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Abstract. In the context of joint biology, insulin-like growth Introduction
factor-1 (IGF-1) is the most likely candidate to affect the
anabolism of cartilage matrix molecules. Mechanisms forOsteoarthritis (OA) is the most common of the various
controlling the effects of IGF-1 include alterations in the articular disorders affecting humans. Articular cartilage,
level of this growth factor, its receptor and/or the IGF-1subchondral bone and synovial membrane are the sites of
affinity or availability to its receptor. Disturbance of any one major abnormalities in this disease process. OA can be
of the above elements may induce a disregulation of thelescribed as a degradation and loss of articular cartilage,
mechanisms involved in the local control of joint tissue accompanied by hypertrophic bone changes with osteophyte
integrity. This review focuses on recent studies of the IGHormation, subchondral bone thickening and, at the clinical
system, and the potential relevance of these results to in vivetage of the disease, an inflammation of the synovial
effects in osteoarthritic (OA) tissues. It has been shown thatmembrane [1].
although the IGF-1's expression and synthesis are increased Research efforts have led to major advances in under-
in OA cartilage, chondrocytes are hyporesponsive to IGF-ktanding the pathophysiology of OA. Enzymes capable of
stimulation. This phenomenon appears to be related, at leadegrading proteoglycan and collagen appear to play a
in part, to an increased level of IGF-binding proteinssignificant role in OA catabolism, and the metalloprotease
(IGFBP). The IGFBP have a high affinity for IGF-1, and family (MMP) is a likely candidate [1—3]. Prior to the loss of
appear to be important biomodulators for IGF action.cartilage mass and the onset of proteoglycan depletion,
Though to date seven IGFBP have been cloned an8iosynthetic activity of the chondrocytes may lead to an
sequenced, disregulation in IGFBP-3 and -4 appearfcrease in the proteoglycan concentration of the cartilage
instrumental to arthritic disorders. Proteolytic activity [4,5], resulting in a thickening of the articular cartilage
directed against IGFBP has been found in both cartilageluring the earlier stages of OA [6]. However, these new
and bone; this activity appears to belong to serine- and/omolecules appear abnormal as their structure is significantly
metallo-proteases families. It has been suggested that atered [5]. Nevertheless, the repair process appears to keep
thickening of the subchondral bone participates in OApace with the disease, and this response may be sufficient to
pathophysiology, and that IGF-1 production by bone and/omaintain the joint for many years. As the disease progresses,
subchondral bone cells may contribute to these changes. Amowever, the degradative process will eventually exceed the
abnormal regulation of subchondral bone formation via aranabolic one, leading to a total loss of cartilage and eburnation
increase in the local activation of IGF-1 in bone cells, of bone. This appears to happen when the physiological
possibly via abnormal IGFBP synthesis due to aberrant PAbalance between the synthesis and degradation of the
plasmin regulation of the IGF-1/IGFBP system, is believedextracellular matrix is disturbed. At the clinical stage of the
to be a plausible hypothesis. disease, an inflammatory reaction of the synovial membrane is
often seen [1,7,8]. This process favors the synthesis of
Key words: IGF-1 — IGFBP — Osteoarthritis — Cartilage — Proinflammatory cytokines, which have an impact on cartilage
Bone matrix homeostasis by altering chondrocyte metabolism to
enhance catabolism while reducing the anabolism.

Insulin-like growth factor (IGF-1) and cartilage

Efforts have been devoted to identifying conditions favorable
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following cartilage damage. This has led to the study ofto 500-fold lower for insulin. Studies suggest type | IGF-R
factors able to stimulate cartilage repair. The list of growthmediates most of the known effects of IGF-1 and IGF-2 [22].
factors that have a putative effect on the development and In contrast, the type Il IGF-R is a single polypeptide
proliferation of many cells throughout the body has grownchain (about 220,000 daltons) with a large extracellular
considerably. However, for the majority, studies have beemomain and a short cytoplasmic tail [23]. Type Il IGF-R is
conducted to examine their potential role in vitro, andidentical to the cation-independent mannose 6-phosphate
relevance to cartilage metabolism is often lacking. In contrastM6-P) receptor [24], which itself functions as a lysosomal
a large body of data from in vitro and in vivo studies hasenzyme in targeting proteins. This receptor has a higher
substantiated the importance of IGF-1 in promoting cartilageaffinity for IGF-2 than for IGF-1. The limited number of
growth and development. IGF-1 appears to be one of the mostudies indicating a role for the type Il IGF-R in mediating
important growth factors affecting the anabolism of themetabolic and mitogenic responses of IGF-2 are difficult to
principal molecules found in cartilage, namely collagen andnterpret, and the function of type Il IGF-R with respect to
proteoglycan. Although IGF-1 has been shown to bethese activities remains vague. While it is recognized that the
moderately mitogenic in human adult articular cartilage, ittype Il IGF-R acts as a target for lysosomal enzymes, it has
also strongly stimulates production of chondrocyte extra-also been suggested that this IGF-R also functions as a
cellular matrix components [9,10]. IGF-1 induces thereservoir and/or clearance for IGF-2.

expression and synthesis of both collagen type Il and

proteoglycan core protein, and stabilizes chondrocyte pheno-

type in pathological conditions where homeostasis idGF-1 and OA cartilage

perturbed [11-13].

