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I. Introduction

GROWTH hormone and the insulin-like growth factors
(IGFs) compile a complex, interrelated system of three

peptide hormones, GH, IGF-I, and IGF-II, their specific re-
ceptors, and a series of binding proteins. The authors intend
to review all aspects of GH, IGFs, and their binding proteins
that relate to the normal anatomy and physiology of the
kidney and their relationship to pathophysiology and patho-
biology of the kidney and to selected kidney diseases. This
manuscript will update and expand on previous review ar-
ticles that were published by different authors (1-4). The
reader's attention may also be drawn to an outstanding re-
cent review by Jones and Clemmons (5) on the general bi-
ology of IGF-I and its binding proteins.

In this introduction a basic review of GH, IGFs, their re-
ceptors, and binding proteins will be provided as a basis for
the subsequent discussion on their association with the
kidney.

A. GH

GH is the strongest secretagogue for IGF-I, and some (but
not all) effects of GH on peripheral tissues are physiologically
mediated by IGF-I.

Two human GH genes have been identified and are lo-
cated on chromosome 17 (6). The hGH-N gene, which con-
sists of five exons, encodes pituitary GH (6, 7). The primary
gene product is a prohormone that undergoes posttransla-
tional proteolytic cleavage and, hence, is modified into the
two active pituitary GHs with molecular masses of 21.5 kDa
(191 amino acids) and 20 kDa (176 amino acids). The 21.5-kDa
GH is the predominant circulating form and accounts for
about 90% of serum GH (8). The hGH-V genes are expressed
only in syncytotrophoblasts of the placenta, and the two gene
products (22 and 26 kDa) are variants of GH that appear to
have specific functions during gestation (6,9). The discussion
of GH in the context of renal physiology, pathophysiology,
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and kidney diseases in this review will be limited to pituitary
GH.

GH synthesis and release from pituitary somatotrophs is
pulsatile, and serum GH levels fluctuate accordingly (10-12).
In normal subjects, about 13 surges in serum GH concen-
trations occur in a 24-h period with a periodicity of roughly
2 h (12). Thus, an estimation of serum GH levels can only be
made if profiles over prolonged periods of time are obtained.
GH bioactivity may relate more closely to the number and
peaks of surges rather than basal levels (11). For example, in
normal subjects, the serum IGF-I levels do not correlate with
the amount of GH secreted (11).

GH gene transcription and serum levels are controlled by
many different neuronal, metabolic, and hormonal events.
Among others, hypothalamic somatostatin as well as pe-
ripheral IGF-I, inhibit GH release whereas hypothalamic GH
releasing hormone induces gene expression and release of
pituitary GH (13).

GH acts through specific receptors. In man, the gene that
encodes for the GH receptor protein is located on chromo-
some 5 (14). The receptor that consists of 620 amino acids is
a glycoprotein with several glycosylation sites (14). The re-
ceptor protein spans the cell membrane. The extracellular
ligand-binding domain occurs in a slightly modified form in
plasma. These 'truncated' solubilized GH receptors are re-
ferred to as the "growth hormone binding protein" (GHBP)
(8, 14-24). The serum half-life of free GH is rather short,
about 20 min, but is prolonged to several hours by binding
to GHBP. Another unrelated GHBP that appears to bind
much of the 20-kDa variant of pituitary GH has also been
found in human serum (25).

B. IGF-I and IGF-II

Insulin-like growth factor I (IGF-I) is synthesized and re-
leased from multiple tissues. However, hepatic biosynthesis
appears to account for the vast majority of circulating IGF-I
(26-29). IGF-I (molecular mass 7650 Da) is a single chain
peptide growth factor that shares 50% sequence identity with
Pro-insulin (30-32) and about 70% identity as well as struc-
tural similarities with IGF-II (33).

IGF-I genes from rat, mouse, and man have been identi-
fied, and their structure is known (34-38). These are rela-
tively large genes (up to —100 kb) with unusually complex
regulation due to two leader exons, multiple transcription
start sites, and alternate splicing, which all give rise to mul-
tiple mRNA species that can be found in different tissues by
Northern analysis (39, 40).

IGF-I binds with high affinity to IGF-I receptors and with
lesser affinity to IGF-II/mannose-6-phosphate receptors and
insulin receptors (41). The lower affinity of IGF-I to insulin
receptors (41) may explain why the "insulin-like effects" of
IGF-I occur only at greater levels than other effects of the
peptide.

The serum levels of IGF-I (~25-40 nM) are much greater
than those of any other growth factor or peptide hormone.
For example, serum IGF-I levels are 2 to 3 orders of magni-
tude greater than those of insulin in the fasting state. The
biological effects of such large concentrations of IGF-I could
be incompatible with life. However, only small amounts of

the circulating IGF-I are present in the free form (42-44).
Greater than 99% of the serum IGF-I is bound to specific
binding proteins, mainly in a ~150-kDa complex and to a
lesser extent in a —45-kDa complex (vide infra).

An analog of IGF-I, namely des(l-3)-IGF-I, may be natu-
rally present in brain but has not been demonstrated in the
kidney or any other tissue. This peptide differs functionally
from IGF-I because of its reduced affinity to IGF-binding
proteins. A number of IGF-I analogs have been synthesized
that differ from the natural peptide by their reduced affinity
to the IGF-I receptor and binding proteins (45-48). None of
these or other analogs appear to occur naturally. Analogs of
IGF-I that have reduced binding to binding proteins but
similar receptor affinity, such as des(l-3)IGF-I, have been
used as laboratory tools.

GH is the strongest secretagogue for IGF-I and activates
IGF-I gene transcription. In the liver, exon 2 transcription of
the IGF-I gene is sensitive to GH (49,50). GH promotes IGF-I
synthesis in most tissues (26, 49, 51) including the kidneys
(52-55).

Insulin-like growth factor II (IGF-II) is present at even
greater concentrations in human serum than IGF-I (56-58).
Like IGF-I, >99% of the circulating IGF-II is bound to IGF-
binding proteins (44). In contrast, rodent serum IGF-II levels
are greatest before birth but decline rapidly thereafter. This
results from a switch in promotor activity of the IGF-II gene
at the time of birth (59-62).

IGF-II has high affinity for IGF-II/Man-6-P receptors but
binds also to IGF-I receptors to which it has lesser affinity
than IGF-I (41,63,64). However, all IGF-II-induced metabolic
or mitogenic effects that have been examined primarily in cell
culture studies thus far appear to be transduced by IGF-I
receptors.

C. IGF-I receptor

The IGF-I receptor is the product of a single gene in rodents
as well as in humans (65-67). Its structure is determined by
posttranslational modification. Posttranslational cleavage
generates a ~140-kDa a-subunit and a —95 kDa j3-subunit,
which are linked by disulfide bonds. Two a/3-dimers, in turn,
are linked to form the mature, tetrameric a2/32-holoreceptor
(5).

The receptor a-subunit is localized extracellularly and is
the ligand-binding site of the receptor. IGF-I receptors pref-
erentially bind IGF-I with KD < 1 nM and have a several-fold
lesser affinity for IGF-II (41, 63, 64). However, most studies
found a difference in affinity of both IGFs to the IGF-I re-
ceptor to be within the same order of magnitude. Since IGF-II
levels in human (but not rodent) serum are about 2 to 3-fold
greater than those of IGF-I, the difference in receptor affinity
may be neutralized by the difference in serum levels.

The IGF-I receptor j3-subunit spans the cell membrane and
extends into the intracellular compartment. The /3-subunit
contains a cytoplasmic tyrosine kinase domain that phos-
phorylates tyrosine residues in the respective contralateral
/3-subunit within the same receptor upon ligand binding to
the a-subunit (5, 68-71). This autophosphorylation reaction
initiates a series of cytoplasmatic kinase activations that, like
a cascade, activate nuclear transcription factors and, hence,
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transmit the mitogenic and metabolic signals to the cell nu-
cleus (5). The catalytic domain of the IGF-I receptor contains
an ATP-binding site and a cluster of three tyrosine residues.
Autophosphorylation of this tyrosine cluster in position
1131,1135, and 1136 upon ligand binding plays a major role
in the full activation of kinase activity and biological action
of the receptor, although there are additional tyrosine resi-
dues in the receptor j3-subunit that are autophosphorylated
(72-75). Stannard et al. (76) elegantly demonstrated that a
single mutation of tyrosine 1131 reduces IGF-I receptor
j3-subunit autophosphorylation significantly. This reduction
in phosphorylation of the receptor does not reduce the IRS-1
phosphorylation. Furthermore, the hypertrophic/hyper-
plastic response in fibroblasts that were transfected with this
mutant receptor was not reduced. This experimental finding
suggests that differential tyrosine autophosphorylation of
the IGF-I receptor may have different cellular effects. Fur-
thermore, the growth effect of the stimulated IGF-I receptor
may be transmitted through IRS-1 phosphorylation (76).

D. IGF-II/Man-6-P receptor

The rat IGF-II receptor amino acid sequence deduced from
rat cDNA closely resembles those of the bovine cation-in-
dependent mannose-6-phosphate receptor (77). In fact, both
receptors were found to be identical and are usually referred
to as the IGF-II/Man-6-P receptor (78-80). The human IGF-
II/Man-6-P receptor gene is located on chromosome 12 (79).
Within the receptor there are different binding sites for IGF-II
and Man-6-P or Man-6-P-containing glycoproteins (77). The
IGF-II receptor consists of a single peptide chain (77, 81, 82)
that lacks detectable kinase activity but is phosphorylated by
extrareceptor kinase activity (83, 84). IGF-II/Man-6-P recep-
tors have great affinity for IGF-II (KD = 0.1-1.0 nM), but the
affinity for IGF-I is at least 2 orders of magnitude less (5).
Binding of Man-6-P to the receptor increases the affinity for
IGF-II about 2-fold (77). In addition to IGF-II and with lesser
affinity than IGF-I, IGF-II receptors may bind other ligands,
such as proliferin, TGF/3 precursor, and |3-galactosidase, all
of which induce activation of phospholipase C and increase
inositol-3-phosphate (85).

A function of cytoplasmic IGF-II/Man-6-P receptors is the
intracellular targeting and sorting of lysosomal enzymes
(86). The receptor recycles rapidly between intracellular com-
partments with an acidic endosome being the primary in-
tracellular destination (87-89). Thus, cell surface IGF-II/
Man-6-P receptors may function as scavenger receptors.
However, there is also evidence, albeit limited, for a signaling
function of the receptor. IGF-II receptors are coupled to and
activate G proteins, and further details of this apparent IGF-
II/IGF-II-receptor signal transduction pathway have re-
cently been unfolded (90-97). IGF-II effects that are mediated
through IGF-II/Man-6-P receptors may include the modu-
lation of cellular Ca++-fluxes (91, 93, 98-100). However,
many IGF-II effects can be blocked by neutralizing IGF-I
receptors with IR3 monoclonal antibody, suggesting that
they are transmitted through IGF-I receptors (101-103). The
possible role of IGF-II receptors in the transduction of IGF-II
signals in the kidney are unknown and warrant further

study. IGF-II receptors may also play an important role dur-
ing embryo- and organogenesis (vide infra; Ref. 104).

IGF-II/Man-6-P receptors are also present in a soluble
form in serum (105-108). In immunoblots, soluble IGF-II
receptors are about 10 kDa smaller compared to their tissue-
residential counterparts (105). Soluble IGF-II receptors are
released from tissues that also express residential IGF-II re-
ceptors, including heart, skeletal muscle, liver, and kidney.
In fetal life, most of the soluble IGF-II receptors originate
from the heart and muscle, but in the adult rat, the liver is
the major source (107). The function of the soluble IGF-II/
Man-6-P receptors in serum is unknown. They may serve as
circulating IGF-II-specific binding proteins, although such a
physiological role is yet unproven.

E. IGF-binding proteins (Table 1)

Six IGF-binding proteins (IGFBPs) and a IGFBP-3 sup-
porting protein, the acid-labile subunit (ALS), have been
identified and cloned thus far (109-140). All IGFBPs have
sequence homologies (119). Both IGFs have similar affinity to
IGFBP-1, -3, and -4, but IGFBP-2, -5, and -6 preferably bind
IGF-II (119, 141-145). IGFBPs do not bind insulin or other
known ligands. As a rule, the affinity of IGFBPs for the IGFs
are in the same order of magnitude as for the IGF-receptors,
suggesting that in vivo some competition occurs between the
receptors and the IGFBPs for ligand binding.

IGFBP-1 and -2 contain an arginine-glycine-asparagine
(RGD) triplet that allows for (nonspecific) binding to a5^-
integrins resulting in cell surface association (5, 113, 146-
148). IGFBP-3 and -5 can also be found in association with cell
surfaces, although these IGFBPs do not contain a RGD-
sequence.

IGFBP-2, -3, -4, and -5 are glycosylated. In human serum,
IGFBP-3 forms two bands in Western ligand blots, and in rat
serum three bands are found due to different glycosylation
stages of IGFBP-3. IGFBP-2 and -4 usually form only a single
band in rat, as well as in human, serum.

IGFBP-1, -3, and -5 undergo intracellular phosphorylation
on serine residues (5, 149-151). Phosphorylation of IGFBPs
increases their affinity for the ligand (149). About 99% of the
serum IGF-I and II is bound to IGFBPs (44). Most of the
bound serum IGFs are present in a ~150-kDa complex (142,
152-156) that contains IGFBP-3, ALS, and the ligands (152,
153,157-159). The association of ALS with IGFBP-3 increases
the affinity for IGFs to IGFBP-3. This ~150-kDa complex is
largely limited to the intravascular space and may be viewed
as a circulating IGF reservoir (160, 161). About 30% of the
serum IGF-I is found in small (—45 kDa) protein complexes
that contain IGFBP-1, -2, -3, or -4 but no ALS (142). The small
serum-binding complexes can leave the intravascular space
and may deliver IGFs to tissue-binding sites (160, 161).

