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We shall not cease from exploration

And the end of all our exploring

Will be to arrive where we started

And know the place for the first time.

-T.S. Eliot (The Four Quartets)
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ABSTRACT

Children who have chronic renal failure (CRF) are frequently growth retarded.

Derangements in the GFV IGF-I axis contribute towards the pathogenesis of this failure to

grow, with uraemic resistance to both GH and IGF-I being hypothesised. In the studies

described in this thesis, the effects of treatment with recombinant human (rh) IGF-I, rhGH and

rhIGF-I+GH in a rat model of CRF were examined.

A rat model of CRF was developed, using a 5/6 nephrectomy two-stage procedure.

This resulted in an apparently stable state of chronic renal failure for at least two months from

the onset of uraemia, thus avoiding the period of acute renal failure and surgical stress

immediately following the surgery. Using this model, the efficacy of 7 days treatment with

vehicle, IGF-I (1.7 mgikglday), GH (2 mglkglday), or IGF-I+GH (1.7 melkglday+2

mglkg/day) in promoting growth was examined in rats with CRF (n=8 per group). Treatment

commenced after chronic renal failure had been present for 7 weeks. Significant increases in

body weight gain were found in all groups vs control, with IGF-I+GH causing the greatest

response, and increased body weight gains correlating with increased nitrogen retention. GH

treatment alone significantly stimulated food intake. IGF-I+GH resulted in close to additive

increases in food conversion efficiency (L8.87o,21.5Vo and 39.6Vo increases with IGF-I, GH

and IGF-I+GH respectively over control level) and longitudinal bone growth (39Vo,317o and

677o increases with IGF-I, GH and IGF-I+GH respectively vs control). Serum ALP and

phosphate levels were significantly increased, and urinary phosphate excretion significantly

decreased, in the IGF-I+GH treated rats. Serum insulin and cholesterol levels significantly

decreased with IGF-I and IGF-I+GH treatment. Creatinine clearance did not change,

suggesting there were no effects of treatment on kidney function, and remnant kidney weights

were unaffected by peptide treatment. Although IGF-I, at the doses used, did not result in a

greater anabolic response than GH, IGF-I+GH caused significantly enhanced growth with the

potential advantâges of reducing serum insulin and cholesterol levels.

The anabolic responses appeared to be relatively greater than in previously published

reports using GH treatment in uraemic rats, which may be due to well-established renal failure

being present prior to the commencement of treatment. In another study, body weight gain,
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The results described in this thesis demonstrate that the rat model of CRF which was

developed appeared to respond with greater anabolic effects due to GH treatment than have

previously been reported, and may provide a valuable tool for investigating the alterations in

IGF-I and GH regulation resulting from chronic renal disease. While promising results

following seven days of IGF-I+GH treatment were reported, a four week treatment period with

IGF-I+GH, in association with a 22Vo protein diet, appeared to accelerate the progression of

renal disease. Further studies will be nécessary to elucidate the mechanisms for these changes,

to ensure that children do not pay for increases in growth velocity with an earlier requirement

for renal replacement therapy.
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CHAPTER ONE: LITERATURE REVIEW

GENERAL INTRODUCTION

Twenty years ago, the most profound effect of chronic renal failure in children was a

much reduced life expectancy. Advances in both the medical and surgical management of these

children has dramatically reduced the mortality rate due to end stage renal failure (Ehnch et aI.

1991), but substantial problems affecting their quality of life remain. For example,

psychosocial development in children from five paediatric nephrology centres in Europe was

analysed during 1987 (Rosenkranz et al. 1992). Problems found included a lack of age-

appropriate independence, and only 21 of 49 adult patients were in some form of employment.

The authors hypothesise that somatic disabilities, including extreme growth retardation,

'influenced educational decisions and the overall ability to cope with daily life' (Rosenkraîz et

aI. 1992).It is likely that short stature played apart in these results, as, in a paper'which

discusses the problems resulting from short stature of organic origin, Hoey (1992) suggests

that we have been 'programmed through the generations to believe that "bigger is better" ', and

that this belief contributes towards the psychosocial diffîculties of severe growth retardation.

Therefore, the growth retardation which results from chronic renal failure in childhood is a

substantial problem, and forms the basis for the studies in this thesis.

Both the growth retardation of chronic renal failure, and some of the factors which may

result in the impaired growth, will be briefly discussed in the first section of this literature

review (Section 1.1). The remainder of the review will concentrate on growth hormone (GH)

and insulin-like growth factor-I (IGF-I), anabolic peptides which are essential for normal

gl'owth and development, and which are significantly affected by renal failure. The basic

biochemistry and physiological relevance of GH and IGF-I in the normal state will be briefly

described (Sections 1.2 and 1.3). In the following section, the presence and potential roles for

GH and IGF-I in the kidney will be outlined, together with changes in these peptides which are

found in, and may contribute towards, renal pathology (Section 1.4). The major extra-renal

changes in GH and IGF-I which are present in renal failure will then be outlined (Section 1.5).
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Finally, the effects of treatment with GH in children with chronic renal failure will be

summarised (Section L.6).

1.1 GROWTH RETARDATION AND CHRONIC RENAL FAILURE

The pattern of growth in children affected by renal disease is influenced by many

factors, including age at the onset of disease, and the medical care which is given. Since normal

infants achieve approximately 50Vo of their ultimate height potential by two years of age

(Rigden, Rees and Chantler 1990), those children affected by congenital renal problems have a

greater curtailment of final height. At least one third of the children and adolescents with

chronic renal failure have an actual height below -2 standard deviations of the average (Broyer

1982; Schärer and Gilli 1984), and even optimal clinical management fails to increase the height

velocity significantly, and allow catch-up growth to occur (Foreman and Chan 1988; Fine

1992). One of the reasons may be that even the currently optimal therapy still does not

completely normalise the hormonal and metabolic disturbances of uraemia.

The metabolic disturbances of uraemia include alærations in the metabolism of amino

acids (Fürst 1989). For example, in children with end-stage renal failure, who are not

malnourished but have growth retardation, abnormalities in the levels of specific amino acids

are found (Canepa et al. 1992). These include low levels of branched chain amino acids in

plasma, and low isoleucine and valine concentrations in muscle. Branched chain amino acid

depletion occurs in normal and uraemic rats with acidosis (May, Kelly and Mitch 1986; May,

Kelly and Mitch 1987), and, although normal serum bicarbonate levels were found in the

uraemic children studied by Canepa et aL, it is possible that changes in intracellular pH levels

occurred, which were not measured. Low plasma tyrosine concentrations were also found

(Canepa et al. 1992), which may have been the result of reduced synthesis of tyrosine from

phenylalanine, due to the inhibition of phenylalanine hydroxylase which occurs in uraemia

(Young, Kopple and Swendseid 1973). It is important to reiterate that these changes were

found in children in which no other markers of malnutrition were found (Canepa et al- 1992).
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Numerous hormonal systems in the body are affected by the uraemic state. Peripheral

insulin resistance occurs, which results in hyperinsulinaemia, incomplete tissue utilisation of

glucose, and impairment in amino acid transport, metabolism, and regulation of protein

turnover (Arnold and Holliday 1979; Friedman et aI. l99l; Mak and DeFronzo 1992). Glucose

tolerance tests are abnormal in a large percentage of patients with renal failure (DeFronzo et al.

1978), and plasma glucagon is abnormally elevated, even in the fasted state (Sherwin et al.

I976). The onset of nocturnal pulsatile secretion of luteinizing hormone at puberty is delayed,

and the frequency of luteinizing hormone pulses is reduced, which indicates dysfunction of the

gonadotrophin-releasing hormone pulse generator (Schaefer et aI- 1991). As a result, puberty is

substantially delayed (Schaefer, Schärer and Mehls 1991).

Interactions between the abnormalities which occur as a result of uraemia are likely to

occur, with none singly responsible for the failure to achieve full growth potential. While it is

important to maintain a broad perspective, it is impossible to analyse all of the contributory

factors at the same time. The remainder of this literature review will concentrate on insulin-like

growth factor-I (IGF-I) and growth hormone (GH), including both the normal functions of

these peptides, and also abnormalities in their regulation which appear be a significant factor in

the growth retardation of chronic renal failure, and are the focus for the studies in this thesis.

1.2 GROWTH HORMONE

The isolation of GH from bovine pituitary glands was reported for the first time in 1944

(Li and Evans 1944), followed, in 1956, by isolation from the human pituitary gland (Li and

Papkoff 1956). GH is a single chain polypeptide with 191 amino acids and two disulphide

bridges (Niall I91I: Li and Dixon I97l). The major molecular form in serum has a molecular

weight of 22kÐa
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L.2.1 Receptor

The GH receptor of humans and rabbits was purified and sequenced in 1987 (Loung et

al. 1987). The human GH receptor is a 620 amino acid single-chain protein, containing a

glycosylated 246 amino acid extracellular hormone-binding domain, a single 24 amino acid

transmembrane domain, and a 350 amino acid cytoplasmic domain (Colosi et al- 1993).

Binding of GH to the soluble extracôllular domain of the receptor results in a complex,

consisting of one molecule of GH per two molecules of GH receptor (Cunningharn et aI-

1991)- Dimerisation appears to activate the GH receptor, and permits some kind of interaction

with cellular signalling factors (Cunningham et al. L99l). The binding domain of the hGH

receptor has a high affinity for hGH with an association coefhcient of 3 x 109 M-l (Lnung et al.

1e87).

1.2.2 Binding protein

A high affinity GH-binding protein (GHBP) has been described in different species,

which corresponds to the extracellular domain of the GH receptor in humans and rabbits

(Leung et aI" 1987), implying that GHBP may be produced by a proteolytic cleavage of the

extracellular domain of the GH receptor. Conversely, in rats and mice GHBP is the product of

alternative splicing of GH receptor mRNA (Baumbach, Horner and Logan 1989). Up to 507o

of GH in human serum is bound to GHBP (Herington, Ymer and Stevenson 1986), suggesting

a physiological role for GHBP in regulating GH bioactivity. Hypothesised functions for

GHBP include acting as a reservoir of GH in the circulation to dampen the pulsatile nature of

GH secretion, or, inhibiting GH effects by competing with the GH receptor for GH binding

(Herington, Tiong and Ymer 1991).
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L.2.3 Biological actions

There aÍe a, number of metabolic effects of GH, involving protein, lipid and

carbohydrate metabolism, bone growth, and water balance. Lean tissue mass is reduced with

GH deficiency, and increases with GH administration (Ogle, Rosenberg and Kainer 1992),

possibly due to the reduced proæolysis which results from GH treatment (Hussain et aI. 1994).

Conversely, the fat tissue mass is increased in GH dehcient states, and decreases following

GH therapy. GH directly promotes lipolysis in adipose tissue by enhancing the reactivity of

hormone-sensitive triglyceride lipase to lipolytic hormones (Dietz and Schwartz l99I), and also

decreases the sensitivity of adipose tissue to the antilipolytic effects of insulin. Treatment with

GH causes an elevation of insulin and glucose levels, and a relative insulin resistance

(Barutsch-Marrain, Smith and DeFronzo 1982; Hussain et aI. 1994).

Bone mineral density is low in GH dehciency, conelating with low circulating levels of

IGF-I (Johansson et al. 1992), and is increased by GH treatment (Johansen et aI. I99Q).

Receptors for GH have been identified on human growth plate chondrocytes (Werther et al-

1990), and a number of studies have indicated that GH has a direct effect on bone growth

(Lindahl et aI. 1986; Nilsson et al. 1987; Scheven and Hamilton 1991; Morel et al. 1993).

Prechrondrocytes appear to be particularly sensitive to the actions of GH (Lindahl et al. 1987;

Ohlsson et aI. 1992; Ohlsson, Isaksson and Lindahl1994). The role of GH in the regulation of

IGF-I mRNA in the growth plate (Isgaard et ¿/. 1988), and the effects of IGF-I on bone

formation will be described later (see Section 1.3.5).

Fluid homeostasis in the body is also influenced by GH. Administration of GH in

normal subjects results in salt and water retention, with urinary sodium retention and reduced

urine volume (Ho and Weissberger 1990). Following the administration of GH, sodium

retention occurs within two hours, and is maximal by four hours. These effects are probably

due to activation of the renin-angiotensin system (Ho and Weissberger 1990) and/or the

sodium-potassium pump (Shimomura et al. 1982).
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1.2.4 Regulation of synthesis

Somatotrophic cells of the anterior pituitary gland are responsible for GH production,

with secretory bursts in man which occur 4-8 times over 24 hours (Devesa, Lima and

Tresguerres 1992). Secretion is largely regulated through the interaction of two hypothalamic

peptides with opposing effects, growth hormone releasing hormone (GHRH) with 40-44

amino acids and somatostatin, with 14 amino acids. Each GH secretory episode is initiated by a

burst of GHRH release into the hypophyseal portal system, and is preceded by reduced

somatostatinergic input to the pituitary (Plotsky and Vale 1985). Negative feedback on GH

secretion is mediated acutely by GH itself (Kelijman and Frohman 1991), and through a longer

feedback loop involving IGF-I, with increased serum IGF-I levels inhibiting GH secretion

(Devesa, Lima and Tresguerres 1992). The secretion of GH is also influenced by thyroid

hormones, glucocorticoids, and sex steroids (Devesa, Lima and Tresguerres 1992), and the

levels of metabolic intermediates, such as amino acids and free fatty acids (Alba-Roth et aI.

1988; Penelva et al. 1990).

1.3 IGF-I

The primary structure of IGF-I, or somatomedin as it was then called, was published by

Rinderknecht and Humbel in 1978. The IGF-I peptide belongs to a family of structurally

related polypeptides, including insulin and relaxin, and has an approximately 507o homology

with insulin (Van den-Brande 1992).IGF-I consists of 10 amino acids and has a predicted

molecular weight of 7,657 Da-

L.3.1 Receptors

...

\
The type-1 IGF receptor is part of a groupþf cell-surface receptors, also including the

insulin receptor, which consist of an extraceilular ligand-binding domain linked to a

transmembrane intrinsic catalytic domain with tyrosine kinase activity (Yarden and Ullrich

1988). It is a heterotetrameric glycoprotein composed of two cr,-subunits and two ß-subunits
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connected by disulphide bonds (Yarden and Ullrich 1988). There is a 56Vo amino acid

homology with the insulin receptor, but the affinity of the type-l IGF receptor for insulin is

100- to 500-fold lower than for IGF-I (Massague and Czech L982).IGF-I binds to the type-1

IGF receptor with an afhnity constant of approximately I nM (Massague and Czech 1982).

A second type of IGF receptor also exists, which is structurally unrelated to the type-I

receptor. It does not have tyrosine kinase activity, but the cytoplasmic region has areas that are

potential substrates for different protein kinases, such as protein kinase C (Morgan et at. 1987).

The type II IGF receptor is identical to the cation-independent mannose-6-phosphate receptor,

and has a very low affinity for IGF-I, but a much higher affinity for IGF-II (MacDonald et al-

1988). It is therefore unlikely to play a major part in mediating the biological effects of IGF-L

1.3.2 Binding proteins

Virtualty alt IGF-I in serum is bound to specific high affinity binding proteins

(IGFBPs). Six different IGFBPs have been identified with molecular weights of approximaæly

24to 43 kDa @axter and Martin 1989; Lamson, Giudice and Rosenfetd 1991; Shimasaki ¿ral.

l99I; McCusker and Clemmons 1992) which are called IGFBP-1-6. The IGFBPs bind IGF-I

with similar affinity constants io the type-I IGF receptor, and consequently may interfere with

receptor binding of IGF-I (Roth and Kiess 1994). The roles of IGFBPs are likely to be

complex, however, as they have been shown to both inhibit and stimulate IGF bioactivity

(DeMellow and Baxter 1988).

Two of the IGFBPs which have been well characterised are IGFBP-3 and IGFBP-1.

The biological significance of IGFBP-3 cannot be ignored, as it is responsible for binding

approximately 95Vo of the circulating IGF in serum (Daughaday et aI. 1982).IGFBP-3 binds

IGF-I in a ternary complex, consisting of an acid-labile subunit (-85 kDa), IGFBP-3 (-53

kDa) and IGF-I (-7.5 kDa), giving a complex of approximately 150 kDa (Baxter and Martin

1989). IGFBP-1 is found at much lower concentrations in the circulation, but may have an

important influence on carbohydrate metabolism. The major regulator of IGFBP-1 is insulin,

and insulin both decreases IGFBP-1 levels in serum invivo, independently of changes in

serum glucose levels (Brismar et aI. 1988; Suikkari et al. 1989), and inhibits IGFBP-I
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transcription invitro \n a dose dependent manner (Powell et aI. I99L). In the rat, IGFBP-I

blocks the hypoglycaemic response to intravenous IGF-I, and increases blood glucose levels

when administered alone, presumably by inhibiting the hypoglycaemic effect of endogenous

IGF-I (trwitt et aI. l99L). Further description of the IGFBPs, in both health and renal disease,

will be given in later sections (Sections 1.4 and 1.5).

1.3.3 Biological effects

IGF-I is an important mitogen, which enhances cell division by stimulating cells to enter

S phase from late G1 phase (Lu and Campisi 1992). Significant metabolic effects are also

mediated by IGF-I. These include insulin-like metabolic effects, with increased glucose

metabolism, glucose transport, and reduced serum glucose levels, and the synthesis of lipids,

glycogen, and proteins (Froesch et aI. 1985; Zapf et al. 1986). In normal adults, IGF-I

treatment reduces serum concentrations of triglycerides and cholesterol (Guler et aI. 1990)- A

reduction in protein breakdown due to IGF-I infusion has been reported (furkalj et aI. L992),

although this effect may require relatively high levels of IGF-I, as another study using lower

IGF-I infusion rates failed to find any effect of IGF-I on protein breakdown (Mauras, Horber

and Haymond 1992). Studies in various rat models, including normal, diabetic,

dexamethasone-treated, protein-dehcient, partially gut-resected and subtotally nephrectomised

rats, have demonstrated that, while IGF-I infusion increases nitrogen balance in each of the

experimental models, the largest effects are seen in 'the most-growth-suppressed animals

receiving adequate nutrition' (Tomas et al. 1993). Furthermore, the effects of IGF-I on the

rates of protein synthesis and protein breakdown are dependent on the metabolic state of the

animal, for example, IGF-I reduces muscle protein breakdown only when the initial rate of

muscle protein breakdown is elevated (Tomas et al.1993).

In addition to its insulin-like effects, IGF-I also has effects which oppose insulin. For

example,IGF-I has a direct effect on the pancreas, resulting in reduced insulin secretion (Guler

et al. I989a; Leahy and Vandekerkhove 1990; Boulware et al. 1992; Mauras, Horber and

Haymond 1992)- In normal subjects given IGF-I infusions, correction of the subsequent
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hypoglycaemia is impaired since glucagon release is also suppressed, although their awareness

of hypoglycaemia is increased in comparison to insulin induced hypoglycaemia, possibly due

to an increased sympathetic activity (Kerr et aI.1993).

Levels of IGF-I mRNA in bone are regulated by GH, with high levels of GH increasing

IGF-I expression (Isgaard et al. 1988). In turn, IGF-I has significant effects on bone,

including increasing type I collagen and bone matrix synthesis (Hock, Centrella and Canalis

1988); promoting longitudinal bone growth in hypophysectomised rats (Isgaard et aI. 1986);

and stimulating trabecular bone formation and osteoblastic cell proliferation in normal rats

(Machwate et al.1994). Longitudinal bone growth is stimulated via effects on the growth plate

cartilage, and, while it has been generally accepted that only GH is capable of stimulating the

prechondrocytes (Lindahl et aI. 1987; Ohlsson, Isaksson and Lindahl 1994), a recent study

reported that IGF-I is also capable of stimulating ca-rtilage stem cells (Hunziker, 'Wagner and

Zapf 1994). In addition, circumstantial evidence exists for a role of IGF-I in the maintenance of

bone mass, since low plasma levels of IGF-I are present in male patients with ido.pathic

osteoporosis (LjunghaII et al. 1992).

1.3.4 Regulation of synthesis

The major regulator of IGF-I synthesis is GH. Expression of IGF-I is reduced in GH-

deficient mice (Mathews, Norstedt and Palmiter 1986) and increased in the liver of

hypophysectomised rats following GH injection (Luo and Murphy 1989). In the human there is

an increase of serum IGF-I levels at puberty, coincident with increased GH secretion (Sara and

Halt 1990). Many other trophic factors and hormones also have effects on IGF-I synthesis,

e.g. epidermal growth factor, platelet derived growth factor, fibroblast growth factor, and

luteinizing hormone (Sara and Hall 1990; Zarnlli et al. 1994). Nutritional status is also an

important influence on IGF-I regulation, with decreased serum levels of IGF-I during

malnutrition, which cannot be normalised by GH treatment (Clemmons and Underwood 1991).
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1.4 GH, IGF AND THE KIDNEY

There is a complex expression of renal GH and IGF receptors, IGF-I, and IGF binding

proteins in the kidney, indicating an intricately controlled system, and supporting the

hypothesis that these peptides ¿ìre necessary for normal kidney function. The majority of the

following work has been carried out in either the rat or the human. The rat is the most frequent

experimental model which is used, although, as it will be seen, there are many important

differences between the rat and the human. However, since the experimental studies described

in this thesis are in the rat, it is also important to understand fully the role of GH and IGF-I in

the kidney of this species.

L.4.1 Localisation

GH receptors

Renal GH receptor mRNA is most abundant in the proximal straight tubule in the rat,

with less found in the medullary thick ascending limb of Henle, and undetectable amounts in

the glomerulus and inner medulla (Chin, Zhou and Bondy 1992a). GH receptors in the

proximal tubule are concentrated on the basolateral membrane of the epithelial cells of the dog

(Rogers, Karl and Hammerman 1989), and rat (Hammerman and Rogers 1987).

IGF receptors

The pattern of type-I and type-tr receptor gene expression is similar in the rat and the

human. In the human kidney, using in situ hybridisation, both type-I and type-Il IGF receptor

mRNA are more abundant in the outer medulla, with the lowest staining in the inner medulla

(Chin and Bondy 1992). Type-I, but not type-Il, IGF receptor mRNA is concentrated in

glomeruli. Both type-I and type-Il receptor mRNAs are found in cells of the distal nephron and

collecting ducts (Chin and Bondy 1992).In the rat, renal type-I IGF receptor mRNA levels are

highest in the inner stripe of the outer medulla, followed by the outer medulla and medullary
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rays, with the inner medulla having the lowest levels (Chin, Zhou and Bondy 1992a; Chin,

Zhou and Bondy L992b). Receptor levels are high in the thick ascending limb of Henle's loop,

explaining the intense staining in the inner stripe of the outer medulla, with IGF-I receptor

expression continuing down the distal nephron to the collecting duct. There is also type-I IGF

receptor expression in the glomerulus (Chin, Zhou and Bondy 1992a; Chin, Zhou and Bondy

I992b)- In the proximal tubule, IGF type I receptors are concentrated on the basolateral

membrane of the epithelial cells (HarÍrmennan and Gavin 1986; Hammerman and Rogers

1987). In contrast, the type-Il receptor in the rat is localised in the apical part of the proximal

tubule cell, and in cytoplasmic bodies of the proximal tubule epithelia (Cui er al. 1993).

IGF-I

In addition to the presence of IGF-I receptors, IGF-I protein and mRNA have also been

detected in the kidney. Therefore, it is possible that IGF-I produced locally in the kidney has

autocrine or paracrine actions. Immunohistochemical studies in the rat have isolated IGF-I in

the cortical and medullary collecting duct, the thin limb of Henle's loop, and the distal

convoluted tubule (Andersson, Skottner and Jennische 1988; Hansson et al. 1988; Kobayashi,

Clemmons and Venkatachalam 1991). IGF-I mRNA is present in medullary collecting ducts,

proximal tubules, the medullary thick ascending loop of Henle and glomeruli (Bortz et al.1988;

Chin, Zhou and Bondy t992a; Chin, Zhou and Bondy 1992b).In cell culture, collecting duct

(Aron, Rosenzweig, Abboud 1988; Aron et aI. l99l), mesangial (Conti et aI. 1988: Aron.

Rosenzweig and Abboud 1939) and glomerular endothelial and epithelial cells (Conti et al.

1989) have been shown to secrete IGF-I, which affirms the co-localisation of IGF-I protein

and mRNA in the rat kidney. In the medullary thick ascending limb of Henle's loop of the rat

both GH receptor mRNA and IGF-I mRNA are expressed (Chin, Zhou and Bondy I992a),

suggesting that circulating GH could interact with GH receptors, and result in IGF-I synthesis,

in the same area of the kidney. Following acute ischaemic injury to the rat kidney, both

immunostainable IGF-I and IGF-I mRNA are found in the regenerating proximal tubule

(Andersson and Jennische 1988; Matejka and Jennische 1992). Therefore, IGF-I could play a

role in tubular regeneraúon following acute renal failure, and, indeed, it has been demonstrated
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that IGF-I administration accelerates the recovery from acute renal failure in rats (Ding et aI-

1993; Miller et al.1992).

Although Chin and Bondy (1992) failed to detect IGF-I mRNA using a cDNA probe in

the human kidney, Hammerman and Miller reported using a specific solution-hybridisation

nuclease-protection assay and finding as much IGF-I mRNA extractable from human kidney

relative to liver as is present in rat kidney versus liver (Hammerrnan and Miller 1993).

IGFBPs

Specific IGFBPs may have important roles in regulating the local availability and

bioactivity of IGF-I (DeMellow and Baxter 1988), therefore the local expression of IGFBPs in

the kidney must also be considered. IGFBP-I mRNA is found in the medullary thick ascending

limbs of Henle's loop, and in the straight part of cortical distal tubules in adult rat kidney

(Chin, Zhou and Bondy I992a).Immunohistochemically detected IGFBP-1 protein is localised

mainly in the papillary collecting ducts, with moderate amounts in the cortical collecting ducts

and medullary thick ascending limbs of Henle's loop (Kobayashi, Clemmons and

Venkatachalam 1991). IGFBP-1 may reach the distal nephron if it is released from the apical

surface of more proximal tubular epithelial cells into the tubular lumen. In contrast, in the

human kidney, IGFBP-1 mRNA is the least abundant of the IGFBPs, and is localised only in a

thin rim circumscribing the glomeruli, which appears on a microscopic level to consist of

glomerular capsular epithelium (Chin, Michels and Bondy 1994)"

In both the rat and human kidney, IGFBP-2 mRNA is concentrated in glomeruli (Chin

and Bondy 1992), probably in epithelial cells within the glomerular tuft (Chin, Michels and

Bondy I994).In the rat, IGFBP-2 mRNA is also present in the outer medulla and the tip of the

papilla in inærstitial cells located between the tubules. However, in the human kidney, IGFBP-

2 mRNA is found in collecting duct, not interstitial cells, which are more densely concentrated

in the renal medulla (Chin and Bondy 1992; Chin, Michels and Bondy 1994).

Levels of IGFBP-3 mRNA are higher in the kidney than the liver in the rat, and do not

appear to be GH dependent (Albiston and Herington 1992), while the human kidney contains

lower levels of IGFBP-3 mRNA (Chin, Michels and Bondy 1994).In the human kidney,
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IGFBP-3 mRNA is distributed in a fine reticular pattern, with expression in cortical interstitial

cells, vascular endothelium and the glomerulus (Chin, Michels and Bondy 1994). Greater renal

levels of IGFBP-4 mRNA compared to IGFBP-3 are found in human kidneys. Glomeruli and

renal connective tissue appear to have abundant IGFBP-4 expression, and it is also expressed

in cortical and medullary interstitial cells, and renovascular endothelium (Chin, Michels and

Bondy 1994).

Finally, the most abundant IGFBP in the human kidney is IGFBP-5 (Chin, Michels

and Bondy 1994). The distribution of IGFBP-5 mRNA closely resembles the regional pattern

of IGF binding, suggesting that IGFBP-5 could contribute towards some of the IGF-I binding

in the kidney. The highest concentration of IGFBP-5 is found in the renal papilla, with

moderate levels present throughout the medulla. Highly abundant expression of IGFBP-5 is

also found in the glomeruli, and significant levels of expression are present in interstitial cells

and vascular endothelium (Chin, Michels and Bondy 1994).

1.4.2 Renal clearance

Substantial quantities of low- and medium- molecular weight polypeptide hormones are

extracted from the renal circulation, with renal catabolism being important in the total metabolic

clearance of many polypeptide hormones (Katz and Emmanouel 1978; Maack et aI. 1979). The

kidney is the major site of GH clearance in the rat (Johnson and Maack L977), and following

injection o¡ 1251-¡¿¡-GH, ten minutes later approximately 30Vo of the peptide is found in the

kidney. The GH is extensively filtered in the glomerulus, and reabsorbed by a high capacity

absorption process from the luminal side of the tubular epithelium. Reabsorption from the

basolateral side of the epithelium is minimal, in contrast to insulin (Rubensæin and Spitz 1968).

Over a wide range of increasing filtered loads of 1251-¡¿¡-61¡ only f-2Vo of the filtered load is

found in the urine (Johnson and Maack 1977). While it is not possible to conduct this type of

study in human kidneys, the metabolic clearance of recombinant human GH (rhGH) has been

compared in healthy subjects and patients with renal failure. The estimated renal fraction of

metabolic clearance rate of rhGH from the body was 25-53Vo and 4-I57o in healthy and kidney

failure patients respectively (Haffner et al. 1994). The clearance rate of rhGH in patients with
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chronic renal failure was approximately half that of normal patients, with a 25-50Vo increase in

the plasma half-life (Haffner et al. 1994). A previous study also found the rate of clearance of

GH in uraemic patients to be reduced by about 60Vo of normal (Cameron et al- 1972). These

results confirm that the kidney is an important siæ of GH clearance in the human.

Invivo clearance studies, in both the rat and human, have demonstrated that the kidney

is also likely to be an important site of IGF-I clearance from the body. Fifteen minutes after

injection of 125I-rhIGF-I into rats, approximately 307o of. the radiactivity is found in the kidney

(Ballard et aI. I99I). Two hours following 125I-rhIGF-I injection, only approximately 5Vo of

total radioactivity remains in the kidney, with considerable radioactivity being described in the

urine. Thus, the kidney appears to be partly responsible for the clearancs of IGF-I in the rat. In

humans, the role of the kidney in IGF-I clearance has been outlined by changes in the

pharmacokinetics of IGF-I in patients with renal failure. Following a 50 pglkg injection of

IGF-I, pharmacokinetic parameters do not differ between dialysis patients and normal controls

(Fouque, Peng and Kopple 1995). However, after a 100 pglkg IGF-I injection, the peak serum

IGF-I concentration is higher in the dialysis than the normal patients, and the half-life and

volume of distribution of IGF-I is reduced in the dialysis patients. In patients with chronic renal

failure, Rabkin et al. (1994) conf,rrmed the reduced half-life and volume of distribution of IGF-

I in uraemia. These studies contrast with the increased half-life of GH in renal failure patients

(Haffner et aI. 1994), which is the expected result if the kidney clears most of the peptide, and

the kidney is not functioning. The variation in results could be due either to altered patterns of

IGF-I and GH clearance from the body, or renal failure may increase the extra-renal IGF-I

clearance. Further studies will be needed to fully elucidaæ the role of the kidney in the clearance

of IGF-I from the body, in health and renal disease.

Renal catabolism of IGF-I has been previously studied by adding purified 125I-

somatomedin-C to kidney homogenates (D'Ercole et al. 1977). A high level of degradation was

found, which could not be inhibited by excess insulin in the plasma membrane, whereas in the

cytosol it was inhibited by large amounts of insulin. The suppression of the degradation in the

cytosol suggests that the IGF type-I receptor is involved in peptide breakdown, since excess

insulin would compete for receptor binding with IGF-I.
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1.4.3 Urinary excretion

Normal human urine contains GH, IGF-I and IGF-II (Hokken-Koelega et aI. L990;

Zumkeller and Hall 1990). IGF-II is found at higher concentrations than IGF-I in the urine,

with appreciable amounts of IGFBP-1 also measured by radioimmunoassay (Zumkeller and

Hall 1990). While IGFBP-1 is present, the predominant IGFBPs in the urine of healthy

subjects are IGFBP-2 and IGFBP-3, with one study finding a majority of IGFBP-2

(Hasegawa et aI. 1992), and another higher IGFBP-3 levels (Gargosky et aI. 1993). IGFBP

levels are approximately 3 orders of magnitude less than in serum (Hasagawa et al. 1992).

Gargosky et al. (1993) found that urinary IGFBP-3 excretion in healthy subjects is age- but not

sex-dependent, and declines from 11 years of age to reach a plateau at a lower level after 26

years of age. Urinary IGFBP-3 levels in GH deficient subjecs are normal or high, suggesting

that urinary IGFBP-3 excretion is not under GH control (Gargosky et al. 1993), although a

more recent study found that urinary IGFBP-3 correlates with serum IGFBP-3 levels

(Tönshoff et al. 1995). In the human kidney IGFBP-5 mRNA is the most abundant of the

IGFBPs, and is concentrated in the renal papilla (Chin, Michels and Bondy 1993), therefore, it

would be surprising if urinary IGFBP-5 is not also found.

Changes in urinary binding protein profiles have been found in renal disease, with

differing results possibly representing varying renal pathology. Work by Hasegawa et al.

(1992) has found elevated IGFBP-3 in patients with glomerular disease and proteinuria, while

patients with increased urinary ß-2-microglobulin have a dramrtic increase in urinary IGFBP-1.

In contrast, patients with immunoglobulin A nephropathy, focal segmental glomerulosclerosis

and systemic lupus erythematosus have low-normal levels of urinary IGFBP-3, while those

with Alport's syndrome have high levels of urinary IGFBP-3, and high IGFBP-3 proteolysis

activity. In comparison, Lee et aI. (1994), in a study of children and adults with acute and

chronic renal failure, reported increased urinary IGFBP-1 and totally absent urinary IGFBP-3,

which coincided with significant IGFBP-3 protease activity in the urine from renal failure

patients. They speculated that the proteolysis of IGFBP-3 might increase IGF peptide

availability to the renal tubule, enhancing renal growth and playing a role in the pathogenesis

and progression of renal failure. Significant urinary IGFBP-3 protease activity has also been
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found in an experimental model of nephrotic syndrome in the rat, with IGFBP-2 and IGFBP-3

also present in the nephrotic urine (Hirschberg and Kaysen 1995). There is obviously a lot of

work still to be done studying urinary IGF and IGFBP excretion. Unanswered questions

include whether the IGF/BPs are filtered and/or secreted, and, if they do originate in the kidney

itself, which cells may be responsible for their secretion. It is also interesting to speculate,

particularly with the changes in urinary IGFBP profiles in renal disease, whether the IGFBPs

have a biological effect in the kidney, oi are simply being excreted.

1.4.4 Physiological roles of GHIIGF-I in the kidney

Gluconeogenesís

The kidney is an important site of gluconeogenesis in the body, with the proximal

tubule being the site of glucose production (Cahill 1970). The rate of glucose production in

isolaæd canine proximal tubules is stimulated by bovine GH (bGH) at concentrations between

10-9 and 10-8 M (Rogers, Karl and Hammerman 1989), similar to the concentrations found in

the plasma of normal dogs following arginine infusion (Eigenmann and Eigenmann 1981).

Half maximal stimulation of glucose production also occurs at IGF-I concentrations between

10-9 and 10-8 M IGF-I (Rogers, Karl and Hammerman 1989), comparable to levels of total

circulating IGF-I in dogs (Eigenmann et al. 1984). The effects of co-administered bGH and

IGF-I in the canine proximal tubules are not additive, suggesting that similar pathways may be

involved. Since no detectable levels of IGF-I are found following GH incubation, it does not

appear that IGF-I is mediating the gluconeogenic effects of GH (Rogers, Karl and Hammerman

198e).

Changes in Glnmerular Filtration Rate (GFR)

A role of GH in the regulation of GFR was suggested by the observation that GFR is

increased in conditions of GH excess (Gershberg, Heinemann and Stumpf 1957; Falkheden

1963). More recently, evidence has been reported which supports an indirect role for GH in the
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regulation of renal filtration, as the rise in GFR is delayed following GH infusion, but

coincident with a rise in plasma IGF-I levels (Hirschberg et al. 1989; Hirschberg and Kopple

1989). Infusion of IGF-I results in rapid changes in renal haemodynamics, with a reduction in

both afferent and efferent arteriolar resistance and an increase in the glomerular ultrafiltration

coefficient, leading to a significant rise in GFR (Hirschberg et aL.1991). Renal vasodilation is

attenuated if synthesis of nitric oxide or prostaglandins are blocked by N-nitro-L-arginine

methyl ester or indomethacin respêctively, indicating the roles of nitric oxide and

prostaglandins as mediators of the IGF-I effect on renal blood flow and GFR (Haylor, Singh

and ElNahas 1991).