There are two forms of IGF: IGF-1 and IGF-2. The parallel between serum and skeletal IGF-1 levels may
Circulating IGF-1 is synthesized and secreted by the livenot be readily explained since hormones and factors
in response to growth hormone (GH) stimulation. Severaregulating the synthesis of IGF-1 in the liver — which
recent findings suggest that the IGF-1 produced locally irdetermines levels of systemic IGF-1 — and in the skeleton are
tissues may be as physiologically important as the circulatinglifferent. Several investigations of the relationship between
hormone [14, 15]. In cartilage, IGF-1 is believed to act as arserum levels of IGF-1 and the presence and severity of OA
enhancer of matrix synthesis and/or growth promoterhave been performed over the years, but have yielded
depending on the state of the chondrocytes [9, 10, 16, 17Eonflicting results [25—30]. In one study, both the size and
and IGF-2 as a glucose regulator at all stages of differentiathe growth of osteophytes were directly correlated to serum
tion, and as a growth stimulator in a non-differentiated statdevels of IGF-1 in subjects with OA of the knee, but evidence
[18,19]. of a relationship between IGF-1 and cartilage preservation

IGF-1 belongs to a family of peptide hormones thatwas not obtained [25]. Other studies showed only a modest
includes relaxin and insulin, and shares a high degree ddssociation with radiographic changes of knee OA [27, 29].
structural similarity with proinsulin. IGF-1 is a basic 70 A recent study, however, showed no association between
amino acid polypeptide (7,649 daltons) showing mitogenicserum IGF-1 concentrations and OA, and the earlier data
effects, stimulation of protein and proteoglycan synthesismay have been skewed by the confounding effects of age
DNA and RNA synthesis, and cell proliferation and [28].
differentiation. The human IGF-1 gene consists of six  The observations which focus on serum level of IGF-1 do
exons, numbered 1 through 6 [20], that are located withimot exclude a role for local production of IGF-1 in articular
a region of over 90 kb on the chromosome 12. The gene ifissues. In fact, the level of IGF-1 was found to be enhanced
transcribed into a large mRNA precursor, which isin human OA synovial fluid [31-33]. Although the IGF-2
alternatively spliced to yield two different classes of level was much higher than that of IGF-1, no difference was
MRNA: IGF-1A and IGF-1B. It has been suggested thatfound between normal and OA [32]. IGF-1 is also produced
these putative proteins may not be inert propeptides, but malgy chondrocytes, and can act both as a paracrine and
display a range of specific functions. For example, Sara et ahutocrine modulator to stimulate matrix synthesis and inhibit
[21] reported that, in the liver, the prohormone IGF-1B has amatrix degradation [13, 34]. Although human OA chondro-
greater ability to bind to IGFBP and serve for endocrinecytes express and produce IGF-1 in an increased amount
functions, whereas the prohormone IGF-1A acts as afi35-37], these diseased cells are hyporesponsive to IGF-1
autocrine agent. [38] (Fig. 1). Further studies have shown that this is related,

This peptide interacts with specific IGF membraneat least in part, to the presence of the IGFBP (see below)
receptors (IGF-R) as well as with the insulin receptor. Therather than a diminution in number or functionality of the
IGF-R is similar to, but distinct from, the insulin receptor. cell receptors on chondrocyte [36,38-40]. Moreover, the
The type | IGF-R is a glycoprotein with a molecular weight hyporesponsiveness of OA chondrocytes to stimulation by
of approximately 300,000 daltons, and consists of twolGF-1 may well account for the decrease in cartilage
extracellulara-subunits (about 130,000 daltons) and two 3-reparative capacity found at the advanced stages of the
subunits (about 90,000 daltons) joined by disulfide bridgeslisease, and may explain the progressive nature of OA.
linked in ana,l3,. The B-subunits traverse the cell membrane
and contain a tyrosine kinase domain in their cytoplasmic
protein. The type | IGF-R mediates the action of both IGF-1Factors controlling IGF-1 production in OA cartilage
and IGF-2, as these hormones bind to and activate this
receptor. The affinity (Kd) of the type | IGF-R for IGF-1 is Interestingly, proinflammatory cytokines such as interleukin-1
approximately 1 nM, 2- to 10-fold lower for IGF-2 and 100- (IL-1) and tumor necrosis factor (TN&}, which appear to
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thGH =i GH-R Factors IGFBPs IGFBP-7 has recently been identified in human biological
fluids and conditioned medium from human breast cancer
no effect cells, but has considerably less affinity for IGF-1 and IGF-2
than the other members of the family [58, 59]. It has recently
been reported that there are potentially three other members
[60], which have not yet been characterized.