Most IGFBPs have a putative glycosaminoglycan-binding
site, and IGFBP-3 has three such sequences that facilitate
binding to extracellular matrix (162).

IGFBPs can be examined in serum, tissue, or cell lysates
and in concentrated conditioned cell culture medium by
Western ligand blotting (163-166) or Western immunoblot-
ting. Antibodies are commercially available for the detection
of all human IGFBPs but, unfortunately, do not cross-react
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TABLE 1.

IGFBP-1

IGFBP-2

IGFBP-3

IGFBP-4

IGFBP-5

IGFBP-6

ALS

Summary on IGF-binding proteins

cDNA
Reference

M:(136)
R:(112)
H:(110)
M:(136)
R:(123)
H:(109)
M:(136)
R:(129)
H:(140)
M:(136)
R:
H:(121)
M:(136)
R:(134)
H:(121)
M:(136)
R:(133)
H:(133)
M:

H:

EMBL/
GBAcc

No

X81570
J04486
Y00856
X81580
M31672
X16302
X81581
M31837
X64875
X81582

M62402
X81583
M62781
M62403
X81584
M69055
M69054

S46785

Theoretical
molecular mass

(kDa)

29.5
28.1

29.5
31.3

29.4
28.7

25.8
26.3

28.4
28.5

21.4
22.8

FELD AND

App Mwt
SDS-PAGE

29

31-33
(1 band)

38-48
R: 3 bands
H: 2 bands

24 + 29

HIRSCHBERG

Glycosylation RGD

-

-

+

+

-

+

+

-

-

-

—

Phosphorylation

+

-

+

-

+

t

Fasting

IGF-I

IGF-I

GH

Vol. 17, No. 5 <

a

, Preferred
binding *

Insulin •*
Similar

GH

IGF-II

0

Fasting Similar

Similar

*
IGF-II

IGF-II

M, mouse; R, rat; H, human; EMBL/GB Ace No, European Molecular Biology Laboratory/GenBank accession number.

well with rodent IGFBPs. Anti-bovine IGFBP-2 polyclonal
antisera cross-react well with human, mouse, and rat
IGFBP-2 (167). Immunoassays have been developed for the
measurements of human IGFBPs (168) and assay kits are
commercially available for some of them.

In many instances, particularly in the measurement of
rodent or rodent-cell culture-derived IGFBPs, Western li-
gand blotting is the only available method. However, inves-
tigators should be careful with quantitative interpretations of
this qualitative, or at best, semiquantitative method. In West-
ern ligand blots and subsequent densitometry of autoradio-
grams, curves derived from serially diluted sera do not nec-
essarily run parallel with curves derived from titrated
recombinant human IGFBPs (R. Hirschberg, own observa-
tion). This may be caused by incomplete dissociation of IGFs
from the binding proteins in nonreducing SDS-PAGE pro-
cedures (169).

1. IGFBP-1. IGFBP-1 is expressed primarily in liver but also
in kidney in both rats and humans (110, 119, 170-172).
IGFBP-1 expression is suppressed by insulin and increased
by insulin deficiency (172) and fasting (125,173). GH as well
as IGF-I reduce the (renal) expression of IGFBP-1 (174-176).
In contrast, fasting increases the IGFBP-1 mRNA levels in
kidney and other tissues (176). In adult serum, IGFBP-1 is a
less abundant IGF carrier. IGFBP-1 is serine-phosphorylated,
and its dephosphorylation decreases the affinity for IGF-I
(174). IGFBP-1 interacts through its RGD-sequence with
as/^-integrins. In vitro cell culture experiments have dem-
onstrated that IGFBP-1 has direct mitogenic actions via a^-

integrins that are independent of its interaction with IGF-I
(148). It is possible, although unproven, that IGFBP-1 has
IGF-I-independent actions in vivo in kidney.

2. IGFBP-2. IGFBP-2 is expressed in liver as well as in kidney
(174) and is second in line as a serum IGF carrier. It contains
an RGD-sequence. IGFBP-2 has a (several fold) greater af-

finity for IGF-II than for IGF-I and, hence, may carry pri-
marily IGF-II (177). Levels of this binding protein are in-
creased by IGF-I (178) and appear to be up-regulated by
IGF-II (179). IGFBP-2 is also elevated in the nephrotic syn-
drome in the rat, despite reduced serum IGF-I levels (167).
GH or fasting have little effect on the renal expression of
IGFBP-2 (175, 176). In the kidney, IGF-II and IGFBP-2 are
coexpressed in the vasculature, suggesting that IGFBP-2 has
a particular role in modifying IGF-II actions (180) but may
also modify IGF-I effects, as has been shown in other tissues
(181).

3. IGFBP-3. IGFBP-3 is the primary IGFBP in adult human
and rat serum. IGFBP-3 serum levels are increased by IGF-I
as well as GH (probably through IGF-I) (178). IGFBP-3 can
undergo in vivo proteolysis, which leads to release of the
ligand and is believed to be a measure of increasing IGF-I
activity. Increased IGFBP-3 protease activity has been dem-
onstrated in a number of physiological and abnormal con-
ditions such as pregnancy (182,183) and the nephrotic syn-
drome (167). Proteolytic fragments of IGFBP-3 bind IGF-I
with a (50-fold) reduced affinity (167, 184).

4. IGFBP-4. IGFBP-4 is primarily expressed in adult rats (and
humans?) in liver. Lesser levels of IGFBP-4 mRNA are also
found in total RNA extracted from normal adult rat kidney
(131). In human and rat serum, IGFBP-4 contributes to IGF
binding to a lesser extent (5, 142).

5. IGFBPS. IGFBP-5 is primarily expressed in kidney (132,
134,185-187). In contrast to other IGFBPs, liver mRNA levels
encoding IGFBP-5 are relatively low (134). In the kidney
IGFBP-5 resides in the renal interstitium where it appears to
be bound to extracellular matrix proteins (162,186,188-190),
and may provide a "intermediate IGF-I reservoir" to facili-
tate IGF-I actions. Such a facilitating function of IGFBP-5 has
been demonstrated in in vitro experiments (188).
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6. IGFBP-6. IGFBP-6 is widely expressed in adult rat tissues
particularly in lung. Lesser levels of IGFBP-6 mRNA are
found in liver and kidney (120, 133, 134). IGFBP-6 has a
70-fold greater affinity for IGF-II compared to IGF-I. In some
in vitro cell culture experiments IGFBP-6 was found to inhibit
the actions of IGF-II (191, 192). Thus, this binding protein's
primary function may be inhibition of IGF-II actions. In the
rat kidney the expression of IGFBP-6 mRNA is lower than the
mRNA of the other five binding proteins and is strictly lo-
calized to fibroblasts adjacent to the vasculature (189). Since
the renal vasculature expresses IGF-II, the role of IGFBP-6 in
the kidney may also be the regulation (inhibition) of IGF-II
effects on the vasculature (which are not yet well known).

II. Expression of GH Receptors and the IGF System
in the Kidney

GH receptors, IGF-I, IGF-II, IGF-I and -II receptors, and
IGFBPs are normally expressed in the adult (rat) kidney
suggesting a role for GH and the IGFs in some aspects of
physiological nephron function. The expression of these pro-
teins is highly organized and differs among the different
anatomical and functional segments of the nephron. Studies
examining the spatial distribution of the GH/ IGF-I system in
the nephron were predominantly performed in rats using ex
vivo peptide or RNA tissue extraction techniques with sub-
sequent RIA or Northern analysis of the extracts or in situ
hybridization or immunohistochemical techniques. Less in-
formation is available about the expression of these proteins
in normal human nephrons. Available data from human
kidneys suggest that there are some species differences (193).
Notably, neither IGF-II nor IGF-II mRNA have been dem-
onstrated in the normal rat nephron in most studies (except
in intrarenal blood vessels), and IGF-I and IGF-I mRNA have
not been found in the human kidney (194). However, IGF-II
receptor mRNA and IGF-II were found in the rat nephron by
Evan and associates (see Fig. 2) (180). In humans, the ex-
pression of IGF-II is apparently limited to the vasculature
(193-195). Furthermore, in the rat, the expression of members
of the IGF-system is known to be altered by physiological
maneuvers and in a number of experimental disease states
(vide infra). The expression of the renal GH-IGF-I system
changes during development of the kidney, which suggests
a role for this system during nephrogenesis and renal de-
velopment (vide infra).

A. Expression in the rat kidney (Fig 1)

Both IGF-I and IGF-II have been measured in rat kidneys
by tissue extraction and RIA or extraction of separated rat
renal cortex and medulla (27-29, 196). The peptides mea-
sured in these studies may be trapped by receptor or surface
binding or may have been synthesized in situ. Since the IGF-I
levels are greater in renal venous blood compared with the
concentration in arterial blood, the kidney synthesizes IGF-I
(55). More recent studies employing in situ hybridization of
RNA and in situ immunohistochemistry have indicated that
surface binding as well as in situ synthesis occur in different
parts of the nephron. A major proportion of IGF-I peptide
that can be extracted from kidney may have been trapped

from the circulation and bound to cell surfaces or the inter-
stitium rather than being synthesized in situ. This is sup-
ported by a comparison of the levels of extracted IGF-I pep-
tide with the levels of IGF-I mRNA that can be extracted from
rodent tissues. Comparable amounts of IGF-I can be ex-
tracted from (rat) liver and kidney (27), whereas the IGF-I
mRNA is at least 1 order of magnitude greater in (mouse)
liver compared to kidney (51). Trapping of IGF-I rather than
in situ synthesis is also suggested by the distribution of im-
munoreactive IGF-I in a pericellular pattern and by the dis-
sociation of IGF-I and IGF-I mRNA in some segments of the
nephron, as will be examined in the following paragraphs.

1. Glomeruli. Normal adult rat glomeruli possibly do not
express IGF-I, but express IGF-I receptors, IGF-II receptors,
and IGFBPs-2, -4, and -5 (186, 197-200). The expression of
IGF-I receptors in rat glomeruli has been demonstrated by
the presence of IGF-I receptor mRNA with in situ hybrid-
ization (198) as well as with RNase protection assay of RNA
that was extracted from isolated rat glomeruli (52). In rat
glomeruli IGF-I receptors are expressed at higher density
than in other parts of the nephron (199) and bind radiola-
beled IGF-I with high affinity (195, 199).

The expression of high-affinity IGF-I receptors provides
the basis for the effects of IGF-I on glomerular function and
structure that are discussed later in this review. These effects
of IGF-I on the glomerulus could either follow endocrine
modes or result from autocrine/paracrine activity of the
peptide. Studies on the expression of IGF-I in rat glomeruli
suggest an endocrine mode of action, because IGF-I may not
be expressed in the glomerulus. Several investigators did not
find IGF-I peptide or mRNA with in situ immune histology
or hybridization techniques (180, 186, 197, 198, 200-204).
However, there has been one exception. Matejka and co-
workers examined the expression of IGF-I mRNA by in situ
hybridization using a digoxigenin-labeled probe (205). In this
study, glomerular IGF-I mRNA was confined to some cells
in the glomerular tuft. Furthermore, Bortz and associates (52)
found low levels of IGF-I mRNA by ex vivo solution-hybrid-
ization/RNase protection assay in glomeruli that were iso-
lated from rat kidney. These investigators failed to demon-
strate the presence of IGF-I peptide in glomeruli by in situ
immunohistochemistry (52). The discrepancy between find-
ings from different laboratories may have several explana-
tions. First, the studies by Matejka et al. also demonstrated
IGF-I mRNA at low levels in proximal tubules in normal rats,
which was not found by any other investigator. Thus, the in
situ hybridization technique used may have resulted in "false
positives." Second, Bortz et al. isolated glomeruli by sequen-
tial sieving. This preparation is usually not completely pure
but contains fragments from other tubular segments. Small
amounts of fragments of collecting ducts that express rela-
tively large amounts of IGF-I mRNA may have contaminated
the preparation. Second, IGF-I is indeed expressed in rat
glomeruli at low levels and may have escaped detection in
studies by several other investigators. This is possible but
probably less likely. Thus, the experimental evidence sug-
gests that IGF-I is not expressed by normal rat glomeruli and
IGF-I-induced glomerular dynamic effects result from cir-
culating peptide. Whether IGF-I peptide is bound to recep-
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IGF-I mRNA?

IGF-I?

IGF-II mRNA?

IGF-I Rec mRNA

IGF-I Rec

IGF-II Rec

IGFBP-2 mRNA

IGFBP-4 mRNA

IGFBP-5 mRNA

FIG. 1. Expression of GH receptors
and the IGF system in the rat nephron.
The cartoon is compiled from several
original data sources (180, 194, 197,
198, 201-205, 217, 481, 557). Rec, Re-
ceptor; ?, in vitro finding, but not con-
firmed in in vivo study. The figure dif-
ferentiates between proteins and
mRNAs. The presence of the latter
suggests in situ synthesis.

(GH Rec mRNA)
IGF-I Rec
IGF-II Rec
IGF-I mRNA?
IGF-I

IGFBP-4 mRNA
IGFBP-5 mRNAS
IGFBP-5

GH Rec mRNA
ALS mRNA

Vasculature:

IGF-II mRNA

IGFBP-2 mRNA

IGFBP-2

tors was not delineated in immunohistochemical studies,
probably because the levels are rather low.