P hos phate re abs orption

Both cellular and skeletal growth result in an increased inorganic phosphate (Pi)

requirement. In order to meet this requirement, an increase in Pi transport capacity in the kidney

occurs during growth, and the plasma level of l,25-dihydroxyvitamin D3 is also increased

(Bonjour and Caverzasio 1984). The role of endogenous GH in Pi reabsorption by the kidney

was suggested by Mulroney and co-workers, who demonstrated that infusing a GH-releasing

factor antagonist signifrcantþ decreased tubular Pi transport (Mulroney, Lumpkin and Haramati

1939). Studies in hypophysectomised rats have suggested that IGF-I is mediating the GH

effect, since infusion with IGF-I signihcantly increased the renal reabsorption of Pi (Halloran

and Spencer 1988; Caverzasio, Montessuit and Bonjour 1990). An increase in sodium-

dependent Pi transport due to IGF-I has also been demonstrated in cultured opossum kidney

epithelial cells (Caverzasio and Bonjour 1989). The increased Pi transport in these cells is likely

to have involved the synthesis of new proteins as it could be blocked by inhibiting either

transcription or translation (Caverzasio and Bonjour 1989). In conjunction with increased Pi

reabsorption in hypophysectomised rats treated with IGF-I, plasma 1,25-dihydroxyvitamin D3

also increases (Halloran and Spencer 1988; Caverzasio, Montessuit and Bonjour 1990). An

effect of IGF-I in increasing renal25-hydroxyvitamin D-l-hydroxylase activity was conhrmed

by Nesbitt and Drezner (1993), who showed that IGF-I infused into normal mice resulted in a

dose-dependent increase in renal 2S-hydroxyvitamin D-1-hydroxylase activity. The increase
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was linear over the first 24 hours, and was independent of alterations in levels of serum

calcium, phosphorus or glucose. Interestingly, dietary phosphate depletion had an additive

effect on the maximal stimulatory effect of renal 25-hydroxyvitamin D-l-hydroxylase activity

by IGF-I, indicating that different pathways were involved. To confirm this, a recent report

demonstrated that IGFs could not account for the effects of Pi deprivation in MDCK cells

(Ernest, Coureau and Escoubet 1995).

Renal growth

The roles of GH and IGF-I in compensatory renal growth have been known for some

years. Following unilateral nephrectomy, both renal IGF-I and IGF-I mRNA are increased

(Stiles et al. 1985; Flyvbjerg et al. 1988; El Nahas ¿r ¿/. 1989). The increased IGF-I

immunoreactivity is present in both the collecting ducts, and the thin limb of Henle's loop

(Andersson, Skottner and Jennische 1988). However, while an increase in renal IGF-I and

IGF-I receptors is found in immature rats following uninephrectomy (Mulroney et aI. l99I;

Mulroney et al. 1992), no change is found in mature rats. The importance of maturity in the

regulation of renal growth is also suggested by the blocking of compensatory renal growth

which occurs with GH antagonists in the adult, but not immature rat (Mulroney et al. L992).In

addition, GH and IGF-I may be involved in the renal hypertrophy which occurs following a

high protein diet, as hypophysectomy prevenç. the usual increase in renal size following a high

protein diet, and low protein diets also lower the renal levels of IGF-I (Murray et al. 1993)-

Lower protein diets also blunt both the compensatory renal growth, and the rise in renal IGF-I

levels, which normally follow uninephrectomy (El Nahas et al.1989).

The role of IGF-I in renal growth is confirmed by experiments in which exogenous

IGF-I treatment has been used. Kidney size is selectively increased by IGF-I infusion in lit/Iit

mice (Gillespie et al" 1990), and hypophysectomised (Guler et al. 1988), dexamethasone

treated (Tomas et al. 1992), and gut resected rats (Lemmey et aI. l99I), plus rats with mild

renal insufficiency (Martin et aI. I99I). In normal female rats, IGF-I, but not GH, causes a

disproportionate increase in kidney size relative to body size (Mehls et aI. 1993). Although

there is a difference in the proportionate nature of kidney growth following IGF-I or GH
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treatnent, both peptides increase the kidney DNA/protein content, and the number of mitoses in

proximal and distal epithelial cells.

Localised renal tubular hypertrophy in the rat may also be influenced by IGF-I. In rats

with an increased tubular work load induced by furosemide, there is marked increased in

immunocytochemical staining of IGF-I and IGFBP-I in the distal convoluted tubules and

collecting ducts, the areas which are specifically hypertrophied as the result of the treatment

(Kobayashi et aL.1995). Interestingly, although IGFBP-1 mRNA expression was increased 3-

fold by furosemide, no increase in IGF-I expression was found, suggesting that IGFBP-1 may

have been responsible for trapping the IGF-I in the kidney.

Growth factor activation of the Na+/H+ antiporter is a widespread phenomenon in

many cells and may be responsible for mediating growth effects (Moolenaar 1986). Blazer-

Yost and Cox (1988) have reported that IGF-I stimulates renal epithelial Na+ transport in the

urinary bladder of the toad, Bufo m^arinus, which is a model of renal epithelium @lazer-Yost

and Cox 1988), and hypothesise that the natriferic and growth stimulatory effects of IGF-I may

be related. IGF-I also increases Na+/H+ exchange in cultured kidney cells (Caverzasio and

Bonjour 1989).

Regukttion of acid-base m¿tablism

The regulation of urinary pH is determined by the rate of hydrogen ion transport into the

distal tubular fluids. Continued acidification is made possible by ammonia diffusion into the

tubular fluid, buffering the acid as ammonium salts (Gans and Mercer 1977). Growth hotmone

may have a role in the regulation of acid base balance by the kidney, as addition of hGH to

isolated canine renal proximal tubule segments results in a dose dependent increase in ammonia

production (Chobanian et aL. L992). This may be a direct effect of GH, sincé no change in

ammoniagenesis is found following the addition of IGF-I (Chobanian and Hammerrnan 1987).

The GH mediated increase in ammoniagenesis is associated with an increase in basolateral

Na+-K+-ATPase activity (Chobanian et al. 1992). Growth itself is an acid forming process,

dependent on GH secretion. The dual effects of GH on growth promotion, and enabling
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increased excretion of an acid load, represents a homeostatic mechanism, whereby acid base

equilibrium can be maintained in the growing body.

1.4.5 Pathophysiology of GH/IGF in the kidney

GH and IGF-I may not only have roles in the normal kidney, but could also play a part

in the pathophysiology of renal diseases. The roles of GH and IGF-I in diabetic nephropathy

will be described, as a great deal of research has been done on this disease, and some of the

results are likely to be relevant to other kidney diseases. Diabetic nephropathy is a major cause

of morbidity and mortality, and occurs in approximately one third of insulin-dependent diabetic

patients (Krolewski et al. 1985). The streptozotocin (STZ) treated diabetic rat is a well

characterised model of insulin dependent diabetes. As early as 24 hours after STZ injection, a

significant increase in kidney weight is found (Flyvbjerg et aI. 1990). At 48 hours after the

development of diabetes, kidney extractable IGF-I levels are increased, and positively

correlated to blood glucose levels (Flyvbjerg and Orskov 1990). Higher renal IGF-I levels are a

transient effect, since they return to normal within 96 hours (Flyvbjerg et al- 1988; Flyvbjerg

and Orskov 1990; Flyvbjerg et al. 1990). In parallel, there is a transient increase in IGF-I

mRNA during the first 12 hours of STX diabetes, with levels then declining below controls

values in post- but not pre-pubertal rats (Bach et al. I99l). Since increases in intra-renal IGF-I

concentration and renal hypertrophy occur at the same time, IGF-I may have a role in initiating

the renal hypertrophy.

While IGF-I present in the kidney could arise from local synthesis, increased IGF

binding in the kidney, due either to alterations in levels of IGF receptors, or IGFBPs, may also

lead to elevated levels of IGF-I in the kidney. A 2.5-fold increase in IGF-I receptor mRNA has

been reported at up to 21 days following the*onset of STZ diabetes in rats flMerner et al.1990),

and, in genetically diabetic mice (db/db), higher levels of mesangial IGF receptors are found

compared to mesangial cells from nondiabetic littermates (db/m) (Oemar et aI. I99L). This

increased expression of IGF receptors could both increase local IGF binding, and also

potentiate the biological effects of IGF-I. Increased IGFBP concentrations have alse been

found, with levels of IGFBP-1 and IGFBP-3 in renal tissue increased in early diabetes when
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measured by ligand blotting (Flyvbjerg et aI. 1992) or Northern-blot analysis of cortical mRNA

(Bach et al. 1992). The increased IGFBP mRNA expression is associated with a marked focal

increase in proximal tubular binding of 125I-IGF-I, which is probably related to cell associated

IGFBPs, as the tubules were thoroughly washed prior to incubation to remove unbound

radioligand (Bach et al- 1992). IGFBP-I has an Arg-Gly-Asp motif, recognised by several

integrins, which are cell surface adhesion receptors involved in binding of proteins to cell

surfaces (Jones et al. 1993). Therefore, it is possible that IGFBP-I is cell associated, and that

the increased levels of IGFBP-1 present in early diabetes contribute towards an accumulation of

IGF-I in the kidney.

In the diabetic kidney, GH is likely to have at least as important a role as IGF-I. GH

deficient rats have attenuated renal IGF-I accumulation, and a slower and lesser degree of

kidney enlargement compared to GH replete rats (Flyvbjer1 et aI. 1992). Administration of GH

to dwarf diabetic rats restores the glomerular hypertrophy fully, but GH only partially restores

the total kidney hypertrophy, and does not increase renal IGF-I levels (Flyvbjerg et aI. 1992)-

This suggests that some of the GH effects are IGF-I independent, as the glomerular

hypertrophy occurs in the absence of increased renal IGF-I levels. The importance of pituitary

status is illustrated in the reduced and retarded kidney growth, and lower renal IGF-I levels, in

prepubertal compared to postpubertal diabetic rats (Bach and Jerums 1990). This is comparable

to the differences in levels of IGF-I in the kidney found between immature and adult rats

following uninephrectomy (Mulroney et aI. I99l; Mulroney et al. 1992).

Much work is still necessary to fully elucidate the pathophysiological effects of changes

in IGF regulation in the diabetic kidney, although potential consequences can be surmised from

changes in the diabetic kidney, which could be mediated by known effects of IGF-I. For

example, within the diabetic glomerulus mesangial matrix is expanded (Osterby 1973), with

increased synthesis of type IV collagen (Ledbetter et al. 1990), increased amounts of

fibronectin and laminin, and decreased heparan sulphate proteoglycan content, affecting the

negative charge in the glomerular basement membrane (V/illiamson et aI. 1988). Since IGF-I

modulates proteoglycan synthesis by the mesangial cells in the glomerulus (Watanabe et al.

7992), changes in renal IGF-I concentrations and mesangial cell IGF receptor levels, as
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demonstrated in diabetic mice (Flyvbjerg and Orskov 1990; Oemar et aI- I99I), are likely to

have significant effects on the glomerulus.

Increases in renal IGF-I and IGF-I mRNA levels are also found in the 5/6 nephrectomy

rat model of reduced renal function (Rogers, Miller and Hammeffnan 1993; Hise et al. L992).

This model produces remnant kidney hypertrophy, and adaptive changes in remaining

nephrons, including an increase in renal plasma flow per nephron and in single-nephron GFR

(Brenner 1985), and results in progressive sclerosis of the remaining glomeruli (Brenner 1985;

Purkerson, Hoffsten and Klahr 19'16). The progression of renal disease to end stage renal

failure in nephrectomised rats may be slowed by feeding a low protein diet (Hostetter et aI-

1981; Friedman and Pityer 1986; Kenner et al. 1985). The protective effect of low protein diets

could involve a reduction of IGF-I levels, as higher intrarenal IGF-I levels are found after

feeding a high protein diet (Murray et aI. 1993), and a low protein diet reduces kidney size and

circulating IGF-I levels, and attenuates the increase in intrarenal IGF-I levels following

uninephrectomy (Hise et al. 1992 El Nahas et aI. 1989). It is interesting to note that the region

of the nephron which is selectively increased following a high protein intake in the rat is the

medullary thick ascending limb of Henle (Bankir and Kriz 1995). Both GH receptors and IGF-

I mRNA are present in the medullary thick ascending limb of Henle, and protein ingestion

increases GH secretion, therefore it is possible that IGF-I, stimulated by GH, is having

autocrine and/or paracrine effects which contribute to the hypertrophy.

Further evidence for the role of GFVIGF-I in renal pathology is found in transgenic

mice. Animals transgenic for GH, but not IGF-I, display progressive glomerular sclerosis and

renal failure, although IGF-I transgenic mice have a similar increase in glomerular size to

animals transgenic for GH (Doi et al. 1988; Quaife et al. 1989;Doi et al. 1990). These results

indicate a pathological link with excess levels of GH, but do not exonerate IGF-I as the serum

IGF-I levels were higher in the GH than the IGF-I transgenic animals (Doi e/ al. 1988).

However, in transgenic mice expressing a mutant GH gene, serum IGF-I levels are not

increased, but glomerulosclerosis still occurs, suggesting that the damage to the kidney is a

direct GH effect (Yang et al. 1993). An increase in glomerulosclerosis in the kidneys of rats

implanted with GH secreting tumours has also been found (Miller et al. 1990), confirming the

link be¡ween excess GH and kidney damage in the rat.



24

It is apparent that high levels of GH are strongly related to kidney damage in the rodent,

but in acromegalics, in whom excessive and sustained levels of GH are found, GFR is

increased, but kidney disease is not a common complication (Newbold, Howie and Girling

1989). Studies in rodents need to be interpreæd with care, as they may be particularly sensitive

to glomerulosclerosis. Moreover, differences in IGF-I and GH regulation and expression

between rodents and humans are an additional confounding factor. A great deal of knowledge

can be gathered from animal models of human disease, however, and provided the results are

interpreæd with caution, they can greatly enhance our understanding of chronic renal failure in

humans.

1.5 CHANGES TO GHiIGF IN RENAL FAILURE

1.5.1 GH and GHBP

A failure to grow in CRF is not due to a deficiency in GH, as fasting serum GH levels

are normal to elevated in children and adults with uraemia (Samaan and Freeman 1970; Ramirez

et al, 1978). However, since GH is largely cleared and metabolised by the kidney (Johnson

and Maack 1977), this may be due to reduced clearance rather than elevated secreúon rates as,

in uraemic patients, clearance rates of GH are reduced by about 60Vo of normal (Cameron et aI-

1972). Disparate results have been reported regarding GH secretion in patients with chronic

renal failure.In 47 paúents with preterminal renal failure, or receiving dialysis , Schaefer et al"

(1991) found spontaneous pulsatile GH secretion was essentially normal, although in many

patients undergoing dialysis the profiles were erratic. Hokken-Koelega and co-workers (1990)

studied 24-hour plasma GH profile, and urinary GH secretion, in22 prepubertal children with

chronic renal failure and severe growth retardation. They found that, although over half of the

children had normal 24-hour GH profiles, four children had low profiles, and another four

children had elevated 24-hour GH profiles (Hokken-Koelega et aI. 1990). Three of the four

children with elevated profiles suffered from end stage nephrotic syndrome. Urinary 24 hour

GH excretion was 100-1000 times higher than in controls, as was ß2-microglobulin secretion,

indicating a defect in tubular reabsorption of filtered proteins, including GH. Schaefer et al-
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reported that reduced GH secretion is present in peripubertal boys with chronic renal failure

(Schaefer et aI. 1994). A more reænt study demonstrated that" in patients with preterminal renal

failure, the production rate of GH was equal to control values (Tönshoff et aI. 1995). Although

these results are contradictory, they do suggest that the majority of children with chronic renal

failure do not have insuffrcient GH secretion, but there is a considerable variability which may

occur due to differences in the primary disease processes.

If deficiency of GH per s¿ is not the problem in uraemia, it needs to be considered

whether there is any resistance to the effects of GH. As circulating GHBP in humans is

equivalent to the extracellular domain of the GH receptor ([,eung et al. 198] ), levels of GHBP

in serum may indicate the number of GH receptors. In both children (Postel-Vinay et aI. 1991),

and adult (Maheshwai et al. 1992) patients with renal failure, GHBP levels are reduced, which

could indicate a reduction in the expression of GH receptors in renal failure, potentially leading

to GH resistance.

Abnormalities in the regulation of GH in CRF have been most fully elucidated in rat

models. In uraemic rats, mean plasma GH levels are not significantly different to control

animals (Kovaks et aI. l99l), although the GH half-life in uraemia is longer than normal

(Metzger et al. 1993). Growth hormone secretory capacity from pituitary cells of uraemic rats

stimulated with GH releasing hormone is normal (Santos et aI. I992a). The neuroendocrine

regulation of GH may, however, be abnormal, as uraemic animals have significantly lower

hypothalamic content of GH releasing hormone mRNA (Metzger et aI. 1993). Resistance to the

actions of GH may also occur, as GH binding to liver receptors is reduced in rats with renal

failure (Finidori et aI. 1980). The reduced GH binding may result from the decreased amount

of GH receptor mRNA found in the liver of uraemic rats (Chan, Valerie and Chan 1993:'

Tönshoff et aI. 1994). It should be noted that the latter two studies were performed on uraemic

rats .ù/ithin the first three weeks following surgery when reduced food intake (see Chapter 2)

and acute renal failure (Gretz et al. L988) could have significant effects on the results found.

Even though food intake was controlled for by comparing the results with pair fed control

animals, the reduced food intake may have decreased GH receptor levels to a greater extent than

would have been found at a later time, as normal pair fed rats also have reduced levels of GH

receptor mRNA compared to ad libitum fed control animals (Chan, Valerie and Chan 1993:
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Tönshoff et aI. 1994). With respect to the results found in the rat as a model of renal failure, it

should also be remembered that GHBP in the rat is derived from an alternatively spliced GHBP

transcript (Baumbach, Horner and Logan 1989), and the regulation of GH, GH receptors, and

GHBP may be quite different compared to the human. For example, although liver GH

receptor levels were reduced in uraemic rats (Tönshoff et aI. L994), serum GHBP levels were

significantly increased, indicating a divergence between GH receptors and GHBP, Due to this

difference, GH regulation and metabolism in the uraemic rat model has to be interpreted with

cauúon in relation to human disease.

1.5.2 IGF/IGFBPs

Changes in IGF and IGFBPs have also been demonstrated in renal failure. Early reports

of IGF levels in uraemia indicated that IGF-I serum concentrations were reduced and IGF-II

levels greatly elevated in uraemia (Goldberg et aI. L982; Enberg and Hall 1984). This seemed

to offer a ready explanation for the growth failure of renal failure, a deficiency of IGF-I.

However, a study by Powell et al. (1986) showed that the levels of IGF-I and -II in

unexûacted or acid-ethanol-extracted serum were very different to levels in serum samples that

had been acid chromatographed. In eight adult dialysis patients IGF-I levels were noûnal and

IGF-II only slightly elevated when acid chromatographed samples were analysed. Acid

chromatography removed excess unsaturated IGF binding proteins from the serum, which

otherwise interfered with the IGF assay. Subsequent studies in children with chronic renal

failure have demonstrated normal to low-normal IGF-I concentrations, and normal to slightly

elevated IGF-II concentrations (Lee et aI. 1989; Blum I99I; Hodson et al. 1992). While the

levels of IGF-I are not significantly lower than normal, the production of IGF in uraemic

children is two orders of magnitude lower than in control children (Blum 1991).

Although IGF-I levels are not reduced in CRF, IGF-I bioactivity is signihcantly lower

in uraemic serum (Saenger et aI.1974 Phillips and Kopple 1981). The lowered bioactivity may

be related to an increase in IGFBPs, as levels of IGFBP-I (Lee et al. 1989; Blum 1991) and

IGFBP-2 (Blum 1991) are elevated in uraemia, while levels of IGFBP-3 are reported as either

normal (Hodson et aI. 1992; van Renen et aI. 1994) or increased (tæe et aI. 1989;Blum I99I;



27

Blum et al. I99I), depending on the specific antibody used. Increased serum levels of IGFBPs

may be related to the reduced renal clearance, with subsequent retention of IGFBPs in the

serum. Changes to IGFBPs in renal failure are not limited to their concentration, however, as

alterations in the forms of IGFBP-3 present have also been reported. Blum et aI. (I99I) found

that excess IGFBP-3 immunoreactivity occurred at lower molecular weights in uraemic

compared to normal serum. Powell et al. (1993) further characterised the changes in IGFBP-3

in children with chronic renal failure, arid demonstrated normal levels of functional 4l- and 38-

kDa forms which could be incorporated into the 150-kDa complex, and high levels of 19- and

14- kDa forms of IGFBP-3, which could not form a larger complex, and were not found in

normal children. Powell et aI. stggest that the 19- and 14- kDa forms of IGFBP-3 are the result

of proteolytic cleavage in uraemia. It has been demonstrated that there ís increased IGFBP-3

proteolytic activity in uraemic urine (Lee et aI. 1994), and, although significant IGFBP-3

proteolytic activity has not been demonstrated in uraemic serum (Lee et aI- 1994),proteolysis

of IGFBP-3 may occur in other tissues in the body. The increase in lower molecular weight

forms of IGFBP-3 could explain the discrepancies in serum IGFBP-3 levels which have been

reported in renal failure, as the specific antibodies used may have different binding

characteristics to the IGFBP-3 fragments. Further studies will shed light on the way that

changes in IGFBPs due to renal failure may alter IGF-I bioactivity and, hence, affect growth.

1.6 GH TREATMENT OF CHILDREN WITH CHRONIC RENAL FAILURE

Since the publication of two separate reports, in 1988, demonstrating that rhGH

significantly improves growth in rats with renal failure (Mehls et aI. 1988; Powell, Rosenfeld

and Hintz 1988), GH has been used around the world as a therapeutic agent in children with

chronic renal failure, in an attempt to increase their adult height (Tönshoff et aI. L989;

Johansson et al. 1990; Hokken-Koelega et aI. l99l; Van Es et aI. l99L; Tönshoff et aI. 1992;

van Renen et al. 1992; Fine 1992). The increased growth velocity is associated with an increase

in serum levels of IGF-I (Hokken-Koelega et aI.I99l; van Renen et aI. 1992), suggesting that

IGF-I is mediating part of the response, and can be maintained for up to three years of GH

treatment (Fine et al. l99I), although the growth velocity is reduced in the second year of
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treatrnent (Van Es et aI. L99l). While GH treatment does fulfîl the requirement of an increase

in growth rate, there are some other, less desirable, effects of treatment which need to be

considered.

In2OVo of acromegalics clinical diabetes develops (Rizza, Mandarino and Gerich 1982),

and, since insulin resistance is already present in uraemia, this could be exacerbated by GH

therapy. Treatment with GH in children with CRF increases insulin secretion (Tönshoff,

Heinrich and Mehls l99l; van Renen et aI- tggZ), but euglycaemia is maintained, possibly at

the expense of the increased insulin secretion (Tönshoff, Heinrich and Mehls 1991). The action

of GH and,/or IGF-I to increase renal reabsorption of phosphate is also potentially dangerous in

renal failure, since phosphate retention and hyperparathyroidism occur as a result of the

reduced renal function (Ritz et al. 1992). However, no effects of GH treatment on levels of

either serum phosphate, or serum parathyroid hormone (PTH) have been described (Tönshoff,

Heinrich and Mehls l99l; van Renen et al. 1992). Therefore, the potential for GH to

exacerbate the metabolic derangements of uraemia do not appear to have been realised. Finally,

a deterioration in renal function with GH treaûnent is a concern, because GH increases GFR in

normal patients, and hyperfiltration has been hypothesised to be a potentially deleterious factor

in renal disease (Hostetter et ol. 1981). It is possible that reduced renal function in rats and

humans negates the normal increase in GFR caused by GH (Miller, Hansen and Hammerman

1990; Haffner et al. 1989), although a more recent report did find a significant increase in GFR

with GH treatment in patients with chronic renal failure (O'Shea, Miller and Hammerman

1993). Regardless of the ability of GH to increase GFR when reduced renal function is

present, no effects of long term GH treatment on the progression of renal disease have been

reported to date (Tönshoff et al. 1992). Therefore, in spite of the potential problems associated

with GH treatment, GH appears to increase growth significantly in children with chronic renal

failure, without any significant adverse side effects
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1.7 STATEMENT OF THE PROBLEM

It has been demonstrated that GH increases the growth velocity of children with chronic

renal failure, with a minimum of side effects due to treatment. However, due to the proposed

GH resistance of uraemia, it is possible that IGF-I could have more profound growth effects

than GH, although higher IGF-I doses may be necessary to negate the reduction in IGF-I

bioactivity, due to uraemia. FurthermoÍe, although minimal side effects have been reported in

children with chronic renal failure treated with GH for up to three years, patients with a

predisposition towards diabetes may not maintain euglycaemia during GH treatment. Since

IGF-I has insulin-like effects (Froesch et aI. 1985), this would make it a preferable form of

treatment, provided the resultant improvement of height velocity was similar to that found with

GH treatment. Alternatively, there is the option of treatment with GH and IGF-I at the same

time. Evidence exists that some of the anabolic effects of IGF-I and GH may not be mediated

through the same mechanisms, for example GH directly promotes lipolysis (Dietz and

Schwartz 1991), while, since adipocytes lack type-I IGF receptors (Caro et al. 1988), the effect

of IGF-I in increasing lipolysis (Hussain et al. L994) may be due to an indirect effect of

reducing insulin secretion. The combination of IGF-I plus GH also appears to have additive

effects on reducing protein oxidation in GH deficient subjects (Hussain et al. 1994).In

addition, some of the less desirable metabolic consequences of IGF-I and GH in causing hypo-

and hyper-glycaemia respectively may be ameliorated by treatment with both peptides, and,

since lower doses of the individual peptides would be theoretically necessary if they were given

at the same time, this would also reduce the likelihood of any side eff-ects. No studies have

been published comparing the effects of IGF-I, GH and IGF-I+GH, in an experimental model

of chronic renal failure, and these investigations formed the focus of this thesis.
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Establish a uniform and reproducible model of chronic renal failure in the rat.

Investigate the effects of IGF-I, GH and IGF-I+GH on growth and metabolism, using

the developed rat model of chronic renal failure.

Determine the responses of the uraemic rats to lower doses of IGF-I, GH and IGF-

I+GH, as a measure of their respohsiveness to peptide therapy.

Investigate the longer term effects of IGF-I, GH and IGF-I+GH on growth, and

determine if treatment had any affect on the rate of progression of renal failure in the rat

model.

1

2

3

4
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Chapter Two

Establishment of a Rat Model of Chronic Renal
Failure
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2.I INTRODUCTION

Animal models of experimental renal failure have been in use for over a century

(Strauch and Gretz 1988). The 5/6 nephrectomy model of renal failure dates from 1932, when

Chanutin and Fenis ligated both poles of the left kidney in the rat, and removed the right

kidney a week later. This procedure resulted in a reduction of approximately 80Vo in the

functioning renal tissue. Resection, rather than ligation, of the poles of the left kidney, was

devised by Platt et aI. ín 1952, with removal of the right kidney l0-I4 days later. Reducing the

functional renal tissue has also been accomplished using ligation of the renal arteries to infarct

approximately 314 of one kidney, with the other kidney again removed (Miller, Hanssen and

Hammerman 1990). Overall, the two methods of removing renal parenchyma, or ligating the

renal arteries, are published approximately equally, with the rat the most common experimental

animal utilised.

It is important to realise that some of the effects of experimental renal failure may vary,

depending on which method of reducing renal tissue is used. Ligation of the renal artery,

leaving infarcted tissue, appears to result in earlier and more profound increases in blood

pressure, and higher plasma renin activity, in comparison to the resection model (Meyer and

Reinke 1988). Deposition of immunoglobulins in the remnant kidney as the result of infarction

has also been found (White and Grollman 1964). Therefore, ligation of the renal artery may

lead to a mixture of three models, remnant kidney, hypertension, and immunologically

mediated disease (Gretz, Meisinger and Strauch 1988). Ligating branches of the renal artery

has the added disadvantage of the variability in branching of the renal artery in the rat, and is

more time consuming than resection of the renal parenchyma. Considering all of these factors,

it was decided to utilise resection of the renal tissue as the basis for the rat model of 5/6

nephrectomy to be developed.

The most important features of the model to be established are that the renal failure

should result in growth retardation, and that the model approximates as closely as possible

chronic renal failure in children. Studies which have been published demonstrate that growth

retardation is present in the 5/6 nephrectomy rat model, with reduced weight, length and

longitudinal bone growth versus sham operated controls (Chantler, Lieberman and Holliday
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1974; Mehls et aI. 1977). These results, however, need to be viewed in the light of an

important factor which has been largely ignored: acute renal failure occurs for a period

following the reduction of renal mass. At four weeks following surgery, almost 507o of rats

show histological signs of acute renal failure (Grctz et al. 1988), and, therefore, it has been

suggested that animals should not be utilised within two months following the onset of renal

failure (Gretz, Meisinger and Strauch 1988). Note that in the above studies, which measured

growth in uraemia, rats were studied foî only 25 (Mehls et al- 1977) and 30-35 days (Chantler,

Lieberman and Holliday L974) from the onset of uraemia. In developing the present model, a

prerequisiæ was that the rats did survive for more than two months.

With these points in mind, a rat model of chronic renal failure using resection of renal

parenchyma \ryas established and characterised. The specific requirements for the model were

that:

A significant and reproducible level of renal impairment occurred, measured by elevations

in serum urea and creatinine, and reduction in glomerular hltration rate (GFR).

Uraemic rats should have significant growth retardation when compared to age matched

control animals.

End stage renal failure should not be reached for at least eight weeks following theonset

of renal failure, to allow for a prolonged recovery period after surgery, with less

likelihood of acute renal failure being present.

Minimal pain or distress, and a low mortality rate, should result from the surgical

procedure.

1

2

3

4
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2.2 I14'ATERIALS AND METHODS

Experimcnt I

Female Sprague-Dawley rats were used for these experiments, since it was planned to

treat the rats with GH, and female rats have been reported to be more sensitive than males to the

effects of human GH (Ekrärm and Johahsson 1981). Rats underwent surgery at approximately

four weeks of age, when they weighed 83.6 + 1.2 g (meantSEM; n=15). They were

anaesthetised with an intraperitoneal injection of methohexitone sodium (Brietal@, 45 mglkg;

Eli Lilly, Minneapolis, USA), and an incision was made through the skin and muscle on the

right flank, the right kidney exteriorised, and the renal poles and posterior, anterior and lateral

parenchyma were resected, taking care not to penetrate the renal pelvis (see Fig. 2.1)" The

average amount of kidney tissue removed was 0.26ù10.007 g (0.3101 g 100 body wt). This

was compared to the right kidney weights of ten normal rats of the same body weight range

(0.510 + 0.009 g kidney / 1009 bw), and the amount of kidney parenchyma resected was

estimated to be approximately 607o of the total kidney weight. Digital pressure was applied to

control any severe haemorrhage, and no problems were encountered due to blood loss. Single

interrupted sutures using 3-0 coated violet braided polyglactin 910 suture material (Vicryl@,

Johnson&Johnson Medical Products, Sydney, N.S.W., Australia) were used to close the

muscle layer, and the skin closed with single interrupted sutures using 4-0 polypropylene

suture material (Prolene@, Ethicon, Johnson&Johnson Medical Products, Sydney, N.S.'\V.,

Australia). Two days later when the rats weighed 93.1 + 1.5 g, they were re-anaesthetised with

methohexitone sodium, an incision made in the left flank, and the left kidney removed. The

mean weight of the kidney was 0.533+0.015 g (0.5731 g 100 g body wt). In an additional

five rats, used as sham operated controls, the kidney was exteriorised, decapsulated, and

replaced in the abdominal cavity during both surgical procedures. The mean body weights of

the sham group on the first day of surgery was 84.7 + 2.7 g, and two days later these rats

weighed 96.4 + 2.3 g.The day of the second operation, or the onset of renal failure, was

designated as Day 0.



Fíg. 2.1 A dorsal (a) and medial (b) schemntic view of the kidney demonstrating the tissue

remaved from the right kidney during the first stage 5/6 nephrectomy procedure. The tissue

which was removed is represented by the stippled areas. Care was taken not to penetrate the

renal pelvis, which is shown in (b).
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Following the surgery rats were held in individual cages until their skin wounds had

healed, and subsequently two rats were placed in each cage. Animals were fed standard rat

chow (minimum protein 2I7o,3175 kcal{kg available energy, 2000IUlkg vitamin D3,0.167o

calcium and 0.46Vo available phosphate; Milling Industries, Murray Bridge, S.A., Australia),

and their body weights were measured daily, at approximately the same time each morning.

Blood was collected from the tail vein on Days 10, 17, 33, 4I, 60 and 70. The method of

blood collection was similar to that desbäbed by Omaye et al. (1987), but without a tourniquet

or heparin coating of the needles, which were not found to be necessary. Rats were restrained

within two plastic bottles in which the bottoms had been removed, attached to a retort stand

(see Fig. 2.2).The tail was briefly immersed in hot water, then a 21G needle inserted into the

tail vein and the blood allowed to flow spontaneously into an Eppendorf tube. Approximately

300-500¡rl of whole blood was collected from each rat. In general, the entire procedure took

only one to two minutes per animal. The blood was centrifuged, and the serum analysed for

urea and creatinine using a COBAS BIO system (Roche, Diagnostica, Basle, Switzerland).

On day 23-26 rats were placed in metabolism cages (Tecniplast 1700 series, Tecniplast

Gazzada, Buguggiate,VA, Italy). Daily collections were made on Days 24-26, including the

recording of food and water intake, and urine output. Water balance was calculated from the

difference in water intake (ml) and urine output (ml) for each day. The animals were fed

standard rat chow in this period, which had been powdered to prevent the animals dropping

pellets through the bottom of the cage. Metabolism cage collections were repeated between

Days 45-47 and 68-70, with rats again placed into the cages a day before collections

commenced.

On Day 73 rats were anaesthetised with methohexitone sodium and exsanguinated by

cardiac puncture. The remnant or normal right kidney was removed and weighed, and the

snout-tail tip length was measured using a ruler.



Fig. 2.2 The apparatus used to restrain the rats during collection of blood samples from the

tail vein. The bottoms were cut off two plastic bottles, the volumes of which varied with the

size of the rats, so that the animals fitted snugly into the apparatus. The rats tail was first placed

through the bottom of the larger bottle, which was attached to the retort stand. The smaller

bottle, which was fixed on a higher level of the retort stand, was then moved down and fixed in

position, so that the rat's nose reached the top of the bottle. (Modified from Omaye et aL.1987)
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Experiment 2

Twenty female rats were used, and the same surgical protocol as for Exp. I was

performed. The mean body weight of the nephrectomised animals on the day of the first

operation was 81.8 t 1.9 g (mean + SEM) and the mass of kidney tissue resected 0.257 +

0.007 g (0.293 g/ 100 g body wt). Two days later, designated as Day 0, the weight of the

nephrectomised left kidney was 0.484 + 0.001 g (0.5a98 g/ 1009 body weight), and the

animals weighed 87.6 + 2.0 g. On these same days, the sham operated rats weighed 78.8 + 5.4

and 86.9 + 6.3 g. Snout to tail tip length was measured during anaesthesia on Day 0. During

the second procedure one rat died while anaesthetised, prior to the surgery commencing, and

another rat died due to uraemia on Day 10. Thus, there were five sham and thirteen uraemic

animals remaining.

Rats were held in cages, fed standard rat chow, and weighed daily, as described ín Exp.

1. On Day 15 blood was collected from the tail vein for measurement of serum urea and

creatinine. On Day 50 animals were placed into a perspex box connected to a Fluotec 3 (CIG,

Chatswood, NSW, Australia) gaseous anaesthetic machine, and anaesthetised using halothane

(Fluothane@, Zeneca Ltd, Macclesfield, Cheshire, UK). When surgical anaesthesia was

established, the rat was removed from the perspex box, and snout-tail length measured, using a

ruler. Anaesthesia was then maintained using a plastic saline bag, which had been cut

transversely in half, and was attached by silastic tubing to the anaesthetic machine. The

animal's head was placed inside the bag so that it continued to breathe the anaesthetic gas, the

prescapular area clipped and swabbed with iodine (Betadine, Faulding Pharmaceuticals,

Adelaide, S.A., Australia), a skin incision made, and the skin separated from the subcutaneous

tissue using blunt dissection. An osmotic minipump (Alzet Model 2001, Alza Co., Palo Alto,

CA, USA) containing 51Cr-EDTA (Australian Radioisotopes, Manai, N.S.W-, Australia) was

inserted to pump 5ICr-EDTA continuously subcutaneously at a rate of 0.13 MBq per hour over

the following ten days, using data provided by the manufacturers (AIza Co). The rats were

placed in metabolism cages from the time of recovery after the anaesthetic, to the end of the

experiment. This enabled 24 hour urine samples to be collected from each rat on Days 53,57

and 60. Blood samples were also collected on these days. In 200 pl of serum or urine the
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radioactivity of the samples was counted using a gamma counter. With the known urine volume

and body weight the glomerular filtration rate was calculated using the formula ((total urine cpm

/ serum cpm) * collection period). In addition, creatinine was measured in the serum and urine

from Day 53, and the creatinine clearance calculated for this day. A COBAS BIO system

(Roche Diagnostica, Basle, Switzerland) was used for this analysis, with the urine diluted

1:100 prior to measurement.