» - el |GF-| Activity The circulating or local levels of IGFBP are regulated

ontogenetically, by various endocrine factors and develop-

Fig. 1. Human OA chondrocytes express and produce IGF-1 in ar! [mental cues, and by specific cleavage with proteases that

increased amount. However, these pathological cells are hyperrespoﬁomprom'se the functionality of the IGFBP [61, 62]. The first
sive to IGF-1, a phenomenon related, at least in part, to the IGFBP. I$€VeN binding proteins have been cloned and sequenced, and

human adult cartilage, agents such as cytokines and growth factors agach represents an individual gene product. Despite high amino
suggested to play a role in the increased level of IGF-1. Throughacid homology, they have distinct structural and biochemical
cleavmbg protle%sles could also Ibe involved mhthe Iorc]al r((engIJIanon Obropertles and exhibit tissue-specific expreSS|0n The latter
o L ol eresi X sppesrs el 1 e sl tsse: fact suggests tht each plays a specifc role n regulating the
biological actions of IGF in any given target tissue.
Disulfide bonds may be important in forming high-
affinity IGF binding. Unique among IGFBP is the presence
play a major role in the structural changes of OA [1, 41], wereof three asparagine residues which provide the potential for
also implicated in the hyporesponsiveness of pathologicaN-glycosylation sites on IGFBP-3. Differential N-glycosyla-
chondrocytes to IGF-1 (Fig. 1). As these cytokines activate théion causes IGFBP-3 to run as a doublet on SDS-PAGE with
release of IGF-1 from chondrocytes, they also trigger theMr of 39-41kDa in contrast to the predicted Mr of
release of IGFBP [42—46]. Hence, it could be postulated thaigpproximately 29 kDa from cDNA sequence data. Amino
as IL-1 increases in the synovial fluid and articular tissue ofacid sequence analysis of the first six IGFBP also reveals the
OA patients, it upregulates the production of IGFBP in thesepresence of an ArgGlyAsp (RGD) sequence near the C-
tissues. Alternatively, and not exclusively of the latterterminal of IGFBP-1 and -2. The affinity of the IGFBP for
hypothesis, IL-1 may also participate, via an activation oflGF may be controlled by their state of phosphorylation, in
proteases, in developing the resistance of OA chondrocytes which the phosphorylated form has a greater affinity for the
IGF-1. Indeed, proteases such as the plasminogen activatbgand than the dephosphorylated form [63].
(PA)/plasmin system, as well as other cell surface proteases — IGFBP-2 to -5 have been shown to be present in human
including cathepsin G and gamma-glutamyltranspeptidasesartilage [36, 38,39, 64] IGFBP-1 to -4 have also been
can cleave IGF-1 in other cell systems [47]. Hence, since PAidentified in human synovial fluid [32]. IGFBP-3 and -4 are
plasmin and some cathepsins are locally produced bgecreted inthe greatest abundance by human chondrocytes in
chondrocytes [48, 49], it would be reasonable to hypothesizeulture, and are produced in dramatically increased amounts
that these proteases systems are also involved in the local arthritic diseases [36, 38, 65]. The synovial fluids of OA
regulation of the IGF-1 system. However, to date, the presencand rheumatoid arthritis (RA) patients have markedly
of both cathepsin G and gamma-glutamyltranspeptidase hascreased levels of IGFBP-3 and -4 vissis fluid from
yet to be demonstrated in chondrocytes. normal donors [32, 66,67]. Moreover, the concentration of
One of the most important modulating agents of IGF-1 isIGFBP-4 in inflammatory synovial fluid is significantly
the GH. Of particular relevance to cartilage, GH has beerhigher than that measured in serum [67], suggesting that
shown to regulate matrix synthesis and tissue growth idocal production by joint tissues is of some consequence
immature cartilage by stimulating IGF-1 expression, and theohysiologically. These latter two binding proteins appear to
synthesis of local tissue production via a specific cellbe of major importance in articular joint tissue.
membrane receptor, the GH-receptor (GH-R) [50-53]. While the functional role of the binding proteins remains
Although GH probably plays an important role in epiphysealunclear, some of their actions are known. Secreted IGFBP-3
cartilage metabolism, it has recently been shown that thassociates preferentially with the cell surface, and it is
elevated synthesis of IGF-1 by adult human chondrocyteproposed that IGFBP-3 could exert some of its activity