(Primary) cell cultures of glomerular mesangial, endothe-
lial, and epithelial cells express IGF-I, IGFBPs, and IGF-I
receptors in vitro (206-210). In cultured mesangial cells, IGF-I
is a progression factor, suggesting a mitogenic role in the
mesangium in vivo, possibly by an autocrine or paracrine
mode (206-211). The fact that residential rat glomerular cells
express IGF-I in culture but apparently not in vivo may be
explained with dedifferentiation of the cells in the cell culture
environment. The expression of IGF-I in cultured cells cer-
tainly does not allow for the assumption that these cells
express IGF-I also in vivo.

Endothelial cells from large arteries such as aorta and
possibly the renal arteries secrete IGF-I (212-214). Renal glo-
meruli and peritubular capillaries are strategically located
downstream from these large vessels, and IGF-I that is se-
creted into the renal circulation may act in glomeruli and
tubules.

Rat glomeruli also express IGF-II receptors as indicated by
the presence of IGF-II receptor mRNA by in situ hybridiza-
tion (180) and in extracted RNA from isolated glomeruli (52),
and the receptor protein can be demonstrated by immuno-
histochemistry in glomeruli in situ (215).

IGF-II or IGF-II mRNA are not found in the rat glomerulus
(180), but IGF-II mRNA is expressed in association with
IGFBP-2 mRNA and protein in the wall of interlobular ar-
teries and afferent arterioles (180), giving rise to the notion
that arteriolar IGF-II may act downstream through glomer-
ular IGF-I (and IGF-II?) receptors. At present, no particular

IGF-I R mRNA

IGF-I

IGFBP-1 mRNA

IGFBP-1

IGFBP-5 mRNA

IGF-I mRNA

IGF-I

IGF-I Rec mRNA

IGF-I Rec

GH Rec mRNA

IGFBP-1 mRNA

IGFBP-1 !

IGF-I

IGFBP-1

IGF-II Rec

IGFBP-2

IGF-I

IGF-II

IGF-I R mRNA

IGF-I R

IGFBP-1

Interstitium:
IGF-I Rec mRNA
IGF-II Rec mRN/s|
IGFBP-2 mRNA
IGFBP-3 mRNA
IGFBP-4 mRNA
IGFBP-5 mRNA

IGF-I mRNA

IGF-I

IGF-I Rec mRNA

IGF-I Rec

IGF-II Rec mRNA

IGF-II Rec

IGFBP-1

GFBP-2 mRNA

IGFBP-4 mRNA

function has been associated with glomerular IGF-II recep-
tors. Not all studies have confirmed that IGF-II mRNA is
found in these vessel in rat kidney (193). The reasons for this
discrepancy among findings by different investigators are
unclear.

mRNAs encoding for IGFBP-2, -4, and -5 have also been
found in rat glomeruli by in situ hybridization (180,189,200).
Neither IGFBP-1 nor IGFBP-1 mRNA could be demonstrated
in the rat glomerulus (198, 201). IGFBP-3 mRNA is also not
found in glomeruli in normal rats (216).

2. Proximal tubules. Under physiological conditions, proximal
tubules do not, or only minimally, express IGF-I mRNA (205,
217), but IGF-I peptide is clearly found in proximal tubules
by immunohistology (201). In contrast to other authors, Bortz
et al. (52) also found IGF-I mRNA by RNase protection assay
of RNA that was extracted from isolated rat proximal tubules
and failed to demonstrate the presence of IGF-I by in situ
immunostaining. Taken together, these studies suggest that
IGF-I is probably not expressed in greater amounts in normal
rat tubules. However, IGF-I mRNA and peptide become
transiently expressed in regenerating proximal tubules after
acute injury. In this setting, new epithelial cells that are not
yet fully differentiated and macrophages that participate in
the repair process express IGF-I mRNA and peptide (203,
217). The lack of synthesis of IGF-I in normal rat proximal
tubules is further suggested by the pattern of immunostain-
ing that was described by Kobayashi et al. These investigators
found IGF-I peptide along the brush border and the baso-
lateral membrane but not in cytoplasm (201). This distribu-
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tion is best compatible with (receptor) binding of serum IGF-I
or IGF-I that has undergone glomerular ultrafiltration.

Proximal tubules express IGF-I- and IGF-II receptors abun-
dantly (195, 197, 198, 200, 205, 217, 218). IGF-II receptors
appear to be distributed evenly between the apical (luminal)
and basolateral tubule membranes (218-220). In contrast,
IGF-I receptors may be more abundant in the basolateral
membrane compared to the brush-border membrane (218,
221). However, functional studies by Quigley and Baum
(222) in isolated-perfused rabbit proximal tubules indicate
greater efficacy of IGF-I-induced effects through the apical as
compared to the basolateral proximal tubule membrane.
These latter studies strongly suggest that apical IGF-I recep-
tors are functionally important. The location of IGF-I- and
IGF-II receptors in both cell membranes and the (likely) lack
of expression of IGF-I in proximal tubules suggests physio-
logical actions of circulating as well as ultrafiltered IGF-I.
Possible physiological and pathological effects that may be
mediated by these modes of action include alteration of
transport processes, growth (hypertrophy and hyperplasia),
and possibly increased secretion of extracellular matrix pro-
teins, as is discussed in later parts of this review.

Rat proximal tubules also express GH receptors (197, 216).
Since IGF-I is probably not expressed in proximal tubules in
normal rats (202, 203, 216, 217), GH may function indepen-
dently of IGF-I in proximal tubules. Studies by Rogers and
associates (223) demonstrated that GH directly stimulates
gluconeogenesis in canine proximal tubules without increas-
ing IGF-I. In vivo, cells in the S3-segment of proximal tubules
also express ALS and GH receptors (216). The proximal tu-
bule ALS mRNA levels are under GH control and are re-
duced in hypophysectomized rats and increase during treat-
ment with GH (216). In this segment of the nephron, IGFBP-3
is not expressed (216). IGFBP-3 and (most likely) IGF-I are not
synthesized in proximal tubules, and the 150-kDa complex
could only be assembled in proximal tubules if these latter
two proteins are "imported." This anatomic distribution of
ALS gives rise to the possibility that ALS has local intrinsic
biological functions that are independent of its association
with the large IGF-binding complex. However, at present,
this is speculative and warrants further experimental inves-
tigation. Proximal tubules also express IGFBP-5 as was
shown by Hise and associates (190) on the mRNA as well as
the protein level.

3. Loop of Henle. The presence of IGF-I peptide in the thin
segment of the loop of Henle in normal rat renal medulla has
been shown by immunostaining (180, 201, 202, 204). This
segment also contains IGFBP-1, IGFBP-2, and IGF-II recep-
tors (180, 201). The thick ascending limb of the loop of Henle
expresses IGF-I mRNA (197, 200, 201), and in situ hybrid-
ization depicts the expression of mRNA encoding IGFBP-1,
IGF-receptors, and GH receptors (197). Immunostaining in-
dicates also the presence of IGFBP-1 protein (201). Thus, the
thick ascending limb of the loop of Henle is the only segment
within the nephron that colocalizes GH receptors, IGF-I, and
IGF-I receptors, suggesting that GH may act via local induc-
tion of IGF-I which, in turn, acts through the IGF-I receptor
by autocrine or paracrine modes (197).

4. Distal tubules and collecting ducts. Rat distal convoluted
tubules do not express IGF-I mRNA (198) but may (201) or
may not (202, 204) contain small amounts of IGF-I peptide,
probably reflecting circulating and / or ultrafiltered IGF-I that
is bound to receptors. Distal tubules express IGF-I receptor
mRNA (197,198) as well as IGFBP-1 mRNA and protein and
IGFBP-5 mRNA (197, 198, 200, 201).

Cortical collecting ducts contain IGF-I receptor mRNA
(197, 200). In only one study (180) IGF-II receptors were also
found by immunohistology. This may require confirmation
before major conclusions can be made. Cortical collecting
ducts do not express IGF-I- or IGF-II mRNA, but both pep-
tides as well as IGFBP-1 have been found, by immunohis-
tology, and are probably of ultrafiltered or circulating origin
(180, 201).

Several investigators found IGF-I mRNA and /or peptide
in medullary collecting ducts, and the IGF-I expression was
found in some studies to be greater than in other parts of the
nephron (52, 53, 180, 198, 201, 202, 204, 205, 224, 225). How-
ever, other investigators have not confirmed the presence of
IGF-I mRNA in cortical or medullary collecting ducts (197,
200). Thus, there are discrepancies that are not readily ex-
plained. IGF-I mRNA was also found by assaying extracted
RNA from microdissected collecting ducts as well as by in
situ hybridization (52, 53, 180). Furthermore, the peptide is
diffusely distributed in the cytoplasm in collecting ducts as
was shown by immunohistology. This finding suggests local
synthesis of IGF-I in medullary and probably cortical col-
lecting ducts (204). Most likely, IGF-I is indeed synthesized
in rat renal collecting ducts.

Medullary collecting ducts possibly contain IGF-II mRNA
(180), although this has also not been confirmed in other
studies (194). One study also found IGF-II receptors in med-
ullary collecting ducts in rats (180), but this finding may also
need confirmation before major conclusions are drawn. This
segment also expresses IGFBP-2 and -4 mRNAs, and the
presence of IGFBP-2 protein has been demonstrated (180,
200).

In rats, both IGF-I- and II- receptors have been localized to
the renal interstitium, probably on interstitial fibroblasts.
Interstitial cells also express IGFBP-3 and -5 mRNAs (216,
226). In one study IGFBP-2 and -4 were also found in the
cortical interstitium (186). Northern analysis of whole kidney
RNA demonstrates that the amounts of IGFBP-5 mRNA in
kidney are greater than in other organs (134). IGFBP-5 pro-
tein may be bound to extracellular matrix proteins in the
renal interstitium and may provide a "intermediary reser-
voir" for IGF-I and enhance the local action of the peptide
(188, 227).

B. Expression in human kidney (Fig 2)

Less information is available about the expression of GH
receptors and the IGF system in human kidneys. Data on the
GH-dependent regulation are not available. In adult humans,
IGF-II (but not IGF-I) has been localized to the glomerular
and peritubular vasculature as well as the interstitium (193-
195). Chin and associates (195) did not find IGF-I mRNA
expression in any location of the human nephron by in situ

hybridization. Both IGF-I and -II receptors are present in
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FIG. 2. Expression of IGF-I and -II,
IGF-I and -II receptors, and IGFBPs in
the normal human kidney (193-195).
The figure differentiates between pro-
teins and mRNAs. The presence of the
latter suggests in situ synthesis.
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various segments. mRNAs encoding for IGFBPs are found by
in situ hybridization in the glomerulus and in tubules (193,
195). A composite of the location of IGFs, their receptors, and
binding proteins and / or their mRNAs in the human nephron
is provided in Fig. 2. The current picture of the localization
and presence of members of the IGF system in human kidney
is, most likely, incomplete and warrants further examination.

C. Functional implications of anatomic data

The distribution of the GH-IGF-system in the (rat) kidney
raises several questions as to how GH and IGF-I interrelate
with regard to their effects on renal function and metabolism.
Both GH and IGF-I increase glomerular hemodynamics, as
will be reviewed in detail in a later section. Yet, (rat) glo-
meruli do not express GH receptors and may not synthesize
IGF-I in vivo, although the expression of the peptide has been
found by some investigators (vide supra). Thus, GH-induced
effects on glomerular function could only be explained by an
indirect action by which GH induces an increase in systemic
IGF-I, which than acts through glomerular IGF-I receptors.
Indeed, as will be discussed in further detail, the hemody-
namic effects of GH occur only with a time delay and after
the serum IGF-I levels have risen. Thus, all GH effects on the
glomerulus appear to be systemically mediated by circulat-
ing IGF-I.

On the other hand, mice transgenic for GH, but not those
transgenic for IGF-I, develop premature glomerular sclero-
sis, although in both models, animals have elevated circu-
lating levels of IGF-I of similar magnitudes (207). This would

suggest that GH may act directly on glomerular metabolism
independently of IGF-I. Possibly, these mice express glomer-
ular GH receptors, in contrast to rats, but this has not been
examined.

All members of the GH-IGF-I loop, namely GH receptors,
IGF-I mRNA, and IGF-I receptors, are expressed in only one
location in the nephron, namely the thick ascending limb of
the loop of Henle. This finding suggests that GH-induced
IGF-I functions in an autocrine/paracrine mode in the loop
of Henle. There may also be actions of GH that are inde-
pendent of IGF-I. Since the major function of this nephron
segment is the extraction of chloride from tubular fluid and
the maintenance of an increased interstitial osmolal tonicity,
GH and/or IGF-I may participate in the regulation of the
primary transporter of this segment, the Na/K/2 Cl trans-
porter. However, such a role has not been directly demon-
strated.

Although anatomic studies have not demonstrated that
GH receptors are invariably expressed in the cortical and/or
medullary collecting duct (197), there is the suggestion that
functioning GH receptors are present in collecting ducts. This
evidence is derived from experiments that demonstrate a
GH-induced rise in the collecting duct IGF-I mRNA levels
(52, 53, 224). In conclusion, GH receptors appear to be ex-
pressed in cortical and /or medullary collecting ducts.

Proximal tubules express transport proteins for many (ab-
sorptive and secretory) transport processes, and some of
these, such as the phosphate and possibly sodium absorp-
tion, are partially regulated by IGF-I. Both GH and IGF-I may
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have direct actions on proximal tubules independent from
each other and increase tubular cell gluconeogenesis (223,
228). The evidence from several sets of anatomic studies
indicates a lack of IGF-I mRNA in proximal tubules in normal
rats but the presence of IGF-I that is bound to apical and
basolateral membranes but not in the cytoplasm. In concert,
these findings suggest that circulating and ultrafiltered IGF-I
affect the function of proximal tubules. This is a rather in-
triguing hypothesis since it suggests that the proximal tubule
operates under "endocrine-like" regulation by IGF-I.