On Day 60, following metabolism cage collections, the rats were anaesthetised with

methohexitone sodium. Body length was measured from the snout to tail tip, using a ruler.

Each animal was then exsanguinated via cardiac puncture, and a sample of blood collected

using a microhaematocrit tube, which was subsequently centrifuged and the haemoatocrit

measured. Finally, the remnant or normal right kidney was removed and weighed.

Sntistical Annlyses

Metabolism cage data at each time point were analysed using a two-factor ANOVA,

with time and group as independent factors. Differences between means were compared using

pairwise contrasts. Snout-tail length was compared using unpaired t-tests. The glomerular

filtraúon values given by creatinine or 51Cr-EDTA clearance were correlated using regression

analysis. An Apple Macintosh, and either StatView@ or SuperAnova@ programs (Abacus

Concepts, Berkeley, California, USA) were used for these analyses. Data reported are mean f

SEM"
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2.3 RESULTS

Experimcnt I

Daily body weight changes in the sham and uraemic groups, from the onset of renal

failure (Day 0) up until Day 75, are shown in Fig. 2.3a. Significant growth retardation was

present in the uraemic animals, with lower weight gains than the sham operated controls at all

stages of the experiment. The difference in the mean body weights between the sham and

uraemic groups was calculated at the end of each week, and the results are shown in Fig. 2.3b.

There was an initial dramatic difference in the body weight gains in the first week, with the

uraemic animals gaining approximately 20 g less body weight than the sham group. The mean

body weights were then similar between the two groups in the second week, followed by a

linear increase in the difference between the sham and 516 neprectomised groups from 27 g at

the end of the third week, to almost 60 g by the end of the seventh week, with weekly

increments of approximately 8-9 g in difference between the two groups.

To determine the effect of uraemia on the growth in body length, as well as body weight

gains, the snout to tail tip length was measured" Snout to tail length measured on Day 73 was

significantly lower in the uraemic animals compared to sham operated rats (38.8 + 0.28 cm vs

40.6 + 0.35 cm respectively; p< 0.01).

The level of renal impairment, and possible changes in renal function over time, were

assessed by measuring serum urea and creatinine from Day 10 through until Day 70 of the

experiment. Reduction of renal mass resulted in a significant increase in the level of serum

urea, with a peak in the nephrectomised animals on Day 17 of 17.8 mmoVl, or an almost three-

fold elevation compared to the sham group on that day (6.4 mmoVl) (see Fig. 2.4a). Afær four

weeks, serum urea levels were relatively stable in both the uraemic and sham operated groups.

Levels of serum creatinine were elevated approximately two-fold in the uraemic vs sham

animals throughout the experiment (see Fig. 2.ab). In contrast to the serum urea, the serum

creatinine levels remained at a significantly elevated, but stable level in the uraemic rats, from

the first blood sampling at Day 10 until Day 61. The ratio of serum urea:creatinine was also

calculated, as this ratio can be used to assess the contribution of muscle protein breakdown to



Fig. 2.3 Body weight changes in sham operated (O) and 5/6 nephrectomised rats (O)

from Day 0 to Day 73 following the onset of uraemia (a), and the weekly dffirence in mean

body weight between these two groups, from the ftrst to the tenth week (b). Data are mean t

SEM.
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Fig. 2.4 Levels of serum urea (a) and creatinine (b), and the ratio of the serum

urea:creatinine leveß (c), in sham operated ( W ) and 5/6 nephrectomised rats ( E )from Day

10 to Day 70 following the onset of uraemia. Data are mean + SEM.
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the observed serum urea concentration, as opposed to the contribution of renal failure,

represented by serum creatinine levels (Kopple and Coburn 1974). A higher ratio represents an

increased rate of catabolism, and, at each time point, there was a higher urea:creatinine ratio in

the uraemic compared to the sham operaæd animals. This ratio,like the serum urea, reached its

peak on Day 17 in the uraemic rats, and then tended to decrease up to ten weeks following the

onset of renal failure (see Fig. 2.4c).In the sham operated animals there was also a higher

urea:creatinine ratio on Days 17, p-erhaps demonstrating an increased muscle protein

breakdown after surgery, but the ratio then remained at a lower and stable level at each of the

later time points.

Food intake was measured at three time periods throughout the ten week experiment,

with net intake of food being higher in the sham compared to the uraemic group at each of the

time points (see Fig. 2.5a). The food intake was also expressed as g/100g body weight to

compensate for the increasing differences in body weight between the two groups, and the

results are shown in Fig. 2.5b. On Days 24-26 the sham operated animals consumed more

food relative to body weight than the nephrectomised animals, but during Days 45-47 and 68-

70 the uraemic animals consumed more food on a body weight basis than the sham controls.

Sham operated animals had a significant reduction in their relative food intake over the three

time periods, while relative food intake was not changed with time in the uraemic group.

Urine output, water intake, and water balance were also measured during the same three

time periods" The effects of uraemia on daily urine volumes, relative to body weight, are

shown in Fig. 2.6a" The 5/6 nephrectomy resulted in significantly greater relative urine

volumes at each time, with a greater than two-fold difference between the groups, and no

significant change in urine output over time in either group. Water intake followed a very

similar pattern to the urine output, with greater intake of water in the nephrectomised rats, and

no changes over the three time periods (see Fig. 2.5b). The difference between the water intake

and the urine output, or the water balance, is shown in Fig. 2.5c. Although the uraemic rats

lost greater volumes of water as urine, they compensated successfully by drinking more water,

as no differences in water balance occurred between the uraemic and sham groups in the first

two measurement periods. On Days 68-70 significantly more water was retained in the uraemic



Fíg. 2.5 Absolute food intake (a) and food intake relative to body weight (b) in sham

operated ( @ ) and 5/6 nephrectomisedrats ( Ø ) on Days 24-26, 45-47 and 68-70 following

the onset of renal failure. Data are mean + SEM. I : p<0.05 vs Days 24-26, 2: p<0.05 vs Days

45-47, #: p<0.01 and ##: p<0.001 vs sham operated animals.
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Fíg. 2.6 Urine volume (a), water intake (b) and water balance (c) relative to body weight, in

sham operated ( @ ) and 5/6 nephrectomised rats ( ø ) on Days 24-26, 45-47 and 68-70

following the onset of renalfailure.Water balance was calculated from the difference in water

intake (ml) and urine output (ml) per day. Data are mean + SEM. 1: p<0.05 vs Days 24-26;

#: p<0.01 and ##: p<0.001 vs sham operated animals.
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vs sh¿Lm group, mainly due to a reduction in the water balance with time in the sham group,

while the water balance in the uraemic group was relatively stable during the three time periods.

Although approximately 60Vo of the kidney parenchyma had been removed in the

nephrectomised animals, the remnant kidney had hypertrophied to become even larger than the

normal right kidney at the end of 77 days (0.556 + 0.017 vs 0.301 + 0.009 g/100g body

weight respectively; p< 0.01).

Animals were weighed daily thioughout the experiment, and were observed closely at

this time. No signs of distress, such as huddling, reduced lustre of the coat, or dramatic weight

loss, were found in the animals at any stage. No animals died prior to the conclusion of the

study.

Experimcnt 2

Body weight gains in the animals from Day 0 to Day 28 were very similar in this

experiment to Exp. 1, with weight gains of 114.6 + 1I.4 vs 84.6 + 7.7 in Exp. 2 versus

1 15.8 t 10.0 vs 84.2 + 9.3 g in Exp. I (sham vs uraemic respectively). On Day 15 in the sham

and uraemic animals, the serum urea was 4.8 + 0.2 vs 18.0 + 1.1 mmoVl, and the serum

creatinine 30.5 + 1.0 and 78.1 + 3.7 pmol/l respectively, afhrming that significant renal failure

was present in the 5/6 nephrectomised group. These values were also very similar to the levels

of serum urea and creatinine on Day l7 in Exp. I.

In order to estimate the remaining renal function in the nephrectomised rat more

accurately than with serum urea and creatinine levels, the glomerular filtration rates were

measured using 51Cr-EOTA (see Fig. 2.7).It was found that the uraemic animals had, on

average, only I9Vo of the filtration rate of the sham animals. On Day 53, the creatinine and

51Cr-EOTA clearances were compared (see Table 2.1). Although the GFR was higher in the

sham vs the uraemic group using both measurements, the difference between the groups did

vary, with a 647o reduction in creatinine clearance in the uraemic vs sham group, and an almost

807o reduction using clearance of 51Cr-EDTA. This was due to the creatinine clearance giving

higher values than the 51Cr-EDTA clearance in the 5/6 nephrectomised animals, and lower

values in the sham group. The correlation between creatinine and 51Cr-EDTA clearance rwas



ßig.2.7 Clearance of SLçr-UOTA in sham operated (W) and 5/6 nephrectomised rats

(E) on Days 53, 57 and 60 following the onset of renalfailure. TheslCr-EDTA was infused

continuously subcutaneously using an osmotic minipump, as described in Section 2.2. Datz

are mean + SEM.
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calculated for each group separately. In the sham group, with only five rats, there was no

correlation found (y= 0.5043 + 0.145Ix, 12= 0.093). However, a significant correlation

between the two measurements was found in the uraemic group, with the creatinine clearance

(y) consistently giving a higher value than the 51Cr-EDTA clearance (x) (y= -8.2I2e-3 +

I.664x, rZ = 0.739, p< 0.001).

At the onset of renal failure, the body lengths were not significantly different between

the two groups (26.0 + 0.6 vs 26.6't 0.2 cm in the sham and 5/6 nephrectomised rats

respectively). However, the sham operated animals, had significantly greater length gains to

Day 60 compared to the uraemic group (13.8 + 0.8 vs 11.3 t 0.3 cm; p< 0.01 , unpaired t-

test). As in Exp.1, the remnant kidney weight in the uraemic rats was significantly greater than

the normal right kidney in sham operated animals ( 0.580 t 0.037 and 0.399 t 0.014 g/ 100g

body weight in the sham and uraemic rats respectively; p< 0.01). The levels of haematocrit

were not significantly different between the two groups (4I + 2 Vo inthe sham and 39 + | Vo in

the uraemic animals; p> 0.05, unpaired t-test), suggesting anaemia was not present in the

uraemic group.

Throughout this experiment, as in Exp.1, no obvious signs of pain or distress were

found in any of the animals, and only one rat died as the result of terminal renal failure on Day

10.
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Table 2.1 Comparison between GFR measured using creatinine clearance, or 51Cr-EDTA

clearance, in sham operated and 5i6 nephrectomised rats

Group

Sham

Creatinine clearance

(mUmtu/l00g body wt)

SlCr-EDtA clearance

(mUmin/100g body wt)

2

10

t2
13

t]

0.50

0.74

0.68

0.63

0.60

0.69

0.82

r.07

0.68

1.07

Mean

SEM
0.63
0.02

0.87
0.0 s

5/6 nephrectomised

1

3

5

6

l
8

9

11

15

18

19

20

0.26

0.26

0.24

0.35

0.30

0.34

0.59

0.33

0.23

0.15

0.28

0.15

0.16

0.16

0.r2
0.22

0.19

0.26

0.28

0.18

0.15

0.10

0.23

0.10

Mean

SEM
0.29
0.01

0. 18

0.01
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2.4 DISCUSSION

A 516 nephrectomy rat model of chronic renal failure was developed, with a signifrcant

reduction in renal function achieved. This was ascertained by both elevated serum urea and

creatinine levels, and reduced GFR. In addition to reduced renal function, it was also important

that a relatively long (ie. greater than two months), and stable period of renal failure existed

following the surgery, to reduce the liKelihood of acute renal failure still being present (Gretz,

Meisinger and Strauch, 1988). In the 5/6 nephrectomy model the progression of renal failure to

terminal disease is inexorable, although the rate of progression will vary with the amount of

renal pare.nchyma which is removed. The above requirement meant that significant progression

in the model which was established did not occur before two months post-surgery. In the

present model the rats did survive for longer than two months, without any evidence of rapid

progression of disease in any of the animals up until at least 70 days. This was assessed by the

levels of serum urea and creatinine, and also by the body weights, which remained relatively

stable. The stability of the body weights was significant since, in earlier pilot studies practising

the surgical technique and determining how much renal parenchyma to be removed (not

reported here), it was observed that body weight losses sustained over several days were the

first indication of rising levels of serum urea and creatinine.

The next important requisite was that significant growth retardation was present in the

5/6 nephrectomised rats. At all time periods the uraemic rats had gained less weight than the

sham operated animals, and also had a reduced increase in body length. Previous reports have

suggested that an important factor responsible for reducing body growth in uraemia is

decreased food intake (Mehls et aI. 1977; Kleinknecht, Laouari and Burtin 1988), with Mehls

et al. (1977) stating that diminished food intake is the 'major determinant of growth retardation

in preterminal experimental renal failure.'While the food intake in absolute terrns was reduced

in the uraemic vs sham animals at all time points in this study, food intake was increased in the

uraemic vs sham groups when expressed per 1009 body weight on Days 45-47 and 68-70.

This suggests that, from approximately Day 45 following the onset of renal failure, a reduced

food intake was not the primary reason for the lower body weight gains in the uraemic vs sham

operated rats. Most of the previously published reports appear to have maintained the animals
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only up until the time of the first measurement period in the present study ie. three weeks

(Chantler, Lieberman and Holliday 1974; Diaz, Kleinknecht and Broyer 19151'Mehls et al.

1977)- However, in two studies which continued for eight weeks and three months

respectively, decreased food intake was not found to be significant past the fourth week from

the onset of renal failure (Schalch et al. 1981; Williams and'Walls 1989). Therefore, reduced

food intake, due to surgical stress and acute renal failure, may be a more significant factor in

reducing growth in the first weeks following surgery, but other factors which reduce body

growth appeff to become more important as the duration of uraemia is lengthened. Such factors

may include a reduced efficiency of protein utilisation (Wang et al 1916); increased protein

catabolism (Holliday et al. 1977; Garber 1978), which was suggested by the increased

urea:creatinine ratio in the uraemic vs sham animals; abnormalities in protein synthesis, due to a

primary defect in the response to insulin (Clark and Mitch 1983); and reduced fat stores

(Williams and Walls 1989).

Previous studies have used a group of pair fed, sham operated rats, to establish that the

reduced weight gains found in the uraemic animals are not entirely due to reduced food intake

(Wang et al. 1976 Mehls et al. 1980; Schalch et aI. l98l). However, alterations in the pattern

of food intake between uraemic and normal rats remain, for example hungry control rats will

gorge food, while uraemic rats slowly consume their food through the night (Mehls and Ritz

1983). To confirm the importanco of these differences, Laouari and co-workers have

demonstrated that pair fed control rats given their food eight times per day gain significantly

more body weight than rats given the same quantity of food once a day (Laouan et al" 1988).

While it is acknowledged that reduced food intake plays a part in the reduced growth in uraemic

vs sham rats, this appears to play a greater part in the initial period following the surgery, as

outlined above. Furthermore, the aims of the studies contained in this thesis were to examine

methods of improving growth in chronic renal failure, not to identify the causes of the growth

retardation. Therefore, it was decided that pair feeding would not be performed in these

studies.

Glomerular filtration rate was measured in Exp. 2 , as an indication of the reduction in

renal function, remembering that GFR does not always reflect exactly the reduction in renal

mass, because of hyperfiltration in the remaining nephrons (Kleinknecht, Laouari and Burtin
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1988). The use of 51Cr EDTA delivered by continuous infusion with osmotic minipumps has

been previously published (Kaysen, Rosenthal and Hutchison 1989), and validated by Pollock

and co-workers (Pollock, Lawrence and Field 1991). The advantages in using continuous

infusions in conscious, unrestrained animals, rather than timed intravenous fluid infusions in

anaesthetised animals, are that restriction, anaesthesia, surgery and fluid infusion may all affect

GFR (Jobin and Bonjour 1985). In the present study, it was found that creatinine clearance

overestimated renal function in uraemic animals, and underestimated renal function in control

rats. Variability in creatinine production, and extrarenal creatinine metabolism, results in wide

variation between creatinine and inulin clearance (Levey 1990), and, as renal function

deteriorates, extrarenal metabolism represents a greater proportion of total creatinine clearance

(Mitch, Collier and'Walser 1980). In addition, increased creatine release due to muscle protein

breakdown may mean a steady state of synthesis and excretion of creatinine is not occurring,

and therefore the creatinine clearance would be altered, even though the GFR may be

unchanged. Adaptation to environmental changes in rats may take up to a week (Kleinknecht,

Laouari and Burtin 1988), but metabolism cages were not available to us for periods of more

than seven days at the time of performing this study. As a consequence, a stable metabolic st¿te

may not have been present when the measurements were taken. Despite the overestimation of

renal function by creatinine clearance in the uraemic group, there was a significant correlation

between the creatinine clearance and 51Cr EDTA clearance. However, there was no correlation

between these measurements in the control group, which may be partly due to the smaller

number of animals in this group. Greater variation was also found in the clearance of 5lCr

EDTA for each of the three time periods in the control compared to the 5/6 nephrectomised

group. The glomerular hltration rate in normal rats can be extremely labile (Harvey and Malvin

1965), while, in the uraemic animals, the hltration rate in the remaining nephrons may already

have been maximal, and no significant changes in GFR were possible.

Hypertrophy of the remnant kidney resulted in the remnant kidney weight being greater

than the normal right kidney of the sham control animals. At the relatively young age of the rats

when the nephrectomies were performed, hyperplasia is likely to have occurred immediately

following the surgery, with hypertrophy of the renal cells playing a greater role in the renal

hypertrophy as the animals matured (Kaufman, Hardy and Hayslett 1975).
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Urine volumes were two-fold higher in the uraemic animals compared to sham operated

controls. A defect in urinary concentrating ability with resultant polyuria is consistently found

when GFR drops below 50Vo of normal (Kteinknecht, Laouari and Burtin 1988), up until the

stage of terminal renal failure, when anuria ensues. The increased daily urine volume in the

uraemic animals did not result in a reduction in the water balance, as water intake increased

sufficiently to meet the loss. Indeed, the water retention was significantly higher in the uraemic

than the sham operated animals on Days 68-70, which is likely to have resulted in an increased

body water content. A higher percentage of body water has been previously reported in rats

following three months of renal impairment (Williams and 'Walls 1989), confirming this

finding.

The final important factor in setting up the experimental model was that the procedure

did not result in undue pain or stress in the animals. A low level of mortality (3.3Vo) occurred

due to renal failure, since only one rat in 30 died due to uraemia. Therefore, all of the

prerequisites of the model appeared to have been fulfilled.

2.5 CONCLUSIONS

An experimental model of chronic renal failure in the rat was established which

demonstrated:-

L. A significant level of renal impairment, with elevated serum urea and creatinine, and

reduced glomerular filtration rate.

2 . Signihcant growth retardation, with respect to both body weight and body length gains.

3 . Chronic and stable renal failure was successfully established for greater than two months

following the onset of uraemia.

4 . Minimal mortality resulted from the surgical procedure, and no obvious signs of pain or

stress were observed.
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Chapter Three

Effects of seven days of treatment with IGF-I, GH or IGF-
I+GH in rats with chronic renal failure
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3.l INTRODUCTION

Chronic renal failure is associated with significant growth retardation in children, as

discussed in Chapter 1 (Section 1.1) Of particular import¿nce to an increased knowledge of

the pathogenesis of growth ret¿rdation in uraemia has been a better understanding of the

associated perturbations in the GFVIGF-I axis. Growth retardation in chronic renal failure

occurs despite normal to high serum'GH levels and normal serum levels of IGF-I (BIum

1991). However, there is evidence that IGF-I secretion rates are substantially lower than

normal in children with chronic renal failure (Blum 1991). This occurs despite the elevated

GH levels, which would normally be expected to increase IGF-I secretion, and suggests a

state of GH resistance. In addition to the reduced IGF-I production, IGF-I bioactivity is

attenuated in uraemia (Blum 1991). Reduced IGF-I bioactivity may be due, at least in part, to

an increase in specific binding proteins for IGF (IGFBPs) in the serum, as removal of excess

IGFBPs from patient sera by affinity chromatography results in increased IGF-I bioactivity

(Blum 1991).

Following experiments demonstrating improved growth in uraemic rats treated with

GH (Mehls et aI. 1988; Powell, Rosenfeld and Hintz 1988), and with increased availability of

recombinant human GH (rhGH), clinical trials of rhGH treatment in children with chronic

renal failure have been undertaken around the world. However, since clinical usage is still

relatively recent, the long term effects of GH treatment in uraemia are still to be determined.

In children with chronic renal failure hormonal and metabolic derangements such as insulin

resistance are present (Broyer 1982) and may be exacerbated by the hyperinsulinemic effect

of GH (Tönshoff, Heinrich and Mehls 1991). The outcome of GH treatment on residual renal

function must also be monitored, as studies in transgenic mice expressing high levels of GH

have demonstrated progressive glomerulosclerosis (Doi er aI- 1990)" In addition, because

uraemia appears to be a GH resistant state, it is possible that, although GH administration can

promote growth in uraemia, it may not be the most efficient means of treatment, since GH

stimulation of IGF-I secretion will still be impaired.

IGF-I treatment has previously been shown to improve growth in rats with reduced

renal mass (Martin et al. l99I) and could, by circumventing the GH resistance of uraemia,
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result in higher growth rates than GH. Apart from improving growth, another possible

advantage of therapy with IGF-I is that it has some metabolic effects opposed to those of GH.

For example, IGF-I causes hypoglycemia and reduced insulin secretion (Tnnobi et aI. 1992),

in contrast to the hyperinsulinemia and hyperglycemia of GH (Barutsch-Marrain, Smith and

DeFronzo 1982). Combination therapy using IGF-I plus GH could thus result in reduced

metabolic perturbations in contrast to treatment with either peptide individually. Even greater

therapeutic potential has been suggested by the report by Kupfer and co-workers that a

combination of IGF-I and GH has greater anabolic effects than either IGF-I or GH alone

(Kupfer et al- 1993), while a more recent study has suggested that IGF-I+GH have additive

effects on increasing lipid oxidation, and reducing protein oxidation (Hussain et aI. 1994).In

studies in GH-deficient rats, the combination of IGF-I and GH treatment also resulted in

additive effects on whole body growth (Clark, Carlsson and Cronin, unpublished studies).

The aim of this study was to compare the effects of seven days of treatrnent with IGF-

I and GH, alone and in combination, in a rat model of chronic renal failure and growth

retardation, with respect to:

L. Anabolic responses, including body weight gains, nitrogen balance and longitudinal

bone growth.

2. Differences in other physiological responses between the treatments, such as serum

insulin and cholesterol levels, and serum and urinary calcium and phosphate

concentrations.

Note: A large part of this study has appeared in Kidney International (Enhanced body growth

in uraemic rats treated with IGF-I and growth hormone in combination (1994) Hazel S.J.,

Gillespie C.M., Moore R.J., Clark R.G., Jureidini K.F., and Martin A.A- Kidney Int 46:58-

68).
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3.2 METHODS

Peptides

Recombinant human IGF-I (rhIGF-I) and recombinant human GH (rhGH) were generously

donated by Genentech, South San Francisco, California.

Experimental Protocol

For the experiment, a total of 38 weanling female Sprague-Dawley rats of 65-959

body weight were used. Due to limitations in the number of metabolism cages, the study was

completed in two stages of 20 and 18 rats respectively. Surgery was performed as described

in Chapter 2, with the addition of the injection of buprenorphine HCI (0.01 to 0.05 mglkg sc;

Temgesic@, Reckitt and Colman Products, Hull, UK), immediately following the surgery, to

provide post-operative analgesia. Blood was collected from the tail vein at 14 and 28 days

following the onset of renal failure, for the assessment of renal failure by the measurement of

serum urea and creatinine levels. Rats were hetd in individual rat boxes and fed standard

laboratory rat chow. At 43 days after surgery the rat chow diet was replaced with a casein

based díet (22Vo protein, free of 3-methylhistidine and creatinine, see Appendix 1 for

composition). At 45 days post-surgery, rats were transferred to metabolism cages for a four

day acclimatisation prior to commencement of the treatment period. Daily 24-hour

collections of urine and faeces were made, and daily food and water consumption measured

from the day before (48 days post-surgery) and for the subsequent seven days of the treatment

period. Food conversion efficiency was calculated as the weight gain per unit of food intake

over the seven-day treatment period, converted to a percentage. The daily water balance was

calculated as the water intake (ml) minus the urine output (ml).

The commencement of the treatment period, at seven weeks following the onset of

renal failure, was designated as Day 0. On this day the rats were randomly allocated into four

groups of eight animals each, and treated for seven days with either vehicle (control group),

IGF-I, GH, or a combination of IGF-I plus GH (IGF-I+GH). Under halothane (Forthane@,



59

Abbot Australasia Pty Ltd, Kurnell, N.S.W'., Australia) and a mixture of nitrous oxide and

oxygen (CIG, Chatswood, N.S.'W., Australia) anaesthesia, an osmotic minipump (Alzet

Model 2001 Alza, Palo Alto, Califomia, USA) was inserted subcutaneously on the dorsum

of each rat for administration of either IGF-I (420¡tglday), or vehicle (0.1M acetic acid). At

the same time, daily subcutaneous injections of either rhGH (500pg/day), or vehicle (sterile

water), were commenced. Thus, each rat had an osmotic minipump implanted and was given

daily injections. While the rats were stíll anaesthetised with deep muscle relaxation, the body

length (snout to tail tip) was measured using a ruler, and blood collected from the tail vein for

measurement of serum urea and creatinine concentrations. Also at this time the fluorochrome

marker calcein (Calcein@, Sigma, St Louis, MO, USA) was injected intraperitoneally

(l0mg/kg bw) for estimation of longitudinal bone growth over the week of treatment.

On Day 7 of treatment, following the daily 24-hour collections, the rats were

anaesthetised with methohexitone sodium (45mg/kg by intraperitoneal injection) and

exsanguinated. The remnant kidney was removed and weighed, body length measured, and

the right tibia removed. Aliquots of serum were stored at -200C until further analysis. In

addition, blood was collected from five normal female Sprague-Dawley rats, and the serum

frozen ar"-200C for normal serum biochemistry levels.

All procedures were undertaken with approval of the Animal Ethics Committee's of

the Women's and Children's Hospital, and the University of Adelaide, Adelaide.

Sample Analyses

Concentrations of urea and creatinine in the serum and urine were measured using

Unfüt assay kits for the COBAS BIO system (Roche Diagnostica, Basle, Switzerland), and

creatinine clearance calculated for Days 0 and 7. For all other analyses of urine and faeces,

pools were made of pre-treatment (Day -1 to Day 0, inclusive), early treatment (Days 1-3)

and late treatment (Days 4-7) periods. Where there were no significant differences in data

between these time periods, results were totalled for Days 1-7.

The nitrogen content of food, faeces, and urine sample pools was measured by the

Dumas procedure using a Carlo Erba NA nitrogen analyser (Milan, Italy). An automated
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method was used for urinary 3-methylhistidine (3MH) following hydrolysis and ion-

exchange resin purification, using the method described by Tomas and co-workers (1991).

Serum 3MH was measured by high performance liquid chromatography using the method of
'Wassner, Schlitzer and Li (1980).

Serum and urinary sodium and potassium by flame photometry, serum and urinary

osmolality by freezing point osmometry, serum and urinary calcium and phosphate, and

serum alkaline phosphatase, glucose,- and cholesterol were all measured in the Chemical

Pathology Department of the Women's and Children's Hospital, North Adelaide. Urinary

protein was measured using the method of Lowry (Lowry et aI. L95I). Serum insulin

concentration was assayed using a Pharmacia Phadeseph radioimmunoassay kit (Pharmacia,

Uppsala, Sweden). IGF-I levels in the serum were measured by radioimmunoassay following

separation of the IGF-I from the IGF binding proteins using size exclusion high performance

liquid chromatography in acidic conditions (see Appendix 2). The antibody used was a

polyclonal antibody raised against human IGF-I (Conlon 89), with an approximately 80Vo

cross-reactivity with rat IGF-I (courtesy Dr P.C. Owens). The minimal detectable

concentration was less than 20 ng/ml for each assay. A Western ligand blot was performed

using lpl of Day 7 serum pools from each group, and a serum pool of normal age-matched

females for comparison (see Appendix 3). The ligand blot was probed with 125I-JGF-I.

Histology

After removal, the left tibia was bisected longitudinally and one half was placed in

10% buffered formalin, and processed as described in Appendix 4. Histological sections of 5-

1O¡rm thickness were cut on a motorised microtome and mounted unstained on glass slides.

Sections were examined under a fluorescence microscope (Leitz'Wetzlar, Germany), and the

distance between the zone of vascular invasion and the proximal part of the calcein label

measured with an eyepiece micrometer (Hunziker, Schenk and Cruz-Olive 1987) to give the

longitudinal growth rate over the seven day treatment period.
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DataAnalysis

Data are reported as mean + SEM. All statistical analyses were performed using

StatView SE for the Apple Macintosh (Abacus Concepts, Berkeley, CA, USA). Differences

between groups were tested by ANOVA, using a significance level of 957o, followed by

Fisher's Protected Least Significant Difference post hoc test. Paired Student's t tests were

used for comparisons between Days 0 andT within the same group. Regression analysis was

performed using the sæpwise method of entry of independent variables.

4.3 RESULTS

Administration of IGF-I and.ior GH for seven days to rats with chronic renal failure of

seven weeks duration resulted in significant growth enhancement compared with the vehicle

treated control group. The combination of IGF-I and GH produced greater weight gains than

either IGF-I or GH alone, with GH treatment being more effective than IGF-I (Fig. 3.1).

Body length gain (snout to tail tip) over the seven day treatment period was also significantly

increased in the IGF-I and IGF-I+GH groups compared to the control group (9.S + 1.8 and

11.1 + 1.6 mm vs 3.8 !2.3 mm respectively) with the body length gain in the GH treated

animals (7.5 t 2.0 mm) failing to achieve statistical significance. The improved weight gain

in the IGF-I and IGF-I+GH groups was not associated with increased food consumption,

while mean daily food intake was increased with GH treatment (Table 3.1). At the same time,

IGF-I and/or GH treatment resulted in greater food conversion efficiency (weight gain per

unit of food intake over seven days,Vo) than in the control group (Table 3.1). When the

improvements in food conversion efficiency over the control level are summed for the IGF-I

and the GH groups, the resultant value is very close to that measured for the IGF-I+GH group

(40.3Vo vs 39.6Vo). This suggests that the effects of IGF-I and GH on food conversion

efficiency are additive when the treatments are combined.

Although no significant differences in mean water intake or urine output between the

four groups were identified (see Table 3.1), water balance was more positive in each of the

treatment groups compared to the controls. Since water and sodium retention are features of



Fig. 3.1 Body weight changes in rats with chronic renal failure for a duration of 49 days,

treatedwithvehicle (E), IGF-I (L), GH (O) andIGF-I+GH (l) for seven days.Data are

mean t SEM. a: p<0.001 vs vehicle; b: p<0.05 vs IGF-I; c: p<0.001 vs IGF-I; d: p<0.001 vs

GH
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Table 3.L Cumulative and mean food intake, food conversion efficiency, water intake, and

water balance during a7 day treatment period with vehicle, IGF-I, GH or IGF-I+GH in rats

with chronic renal failure (meantSEM).

Vehicle IGF-I GH IGF-I+GH

Cumulative food intake

(sttd)

Daity food intake

(g/1OOgbild)

Food conversion

efficiencya

(úg,vo)

Water intake

(mU1O0gbw/d)

Urine output

(mV10Ogbw/d)

Water balanceb

(mUd)

94.I+4.0 104.2!2-7ce 98.6+2.6

6.0t0.1 6.5t0.1ceh 6.0t0.1

24.8!I.2d 21.5+I.6d 39.6+1.6dfc

14.4!0.9 16.0+1.1 13.7+1.0

9.2tt.0 10.6+1.1 8.2+r.r

11.8+0.4c 12.2+0.7c 12.6t0.8c

9r.3+4.2

6.rfl.2

6.0!2.r

15.9+1.0

11.3+0.9

9.9+0.6

a: Food conversion efficiency= bw increase(g)/food intake(g),7o

b: Water balance = water intake (mUday) - urine output (mUday)

c: p<0.05 and d: p<0.001 vs vehicle; e: p<0.05 and f: p<0.(Ð1 vs IGF-I

g: p<0.001 vs GH and h: p<0.05 vs IGF-I+GH
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Table 3.2 Serum and urinary sodium, osmolality and potassium. Serum is from Day 7 of the

treatment period. Urinary excretion rates are given as the mean for Days 1-7 (meantsEM).

Vehicle IGF-I GH IGF-I+GH

Serum sodium L37.2X2.2

(mmoUl)

Urinary sodium 92.416.9

(mmoUl)

Urinary sodium excretion 1.01fl.02

(mmoV1O0gbw/d)

Serum osmolality 303+5

(mosmlkg H20)

Urinary osmolality 746fi3

(mosm/kg H20)

Urinaryosmolarexcretion 8.16fl.21

(mosm/10Ogbild)

Urinary potassium 51.5f{.3

(mmoUl)

Urinary potassium excretion 0.63+0.02

(mmoV1O0gbild)

t37.9+2.3

r09.5+t2.1

0.94f).03

299t4

800+88

6.87fl.20a

69.û17.5

0.5910.02

133.9+1.3

103.5+11.3

1.04+0.04

297+2

732+85

7.28fl.23a

59.3+6.9

0.s9r0.03

136.8+1.4

rt5.2+1t.3

0.9010.06

297+2

769+69

5.94t0.28ace

6s.615.6

0.51+0.03aM

a: p<0.001 vs vehicle ; b: p<0.01 and c: p<0.001 vs IGF-I

d: p<0.05 and e: p<0.001 vs GH
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GH treatment (Ho and Weissberger 1990), serum and urinary sodium concentrations and

osmolality were measured to investigate whether this increased water balance was due to

sodium retention and./or greater concentration of the urine in the groups treated with GH

and/or IGF-I. Despite there being no differences in urine osmolality between the groups (see

Table 3.2), total urinary osmolar excretion (urinary osmolar concentration (mosm/l) x urine

volume (Uday)) was reduced with both IGF-I and GH treatment compared to the control

group (by l5Vo and IÙVo respectively), with the greatest reduction occurring in the IGF-I+GH

group (27Vo). Urinary sodium excretion was not significantly affected by IGF-I and/or GH

treatment (see Table 3.2), and there was no correlation between urinary sodium excretion and

waterbalance (rz-0.107; p>0.05). Therefore, the increased water retention did not appear to

be due to urinary sodium retention. While there was a significant negative relationship

between urinary osmolar excretion and water balance, the correlation was low (12=0.281;

p<0.002).

The contribution of protein anabolism to the observed weight gains was evaluated

using nitrogen balance studies (see Fig. 3.2a-d). Nitrogen intake was significantly elevated

only in the GH treated group, due to the higher food consumption in these animals (Fig.

3.2a)" Urinary nitrogen excretion was reduced in all treatment groups compared to the

controls, with reductions in total urinary nitrogen excretion of 28Vo in the IGF-I+GH group,

and l4Vo and IÙVo in the IGF-I and GH treated rats respectively. Faecal nitrogen excretion

was also reduced with IGF-I and IGF-I+GH treatment compared to the control, but not with

GH treatment alone (Fig. 3.2c). This decreased total nitrogen excretion resulted in

significantly greater nitrogen retention following IGF-I or GH treatment, with even greater

effects being observed with the combination of IGF-I+GH (Fig. 3.2d). Enhanced protein

accretion was also suggested by the significant reduction in urinary potassium excretion with

IGF-I+GH treatment (see Table 3.2). The relative contribution of water balance and nitrogen

retention to weight gain was evaluated using multiple regression analysis, with weight gain as

the dependent, and nitrogen retention and water balance as the independent variables.

Nitrogen balance was found to be the only significant determinant of weight gain, accounting

for approximately 707o of the total variability. The relationship between the two variables



Fig. 3.2 Nitrogen intake (a), faecal (b) and urinary (c) nitrogen excretion, and nitrogen

retention (d) during 2 days pretreatment and 7 days of treatment with vehicle ( I ), IGF-I

(ø), GH (B) or IGF-I+GH ( fl ) The nitrogen content of food, faeces and urine Sample

pools was measured by the Dumas procedure using a Carl Erba NA nitrogen analyser (Milan,

Italy). Data are mean + SEM.

a:p<0.05 vs vehicle; b:p<0.01 vs vehicle; c: p<0.001 vs vehicle; d p<0.05 vs IGF-I;

e: p<0.001 vs IGF-I; f: p<0.05 vs GH; g:p<0.001 vs GH; h: p<0.05 vs IGF-I+GH
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was described by the equation: bw gain - 31-4 (N retention) - 4.33;rz =0.714,F =74.8,

p<0.0001.