occurs through a GH/GHR-independent mechanism [35hrough a ‘specific’ membrane receptor [38,68,69]. Of
(Fig. 1). This suggests that other factors are capable gbarticular importance, recent evidence suggests that
controlling local IGF-1 production in the OA chondrocytes. IGFBP-3 could directly inhibit DNA synthesis indepen-
For example, transforming growth factor B (TGF-R) anddently of IGF-1 binding in chick embryo fibroblasts [57,70]
other pituitary growth factors [54—56] have all been found toand human breast cancer cells [68, 69]. In addition, IGFBP-3
stimulate IGF-1 secretion in chondrocytes. has been shown to act independently of IGF-1 in inhibiting
cell growth of mouse embryo fibroblasts transfected with
IGFBP-3 and having a targeted disruption of the IGF-1
IGF-1 binding proteins (IGFBP) receptor (null) gene [71]. IGFBP-3 can potentiate the action of
IGF-1 when the binding protein is preincubated with the cells,
The action of IGF-1 on cellular metabolism is governed atbut is inhibitory when added concurrently with IGF-1 [72]. In
several levels, including the presence of extracellular, higheontrast, IGFBP-4 inhibits IGF-1 actions under most, if not
affinity IGFBP, which modify the interaction of IGF-1 with all, experimental conditions [57, 73] and also appears to bind
its receptor [57]. Six IGFBP (IGFBP-1 to -6) have beenstrongly to the extracellular matrix. There are IGF-1-
identified and are expressed in a number of different tissueslependent IGFBP-4 proteases secreted by a number of cell
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types that regulate the bioavailability of IGFBP-4. Interest-flanking region of the IGFBP-3 gene, which is normally
ingly, IGFBP-3 can function as an IGF-1-reversible inhibitor required for gened-fog induction by insulin [76]. A rather
of IGFBP-4 proteolysis [74], suggesting that proteolysis isinteresting finding is the recent identification of p53 (tumor
dependent on the relative proportions of the different bindingsuppresser gene and inducer of apoptosis) regulatory
proteins and the level of IGFs [75]. elements in the first and second intronic sequences of the
IGFBP-3 gene. Additional experiments have shown that
IGFBP-3 expression is under the control of p53, and taken
IGFBP-3 and -4 gene and protein structure together, the data may provide a rationale for the growth
inhibitory effects of IGFBP-3 demonstrated in many cell
The identification and structural characterization of humarmodels [79].
IGFBP-3 and -4 (hIGFBP) was made possible by the Amino acid sequence data from the coding region
development of a number of biochemical and protein assagerived from molecular cloning studies have revealed
techniques, although molecular biology (cloning andthat the IGFBP-3 is synthesized with a signal peptide, and
sequencing) has proven its considerable worth in theéhe mature protein has 264 amino acids and a molecular
elucidation of the finer structural/functional details of weight of 28,717. In addition, there are 18 conserved
hIGFBP-3 and -4. Studies characterizing the hIGFBP-Xysteine residues in IGFBP-3 which have been localized to
chromosomal gene and promoter region have demonstratdmbth N-terminus and C-terminus regions of the protein.
the presence of a single copy of the gene in the humaisulphide bonding provides the binding site for IGF-1, and
genome. The gene spans 8.9 kilobases with the proteinindeed, reduction of this type of bonding abrogates IGF-1
coding region divided into four exons, while a fifth exon binding to its cognate site [63].
contains the 3untranslated region including the polyadeny-  As mentioned above, specific membrane receptors have
lation signal. On the chromosomal gene, the CAP site ideen suggested for IGFBP-3, even though the protein lacks
located 30 base pairs ® the start of a consensus TATA the consensus RGD tripeptide structure. Interestingly, close
box, and 97 base pairs’ 30 a consensus GC upstream amino acid sequence analysis of IGFBP-3 indicated the
promoter element, an organization common to manypresence of consensus, bipartite nuclear localization signal
eukaryotic promoters [76]. Putative promoter ahfidinking  (NLS) [80]. Since the uptake of proteins by the nucleus is
sequences in the IGFBP-3 gene direct high-level productionery selective, nuclear proteins must contain in their primary
of reporter gene protein (e.g. chloramphenicol acetyltransstructure a signal that specifies selective accumulation in the