D. Regulation of the renal expression of IGF-I

Our current understanding of different mechanisms that
contribute to the regulation of the renal expression of IGF-I
is largely obtained from animal studies, and it remains un-
clear whether the findings also apply to humans. However,
it is likely that most mechanistic principals apply to both
humans and rodents. In this section we will review what is
known about the effects of GH, nutrition, and epidermal
growth factor (EGF) as physiological regulators of renal
IGF-I.

1. GH. The kidney contributes to the circulating IGF-I pool as
inferred by greater somatomedin activity in renal venous
compared to arterial blood (55). However, these early studies
did not indicate that the renal expression of IGF-I is increased
by GH (54). It is now known that GH regulates IGF-I syn-
thesis in liver, kidney, and brain but not in several other
tissues such as lung, spleen, and heart (51). In GH-deficient
and control mice exogenous GH raises kidney IGF-I mRNA
levels significantly and quickly, within <2 h. After admin-
istration of GH peak IGF-I mRNA levels in kidney are ob-
served at about 12 h. GH increases IGF-I gene expression by
activating transcription (51). A similar time course for a rise
in extractable and immunoreactive IGF-I has been found in
hypophysectomized rats that were injected with a single
dose of GH (27). In GH-deficient mice and probably also in
normal mice the GH-induced rise in liver IGF-I mRNA is
greater than in kidney (51). This may result from a greater
GH receptor density in liver compared to kidney.

Renal IGF-I mRNA levels are reduced in GH-deficient
dwarf rats compared to normal controls. In these animals the
IGF-I mRNA levels increase upon administration of GH
(175). Implantation of GH-producing tumor tissue or pitu-
itary cells into normal rats also increases the renal IGF-I
mRNA levels (53, 226).

The GH-induced rise in renal IGF-I mRNA levels is caused
by focal stimulation of the IGF-I gene in collecting ducts and
the medullary thick ascending limb of the loop of Henle (53,
224). Hypophysectomy reduces the IGF-I expression in these
segments of the nephron. This focal action of GH on IGF-I
mRNA in the kidney may explain the lesser increase in ex-
tractable IGF-I mRNA in kidney compared to liver on a per
cell basis (51).

IGF-I mRNA is detected in glomeruli from normal rats
neither at baseline nor after stimulation with GH (198). Thus,
all glomerular effects of GH are most likely transmitted by
systemic elevation of IGF-I that may primarily result from
increased transcription of the hepatic IGF-I genes (51).

Hypophysectomy reduces and exogenous GH raises the
renal expression of GH receptors in straight proximal tubules
and thick ascending limbs of the loop of Henle (197). Since
IGF-I mRNA is not found in normal rat proximal tubules, GH
apparently acts directly through its own receptor in this
segment of the nephron. However, effects of GH are most
likely also transduced indirectly through systemic and/or
ultrafiltered IGF-I and its interaction with IGF-I receptors in
proximal tubules. GH may modestly down-regulate the re-
nal expression of IGF-I receptors (226).

GH also regulates the expression of IGFBPs in rat kidney.
In response to GH, renal IGFBP-1 and -4 mRNAs decrease
moderately (175, 226). In GH-deficient rats IGFBP-1 and -4
mRNAs are increased and administration of GH normalizes
the levels (175, 176). The effect of GH on IGFBP-4 mRNA
seems to be less compared to effects on IGFBP-1 mRNA (175,
226). Renal IGFBP-3 mRNA increases modestly with admin-
istration of GH to normal rats, and the effect appears to be
quantitatively less important (175, 216, 226). Some authors
found in hypophysectomized or in dwarf rats that GH does
not increase the renal expression of IGFBP-3 significantly
(175,176, 216). This is in contrast to hepatic IGFBP-3 mRNA,
which is GH dependent (216). The ALS mRNA that is found
in straight proximal tubules increases with GH treatment in
hypophysectomized rats (216). Hypophysectomy also in-
creases the expression of IGFBP-5 in proximal tubules and
glomeruli in the rat (227).

2. Nutrition. The renal IGF-system is also regulated by nu-
trition, particularly calorie and protein nutrition. Short-term
fasting decreases the renal IGF-I mRNA and raises renal
IGFBP-1 levels in GH-deficient and normal rats but does not
affect IGFBP-2 to -5 mRNAs in kidney (175). Since these
fasting-induced changes occur similarly in normal and GH-
deficient rats, they are apparently independent of GH (i.e. not
mediated by GH).

High protein diets fed to normal rats increase the renal
IGF-I mRNA levels and reduce IGFBP-1 mRNA (229). Low
protein diets reduce IGF-I and increase IGFBP-1 mRNA in
the kidney (229, 230). Since IGFBP-1 may reduce IGF-I ac-
tivity by binding the peptide and preventing receptor inter-
action, these changes may augment the effects of low and
high protein diets to further up- and down-regulate renal
IGF-I activity beyond a direct effect on IGF-I mRNA. Since
IGF-I and IGFBP-1 are coexpressed in medullary thick as-
cending limb of the loop of Henle, this dietary protein-de-
pendent regulation of IGF-I activity may refer particularly to
this segment of the nephron. Indeed, the thick ascending
limb of the loop of Henle is particularly sensitive to high
dietary protein-induced hypertrophy (231, 232). However,
dietary protein also regulates systemic, circulating IGF-I ac-
tivity. A low protein diet reduces liver synthesis of IGF-I and
increases hepatic IGFBP-1 mRNA.

IGF-I receptors and IGFBP-5 in proximal tubules are also
regulated by dietary protein in the rat. Both increase with
reduced dietary protein intake (190). Low protein diets also
decrease the renal mRNA levels for IGFBP-2 and do not affect
the IGFBP-3, -4, and -6 mRNAs in the kidney (230).

Low protein diets decrease the levels of extractable and
immunoassayable IGF-I in isolated rat glomeruli, and the
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levels are increased if the rats are fed a high protein diet (233).
Since IGF-I is probably not synthesized in rat glomeruli, the
extracted IGF-I probably represents circulating peptide that
was bound / trapped in glomeruli.

3. Epidermal growth factor (EGF). EGF is also expressed in thick
ascending limbs of the loop of Henle and in distal convoluted
tubules (234). EGF is obviously synthesized in these two
locations in the nephron since both mRNA and peptide are
colocalized (234). There is evidence that GH regulates renal
EGF expression. Renal EGF mRNA is reduced in hypophy-
sectomized rats and increases with GH administration in
these animals. However, in normal rats GH does not increase
the renal EGF levels above normal (235). Furthermore, EGF
increases the expression of IGF-I in isolated rat collecting
ducts in vitro (235, 236), but it is unclear whether this occurs
also in vivo and whether EGF also stimulates IGF-I synthesis
in the loop of Henle. It is possible, that EGF that is synthe-
sized and released in the loop of Henle or distal tubules
increases the expression of IGF-I in the thick ascending limb
and/or in downstream segments of the nephron. Thus, there
is the possibility that a "GH- EGF- IGF-I" axis exists in the
kidney. Interactions between EGF and IGF-I may have im-
portant implications in mechanisms that regulate renal com-
pensatory growth and in the accelerated healing after isch-
emic renal injury. Both of these aspects are discussed below
in separate sections of this review.

III. Processing of GH, IGFs, and IGFBPs by the
Kidney

The normal glomerular capillary wall prevents the ultra-
filtration of great amounts of serum albumin by its charge
selectivity (due to anionic charges in the basement mem-
brane) and of large molecular mass serum proteins by size
selectivity of the pore structure. However, small amounts of
albumin (molecular mass ~68 kDa) and even IgG (molecular
mass ~158 kDa) are ultrafiltered physiologically (237). Low
molecular mass proteins, such as /32-microglobulin, are nor-
mally ultrafiltered in the glomerulus at greater rates. Tubule
absorption and degradation are the primary means of their
metabolism. In this respect, the kidney plays a major role in
the degradation of small molecular mass proteins and pep-
tides, including peptide hormones such as insulin (238-242).

GH also undergoes glomerular ultrafiltration and subse-
quent tubular absorption and degradation. Bilateral nephrec-
tomy in experimental animals results in increased plasma
levels and half-life of GH (243, 244). Similarly, GH serum
levels are increased in patients with chronic renal failure, and
the half-life is prolonged (245-249). Under normal conditions
small amounts of GH are excreted with urine (250-252).

Several years ago, Johnson and Maack (253) examined the
renal extraction and ultrafiltration of radiolabeled rat GH in
intact rats and in isolated-perfused rat kidneys. These studies
demonstrated a high sieving coefficient1 for GH of about 0.6,
indicating that the ultrafiltration of GH is as great as 60% of

the filtration rate of water (assuming that there is no sub-
stantial tubular secretion of GH). However, the fractional
excretion2 of GH in the urine was <0.01. This large difference
between the sieving coefficient and the fractional excretion
indicates that most of the ultrafiltered GH is processed by the
tubules (253). In fact, studies have indicated that GH under-
goes endocytotic absorption and subsequent proteolysis in
tubule cells (241, 242, 253, 254). The absorption of GH into
tubule cells occurs via the luminal (apical) cell membrane,
not through the basolateral membrane (253). Thus, the glo-
merular ultrafiltration of GH is the rate-limiting step in the
metabolism of the protein and, hence, explains why serum
GH hormone levels are elevated in subjects with renal failure
and that the kidney is the major organ causing most of the
plasma GH turnover (253, 255). Intense renal uptake of GH
in the rat was also demonstrated by Krogsgaard Thomsen et
al. (256). These investigators provided evidence that [125IJ GH
may also be extracted from plasma by peritubular renal
uptake, a finding that is incompatible with those of other
investigators (253).

Haffner and associates (255) examined the steady state
metabolic clearance rate (MCR) of recombinant human GH
in normal subjects and in patients with chronic renal failure.
The MCR is decreased and the serum half-life is increased
with increased serum levels of GH. In patients with chronic
renal failure, the MCR is decreased and the serum half-life is
increased. This fact confirms the importance of the kidneys
for GH metabolism (255). These investigators estimated that
about 50% of the GH catabolism is normally accomplished by
renal extraction and degradation; this value is similar in
magnitude to earlier experimental estimates (253). The nor-
mal kidney handles GH similarly to other microproteins,
namely by glomerular ultrafiltration, tubular reabsorption
via endocytosis, lysosomal degradation in tubule cells, and
some urinary excretion (253, 255).

Due to their low molecular mass (~7.6 kDa), the glomer-
ular ultrafiltration of IGF-I and IGF-II should occur at great
rates, with a sieving coefficient that approaches 1.0. How-
ever, since most of the circulating IGFs are present in mo-
lecular forms of —150 and ~45 kDa, ultrafiltration of these
protein complexes occurs certainly at much lesser rates. In-
deed, in normal rats, the glomerular ultrafiltration of IGF-I
is extremely low (257-259).

Several investigators demonstrated the presence of IGF-I
in bladder urine of normal subjects and patients with renal
disease. Hizuka and associates (260) found IGF-I levels in
urine of normal subjects of 78 ± 13 pg/ml (or 72 ±7 pg/mg
creatinine). Although the sieving coefficient for IGF-I cannot
be estimated from these data, one may estimate the fractional
excretion of IGF-I to be about 0.00001 (or 0.0000001%) based
on data by Hizuka et al. (260). The urinary excretion of IGF-I
is even slightly lower in patients with hypopituitarism and
about 3-fold greater in acromegalics (260). Other authors
reported similar rates of urinary IGF-I excretion (250, 251,

1 The glomerular sieving coefficient of GH is the ratio of the GFR of
GH divided by the GFR of water and small solutes, which is usually
measured as the clearance of inulin or creatinine.

2 The fractional excretion of GH is the ratio of the (whole kidney) renal
clearance of GH, divided by the GFR or creatinine clearance. The dif-
ference between the sieving coefficient and the fractional excretion of a
compound indicates the amount of tubular binding, absorption and/or
degradation, or tubular secretion.
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261-264). Several investigators used gel filtration chroma-
tography to estimate the molecular size of IGF-I in urine. The
data are somewhat dissimilar. This results most likely from
elution of the columns with acidic or neutral buffer systems.
Hizuka et al. found that about 70% of urinary IGF-I is present
in a —43 kDa molecular form, and ~30% is excreted as free
IGF-I (260). However, Yokoya and associates (263) found the
vast majority of urinary IGF-I to be present in the free form.
As expected, ~150 kDa complexes are not found in urine
from subjects without renal glomerular diseases. The urinary
excretion of IGF-I is greater in young children but tends to
decline with age (250, 263) and correlates with the urinary
excretion of GH (251).

The contribution of the kidney to the metabolism of IGF-I
is exemplified by comparison of pharmacokinetic data ob-
tained from normal subjects compared to patients with ad-
vanced renal failure or end-stage renal disease. Rabkin and
associates (265) found a greater maximal serum concentra-
tion and reduced volume of distribution after administration
of recombinant human IGF-I (rhIGF-I) in patients with
chronic renal failure compared to controls (265). The plasma
clearance of IGF-I was similar in both groups, despite low
renal clearance rates in chronic renal failure patients, sug-
gesting that normally the kidney plays only a minor role in
the metabolism of IGF-I. Even the serum half-life was re-
duced in renal failure patients (265). Fouque and associates
(266-268) also examined the pharmacokinetics of rhIGF-I in
some detail in normals and in patients with end-stage renal
disease. With administration of rhIGF-I, 50 ju,g/kg, the phar-
macokinetic parameters were similar in both groups of sub-
jects. The half-life was decreased in renal failure patients with
administration of a larger dose, 100 /xg/kg (268). Thus, the
kidney plays only a modest role in the removal of IGF-I from
the circulation. This is much different in patients with the
nephrotic syndrome (vide infra).

