PDGF-BB, which binds 
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to all types of the PDGFR, effectively stimulated activation of MAPK and PI3-K 

pathways, whereas PDGF-AA, which binds only to the PDGFRαα dimer, failed to 

induce activation of PI3-K pathway, but was a strong activator of MAP kinases 

(Karenberg et al., 1994; Thömmes et al., 1996). It is also noteworthy that in contrast to 

the IGF-IR, the expression of both PDGFR subunits in LMFs was not inhibited by their 

natural ligand that might be an important mechanism underlying the perpetuation of 

fibroproliferative response in the liver in vivo.  

Since transphosphorylation of receptors, even heterologous receptors, has been known 

to occur, one of the questions addressed in the current work was whether the PDGFR 

and IGF-IR can directly transactivate each other or cross-talk at the level of their 

principal signalling intermediates. In LMFs, however, transactivation of neither IGF-IR 

by PDGFR nor PDGFR by IGF-IR was observed. A possible transactivation of IRS-1 by 

PDGFR and PLCγ1 by IGF-IR has been ruled out as well. Addition of IGF-I to cultures of 

LMFs along with PDGF-BB did not result in an additive tyrosine phosphorylation of the 

PDGFR and PLCγ1. Conversely, IGF-I inhibited the phosphorylation of the PDGFR, in 

particular its α subunit. Therefore, taken together these results and the data mentioned 

above, it can be speculated that the hepatoprotective effect of high concentrations of 

IGF-I in vivo could be explained by down-regulation of the IGF-IR, IRS-1 and PDGFRα 

as well as by inhibition of the PDGFR activation.    

Nevertheless, the question by which mechanism the IGF-IR cooperates with the 

PDGFR during mitogenic response remains open. It has been described that substantial 

fractions of IRS-1 (Prisco et al., 2002; Tu et al., 2002) and IRS-2 (Sun et al., 2003) can 

be translocated to the nucleus in transformed cells expressing certain oncogenes (v-src, 

SV40 T antigen) as well as in IGF-I-stimulated normal cells (Prisco et al., 2002; Tu et 

al., 2002; Sun et al., 2003). In the nucleus, IRS-1 and IRS-2 are accumulated mainly in 

the nucleoli, where they interact with the upstream binding factor, which regulates RNA 

polymerase I activity, and stimulate the ribosomal DNA promoter, thereby positively 

regulating rRNA synthesis (Tu et al., 2002; Sun et al., 2003). Therefore, it appears that 

beside their signalling role, certain IRS proteins may also function as positive regulators 

of cell growth per se. As an attractive hypothesis it has been proposed that probably 

PDGF requires a functional IGF-IR in order to translocate IRS-1 from the cytoplasm to 

the nucleus with subsequent long-term stimulation of cellular growth. However, in LMFs 

nuclear accumulation of IRS-1 was not observed. Moreover, IRS-1 was localized 
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exclusively in the cytoplasm, and neither IGF-I nor PDGF-BB induced its translocation 

to the nucleus (data not shown).    

Alternatively, it has also been proposed that the IGF-IR probably is more effective in cell 

signalling through the MAPK cascade. However, the data of the present study 

demonstrate that PDGF-BB effectively induced phosphorylation of all terminal MAP 

kinases in LMFs in contrast to IGF-I, which had only a weak effect. Addition of IGF-I to 

cells treated with PDGF-BB was not accompanied by an additive effect on MAP kinases 

activation. Inhibition of MEK, p38 kinase and JNK effectively blocked IGF-I-induced 

mitogenic activity in LMFs. Likewise, inactivation of JNK and p38 kinase also resulted in 

abrogation of mitogenic effects induced by PDGF-BB. However, the rate of PDGF-

induced DNA synthesis was unaffected when phosphorylation of ERK1 and ERK2 was 

prevented by blockade of MEK, although PDGF-BB induced pronounced activation of 

ERK1 and ERK2. It is well known that some key transcription factors involved in cell 

division and proliferation, e.g. Elk-1 and ATF-2, can be equally activated by all terminal 

MAP kinases. Therefore, it is likely that during PDGF-induced mitogenesis ERK 

blockade is compensated by JNK and p38 kinase, which are markedly phosphorylated 

in response to PDGF and very weakly in response to IGF-I. But, again, that implies that 

PDGF-induced MAPK signalling is much more effective than that induced by IGF-I. 