ferase, CAT) product in transfection assays indicating thahucleus. Such a sequence has been identified in hIGFBP-3
this region can function as a very strong promoter. Specifi@at residues 217-234, prompting speculation that the protein
cis elements required for basal and hormone-mediatedan accumulate in the nucleus, interact with cognate sites/
activity of the IGFBP-3 promoter have not been categori-proteins, and inhibit cell growth and proliferation. One such
cally identified. However, upstream promoter elements thapotential interactive species is the nuclear anti-oncogene
may mediate basal activity surround the GC box, and haveroduct retinoblastoma protein (RB) and the RB-binding
affinity for the Sp1l transcription factor. In addition, in the protein [81,82]. Thus IGFBP-3 may be a tumor suppresser
same region, there are sequences which resemble bindirgene product.
sites for the transcription factor AP-2. Indeed, AP-2 is  Unlike IGFBP-3, the complete genomic sequence and
believed to contribute not only to basal promoter activity, butstructure of the hIGFBP-4 gene has not been described (as of
also to phorbol ester-induced (e.g. PMA) increases [76]. The¢his writing). Complimentary DNA has been isolated and
importance of AP-2 in this regard may be independent of thesequenced, and a large portion of the promoter ahd 5
cellular context because, even in terminally differentiatedflanking DNA has been reported [83, 84]. However, the rat
cells like human chondrocytes, PMA induces a massivdGFBP-4 gene structure has been elucidated in considerable
increase in IGFBP-3 expression and synthesis that isletail, and the data indicate that the gene spans 12 kb and
dependent on a concomitant increase in the nucleatonsists of four exons separated by three introns [85]. In
accumulation of AP-2 [65]. Increased AP-2 activity may addition, the rat gene also possesses a typical TATA box and
be responsible for the dramatic upregulation of IGFBP-3a CAAT box; the latter sequence is lacking in the human
observed in OA chondrocytes. The latter chondrocytes arpromoter [84]. Other differences include the presence of
refractory to IGF-1 stimulation, supporting the notion that multiple CRE and AP-Icis elements in the rat IGFBP- 4
IGFBP-3 exerts mostly inhibitory effects. promoter region, whereas in the human promoter, only one
In the absence of any identifiable c-AMP responseCRE and AP-1 site has been detected. Interestingly, the
elements (CRE) in the promoter region of IGFBP-3, it ishuman promoter also hasis elements for early growth
conceivable that prostaglandin BPGE)-induced increases factor-1 (Egr-1) and multiple Sp1 sites as well.
in IGFBP-3 expression and synthesis in human chondrocytes |IGFBP-4 gene transcription increases in the presence of
may also result from AP-2 induction by PGEProstaglandin  cAMP elevating agents such as forskolin or BG86, 87]
E, cell signaling is often the result of induced elevations in(Fig. 2). This response may be mediated by the CRE element,
cAMP and AP-2 has been shown to mediate increases ior possibly by the Egr-Xkiselement, since the expression and
promoter activity (e.g. IGFBP-5) induced by cellular synthesis of Egr-1 (transcription factor) is increased drama-
elevations in CAMP [77, 78]. tically by PGE particularly in human synovial fibroblasts and
However, further studies have failed to identify elementschondrocytes [87] (and our own unpublished observations).
which might mediate the stimulatory effects of insulin or Whether the AP-1 element increases IGFBP-4 promoter
IGF peptides on IGFBP-3 production. For example, there isactivity and gene transcription is unclear because, in certain
no serum response element (SRE) in the promoter’or Tell types, phorbol ester (PMA or TPA) does not increase
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Fig. 2. Signaling pathways mediating PGBduction of IGFBP-4 gene expression in human chondrocytes and synoviocytes. EP1, and associated
pathways, mediates PGEignaling in chondrocytes, while EP2/4 predominates in synoviocytes. The CREB/ATF-CRE pathway is the most
important, but PGEcan upregulate Egr-1 and c-Fos expression and synthesis in both cell typess pié#ein kinase A; CaMKIl/IV= calcium/
calmodulin dependent protein kinase; EP2/4 and EPfostaglandin receptor isoform 2/4 and 1; Aden Gyedenylyl cyclase; CRE cyclic AMP
response element; AP=1activator protein-1 response element; Ege-&arly growth response protein-1 response element; CREglic AMP
response element binding protein; AFractivating transcription factor.