In order to assess the possible contribution of reduced muscle protein breakdown to

the enhancement of nitrogen balance, an index of muscle protein breakdown in each group

was obtained using urinary 3MH excretion (see Fig. 3.3a). While 3MH excretion in the

control group did not vary over the treatment period, there was a significant reduction in

3MH excretion in both the GH and the IGF-I+GH animals. This suggests that at least part of

the increase in nitrogen retention with GH and IGF-I+GH treatments resulted from decreased

skeletal muscle protein breakdown. No effect on 3MH excretion of IGF-I treatment alone was

observed. To ensure that differences in 3MH excretion were not due to changes in 3MH

retention by the kidney, concentrations of 3MH in Day 7 serum were also measured. Serum

3MH levels were found to be similar in each group (3.79 + 0.52,3.12 + 0.4I, 3.24 + 0.25 and

3.54 + 0.29 ¡tmoVl for the vehicle, IGF-I, GH and IGF-I+GH groups respectively), suggesting

that retention of 3MH did not contribute to the reduction in urinary 3MH excretion.

Considerable augmentation in long bone growth with IGF-I and/or GH treatment was

found using calcein as a fluorescent bone marker in the proximal tibial epiphyseal plate (see

Fig. 3.3b). In contrast to the control group, both IGF-I and GH treatments caused significant

increases in long bone growth, with a further significant increase being observed in the

combined treatment group. Adding the increments in bone length of the IGF-I (83.0 pm/day)

and the GH (81.5 pm/day) groups over that seen with vehicle treatrnent (59.6 ttmiday) gives a

sum of 104"9 pm/day. Therefore the IGF-I+GH response of 99.7 pm/day was similar to the

predicted additive response.

Serum and urinary urea and creatinine concentrations were measured on Day 0, prior

to the commencement of treatment, and again on Day 7 (see Table 3.3). No significant

differences between groups were found in levels of serum urea or creatinine at either Day 0

or Day 7. There was, however, a decline in serum urea from day 0 to 7 within the vehicle,

IGF-I and IGF-I+GH treated groups (p<0.05, paired t-test), while levels remained stable in

the GH treated group. Conversely, in the GH group there was a reduction in serum creatinine

with time (p<0.05, paired t-test), while serum creatinine remained unchanged in the other



Fig. 3.3 Urinary excretion of 3-methylhistidine during 2 days pretreatment and 7 days of

treatment (a) atù longitudinal bone growth duríng the seven dnys of treatmant (b), in rats with

chronic renalfailure treatedwithvehicle ( I ), IGF-I (ø), GH ( g ) or IGF-I+GH (g ). An

automated method was used for urinary 3-methylhistidine analysis, following hydrolysis and

ion-exchange resin purification, using the method described by Tomas et aI. (I99I).

Longitudinal bone growth was measured in the proximal tibia, by injecting the fluorochrome

marker calcein (Calcein@, Sigma, St Louis, MO, USA) on Day 0 of treatment, and measuring

the distance that this label had migrated from the growth plate following seven days of

treatment, using a fluorescence microscope (L,eitz Wetzlar, Germany). Datå are mean t SEM.

a: p<0.05 vs vehicle; b: p<0.001 vs vehicle; c: p<0.01 vs IGF-I; d: p<0.01 vs GH
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Table 3.3 Serum urea and creatinine, and creatinine clearance on Day 0 and Day 7 of the

treatment period, remnant kidney weight, and average urinary protein excretion over the 7

days of treatment (meantSEM).

Vehicle IGF.I GH IGF-I+GH

Serum urea (mmoUl)

Day 0 17.3+l.I 15.4t1.5

Day 7 15.411.14 13.0t1.34

Serum creatinine (pmoUl)

Day 0 68.2+3.9 66.2!5.0

Day 7 65.3+2.3 63.013.8

Creatinine clearance (mVmin/100gbw)

Day 0 0.399+0.022 0.437t0.035

Day 7 0.370!0.023 0.353fl.028

Remnant kidney weight

(g) 1.13+0.06 1.38f).11

(g/100gbw) 0.5210.03 0.591il.04

Urinary protein excretion

(mg/l00gbw/d) 44.95+5.91 38.48+7.47 43.83+8.65 38.06+11.9ó

15.9ril.9

15.3+1.3

69.4t4.2

63.7+2.8a

0.390fl.022

0.382fl.023

1.3910.09

0.58r0.03

16.7+1.8

13.8+1.4a

68.0r7.0

67.0!1.9

0.38010.040

0.33û10.029

1.38r0.07

0.55r0.03

a: p<0.05 vs Day 0 (paired t test)

groups. Remnant kidney weights were not significantly different between the groups (see

Table 3.3). High levels of proteinuria were found in this model of renal failure, but urinary

protein excretion was also unaffected by IGF-I and/or GH treatment (see Table 3.3).

To investigate possible changes in carbohydrate metabolism, serum glucose and

insulin levels were measured at the end of the treatment period. No significant differences

were found in serum glucose concentrations between the treatment groups, with 9.4 + 0.3,

10.0 + 0.4, 9.6 + 0.2 and 9.3 * 0.4 mmoVl in the vehicle, IGF-I, GH and IGF-I+GH groups



Fig. 3.4 Serum cholesterol (a), insulin (b) and IGF-I (c) levels in rats with chronic renal

failure of 49 days duration, treatedwithvehicle ( E ), IGF-I (^), GH (O) or IGF-I+GH ( @ )

for seven days. Í-evels were measured in serum collected following seven days of treatment.

The individual values for each rat are represented by each symbol, with the mean of the group

given by the horizontal line.
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respectively. In contrast, there were significant differences in serum insulin concentrations,

with both IGF-I and IGF-I+GH treatment resulting in a significant reduction compared with

vehicle or GH alone (see Fig. 3.4a). GH treatment alone did not cause a significant change in

serum insulin concentration compared to the vehicle group.

Increased levels of immunoreactive IGF-I in the serum followed IGF-I infusion (see

Fig. 3.4b), while no significant difference was found in serum IGF-I levels between the

vehicle and GH treated animals. There was a significant negative correlation between the

serum IGF-I and insulin levels (12=0.329, p<0.001), higher IGF-I levels being related to

reduced serum insulin. Since increased serum levels of IGF binding proteins may contribute

to reduced IGF-I bioactivity in chronic renal failure (Blum et al. I99I), effects of treatment

on IGF binding protein profiles were investigated using Western ligand blot analysis of

pooled Day 7 serum (see Fig. 3.5). IGF-I ligand binding was observed in bands at 50 kDa, 43

kDa, 28 kDa and 24 kDa. Only the 24 kDa binding protein was seen to be more intensely

labelled in all the uraemic groups compared with serum pooled from age-matched normal

rats. Following IGF-I treatment, there was an apparent increase in the intensity of the 50 kDa,

43 kDa and 28 kDa protein bands.

Since hypercholesterolemia is a potentially damaging consequence of chronic renal

failure (Diamond and Karnovsky 1987; Kasiske et al. 1990), we also measured serum

cholesterol levels in Day 7 serum. Higher levels of serum cholesterol were found in the

uraemic animals (see Fig. 3.4c) compared with normal age matched rats (2.38 t 0.18, n=5),

but both IGF-I and IGF-I+GH treatments resulted in significant decreases in serum

cholesterol levels compared to the vehicle group, with no significant change following

treatment with GH. Levels of serum triglycerides did not vary significantly between the

groups (1.01 t 0.26,0.78 + 0.11, 0.74 t 0.10 and 0.71 t 0.08 mmoVl for the vehicle, IGF-I,

GH and IGF-I+GH groups respectively).

Disturbances of calcium and phosphate homeostasis are observed in chronic renal

failure (Ritz et aI. 1992), and IGF-I increases the renal reabsorption of phosphate (Halloran

and Spencer 1988; Caverzasio, Montessuit and Bonjour 1990). Calcium and phosphate

concentrations in serum were, therefore, measured on the final day of treatment, and urinary

calcium and phosphate in urine pooled from Days 1-7. No differences in serum or urinary



Fig. 3.5 Western ligand blot of pooled serum (1 tt|) from rats treated for 7 days with

yehicle, IGF-\, GH or IGF-I+GH and a serum poolfromnormal age-matched animnls.l25l-

IGF-I was used as the probe, and 14C molecular weight markers are shown in the left column

(1+C). See Appendix 3 for details.
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Figure 3.6 Serum calcium and phosphate levels (a) and urinary excretion of calcium and

phosphate (b) in rats with chronic renalfailure treatedwith vehicle (l), IGF-I (ø), GH

( E ) or IGF-I+GH ( tr ). Serum calcium and phosphate were measured from serum collected

on Day 7 of treaúnent. Urinary calcium and phosphate excretion were calculated for the entire

seven days of treatment, and the results expressed per day. Data are mean + SEM. Note that the

scales for the urinary calcium and phospate excretions are different. a: p<0.01 vs vehicle; b:

p<0.001 vs vehicle; c: p<0.01 vs IGF-I; d: p<0.01 vs GH
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Figure 3.7 Correlation between longitudinal bone growth and serum ALP levels in rats with

chronic renal failure treated with vehicle, IGF-[, GH or IGF-I+GH. A significant positive

correlation was found (r2=0.4I0; p<0.001), described by the equation y=I.394x + 18.341

where x is the longitudinal bone growth, and y the serum ALP.
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calcium levels were found between the groups (see Fig. 3.8a and b). On the other hand,

higher serum phosphate levels, in combination with reduced urinary phosphate excretion,

were observed in the IGF-I+GH group compared to both the vehicle and IGF-I groups (see

Fig. 3.6a and b). Elevated serum phosphate concentrations were found in all groups compared

with age-matched normal animals (2.I9 + 0.15 mmoVl, n=5). Higher alkaline phosphatase

(ALP) levels were also observed with IGF-I+GH treatment compared to the vehicle and IGF-

I groups (106 t 14,ll5 + 11, 136 * 12 and 165 t 15 pU/litre for the vehicle, IGF-I, GH and

IGF-I+GH groups respectively). A significant positive correlation between longitudinal bone

growth and both serum ALP (r2=9.4t0; p<0.001; see Fig. 3.7), and serum phosphate levels

was found Q2=0.225; p<0.01), with animals having higher levels of serum ALP or serum

phosphate also likely to have a greater rate of longitudinal bone growth.

3.4 DISCUSSION

This is the first report published, to my knowledge, comparing the anabolic effects of

GH, IGF-I and a combination of IGF-I+GH in rats with chronic renal failure. Significant

growth enhancement was found with IGF-I or GH administration alone, but the greatest

growth effects were seen in the combination IGF-I+GH treated animals. The hypothesis that

IGF-I might result in greater growth responses than GH in uraemia was not supported at the

doses used, as GH treatment gave significantly greater body weight gains than IGF-I, with no

difference in longitudinal bone growth between the two treatments. Since IGF-I was infused

at a molar dose of 2.4-fold that of GH, IGF-I was, in fact, less potent on a molar basis than

GH. Of greater potential therapeutic signihcance, however, was the enhancement of somatic

growth found using a combination of IGF-I+GH treatment. This growth was achieved despite

the significant growth retardation established prior to the commencement of treatment. While

it is not possible to say whether increasing the dose of either IGF-I or GH alone could have

achieved the same growth results, Kupfer and co-workers, in a study of combined IGF-VGH

administration in calorically restricted normal human volunteers, have presented evidence

that higher doses of GH could not stimulate growth to the same extent as GH plus IGF-I

(Kupfer et al. 1993).
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Other research groups have previously reported either increased body weight and/or

length gains in uraemic rats treated with GH (Mehls et aI. 1988; Powell, Rosenfeld and Hintz

1988; Nakano et al. 1989; Arnold et al. L99I), or no significant changes (Kainer et al.I99l;

Santos et aI. I992b; Miller, Hansen and Hammerman 1990). The greatest response previously

reported was in the first report of GH treatment in uraemic rats by Mehls and co-workers

(Mehls et aI. L988), with a I337o increase in body weight gain in GH vs vehicle treated

animals over 14 days (27.0 g in GH tîeated vs 11.6 g) and a 2I7o increase in longitudinal

growth rate using fluorescent bone labelling (204 ¡rm/day vs 169 pm/day). In comparison, we

found a583Vo increase in body weight gain over 7 days (28.7 gvs 4.2 g) and a\most3TVo

increase in long bone growth rate (81.5 pm/day vs 59.6 pm/day). The rats with chronic renal

failure used in this study had a moderate degree of uraemia, with serum urea concentration

elevated approximately 2- to 3-fold, and creatinine clearance 467o of that of sham operated

rats. Mehls and co-workers (Mehls et al. 1988) and Powell and co-workers (Powell,

Rosenfeld and Hintz 1988) used rats with greater elevations in serum urea levels (3.7 and 3.2-

fold respectively), and greater reduction in creatinine clearance (33Vo of sham rats; Powell,

Rosenfeld and Hintz 1988). However, the rats in their experiments were studied within 4

weeks of the onset of renal failure, when acute renal failure may be superimposed on the

chronic process (Gretz et al. 1988). For the reasons outlined in Chapter 2, a less severely

uraemic model was established in these present studies, in order to prolong the time before

end stage renal failure, and thus make it possible to increase the duration of uraemia prior to

the commencement of treatment. It is significant that this study has been the first in which

GH therapy has been initiated following at least 7 weeks of uraemia, avoiding the period of

acute stress following surgery, and allowing the growth retardation to be well established.

These may have been important factors allowing the anabolic potentiat of GH therapy in

uraemic rats to be achieved.

Both IGF-I and GH resulted in significant increases in food conversion efficiency,

with the combination of IGF-I+GH resulting in a 6.6-fold increase compared to the vehicle

group, which was close to the predicted additive effect. Since treatment of children with

chronic renal failure involves restricted dietary management (van Renen et aI. 1992), more

efficient utilisation of food would enhance the efficacy of any therapy in uraemic children.
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Although an increase in food intake in uraemic rats following human GH administration has

not previously been noted (Mehls et al. 1988; Powell, Rosenfeld and Hintz 1988), increased

appetite has been observed in children with chronic renal failure treated with rhGH (van

Renen et aI. 1992), and bovine GH administration caused a dose responsive increase in food

intake in normal female rats (Byatt et al. l99l). It is interesting to speculate whether an

increased food intake is necessary for optimal growth effects following GH administration,

but not with IGF-I

Although it has previously been demonstrated that IGF-I therapy can improve

nitrogen balance in mildly uraemic rats (Martin et al. 1991), this is the first report, to my

knowledge, in which nitrogen balance has been measured in GH treated rats with chronic

renal failure. The increases in nitrogen retention with IGF-I and/or GH treatment were of

particular interest, as protein malnutrition may play a role in the growth retardation of chronic

renal failure (Broyer L982; Canepa et aI. L992). Nitrogen balance was improved most

significantly with combination IGF-I+GH therapy, resulting in a 907o increase in nitrogen

retained compared to the control group. In each of the treatment groups urinary nitrogen

excretion was reduced compared to the control animals, with the rats treated with IGF-I,

alone or in combination, also demonstrating reduced faecal nitrogen excretion. Reductions in

faecal nitrogen excretion have previously been reported following IGF-I treatment in

intestinally resected rats (Lemmey et aI. 1991) and may be a result of greater absorptive

capacity due to a selective effect of IGF-I treatment on gut growth (Martin et al. I99I;

Lemmey et aL 1991). Improved nitrogen absorption by the gut may be one of the factors

contributing to the increased food conversion efhciency observed in this study.

Increased protein accretion was also suggested by a significant reduction in urinary

potassium excretion in the combined treatment group, a result which concurs with data of

Kupfer and co-workers (Kupfer et aI. 1993), in which IGF-I+GH therapy in human

volunteers with calorie restriction resulted in reduced urinary potassium excretion. Potassium

balance is a good index of protein accrual in the muscle and connective tissue compartments

of the body as 83Vo of the total potassium is present in these compartments (Cohn et aI. 1980)

Although, in the present study, the rats were significantly growth retarded, they were

not in a state of net catabolism, as evidenced by the positive nitrogen balance in the vehicle
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treated group. Nevertheless, GH and IGF-I+GH treatment resulted in reduced protein

degradation, as indicated by the fall in urinary 3-methylhistidine (3MH) excretion. Urinary

3MH excretion is a valid index of muscle protein breakdown, since 3MH is derived

exclusively from actin and myosin, found principally in muscle tissue, and is excreted

quantitatively in rat urine following actin and myosin catabolism (Tomas et al. 1987).

The major aim of rhGH therapy in children with chronic renal failure is to increase

their final adult height. Therefore, the additive effects we observed with IGF-I plus GH in

promoting long bone growth were highly significant. Treatment of uraemic rats with rhGH

has previously been shown to increase longitudinal bone growth by 20Vo over those treated

with vehicle alone (Mehls et al. 1988). The rates of tibial longitudinal growth in untreated

uraemic rats measured in our study were low compared to those found by Mehls and co-

workers (59.6 pm/d vs 169 ¡rm/day; Mehls et aI. 1988), due either to the fact that the rats in

our study were older when treatment commenced, or to the longer duration of uraemia with

more substantial growth retardation. In this context, the 67Vo augmentation of bone growth

observed in the IGF-I+GH treated group is even more impressive, since the initial growth rate

was so low.

In chronic renal failure disturbances in calcium and phosphate metabolism, due to

changes in vitamin D metabolism and secondary hyperparathyroidism, result in renal

osteodystrophy (Broyer 1982). Indeed, serum phosphate levels were elevated in all of the

uraemic animals in the present study. Increased serum phosphate levels have not previously

been reported in uraemic rats (Mehls et al. 1988; Fukagawa et al. I99l) due, possibly, to the

shorter duration of renal failure than in our study. GH indirectly stimulates renal reabsorption

of phosphate via IGF-I (Halloran and Spencer 1988; Caverzasio, Montessuit and Bonjour

1990), and Caverzasio and Bonjour have suggested IGF-I as the key regulator of renal

phosphate transport providing the increased phosphate necessary for growth (Caverzasio,

Montessuit and Bonjour 1990). However, in the present study, urinary phosphate

reabsorption and serum phosphate levels were significantly increased only with combined

IGF-I+GH adminstration. Mehls and co-workers also failed to see any increase in serum

phosphate with GH alone (Mehls et al. 1988), and rhGH treatment in uraemic children results

in no alteration in serum phosphate levels (van Renen et aI. 1992). The increase in phosphate
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retention that occurred with IGF-I+GH administration might be related to the greater growth

response in this group. Similarly, the elevated serum levels of alkaline phosphatase with

combined treatment, and their correlation with growth rate, may relate to the positive effect

of combined treatment on bone growth. Serum alkaline phosphatase has been reported as

reflecting osteoblast activity in studies of GH treatment in children with chronic renal failure

(Tönshoff, Heinrich and Mehls I99I; van Renen et aI. 1992).

The anabolic effects of GH may be direct, or mediated indirectly via IGF-I (Chatelain

et al. l99l). Despite the growth responses seen with rhGH treatment, no increase in serum

IGF-I levels was found, while serum IGF-I rose approximately Z-fold following IGF-I

infusion compared to the control animals. Failure of GH treatment to increase semm IGF-I

concentration in uraemic rats has also been reported in other studies (Mehls et al- L988;

Powell, Rosenfeld and Hintz 1988), although a recent study did report a signihcant increase

in serum levels of IGF-I following GH treatment in uraemic rats (Tönshoff et aI- 1994).

These results suggest that, while circulating levels of IGF-I may increase following GH

treatment, this increase is not necessary for GH treatment to have significant anabolic effects,

supporting a direct effect of GH on growth. Alternatively, GH may have acted indirectly via

increased local tissue IGF-I production, with the serum IGF-I levels remaining unchanged.

The combination of IGF-I and GH resulted in dramatic responses, and it is interesting

to speculate on possible reasons for the enhanced efficacy of combined treatment. The greater

anabolic effect may be due, in part, to IGF-I and GH having different effects which, in

combination, may result in complementary results greater than if either peptide was used

alone. For example, the effects of IGF-I on nitrogen balance may not be identical. IGF-I

treatment alone did not significantly alter 3MH excretion, while GH treatment resulted in a

significant reduction, suggesting reduced muscle protein breakdown in the GH, but not IGF-I

treated rats. In contrast, IGF-I treatment resulted in reduced faecal nitrogen excretion,

suggesting improved nitrogen absorption from the gut, whereas no change resulted due to GH

treatment alone. The additive longitudinal bone growth response to IGF-I+GH may also be

due to a combination of different effects. Prechondrocytes appear to be most responsive to the

effects of GH, while the committed progenitor cells are more responsive to IGF-I (Lindahl,

Nilsson and Isaksson 1987), therefore combination treatment may result in both an increase
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in stem cell number, and an increased number of stem cells becoming committed to enter the

growth plate as functional chondrocytes.

Apart from the anabolic effects, combination IGF-I+GH therapy may offer advantages

over treatment with GH or IGF-I alone in terms of metabolic effects. One of the rationales for

combinaúon IGF-I+GH therapy was to reduce the hyperinsulinemia which could result from

rhGH administration. Although we did not find increased serum insulin levels following GH

treatment, there was a significant decrease in serum insulin levels following IGF-I

administration, both alone and combined with GH. Kupfer and co-workers (Kupfer et al.

1993), in human volunteers, also found a decrease in serum insulin levels with IGF-I+GH,

although the decrease was less than with IGF-I alone. IGF-I has a direct effect to reduce

insulin secretion from the pancreas (Zenobi et al. 1992), and its role in reducing insulin levels

was reinforced in this study by the negative correlation found between serum IGF-I and

insulin levels. In uraemic children treated with rhGH, euglycemia is maintained at the

expense of hyperinsulinemia (Tönshoff, Heinrich and Mehls 1991). By administering IGF-I

with GH the potential problems arising from insulin resistance may be avoided.

An additional benefit of coadministration of IGF-I+GH may be reduction of

hypercholesteraemia. All the uraemic rats in this study had elevated serum cholesterol levels,

with a significant reduction in serum cholesterol occurring following IGF-I or IGF-I+GH

administration. This confirms reports in type 2 diabetic patients, in which IGF-I treatment

reduced total serum cholesterol levels (7-enobi et al. 1993; Schalch et al. 1993). IGF-I may

reduce serum cholesterol levels by augmenting the uptake of low density lipoprotein (LDL)

in the extra-hepatic tissues of the body. It has been shown, for example, that LDL receptor

activity in swine granulosa cells is increased following IGF-I treatment (Veldhuis, Nestler

and Strauss 1987), and IGF-I also increases the macrophage uptake of LDL cholesterol

(Hochberg et aI. 1992). The non-significant change in serum cholesterol levels due to GH

treatment which occurred in this study has been reported previously in uraemic rats (Santos ¿/

al. I992c). No significant changes in the serum triglyceride levels occurred between the

groups in this study, suggesting there were no changes in fat absorption in the gut,

triglyceride synthesis in the liver, or lipid oxidation. In hypophysectomised rats, a significant

increase in serum triglyceride levels is found following IGF-I infusion (Sjöberg et al. 1994),
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while, in fasted rats, GH has been reported to significantly increase serum triglyceride levels

(Asakawa et al. 1992), which probably results from the stimulation of lipid oxidation found

with IGF-I and GH treatment (Copeland and Nair 1994; Hussain et al. 1994). The failure of

IGF-I or GH to alter serum triglyceride levels in the present study may be due to a reduction

in fat deposits in the uraemic rats, as reduced subcut¿neous fat was observed vs normal

animals at sacrifice, and a previous study has reported a signihcant reduction in fat deposits

in uraemic vs normal rats (Williams arid Walls 1989). Nonetheless, it is difficult to speculate

on the causes for these results, as the full lipid profile was not measured, and further studies

would be necessary to elucidate the mechanisms involved.

One of the major concerns with any form of therapy in children with chronic renal

failure is that no deleterious effects on residual kidney function should occur. Since elevated

GH and IGF-I levels are associated with increased GFR in humans and rats (Guler, Schmid

and Froesch 1989; Hirschberg and Kopple 1989), and hyperfiltration has been proposed to

contribute to the progression of renal failure (Brenner, Meyer and Hostetter 1982), there is

the possibility that long term treatment with GH and/or IGF-I might be deleterious to the

kidney. Data on the possible effects of IGF-I or GH on GFR in conditions of reduced renal

functional mass are conflicting, with some studies showing no effect of hGH in children or in

rats (Miller, Hansen and Hammerman 1990; Haffner et al. 1989), while a recent study using

IGF-I treatment in adult patients with chronic renal failure showed a significant increase in

GFR (O'Shea, Miller and Hammerrnan 1993). It is important to note that, to this date, no

effects on renal function have been found in children with chronic renal failure treated with

GH (Tönshoff, Heinrich and Mehls 1991). Overexpression of GH in transgenic mice does,

however, result in glomerulosclerosis, which does not appear to occur when only IGF-I levels

are elevated (Doi et aI. 1988). We did not observe any change in creatinine clearance

following 7 days treatment with IGF-I and/or GH, and no increase in serum urea or creatinine

levels, suggesting that no deterioration in renal function occurred. In fact, there was a

reduction in the level of serum urea, which occurred in the majority of the animals during the

seven day treatment period.
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3.4 CONCLUSIONS

J

At the peptide doses used, IGF-I and GH increased body weight gains, nitrogen

retention and longitudinal bone growth, with IGF-I treatment providing a slightly

lower magnitude of response in comparison to GH. Therefore, the hypothesis that

IGF-I may be a better growth promotant in rats with chronic renal failure than GH was

not supported by the data. The rñost significant responses were found in the

combination IGF-I+GH group, with additive increases in longitudinal bone growth

and the efficiency of food conversion when the peptides were given together.

Differences in other physiological responses occurred as the result of peptide

treatment. Both IGF-I and IGF-I+GH treatment had the potentially beneficial effects

of signihcantly reducing serum insulin and cholesterol levels. Serum levels of IGF-I

were increased only in the rats receiving IGF-I infusion, suggesting that the GH

effects were due to local increases in IGF-I synthesis, or direct GH actions. Serum

phosphate and ALP levels were significantly increased and urinary phosphate

excretion significantly reduced only in the combination IGF-I+GH treated rats.
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Chapter Four

Responsiveness of rats with chronic renal failure to
lower doses of IGF-I, GH and IGF-I+GH
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4.L INTRODUCTION

Profound increases in body growth were found with IGF-I and/or GH treatment in the

study which was reported in the previous chapter, and it is likely that treatment with lower

peptide doses than those used should also result in signihcant growth responses. The dose of

GH which was utilised was 2 mglkglday. A review of GH regimes which have been

previously reported is given in Table 4.I. An approximate conversion of I mg - 3.1 IU of GH

has been used, and the doses converted to mg/kg/day where possible. Direct comparisons are

not possible due to the different units of measure, treatrnent regimen, and also varying species

of origin for the GH. However, it can be seen that the majority of studies have used a dose of

at least 2 mglkglday GH, with the exception being the report by Miller, Hansen and

Hammerman (1990) in which 0.a mgkglday of bovine GH was used with a non-significant

effect on body weight gains. High doses of GH have been used due to the assumption that rats

with chronic renal failure are GH resistant (Chan, Valerie and Chan 1993; Tönshoff ¿r ¿/.

L994), but, if growth responses at lower doses of GH could be achieved, then the resistance to

exogenous GH treatment in uraemia may need re-evaluation.

There have been fewer studies published using IGF-I treatment in uraemic rats. The

dose rate of IGF-I which was used in the previous chapter was 1.7 mglkglday. Rats with renal

impairment treated with both 0.9 and 2.2 mglkglday rhIGF-I have signihcantly greater body

weight gains compared to vehicle treated animals (Martin et aI. I99I). In rats with acute renal

failure caused by renal ischaemia, a signihcant acceleration of recovery occurs following IGF-I

treatment, with the additional effects of reducing net catabolism at a dose rate of 1.5 mglkg/day

given by thrice daily sc injections (Ding et aI. 1993), and amelioration of the weight loss with

0.a m{kglday (Miller et aI. L992). Growth effects resulting from 0.7 mg/hglday of IGF-I in

the study in the previous chapter were similar to the responses to GH, and it might also be

predicted that significant growth responses to lower doses of IGF-I could be achieved in the

present model.



Table 4.1 A review of doses of GH which have been used in rats with chronic renal failure in previously published reports.

Reference Rats

Mehls and Ritz 1983 SD female

Mehls et aI.1988 SD female

Powell, Rosenfeld

and Hinø 1988

SD male

GH treatment

Dose rate

5IU/day

(1.6 mg/day)

I.4 IU
(- 3mg k{day)

10-25lU/kg/day

(3.4-8.4 mg/kg/day)

7 mglkglday

100 pg/day

(0.a mgftg/day)

2IUlday

(2.7-10.8 mglkg/day)

Significant increase

Body weight tængth

yes

(48Vo)

yes

(187o)

Mode of treatment

ip injection

2x 0.5 Ulday human

somatotrophin had no effect

Source/time

porcme

14 days

human

14 days

met hGH

28 days

yes

(95Vo)

ip injection 6/7 mornings

yes

NS

yes

no

yes

no

yes osmotic minipumP

yes

(2IVo)

sc injection

osmotic minipump

yes

(287o)

Nakano et al. 1989 SD male rat GH

Miller, Hansen and

Hammerman 1990

SD male

Kawaguchi et aI. I99Ia Wistar female

bovine GH

17 days

rhGH

28 days

oo(,'¡



Table 4.1 cont'd

Reference Rats

Kainer et al.I99l SD male

Kovaks et al.I99l SD female

Arnold et al.l99I SD female

Kawaguchi et aL L99lb Wisu¡ female

Significant increase

Body weight LængthDose rate

0.56 rng/day no

10IU/kg

(3.a mgftg)

5 mglkglday

2IU 2xduly
(2.4-2.7 mglkglday)

lmg
(4-20mslke/day)

3lU/day

GH treatment Mode of treatment

sc daily injections

2x daily sc injection

daily im injection

Source/time

ovine

40 days

rhGH

14 days

human

8 weeks

met hGH

28 days

no

noyes

yes

no

no

(357o)

yes

(607a)

yes

(47o)

sc injection

(I40Vo)

Allen et al.1992

Santos etal.1992b

SD male

SD male rhGH

met rhGH

8 weeks

sc injection 3x weekly

sc injectionno

t4 -5

doses calculated in are m A conversion of 1 Daw3.1 IU has been used. SD = S

oo
o\
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The specific aim of this study was to study the responses to IGF-I, GH and IGF-

I+GH, including body weight gains, food conversion efficiency, and longitudinal bone

growth, at decreasing doses of GH and IGF-I compared to those used in the previous

experiment (Chapter 3).

4.2 NJ{'ATERIALS AND METHODS

The study was completed in a series of three parts of 25 animals each (total=75), due to

limitations in the number of metabolism cages. Rats were nephrectomised as described in

Chapter 2, with the amount of parenchyma removed from the right kidney being similar in all

three experiments (0.307 ! 0.023, 0.282 + 0.033 and 0.273 + 0.027 9/100 g body weight).

Buprenorphine HCI (0.01 to 0.05 mg/kg sc; Temgesic@, Reckitt and Colman Products, Hull,

UK) was again used for post-surgical analgesia, as in Chapter 3. Following the surgery rats

were maintained in individual cages until their surgical wounds had healed, and then placed t'wo

animals to a cage. They were fed standard rat chow ad libitum, and weighed on at least five

days of each week. Blood was collected from the tail vein in each group on two occasions,

between days 14-17, and days 28-32, to confirm the presence of uraemia. On day 40 a22Vo

protein diet was introduced in ceramic pots, as described in Chapter 3, and rats were placed

into metabolism cages on day 45. Following a three day acclimatisation period, metabolism

cage collections were commenced on day 48, and food and water intake and urine and faeces

output were measured daily until the end of the experiment. After the collections on day 49, or

Day 0 of the experiment, animals were placed in a perspex box and anaesthetised with

halothane and a mixture of nitrous oxide and oxygen (CIG, Chatswood, N.S.W., Australia),

as described in Chapær 2. Osmotic minipumps (Alzet Model 2002, Palo Alto, USA) containing

either vehicle or rhIGF-I were implanted subcutaneously in the prescapular region. The vehicle

consisted of 10 mM sodium citrate buffer and 126 mM NaCl at a pH of 6.0. Daily

subcutaneous injections of either rhGH or sterile water also commenced at this time (see doses

below). In addition, animals were given an intraperitoneal injection of the fluorescent bone

marker calcein (10 mg/kg, Sigma Chemical Co, St Louis, MO, USA), and the snout-tail length

measured with a ruler whilst the animals were deeply anaesthesised.
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The doses of IGF-I or GH that each group received are given below, with the dose

relative to body weight, and the number of rats in each group, shown in parenthesis.

vehicle (7)

rhIGF-I 420 ¡t"glday (2.1mglk9lday; n=3)

210¡t"glday (1.05 mglkglday;n=6)

100 pglday (0.5 mg/kg/day; n=6)

rhGH 500 pglday (2'.a mgkglday; n=3)

250 ¡tglday (I.2 mglk9lday; n=6)

125 ¡tglday (0.6 mglkg/day; n=6)

62.5 ¡tglday (0.3 mglkg/day;n=5)

31.8 pg/day (0.15 mglkg/day; n=5)

Following the first two parts of the study, it was found that the body weight gains

resulting from GH treatment at I25,250 and 500 pgiday were not significantly different (see

Section 4.3), and the two lower doses of 62.5 and 31.8 pglday of GH were included in the

third experiment.

In addition to the individual doses of IGF-I and GH, varying combinations of IGF-

I+GH were also used. Doubling doses of IGF-I+GH were given, at 125+100 pglday (6),

210+250 ¡t"glday (6) and 420+500 ¡tglday (3), with the animal number in parenthesis.

Combinations of 210+62.5 ltglday (5) and 210+31.8 pglday (5) were also used in the third

experiment, in order to assess the effects of adding increasing doses of GH (31.8, 62.5 and

250 ¡t"glday) to a given dose of IGF-I (2I0 ¡t"glday). The 210 ¡tglday dose of IGF-I was

selected as an intermediate dose (see Section 4.3), resulting in body weight gains between the

lower and higher IGF-I doses.

During the first experiment, one rat died during the initial anaesthetic, prior to surgery

commencing; in another rat the skin wound over the osmotic minipump opened and the animal

was removed from the experiment; and a third animal treated with 420 ¡tglday IGF-I was

excluded as its body weight gain was not signihcantly different to vehicle treated animals (ie.

9.6 g in seven days). Eleven rats had been treated with the same dose of IGF-I, and each

gained a minimum of 29 gbody weight, therefore it was concluded that there must have been a
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problem with the osmotic minipump infusion. No animals were excluded in the subsequent two

experiments.

Following seven days of treatment, animals were anaesthetised with methohexitone

sodium, and exsanguinated. Blood was collected into a microhaematocrit tube, centrifuged, and

the haematocrit measured. The snout-tail length was measured using a ruler, and the remnant

right kidney removed and weighed. Following removal, the right tibia was dissected free of

muscle, cut in half transversely, and the proximal half placed in l07o neutral buffered formalin

for overnight fixation.

Sample Analyses

Serum urea and serum and urinary creatinine were measured using Unikit assay kits for

the COBAS BIO system (Roche Diagnostica, Basle, Switzerland). Serum insulin was

measured using a Pharmacia Phadeseph radioimmunoassay kit (Pharmacia, Uppsala, Sweden).

Histology

The tibia was processed as described in Appendix 4. Undecalcified sections were

viewed under a fluorescence microscope (Leitz Wetzlar, Germany) and the longitudinal growth

in the week of treatrnent measured using an eyepiece micrometer.

Statistics

Data are expressed as mean + SD. Differences between groups were evaluated using a

one factor ANOVA following by Fisher's post hoc tests. Analyses were performed on an

Apple Macintosh computer using the StatView@ statistical software program (Abacus Concept,

Berkeley, CA, USA).
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4.3 RESULTS

Significant uraemia resulted from the 5/6 nephrectomies, with levels of serum urea and

creatinine similar for each of the three replications. Serum urea levels were 14.2 + 2.7 , 16.8 +

2.8, and 15.3 + 2.1 mmoUl and serum creatinine 65.0 + 7.7,79.9 + 9.7 and 73-3 + 8.9 pmoUl

for each of the experiments on days L4-17 - A slight reduction in the level of serum urea

compared to the earlier values was present on days 28-32 (I3.7 + 3.3, I5.4 + 2.4 and l4-2 +

1.8 mmoVl), with little change in the serum creatinine concentrations (64.1 + I2.7,82.3 + 10.5

and 73.0 + 6.0 pmoUl).

Higher body weight gains resulted from increasing doses of both IGF-I and GH, as

shown in Fig. 4.1a. Each increment in IGF-I dose resulted in significantly greater body weight

gains, and each dose was significantly greater than the vehicle treated group. A dramatic

increase in body weight gain of almost two-fold occurred between the 210 and 420 þglday

IGF-I doses. All of the doses of GH, even the lowest dose of 31.8 pglday, also produced a

significant increase in body weight gain versus the vehicle treated group, with a dose

responsive increase in body weight gain to L25 ¡tglday GH. No significant difference was

found, howevsr, between the three highest doses of GH (125,250 and 500 pglday). At the

highest doses of either IGF-I or GH, the rats gained similar amounts of weight.