The fate of IGFs that have been ultrafiltered by glomeruli
may include binding to specific IGF receptors and induction
of metabolic effects in renal tubules (257, 258), and/or the
peptides may be absorbed and degraded (269). Flyvbjerg and
associates (221) studied the uptake and processing of IGF-I
in isolated-perfused rabbit proximal tubules. These investi-
gators found that some uptake of IGF-I occurs upon perfu-
sion of the apical as well as the basolateral membrane with
IGF-I. The uptake of [125I]IGF-I was inhibited by excess cold
IGF-I, suggesting involvement of IGF-I (and/or IGF-II-) re-
ceptors (221). A minor fraction (-20%) of bound IGF-I un-
dergoes lysosomal degradation. Thus, renal extraction and
degradation of IGF-I may occur by glomerular ultrafiltration
and luminal uptake but also by uptake from peritubular
capillaries through tubule cell basolateral membranes (221).

Fawcett and associates (270) confirmed some of these find-
ings in an in vitro model of cultured proximal tubule-like
epithelial cells. These authors demonstrated that the cellular
uptake of IGF-I was inhibited by IGFBP-3, but enhanced by
IGFBP-5 (271). The mechanisms by which IGFBP-5 actually
facilitate cellular uptake of IGF-I remain unclear.

In humans, IGF-II is also excreted with urine (Fig. 3). The
rate of urinary excretion tends to decline with age and is
greatest in prepubertal children in some studies (261) but not
in others (272). The urinary excretion of IGF-II is several fold

[Urinary IGF-I (pg/mg Creatinine)!
300

200

100 -

FIG. 3. Urinary excretion of IGF-I in eight normal subject, nine pa-
tients with hypopituitarism (Hypopit), and 10 patients with acro-
megaly. [Data derived from Hizuka et al. (260).]

greater than that of IGF-I. This may result from greater serum
levels compared to the IGF-I levels in human as compared to
rat serum, and /or a greater free, unbound fraction of IGF-II
in serum (272). In normal subjects the absolute concentration
of free IGF-II in serum is at least 50% greater than the free
IGF-I (44).

Excretion of IGFBPs in urine has also been demonstrated.
Zumkeller and Hall (272) demonstrated the presence of
IGFBP-1 in urine from normal healthy adults. Furthermore,
urine from normal subjects contains IGFBP-2 and -3 (261,
273). IGF-binding in dialyzed urine from normal subjects is
found in Western ligand blots at 30-40 kDa and 31 kDa
corresponding to IGFBP-3 and -2, respectively (273). These
investigators also demonstrated that the 150-kDa complex is
absent from normal urine (273). This is due to the size-
selective ultrafiltration barrier of the normal glomerulus.
Furthermore, the urinary IGFBP-3/IGFBP-2 ratio is reversed
compared to serum (273). There may be several explanations
for this finding. First, most IGFBP-3 in serum is present in the
150-kDa binding complex and thereby virtually excluded
from glomerular ultrafiltration. Second, some of the urinary
IGFBP-3 may result from tubular secretion, although this has
not been demonstrated in appropriate experiments. Third,
there may be differential absorption or binding of IGFBPs to
tubule cells during the tubular downstream passage.

Arany and associates (274) injected [125I]IGFBP-3 into nor-
mal rats. Within 1 h, the majority of IGFBP-3 had become
associated with ALS, and this complex was excluded from
urinary excretion, most likely because it was excluded from
glomerular ultrafiltration. Only a small amount (8%) of the
administered IGFBP-3 was recovered in urine. Some of this
fraction may have been fragmented IGFBP-3 (274). During
the initial few minutes, the serum half-life of [125I]IGFBP-3
was short (—25 min). Subsequently, the serum IGFBP-3 levels
remained fairly constant (274). Thus, before complexing with
ALS, free IGFBP-3 could disappear from the intravascular
space. The ALS-IGFBP-3 complex could not (274).
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In patients with glomerular diseases and proteinuria, the
rate of urinary excretion of IGF/IGFBP-complexes is in-
creased (261, 273), particularly when associated with the
nephrotic syndrome (167, 257, 258, 275). However, the uri-
nary excretion of intact IGFBP-3 is relatively low (167) or
absent (276). This may have pathophysiological importance
(vide infra).

TV. GH, IGF-I, and Glomerular Hemodynamics

A. GH

Circumstantial evidence linking GH to increased renal
hemodynamics was suggested several decades ago. Ikkos
and associates (277) found elevated glomerular filtration
rates (GFR) and renal plasma flow (RPF) rates in patients
with acromegaly. Thus, the hypersomatotrophic state of ac-
romegaly is associated with both increased renal function
and greater renal mass. Corvilain and co-workers (278) were
the first to demonstrate that administration of GH-containing
pituitary extracts increased GFR in normal subjects (278).
Falkheden (279) and Falkheden and Wickbom (280) exam-
ined the kidney function in patients with acromegaly or
breast carcinomas before and after hypophysectomy. Falkhe-
den found that the GFR decreased after the procedure (279).
This investigator posed the important question of whether
GH raises GFR secondary to increasing renal mass or owing
to a direct effect on renal hemodynamics independent of the
effect of the hormone to increase kidney size. Falkheden
could separate the effects on hemodynamics and kidney size
in patients with serial measurements of kidney function at
different times after hypophysectomy. The decrease in renal
function occurred before a (noticeable) reduction in renal
mass (280).

Ingestion of protein-rich meals or administration of amino
acid solutions are known to induce a rise in serum GH levels
as well as GFR. Several investigators hypothesized that the
protein- or amino acid-induced rise in GFR may be mediated
by GH. In one study from this laboratory, normal subjects
and patients with GH deficiency underwent short-term serial
measurements of renal hemodynamics [inulin and p-amin-
ohippuric acid (PAH) clearances] before and after a 30-min
infusion of L-arginine (281). The GFR at baseline was signif-
icantly lower in the GH-deficient subjects compared to nor-
mal controls. However, after the arginine infusion, the GFR
[and renal plasma flow (RPF)] rose in both groups (281). If
expressed as percent of baseline, the rise in GFR tended to be
greater in the GH-deficient patients compared to the healthy
subjects. Furthermore, in the normal subjects, the rise and
peak in GFR preceded the peak in plasma GH levels (281),
suggesting that the effect of intravenous amino acids on GFR
is GH-independent.

These findings were confirmed by Ruilope and associates
(282). These investigators administered a mixed amino acid
infusion to patients with panhypopituitarism that increased
GFR (282). In contrast, a challenge with a protein-rich meal
failed to cause a rise in GFR in a group of GH-deficient
patients (283). However, in the latter study, some of the
normal control subjects also had no change in GFR in re-
sponse to the same protein meal. This finding renders the

study somewhat indeterminant (283). In concert, these stud-
ies indicate that GH does not mediate the rise in GFR and RPF
that occurs with acute infusions of amino acids.

Since the original study by Corvilain and his associates
(278), several studies have been performed that indicate that
administration of GH (or recombinant human GH) increases
GFR. Haffner and co-workers (284, 285) administered daily
GH to normal subjects for 3 days. In one study, GFR was
increased on day 3 by 11% above baseline (P < 0.02) (284).
In a separate but similar study, GFR rose significantly after
3 days of GH treatment by 18% above baseline values (285).
Parving and associates (286) acutely infused GH into normal
subjects and found that this short-term GH administration
had no effect on GFR. Similar findings had been reported by
Westby and associates (287) who infused bovine GH acutely
into normal or hypophysectomized dogs and did not find an
increase in GFR or RPF within several hours. Christiansen
and collaborators administered GH to normal subjects for 1
week. GFR and sonographic renal size measurements were
obtained before and after 1 week of GH treatment (288). In
contrast to the acute study, GFR was significantly increased
(288). Furthermore, the rise in GFR occurred without a con-
comitant increase in renal size (288).

This series of studies indicated that GH would not raise
GFR very acutely, but would do so chronically. To demon-
strate this circumstantial finding more directly, we measured
GFR and RPF in a single GH-deficient subject before and
during the initial week of treatment with GH (289). The
findings are summarized in Fig. 4 and demonstrate that the
GFR did not rise during the initial pharmacological rise in
serum GH hormone levels that occurred shortly after the first
GH injection (289). However, 24 h after the first dose and
before the administration of the second dose of GH, GFR and
RPF were increased above baseline. At this time serum IGF-I
levels were also increased in response to GH (Fig. 4) (289).
Both renal function and serum IGF-I levels remained ele-
vated for the remainder of the 1 week study (Fig. 4).

Similar findings were obtained in a group of seven normal
subjects in whom serial measurements of GFR and RPF were
performed for 3 consecutive days (290). After baseline mea-
surements, a single intramuscular injection of recombinant
human GH was given. Despite the pharmacological rise in
serum GH levels shortly after the injection (Fig. 5), GFR, RPF,
and serum IGF-I levels remained at baseline during the first
day of the study (290). However, about 20 h after the injection
of GH, serum IGF-I levels as well as GFR and RPF were
increased significantly and remained elevated on the third
day (Fig. 5) (290).

The latter two studies clearly explain the apparent dis-
crepancies between the previous results on the effects of GH
on GFR. GH increases GFR with a delay of many hours up
to 1 day. Furthermore, these findings gave rise to the hy-
pothesis that GH would not directly affect the renal vascu-
lature. Rather, it induced IGF-I, which in turn, acts on renal
hemodynamics. This hypothesis was subsequently con-
firmed (vide infra).

GH receptors are apparently not expressed in the glomer-
ular microvasculature. Since IGF-I mRNA has also not been
found in situ in glomeruli in most studies, it appears that the
GH-induced and IGF-I mediated increase in glomerular he-
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FIG. 4. Effective renal plasma flow (ERPF), GFR, fractional urinary
excretion of sodium (FENa), and plasma IGP-I and GH levels at base-
line (BL) and during the first 4 h and at 24, 72, and 144 h after
initiation of treatment with recombinant human GH 0.125 mg/kg per
day (arrows) in a GH-deficient adult. Note that neither ERPF nor GFR
increase during the initial 4 h after the first dose of GH, when serum
GH levels peaked. ERPF and GFR were elevated at 24,72, and 144 h,
and this rise in renal function occurred concomitantly with an in-
crease in serum IGF-I levels. There was a decrease in the fractional
excretion of Na, but the patient did not develop frank edema. [Re-
printed with permission R.R. Hirschberg and J.D. Kopple: from Am J
Nephrol 8:249-254, 1988 (289).]

modynamics is not directly regulated in glomeruli. It is more
likely that GH induces a rise in IGF-I synthesis and release
from other tissues such as liver (51), which causes a rise in
the circulating IGF-I levels, which in turn act through glo-
merular IGF-I receptors. This hypothesis might be defini-
tively proven in experiments using direct infusions of GH
into renal arteries or perfusion of isolated-perfused kidneys
with GH. To the authors' knowledge such experiments have
not yet been performed.

Renal hemodynamic function covaries with endogenous
GH status. In hypersomatotrophic states (i.e. acromegaly),
GFR and RPF are elevated and in GH deficiency both are
decreased below normal (277, 281, 291-297). Hoogenberg
and associates (298) measured the creatinine clearance in 14
acromegalics before and during chronic treatment with the
somatostatin analog octreotide. The creatinine clearance of
the acromegalic patients was greater compared to normal
subjects. Treatment with octreotide lowered GH levels by

63% and resulted in a decline in the creatinine clearance (298).
A similar study was reported by Dullaart and associates
(291). These investigators measured the GFR and RPF as
[125I]iothalamate and [131I]hippuran clearances, respectively,
before and after 3 months of treatment of acromegalic pa-
tients with octreotide (291). The somatostatin analog reduced
serum GH levels by about two-thirds and lowered GFR and
RPF to normal (291). Continuous administration of a peptidic
antagonist to GHRF reduced endogenous GH synthesis and
serum levels in normal rats (299-301). Concomitantly, the
GFR was decreased below normal values (299).

B. IGF-I

Observations suggesting that exogenous or endogenous
GH excess would increase GFR and that reduced GH activity
would reduce renal function, but only after similar changes
in serum IGF-I had occurred, led to the hypothesis that IGF-I
mediates the effects of GH on renal function. Furthermore,
IGF-I may affect renal hemodynamics acutely or chronically
independent of the GH status.

Series of studies were performed in this and other labo-
ratories to prove this hypothesis. We performed experiments
in fasted anesthetized rats that underwent repetitive renal
clearance measurements (302). After baseline measurements,
animals received an injection and a 20-min infusion of
rhIGF-I (Fig. 6). Within <20 min after onset of the IGF-I
infusion, RPF and GFR began to rise and renal vascular
resistance fell; renal hemodynamics remained elevated for
about 2 h after cessation of the IGF-I infusion (Fig. 6). This
was the first indication that a growth factor, namely IGF-I,
has vasoactive properties and raises GFR and RPF. This
supports the hypothesis that IGF-I mediates the effects of GH
on renal hemodynamics (302).

More recently, Baumann and associates (303) confirmed
the above findings. In addition, these investigators raised the
important question as to whether the IGF-I-induced rise in
renal hemodynamics is a IGF-I receptor-mediated effect or
whether it is an insulin-like effect of IGF-I and possibly
mediated through insulin receptors. Theoretically, IGF-I may
increase renal function by lowering blood glucose concen-
trations and inducing hyperglucagonemia. An acute increase
in serum glucagon levels is known to increase GFR (304,305).
Baumann et al. (303) infused rhIGF-I at different rates into
anesthetized rats while maintaining an euglycemic clamp.
Despite clamping the glucose levels at baseline values, IGF-I
induced a dose-dependent rise in GFR by up to 35%, and
half-maximal stimulation of GFR was achieved at a total
serum IGF-I concentration of 24 nM.