IGFBP-4 expression [87]. It should be mentioned that PGE and one of 29 kDa. The latter form most probably represents
can rapidly induce AP-1 expression and synthesis in many cell posttranslationally modified product of the same gene
types including chondrocytes, and further studies ardecause deglycosylation of the 29 kDa form results in the
necessary to resolve what function c-FOS/c-JUN plays ifformation of the 24kDa IGFBP-4 protein [63]. Human
mediating PGE action in terms of IGFBP-4 expression. IGFBP-4 also contains 18-20 cysteine residues that form the
Through the manipulation of cellular cAMP levels by site for IGF binding. There are no homologous NLS as in
different pharmacological means, it would appear that thdGFBP-3 and no RGD sequences as in IGFBP-1 and -2,
expression of IGFBP-4 is also negatively regulated byalthough IGFBP-4 can associate with matrix.
elevations in the levels of cAMP in chondrocytes. As  Recent evidence has shown that the level of IGFBP (e.g.
mentioned above, noncanonical cAMP response element&FBP-4) is also regulated by cell-specific proteases that
have been located in the promoter region of the IGFBP-£ompromise both the IGF-dependent and independent
gene, although how they function to control gene expressiofunctional activity of growth factor binding proteins [74].
is not well-defined [85]. The chondrocyte data, however, areThis suggests that the enzymes play a pivotal role in
in contrast to other studies that demonstrate a markegrocesses associated with cellular homeostasis, differentia-
increase by cAMP of IGFBP-4 levels in osteoblasts [83, 86]tion and proliferation. As such, identification and character-
Tissue-specific trans-acting/transcription factors may bezation of IGFBP-3 and -4 proteases is of primary interest
responsible for these differences. PGBRhough often  particularly given the demonstration of increased IGFBP-3
considered a cAMP mimetic, does not increase cellulaprotease activity in the synovial fluid of OA and RA patients
levels of cAMP or protein kinase A (PKA) activity in human [32,66]. Although not yet completely characterized, these
articular chondrocytes, and this insensitivity may be due to @nzymes appear to belong to serine- and/or metallo-proteases
‘constitutively’ activated cAMP-dependent phosphodiesteraséamilies. Furthermore, human chondrocytes constitutively
IV(PDE 1V) [65]. Hormonally-induced, time-dependent produce an IGFBP-4-specific protease the activity of which is
increases in PDE IV activity with a resultant decrease ininhibited by PGE in a dose-dependent manner [87]. It is not
cellular cAMP levels, and subsequent cellular desensitizatiorglear whether PGEnhibition occurs at the level of expression
is now a widely accepted phenomenon [88, 89]. Whether thand synthesis of the enzyme(s) or by R&@ftluced increase
latter mechanism is responsible for the ‘constitutivity’ of PDE in IGFBP-3 synthesis.
IV in chondrocytes awaits further investigation. IGF-1 can be cleaved at the amino-terminus by proteases
Like IGFBP-3, IGFBP-4 is synthesized with a signal to form des(1-3)IGF-1 which can still bind to and activate the
peptide. Two forms have been detected, a minor of 24 kD4GF-1 receptor, but is not bound by IGFBP. Hence, local
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regulation of IGF-1 bioavailability via IGF-1 synthesis, rat osteosarcoma cell model, and primary human bone cells
IGFBP and their associated proteases, represents a complisxstimulated by 1,25(OHP3 [105, 108]. PTH activates the
network of factors that regulate the ability of IGF-1 to release of both IGF-1 and IGF-2 in cultured neonatal mouse
interact with its receptor. calvariae [106], and of IGF-1 in rat calvarial cells. This may
be due to increases in steady state mRNA for IGF-1. PTH-
dependent stimulation of IGF-1 in organ cultures of fetal rat
IGF system and bone calvariae may also explain the enhanced synthesis of
collagen under these -culture conditions, while IGF-1
Bone formation and resorption are the two major processestimulation does not modify PTH-dependent DNA synthesis
involved in tissue remodeling. Bone cells secrete a variety 0f109]. The effect of PTH on IGF-1 release is mimicked by
cytokines and growth factors that play an important role incAMP analogues, and cAMP regulates IGF-1 gene expres-
both processes. Among these factors, IGFs have importaston in rat bone cells. While both PTH and GH increase IGF-
biological activities in bone [90—94] and in regulating bone 1 mRNA in primary cultures of osteoblasts, only PTH causes
formation. IGFs stimulate matrix formation in organ culturesaccumulation of IGF-1 peptide in the culture media.
of fetal rat calvariae, even in the presence of DNA synthesi®ifferent roles for PTH and GH on IGFBP could explain
inhibitors, supporting the concept that this stimulating effectthis discrepancy.
is only partially dependent on cell replication [95]. Osteoblasts can synthesize at least the first six IGFBP,
Conversely, IGFs enhance the differentiated function of thalthough to variable extents, depending on the particular cell
osteoblast and increase bone formation. Indeed, IGF-1 isulture system and conditions. In this tissue, three IGFBP
mitogen for fetal rat calvaria, and IGF-1 and IGF-2 haveappear to be of major importance. The IGFBP-5 stimulates
mitogenic activities for rat calvaria osteoblasts in vitro. bone formation, whereas IGFBP-4 inhibits this activity. In
Moreover, IGF-1 not only increases the replication ofaddition, IGFBP-3 may provide a local enhancer loop by
osteoblasts in serum-free long-term cultures, but alsavhich systemic hormones (PTH, 1,25(QB}, etc.) regulate