Body weight gains resulting from adding increasing doses of GH (31.8, 62-5 and 250

þglday) to 2I0 ltúday IGF-I are also shown in Fig. 4.la. Weight gains due to each of the three

combined doses were significantly greater than the same dose of either IGF-I or GH given

alone, with the greatest weight gains at the higher GH dose (250 ¡tglday). The effects on body

weight gain of doubling doses of IGF-I and GH are shown in Fig.4.1b. Both the individual

peptide doses, and the predicted additive effects, are also given for comparison. The predicted

additive response was obtained by adding the difference between the individual peptide doses,

and the vehicle group, to the vehicle response. At the lower two combined doses, the measured

body weight gains were similar to the predicted additive response. At the highest doses (420

and 500 ttdday IGF-I and GH) a significant increase in body weight gain was found compared

to either IGF-I or GH given alone, but the response appeared to be lower than the predicted

additive effect.



Figure 4.1 Body weight increases in rats with chronic renal failure fteated with vehicle or

varying doses of IGF-(, GH or IGF-I+GH.In (a) a log-linear dose response is shown to 100,

210 and 420 ¡t"flday of IGF-I ( tr ), 31.8, 62.5, I25,250 and 250 púday of GH (Q) and 210

pelday of IGF-I plus 31.8, 62.5 and 250 ¡tglday of GH 1O;, wittr a vehicle ( I ) treated

group included. Fig. 4.1b shows the effects of doubling doses of IGF-I ( ø ), GH ( B ) or

IGF-I+GH ( @l ) on body weight increases. The predicted additive response to the combination

of IGF-I+GH is given on the right side of each ( E ), and the vehicle treated group is included

on the left ( I ). The doses of IGF-I and GH which were given are indicated on the bottom of

the figure, with the numbers representing the dose in pg/day. Data are mean t SD.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs dose of IGF-I

given individually; e: p<0.05 vs dose of GH given individually. Note that in Fig. 4.la, where

no further significance symbols are shown to higher peptide doses vs the vehicle group, the

significance remains at the same level as the last symbol given.



91

(a)

de

100

Peptide dose (¡tglday)

d
e

d
e

50

40

30

20

10

o,
(I)
U)
(ú
q)

c)
.E

o)'õ
3
Eo
m

c c
b aI

0 10
0

1 000

(b)

c
d
e

c
d
e

60

c
c

cd

a

9so
q)
U'
Cd

940
C)
.s
830
.9
0)

=20
Eoc0 10

IGF.I

GH

0 100 0 100

c
c

210 0 210 420 0 420

0 250 250 0 500 5000 0 125 125

0



92

In Chapter 3, GH treatment resulted in a significant increase in relative food intake vs

the vehicle group, with no signihcant effect of either IGF-I, or the combination of IGF-I+GH.

By contrast, although the effect of GH on food intake was confirmed in this experiment, both

IGF-I and IGF-I+GH treatment were also associated with significantly increased food intake

relative to body weight (Fig. a.Ð. Significantly higher food intake was seen only with IGF-I

treatment at the highest dose, while, in the GH treated groups, the 125 and 250 ltglday treated

animals consumed signihcantly more.food than the vehicle group. Although the food intake

was increased in the 500 Vglday GH treated rats, this was not statistically significant vs the

vehicle group. As mentioned above, a signihcant increase in food intake vs vehicle was also

found with IGF-I+GH, at 210+250 püday.The food intake in this group was significantly

greater than 210 ltglday of IGF-I alone, but not in comparison to 250 ¡t"flday of GH. Relative

food intakes in the 420+500 and 100+125 ¡tglday IGF-I+GH treated groups were 6.8 + 0.5

and 6.5 + 0.5 gi 1009 body wt respectively (mean + SD), and the relative food intake at the

highest combination dose was also significantly greater than the vehicle treated group (6.2 +

0.3 g/100g body wt).

Each increment in the dose of IGF-I resulted in a significant increase in FCE, and all

levels of IGF-I were significantly greater than the vehicle treated group (see Fig. 4-3a).

Significantly higher FCE was also found in each of the GH treated groups compared with the

vehicle group. As seen for the body weight increases, the FCE for the 125, 250 and 500

ftglday GH groups were not significantly different, although they were significantly higher

than the 3I.7 and 62.5 ¡t"glday GH dose rates. No significant difference in FCE was found

between the highest doses of either IGF-I or GH given alone. When increasing doses of GH

were added to 210 þglday of IGF-I, each of the responses were signihcantly greater than that

resulting from the same peptide doses given individually (see Fig. 4.3a). The 210+250 pg/day

IGF-I+GH dose resulted in a FCE which was significantly greater than the highest GH (500

Itúday), but not the highest IGF-I dose (420 pdday) (Fig. a.3 a), while the increased FCE at

420+500 ¡t"glday IGF-I+GH was signihcantly greater than both of the individual peptide doses

(see Fig. 4.3b). Additive effects of the doubling doses of IGF-I and GH on FCE were similar

to the predicted additive response at the two lower doses, but, as for the body weight gains, the



Figure 4.2 Food intakc in rats with chronic renalfailure treatedwithvehicle or varying doses

of IGF-L, GH or IGF-I+GH. A log-linear dose response is shown to 100, 210 and 420 ¡tglday

of IGF-I ( tr ), 3L.8, 62.5, 125,25O and 250 ¡tglday of GH (O ) and 2L0 ¡tglday of IGF-I

plus 31.8, 62.5 and250 ¡tgtday of GH 1O¡, with a vehicle treated group included ( I ). Data

are mean + SD. a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs

dose of IGF-I given individually.
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Figure 4.3 Food conversion fficiency in rats with chronic renal failure treated with vehicle

or varying doses of IGF-(, GH or IGF-I+GH.In (a) a log-linear dose response is shown to

100, 210 and 420ltelday of IGF-I ( tr ), 3I.8,62.5,I25,250 and 250 ¡tglday of GH (0) and

210 ¡tglday of IGF-I plus 31.8, 62.5 and250 ¡tglday of GH 1O¡, wittr a vehicle ( I ) treated

group included. Fig. 4.3b shows the effects of doubling doses of IGF-I ( ø ), GH ( E ) or

IGF-I+GH ( Eã ) on body weight increases. The predicted additive response to the combination

of IGF-I+GH is given on the right side of each ( E ), and the vehicle treated group is included

on the left ( I ). The doses of IGF-I and GH which were given are indicated on the bottom of

the figure, with the numbers representing the dose in pg/day. The food conversion efficiency

was calculated as the body weight gain (g/ food intake (g), expressed as a percentage. Data are

mean t SD.

c: p<0.001 vs vehicle; d: p<0.05 vs dose of IGF-I given individually; e: p<0.05 vs dose of GH

given individually. Note that in Fig. 4.3a, where no further significance symbols are shown to

higher peptide doses vs the vehicle group, the significance remains at the same level as the last

symbol given.
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combination response at 420+500 ¡tglday IGF-I+GH appeared to be less than the predicted

effect.

An increase in longitudinal bone growth was found due to increasing doses of IGF-I,

similar to the body weight gain and FCE data, although the bone growth rates resulting from

either 100 or 210 ¡t"glday of IGF-I were not signihcantly different from each other (see Fig.

4.4a)- Each dose of IGF-I also resulted in significantly greater longitudinal bone growth in the

week of treatment than the vehicle groúp. In direct contrast, no dose-response relationship was

evident to GH treatment, as each level of GH resulted in significantly greater longitudinal bone

growth vs the vehicle group, but similar values were present between the lowest (31.8 pgiday)

and highest (500 pglday) doses. In a number of the GH treated animals the fluorescent label

was not visualised in the bone, and the group numbers were reduced as a result. The number of

rats per group in which longitudinal bone growth could be measured were 5,3, 6,6 and 2 for

the 31.8, 62.5,I25,250 and 500 pglday groups respectively. Animal numbers in the groups

treated with 210 ¡tglday IGF-I plus 31.8,62.5 and 250 ¡tglday GH were 5,4.and 4

respectively, also due to unreliable uptake of the fluorescent marker in the bone. Adding

increasing doses of GH to 210 ltglday of IGF-I did not result in a significant acceleration in

longitudinal bone growth compared to 31.8 ltglday GH plus 2I0 ¡t"glday IGF-I, and, although

these three combined doses were significantly greater than 210 ltglday of IGF-I alone, they

were not significantly different to the respective individual GH doses used (see Fig. 4.4a)-

Only at the highest combined dose of 420+500 püday IGF-I+GH was the longitudinal bone

growth significantly greater than the dose of GH (500 pglday) given alone. The additive effects

of doubling doses of IGF-I+GH did not follow the same pattern as the body weight gains and

FCE data, in which the responses at the highest doses were apparently less than the predicted

additive effect. Instead, the longitudinal bone growth response to 420+500 ftglday IGF-I+GH

appeared to be similar to the predicted additive effect (see Fig. 4.4b).

The snout-tail (S-T) length increase over the seven days of treatment for each group is

shown in Fig. 4.5. These data were very variable, and no relationships were evident between

the magnitude of the responses to the doses given. However, a significant increase in body

length was observed at each dose of IGF-I+GH, which did not occur with the individual

peptides (see Fig. 4.5). The S-T length increase was 14.7 t 3.8 mm and 10.5 + 4.0 mm in the



Figure 4.4 ktngitudinal bone growth in rats with chroníc renal failure treated with vehicle or

varying doses of IGF-|, GH or IGF-I+GH.In (a) a log-linear dose response is shown to 100,

210 and 420 ¡t"flday of IGF-I ( tr ), 3I.8, 62.5, 125, 250 and 250 ¡t"glday of GH (O) and 210

ttglday of IGF-I plus 31.8, 62.5 and 250 ¡tglday of GH 10¡, with a vehicle ( I ) treated

group included. Fig. 4.4b shows the effects of doubling doses of IGF-I ( E ), GH ( H ) or

IGF-I+GH ( ffi ) on body weight increases. The predicted additive response to the combination

of IGF-I+GH is given on the right side of each ( E ), and the vehicle treated group is included

on the left ( I ). The doses of IGF-I and GH which were given are indicated on the bottom of

the figure, with the numbers representing the dose in pglday. The longitudinal bone growth

was measured in the proximal tibia using the fluorescent bone marker calcein. Data are mean *

SD.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs dose of IGF-I

given individually; e: p<0.05 vs dose of GH given individually. Note that in Fig. 4.4a, where

no further significance symbols are shown to higher peptide doses vs the vehicle group, the

signif,rcance remains at the same level as the last symbol given.
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Figure 4.5 Snout-tail length increase in rats with chronic renal failure treated with vehicle or

varying doses of IGF-(, GH or IGF-I+GH. A log-linear dose response is shown to 100, 210

and 420 ¡tglday of IGF-I ( tr ), 3I.8, 62.5, 125, 250 and 250 þgtday of GH (O ) and 210

ftetday of IGF-I plus 31.8, 62.5 and 250 þelday of GH 10¡, wittr a vehicle treated group

included ( f ). The snout-tail length was measured with a ruler on Days 0 and 7 of treatment,

and the body length increase then calculated for the week of treatment. Data are mean + SD.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs dose of IGF-I

given individually; e: p<0.05 vs dose of GH given individually.
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420+500 and i00+125 ¡tglday groups respectively, also signif,rcantly greater than the 4.4+ 4.3

mm increase in the vehicle treated group.

Increased water retention was demonstrated with IGF-I and/or GH treatment in Chapter

3, although no effects on water intake or urine output were found. Although the water retention

was elevated at the highest doses of IGF-I and GH used in this experiment, a significant

increase vs the vehicle group was found only in the 420+500 pglday IGF-I+GH treated

animals. In agreement with the results-reported in Chapter 3, no significant differences were

found in the water intake or urine output as the result of peptide treatment (see Table 4.2).

Changes in serum urea, creatinine and in creatinine clearance from Day 0 to Day 7 in

each group are shown in Fig. 4.6a, b and c. In the majority of animals, serum urea levels

decreased over the week of treatment, but no significant differences occurred between the

groups in the magnitude of this change. By contrast, significant increases in the level of serum

creatinine were found from Day 0 to Day 7 in the 420+500, 210+62.5 and 210+31.8 pglday

IGF-I+GH vs vehicle treated groups. As found for the serum urea levels, most of the groups

demonstrated a fall in creatinine clearance over the week of treatment, with no significant effect

of treatment on this change (see Fig. 4.6c)

Remnant kidney weights were not affected by peptide treatment in this experiment,

confirming the results reported in Chapter 3 (see Table 4.3)" While significant reductions in

serum insulin were found due to IGF-I and IGF-I+GH treatment in Chapter 3, no significant

differences between the serum insulin levels of the groups on Day 7 of treatment were found in

this experiment (see Table 4.3). The serum insulin levels in the 420 ¡t"lday IGF-I and 420+500

¡tglday IGF-I+GH groups were lower than those in the vehicle and GH treated animals,

although the differences were not statistically significant. Haematocrit may fall due to chronic

renal failure, as erythropoietin production by the diseased kidney is reduced with resultant

decrease in red blood cell formation (Eschbach and Adamson 1985), and a signihcant decrease

in haematocrit was found in the majority of the groups from Day 0 to Day 7 in this study.

However, peptide treatment had no additional effect on the haematocrit values (see Table 4.3).
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Table 4.2Water intake, urine output and water balance in rats with chronic renal failure

treated with vehicle, or varying doses of IGF-I, GH or IGF-I+GH.

Treatment group Water intake
mV100g body wlday

Urine output
mV100g body wlday

Water ba-lance
mVday

Vehicle

t4.3+2.4- 8.5+1.8 t2.o+2.0

IGF-I

100 pglday

2I0 ¡t{day
420 ¡tg/day

GH

L5.3+2.t

14.9+2.I

15.8+3.9

9.8+2.2

9.3+2.7

10.3+5.1

I 1.6t1.6

11.9+1.5

13.6+0.9

31.8 pglday

62.5 ¡tglday
125 ¡t"g/day

250 ¡t"glday

500 pglday

IGF-I+GH

13.2+1.7

12.6+3.0

14.I+I.6
15.4+3.2

15.1+3.1

8.4+1.7

7.6+2.6

8.9+r.4

t0.2+3.2

9.4+2.4

10.4+1.6

10.511.5

11.6+1.0

11.6+1.6

12.6+t.2

100+125 lte/day
210+31.8 pglday

210+62.5 püday

210+250ltelday

420+500 ftslday

16.3+2.9

12.6+2.2

t3.2+I.4
15.0+2.7

16.r+3.4

9.6+2.3

7.2!r.6
7.7+r.5

9.0+1.7

10.3+2.8

t2.9+r.2
I i.8+0.8

12.r+r.7
t3.2+2.1

l4.8tl.0a

a: significantly different to vehicle group, p<0.05



Figure 4.6 The changes in serum urea (a) and creatinine (b) and creatinine clearance (c) in

rats with chroníc renal failure treated for seven days with vehicle, or varying doses of IGF-(,

GH or IGF-I+GH. The vehicle group is shown on the left hand side ( E ), followed by

increasing doses of IGF-I (100, 210 and 420 ttglday), GH (31.8, 62.5, I25, 250 and 500

Itelday) or IGF-I+GH (100+125,210+31.8,2L0+62.5, 210+250 or 420+500 þelday of IGF-

I+GH respectively). The increasing doses of peptide are given by increasing density of the

stippling, with the IGF-I+GH given in increasing order as 100+125,2L0+3I.8, 210+62-5,

210+25O and 420+500 pg/day. The change in each parameter was calculaæd between Days 0

and 7 of treatrnent. Data are mean * SD. a: p<0.05 vs vehicle
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Table 4.3 Serum insulin, remnant kidney weight, and haematocrit in rats with chronic

failure treated with vehicle, or varying doses of IGF-I, GH or IGF-I+GH for seven days.

Treatment group Serum insulin
(rru)

Remnantkidney weight
(g/100g body wt)

Haematocrit
Day 0 DayT

Vehicle

11.0+1.5 0.54310.065 49+3 44+2

IGF.I

100 pglday

2I0 ¡tglday
420 ¡t"glday

GH

rt.0+2.1

r4.0+2.7

9.7+t.5

0.579+0.106

0.583+0.091

0.54510.165

46+3

45!2

37+5

42+3

39+4

31!l

31.8 pg/day

62.5 ¡t"glday

125 ¡t"g/day

250 ¡-tg/day

500 pglday

IGF-I+GH

13.2+4.4

rt.2+I.9
rt_5+2.4

13.0+0.8

11.5+0.7

0.488+0.046

0.513+0.068

0.571+0.105

0.511+0.077

0.501+0.017

44+3

44!3

48r3

46+4

50r3

42+2

4r+4

42+3

4CÉ3

44+3

100+125 ltelday
210+31.8 pg/day

2L0+62.5 ptelday

210+250 pelday

420+500 ue/dav

t0.2+2.4

10.3+2.5

11.8+3.9

I 1.3+3.1

9.7+2.1

0.600+0

0.522+0

0.54'.7+0

0.525+0

0.587+0

44X2

43+2

41+2

46+4

45!3

4T+T

39+4

38+2

40!3

37+4

101

069

082

080

r52



r02

4.4 DISCUSSION

In the present study significant growth responses were found in rats with chronic renal

failure treated with significantly lower doses of IGF-I, GH and IGF-I+GH compared to those

used in the previous experiment (Chapær 3). Significant growth responses have not previously

been reported, to my knowledge, using doses of GH less than 2mglkg/day in a rat model of

renal failure. Even at the lowest dose of GH used in this study, which was 0.15 mg/kg/day, ie-

over a lO-fold reduction in dose from 2 mglkglday, significantly greater body weight gain and

longitudinal bone growth vs the vehicle treated group were found. In addition, the magnitude

of the responses to GH, and also IGF-I treatment, were similar to those which have been

reported in rats with normal renal function. For example, treatment with approximately 0.8

mgk{day of rhGH in 120 to 150 g healthy female Sprague-Dawley rats resulted in a I00Vo

increase in body weight gain of 32 gcompared to vehicle treated rats (Kovaks et al- 1991). In

the present study, a dose of 0.6 mglkglday GH in 200 g female Sprague-Dawley rats resulted

in an average body weight gain of 25 g, which was a four-fold increase relative to the vehicle

treated animals. This suggests that the absolute body weight gains resulting from similar doses

of GH are similar in either normal or chronically uraemic animals, although the increment in

body weight gain resulting from GH vs vehicle treaÍnent in the uraemic rats was much greater

compared to the normal animals. Treatment with 2 mglkglday of IGF-I in normal female

Sprague-Dawley rats weighing 120-150 g, produced a body weight gain of 34 gin seven days,

or an increase of approximately 33Vo compared to vehicle treated animals (Mehls et al. 1993),

with the same average weight gain of 34 gin the uraemic rats in the present experiment treated

with a similar dose of 1.7 mg/kglday of IGF-I. However, the relative increase of over five-fold

vs the vehicle treated group was again greater in the uraemic than the normal rats. Further

studies comparing a greater number of responses (¿g. body weight gain, nitrogen retention,

longitudinal bone growth) in normal and uraemic rats treated with the same doses of IGF-I and

GH would elucidate any reduction in response due to the uraemic state. These results,

however, do suggest that on the basis of the absolute body weight gains following similar

doses of GH and IGF-I, that the uraemic rats were not resistant to at least some of the anabolic

responses to GH and IGF-I. These responses occurred despite the significant growth
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retardation which was present in the uraemic rats, resulting in far greater relative body weight

increases.

Despite dose responsive increases in body weight gain due to GH treatment, the

longitudinal bone growth values were similar between the highest and the lowest GH doses.

There were some problems in measuring longitudinal bone growth due to the unreliable uptake

of the fluorescent bone marker, causing low rat numbers in some groups. However, the group

treated with the lowest dose of GH (31.8 pglday) had five animals and a relatively low

variability, and the longitudinal bone growth in this group was not only similar to that seen

with the higher doses of GH used in this experiment, but the 91.8 pm/day growth also

compares favorably with the 81.5 pm/day resulting from 500 pglday of GH reported in

Chapter 3. This result implies that the growth plate is particularly sensitive to relatively low

doses of GH, and might suggest a permissive effect of GH, perhaps in conjunction with other

factors affecting bone growth, rather than an effect of GH alone. It would be interesting to

reduce the dose of GH even further to determine whether a reduced longitudinal bone growth

response would occur at lower GH doses, or if the response was an all-or-none effect, with a

non-significant difference vs vehicle treatment occurring below a certain threshold level.

Additive effects of IGF-I+GH on longitudinal bone growth were found at each of the

combination doses which were used. The increase in longitudinal bone growth resulting from

IGF-I+GH treatment, compared to the same dose of GH given alone, was significant only at

420+500 ¡tglday IGF-I+GH. This may have been due to the relatively modest increases in

longitudinal bone growth at the two lower doses of IGF-I, so that even though the responses to

IGF-I+GH were additive, the increase due to addition of IGF-I was reiatively small. It has

been reported that additive effects of IGF-I+GH treatment on osteoblast proliferation are found

only when the exogenous IGF-I concentration exceeds that of endogenously produced IGF-I

by a large margin (Ernst and Froesch 1988), and the results in this experiment also suggest that

the level of IGF-I had to pass a certain threshold before a significantly greater response was

found compared to GH treatment alone.

' Although the body weight gain, FCE and longitudinal bone growth responses to GH

and IGF-I+GH were of a similar magnitude to those obtained with the same doses used in the

previous study (Chapter 3),420 ttúday IGF-I appeared to result in greater responses in this,
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than the previous study. One important difference between the two studies may be that no

significant effect of IGF-I on food intake, relative to body weight, was reported in Chapter 3,

while a signihcant increase was found in this study. It is possible that the greater food intake

allowed enhanced anabolic responses occur. For example in the present study, following 420

¡tglday of IGF-I treatment, the FCE was 34.17o, ãvcrâ,fe body weight gains 34.1 g and

longitudinal bone growth 97 ¡tmlday, while the same parameters were 24.8Vo,23.4 g and 83

pm/day in the previous chapûer. One potentially important difference which did occur between

these studies was the vehicle which was used to dissolve the IGF-I. This was acetic acid in

Chapter 4, while 10 mM sodium citrate buffer and 126 mM NaCl was used in this experiment.

It is possible that this alteration may have improved the bioavailability of IGF-I during the

seven day infusion, eg.by enhancing the stability of the peptide in the osmotic pump. If there

was any difference in the potency of IGF-I, however, it did not appear to influence the body

weight gain and FCE responses to the IGF-I+GH treatment (39 g and 40Vo in Chapter 4 vs 44

g and 4I7o in the present chapter). On the other hand, the longitudinal bone growth following

IGF-I+GH treatment was signihcantly greater in the present chapter (97 vs 83 pm/day). An

explanation for this could be that the body weight gain and FCE responses were already close

to maximal, and even a greater biologically effective dose of IGF-I could not produce a further

increase, while the longitudinal bone growth had not yet reached a maximal response. Evidence

for this exists, as the predicted additive response of body weight gains appeared to be greater

than the response found (Fig. 4.1b), while the predicted and actual longitudinal bone growth

responses were similar (Fig. 4.4b). These speculations could only be confirmed by further

studies, using even higher peptide doses.

Despiæ a trend towards increased water retention at the highest doses of IGF-I and GH

given individually, a statistically significant increase was present only in the 420+500 pg/day

IGF-I+GH treated group. In the previous report (Chapter 3), IGF-I, GH and IGF-I+GH

treatment resulted in signihcant increases in water retention. This difference may be due to only

three rats being included in the highest peptide dose groups in this experiment, while eight rats

were present in the previous study. In both experiments, however, no significant effects of

seven days of peptide treatrnent on urine output or water intake occurred.
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No significant changes in serum urea levels resulted from peptide treatment, although

the levels of serum urea decreased during the seven days in most of the animals. Significantly

increased serum creatinine levels occurred in three of the combination t¡eated groups (420+500,

210+62.5 and 210+31.8 pglday IGF-I+GH) in the present study. In the study reported in the

last chapter, 420+500 ¡tglday of IGF-I+GH resulted in a significant reduction in the levels of

serum creatinine during the seven days of treatment. It is unlikely that the rise in serum

creatinine was due to increased muscle mass in these groups, as their body weight gains were

similar to the 210+250 ttglday IGF-I+GH treated animals, in which serum creatinine did not

rise significantly. The creatinine clearance was not different between these three groups in

which serum creatinine increased, a¡rd the remaining treatment groups, making it less likely that

a reduction in renal function was responsible for the increase in serum creatinine. Repeated

studies would be necessary to both confirm the increase in serum cteatinine at the same levels

of IGF-I+GH, and elucidaæ the potential causes.

Although the kidney mass of normal (Mehls et al. 1994), hypophysectomised (Guler er

al. 1988) and mildly renal impaired rats (Martin et al. I99l) is selectively increased by IGF-I

treatment, this experiment confirms the previous finding in Chapter 3 that in 516

nephrectomised rats with long standing CRF, seven days of treatment with IGF-I, GH or IGF-

I+GH does not increase the kidney weight to body weight ratio. This suggests that resistance to

the usual renotrophic effects of IGF-I was present in the remnant kidneys. Increases in renal

IGF-I levels are found soon after 5/6 nephrectomy in rats (Hise et al. 1992; Rogers, Miller and

Hammerman 1993), and increased IGF-I mRNA expression in the remnant kidney, associated

with tubulo-interstitial fibrosis, has been recently reported from 30 days following surgery in

uraemic rats (Muchaneta-Kubara, Sayed-Ahmed and El Nahas i995). It is possible that an

altered regulation of IGF-I in the remnant kidney negates the normal effects of IGF-I treatment,

and this result is in accordance with the inability of IGF-I to increase GFR in 516

nephrectomised rats (Miller, Hansen and Hammerrnan 1990).

One of the potential benefits of IGF-I or IGF-I+GH treatment vs GH treatment alone

described in Chapter 3 was that serum insulin levels were significantly reduced. This result was

not confirmed in this study, as the apparent reduction in serum insulin levels found at the same
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doses of IGF-I and IGF-I+GH were not statistically significance. If the rat numbers in these

groups had been higher, staústical signihcance may have been found.

4.5 CONCLUSIONS

Significant increases in body weight gain, FCE and longitudinal bone growth were

found at lower dose rates of IGF-I, GH and IGF-I+GH than those used in the previous

experiment. In particular, significant responses were found in longitudinal bone growth, using

up to ten-fold lower doses of GH. With respect to the body weight gains resulting from IGF-I

or GH treatment at similar doses to previously published reports in normal rats (Kovaks et al.

1,99I; Mehls et al. 1993), resistance to at least some of the anabolic effects of the peptides was

not present. However, the normal renotrophic action of IGF-I did not occur, suggesting that

changes due to uraemia in the responses to IGF-I and GH are complex, and organ-specific.
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Chapter Five

Effects of four weeks of treatment with IGF-I' GH,
and IGF-I+GH in rats with chronic renal failure fed

either $Vo or 227o protein diets
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5.1 INTRODUCTION

In Chapters 3 and 4 the growth enhancing effects of IGF-I and/or GH in rats with

chronic renal failure were reported. While it has been previously shown that rhGH will increase

growth in rats (Mehls et al. 1988; Powell, Rosenfeld and Hintz 1988) dnd children (Tönshoff

et al. 1989; Hokken-Koelega et al. l99L; van Renen et al. 1992) with ch¡onic renal failure, the

results of our studies suggest that IGþ-I+GH treatment can produce additive increases in

longitudinal bone growth, with the potential benefit of reducing serum insulin and cholesterol

levels. However, the rats in Chapter 3 were treated with IGF-I and/or GH for only seven days,

and subtle effects of peptide treatment on the progression of renal disease could not be detected

in this short time.

The longer term effects of IGF-I+GH treatment on the progression of renal disease need

to be examined, as evidence exists linking both IGF-I and GH to renal disease. Infusion of

IGF-I increases GFR in both rats (Hirschberg and Kopple 1989) and humans (Guler er

al.l989; Hirschberg et at. 1993), and hyperfiltration has been proposed as a damaging factor

for the kidney, contributing to a reduction in renal function over time (Hostetter et aI-I981).It

should be noted, that neither IGF-I nor GH appear to increase GFR in rats with reduced renal

mass (Miller, Hansen and Hammerman 1990), although the GFR in human patients with

chronic renal failure remains unchanged with GH treatrnent (Haffner et al. 1989), but increases

following IGF-I treatment (O'Shea, Miller and Hammerrnan 1993). In addition, IGF-I may be

involved in the deleterious effects that high dietary protein intake has on the kidney in rats with

both reduced or normal renal mass (Laouar. et al. 1983; Friedman and Pityer 1986; Hostetter et

at. L986), since increases in circulating and renal levels of IGF-I are found with elevated

protein intake (El Nahas et al- 1989; Murray et al. 1993). Experimental evidence also exists

linking GH to kidney pathology, with the most striking results arising from studies in

transgenic mice which overexpress GH. Progressive loss of renal function occurs in these

mice, with mesangial expansion and an increasing occurrence of glomerulosclerosis (Doi ¿r øL

1988; Quaife et aI. 1989). Similar results are also found in animals expressing a mutant form of

bovine GH, in which glomerulosclerosis occurs, but body weight gains and serum IGF-I

levels are not increased, suggesting that body growth and glomerulosclerosis are mediated by
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GH in different ways (Yan g et aI. 1993). Although chronic growth hormone treatment of rats

with chronic puromycin aminonucleoside nephropathy also increases the incidence of

glomerulosclerosis compared to vehicle treated controls (Trachtman et al. 1993), in

streptozotocin diabetic rats, long term GH treatment does not appear to alter the development of

diabetic nephropathy (Nickels et aI. 1993). Therefore, the renal effects of GH appear to be

dependent on the particular animal model which is used. It must also be considered that, in

children treated with rhGH, no evidencé for an exacerbation of renal disease has been reported

(Van Es et aI. l99l; Tönshoff et al. 1992), and renal failure is not a common complication of

acromegaly, in which very high and sustained levels of GH are present (Newbold, Howie and

Girling 1989). Despite the differences which may occur between a rat model of chronic renal

failure, and human disease, new treatments must be carried out in an animal model, before

clinical usage can be initiated. There have been no studies published to date comparing longer

term treatments with IGF-I, GH or IGF-I+GH in an experimental model of chronic renal

failure.

An additional question which could not be answered in a seven day study is whether the

anabolic effects could be sustained for longer periods. Children treated with GH have a reduced

growth velocity in the second year of treatment, although significant growth effects are

maintained in comparison with those found prior to the treatment commencing (Van Es et al.

1991). In addition, when normal volunteers are made catabolic by dietary restriction, they are

refractory to the anabolic effects of GH following 4-5 weeks of GH treatment (Clemmons

1992).If any of the forms of peptide treatment used in this study resulted in a greater

sustainment of growth effects over time, this treatment may offer potential advantages as a

growth promotant in children with chronic renal failure.
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The primary aims of the following experiments \ryere to determine if treatment of rats

with chronic renal failure for four weeks with IGF-I, GH or IGF-I+GH:

I . Affects the progression of renal failure, by measuring parameters reflecting this rate,

including glomerular hypertrophy, glomerulosclerosis, urinary protein excretion,

creatinine clearance and levels of serum cholesterol.

2 . Results in a sustained anabolic effect for the four weeks of treatment.

3. Whether any significant differences which may be found, either in the rate of renal

progression, or the maintenance of growth responses, were influenced by the protein

content of the diet, through feeding the rats either an 8Vo or 22Vo protein diet.

5.2 PRE-TRIAL

Prior to the experiment beginning, a study was carried out to deærmine 1) whether

physiological differences in parameters such as body weight gain, or level of uraemia, could be

obtained between \Vo and 22Vo protein diets, and 2) that the rats remained in a stable state of

uraemia for up to 12 weeks following the onset of renal failure. Stability of renal disease was

necessary for this period of time as peptide treatment would commence at approximately the

same time following the onset of renal failure as that used in Chapters 3 and 4 i¿. seven weeks,

and would continue for four weeks. The 22Vo protein diet was selected as the same protein

concentration as both standard laboratory rat chow, and the diet used in Chapters 3 and 4. An

87o protein diet reduces the progression of renal disease in rats with a 66Vo reduction of renal

mass vs l6Vo and 32Vo protein diet (Laouari et aI. L983), and significant growth retardation

occurs at protein concentrations of less than 87o (Wang et aI. 1916; Salusky et al. l98l:,

Friedman and Pityer 1986). Therefore, the 8Vo and 22Vo protein diets should support

approximately the same growth in the rats, while differing rates of renal progression would be

expected between the two diets"
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5.2,1 Materials and Methods

A totâl of 25 female Sprague Dawley rats was used, and nephrectomies were carried out

as described in Chapter 2. Rats weighed 69.5 + 0.2 g on day -2 of surgery, and the amount of

right kidney tissue resected was 0.207 + 0.001 g or 0.296 + 0.001 g/100g body weight. Two

days later the average body weight was 72.9 + 0.2, and the left kidney weighed 0.446 + 0.002

g or 0.612 + 0.002 g/100g body weight (mean t SEM). One rat died following the first

procedure due to cardiorespiratory failure, prior to recovering from the anaesthesia.

Animals were individually held in plastic/wire mesh rat cages immediately following the

surgery, and then two rats were housed per cage when the surgical wounds had healed. They

were fed standard rat chow and weighed on at least five days a week. On day 26 blood was

collected from the tail vein for the analysis of serum urea and creatinine. Following 46 days of

uraemia animals were placed in metabolism cages for two days. A 24 hour urine collection was

made from day 47-48, and blood was collected from the tail vein on day 48 immediately

following the urine collection, in order to calculate the creatinine clearance. Animals were then

returned to the rat cages.

On day 53, rats were randomly allocated into two groups to receive either the 87o or

22Vo protein casein based diets. The composition of the 22Vo and 87o protein diets is given in

Appendix 1. Approximately 30g of powdered diet in small ceramic pots was given daily to each

cage of two rats.

On day 70 animals were again placed into metabolism cages. Following four days of

acclimatisation, metabolism cage collections were made between days75-77 inclusive. On day

77 following the collections, animals \ryere anaesthetised with methohexitone sodium, and

exsanguinated. The remnant right kidney was removed, and weighed.

Serum urea and creatinine and urinary creatinine were measured using the BlOsystem

for the COBAS autoanalyser. Statistical analysis consisted of paired t-tests, using StatView@

on the Apple Macintosh (Abacus Concepts, Berkeley, CA, USA). Data are reported as mean *

SEM.
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5.2.2 Results

On day 53, when the rats were allocated into the different diet groups, the average body

weights were 202.9 + 4.5 and 205.0 + 3.5 g in the ïVo and 22Vo flroap respectively. The

previous body weight gains in the two groups from the onset of uraemia to day 53 were also

very similar (131.0 * 3.6 vs 130.6 + 2.9 E, 8Vo vs 227o rcspectively). Feeding either an 87o or

22Vo protein diet for 24 days had no significant effect on body weight gzuln (23.4 + 2.3 g vs

22.0 + 2.5 g;ïVo vsZ2%o protein diets respectively).

Data resulting from the metabolism cage collections between days 75 to 77 are shown in

Figs 5.1a-d. Daily food intake was higher in the animals fed the 8% protein diet (5.90 91ffig

body wt) compared to the 227o protein diet (5.55 91009 body wt), but the difference between

the groups was not statistically significant (see Fig. 5.1a). Significant increases in the daily

volume of both urine excretion, and water intake, were found in the 22Vo vs \Vo protetn groups

(see Fig. 5.lb and 5.1c). Despite the increased urine volume in the 22Vo protein group, animals

compensated for the fluid loss by drinking more water, as the water retention was significantly

higher in this group than in the 8Vo protein animals (see Fig. 5.1d).

The serum urea and creatinine, and creatinine clearances, are shown in Table 5.1.

Values are given prior to the allocation into two dietary groups (day 48), and following 24 days

fed the \Vo of 227o protein diets (day 77). On day 48 no significant differences in serum urea or

creatinine, or creatinine clearance, were found betrveen the groups, but feeding a lower protein

diet for 24 days resulted in significantly reduced serum urea levels in the 87o versus the227o

protein group on day 77. Conversely, animals fed the \Vo proÍein diet had significantly elevated

serum creatinine levels vs the 22Vo protein group. Significantly higher creatinine clearance was

found in the 22Vo vs 87o group on day 77, which was due to a greater than 507o increase in

creatinine clearance in the 22Vo protein group from day 48 to day 77 , while the creatinine

clearance in the 87o proæin group remained similar in the same time period.