Although several studies have shown the importance of MAPK and PI3-K pathways 

induced by PDGF and IGF-I for liver fibrogenesis (Skrtic et al., 1999a; Svegliati-Baroni 

et al., 1999; Gentilini et al., 2000; Pinzani, 2002), the role of PLCγ1 signalling pathway 

has not yet been established. It is well known that certain mitogens, including PDGF, 

elicit breakdown of phospholipids in cell membranes via activation of PLCγ1 that results 

in a rapid accumulation of diacylglycerol and inositol phosphates with corresponding 

increase of cytoplasmic Ca2+ levels and subsequent activation of several protein kinase 

C isoforms, which can alternatively activate MAP kinases through a Ras-independent 

pathway (Heldin et al., 1998). The data of the present study demonstrate that in LMFs 

PLCγ1 is a key signalling element that plays a pivotal role during mitogenic response. 

Inhibition of PLC was associated with a substantial reduction of both PDGF- and IGF-I-

induced mitogenic activity, although in LMFs PLCγ1 was activated only in response to 

PDGF-BB, but not to IGF-I. These results presumably point to an essential role of PLCγ1 

in the cell and imply that mitogenic and antiapoptotic effects of IGF-I can not overcome 

a loss of PLCγ1 activity.  
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Figure 45. Proposed model for the actions of IGF-I, PDGF and their receptors in liver fibrogenesis. In 
normal liver, fibrogenesis does not occur because proliferation of LMFs is repressed by high hepatic and 
serum levels of IGF-I, which down-regulate the IGF-IR, IRS-1, PDGFRα expression and attenuate the 
PDGFR activation. The restoration of normal receptor expression and sensitivity to IGF-I in LMFs 
probably occurs with progressive liver injury when IGF-I levels in the circulation decline due to a loss of 
hepatocytes, which provide most of the IGF-I in the circulation. It results presumably in initiation of 
fibroproliferative response. PDGF, which is secreted in injured liver by inflammatory and mesenchymal 
cells, stabilizes and further up-regulates the IGF-IR followed by rearrangement of the IGF-IR signalling 
system. Cooperation between the IGF-IR and PDGFR facilitates PDGF signalling, and permanently 
increasing number of PDGFR and IGF-IR finally results in a perpetuation of fibroproliferative response in 
the liver. 
 

This speculation is supported by data in vivo, which have demonstrated that 

homozygous deletion of the PLCγ1 gene in mice caused embryonic lethality at early 

stages, at approximately embryonic day 9.0 (Ji et al., 1997). A quintessence of the 

present study was the finding that inhibition of the IGF-IR kinase considerably impaired 

the ability of PDGF-BB to stimulate PLCγ1 activity in LMFs. Therefore, in LMFs the 

PDGFR requires a functional IGF-IR for full activation of PLCγ1. So far, the mechanism 

of this inter-receptor cooperation remains unclear. The data of the present study, 

however, demonstrate that PDGF-BB has divergent effects on the IGF-IR signalling 

system in LMFs. On one hand, PDGF-BB increases the amount of the IGF-I receptors. 
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On the other hand, PDGF-BB attenuates the IGF-I-induced tyrosine phosphorylation of 

IRS-1 and dramatically decreases the abundance of several IRS proteins in the cell, in 

particular IRS-1, IRS-2 and Gab-1. We hypothesize that this rearrangement in the IGF-

IR signalling system might reflect a substitution of conventional IRS proteins involved in 

the IGF-IR signalling for other docking molecules, which are probably capable to bind to 

PLCγ1. These adaptor proteins presumably recruit PLCγ1 from the cytoplasmic pool and 

present it to the activated PDGFR, thereby leading to effective downstream signalling.  

In conclusion, the presented data demonstrate that the IGF-IR and PDGFR via complex 

interactions play an important role in the proliferation of rat LMFs. It can be speculated 

that in normal liver fibrogenesis does not occur because proliferation of LMFs is 

repressed by high hepatic and serum levels of IGF-I, which, on one hand, down-

regulate the IGF-IR and its principal docking protein, IRS-1, and, on the other hand, 

inhibit the expression and phosphorylation of the PDGFRα. The restoration of optimal 

receptor expression and sensitivity to IGF-I with subsequent induction of mitogenic 

activity in LMFs probably occurs in parallel with an ongoing liver injury while IGF-I levels 

in the circulation decline due to a loss of hepatocytes, major IGF-I secreting cells in the 

body. That leads presumably to initiation of fibroproliferative response in the liver. 

PDGF, which is secreted in the injured liver by inflammatory and mesenchymal cells, 

stabilizes and further up-regulates the IGF-IR expression with subsequent 

rearrangement of the IGF-IR signalling system. A cooperation between the IGF-IR and 

PDGFR facilitates cell signalling induced by PDGF, and permanently increasing number 

of PDGF and IGF-I receptors in LMFs finally results in a perpetuation of fibroproliferative 

response in the liver. 
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