preferentially maintains the cells expressing high alkalinethe availability of IGFs to bone cells [97]. GH stimulates
phosphatase activity and parathyroid hormone (PTHJGFBP-3 release by adult rat calvaria osteoblasts via a direct
responsiveness [96], which are phenotypic features oéction on mRNA synthesis [110]. Moreover, GH regulates
mature osteoblasts. the expression of IGFBP-3 more tightly than that of IGF-1 in
In bone, both IGF-1 and IGF-2 increase type | collagenbone cells [97]. This effect is mimicked by PTH, which also
transcription, bone matrix apposition rates, and inhibit theincreases the release of IGFBP-2 and -4. The difference
degradation of bone collagen, probably by inhibiting thebetween GH and PTH may account for the accumulation of
expression of collagenase by the osteoblast [95]. IndeedGF-1 in PTH-treated cells as both IGFBP-2 and -4 prevent
IGFs are autocrine down-regulators of collagenase expreshe degradation of IGF-1.
sion [97] and can inhibit the effects of other growth factors, IGFs and IGFBP are distributed unevenly within long
such as the platelet-derived growth factor (PDGF), thabones, as observed in an animal model [111]. Indeed, bone
accelerate the breakdown of collagen [98]. Hence, IGFs namineral density is highest in the proximal region of the
only enhance bone formation, but most likely inhibit bone diaphysis (i.e. closest to the epiphysis and the subchondral
degradation, although a clearly-defined action on bonéone), consistent with a local increase in total IGF-1 content,
resorption has not yet been identified. whereas IGF-2 is highest in the distal region. This is
The levels of IGFs found in bone cannot be derived fromaccompanied by an inverse distribution of the 29 Kd IGFBP
serum since IGFs are synthesized de novo by osteoblasts, aflGFBP-4) in the diaphysis. It is also noteworthy that skeletal
the levels in cultured bone cells correlate with the levelsunloading using a rat model induces resistance to IGF-1 at
found in cortical bone [99]. However, GH may be playing athe end of unloading (hence, during reloading period),
similar role in the liver and in osteoblasts [100]. Skeletalwhereas the type | IGF-R rises in parallel, but apparently
cells express GH-R, and GH increases IGF-1 expression idoes not change IGFBP [112]. This strongly suggests that an
osteoblast-enriched cultures from fetal rat bone in vitrointrinsic abnormal response to IGF-1 has arisen and/or
[100, 101]. GH replacement increases both serum IGF-1 anitracellular signal transduction is altered under these
bone mineral density, suggesting a possible link betweegonditions, or that other regulators of this IGF/IGFBP
these processes. Unilateral infusion of GH into the growthsystem are abnormal. However, as total IGF-1 was measured
plate of young hypophysectomized rats resulted in growttexclusively (not free and bound IGF-1), this limits the
[102], increasing levels of IGF-1 mRNA in osteoblasts andinterpretation one can give to the true impact of IGF-1 on in
immunoreactive peptide [103]. Antibodies against IGF-1vivo bone formation at any given site.
abrogated the effects of GH on growth, while GH can  Both type | and type Il IGF-R have been identified in
increase the number of osteoblasts in serum-free culturebone cells. Rat calvarial osteoblasts possess high affinity
This GH-dependent increase in IGF-1 mRNA in hypophy-type | IGF-R [113], but there is no specialization regarding
sectomized rats is also inhibited by dexamethasone treatmetytpe | and type Il IGF-R in both rat and mouse osteoblast-
[104]. In addition, GH stimulated the IGF-1 regulation by like cells [114, 115]. However, the type Il receptor may be
human adult primary osteoblast-like cells in short termmore predominant in chicken osteoblasts [116], and has
culture [105]. been suggested to mediate the mitogenic response in these
Calciotropic hormones such as PTH and 1,25-dihydroxy-cells. The regulation of both receptors has not been care-
vitamin Ds (1,25(OH)D3) mediate their effects on osteo- fully investigated in bone, although glucocorticoids [113]
blasts in part by regulating the synthesis of IGFs and/or theiand 32-microglobulin [117] may affect type | IGF-R.
binding proteins [106, 107]. IGF-1 secretion by UMR-106,a  Recent data show a fundamental role of the PA/plasmin
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system in the local regulation of IGF bioavailability in bone
[118]. Bone resorption involves a well characterized
protease system; this comprises PA and their inhibitors,
whose equilibrium controls the formation of plasmin
[119,120]. The PA/plasmin system can produce variable
proteolysis at different sites on the IGF-1/IGFBP complex,
resulting in peptides of variable sizes, and promoting the
dissociation of IGFs bound to IGFBP [118, 121, 122]. This
generates free IGF-1, which is then available to exert its
biologic influence [118]. Since recent data indicate a role forss
the NH,-terminal 16 kDa fragment of IGFBP-3, the involve- |3
ment of the urokinase (uPA)/plasmin system in the ™
proteolytic cleavage of IGFBP may contribute to local cell
proliferation control of osteoblasts. At present, these
hypotheses have not been tested. Fig. 3. Schematic representation of subchondral bone pathways
involved in human osteoarthritis. Osteoarthritic osteoblasts produce
more uPA, IGF-1 and TGF-R than normal cells, while producing normal
Bone IGF system in OA levels of PAI-1. The imbalance_betyveen PAI-1 and uPA may favor
the hydrolysis of IGFBP, resulting in the freeing of IGF-1 locally,