Several lines of evidence suggest that IGF-I raises GFR, not
only acutely and when administered exogenously in phar-
macological dosages, but also that endogenous IGF-I may
chronically contribute to the regulation of glomerular filtra-
tion. Circulating and/or renal tissue IGF-I levels covary with
the GFR in a number of physiological and pathophysiolog-
ical conditions. Both are elevated in acromegalics as outlined
above (291, 294, 306), in pregnancy (29, 42, 307-318), and
during high protein diets (10,190,231,233,319-330). GFR as
well as serum IGF-I levels are chronically reduced in isolated
GH deficiency, panhypopituitarism (279, 280, 282, 283, 294,
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FIG. 5. Effects of a single injection ofGH (0.15
mg/kg) on plasma hormone levels, mean ar-
terial blood pressure (MABP), renal vascular
resistance (RVR), filtration fraction (FF), re-
nal plasma flow (RPF), and GFR in normal
subjects. The GH injection was given as indi-
cated by the arrow and the dotted vertical line.
Note that the increase in renal function oc-
curred with a delay and was paralleled by the
rise in plasma IGF-I. [Reprinted with permis-
sion from R. Hirschberg et al.: Kidney Int 35:
865-870, 1989 (290).]
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323, 329, 330), during treatment of actomegalics or type I
diabetics with somatostatin analog (291, 294, 331-335), low
protein intake (233, 323, 324, 326, 336-338), starvation, and
malnutrition (23, 336, 339-345). In concert, these observa-
tions suggest a role for IGF-I in the maintenance of an ad-
equate GFR.

Feeding high-protein diets to laboratory rats for 2 weeks
increases GFR as well as serum and glomerular IGF-I levels
compared to rats fed a low-protein diet (233). The GFR cor-

relates with both glomerular and serum IGF-I levels in these
animals (r = 0.67 and 0.82, respectively) (233). In %-
nephrectomized rats in which hyperfiltration in the remnant
kidney is well documented (337), high-protein diets also
raise the renal tissue levels of IGF-I (320,346). These findings
are consistent with, but do not prove, that the dietary protein-
induced rise in endogenous IGF-I may contribute to the
up-regulation of GFR.

Long-term continuous subcutaneous administration of
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FIG. 6. Effect of an injection (arrow) and 20-min infusion (vertical
shaded bar) of rhIGF-I (closed circles) or vehicle (open circles) in
normal rats. RVR, Renal vascular resistance; RPF, renal plasma flow;
GFR, glomerular filtration rate. [Reprinted with permission from R.
Hirschberg and J.D. Kopple: J Clin Invest 83:326-330, 1989 (302) by
copyright permission of The American Society for Clinical Investiga-
tion.]

rhIGF-I to normal rats for 1 week increases serum IGF-I levels
by about 90%. Concomitantly, GFR rises significantly, on
average by 20% (Fig. 7) (347). In this study, a second group
of rats received subcutaneous infusions of a peptidic GHRF
receptor inhibitor, N-Ac-Tyr,D-Arg-GHRH-(l-29)-NH2 (347).
This peptide reduces the endogenous pulsatile GH release as
well as the serum IGF-I levels (299-301, 347). In this latter
group of rats, a decrease in GFR occurred concurrent with a
decrease in serum IGF-I levels (Fig. 7). A similar observation
was reported by Mulroney et al. (299). These studies indicate
that manipulations of endogenous IGF-I activity result in
expected responses in GFR.

Similar findings were derived from in vivo experiments in
rats with inherited GH deficiency (314, 346, 348-353). In
contrast to appropriate controls with normal GH status, the
GH-deficient rats have reduced serum and renal tissue IGF-I
levels (314,346,348-353). Concomitantly, these animals have
significantly reduced GFR (Fig. 8). Chronic low-dose admin-
istration of a IGF-I derivative, des(l-3)-IGF-I, restores GFR to
normal (353). This study also supports the hypothesis that
the reduced GFR in GH deficiency states results, in fact, from
reduced serum and/or renal IGF-I activity. These data are

$NGFR (nl/minj

50

Vehicle IGF-I GHRH-Ant

LpA (nl/sec/mmHgj

o.oa

Vehicle IGF-I GHRH-Ant

iGlomerular Tuft Volume (x10 cbmrn)

0.4-

0.3-

Vehicle IGF-I GHRH-Ant

FIG. 7. Single nephron GFR (SNGFR), glomerular ultrafiltration co-
efficient (LpA) and glomerular tuft volume in normal rats treated with
vehicle, IGF-I, or a peptidic GH releasing hormone antagonist by
subcutaneous infusion for one week. [Data derived from (347).]

further confirmed by an "experiment of nature"; namely,
observations in Laron-type dwarfs, in whom GH receptors
are defective and serum IGF-I levels are low. Their creatinine
clearance is reduced but is increased toward normal during
treatment with exogenous rhIGF-I (354).

C. Effects of rhIGF-I on renal hemodynamics in normal
humans

In vivo experiments in rats are useful to demonstrate bi-
ological principals or answer mechanistic questions, but
proof must be provided that similar effects occur in man.
Guler and associates (355,356), in two small studies, were the
first to demonstrate that rhIGF-I raises GFR in normal sub-
jects. These investigators infused rhIGF-I subcutaneously for
3 days into two normal volunteers and measured the 24-h
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IGFR-LK (ml/mini

1.2

0.0
Veh Des(1-3)IGF-I GH

Left Kidney Weight/Body Weight - Ratiol

0.

Veh Des(1-3)IGF-I GH

iGlomerular Tuft Volume (x0.1 cbmmH

40-

Veh Des(1-3)IGF-I

FIG. 8. GFR of the left kidney (GFR-LK), the ratio of left kidney
weight/body weight, and the glomerular tuft volume in GH-defi-
cient dwldw dwarf rats after treatment with vehicle, subcutaneous
infusions of des(l-3)IGF-I, or GH for 1 week. [Data derived from
(353).]

creatinine clearance (355). The creatinine clearance increased
during the period of IGF-I infusion and returned to baseline
after cessation of treatment with IGF-I (355). In a separate
study, Guler and associates (356) measured the GFR and RPF
with iothalamate and iodohippurate clearances before, dur-
ing, and after administration of rhIGF-I for 5 days. In this
latter study, the authors also found an increase in renal
perfusion and glomerular filtration.

In studies from this laboratory, eight normal subjects
underwent repetitive inulin- and PAH-clearance measure-
ments to determine RPF, GFR, and the renal vascular re-
sistance for 5 consecutive days (237) (Fig. 9). Clearances

800

700

^ 600

£ 500

•| 400

^ 300

£ 200
or

100

0

150

III III III I

TI

50-I
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JLf

8 S 8
HOURS

§

FIG. 9. Effect of subcutaneous injections of IGF-I (60 /xg/kg three
times daily) in four normal subjects for 3.5 days on renal plasma flow
(RPF) and GFR. Subjects received a constant infusion of saline (50
ml/h) throughout the study. Each bar represents the mean (+SEM) of
a 2-h clearance period. Wide vertical bars represent 8-h clearance
periods collected overnight. The shaded horizontal bar indicates the
grand mean ± 1 SD of baseline values. Arrows indicate each IGF-I
injection. [Reproduced with permission from R. Hirschberg et al.:
Kidney Int 43:387-397, 1993 (237).]

were measured during eight 2-h periods and one 8-h pe-
riod each day. After baseline measurements, subjects were
injected with rhIGF-I, 60 /xg/kg, three times daily for 3
consecutive days. By 6 h after onset of the IGF-I treatment,
RPF and GFR had increased and remained elevated
throughout the 3 days of treatment with rhIGF-I (Fig. 9)
(237). Over the subsequent 24 h following cessation of the
treatment, RPF and GFR, as well as the serum IGF-I levels,
decreased toward baseline. A rapid rise in GFR and
RPF during a short-term (3-h) infusion of IGF-I to triple the
serum IGF-I levels was also demonstrated in eight normal
subjects by Giordano and DeFronzo (357). These findings
clearly indicate that the effects of exogenous IGF-I on renal
function that were previously demonstrated in rats occur
similarly in humans. It is reasonable to assume that the
mechanisms through which IGF-I raises renal hemody-
namics in man are similar to those observed in rats.

D. Physiological mechanisms of the IGF-I-induced rise in

renal hemodynamics

To examine the physiological determinants of nephron
ultrafiltration through which IGF-I affects glomerular he-
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modynamics, studies were performed in rats using mi-
cropuncture techniques. The nephron micropuncture studies
were conducted in normal fasted and nonfasted rats that
received intravenously an acute injection and short-term in-
fusion of rhIGF-I or vehicle. In both the fasted and nonfasted
animals, IGF-I induced a fall in the efferent arteriolar resis-
tance, and there was a trend toward reduced afferent arte-
riolar resistance (Fig. 10). Since the systemic blood pressure
remained unchanged during the IGF-I infusion, the decrease
in arteriolar and renal vascular resistance resulted in an
increase in the single nephron plasma flow rate of 22% and
16% in the fasted and nonfasted rats, respectively (358). The
rise in nephron plasma (and blood) flow rates contributed to
the increase in single nephron (and whole kidney) GFR (Fig.
10). However, the magnitude of the rise in nephron ultra-
filtration exceeded the increase in plasma flow (358). This
latter finding strongly suggests, that in addition to the effect
on arteriolar resistance and the rise in single nephron plasma
flow, IGF-I must have affected another determinant of
nephron ultrafiltration. The glomerular transcapillary hy-
draulic pressure difference, however, did not change from
control values in the animals receiving IGF-I (358). However,
IGF-I consistently increased the glomerular ultrafiltration
coefficient, LpA, about 2-fold (Fig. 10) (358). The LpA is the
product of the glomerular capillary permeability for water
and small solutes and the surface area that is available for
ultrafiltration. It is not known which of the two parameters
was altered by IGF-I, since it is experimentally impossible to
separate the two. Most likely, IGF-I relaxed the glomerular
mesangium, which resulted in expansion of the capillary
surface area. In general, smooth muscle cell-like glomerular

mesangial cells tend to react similarly as vascular smooth
muscle cells.

E. Biochemical mediators of the IGF-I-induced effects on
renal hemodynamics

There is circumstantial, experimental evidence that sug-
gests that the IGF-I-induced renal arteriolar vasodilation and
the rise in LpA are mediated by other autacoids that are
quickly induced by IGF-I. Studies in rats receiving IGF-I
indicated that the acute rise in GFR may be mediated by
cyclooxigenase metabolites such as vasodilating prostaglan-
dins. This was indicated by the finding that concomitant
administration of a cyclooxigenase inhibitor blocked the
IGF-I-induced rise in GFR (302) as well as in renal blood flow
(359). However, these indirect studies do not prove that
prostaglandins mediate the IGF-I effects on the renal micro-
vasculature. It is possible that the reduction of vasodilating
prostanoids results in a milieu of unbalanced vasoconstric-
tors that would not allow IGF-I to induce vasodilation.

Angiotensin II, which is synthesized and released in the
nephron, acts as a mesangial constrictor, increases the (ef-
ferent) arteriolar resistance, and increases the transcapillary
hydraulic pressure difference in the glomerulus resulting in
glomerular hyperfiltration (360). However, circumstantial
evidence suggests that angiotensin II does not mediate the
IGF-I-induced effects that cause an increase in glomerular
filtration. First, with IGF-I the efferent arteriole vasodilates
(358) whereas angiotensin II constricts it (360). Second, in
contrast to angiotensin II, IGF-I does not increase the glo-
merular capillary ultrafiltration pressure. This reasoning is

FIG. 10. Effect of an acute infusion of
IGF-I on single nephron hemodynamics
in food-deprived or normal rats receiv-
ing either vehicle or IGF-I. SNGFR,
Single nephron GFR; SNFF, single
nephron filtration fraction; AP, glomer-
ular transcapillary pressure gradient;
LpA, glomerular ultrafiltration coeffi-
cient; FD, food deprived; NO, normal
controls; open bars, vehicle infusion;
shaded bars, IGF-I infusion; *, P < 0.05
compared to respective vehicle control;
+ , P < 0.05 compared to food-deprived
vehicle control. Note that IGF-I in-
creases SNGFR and LpA, but does not
increase AP. [Reproduced with permis-
sion from R. Hirschberg et al.: J Clin
Invest 87:1200-1206, 1991 (358) by
copyright permission of The American
Society for Clinical Investigation.]
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further corroborated in studies by Haffner and associates
(285). These investigators coadministered an angiotensin I-
converting enzyme inhibitor and GH for 3 days. GH in-
creased GFR, most likely through IGF-I (vide supra), and this
effect was not ameliorated by the ACE-inhibitor (285).

Several lines of evidence strongly suggest that nitric oxide
(NO), formerly called endothelium-derived relaxation factor,
mediates some or all of the effects of IGF-I on glomerular
hemodynamics. NO is a powerful, short-lived vasodilator
that is released from the vascular endothelium upon stim-
ulation with several vasoactive compounds, such as acetyl-
choline, bradykinin, histamine, thrombin, substance P, hy-
dralazine, and others (361-366). After release from
endothelial cells, nitric oxide appears to act in a paracrine
fashion on adjacent and downstream vascular smooth mus-
cle cells in resistance-regulating micro vessels, such as renal
arterioles (363-366). Cyclic GMP (cGMP) mediates the in-
tracellular effects of NO on smooth muscle cells (367). In-
terestingly, urinary excretion of cGMP increases during and
shortly after administration of IGF-I in rats, which possibly
results from IGF-I-induced NO activity (368).