Figure 5.1 Food intake (a), water intake (b), urine output (c) and water balance (d) in rats

with chronic ren"alfailurefed eíther an 8Vo protein diet ( E ) or 227o protein diet ( @ ) The rats

were fed the different diets from days 53 to 77, and the data represent metabolism cage

collections between days75-77 inclusive following the onset of uraemia. (Data are mean *

SEM. a: p<0.001 vs227o protein diet
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Table 5.1 Serum urea, creatinine and creatinine clearance in rats with chronic renal failure fed

87o or 22Vo proterndiets, prior to the introduction of the different diets (Day 48), and following

24 days of an87o or 227o casein based diet (Day 77).

8Vo protern 22Vo protein

Serum urea (mmol/l)

Day 48

Day 77

13.7!2.5

5.8+0.34

t3.4+t.9

12.6!0.7

Serum creatinine (pmol/l)

Day 48

Day 77

59.8+4.4

70.8+3.04

59.617.8

51.6!L.4

Creatinine clearance (ml/min/l0Og body wt)

Day 48

Day 77

0.323+0.039

0.326+0.0324

0.3r4+0.042

0.491+0.035

a: significantly differentto22To protein group, p<0.001

Dietary protein restriction has been shown to reduce hypertrophy of the remnant

nephrons following reduction of renal mass (Hostetter et aL L98I; Friedman and Pityer 1986).

In the present study remnant kidney weights were increased in rats fed the 22Vo protein

compared to the 87o protein diet (0.611 t 0.015 vs 0.589 + 0.025 g/100g body wt in the 22Vo

vs \Vo groups), but this difference was not statistically significantly.
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5.2.3 Discussion

Despite a reduced protein intake, no significant differences in body weight gain were

found between the 8Vo and 22Vo protein groups. However, nitrogen balance was not measured,

and it is possible that the reduced nitrogen intake in the 87o versus 22Vo protein diet caused a

reduction in nitrogen retention, although a dramatic difference would have been translated into a

reduction in body weight gains. Restriction of dietary protein causes compensatory responses

preventing negative nitrogen balance, with a marked reduction in protein degradation, and a

smaller decrease in protein synthesis (Motil et al. l98I). Insufficient protein diets result in a

greater impairment in growth rate in uraemic vs control rats (Salusky et al- 1981), but the

present results demonstrate that the uraemic rats in this model successfully compensated to a

reduced 8Vo protein content in the diet without growth impairment.

Serum urea levels were approximately halved as a result of the 87o versus the 227o

protein diet. The level of serum urea is directly related to the amount of protein eaten, as urea is

derived from amino acid catabolism (Cottini, Gallina and Dominglez 1973). Since a reduced

rate of progression of renal disease in 516 nephrectomised rats occurs when dietary protein is

reduced (Laouari et al- 1983), the serum creatinine levels, if anything, would also have been

expected to be lower in the 8Vo vs 22Vo protein group. However, the reduced protein diet was

associated with a signihcantly higher level of serum ereatinine than in the22Vo protein group.

Animals fed the 227o protein diet had significantly higher creatinine clearances on day 77, a

result which confirms a previous report which also found an increased creatinine clearance in

22Vo vs 6Vo or I4Vo proteín diets (Friedman and Pityer 1986). It is, therefore, possible that an

increased rate of GFR, suggested by the elevated creatinine clearance, in the 22Vo vs the \Vo

protein fed animals also produced a significant reduction in the serum creatinine levels. The

increase in creatinine clearance from day 48 to 17 in the 227o group was surprising, as the

protein content of the laboratory chow and casein diets should have been similar. The

differences may have resulted from different percentages of individual amino acids present in

the two diets, since diets with varying quantities of specific amino acids result in altered levels

of creatinine clearance in uraemic rats (Meisinger, Gretz and Strauch, 1988).
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1

In comparison to the 22Vo protein group, the animals which consumed the 87o protein

diet had significantly reduced daily urine volumes. Higher protein intake necessitates a greater

solute excretion by the kidney (Bouby et al. 1988). and the reduced urine volume in the 8Vo diet

group may have been due to a reduced requirement for solute excretion. In addition, the

increased creatinine clearance in the 22Vo protein group could have increased the urinary flow

rate in comparison with the 87o dietary group. It is interesting to note that the 22Vo group had a

higher water retention, although these animals excreted greater volumes of urine, hence the

increased water loss is likely to have resulted in a stimulation of thirst.

5.2.4 Conclusions

It was demonstrated in this Pretrial that:

Physiological differences occurred between the 87o and 22Vo protein diets, with

higherserum urea levels, creatinine clearance and urine output in the 22Vo Stoup, and an

elevated serum creatinine level in the 8Vo versus the 22Vo protein fed rats.

A stable state of uraemia appeared to be maintained up to 12 weeks following surgery, as

no further increases in serum urea or creatinine, or changes in body weight, were found

in this time.

5.3 EXPERIMENT

5.3.1 Materials and Methods

Peptides

Recombinant human IGF-I (rhIGF-I) and recombinant human GH (rhGH) were

donated by Genentech, South San Francisco, California.

2
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Experimental proncol

Sixty four rats underwent516 nephrectomies as described in Chapter 2. Sham operated

animals were included in this experiment to determine which parameters were significantly

affected by uraemia per se- The sham animals were anaesthetised in the same way as for the 516

nephrectomy, with each kidney exteriorised, but then decapsulated and replaced without

removal of renal tissue. Due to limitations in the number of metabolism cages, the experiments

were completed in three separate groups of 30, 26 and 31 animals. On the day of the initial

surgery the body weights of the animals werc74.0+ 1.7,71.8 + 1.0 and 67.7 + 1.4 g, vs

7I.6 + 3.8, 68.I + 2.0 and 68.6 ! 3.2 g in the 5/6 nephrectomised vs sham groups. The

weights of the resected tissue of the right kidneys were 0.217 + 0.005, 0-204 + 0.005 and

0.189 t 0.006 g/100g body weight respectively. Two days later, when the left kidney was

removed, the partially nephrectomised rats weighed75.l + 1.6, 74.L + I.2 and 71.5 + 1.8 S

vs 76.2 + 3.8, 70.9 + 3.6 and 76.4 + 3.3 g in the sham operated animals. The left kidney

weighed 0.457 + 0.009, 0.449 + 0.008 and 0.454 + 0.011 g/100g body weight, respectively.

Animals were given buprenorphine HCI (0.01 to 0.05 mVkg sc; Temgesic@, Reckitt and

Colman Products, Hull, UK) for post-surgical anaesthesia following each procedure. Rats

were fed standard rat chow until 39 days after the surgery when they were randomly allocated

into two groups fed either an \Vo or 227o protein casein based diet. The diet change took place

at an earlier time following the surgery than in the pretrial to ensure any effect of the dietary

change on metabolic balance occurred prior to the commencement of the experiment.

Rats were placed in metabolism cages on day 49 for a three day acclimatisation period.

On day 52 animals were anaesthetised with isoflurane (Forthane@, Abbot Australasia Pty Ltd.

Kurnell, N.S.V/. Australia) and a mixture of nitrous oxide and oxygen (CIG, Chatswood,

N.S.W., Australia). The snout-tail length was measured using a ruler, and a sample of blood

collected from the tail vein into an Eppendorf tube for the analysis of serum urea and creatinine,

and also into a microhaematocrit tube to measure the haematocrit. Osmotic minipumps (Alzet

Model ZllrlL4 Alza, Palo Alto, California, USA) were implanted in the scapular area to

continuously pump either vehicle or rhIGF-I over the following four weeks. In addition, daily

subcutaneous injections of either sterile water, or rhGH were commenced. The uraemic animals
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from each diet group were allocated into four treatment groups (n=8), and received either

vehicle, rhIGF-I (200 pglday), rhGH (60 pglday) or a combination of IGF-I+GH (100 ttglday

and 30 þglday respectively) for 28 days. These doses were selected with the aim of achieving

the same body weight gains in animals treated with IGF-I, GH or IGF-I+GH, using the results

of Chapter 4 as the basis for this selection. In this way, peptide doses with approximately the

same biological potency could be compared. The doses of IGF-I and GH when given in

combination were half of the doses ih"n the peptides were given alone. As the growth

response to the combination of IGF-I+GH is determined approximately equally by the two

peptides, then halving the doses should result in the IGF-I+GH treatment being approximately

equivalent to either the IGF-I or GH given alone. Therefore, any differences in response

between the IGF-I or GH, and the combination IGF-I+GH treatment, would be more likely to

be due to treatment with IGF-I and GH, rather than simply a higher biologically active peptide

dose. The vehicle for the IGF-I infusion was the same as that used in Chapter 4 (10 mM

sodium cit¡ate buffer and 126 mM NaCl at a pH of 6.0), and sham and uraemic vehicle treated

animals received solution via osmotic minipumps and also daily injections of sterile water.

Metabolism cage collections were commenced at the onset of treatment, designated as Day 0,

with daily measurement of food and water intake, urine output, and body weights which

continued for the 28 days of treatment. Urine samples were retained from Days 0, 14 and 28

for subsequent analysis of creatinine, and urinary protein, calcium and phosphate excretion.

Eleven rats in total were excluded during the three separate experiments. In the first

experiment the skin wounds over the osmotic minipumps opened in three rats. In the second

experiment four rats died during the 5/6 nephrectomies of cardiorespiratory failure during the

anaesthetic. In the final study two rats died during the initial surgery whilst anaesthetised as in

the second experiment, and two rats again opened the surgical wounds from the osmotic pump

implantation.

Following 14 days of treatment, animals were re-anaesthetised with isoflurane

(Forthane@, Abbot Australasia Pty Ltd. Kumell, N.S.'W., Australia) and a mixture of nitrous

oxide and oxygen (CIG, Chatswood, N.S.W., Australia), and blood was collected from the

tail vein into an Eppendorf tube for analysis of urea, creatinine, calcium and phosphate, and a

microhaematocrit tube for the analysis of haematocrit. On Day 25, during the daily GH or
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vehicle injection, an intraperitoneal injection of Calcein@ (Sigma Chemical Co, St Louis, MO,

U.S.A.) was given to be used as a fluorescent bone marker for measurement of longitudinal

bone growth. On the final day of treatment (Day 28), following the normal daily collections,

animals were anaesthetised with an intraperitoneal injection of methohexitone sodium

(Brietal@, Eli Lilly, Minneapolis, USA) and exsanguinated. Blood was collected into a

microhaematocrit tube, and the remainder placed on ice for up to four hours to allow clot

formation. Snout-tail length was mea'sured using a ruler, and the remnant or normal right

kidney was removed, weighed, and sectioned into halves transversely. One half was placed in

I\Vo nettral buffered formalin hxative, and the other piece placed into liquid nitrogen, and then

stored at -70oC for later staining to detect antibody complexes in the kidney. The liver, heart,

spleen and thymus were also removed, weighed and discarded. Finally, the right tibia was

resected from surrounding tissue, cut in half transversely, and the proximal half placed ín l0%

neutral buffered formalin hxative.

Blood samples were centrifuged following clot formation, and the serum collected and

aliquots stored at either -70o C or -20o C. Samples for Western ligand blot analysis, IGF-I

RIA, and PTH RIA were stored at -70o C to prevent proteolysis, and the remainder of the

analyses were completed on samples stored at -20o C.

All procedures were undertaken with approval of the Animal Ethics Committes of both

the Vy'omen's and Children's Hospital, Adelaide, and the University of Adelaide.

Analyses

Serum and urinary urea, creatinine, calcium and phosphate, and serum glucose,

cholesterol and albumin were measured in the Chemical Pathology Department of the Women's

and Children's Hospital, North Adelaide. Urinary protein was measured using the Lowry

method (Lowry et al. 1951). Serum insulin was assayed using a Pharmacia Phadeseph

radioimmunoassay kit (Pharmacia, Uppsala, Sweden). Serum PTH was measured using a two-

site immunoradiometric assay specific for N-terminal 1-34 of rat PTH (Nichols Institute

Diagnostics, San Juan Capistrano, C.4., USA). Two different goat antibodies to the N(1-34)

rat PTH are utilised in this assay. Rat PTH standards from 0 pg/ml to 1550 pdml were used,
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and control samples of 2l-39 pglmt and240-360 pglml included in the assay. Samples of 200

pl of serum were assayed in duplicate. Serum IGF-I levels were determined following high

performance liquid chromatography of pooled samples from each group (see Appendix 2 for

detaits). The antibody to human IGF-I used was different to that in the previous study (Chapter

3). This antibody (Mopsy, GroPep, Adelaide, S.4., Australia), has only a 207o cross-

reactivity with rat IGF-I, vs the 80% cross-reacúvity in the Conlon 89 antibody used in the

previous experiment. The same serum pools were also used for Western ligand blot analysis

(see Appendix 3), and probed *¡¡ 1251-1GF-I.

Histology

The left tibia was processed as described in Appendix 4. Sections of 5 to 10 ¡rm

thickness were examined under a fluorescence microscope ([,eitz Wetzlar, Germany), and the

distance between the zone of vascular invasion and the proximal part of the calcein label

measured to give the longitudinal growth rate over the hnal three days of the 28 day treatment

period.

Kidney sections were processed routinely and 3pm sections stained with either

haematoxylin and eosin (H&E), or periodic acid Schiff (PAS). The H&E sections were used to

measure glomerular area, with 50-100 glomeruli selected, in a series of helds from cortex to

medulla to ensure glomeruli from both regions were evenly sampled. The glomerular areas

were calculated using images produced by a JVC colour video camera (JVC Color Video

Camera BY-10E, Victor Company of Japan Ltd., Tokyo, Japan), and digitised by a PRISM

Image Analysis Software System (Dapple Systems Inc., Sunnyvale, C.4., USA) on an Apple

Macintosh computer (Abacus Concepts, Berkeley, C.4., USA). On PAS stained sections, 50-

100 glomeruli were examined for sclerotic lesions using an Olympus microscope (Olympus

BH-z, Olympus Optical Co., Ltd., Tokyo, Japan) , with the number of sclerotic glomeruli

counted as a percentage of the total number of glomeruli viewed.
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Data reported are mean + SEM. For variables which were measured only at the

conclusion of the experiment, differences \ryere tested using a two-way ANOVA with treatment

and diet used as independent factors. Depending on the significance of these factors,

differences between individual means were tested using pairwise means comparisons. The

percentages of glomerulosclerosis were converted to natural logarithms prior to analysis, to

correct for non-normal distribution. When the same measurements were repeated over time,

results were analysed using a three factor ANOVA, with treatment, diet and time as

independent factors. Differences between values were then again analysed for significance

using pairwise mean comparisons. SuperAnova@ on the Apple Macintosh (Abacus Concepts,

Berkeley, CA, USA) was used for all statistical analysis. Data were considered significant at

p<0.05.

5.3.2 Results

Body weight and length gains

On Day 0 of treatment the mean body weights were 208.5 ! 6.2,204.4 + 6.6, 209.I t

7.7 and209.5 + 5.7 vs 2L7.2+9.4 g and T99.4 + 5.5, 203.3 +9.2,202.5+1.7 and202.7 t

6.2 vs 230.0 + 5.3 g for the 8Vo and22Vo dietary groups, in the vehicle, IGF-I, GH and IGF-

I+GH vs sham operated groups respectively. The daily changes in body weight for the 28 days

of treatment are shown in Fig. 5.2a and 5.2c for the \Vo and 227o protein diet groups

respectively, with the total body weight gains shown in the accompanying bar diagrams (Fig.

5.2 b and d). In the Pretrial, the body weight gains in the uraemic rats were similar in the 87o

and 22Vo protein diets, and that result was confirmed in this experiment. Thus, in the four

uraemic, and also the sham groups, weight gains were not signihcantly different between the

groups fed an 87o protein diet, and those fed a22%o protein diet. While the diet did not have a

significant influence on body weight gains, peptide treatment in the uraemic rats resulted in

significantly greater gains in the 28 days, with the IGF-I, GH and IGF-I+GH treated groups



Figure 5.2 Body weight gains in uraemic rats fed an 87o (a) or 227o (c) proteín diet, and

treatedwithvehicle ( E ), IGF-I (0), GH (O) or IGF-I+GH (A) for 28 dnys, with a group of

sham operatedvehicle treated rats also included ( a ). The total body weight gains for,the 28

days are also given for the 8Vo (b) and 22Vo (d) dietary groups (vehicle @ , IGF-I E , GH

W, IGF-I+GH ø and shamoperated E groups).

Data are mean t SEM. b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs IGF-I; $:

p<0.05 vs sham operated group; $$: vs p<0.001 sham operated group.
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fed the 87o protein diet gaining significantly more weight than the vehicle treated group, and no

significant differences in weight gain between the three peptide groups. In comparison, only

treatment with either IGF-I or IGF-I+GH in animals fed the 22Vo protein diet resulted in greater

body weight gains than vehicle treatment, with no signif,rcant difference between the GH and

vehicle groups, and IGF-I producing Ereater body weight gains than GH alone. Although the

body weight gains up until the time that the casein diets were commenced (day 35), were

reduced in the 5/6 nephrectomised rats compared to the sham operated controls (109.2 * 1.6 vs

125.9 + 2.6 g; uraemic vs sham), no differences were found between the total weight gains in

the vehicle vs sham groups in either dietary group.

Body weight gains were not uniform throughout the treatment period, and the weekly

weight gains for each group are shown in Fig. 5.3a-j. Over the first week of treatment the

weight gains in all of the peptide treated groups were increased over I007o vs the vehicle

treated uraemic groups, but these body weight gains were not sustained at the same level

following the first week. Indeed in the second week of treatment, body weight gains were

significantly higher than the vehicle group only in the 8Vo GH and IGF-I+GH groups, and in

the final two weeks of treatment, similar weight gains were found between all of the groups. A

tendency could be seen, however, for the IGF-I treated groups to maintain their body weight

gains in the last two weeks, in relation to GH or IGF-I+GH treatment" As found with the total

body weight gains, no differences in weekly body weight gain occurred between the 8% and

22Vo diet groups.

GH antibodies

In order to assess whether the rats produced antibodies against the rhGH used in this

study, an experiment was carried out, measuring the binding o¡ 1251-¡66H in serum samples

from each treatment group (see Appendix 5). In serum from Day 28 of treatment, the GH

treated rats had an increase in the level of binding to 125I-rhGH in comparison with the non-

GH treated animals, suggesting that antibodies to rhGH were present. In serum samples from

Day L4, only 3/13 GH and 6/14 IGF-I+GH treated animals had a level of binding which was

above the non-GH treated rats, thus significant antibody production in the majority of the



Figure 5.3 Weekly body weight gains in rats with chronic renal failure fed an 87o (a,c,e,g)

or 22Vo (b,dl,h) protein diet and treated with vehicle (a,b), IGF-I (c,d), GH (e,fl, or IGF-

I+GH (g,h). A group of sham operated rats waß also fed an 8Vo (i) or 227o (j) protein diet.

Body weight gains were calculaæd during each of the four weeks of treatment. Data are mean t

SEM. a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs IGF-I; e:

p<0.01 vs IGF-I; 1: p<0.05 vs week 1; 2: p<0.05 vs week 2; 3: p<0.05 vs week 3; $: p<0.05

vs sham operated group; $$: p<0.001 vs sham operated group.
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animals was unlikely to have occurred prior to Day 14 of treatment.

Food intake

Increased relative food intakes with the higher doses of IGF-I, GH and IGF-I+GH

treatment were demonstrated in Chapær 4. The daily food intake was measured throughout the

treatment period in this experimen! and the weekly average relative food inøkes are shown in

Fig. 5.4a-j. In animals fed the 87o protein diet, IGF-I+GH treatment resulted in a significant

stimulation of relative food intake in the first and second weeks of treatment vs the vehicle

group, and also in comparison to the 87o IGF-I and GH groups, in the second week only.

Thereafter, the relative food intake decreased in this, and each peptide treated group, with

significant reductions from the first to the fourth weeks of treatment. This decline was also

present in the 227o vehicle group, but was not as dramatic in the 8% vehicle, or sham groups.

IJraemia per se did not result in a reduction of relaúve food intake vs the sham animals. trn fact,

a significantly higher food intake in the first week of treatment occurred in both the 87o and

22Vo vehicle vs sham groups. Relative food intake was influenced by the dietary protein

content, and significantly higher food intake was present in the first two weeks of treatment in

animals treated with GH or IGF-I+GH in the \Vo vs22Vo ptotein groups .

Food conversion efficiency (FCE) was calculated only for the first two weeks of the

experiment, since a number of rats lost weight in the final two weeks making the calculations

invalid. A highly signihcant increase in food conversion efficiency was found in the ltrst week

of treatment in the peptide vs vehicle treated animals (see Fig. 5.5a-j), but this effect was not

maintained into the second week, due to a significant reduction in FCE from the first to the

second week in all of the peptide treated groups, with only the 87o GH and IGF-I+GH treated

animals retaining a statistically higher value than the vehicle group. The reduction in food

conversion efficiency in the second week was largely due to the signif,rcant decline in body

weight gains which occurred in all of the peptide treated groups. Food conversion efficiency

was not reduced by uraemia, and was actually higher in the 22Vo vehicle than the sham group in

the first week. The FCE in the 22Vo sham group was significantly higher in the second vs the

first week of treatment, due to the significant increase in body weight gains which occurred in



Figure 5.4 Weekly food intake in rats with chronic renal failure fed an 8Vo (a,c,e,g) or 22Vo

(b,dl,h) protein diet and treated with vehicle (ø,b), IGF-I (c,d), GH (e,f), or IGF-I+GH

(S,h)- A group of sham operated rats was also fed an 87o (i) or 22Vo (j) protein diet. T\e food

intake is expressed relative to the body weight of the rats- Data are mean + SEM.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; e: p<0.01 vs IGF-I; g: p<0.05 vs GH; 1: p<0.05 vs

week 1; 2: p<0.05 vs week 2;3: p<0.05 vs week 3; #: p<0.05 vs 22Vo protein diet; ##:

p<0.001 vs 22Vo protein diet; $: p<0.05 vs sham operated group; $$: p<0.001 vs sham

operated group.
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Figure 5.5 Food conversion fficiency in rats with chronic renal failure fed an \Vo (a,c,e,g)

or 22Vo (b,dl,h) protein diet and treated with vehicle (a,b), IGF-I (c,d), GH (e,f), or IGF-

I+GH (g,h) for four weeks. A group of shatn operated rats was also fed an \Vo (i) or 22Vo (j)

protein diet. The food conversion efficiency was calculated from the body weight gain (g) per

net intake of food (g), expressed as a percentage. These calculations were only made in the first

two weeks of the treatment period as a relatively high proportion of rats lost weight during

weeks 3 or 4, making the calculation invalid. Data are mean + SEM.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; 1: p<0.05 vs week 1; $:

p<0.05 vs sham operated group; $$: p<0.001 vs sham operated group.
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this group from the flrst to the second weeks of treatment, which was relatively greater than the

smaller increase in food intake which occurred (Fig. 5.2j, 5.3j).

Water bahance

Rats with 5i6 nephrectomy produced approximately two-fold greater daily urine

volumes than sham operated controld, and, confirming the result of the Pretrial, uraemic

animals fed the 227o protein diet had greater urine volumes than the 87o protein groups (see

Fig. 5.6a-j). The alteration in dietary protein intake, however, had no significant effect on urine

volume in the sham operated animals. Treatment with IGF-I and/or GH for seven days in the

earlier experiments (Chapærs 3 and 4) had no signihcant effect on urine output- In contrast, in

this study, elevated urine volumes were found in the final two weeks of treatment in

comparison to the vehicle treated groups in the 8Vo and 22Vo IGF-I+GH treated rats, and also

with GH treatment in the 22Vo protein group. The increased urine volumes in the 227o GH and

IGF-I+GH groups were also associated with a significantly higher urine output in the third

week vs the first week of treatrnent.

Intake of water mirrored the urine output, with increased water intake in the uraemic

compared to the sham operated animals, and also in the 227o versus the 87o uraemic groups

(see Fig. 5.1a-j). Rats fed the 227o protein diet and treated with GH or IGF-I+GH had a

significantly higher water intake in the last week of treatment compared to the vehicle treated

animals" No effects of treatment on water intake were found in the 87o protein uraemic groups.

The urine volumes were subtracted from the waær intake to give the daily water balance

for each animal. Nephrectomised rats retained more water than the sham operated animals

during most of the time periods, with a greater difference apparent between the peptide treated,

than the vehicle treated uraemic animals, in comparison to the sham groups (see Fig. 5.8a-j).

Significantly higher water retention due to peptide treatment was found only in the \Vo GH vs

the \Vo vehicle treated animals in the first week of treatment. During the four weeks of

treatment, water balance decreased in all of the uraemic groups, and also the 8Vo sham group.

This decrease in water balance appeared to be largely due to a relatively greater urine volume

than water intake as the experiment progressed (see Fig. 5.6a-j and Fig. 5.7a-j). Although



Figure 5.6 Urine output in rats with chronic renal failure fed an 8Vo (a,c,e,g) or 22Vo

(b,d,f,U protein diet and treated with vehicle (a,b), IGF-I (c,d), GH (e,f), or IGF-I+GH (g,h)

for four weelcs- A group of sham operated rats was also fed an 87o (i) or 22Eo (j) proteín diet.

The urine output is expressed relative to body weight during each of the four weeks of

treatment. Data are mean + SEM.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; d: p<0.05 vs IGF-I; e: p<0.01 vs IGF-I; 1: p<0.05

vs week 1; #: p<0.05 vs22Vo protein diet; ##: p<0.001 vs22Vo protein diet; $: p<0.05 vs sham

operated group; $$: p<0.001 vs sham operated group.
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Figure 5.7 Water intake in rats with chronic renal failure fed an 8Vo (a,c,e,g) or 227o

(b,d,l,h) protein diet and treated with vehicle (a,b), IGF-I (c,d), GH (e,fl, or IGF-I+GH (g,h)

for four weel<s- A group of sham operated rats was also fed an 8Vo (i) or 22Vo (j) protein diet.

The water intake is expressed relative to body weight during each of the four weeks of

treatment. Data are mean + SEM.

a: p<0.05 vs vehicle; #: p<0.05 vs 22Vo protein diet; ##: p<0.001 vs 227o protein diet; $:

p<0.05 vs sham operated group; gg: p<0.001 vs sham operated group.
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Figure 5.8 Water balance in rats with chronic renal failure fed an 9Vo (a,c,e,g) or 22Vo

(b,d,f,h) protein diet and treatedwith vehicle (a,b), IGF-I (c,d), GH (e,f), or IGF-I+GH (g,h)

for four weeks. A group of sham operated rats was also fed an \Vo (i) or 22Eo (j) protein diet.

The water balance was calculated from the difference in water intake and urine output per day,

and is expressed relative to body weight during each of the four weeks of treatment. Data are

mean + SEM.

b: p<0.01 vs vehicle; 1: p<0.05 vs week 1; 2: p<0.05 vs week 2; $: p<0.05 vs sham operated

group; $$: p<0.001 vs sham operated group.
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greafer \ryater retention was found in the 22Vo vs the 8Vo protein diets in the Pretrial, no effecfs

of the dietary protein on water balance were found in this study.

Organweights

At the end of the treatment period, the liver, heart, spleen and thymus weights were

measured, and the results are shown in Fig. 5.9a-d. Decreased dietary protein intake led to

significant reductions in liver weight in the GH and IGF-I+GH treated animals (see Fig. 5.9a).

Liver weights were unaffected, however, either by peptide treatment or the presence of renal

failure. In contrast, the heart weights were influenced by both the uraemic state and peptide

treatment, with these effects dependent on which protein diet the rats were consuming (see Fig.

5.9b). In animals fed the 87o protetn diet, each of the uraemic groups had significantly greater

heart weights than the sham operated animals, and IGF-I treatment, both alone and in

combination with GH, caused further increments in heart weight. By comparison, only the

22Vo IGF-I+GH treated uraemic group had significantly greater heart weights than the 22Vo

sham group. Protein intake had a significant influence in the IGF-I and IGF-I+GH treated

animals, in which higher heart weights were found in the 8Vo vs the 227o protein group.

The spleen and thymus weights were measured as these organs have been reported to be

particularly responsive to IGF-I (Guler et aI. 1988). Increased spleen weights did, indeed,

result from IGF-I treatment, with significantly higher spleen weights in the 8Vo IGF-I vs the

vehicle and GH treated groups, and in both the 22Vo IGF-I and IGF-I+GH groups vs the

vehicle treated animals (see Fig. 5.9c). The 5/6 nephrectomy resulæd in significant increases in

spleen weight vs the sham groups, but no significant effects of dietary protein content on

spleen weights were found. The thymus was also responsive to IGF-I, but only in the IGF-I

and IGF-I+GH treated groups consuming the 22Vo protein diet, as no effect of peptide

treatment on thymus weight was found in the 87o protein group (see Fig. 5.9d). Unlike the

spleen weights, uraemia had no effect on the weight of the thymus, and dietary protein intake

was also found to have a non-significant effect on thymus weight.



Figure 5.9 Liver (a) heart (b), spleen (c) and thymus (d) weights in uraemic rats fed an 87o

or 227o protein diet, at the end of 28 days of treatment with vehicle I H ), IGF-I ( ø ), GH

( W ) or IGF-I+GH ( ø ). A sham operated group was also included in each dietary Broup

I E ). The organ weights are expressed relative to body weight. Data are mean + SEM

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs IGF-I; g:

p<0.05 vs GH; h: p<0.01 vs GH; #: p<0.05 vs 22Vo protein diet; $: p<0.05 vs sham operated

group; $$: p<0.001 vs sham operated group.
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Kidney

Following the 5/6 nephrectomy marked hypertrophy of the remnant kidney occurred, as

the remnant kidney weights of all of the uraemic groups were increased compared to the normal

right kidney of the sham operated controls (see Fig. 5.10a). Both treatment and diet had

additional effects on the remnant kidney weight. Within the groups fed the 227o protein diet,

IGF-I+GH treatment resulæd in signifióantly great€r kidney weights than in the vehicle, IGF-I

and GH treated animals. No effect of peptide treatment, however, was found in the uraemic

groups on the ïVo protein diet. Varying dietary protein concentrations resulted in differences in

the remnant kidney weights in the GH and IGF-I+GH treated groups, in which signif,rcantly

greater kidney weights were found in the 22Vo compared to the 8Vo protein diet. In conjunction

with the higher kidney weights, glomerular hypertrophy was present in the uraemic animals

compared to the sham operated controls (see Fig.5.10b). Peptide treatment resulted in a

significant increase in glomerular size in the 22VoIGF-IIGH compared to the vehicle and IGF-

I groups, but no significant effect of the dietary protein content on glomerular a¡ea was found.

The incidence of glomerulosclerosis was also determined, in order to assess the degree of

kidney damage in each group. Negligible glomerulosclerosis was found in the sham operated

animals, while in the 5/6 nephrectomised animals a greater number of glomeruli were affected

by sclerosis. A non-statistically significant increase in the incidence of glomerulosclerosis

occurred in the 227o protein diet with GH and IGF-I+GH treatment compared to IGF-I alone.

In addition, it was noticeable that in each of the uraemic groups, excepting the IGF-I treated

rats, a higher percentage of sclerosis was found in the 22Vo vs the \Vo protein group, although

this difference was also not statistically significant. Photomicrographs showing representative

glomeruli are shown in Fig. 5.1la-d. The glomerulus from a sham operated rat has a relatively

low glomerular area (Fig. 5.11a), and is contrasted with glomeruli from 5/6 nephrectomised

animals in which obvious glomerular hypertrophy is seen without glomerulosclerosis (Fig.

5.11b), or with moderate (Fig.5.11c) or severe (Fig.5.1ld) glomerulosclerotic lesions

apparent.

Since there was a likelihood that antibodies had been produced against rhGH, a study

was performed to investigate whether antibody complexes had been deposiæd in the kidney, as



Figure 5.L0 Kidney weight (a), glomerular area (b), and percentage of glomerulosclerosis

(c) in uraemic rats fed an \Vo or 22Vo protein diet, at the end of 28 days of treatment with

vehicle ( H ), IGF-I ( ø ), GH ( W ) or IGF-I+GH ( ø ). A sham operated Broup was also

included in each dietary group ( E ). The kidney weights are expressed relative to body

weight. Glomerular area was calculated using Image Analysis, measuring 50-100 glomeruli on

H&E sections of the kidney from each rat (see Section 5.2.1). Glomerulosclerosis was

examined using PAS sections from each kidney, with 50-100 glomeruli viewed, and the result

expressed as a percentage. Data are mean + SEM.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; d: p<0.05 vs IGF-I;e: p<0.01 vs IGF-I; g: p<0.05

vs GH; #: p<0.05 vs 227o protein diet; $: p<0.05 vs sham operated group; $$: p<0.001 vs

sham operated group.
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Figure S.Ll Representative photornicrographs showing glomeruli from sham operated and

5/6 nephrectomised rats on Day 28 of treatment wíthvehicle, IGF-[, GH or IGF-I+GH in the

uraemic animnls. The glomerulus from a sham operated rat has a relatively low glomerular area

(a), and is contrasted with glomeruli from 5/6 nephrectomised animals in which obvious

glomerular hypertrophy is seen, either without glomerulosclerosis (b), or with moderate (c) or

severe (d) glomerulosclerotic lesions apparent. Sections were stained with H&E, and each

photomicrograph is at x 20 magnification.
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this could have lead to greater damage to the kidney. A fluoroscein conjugated goat antibody

raised against rat immunoglobulins was used to stain sections from both GH and non-GH

peptide treated uraemic rats, and a sham operated animal (Appendix 3). This was viewed under

a fluorescence microscope, and a low level of fluorescence was found in both GH- and non-

peptide treated rats, with none present in the sham operated animal. The fluorescence had a

granular pattern, following the capillary loops in the glomerulus, and was also present in the

tubules. Since the intensity of the stainiñg was relatively low, and it appeared in both groups of

uraemic rats, it was likely to be non-specific binding to excess protein, probably albumin, due

to leakiness of the damaged glomeruli.

Serumurea and creatinine and creatinine clearance

The serum urea levels did not change significantly over the treatment period, and hence

the values for Day 0 (pre-treatment) and the average of Days 14 and 28 (post-treatment) are

shown in Fig. 5-I2a and b. On Day 0, the levels of serum urea tended to be higher in the

uraemic vs sham and 22Vo vs \Vo protein diets, but no significant differences were found

between the uraemic groups (see Fig. 5.I2a). Following peptide treatment, the serum urea

levels in the 22Vo GH and IGF-I+GH groups were significantly higher than both the vehicle

and IGF-I treated animals (see Fig. 5.12b). No differences were seen between the 87o uraemic

groups, with the lower level of serum urea in the IGF-I treated animals failing to reach

statistical signihcance vs the vehicle group (p=0.11).

Serum creatinine levels were.also not significantly changed over the four weeks, and the

values for Day 0 (Fig. 5.13a) and the average of Days 14 and 28 (Fig. 5.13b) are given, as for

the serum urea. The reduced renal function in the 5/6 nephrectomised animals was confirmed

by significantly elevated serum creatinine levels vs the sham operated animals, both pre- and

post-peptide treatment. In contrast to the serum urea, serum creatinine levels were elevated in

the 8Vo vs the 22Vo protein group, a difference which had also been demonstrated in the

Pretrial. On Day 0 the serum creatinine level in the 8Vo IGF-I+GH treated group was

significantly higher than the 87o vehicle and IGF-I treated groups. Following peptide treatment

the difference in the concentration of serum creatinine between the 8Vo IGF-I+GH and the other



Figure 5.12 Levels of serum urea on Day 0 (pretreatment; a) and the average of Days 14

and 28 (during treatmen| b) in uraemic rats fed an 9Vo or 22Vo proteín diet. Animals were

treatedwithvehicle(W), IGF-I(ø),GH(W)orIGF'I+GH(ø).Ashamoperateàgroup

was also includedin each dietary group ( ø ). Data are meant SEM.

a: p<0.05 vs vehicle; e: p<0.01 vs IGF-I; #: p<0.05 vs 22Vo protein group; ##: p<0.001 vs

227o protein diet; $: p<0.05 vs sham operated group; gg: p<0.001 vs sham operated group.
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Figure 5.13 Levels of serum creatittine on Day 0 (pretreannent, a) and the average of Days

l4 and 28 (during treatment, b) in uraemic rats fed an \Vo or 22Vo protein diet. Animnls were

treatedwithvehicle(H), IGF-I(n),GH(W)orIGF-I+GH(ø).Ashamoperatedgroup

was also included in each dietary group I E ,). Data are mean + SEM.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs IGF-I; g:

p<0.05 vs GH#: p<0.05 vs22Vo protein diet; ##: p<0.001 vs22Vo protein diet; $: p<0.05 vs

sham operated group; $$: p<0.001 vs sham operated group.
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three 8Vo uraemic groups appeared to increase, and was significantly higher than all three other

\Vo ùraemic groups. Peptide treatment in animals consuming the 22Vo protein diet did not have

any significant effects on the levels of serum creatinine, with a non-statistically significant

increase in serum'creatinine in the IGF-I+GH group.