. . hich can then act via an autocrine/paracrine pathway to enhance
It has been proposed that the thickening of the subchondr% teoblast cell growth/differentiation. This in turn may ultimately lead

bone plate may induce and/or participate in the progressiog apnormal subchondral bone sclerosis as observed in human
of OA [123,124]. Although the exact role of IGF in OA bone osteoarthritis.

metabolism is unclear, the positive action of IGF-1 on bone
cells in the subchondral bone plate is suggested to contribute
to bone sclerosis in OA. In contrast, osteoporosis igoroliferation in human osteoblast-like cells and in rat
associated with decreased circulating levels of IGFs and grimary calvaria osteoblast-like cells [134]. Paradoxically,
diminution of IGFBP-3 [125], which may explain why OA this suggests that, at least in bone cells, uPA can stimulate or
and osteoporosis do not present concurrently. Indeed, IGF-nhibit cell proliferation either directly or via proteolytic
levels in humans have a positive correlation with boneactivation of local growth factor. Hence, this would also
mineral density, and in fact, bone mineral density iscontribute to couple bone resorption and formation (remo-
increased in OA patients as compared to osteoporotic odeling) by the PA/plasmin system [135]. This last hypothesis
normal individuals [10]. Likewise, the aging process inwould (Fig. 3) explain why uPA activity is increased in
humans is accompanied by a decrease in bone mass ahdman OA primary cell cultures, as compare to normal cells,
reduced levels of IGF-1 in both serum and cortical bonemimicking the situation observed with subchondral bone
Therefore, this could imply a causative role of IGF-1 in theexplants from normal and OA individuals [126].
development of the osteopenia of aging, and conversely, the
appearance of an increased bone mineral density in OA
patients [32,38]. Recent findings indicated an increase iConclusion
IGF-1 production by human OA primary osteoblast-like cell
cultures compared to normal cells, a situation that reflects thEurther investigations to clarify which factors modulate the
levels of IGF-1 measured in subchondral bone explants frorsynthesis and/or activity of IGF-1 during OA process have
normal and OA individuals [126]. yet to be conducted. Moreover, knowledge of the modifying
The increase in IGFBP-3 in OA could also result in influences of such factors on the action of the IGF system
decreased cell growth and/or apoptosis as observed in oth@iGF, IGFBP) are necessary to evaluate the impact of this
cell systems [79]. Furthermore, the BHterminal 16 kDa  system on OA articular joint tissue.
fragment of IGFBP-3 could directly inhibit cell proliferation While much information has been published on the
without IGF-1 interaction and/or binding in chick embryo IGFBP control of IGF-1 action, new findings on the IGFBP
fibroblasts via limited proteolysis with plasmin [127], a itself open the door to future prospects for these proteins.
similar mechanism could also be implicated in OA From the discovery that some IGFBP have IGF- and IGF-R-
chondrocytes and/or osteoblasts, where the uPA/plasmimdependent functional activity could be of particular
system is elevated [48, 126,128, 129]. importance. In addition, the possible existence of more
Plasmin is one of the factors capable of activating thelGFBP than the first well known six could lead to a more
latent form of TGF-R [130, 131], and TGF-3 is also a verythorough comprehension of the IGF system process and
important local regulator of bone formation. In particular, activity.
TGFB1 can reduce IGFBP-4 mRNA expression and Although our knowledge of human OA has evolved in
enhance IGFBP-4 proteolysis in human primary bone celtecent years, we still have not been able to completely
cultures [132], thereby increasing free IGF-1 levels. Sinceunderstand the triggering process(es) that induce OA, or
TGF31 is increased in OA bone extracts [133] and inwhich tissue is the primary target for this disease. As we gain
conditioned-media from ex vivo explant cultures [126], thisnew insights into which mechanisms are altered in OA
could account for a local enhanced remodeling by thigissue, we may attain a clearer picture of the key events
growth factor. Finally, uPA — and more specifically its involved in the onset and/or progression of OA. Finally,
amino-terminal fragment — stimulates mitogenic activity andthe bone sclerosis in OA, although initially considered
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secondary, may now be emerging as one of the most and growth hormone on cultured growth plate and articular

important events leading and/or contributing to cartilage chondrocytes. Pediatr Res 1989;25:76-82. )

degradation in OA [18] Bhaumick B. Insulin-like growth factor (IGF) binding proteins
Our increased i(nowledge of the IGF-1 system provides and insulin-like growth factor secretion by cultured chondrocyte

. . ; : cells: Identification, characterization and ontogeny during cell
the basis upon which we may assert that this system is gitferentiation. Regul Pept 1993:48:113-22.

intimately involved in the pathophysiology of OA. Identi- [19] Bhaumick B, Bala RM. Differential effects of insulin-like growth
fication of the exact mechanisms that regulate the action of  factors I and Il on growth, differentiation and glucoregulation in

IGF-1 on OA chondrocytes is the only route towards the differentiating chondrocyte cells in culture. Acta Endocrinol
ossibility of using this growth factor as a means for 1991;125:201-11.
Fherapeu¥ic intervegr]ltion ingOA [20] Holthuizen E, LeRoith D, Lund PK, Roberts CT Jr, Rotwein P,

Spencer EM, et al. Modern concepts in insulin-like growth
factors. New York: Elsevier, 1991:733—6.
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