Further evidence that NO mediates the IGF-I-induced
acute hemodynamic response in the kidney was provided by
Haylor and associates (359). These investigators infused
rhIGF-I acutely into rats that were instrumented with an
electromagnetic flow probe to continuously measure renal
blood flow (RBF) and renal vascular resistance (359). Even
with low infusion rates of IGF-I (2.5 ng/100 g/min), RBF
increased and renal vascular resistance decreased signifi-
cantly. Furthermore, coadministration of the NO synthase
inhibitor, A^-nitro-L-arginine methyl ester, completely abol-
ished the IGF-I-induced rise in RBF (359).

Tsukahara et al. (369) recently confirmed that IGF-I induces
NO synthesis and release by cultured vascular endothelial
cells (369). Provision of an IGF-I receptor-neutralizing anti-
body abolished the NO release upon incubation of the cells
with IGF-I, indicating that this action of the peptide is me-
diated through IGF-I receptors (369). Furthermore, inhibition
of receptor autophosphorylation by antiphosphotyrosine an-
tibodies also inhibited the NO release when the cells were
stimulated with IGF-I (369).

These sets of experimental data provide significant evi-
dence to postulate an important role of NO to mediate the
renal vasodilatory response upon administration of IGF-I. In
addition to its effect on the renal microvasculature, NO has
been shown to relax cultured mesangial cells in vitro (366).
Inishi and associates (370) demonstrated in vitro that IGF-I,
in part, inhibits the cell contraction that occurs upon incu-
bation with angiotensin II in cultured mesangial cells. This
experimental finding may provide a basis for the increase in
LpA that is observed in vivo in rats receiving IGF-I. The lesser
state of contraction of mesangial cells would increase the
surface area that is available for glomerular ultrafiltration
and, hence, would result in a greater LpA. Indeed, as de-
scribed above, a rise in LpA contributes to the increase in
nephron ultrafiltration that occurs during acute administra-
tion of IGF-I in the rat (358). In cultured glomerular mesan-
gial cells, insulin also tends to decrease the degree of cell
contraction that occurs with angiotensin II (370). In vivo in the
rat, large doses of insulin during euglycemic clamp increase

nephron hemodynamics (371). Although this is unknown at
present, insulin may increase nephron perfusion and filtra-
tion through IGF-I receptors to which it has (weaker) affinity. <

Glomerular hyperfiltration and, more specifically, chron-
ically increased single nephron GFR in remnant functioning 4

nephrons, were found to contribute to the progression of
renal failure in experimental models of chronic renal disease,
such as streptozotocin-induced diabetic glomerular sclerosis
in the rat, as well as in unilateral or subtotally nephrecto-
mized rats (337, 372-375). Recently, Haylor and co-workers %

(376) demonstrated in the isolated-perfused remnant kidney ^
from unilateral nephrectomized rats that postnephrectomy
renal hyperfiltration can be inhibited acutely when anti-IGF-
I-antibody is added to the perfusate. In these studies, a re-
duction in GFR was also achieved with addition of genistein
(a tyrosine kinase inhibitor) or a NO synthase inhibitor to the 4
perfusate (376). This finding would suggest that the renal
expression of IGF-I, which is known to be increased in the t

remnant kidney after contralateral nephrectomy, would me-
diate the increased GFR. However, caution must be used in
the judgement of the validity of these conclusions. First, in <
the renal disease models in rats that are cited above, the
increased nephron filtration rate is largely caused by in- *
creased glomerular transcapillary hydraulic pressure. In con- i

trast, IGF-I does not increase the glomerular filtration pres-
sure (358) (Fig. 10). Furthermore, due to the absence of renal
nerve innervation and the lack of many hormonal regulators
in the isolated-perfused kidney, the renal vascular resistance
of this preparation is extremely low, and physiological fil-
tration pressures can only be maintained with very high .
perfusion rates. Additional physiological experiments may 4
be needed in order to establish a role for IGF-I in nephron
hyperfiltration after partial nephrectomy or in experimental
diabetic glomerular sclerosis.

In summary, exogenous and endogenous IGF-I raises RPF
and GFR by reducing renal arteriolar resistance and increas-
ing the glomerular ultrafiltration coefficient, possibly by re- ^
laxing the mesangium. Experimental evidence suggests that
these effects of IGF-I are mediated through IGF-I receptors <
and by induction and release of NO.

F. Hemodynamic effects of IGF-I in nonrenal vascular beds

There is evidence that IGF-I may induce vasodilation with ^
a resulting increase in blood flow systemically and in other
vascular beds. However, these effects may occur only with
very high dosages of IGF-I and are most likely pharmaco-
logical rather than physiological. Elahi and associates (377)
infused rhIGF-I intravenously for 4 h in normal subjects 1

while clamping plasma glucose at euglycemic levels. This .
maneuver resulted in an increase in cardiac output and a
reduction in systemic vascular resistance. •*

Local infusion of rhIGF-I into the brachial artery of normal
subjects resulted in a significant increase in blood flow rate
through the dependent arm (378). The increase in arm blood
flow was 2-fold above baseline after 3 h of intraarterial in-
fusion of IGF-I, 100 ng/kg/min, which is certainly a phar- *
macological dose. The mechanisms leading to reduction of
the vascular resistance in the arm during IGF-I infusion were
not delineated in this study. Interestingly, intraarterial in-
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sulin infusion also raised local blood flow to a similar extent
(378). Thus, at large dosages, IGF-I reduces vascular resis-
tance not only in the kidney but also in other vascular beds.

V. Effects of GH and IGFs on Tubular Function

Many in vivo and in vitro studies have been performed to
examine the effects of GH and IGF-I on tubule cell functions,
but very little information is available on the effects of IGF-II
on tubules. In this section we will review data on the effects
of the three peptides on tubule transport. Effects on tubule
hypertrophy will be reviewed separately. Most published
data describe changes in the phosphate (Pi) and sodium (Na)
and water absorption, and much less information is available
on the tubular absorption of other minerals. As described
above, IGF-I and IGF-II receptors are expressed in proximal,
distal, and collecting tubules in both the apical and basolat-
eral membrane (Fig. 1). GH receptors are expressed in the
proximal tubule and in the loop of Henle (vide supra).

A. Tubular phosphate (Pi) handling

About three decades ago, Corvilain and associates (278,
379, 380) demonstrated that treatment with GH raises the
renal tubular phosphate absorption in normal subjects. Pa-
tients with Laron-type (GH receptor defect) dwarfism have
reduced serum Pi levels due to renal phosphate losses (354).
Treatment of rats with a GH releasing hormone antagonist
reduces pulsatile GH activity as well as serum IGF-I levels,
which results in reduced renal Pi absorption (299). Several
clinical trials that have been performed more recently have
found that recombinant human GH administration reduces
the urinary phosphate excretion and thus, have confirmed
Corvilain's original finding (381-384). GH clearly induces a
positive phosphate balance due to enhanced renal phosphate
absorption.

IGF-I also reduces renal phosphate excretion when ad-
ministered to normal subjects. An acute decrease in the frac-
tional urinary excretion of phosphate by about 49% was
observed in a group of normal subjects who received a short-
term intravenous infusion or rhIGF-I (357). IGF-I was also
shown to decrease urinary Pi during a 3-day treatment with
rhIGF-I (237). Since not only the absolute excretion but also
the fractional renal excretion of phosphate fell in this study
to about half the pretreatment values, IGF-I must have in-
creased the tubular absorption of Pi (237) (Fig. 11). The Pi
excretion in normal subjects follows a circadian pattern in
which the phosphate excretion is reduced during the morn-
ing hours and somewhat greater excretion rates of Pi are
observed in the afternoon (385,386). This pattern of pulsatile
renal phosphate excretion is believed to result from pulsatile
excretion of PTH (385, 387), but not all observations are
compatible with this hypothesis (388, 389). This rhythmicity
is maintained during treatment with IGF-I except that the
circadian undulations of the renal Pi excretion occur around
a lesser average (237) (Fig. 11). This finding suggests, but
does not prove, that IGF-I increases the renal Pi absorption
acutely through a mechanism that is independent of the PTH
effects on renal phosphate absorption.

The regulation of the transcellular Pi flux involves alter-

20-i

Group 2

80 100

baseline TIME (hrs)

FIG. 11. Effect of treatment with IGF-I (60/u,g/kg three times daily,
arrows) on the fractional excretion of phosphate in normal subjects.
Subjects (n = 4) in group 1 (upper panel) were continuously infused
with saline, 50 ml/h, and subjects in group 2 (n = 4) received saline,
150 ml/h. Note that the normal circadian rhythm of the phosphate
excretion is preserved during treatment with IGF-I. [Data derived
from (353).]

ations in the tubule cell's apical Na-Pi cotransport. At least
three different cellular control systems that appear to drive
this regulation include: inhibition by PTH, increased activity
by phosphate depletion, and a IGF-I-dependent increase in
the Na-Pi cotransport (390-392). Experimental results ob-
tained in cultured OK cells (opossum kidney cells; a culture
model of proximal tubule cells) strongly suggest that distinct
mechanisms regulate the IGF-I- and phosphate depletion-
induced rise in tubule cell Pi absorption (393).

Many, but not all, effects of GH on target tissues are me-
diated through IGF-I. For example, GH reduces glucose tol-
erance whereas IGF-I improves glucose metabolism (382,
394). Several investigators have contributed different in vivo
and in vitro experiments and have provided a rather com-
plete mechanistic understanding of how GH and IGF-I affect
renal Pi absorption.

There is now experimental proof that indicates that the
GH-induced increase in renal Pi retention is mediated en-
tirely by IGF-I (222, 395-397), and the physiological increase
in renal Pi absorption that occurs during growth in children
or weanling laboratory rats appears to be mediated by IGF-I,
not directly by GH (299, 384, 398-402).

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/1

7
/5

/4
2
3
/2

5
4
8
5
9
6
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



442 FELD AND HIRSCHBERG Vol. 17, No. 5

Quigley and Baum (222) perfused isolated rabbit renal
proximal tubules with either GH or IGF-I. GH had no effect
on phosphate absorption, but IGF-I increased phosphate
transport by up to 46%. This effect of IGF-I could be obtained
by exposure of the basolateral membrane of the tubule to the
peptide but was greater when IGF-I was presented to the
apical membrane (222). This latter finding exemplifies the
fact that apical IGF-I receptors, although apparently less
densely distributed compared to their number in the baso-
lateral membrane (218), are very active in transmitting the
increase in tubular phosphate uptake (222). Although IGF-I
is present in only minute amounts in tubular fluid under
physiological conditions, it may still contribute to the regu-
lation of Pi absorption (222). Moreover, the increased levels
of tubular fluid IGF-I that are found in the nephrotic syn-
drome may further increase the renal phosphate retention
under this pathological condition (257).

Further experimental findings also demonstrate that GH
does not directly increase tubular Pi transport. In hypoph-
ysectomized rats, as compared to controls, renal phosphate
absorption is decreased (401). Selective suppression of en-
dogenous pulsatile GH secretion also increases renal phos-
phate losses (299, 300, 402). Conversely, stimulation of the
fractional Pi absorption by the kidney is observed during
chronic GH treatment in humans, laboratory animals (278,
379, 381-384, 398), or acromegalic patients (380). Brush bor-
der membrane vesicles that were isolated from proximal
tubules of young, growing rats display greater Pi uptake than
those obtained from adult rats (396,397), suggesting that the
(Na-dependent Pi-) cotransport system is expressed at
greater levels in the growing state. Administration of GH
acutely affects renal phosphate transport only after a sub-
stantial lag time (287). In contrast, administration of IGF-I to
rats quickly increases renal tubular Pi absorption (395, 403,
404). The Na-Pi cotransport in isolated brush border mem-
brane vesicles obtained from renal cortex of hypophysecto-
mized rats is selectively activated by IGF-I (395), but other
sodium-dependent transport systems such as the glucose or
alanine transport are not affected (395).

Although both phosphate depletion and IGF-I (or GH via
IGF-I) increase renal phosphate retention through activation
of the apical proximal tubule Na-Pi cotransporter, the mech-
anisms appear to be different (390-392). The increase in Pi
uptake in phosphate-deprived rats occurs more quickly than
the effect of IGF-I (395). Furthermore, Pi repletion and ad-
ministration of IGF-I increase the Pi absorption about 5-fold,
which is a more than additive effect (395) (Fig. 12).

During Pi deprivation of cultured MDCK cells (a proximal
tubule-like cell line), IGF-II mRNA was increased, but this
increase occurred several hours after the onset of the increase
in Pi absorption, suggesting that IGF-II does not mediate this
effect of Pi depletion; rather, both events appear to be epi-
phenomena (405). In these cells, Pi depletion raises the IGF-II
mRNA levels by 77% (405). Furthermore, IGF-I (10~8 M) and
IGF-II (10~7 M) stimulated the Na-dependent Pi uptake.
Whether IGF-II plays a physiological role in the increase in
renal Pi retention during Pi deprivation during growth is
questionable and will require further (in vivo) study.

IGF-I is most likely not a key mediator in the increased
renal Pi absorption that occurs with Pi depletion or phos-

GH
Pi-Depletion

1,25-(OH)2VitD

IGF-II IGF-I

IGF-I Rec
.£ ai
o ro

Proximal Tubular
f Na/Pi -Cotransport

(apical membrane)

FlG. 12. Proposed algorithm summarizing the mechanisms of renal
phosphate homeostasis. ? indicates potential mechanisms that have
not clearly been demonstrated in appropriate experiments.

phate deprivation in vivo and in tubule epithelial cell cultures
in vitro. During phosphate restriction, serum, liver, or kidney
IGF-I levels are not increased in normal or in hypophysec-
tomized rats (403, 406, 407). Although maintenance of phos-
phate homeostasis during Pi deprivation does not require the
GH-IGF-I system, this system mediates the adaptation to
increased phosphate requirements during growth (403). The
adaptive response to Pi depletion may, however, require
calcitriol, since mice with x-linked hypophosphatemia lost
both the adaptive response to Pi depletion as well as the rise
in calcitriol levels, but have normal serum, kidney, and liver
IGF-I expression (403, 408, 409).