Creatinine clearance in the 5/6 nephrectomised animals was significantly lower than in

the sham operated rats, also confirming the reduced renal function in the nephrectomised

animals (see Figs 5.14a-j). Peptide treatment tended to further reduce the creatinine clearance,

with significantly lower creatinine clearances on Day 28 vs Day 0 in the 87o groups treated with

IGF-I, GH, and IGF-I+GH. A significant reduction in creatinine clearance from Day 0 to Day

28 also occurred in the 22Vo IGF-I and IGF-I+GH, but not GH, groups. As a result of these

decreases, the creatinine clearance on Day 28 was significantly lower in the 87o GH and IGF-

I+GH treated animals, and the 22Vo IGF-[+GH treated group, vs the respective vehicle groups.

Higher dietary protein increased the creatinine clearance significantly in the IGF-I, GH and

sham groups during the treatment period.

The ratio of urea:creatinine can be used to assess the contribution of urea production to

the observed serum urea concentration, as opposed to the contribution of renal failure as

represented by elevated serum creatinine levels (Kopple and Coburn 1974). Significantly

higher urea:creatinine ratios were found in the 22Vo vs 87o dietary protein groups in both the

uraemic and sham operated groups (see Fig. 5.15a-j). Uraemiaper sehad no effect on this ratio

in the 87o groups, whereas in the rats consuming the 22Vo prorein the urea:creatinine ratio was

significantly higher in the vehicle treated uraemic, compared to the sham operated animals.

Signilrcantly reduced urea:creatinine ratios were found in the \Vo IGF vs vehicle group on Day

14, while significantly increased urea:creatinine ratios were seen in the 22Vo GH and IGF-

I+GH treated groups vs the vehicle group on Day 28.

Serum and urinary calcium and phosphate

In Chapter 3 significant increases in serum phosphate concentration were reported

following IGF-I+GH vs vehicle treatment. These results were confirmed in the present

experiment, since significantly higher serum phosphate levels were found on Day 28 in



Figure 5.14 Creatinine clearance in rats with chronic renal failure fed an 8Vo (a,c,e,g) or

22Vo (b,df,h) protein diet and treatedwith vehicle (a,b), IGF-I (c,d), GH (e,f), or IGF-I+GH

(g,h) for four weel<s. A group of sham operated rats was also fed an 9Vo (i) or 22Vo (j) protein

diet. The creatinine clearance was calculated on Day 0, 14 and 28 of treatment. Data are mean

+ SEM.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs IGF-I; 1:

p<0.05 vs Day 0; 2: p<0.05 vs Day 14; #: p<0.05 vs 22Vo protein diet; $: p<0.05 vs sham

operated group; $g: p<0.001 vs sham operated group.
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Figure 5.15 Ratio of serum urea:creatinine in rats with chronic renal failure fed an 87o

(ø,c,e,g) or 22Vo (b,d,f,h) protein diet and treated with vehicle (a,b), IGF-I (c,d), GH (e,f), or

IGF-I+GH (g,h) for four weeks. A group of sham operated rats was also fed an 8Vo (i) or 22Vo

(j) protein diet. The urea:creatinine ratio was calculated on Day 0, 14 and 28 of treatrnenL Data

are mean + SEM.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; e: p<0.01 vs IGF-I; f: p<0.001 vs IGF-I; g: p<0.05

vs GH; 1: p<0.05 vs Day 0, 2: p<0.05 vs Day 14, l*#: p<0.001 vs 22Vo prorein diet, g:

p<0.05 vs sham operated group, gg: p<0.001 vs sham operated group.
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comparison to the vehicle treated rats in both the 8Vo and227o IGF-I+GH treated animals, and

also in the22Vo IGF-I+GH group on Day 14 (see Fig. 5.16a-j). The serum phosphate levels in

the IGF-I+GH treated groups were also significantly higher than the GH treated animals on

Day 28. Prior to the commencement of treatment, on Day 0, the serum phosphate levels were

not significantly different between the uraemic vehicle and sham operated animals, although the

levels were significantly elevated in some of the uraemic peptide treated groups vs the sham

groups. This result suggests that uráemia per s¿ tended to increase the level of serum

phosphate, but that the effect was not marked. Dietary protein intake had no significant effect

on the serum phosphate levels of animals given the same treatment, and serum phosphate

concentration decreased with time in the vehicle treated uraemic groups, and also inthe22Vo

GH treated animals.

In parallel with the elevation in levels of serum phosphate with IGF-I+GH treatment

described in Chapter 3, significant reductions in urinary phosphate excretion were also found.

This did not occcur in the present study, as no significant effects of peptide treatment on

urinary phosphate excretion occurred (see Fig. 5.17a-j).It was evident, however, thatthe \Vo

protein diet resulted in significantly reduced urinary phosphate excretion vs the 22Vo protein

diet, in both the uraemic and sham operated rats. Within animals fed the same diet, no

significant differences in urinary phosphate excretion were found between the uraemic and

sham groups, suggesting that urinary phosphate excretion was not significantly influenced by

renal failure.

The levels of serum calcium were significantly changed with time during the

experiment, but neither diet, uraemia or peptide treatment had any further effect (see Table 5.2).

Signif,rcant decreases with time were found in both the 8Vo and 22Vo IGF-I and sham groups,

and also in the 87o IGF-I+GH group. In parallel with the serum calcium levels, urinary calcium

excretion was also unaffected by the uraemic state (see Table 5.2). The quantity of calcium

excreted in the urine tended to decrease in almost all of the groups during the 28 day

experiment, but this reduction was only statistically signihcant in the 8Vo IGF-I group between

Days 0 and 14.



Figure 5.16 Serum phosphate levels in rats with chronic renal failure fed an 8Vo (a,c,e,g) or

227o (b,d,f,h) protein diet and treatedwith vehicle (a,b), IGF-I (c,d), GH (el), or IGF-I+GH

(g,h)for four weel<s. A group of sham operated rats was also fed an 9Vo (i) or 22Vo (j) proteín

diet. Serumphosphate levels were calculated on Days 0, 14 and 28 oftreatment. Data are mean

+ SEM.

a: p<0.05 vs vehicle; b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; g: p<0.05 vs GH; 1: p<0.05

vs Day 0; 2: p<0.05 vs Day 14,3: $: p<0.05 vs sham operated group; $$: p<0.001 vs sham

operated group.
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Figure 5.17 Urinary phosphate excretion ín rats with chronic renal failure fed an 87o

(a,c,e,g) or 22Vo (b,dl,h) protein diet and treatedwith vehicle (a,b), IGF-I (c,d), GH (e,fl, or

IGF-I+GH (g,h) for four weelcs. A group of sham operated rats was also fed an 8Vo (i) or 227o

(j) protein diet. Urtnary phosphate excretion was calculated on Days 0, 14 and 28 of treatment"

and is expressed relative to body weight. Data are mean + SEM.

1: p<0.05 vs Day 0; 2: p<0.05 vs Day 14:.#: p<0.05 vs22Vo protein diet; ##: p<0.001 vs227o

protein diet.
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Table 5.2 Serum calcium and urinary calcium excretion on Days O, 14 and 28 in rats with

chronic renal failure treated with vehicle, IGF-I, GH and IGF-I+GH for 28 days. Animals

were fed either an 87o or 227o protein diet, and sham operated animals were included in each

dietary group.

Day 0

Serum calciurl

(mmol/l)

Day 14 Day 28

Urinary calcium excretion

(pmoU100g body wlday)

Dav 0 Day 14 Day 28

87o protein

vehicle

IGF-I

GH

IGF-I+GH

sham

2.67+0.04

2.73+0.05

2.69+0.04

2.7gfl.03

2.69+0.05

2t.l+3.2

22.5+7.3

15.6+2.0

14.8r3.1

12.4+3.9

16.0+3.0

t4.0!2.4#

t0.2+r.r

t6.7+2.2

8.3+1.8

19.7!3.2

t6.2+1.7

I2.I+r.3

14.6+2.8

7.8r0.9

2.66+0.04 2.68+0.04

2.63+0.06 2.60+0.03#

2.60+0.03 2.67+0.04

2.64+0.03# 2.67+0.03#

2.63+0.04 2.57+0.02#

227o protein

vehicle

IGF-I

GH

IGF-I+GH

sham

2.67+0.04

2.70+0.05

2.72+0.07

2.74+0.08

2.74+0.02

t9.0+2.2

13.9+2.6

16.7+3.5

t7.6+2.7

t9.t+3.2

15.6+2.2

12)+2.3

9.1+1.3

t2.0+2.0

17.8+4.8

15.4+1.8

10.7+1.3

15.0+2.4

12.9+2.2

20.4+5.2

2.62!0.03 2.6r!0.04

2.58+0.07 2.55+0.06#

2.60+0.04 2.tr+0.06

2.62+0.03 2.69+0.05

2.59+0.03# 2.60+0.03#

#: p<0.05 vs Day 0

Serum chemistry

Elevated serum cholesærol levels are found in chronic renal failure (Hueck et al. I9l8),

and may contribute towards further deterioration of renal function (Diamond and Karnovsky
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1987). Depending on the protein diet which was fed, both uraemiaper se and peptide treatment

influenced the levels of serum cholesterol in the present experiment (see Fig. 5.18a). In rats fed

an 8Vo protein diet, vehicle, GH and IGF-I+GH treatment caused significantly higher serum

cholesterol levels than the 87o sham group, with no difference between the 87o IGF-I and sham

groups. By contrast, no difference in serum cholesterol was found between the 22Vo vehicle

and sham groups, while the peptide treated uraemic groups had significantly elevated serum

cholesterol levels vs the sham group. Treatment with GH or IGF-I+GH in the 22Vo group led

to a significant increase in serum cholesterol compared to both the vehicle and IGF-I treated

animals, whereas peptide treatment had no significant effect on the serum cholesterol levels in

the 8Vo protein groups. Lower dietary protein intake resulted in a significant reduction in the

level of serum cholesterol in the animals treated with GH and IGF-I+GH.

Serum insulin levels were measured on Day 28, and the results are shown in Fig.

5.18b. In both the 8Vo and 227o IGF-I treated animals serum insulin was significantly

decreased vs the sham groups, with a significant reduction vs sham also found in the \Vo IGF-

I+GH group. Animals fed the 87o protein diet and treated with IGF-I had significantly lower

levels of serum insulin in comparison to the 87o GH treated rats. Uraemia per se was

associated with lower levels of serum insulin, although the differences between the vehicle and

sham groups were not statistically significant.

The serum albumin levels on Day 28 are shown in Fig.5.18c. The 5i6 nephrectomy

resulted in signif,rcantly reduced serum albumin levels in the uraemic compared to the sham

operated animals. However, no additional effect of peptide treatment on the level of serum

albumin was found in the uraemic groups"

The level of IGF-I was measured in pooled serum samples from each group. Equal

volumes of serum were added from each animal in the group to form the pooled sample.

Treatment with IGF-I resulted in a significant increase in the serum levels of IGF-I, with a

lower level of serum IGF-I in the IGF-I+GH treated groups (Fig. 5.19). In the GH treated

animals fed the 8% proæin diet the serum IGF-I concentration did not appear to be different to

the vehicle treated group, but an elevation in the 22Vo GH vs vehicle group was apparent.

Levels of serum IGF-I were higher in the vehicle treated uraemic animals vs the sham groups,



Figure 5.18 Serum cholesterol (a), insulin (b), and albumín (c) Ievels in uraemic rats fed an

87o or 22Vo protein diet, at the end of 28 dnys of treatment with vehicle ( ffi ), IGF-I ( ø ), GH

( W ) or IGF-I+GH ( ø ). A sham operated group was also included in each dietary'group

( E ). Data are mean+ SEM.

a: p<0.05 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs IGF-I; f: p<0.001 vs IGF-I; #:

p<0.05 vs227o protein diet; $: p<0.05 vs sham operated group; $$: p<0.001 vs sham operated

group.
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Figure 5.19 Serum IGF-I concentrations in uraemic rats fed an 8Vo or 22Vo protein diet and

treatedwithvehicle(ÍE), IGF-I(ø),GH(W)orIGF-I+GH(ø).Ashamoperatedgroup

was also included in each dietary group I @ ). Pooled serum samples collected at the

completion of the 28 day treatment period were analysed. The IGF-I \ryas separated from the

IGFBPs by column chromatography, and then analysed using a specific radioimmunoassay

(see Appendix2).
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confirming reports in rats and humans that concentrations of IGF-I in the serum are not reduced

with renal failure (Powell et aI.1986; Mehls et aL.1988).

Increased serum levels of IGFBPs are present in patients with CRF, and in the previous

study reported in Chapter 3, an increase in a 24Y.Da IGFBP was identif,red by Western ligand

blot in uraemic vs normal rats. Therefore, in this study, serum profiles of the IGFBPs were

obtained from pooled serum samples in each group using Western ligand blot analysis (See

Fig. 5.20). In all of the groups a doublet was present at approximately 46 kDa, with further

bands at about 30,29,28 and 22kDa.In the 8Vo protern group, the 28 and24 kDa bands were

more prominent in the uraemic vs sham operated rats, and a marked increase in the 30 kDa

band was apparent in the IGF-I treated rats. The doublet at 46 kDa also appeared to be more

pronounced in the IGF-I treated rats. [,ess obvious differences occurred between the sham and

uraemic groups fed the 22Vo protein diet. Although the24 kDa band was also more intense in

the 227o uraemic vs sham operated groups, the 30 kDa band was increased only in the 22Vo

IGF-I+GH treated group.

Urinary protein

Greater loss of protein in the urine was found as the result of chronic renal failure in

both the 8Vo and 22Vo protein groups (see Fig. 5.2Ia and b). During the four weeks of

treatment, IGF-I+GH treatment resulted in a further significant increase in proteinuria, apparent

in both the 8Vo and 227o protein groups by the end of the treatment period. This increase caused

significantly elevated urinary protein excretion on Day 28 in the 87o IGF-I+GH treaæd a¡rimals

vs all other 8Vo groups, and in the 22Vo IGF-I+GH group vs all bú22Vo GH treatment alone.

Urinary protein excretion was significantly higher in the 22Vo vs 87o protein diet on Day 14 in

the IGF-I+GH treated animals, and on Days 14 and 28 in the GH treaæd group.

Bone and PTH

The longitudinal bone growth in the final three days of treatment was measured in the

proximal tibia using the fluorescent bone marker calcein. In both the 8Vo and 22Vo protein



Figure 5.20 Western ligand blot of pooled serum (2 ¡tI) from 5/6 nephrectomísed rats fed an

8Vo or 22Vo protein diet, and treated with vehicle, IGF-I, GH or IGF-I+GH for 28 days. A

group of sham operated animnls was included ín each dietary group.1251-16p-1 was used as

the probe, and 14C molecular weight markers are shown in the left column (14C). See

Appendix 3 for details of the procedure.
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Figure 5.21Urinary protein excretion in uraemic rats fed an 87o (a) or 22Vo (b) protein diet,

andtreatedwithvehicle ( E ), IGF-I (O ), cn (O) or IGF-I+GH (a) for 28 days, with a

Sroup of sham operated vehicle treated rats a,Iso included ( O). Urinary protein excretion was

measured on Days 0, 14 and 28 of treatment. Data are mean + SEM

a: p<0.05 vs vehicle; b: p<0.05 vs IGF-I; c: p<0.05 vs GH; 1: p<0.05 vs Day 0; #: p<0.05 vs

227o protein diet.
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groups, stimulation of longitudinal bone growth occurred with IGF-I, whereas no significant

effect of GH treatment was found (see Fig. 5.22a).In contrast, disparate results were found

according to the dietary protein during IGF-I+GH treatment, with significant increases in

longitudinal bone growth in the 87o protein group, but no effect of treatment in the 22Vo IGF-

I+GH group. Chronic renal failure did not result in any reduction in longitudinal bone growth

in comparison to the sham operated groups.

Hyperparathyroidism is a comp[cation of chronic renal failure (Coburn and Slatopolsky

1986), and has been found in the 5/6 nephrectomy rat model of renal failure (Bover et aI.

1994). In the present experiment, chronic renal failure did not result in significant

hyperparathyoidism, as no difference in serum parathyroid hormone (PTH) level was found

between the sham operated and vehicle treated uraemic animals (see Fig. 5.22b). Significant

hyperparathyroidism did, however, occur in the rats treated with IGF-I+GH and fed the 22Vo

protein diet, with the level of serum PTH in this group significantly higher than all of the other

22Vo lroaps. No significant effects of peptide treatment were found on serum PTH in animals

fed the 87o protein diet.

Body length

Over the four weeks of treatment, the increases in body length were 14 t3,20 + 2,23

+3, 24t 3 vs 14 + 3 and 18 + 4, 22+ 3, 19 X2, 2l * 3 vs 12 + 3 mm (vehicle, IGF-I, GH

and IGF-I+GH vs sham in the \Vo and 22Vo protein groups respectively). In agreement with

the effects seen on body weight gains, neither the protein content of the diet, nor the uraemic

state, had a significant effect on body length increases. A significant effect of peptide treatment

did occur, however, in the 8Vo d\et groups, with greater body length increases following GH

and IGF-I+GH treatment compared to the vehicle group. No effect of peptide treatment on the

increase of body length occurred in the 22Vo protein groups.



Figure 5.22 l^ongitudinal bone growth (a) and serum PTH levels (b) in uraemic rats fed an

87o or 22Vo protein diet, at the end of 28 dnys of treatmßnt with vehicle ( W ), IGF-I ( ø ), GH

( W ) or IGF-I+GH ( ø ). A sham operated Broup was also included in each dietary group

I E ,). Data are mean + SEM.

b: p<0.01 vs vehicle; c: p<0.001 vs vehicle; d: p<0.05 vs IGF-I; e: p<0.01 vs IGF-I; f:

p<0.001 vs IGF-I; g: p<0.05 vs GH; h: p<0.01 vs GH; #: p<0.05 vs 22vo prorein diet; ##:

p<0.001 vs 22vo protein diet; g: p<0.05 vs sham operated group; gg: p<0.001 vs sham

operated group.
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Haemntocrit

The haematocrits on Days 0, 14 and 28 arc shown in Table 5.3. Uraemia resulted in a

significant reduction in the haematocrit, in comparison to the sham operated animals.

Differences between the uraemic groups were present on Day 0, with higher haematocrits in the

87o GH vs vehicle and IGF-I groups, and also in the 227o IGF-I vs vehicle group. On Day 14,

the single significant difference was a higher haematocrit in the ïVo IGF-I vs IGF-I+GH group,

and no significant differences were found between the uraemic groups on Day 28. The

haematocrit decreased during the 28 days in each group excepting the 8Vo IGF-I, and 22%

vehicle and sham groups.

Table 5.3 Haematocrit on Days 0, 14 and 28 in rats with chronic renal failure treated with

vehicle, IGF-I, GH and IGF-I+GH for 28 days. Animals were fed either an 8Vo or 22Vo

proteln diet, and sham operated animals were included in each dietary group.

Dav 0

Haematocnt(Vo)

Day 14 Dav 28

$Vo protein

vehicle

IGF-I

GH

IGF-I+GH

sham

44.6+0.6

44.7+0.6

47.S+r.pt

44.9+0.9

47.8+0.8ack

40.9+1.00

42.3+0.7

39.8+1.30

39.4+1.00d

44.5+0.40bim

40.9+1.30

42.3+0.5

41.8+1.30

40.1+0.90

44.0+0.8oatm

227o protein

vehicle

IGF-I

GH

IGF-I+GH

sham

43.1+r.3

46.0+r.ß

45.4+0.6

45.310.6

48.6+0.6cgk

42.0+t.7

42.9+r.20

4r.3+r.20

41.9+0.80

46.1tg.66diO

43.0+1.0

43.r!t.20

43.t+r.3

4t.8+r.20

4g.g4g.9crr

a; p<0.05, b; p<0.01 and c; p<0.001 vs vehicle; d; p<0.05, e; p<0.01 and f; p<0.001 vs IGF-I

g; p<0.05, h; p<0.01 and i; p<0.001 vs GH; j; p<0.05, k; p<0.01 and l; p<0.001 vs IGF-

I+GH; m; p<0.05 vs 22Vo protein diet; 0: p<0.05 vs Day 0
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5.3.3 Discussion

The primary aim of this study was to determine the effects of longer term IGF-I and./or

GH treatment on the progression of renal disease in rats with chronic renal failure, and

evidence for an exacerbation of renal disease was found following 28 days of IGF-I+GH

treatment. The remnant kidney weights and glomerular area were significantly increased in the

IGF-I+GH treated rats fed the 22Vo prbtein diet, while the percentage of glomerulosclerosis

was also highest, although non significantly, in this group. These increases contrast with the

earlier experiments (Chapters 3 and 4), in which even higher doses of IGF-I and GH for seven

days did not disproportionately increase the remnant kidney weight. This implies that the

kidney growth was not an acute response to the peptide üeatment, and demonstrates that results

due to short term treatment periods cannot be extrapolated to longer treatment periods. The

effects of IGF-I, GH and the high protein diet alt appeared to contribute towards the increase in

renal mass, as no changes werg apparent in groups with only one, or even two, of these factors

present (eg. the 22Vo IGF-I or the 8% IGF-I+GH treated groups). All three factors, protein,

IGF-I and GH, have renotrophic effects (Miller et aI. l99O; Murray et al.1993), which may

explain the enhanced response present in this study when they were combined. For example, a

high protein diet selectively increases the size of the medullary thick ascending limb of Henle

(Bankir and Kriz 1995), and, since both GH receptors and IGF-I mRNA are present in this

region of the rat kidney (Chin, Zhou and Bondy I992a), there would be the possibility for

interaction of protein, GH and IGF-L It is also possible that hyperfiltration in the 22Vo IGF-

I+GH group contributed towards hypertrophy of the kidney, as higher protein diets, IGF-I and

GH can individually increase the single nephron filtration rate (Hostetter et al. 1981; Nath,

Kren and Hostetter 1986; Miller, Hansen and Hammerman 1990). Although IGF-I or GH

treatment have been reported not to change GFR in 5/6 nephrectomised rats treated with IGF-I

or GH for 10 days (Miller, Hansen and Hammerrnan 1990), the peptide treatment period used

in that study commenced within days of the surgery. This could explain why inulin clearance

increased, even in the vehicle treated rats, since hyperfiltration would have occurred due to the

reduction in the number of functioning nephrons (Deen et al. l9l4), and no further increase

may have been possible. It must also be considered that, if hyperfiltration is occurring in a
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smaller number of functioning nephrons, then total GFR may not change. Although creatinine

clearance did not appear to increase as a result of IGF-I+GH treatment in the present study,

creatinine clearance may not have been sufficiently accurate to detect any changes, and this

hypothesis could only be properly checked by measuring the GFR of single nephrons. The

increase in kidney mass following IGF-I+GH treatment found in the present study is at

variance with the results of treatment with IGF-I (8mg/kg/day), GH (20 IUkglday; or

approximately 6.4 mglkglday) and the óombination of IGF-I+GH for 14 days in normal female

Sprague Dawley rats, in which only IGF-I increased the kidney weight disproportionately to

the body weight (Mehls et aI. 1993). The differences in response between the normal and 5/6

nephrectomised rats may be due to an altered internal milieu in the remnant kidney. Renal

levels of IGF-I are increased in the remnant kidney immediately following the surgical

procedure (Hise er al. 1992; Rogers, Miller and Hammerrnan 1993), and if expression of IGF-

I, IGFBPs, or IGF receptors is altered, even some weeks following the surgery, this may

influence the responses to exogenous IGF-I treatment. Indeed, a recent report has suggested

that the expression of IGF-I mRNA is increased in the remnant kidney by day 30 in

perivascular and interstitial tissue, in association with tubulo-interstitial fibrosis (Muchaneta-

Kubara, Sayed-Ahmed and El Nahas 1995), and this may be increased by GH treatment" The

doses of IGF-I+GH that resulæd in significant effects on the kidney mass in this study were

also relatively low (0.5 mglkg/day and 0.15 mgikglday respectively) and may have resulted in a

reduced negative feedback to the pituitary in comparison with that in the study by Mehls and

co-workers (Mehls et al. 1993). Thus higher endogenous production of GH and IGF-I may

have occurred in the present study, contributing to the observed renal hypertrophy.

In association with the increases in remnant kidney weight, the giomerular size and

glomerulosclerosis index were also elevated in the 22Vo IGF-I+GH group. Glomerular

enlargement is an important determinant of progression of renal failure in rodents and humans

(Fogo and Ichikawa 1989; MacKay et al. 1990; Fogo et al. 1990), aithough it is not sufficient

in itself to result in glomerulosclerosis, as transgenic mice expressing high levels of IGF-I have

glomerular hypertrophy, but not glomerulosclerosis (Doi et al- 1988). While there have been

no previous reports of the effects on kidney structure due to long term treatment with IGF-I

plus GH, Mehls and co-workers (1993) found no increased incidence of glomerulosclerosis in
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normal rats fed an ISVo protein diet and treated for 60 days with either IGF-I or GH alone.

However, in rats with chronic puromycin aminonucleoside nephropathy, glomerulosclerosis

has been reported to increase as the result of several weeks of GH treatment (Trachtman et oI-

1993), and hence the results in the study of Mehls et al., in normal rats, should not be

extrapolated to models of renal disease. In the present study, it was also interesting to find that

glomerulosclerosis was higher in each of the uraemic groups fed the 22Vo vs the \Vo protein

diets, excepting IGF-I treatment alone, âlthough the difference was not statisúcally signihcant.

The reduced protein diet would be expected to reduce both the hypertrophy of the remnant

nephrons, and the rate of renal progression (Hostetter et aI. l98I; Laouari et aI. 1983;

Friedman and Pityer 1986), and the 87o protein diet did prevent the significant increase in

glomerular area which was found in the 22VoIGF-I+GH treated rats. The apparent reduction in

the incidence of glomerulosclerosis in the IGF-I treated rats versus the other 227o waemíc

groups, although not statistically significant due to the large amount of variability present,

should be followed-up in further studies. If this result could be confirmed, it may suggest a

particular benefit of IGF-I treatment, over GH, in CRF.

It is unlikely that antibody deposition played any role in increasing the level of

glomerulosclerosis in peptide treated rats, as there did not appear to be any immunoglobulin

deposition in the kidney. Rats appear to be relatively insensitive to deposition of antibodies in

the kidney, as the injection of large amounts of bovine albumin over a prolonged period also do

not appear to result in antibody deposition in the kidney (Davies et aI. 1985;Wenning et al.

1e87).

Increased serum cholesterol levels, another parameter associated with progression of

renal disease, also resulæd from IGF-I+GH treatment. Elevated levels of serum cholesterol are

associated with a faster progression of renal disease in rat models (Diamond and Karnovsky

1987; Kasiske ¿r aI. 1990), and are also one of the risk factors involved in the increased rate of

cardiovascular disease in patients with renal failure (Attman and Alaupovic 1991; Ma, Greene

and Raij L992). The elevated levels of serum cholesterol per se cause a modest degree of renal

injury (Keane et al. I99l) and combine with the presence of other factors (eg.a reduced

number of nephrons), to increase the degree of glomerulosclerosis (Kasiske et aI. 1990). The

increases in serum cholesterol are in contrast with the results of seven days of IGF-I+GH
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treatment (Chapter 3), in which serum cholesterol levels were significantly reduced. Part of the

reason for this difference may lie in the pathogenesis of the increased serum cholesærol levels.

Loss of protein in the urine, in particular albumin, reduces the plasma oncotic pressure, and the

liver responds to the reduced oncotic pressure by increasing the synthesis of lipoproteins

(Davies et al.1990; Sun ¿r al. 1992),leading to serum lipid abnormalities, including elevated

cholesterol levels. While proteinuria was present in the previous study (Chapter 3), there were

no differences found due to peptide tieatment, whereas in the present study, IGF-I+GH did

result in a significant increase in urinary protein excretion vs vehicle treatment, and serum

albumin levels were significantly reduced in the uraemic rats. There was not a direct

association, however, between the groups with the highest urinary protein excretion and

elevated serum cholesterol levels. For example, urinary protein excretion, but not serum

cholesterol levels, were elevated in the 8Vo IGF-I+GH treated group. There was a slower rise

in urinary protein excretion in the 8Vo vs 227o IGF-I+GH group, and if the increased serum

cholesterol levels were stimulated by the rise in urinary protein excretion, this stimulus would

have occurred later in the 87o fhanfhe22Vo IGF-I+GH group, and may not have had detectable

results by the time of measurement.

Reducing the dietary protein intake reduces both the urinary protein excretion, and the

rate of progression of renal disease in 5i6 nephrectomised rats (Hostetter et al. 1986), and it has

been hypothesised that proteinuria may not only be an indication, but could also be a cause of

kidney damage (V/illiams and Coles 1994)- Differences in the urinary protein excretion were

not significantly different between the vehicle and IGF-I treated groups fed the two protein

diets in this study. However, proteinuria was reduced in the 8Vo vs the 22Vo dietary groups

treated with GH or IGF-I+GH. This difference persisted to Day 28 in the GH treated groups,

but with IGF-I+GH treatment the increase in urinary protein excretion was delayed, but not

prevented, by the lower protein diet. It is possible that if the study had continued for a longer

time, this increase in proteinuria may have resulted in further evidence of renal progression in

the \Vo IGF-I+GH group.

Differences in serum urea and creatinine levels, and creatinine clearance, can also be

used to assess the progression of renal disease. Significantly higher serum urea levels were

present following treatment in the 22Vo GH and IGF-I+GH vs both the vehicle and IGF-I
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treated groups. Urea production is related to protein intake (Cottini, Gallina and Dominguez

lg13),and, since the food intake was not significantly different in these groups, it is unlikely

that increased urea production frôm dietary protein metabolism was responsible for the rise in

serum urea levels. However, catabolism of muscle protein could have increased the urea

production rate. Urea has three fates in the body, it may be excreted by the kidney, accumulated

in body water, or metabolised to ammonia plus carbon dioxide by gastrointestinal bacteria

(Miæh 1991). Levels of serum creatinine were not elevated in these groups, suggesting that the

rise was not the result of reduced renal function, but changes in the remaining factors cannot be

confirmed. Levels of serum creatinine were significantly higher in the 87o IGF-I+GH group,

and, in conjunction with the increase in urinary protein excretion, and reduction in creatinine

clearance from Day 0 to Day 28, suggest that the renal function was declining in this group.

Creatinine clearance was also significantly reduced from Day 0 to Day 28 in the 87o IGF-I and

GH, and the22% IGF-I+GH groups. While corroborative evidence occurred in the 227oIGF-

I+GH group for a deterioration in renal function (eg. increased urinary protein excretion and

serum cholesterol levels), these results need to be confirmed using â more accurate

measurement of glomerular filtration, such as 51Cr-EDTA clearance.

A second aim of this study was to determine whether the anabolic effects which were

found with seven days of IGF-I and/or GH treatment could be sustained for a longer time

period. While the results confirmed the significant body weight gains which occcurred

following seven days of peptide treatment (Chapters 4 and 5), the growth responses were not

sustained past the first week of treatment. One factor that may have contributed towards this

decrease in body weight gains is antibody production against the human proteins- Evidence

was found to suggest that antibody production occurred by Day 28 in the rhGH treated rats,

since the serum from the rhGH treated rats bound a much higher proportion of 125I-rhGH- An

alternative explanation for the increased binding o¡ 1251-¡¡6H following rhGH treatment could

be that the treatment resulted in increased serum levels of GHBP. However, in uraemic rats

treated with rhGH, no change in either GH receptor mRNA in the liver, or plasma levels of

GHBP are found (Tönshoff et al. 1994), and GH treatment in Lewis dwarf rats also does not

influence serum GHBP levels (Barnard et al. 1994), making this hypothesis less likely. In

addition, a previous report has suggested that rats will produce antibodies to rhGH if treatment
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continues for more than approximately two weeks (Mehls et al- L993). Similar binding studies

to detect antibodies against rhIGF-I could not be carried out, as the IGFBPs would have made

interpretation of the results extremely difficult. However, it does not necessarily follow that

antibody production was responsible for the reduction in body weight gains. Polyclonal anti-

IGF-I serum potentiates the growth responses to IGF-I (Stewart et al. 1993) and monoclonal

GH antibodies poæntiaæ GH effects (Aston et al. 1986), demonstrating that antibodies may

have more diverse effects than simply binding to the ligand and preventing subsequent receptor

binding. A direct role for antibodies in suppressing body weight gains is also less likely if the

results are examined closely, as only a small proportion of the GH treated rats had signihcant

binding o¡ 1251-¡¡6H on Day 14, while the body weight increases had already decreased in the

second week of treatment. Additional evidence against antibody production being responsible

for the reduction in body weight gains following IGF-I treatment, arises from a study in which

normal male Sprague-Dawley rats of 300-400 g body weight were treated for four weeks with

I mg per day of rhIGF-I delivered continuously by osmotic minipumps, with the significant

increases in body weight gains as the result of IGF-I treatment being relatively uniform

throughout the four week time period (Dr D. Belford, unpublished study). The fact remains,

however, that the only method to clearly demonstrate antibodies did not play a role in the

results of this experiment would be to use rat IGF-I and GH; these were not available in

sufficient quantities when this experiment was carried out.

There are other possible reasons for the reduction in body weight gains following the

first week of peptide treatment. Although the growth velocity in children with chronic renal

failure treated with either 2 or 4llJ GHlmzlday are similar in the first six months, the growth

velocities are not sustained at the lower dose (Hokken-Koelega et al. 1994). This result could

be explained if t¡eatment results in an altered regulation of IGF-I or GH, for example receptor

numbers may be reduced, and higher doses of peptide could overcome this effect. In

acromegalics who have consistently elevated plasma levels of GH, reduced plasma GHBP

levels are present (Baumann, Shaw and Amburn 1989), suggesting that GH receptors numbers

are reduced by high levels of GH. It is possible that the doses of GH used in the present study

were not high enough to counteract a reduced receptor number. High circulating levels of IGF-I

also cause a reduction in the secretion of GH, as the result of a negative feedback loop to the
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pituitary (Devesa, Lima and Tresguerres 1992), and reduced endogenous GH secretion may

have ameliorated the effects of IGF-I treatment with time. However, it should also be

considered tha! although some actions of the peptides (ug. body weight gains) may have been

blocked, other effects could still have remained. For example, the nitrogen-sparing response to

GH is attenuated over four weeks of treatment in calorie restricted obese volunteers, although a

persistent lipolytic effect of GH remains (Snyder, Underwood and Clemmons 1995). A similar

explanation may be used regarding the failure of IGF-I to signihcantly increase body weight

gains past the first week of treatment, while longitudinal bone growth was significantly

accelerated in the final three days of treatment. Further evidence for a divergence in the

pathways responsible for different physiological actions of GH is found in transgenic mice

expressing a mutant GH gene, in which significantly higher body weight gains do not occur,

but increased glomerulosclerosis is present (Yang et al. 1993), suggesting that these actions of

GH are mediated through different pathways.

Although the body weight gains were not sustained, the magnitude of the responses in

the first week of treatment was similar to the body weight gains reported in Chapter 4, using

the same peptide doses. For example, in the IGF-I and GH treated rats in the present

experiment, the rats gained 19.4+ 1.6 and 20.9 + 1.0 g body weight in the first seven days,

while the seven day treatment with the same doses of IGF-I and GH in the study reported in

Chapter 4 produced body weight gains of 18.1 + 2.I and 19.3 + 2.3 g, respectively. This

indicates that the reduction in the body weight gain responses in the second week of treatment

in the peptide treated rats was not due to a pre-existing reduction in responsiveness to IGF-I

and/or GH in the rats in this study.

During the four week experiment, the vehicle treated uraemic and sham operated rats

had similar rates of both body weight gain, and longitudinal bone growth. This occurred

despite the lower rates of body weight gain which had occurred in the uraemic vs the sham

operated animals prior to the commencement of the experiment. In normal rats, the body weight

gains decline with age, as shown in Chapter 2, and the reduced growth rate may have led to a

similar body weight gain to that of the uraemic rats during the experimental period.

Although no significant increase in body weight gains was found in the IGF-I treated

animals in the founh week of treatment, longitudinal bone growth was signihcantly stimulated



t64

by 46Vo and 287o in the 87o and 22Vo protein diet groups respectively vs vehicle. In contrast,

no significant effect of GH treatrnent alone was found in either dietary group. In the 22Vo IGF-I

treated rats the rates of longitudinal bone growth in the present study can be compared to the

same peptide doses used in the previous experiment reported in Chapter 4. The values for

longitudinal bone growth were 76.0 vs 60.5 pm/day and 46.2 vs 36.2 lt/day in the previous

and present experiments, for the IGF-I vs vehicle treated groups respectively. Although the

rates of longitudinal bone growth were'higher in the previous study, the relative increases due

to IGF-I treatment were similar (26 vs 28Vo). Since the animals were approximately three

weeks older at the time of the measurements in this experiment compared to the seven day

treatment periods, a reduced rate of long bone growth would be expected. However, the similar

relative increases in longitudinal bone growth due to IGF-I treatment in the two experiments

suggests that the responsiveness of the growth plaæ to IGF-I infusion was maintained when

treatment continued for 28 days.

Body length was significantly increased during the 28 days of treatrnent in the 87o GH

and IGF-I+GH treated animals. This result contrasts with the significant increases in body

length in the IGF-I and IGF-I+GH, but not GH groups treated with higher peptide doses for

seven days, reported in Chapter 3. These differences may be due to variability in the

measurement process, as, even though the same person measured the rat each time, it was

difficult to ensure exactly the same rat position for each measurement. However, these results

do suggest a significant effect of peptide treatment on body length. Since body length is

comprised mostly of the spinal column and tail, the increases are due to vertebral, rather than

long bone growth, and these results, taken together with the longitudianl bone growth data,

suggest that IGF-I and/or GH treatment in this rat model of CRF increase both long bone, and

vertebral growth.

Serum phosphate levels were increased on Day 28 in both the \Vo and22Vo IGF-I+GH

treated animals, which confirms the results following seven days of treatment with higher

peptide doses of IGF-I+GH (Chapter 3). However, unlike the previous report, no significant

differences were found in urinary phosphate excretion due to peptide treatment. Urinary

phosphate excretion was calculated from urine collected for the entire seven days of treatrnent in

the previous study, whereas urine was analysed from single 24 hour collection periods in this
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study. Hence, the elevation in serum phosphate with no apparent reduction in urinary

phosphate excretion may be related to daily variability in phosphate excretion. Phosphate intake

would have been reduced in the 87o vs 22Vo protein diet, as casein contains 0.97o of

phosphorus (Laouari et aI. 1983), and this is likely to be the cause of the reduced urinary

phosphate excretion in the \Vo vs 22Vo protein groups, as the serum phosphate levels were not

affected by the dietary protein intake. Uraemia per se did not result in any dramatic retention of

phosphate, although serum phosphate ievels were increased in some of the uraemic vs sham

groups on Day 0. No significant influence of either uraemia or peptide treatment was found on

serum calcium levels, or urinary calcium excretion, affirming the study reported in Chapær 3.

Secondary hyperparathyroidism occurs in almost all patients with end-stage renal

disease, with impaired renal calcitriol synthesis, skeletal resistance to the calcaemic actions of

PTH, phosphate retention due to diminished renal phosphorus excretion, and alterations in

PTH secretion, all contributing to the condition (Coburn and Slatopolsky 1986). As a

consequence, renal osteodystrophy occurs, and is a contributory factor in the growth

retardation present in untreated chronic renal failure (Chesney et al. 1978). However,

secondary hyperparathyroidism is prevented in well managed patients by reducing dietary

phosphate intake, and the use of oral phosphate binders such as calcium carbonate (Salusky,

Ramirez and Goodman 1993). Significant hyperparathyroidism \¡/as not present in either the

87o or 22Vo uraemic vehicle vs sham operated groups in this study, although the levels of

serum PTH were non-significantly higher in the vehicle treated uraemic vs sham groups. The

levels of serum PTH were comparable to a previous report (Bover et al. 1994), in which

normal and uraemic rats had concentrations of 40 + 2 pglml and 70 + 4 pdml (n=30 and n=49

respectively; p<0.05) vs 51 * 5 and 73 + 4 pdml in the 22Vo sham operated and vehicle treated

uraemic groups in this study. It is possible that statistically significant hyperparathyroidism

would have been found if the same number of rats could have been used in the present study.

Although significantly elevated levels of serum PTH were not present with uraemia per se,

secondary hyperparathyroidism was present in the uraemic rats treated with IGF-I+GH, with

the 87o protein diet preventing this effect. Phosphate retention was unlikely to have caused this

increase, as the serum phosphate levels were increased in both the \Vo and 22Vo IGF-I+GH

groups, but any of the other factors mentioned above, such as reduced calcitriol synthesis, may
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have increased the PTH tevels. The elevation in serum PTH is likely to have contribuæd

towards an increased severity of renal disease in these IGF-I+GH treated rats. Parathyroid

gland removal in subtotally nephrectomised rats, prevents both the rise in the circulating levels

of cholesterol, and the increased remnant kidney weights, induced by a 40Vo protein diet

(Shigematsu, Caverzasio and Bonjour 1993). The increased PTH levels may also have

contributed towards increased kidney weights, since elevated PTH levels, achieved by low

dietary calcium, or PTH administration, increases compensatory renal hypertrophy in

uninephrectomised rats (Jobin and Bonjour 1986). Further evidence for an association between

PTH and increased progression of renal disease has been reported, as the inhibitor of PTH

action, WR-212I, protects against progression of renal failure in 516 nephrectomised rats

(Hirschel-Scholz et al. 1988). It is interesting to note in the present study that only the 227o

IGF-I+GH group had significant increases in remnant kidney weight, serum PTH and serum

cholesterol levels. These data demonstrate an affay of deleterious effects resulting from the

combination of high protein diet and IGF-I+GH treatment.

The increase in serum PTH concentration in the 227o IGF-I+GH group may not only

have played a role in renal progression, but may also have negated the effect of IGF-I+GH

treatment on longitudinal bone growth, as a significant increase in long bone growth was

present in the \Vo bltnot22%o IGF-I+GH group. Rats are relatively resistant to the effects of

PTH (Baczynski et aI. 1985), but greater increases of PTH, induced by a low calcium diet in

uraemic rats, result in severe osteitis fibrosa, with numerous osteoclasts, and the bone marrow

space completely filled with fibrous tissue (Mehls et aI. 1988). Although PTH enhances both

expression and peptide levels of IGF-I in osteoblast-enriched cultures from foetal rat bone

(McCarthy, Centrella and Canalis 1989), which would be expected to have positive effects on

bone growth (Machwate et aI. 1994), PTH blocks the stimulatory effect of IGF-I on collagen

synthesis in cultured foetal rat calvariae (Kream, Peterson and Raisz 1990). However, PTH

does have an anabolic effect on bone formation in vivo (Gunness-Hey and Hock 1984), and

has a mitogenic action on chondrocytes (Koike et al. 1990). These contradictory findings

demonstrate the complexity of bone regulation. There are many important hormones and

growth factors which have significant effects on bone, and the balance of these may be an

important determining factor in determining the effects of a single factor, such as PTH.
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Nonetheless, the increased PTH levels and non-significant change in longitudinal bone growth

resulting from IGF-I+GH treatment in uraemic rats fed a 22Vo protein diet are important

deleterious effects for a potential therapy in children with CRF, and further studies are

warranted to confirm this result and investigate the underlying mechanisms.

Heart weights are increased in 5/6 nephrectomised rats (Rambausek et al. 1988), and

cardiac hypertrophy is found in a large proportion of dialysed patients (Friedman et al. I98l).

In the present experiment, the effect of uraemia on heart weight was confirmed, but with

significant differences depending on both protein diet, and peptide treatment. Greater heart

masses were found in animals fed the 8Vo vs the 227o protein diet, with further increases

following treatrnent with IGF-I. The reasor/s for cardiac hypertrophy in uraemia are unknown,

with increased blood pressure, volume excess, anaemia and parathyroid hormone excess being

excluded as causative agents by Friedman et aI- (1988). The data collecæd suggest that an

alteration due to the reduced protein diet increased the heart weight, and was permissive for a

further increase due to IGF-I treatment. Such a factor may be IGFBP-I. In rats fed a low

protein diet, both IGFBP-I expression in the liver and IGFBP-I serum levels are increased

(Straus, Burke and Marten 1993; Lemozy, Pucilowska and Underwood, 1994), and it has been

demonstrated that IGFBP-1 can pass from the vascular space into the cardiac muscle (Bar et al-

1990). If IGF-I also passed into the heart, complexed to IGFBP-1, the increased IGFBP-1

levels would increase the net transport of IGF-I into the cardiac tissue. Evidence exists that

IGF-I is associated with increased heart mass, as infusion of IGF-I into hypophysectomised

rats has a growth promoting effect on the heart (Guler et al. 1988), and both increased IGF-I

protein and mRNA are related to enlargement of the left ventricle, due to early renal

hypertension (Wåhlander et al. 1992). Administration of GH to hypophysectomised rats will

also increase the cardiac IGF-I and IGF-I mRNA levels (Isgaard et al. 1989; Flyvbjerg et al.

1991), but no significant effect of GH on heart weight was observed. This suggest that

elevated levels of circulating IGF-I were primarily responsible for the increases in heart mass

which would explain why treatment with GH alone had no effect.

Changes in spleen, thymus and liver weights occurred due to uraemia, peptide

treatment, and differing dietary protein intake. Increased spleen weights were found in the 5/6

nephrectomised rats vs the sham operated groups, which may have been partly due to



168

adhesions between the remnant kidney and the spleen resulting from the surgery, as these were

difficult to dissect away and could have contributed to the increased mass. A further increase in

spleen weight was found following IGF-I treatment, confirming a previous report of the

particular responsiveness of the spleen to IGF-I treatment (Guler et aI- 1988). Although the

thymus has also been identified as an IGF-I responsive organ (Guler et al. 1988), the

responses to IGF-I treatment in the present study were not as profound as for the spleen

weights. Uraemia results in disturbanies of the immune system (Massry et aI. L99I), which

may have reduced the responsiveness of this primarily lymphoid tissue to IGF-I treatment.

Liver weights are decreased in rats fed a 57o vs a l5Vo protein diet (Thissen et al- 1991a), but

the liver weights in this study were only reduced by the 8% protein diet in the GH and IGF-

I+GH treated rats, indicating that the protein restriction was not severe enough to result in any

differences in the non-GH treated groups. Since GH has been reported to increase both liver

weight and liver protein synthetic rate in Snell dwarf mice (Pell and Bates 1992), GH could

have increased the protein synthetic rate in the22Vo protein groups in this study, but the protein

supply in the 87o protein group could not support increased protein synthesis, resulting in

reduced liver weights. In the above study,IGF-I treatment had no effect on liver weight or liver

protein synthetic rate (Pell and Bates 1992), which may be due to the fact that the liver has GH

receptors, but does not express any receptors for IGF-I (Caro et al. 1988).

In rats fed a 57o protein diet, serum IGF-I levels are decreased, in association with

reduced body weight gains. The decreased serum IGF-I levels are due to reduced stability of

the liver IGF mRNA, and an increased rate of degradation and clearance of serum IGF-I

(Thissen et al.I99lb). Since pooled samples from each group were analysed in this study, it is

not possible to ascertain the signihcance level between groups, although large differences were

likety to have been statistically significant. However, in each of the treatment groups, excepting

IGF-I treatment alone, the serum IGF-I levels were higher in the 227o than the \Vo protein

group. An 8Vo protein diet may not be low enough to significantly reduce circulating IGF-I

levels, and the similar levels of serum IGF-I in the two dietary groups are compatible with the

body weight gains between the two groups, which were not significantly different. Treatment

with GH did not appear to result in any large increases in serum IGF-I levels, confirming the

non-significant change in serum IGF-I due to GH treatment in the report given in Chapter 3.
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Since anabolic responses to GH were present in the previous study, although serum IGF-I

levels were not significantly increased, the failure of GH to increase serum IGF-I in the present

study was unlikely to be a contributing factor to the non-signihcant increases in body weight

gain and longitudinal bone growth in the GH treaæd rats in the final days of the experiment.

Although the levels of serum IGF-I were similar in the IGF-I treated rats to the previous study

(Chapter 3), the levels were much lower in the non-IGF-I treated rats, due to the lower cross-

reactivity of the antibody to rat IGF-I, hence the values represent mainly human IGF-I.

Alterations in the IGF binding protein profile were present due to both uraemia, and the

reduced protein diet. The greatest changes were found due to IGF-I treatment in the \Vo protein

group, with a marked increase in the 30 kDa binding protein. It is possible that this represents

IGFBP-2, as the molecular weight of rat IGFBP-2 is reported as 29.561 kD (Rechler 1993). In

addition, IGF-I treatment of hypophysectomised rats increases IGFBP-2 mRNA in the liver by

over three-fold (Gosteli-Peter et al. 1994). However, the same increases in the 30 kDa band

were not found in the 22Vo protein groups treated with IGF-I, with only a relatively minor

increase in this band in the 227o IGF-I+GH group. The greater increase in the 87o protein

groups may be due to increased production of IGFBP-2, as liver IGFBP-2 mRNA levels have

been reported to be increased by three-fold in normal rats fed a 5Vo vs a I5Vo protein diet

(Lemozy, Pucilowska and Underwood 1994). Although serum levels of IGFBP-2, measured

by immunoblot, were not signifrcantly affected in the study by Lemozy and co-workers, it is

possible that an increased production of IGFBP-2 by the liver did not result in increased serum

levels as the excess was hltered and excreted by the kidney of the normal rats. However, if

both the lower protein diet and IGF-I treatment increased IGFBP-2 production in the uraemic

rats in the present study, the reduced renal clearance could have resulted in accumulation of

IGFBP-2 in the serum. The 28 kDa binding protein appeared to be more intense in the 87o vs

22Vo lroups, and may represent IGFBP-1, which is 26-919 kDa in the rat (Rechler 1993). An

increase in both liver IGFBP-1 mRNA, and serum levels of IGFBP-1, result from a reduced

protein diet (Lemozy, Pucilowska and Underwood 1994). In the nephrectomised rats the 24

kDa band was more pronounced, which confirms the result presented in Chapter 3, with an

increase in the band of the same molecular weight. This band may represent IGFBP-4, which
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has a 25.681 kDa molecular weight (Rechler 1993). The doublet present at approximately 46

kDa has been identified as IGFBP-3 (Tomas et aI.l99l).

Levels of serum insulin tended to be reduced in the uraemic groups vs the sham

operated animals. A significant reduction in serum insulin in uraemic vs control animals has

previously been reported (Heuck et aI. 1978), but, as uraemia is a state of insulin resistance

(Mak and DeFronzo 1992), this result is surprising. However, the serum insulin levels were

only measured at one time point, at the end of the experiment, and differences may have

occurred during the 28 day study. In Chapter 3, a significant reduction in the level of serum

insulin was reported as the result of higher doses of IGF-I and IGF-I+GH, but this result was

not confirmed in the present study. In the 8Vo IGF-I treated group the serum insulin levels were

lower than the vehicle group, but the difference was not statistically significant.

Food intake, relative to body weight, was stimulated by higher doses of IGF-I, GH and

IGF-I+GH in previous experiments (Chapters 3 and 4), although no significant effects at the

same peptide doses used in the present study were present (Chapter 4). This result was

confirmed in the 22Vo protern groups in the present experiment, but the relative food intake was

signifícantly increased in the first two weeks of treatment in the 87o IGF-I+GH vs the vehicle

and22Vo IGF-I+GH groups, and was also significantly higher in the f,rrst two weeks inthe 8Vo

vs 22Vo GH treated animals. It is possible that the lower protein diet reduced the level of

uraemia in the rats, and their greater feeling of well-being resulted in a stimulation of food

intake. Food intake was also higher in the 8Vo vs 22Vo vehicle group in the first half of the

treatment period.

Increased water retention was found with IGF-I, GH and IGF-I+GH treatment for

seven days in Chapter 3. In the present study, the water retention in the 8Vo GH treated animals

was significantly higher than the vehicle group in the first week, but this difference was not

sustained. Lower peptide doses were used in this experiment, which may not have been high

enough to affect water balance. Conversely, no effects of the higher peptide doses on urine

excretion occurred following seven days of treatment, whereas significant differences in urine

output were found in this experiment in the second half of the treatment period, with increased

urine volumes in the 227o GH and IGF-I+GH treated animals. These increases were unlikely to

be the result of an increased solute excretion, as food intake was not increased at these times. It
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is possible that increased urine volumes resulted from reduced urinary concentraúng ability due

to greater tubulointerstitial damage, but, since neither the tubulointerstitial damage nor urine

osmolality were determined, this can only be hypothesised.

Chronic renal failure almost invariably causes anaemia, which tends to be particularly

severe in children (Schärer and Muller-Wiefel 1982), and anaemia was suggested by the

reduced haematocrits in the ureamic vs sham operated animals in this study. Although IGF-I

stimulates erythropoiesis in both neonátal (Philipps et al. 1988) and hypophysectomised rats

(Kurtz et al. 1988), is correlated with iron incorporation into red blood cells during accelerated

growth between 25-55 days of age in normal rats (Kurtz et al- 1990), and enhances erythroid

progenitor cell growth in culture of marrow cells (Merchav et al. 1992), no significant effect of

IGF-I or GH treatment on haematocrit was found in this study. The uraemic state may have

negated any beneficial effect of peptide treatment in increasing the production of red blood

cells, as uraemic plasma has been reported to contain inhibitors of growth of erythroid colony

forming units (Moriyama and Fisher I975). Red blood cell counts and haemoglobin

concentrations would need to be examined in future studies in order to conflrm this result.

5.3.4 Conclusions

In rats treated with the combination of IGF-I+GH and a22Vo protein diet, the progression

of renal failure appeared to be accelerated, as indicated by greater remnant kidney

weights, glomerular hypertrophy, serum cholesterol levels, urinary protein excretion and

serum PTH levels in IGF-I+GH treated animals.

Increases in body weight gains due to peptide treatment were not sustained past the first

week of treatment in any group. However, IGF-I treatment in both dietary groups did

result in a signfrcant increase in longitudinal bone groìwth in the final three days of the

treatment period. This increase was also present in the IGF-I+GH treated animals fed the

87o, but not 22Vo protein diet.

The proæin content of the diet appeared to have an important influence on the changes in

rate of renal progression and anabolic effects measured. The lower protein diet seemed to

protect against most, but not aLL (eg. increased proteinuria) of the potentially deleterious

1

)

3
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effects of IGF-I+GH treatment, while, at the same time, allowing the stimulatory effects

of IGF-I+GH treatment on longitudinal bone growth. These results, taken together,

suggest that combined treatment with IGF-I plus GH may be efficacious in overcoming

the slowed height velocity in CRF, but only when a low protein diet is included in the

treatnent regimen.
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Chapter Six

Final Conclusions
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FINAL CONCLUSIONS

When children have chronic renal failure (CRF), alterations in the regulation of IGF-I

and GH occur, and are partly responsible for the growth retardation which is associated with

renal impairment. In 1992, at the time the studies in this thesis were commenced, children

with CRF were already being successfully treated with GH to inclease their growth rate.

However, despite the theoretical possibility that either IGF-I or IGF-I+GH treatment may be

more effective in promoting growth in renal failure, no reports had been published comparing

the anabolic effects of IGF-I and/or GH in CRF. Therefore, the primary aim of this thesis was

to compare the responses to IGF-I, GH and IGF-I+GH in a rat model of CRF.

Treatment with IGF-I and/or GH for seven days resulted in dramatic anabolic

responses, including body weight gains, improved food conversion efficiency, increased

nitrogen retention, and accelerated longitudinal bone growth. At the doses which were used,

IGF-I did not appear to offer any advantages over GH in increasing growth, but the

combination of IGF-I+GH was significantly more effective than either peptide given alone.

The greater growth due to IGF-I+GH treatment was also associated with reductions in serum

levels of insulin and cholesterol, potentially advantageous effects in renal failure. This

combination therapy may offer advantages in some clinical situations, for example in patients

who are older when the requirement for GH therapy is diagnosed, and thus have less time to

correct their short stature, when IGF-I+GH treatment may optimise growth velocity prior to

closure of their growth plates, with a reduced risk of side effects.

Although IGF-I+GH treatment in the first experiment appeared to offer great promise

in the treatment of children with CRF, longer term treatment was necessary to determine

whether any effects of the progression of renal disease occurred as the result of peptide

treatment. A study in which IGF-I, GH, and IGF-I+GH treatment was given for four weeks

was completed, and convincing evidence for a faster progression of renal failure was found.

In IGF-I+GH treated rats fed a 22Vo protein diet, remnant kidney weight, glomerular area,

percentage of glomerulosclerosis, serum cholesterol levels, urinary protein excretion and

serum PTH levels were all elevated in comparison to the vehicle treated group. In addition,

although IGF-I+GH stimulated longitudinal bone growth in the rats given an \Vo protein diet,



175

no such effect was found in animals fed a22Vo protein diet. While a lower protein diet (8Vo)

seemed to afford protection against most of these changes, it slowed, but did not prevent, the

rise in urinary protein excretion resulting from IGF-I+GH treatment. These results would

argue very strongly against treatment with IGF-I+GH to enhance growth in children with

chronic renal failure. It remains open to speculation whether the changes observed in a rat

model would also occur in children treated with IGF-I+GH, however, the data collected do

suggest that further studies will be íecessary, in an experimental model, to more fully

elucidate the mechanisms whereby IGF-I+GH treatment increased renal progression. Only

then could clinical trials be even considered.

The growth responses to peptide treatment which were found appeared to be relatively

greater than previously published reports. This may be due to the interval between the onset

of uraemia and the experimental period, with a long and stable period of chronic renal failure

in which studies could be carried out. Hence, this is a better model of human chronic renal

failure than the commonly used animal models in which the renal failure is less well-

established. In the future this model may be a very valuable tool, not only to assess the

potential for the clinical use of IGF-I+GH therapy, but also, and perhaps more importantly, to

increase our understanding of the alterations in the GH-IGF-I axis due to chronic renal

failure, and the involvement of these alterations in the pathogenesis of both the growth

retardation, and the progression of renal disease. In turn, this increased understanding may

ultimately lead to improved therapeutic interventions for children with chronic renal failure.
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APPENDIX 1

Composition of casein based rat diets

\Vo protein

(e)

227o protein

(e)

starch

sucfose

casein

peanut oil

mineral mix

vitamin mix

choline Cl

methionine

halibut oil

bran

592.6

174.3

80

50

50

1

1

1.1

2

50

482.9

r42

220

50

50

1

1

3.1

2

50

Quantities given are the amount in grammes required to make up 1 kg of diet.

The amount of casein removed in the lower protein diet was replaced by starch and sucrose.

The starch:sucrose ratio was maintained at3.4:1, and the casein:methionine at about 70:1.
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APPENDTX 2

Analysis of serum IGF-I levels

Separation of IGF fromIGFBPs

The early analyses of IGF-I in ienal failure falsely underestimated the levels present

(Goldberg et aI 1982; Enberg and Hall 1984), due to interference by the IGFBPs (Powell et aI

1986). Therefore, a method was employed to separate IGF-I from its IGFBPs prior to the

analysis of serum IGF-I levels. This method involved reduction of sample pH to dissociate

IGF-IGFBP complexes, followed by separation by column chromatography.

In an Eppendorf tube, 40pl serum samples were added to 260¡rl of milliQ water, and

100 pt of 4x Mobile Phase (0.8 M acetic acid, 0.2M trimethylamine adjusted to pH 2.5 using

HCI and containing 0.4Vo lvlvl Tween 20),to dissociate the IGF-I from the IGFBPs. 400p1of

Freon was added to remove serum lipids, and the mixture agitated thoroughly and then

centrifuged at 1300 rpm for ten minutes at 4oC. 300p1 of the aqeuous phase was carefully

removed, and placed into an injection vial.

The samples were applied to a Protein Pak 125 HPLC column (Waærs Associates Inc.,

Milford, MA, USA) via a manual injector (U6K;Waters Associates Inc., Milford, MA, USA).

Prior to running the samples down the HPLC column, a tracer o¡ 1251-16F-I was used to

ensure adequate recovery of the protein from the column. The samples were eluted at 0.5

mVmin (K25D; ETP-Kortec Pty. Ltd., Sydney, NSW., Australia) in lx Mobile Phase which

had been filtered (0.45 pm GV filter membrane; Millipore Corp., Bedford, MA, USA) and

degassed overnight. The eluate was collected in four pools, in order: IGFBP, intermediate,

IGF and tail pools. Since the column was being used continually for separation of IGF and

IGFBPs, it was known that IGF-I eluted at 8-8.5 ml, and this pool was used for the IGF-I

assay.
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Radio immuno as s ay of I G F - I

IGF-I immunoreactivity was determined using a double antibody radioimmunoassay

(RIA). Triplicate sample volumes of 50 pl were neutralised by the addition of 60 pl of 0.4 M

Tris Base and were then mixed with 200 pl of IGF-RIA Buffer (30 mM NaHZPO+, 10mM

EDTA, 0.02Vo [wiv] sodium azide, 0.05Vo [v/v] Tween 20 at pH 7.5). Standard tubes that

contained IGF-I at known concentratiôns (2.5-1300 pg in 200 pl of IGF-RIA Buffer) were

mixed with 60 pl of 0.4 M Tris Base and 100 pl of the acid column Mobile Phase. A rabbit

polyclonal antiserum prepared against hIGF-I (Conlon 89/1, courtesy Dr P.C. Owens) was

added in 50 ¡rl of IGF-RIA buffer to give a final concentration of 1/50000. Additional tubes

were included as: a) 'blanks'to assess non-specific binding with IGF-RIA Buffer replacing

antibody, and b) 'references' to determine the value for maximum uncompeted radioligand

binding in the assay, with IGF-RIA Buffer replacing IGF standards. Radiolabelled IGF-I

(-20000 cpm in 50 pl of IGF-RIA Buffer) was then added to the tubes for an overnight

incubation. The next morning, primary immune complexes were precipitated with sheep anti-

rabbit immunoglobulin (50 pl; Silenus Laboratories Pty. Ltd., Hawthorn, Vic., Australia)

followed by rabbit immunoglobulin (10 ¡tI of 11200 concentration; Silenus Laboratories Pty.

Ltd., Hawthorn, Vic., Australia). Tubes were vortexed, and incubated at room temperature for

30 minutes. 1 ml of 6.67o polyethylene glycol (PEG) solution was then added, the tubes

vortexed, and centrifuged at 2000 rpm for 20 minutes. The supernatant was aspirated, and the

pellet counted using a gamma counter. Concentrations of IGF-I in the unknown samples was

measured by comparison with the standards, using RiaCalc (version 2.57; Pharmacia lWallac

Oy, Turku, Finland ). Samples of known IGF-I concentration were included as quality controls

in each assay.
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APPENDIX 3

Western ligand blots

The technique of Western ligand blotting allows separation of the IGFBPs according to

their molecular size, with the bands being visualised by ligand blotting *i¡¡ 1251-1GF-I or -II.

The samples to be electrophoresed weie prepared by adding 20 ¡tI of the sample to 180 pl of

Dissociating buffer (w/v; 3-02Vo Tris base, 87o sodium dodecyl sulphate, 0.0047o

bromophenol blue and [viv] 207o glycerol, ph 6.8), and heating to 65o C for 15 minutes. 50 ¡rl

of thissolutionwasthenaddedto50plof Dissociatingbuffer,and20 plof this l00plvolume

was loaded using a Hamilton syringe. The wells on each side of the gel were loaded with 20 pl

of rainbow markers (Rainbow l4C-protein molecular weight markers; Amersham Internaúonal,

UK). The gel was a discontinuous sodium dodecyl sulphate-polyacrylamide gel (Laemmli

Ig70), consisting of a 47o (w/v) polyacrylamide stacking and I07o (wlv) separating

polyacrylamide gel. Samples were run overnight at 10 mA (SE 600 Vertical Slab Gel Unit;

Hoefer Scientific Instruments, San Francisco, CA, USA) using a PS 500X DC Power Supply

(Hoefer Scientific Instruments, San Francisco, CA, USA). The electrophoresed proteins were

then transferred to nitrocellulose sheets (Schteicher and Schuell Inc., USA) for 60 min at 120

mA (TE 70 SemiPhor Semi-Dry Transfer Unit; Hoefer Scientific Instruments, San Francisco,

CA, USA) by the method of Towbin et al (1979). These sheets were then blocked, and probed

with radioligand. They were hrst wetted for 15 min (150 mM NaCl, I7o lwlv) Triton X-100

[Ajax Chemicals, Australia]) and non-specific binding sites were blocked by a 2 hour

incubation wilh l7o (w/v) BSA in Saline/Tween (150 mM NaCl, 0.I7o fwlv] Tween 20 IBDH

Ltd., UKI). The sheets were then washed with the Saline/Tween, with several changes of

solution over 10 minutes, and probed for 120 min with 1.5-10 ng of 125I-IGF-I in

Saline/Tween with lVo (wlv) BSA. The nitrocellulose was washed in two changes of

Saline/Tween, dried and visualised by autoradiography (X-ray film; Konica, Japan) at -800C in

cassettes containing intensifying screens (Du Pont, Wilmington, MA, USA).
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APPENDIX 4

Processing of bones

The proximal half of the right tibia was placed in lÙVo neutral buffered formalin

overnight, and then placed in 707o alcohol. Specimens were dehydrated in increasing

concentrations of alcohol over 3 days, immersed in chloroform for 24 hours for defatting, and

then returned to I007o alcohol. Samples were then placed in a solution containing ethanol,

hydroxy ethyl methacrylate (glycol methacrylate [GMA]; Tokyo Kasei Co. Japan), and methyl

methacrylate [MMA] (BDH) in the ratio 50:25:25 for 3 hours, then 50:50 GMA/MMA for 2

days, with changes of solution approximately 8 hourly. They were then placed in an

embedding medium consisting of 50Vo GMA, 507o MMA,O.IVo Benzoyl Peroxide [ilv] and

0-05Vo n,n dimethylaniline [v/v] in Sorvall moulds (JB-4) with Sorvall aluminium block

holders, covered with plastic film to exclude air, and allowed to polymerase overnight at room

temperature.

The embedded bone specimens were cut to 5-10 pm thickness sections using a Jüng K

motorised sledge microtome (Reichert-Jüng, Heidelberg, Germany). Sections were placed on

gelatine-coated microscope slides, and kept in a dark place until microscopic analysis was

performed.
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APPENDIX 5

GH antibody

In rats, rhGH is a foreign protein, and it is possible that, in the four week treatment

period described in this thesis (Chapter 5), antibodies were produced against it. This possibility

was investigated by studying the bindiríg s¡ 1251-¡¡6H to both GH and non-GH treated serum,

since, if significant antibody production had occurred, a greater percentage of 125-I-rhGH

should be bound.

A small study was initially completed in order to determine if increased binding was

present in serum from GH treated animals, and, if so, to find the optimal concentration of rat

serum and antibody. Four samples of rat serum, three GH treated and one sham operated

animal, were tested. To each tube solutions were added in the order given below:

1. 50p1of rat or pig serum diluted l:5,l:20 and 1:100

2.2}}¡tlphosphate buffer solution with 0.57o BSA (pH 7.4) (see below)

3. 50pl 125I-rhGH

4. Buffer (0.05M phosphate buffer solution, O.IVo zzide, p}J7 -4)-

To make 500 ml of buffer 0.1g KCl, 0.1g KH2PO¿,48 NaCl, 0.5759 Na2HPO4, 0.5g azide

and0.5Vo BSA were added to water, and adjusted to a pH of 7.4.

Tubes with either 50pl pig serum or 50pl of buffer, in place of sample, were also added

to deærmine the amount of non-specific precipitation. Samples were assayed in duplicate.

The following morning 50pl of sheep anti-rat immunoglobulin (Silenus Laboratories

Pty. Ltd., Hawthorn, Vic., Australia) was added to each tube. The antibody was diluted 1:10,

1:50 and I:250. Samples were incubated at room temperature for one hour, and then one ml of

6.67o polyethylene glycol (PEG) added, the tubes mixed, and stood in ice for 10 minutes. They

were then centrifuged at 4000rpm for 20 minutes at 4oC, the supernatant aspirated, and the

remaining pellet counted in a gamma counter.
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The results are shown in Table A5 below.

Table 45. Serum binding of 12sJ-rhGH in rhGH- and non-rhGH treated rats, with varying

concentrations of both serum, and second antibody. Data represent precipitated cpm in each

sample.

Sample number and dilution

1:10

Antibody dilution

1:50 l:250

Reference

Total counts

1015

90000

#61 1:5

#61I:20

#61 1:100

33082

68013

14296

19292

12279

29373

9845

3150

2394

#70I,5

#70I:20

#70 1:100

T610

2t21

2151

2197

2747

1986

2797

2132

1809

#71l:5

#7I I:20

#71 1:100

3369

286tr

66408

2626

2667

11612

1891

3280

3087

#78 1:5

#78I:20

#78 1:100

503 17

65390

82592

9715

r0r32

24354

6619

4661

3287

Pig serum 1:5 1668 2165 2r9r

These results demonstrated significant binding in the three rats which had been treated

with rhGH (#61,7I,78), with much lower binding in comparison in the sham operated non-

GH treated rat (#70) and the normal pig serum. Using these results it was decided to assay
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serum samples under the same conditions with the serum at 1:100 dilution, since the highest

binding was found at this concentration. The anti-rat immunoglobulin was used at a

concentration of 1:50. Although the 1:10 dilution produced the highest binding, the 1:50

binding was still significantly higher than the non GH treated serum, and the lower dilution

was selected to use less total antibody. Serum samples from GH treated animals at Days 14 and

28 of treatment, and from sham, vehicle and IGF-I treated animals from Day 28, were assayed

in this way.

Results

In the serum samples that were still available from Day 14 of treatment,3ll3 GH treaæd

and 6|L4IGF-I+GH treated animals had binding of >2000 cpm, which was significantly above

the highest level of binding found in non-GH treated animals. On Day 28, the GH, IGF-I+GH

and non-GH treated animals had bindin g of 5352 + 836 (n=15), 6413 + 865 (n=16) and 971 +

I2I (n=12) (mean t SEM) respectively. All of the GH treated rats had signifrcantly higher

binding than the non GH treated animals on Day 28, and the difference between the GH and

IGF-I+GH treated animals was not significant (p>0.05). There was also no difference found

between the 8Vo and 22Vo protein diet groups, and therefore the results given above are

combined.
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APPENDIX 6

Rat immunoglobulin deposition in the kidney

As increased binding of serum from GH treated rats to 125-I-GH occurred, it was likely

that antibodies to rhGH were produced. Half of each kidney had been stored at -700C, and a

cryostat was used to section them at 4¡im. Sections from uraemic animals treated with rhGH,

vehicle or IGF-I, and a sham operated animal, were used. The sections were placed onto

microscope slides, and the protocol given below was followed:

1. Wash with phosphate buffer solution (PBS) 5-10 minutes

2. Carefully dry around section

3. Place 50 ¡r1 of FITC label* diluted I:25 or 1:50 on each section for 30 minutes

4. Wash in PBS, with two rinses over 20 minutes

5. Wipe away excess PBS

6. Mount in buffered glycerol solution

7. Keep in dark and refrigerate until viewing with a fluorescent microscope

* afhnity isolated goat (F(ab')2 anti-(rat immunoglobulins) gamma and light chains human and

mouse Ig adsorbed fluorescein conjugate (Tago,Inc. Burlingame, CA, USA).

Results

In the sham operated animals a low level of non specific fluorescence was found, with a

greater amount of fluorescence in both non-GH and GH treated uraemic rats. The fluorescence

had a granular pattern, following capillary loops in the glomerulus, and also in the tubules. The

staining in all of the uraemic animals appeared to be non-specihc, and was most likely to be the

result of an excess of protein, in particular albumin, due to leakiness of damaged glomeruli.

This was verified by an unbiased person, experienced in diagnostic immunofluorescent work in

the kidney.
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Addenda
Page 52, paragraph 2

The remnant kidney function in the nephrectomised rats is likely to be closer to the slCr-EDtA

measurements than the creatinine clearance, for the reasons mentioned above. This means that there was

a reduction in kidney filtration to approximately 20Vo of normal. Since the aim of the model was to

establish chronic renal failure, not end-stage renal failure, this level of impairment was a satisfactory

representation ofchronic renal failure in children.

Page 104, paragraph 2

It appeared that a maximal effect of GH treatment was achieved, since there was a plateau of response at

the higher doses used. However, the response to IGF-I did not plateau, and higher responses could have

possibly been found at higher doses. It is impossible to say whether this response could have reached the

same level as the combination IGF-I+GH treatment, although in normal rats it has been demonstrated that

the response to IGF-I treatment alone, even at extremely high doses, does not attain those of IGF-I+GH

(Mehls et aI. 1993).

Page 163, paragraph 3

The differences in body weight gain between the nephrectomised and sham operated animals has varied

in this model (see Fig 2.3 and Fig 5.2), which may have been due to different ages of the rats and varying

experimental conditions. For example, when the rats are in metabolism cages their eating patterns are

changed, hence affecting body weight gain. However, the model remained reproducible with respect to

the uraemic rats always having gained less weight compared to the sham operated animals, demonstrating

a lack of catch-up growth. lnterestingly, this parallels the siutation in children with chronic renal failure,

in which growth parallels that of normal children during certain periods of their childhood, but catch-up

growth does not occur (Fine, 1992).

Page 169, paragraph 2

In the rat, IGFBP-I is 32 kDa (UnærÍnan et al. 1991, l-ewitt et aI. 1992), and this IGFBP may also have

appeared in the 30kDa region of the Westem ligand blot. Lower molecular weight forms of IGFBP-3 are

typical in children with chronic renal failure (Powell et aI. 1993), and while it is possible that one of the

28-30 kDa bands seen in the rat represents a lower molecular weight form of IGFBP-3, more intensive

studies to identify the IGFBP bands were beyond the scope of this thesis.