The IGF-I-induced increase in tubular phosphate transport
activity is apparently transmitted through IGF-I receptors
(101, 396, 405). This can be inferred from experiments from
this laboratory that demonstrate that the IGF-I-induced effect
on Pi transcellular transport in cultured proximal tubule cells
can be blocked with monoclonal anti-IGF-I receptor anti-
bodies (101). Vanadate, a phosphatase inhibitor, simulates
tyrosine phosphorylation activity, and the Pi transport that
is increased by IGF-I in OK cells is mimicked by vanadate
with regard to time course and selectivity (VO4 also does not
raise the Na-alanine cotransport system) (396). In contrast,
genistein, a tyrosine kinase inhibitor, blocks the IGF-I-in-
duced rise in Pi uptake in these cells (396).

1. Calcitriol. Chronic administration of IGF-I to hypophysec-
tomized rats increased not only the renal Pi absorption but
also plasma calcitriol levels (395). Similarly, GH increases
serum calcitriol levels (406). However, calcitriol may stim-
ulate or decrease renal Pi absorption (410). Apparently, IGF-I
activates the proximal tubular 25-hydroxyvitamin D-la-hy-
droxylase and directly stimulates l,25(OH)2-vitamin D syn-
thesis (411, 412). The rise in renal Pi absorption that occurs
as an adaptation to phosphate depletion is also associated
with a rise in serum l,25(OH)2-vitamin D levels (408), but this
adaptive response is found in both hypophysectomized and
normal rats (401).

In acromegaly, serum l,25(OH)2-vitamin D levels and the
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levels of (liver derived) 24,25(OH)2-vitamin D are elevated
(413). As pointed out above, the increased l,25(OH)2-vitamin
D levels result from an IGF-I-induced rise in the renal tubular
activity of the respective hydroxylase enzyme (413). Whether
the 24-hydroxylation of vitamin D in liver is also increased
by IGF-I or is a direct GH effect is currently unknown. Treat-
ment of acromegalics with bromocriptine reduces serum GH
and the serum 1,25-, and 24,25(OH)2-vitamin D levels (413).
GH treatment in man also increases serum l,25(OH)2-vita-
min D levels (414). Activated vitamin D may increase the
intestinal absorption of calcium (414). However, not all in-
vestigators were able to demonstrate this latter effect of GH
(415). Although attractive as a hypothesis, it is not yet es-
tablished whether IGF-I raises renal Pi absorption through
calcitriol.

In summary, the increased Pi balance that is observed
during juvenile body growth is mediated by IGF-I and GH
via IGF-I. IGF-I and possibly IGF-II increase renal tubular
phosphate absorption by increasing the expression or acti-
vating proximal tubular Na-Pi-cotransporter. These effects of
IGF-I are mediated through IGF-I receptors. IGF-I also in-
creases calcitriol production by activating the proximal tu-
bular hydroxylase. The contribution of this latter mecha-
nisms to the IGF-I-induced renal Pi retention is unclear. The
increased Pi absorption that is observed during phosphate
depletion appears to be independent of GH and IGF-I.

B. Tubular calcium (Ca) handling

Clinical studies and experiments in intact laboratory an-
imals as well as in cultured osteoblast-like cells indicate an
anabolic effect of GH and IGF-I on bone. IGF-I and -II and
IGF-I receptors are expressed in bone (295, 400, 416-431).
The renal handling of calcium is usually inversely correlated
to phosphate; i.e. increased urinary phosphate excretion is
associated with reduced calcium excretion. Thus, one might
predict that IGF-I (or GH) may induce calciuresis. Indeed,
some experimental hypersomatotrophic states induced by
the implantation of GH and PRL-secreting anterior pituitary
tissue or tumor cell lines into rats increase urinary calcium
excretion (432). However, this effect may be caused by PRL,
rather than GH (432).

Nutting and associates (433) examined eight pediatric pa-
tients with Duchenne's muscular dystrophy in a metabolic
ward before and during treatment with octreotide. As one
might have expected, serum GH and IGF-I were reduced
during treatment with the somatostatin analog. In these sub-
jects, octreotide markedly lowered the absolute and frac-
tional urinary calcium excretion without a concomitant
change in the serum levels of either Ca, Pi, or PTH and with
only a minor change in fecal Ca excretion (433). The Ca
balance became more positive during treatment with oct-
reotide. These authors argued that octreotide may act di-
rectly on bone where somatostatin receptors are expressed
(433). However, this treatment apparently acted also directly
or indirectly on renal tubules, possibly due to the reduction
in systemic GH or IGF-I levels or by reducing renal IGF-I
activity, since the fractional excretion of Ca also changed
(433). This latter finding could only be explained by a re-
duction in tubular secretion or, more likely, by an increase in

the tubular absorption of Ca. In both of the above studies,
serum PTH levels and the urinary cAMP excretion did not
change, suggesting that the effects on calciuresis were not
mediated by changes in PTH activity (432, 433).

Treatment of acromegalic patients with bromocriptine re-
duces serum GH levels as well as urinary Ca excretion (413).
However, this treatment may also reduce PRL levels, and
PRL may increase the urinary Ca excretion (432). Burstein et
al. examined a group of GH-deficient children before and
during treatment with GH. Although neither serum PTH nor
serum Ca levels changed during treatment, urinary cAMP
excretion rose, possibly due to an increase in the sensitivity
to circulating PTH (418). Thus, the effects of GH and IGF-I
on renal calcium excretion are not mediated through changes
in PTH, but they may up-regulate renal PTH-receptors.

Possibly, GH and IGF-I affect calcium homeostasis
through the IGF-I-induced rise in 1,25-dihydroxyvitamin D.
The effect is most likely not acute but requires longer periods
of time and would be overlooked in acute studies. Calcitriol
may have several long-term effects, such as an increase in
gastrointestinal Ca absorption and Ca deposition in bone, but
may also reduce the release of PTH. At present, experimental
or clinical study data are not available to suggest that such
a mechanism is of major importance.

Administration of rhIGF-1,150 jag /kg, three times daily for
3 consecutive days to normal subjects has only a modest
effect on renal Ca excretion (237,434). In this study the serum
Ca levels did not change significantly. The absolute and
fractional urinary Ca excretion also did not change dramat-
ically. Since multiple urine collection periods were obtained
each day, the circadian rhythms of the urinary Ca excretion
could be shown and the rhythmicity was maintained (237,
434). In a subgroup of subjects who received only a small
amount of saline maintenance infusion, the Ca excretion
tended to decrease transiently during the first day of IGF-I
treatment (237,434). In these subjects, the grand mean of the
renal Ca excretion on the first day of treatment with IGF-I
was significantly reduced below baseline levels, but not dur-
ing the subsequent 2 days despite continued IGF-I treatment
(237,434). Takano and associates (43) treated normal subjects
with subcutaneous. rhIGF-I for 7 days and found no change
in the rate of urinary calcium excretion. In a case report by
Rubin et al. (430), an increase in urinary calcium excretion
was found in a patient with Werner syndrome. In this patient
the urinary calcium excretion rose with rhIGF-I treatment.
Thus, in contrast to the effects of GH and IGF-I on renal
phosphate absorption, if any, the effects on the renal han-
dling of calcium are probably less significant compared with
other metabolic systems that regulate calcium homeostasis.

C. Tubular sodium (Na) and water handling

Clinical investigators recently became alerted to the pos-
sible effect of rhIGF-I on renal sodium and water absorption
when they observed edema formation in insulin-resistant
type II diabetics during treatment with rhIGF-I. Edema for-
mation was severe enough to cause premature withdrawal of
some of the study participants (435, 436). Although edema
formation in subjects receiving rhIGF-I and/or GH was ob-
served by other investigators, it was usually of only modest
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severity (354, 382). For unknown reasons, type II diabetics
with severe insulin resistance may be particularly sensitive
to rhIGF-I with regard to edema formation. The dose of
rhIGF-I or GH may also play a role. Furthermore, these
effects may only be pharmacological and may not play a role
in the physiological regulation of water and sodium balance.
Recently, further insights into the mechanisms of tubular
water and sodium retention in response to IGF-I have been
obtained from experimental study.

Bergenstal et al. (438) as well as Beck and co-workers (437)
reported edema formation in humans when treated with
human or monkey GH. Some authors have hypothesized that
GH may contribute to fluid retention by activation of the
renin-angiotensin system (439) but this is rather speculative
and could not be substantiated by animal studies (256).
Marcus and colleagues (383,440) demonstrated a decrease in
the urinary Na excretion in elderly subjects receiving rhIGF-I,
but this was not associated with edema formation or a sig-
nificant rise in body weight. Bengtsson et al. (381) adminis-
tered GH for 26 weeks to adults with GH deficiency and one
of 10 subjects was prematurely withdrawn from the study
because of edema formation. Transient retention of water
and NaCl was also observed in GH-deficient subjects who
were treated with GH and studied in a metabolic ward (441).
The Na retention occurred only during the first 3 days of
treatment and amounted to ^61 mmol/day. The increase in
sodium retention resolved spontaneously after 3 days de-
spite continued treatment with GH (441).

Kaiser and associates (442) administered GH to a group of
elderly malnourished subjects for 3 weeks. In the GH-treated
patients, a significant weight gain of 2.2 kg occurred during
the 3 weeks of treatment, but this was not associated with
clinical edema and may have been caused by anabolism. In
a previous case report from this laboratory we examined a
GH-deficient adult before and repeatedly during the first
week of treatment with GH (289). Although GH caused a
significant decrease in the absolute and fractional urinary
sodium excretion, this patient did not develop clinically
manifest edema. Furthermore, a single pharmacological dose
of GH did not cause sodium retention in a group of normal
subjects (290). Although not all studies have confirmed that
sodium and fluid retention causing edema formation occurs
in all or most subjects receiving GH, the matter remains of
some concern and should be addressed in further clinical and
experimental studies.

As described above, treatment with rhIGF-I has also been
associated with edema formation, particularly in a trial to
reduce the insulin resistance in type II diabetics (435).
Clemmons et al. (443) observed mild edema formation during
rhIGF-I treatment of normal subjects undergoing controlled
catabolism, but catabolism and malnutrition cause edema
formation, obviously by IGF-I-independent mechanisms.
Caverzasio et al. (395) demonstrated reduced urinary sodium
excretion in hypophysectomized rats receiving rhIGF-I (395).
Laron and Klinger (354) found only a transient rise in NaCl
and water retention in patients with Laron-type dwarfism
who were treated with rhIGF-I for 9 months.

Giordano and DeFronzo (357) found an approximately
50% decrease in the fractional urinary excretion of sodium in
a group of normal subjects receiving intravenous IGF-I for 3 h

(357). In a short-term (3-day) study we treated normal sub-
jects with rhIGF-I (237). Subjects were infused continuously
with normal saline, either 50 (n = 4) or 150 ml/h (n = 4). In
the subjects receiving the lesser amount of saline, urinary Na
excretion was slightly but significantly decreased during the
first day of treatment with rhIGF-I and tended (not signifi-
cantly) to be slightly decreased on the second and third days
of treatment (237, 434). These subjects experienced an insig-
nificant body weight gain of 0.2 kg, and none of the subjects
developed clinically detectable edema (Fig. 13).

In the saline-loaded subjects one might expect a more
significant degree of Na and fluid retention as well as a gain
in body water. Indeed, in these latter subjects, a gradual rise
in body weight occurred during the 3 days of rhIGF-I ad-
ministration (237, 434). At the end of the study, the body
weight gain averaged 1.3 kg, but frank edema did not de-
velop. In these subjects, the renal Na excretion increased
significantly by about 50% during rhIGF-I treatment, and the
fractional excretion of Na also tended to rise (237,434). How-
ever, the rise in Na excretion may not have been adequate
during IGF-I treatment, since some increase in body weight
occurred (Fig. 13). These findings suggest that in normal
subjects, IGF-I may reduce somewhat the renal capacity to
excrete salt, which may induce frank edema in individuals
who have greater salt or fluid intake. Diabetics, particularly
those with subclinical or overt diabetic nephropathy, are

1 2 3 4 5 6
O

FIG. 13. Effect of exogenous IGF-I on serum IGF-I levels and the
absolute (U Na) and fractional (FE Na) urinary excretion of sodium
and change in body weight (presumably due to fluid retention) in
normal subjects receiving continuous infusions of saline throughout
the 5 days of study, either at a rate of 50 ml/h (n = 4, A) or 150 ml/h
(n = 4, O). [Data derived from (353).]
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known to handle Na and fluid challenges with difficulty and
are prone to edema formation. Perhaps, this is why rhIGF-I
induces sodium retention and edema formation more fre-
quently in diabetic patients.

Although not proven, IGF-I may mediate the effects of GH
to reduce urinary Na excretion. The physiological mecha-
nisms are still somewhat unclear, although some experimen-
tal data are available to delineate the mediators at the level
of the nephron or the tubular cell. The GH and/or IGF-I-
induced increase in tubular Na and water reabsorption does
not occur in the proximal tubule. This is quite plausibly
inferred from studies by Quigley and Baum who perfused
rabbit proximal tubules with GH or IGF-I (222). Neither
physiological nor pharmacological concentrations of GH af-
fect fluid absorption. This was independent of whether the
peptide was presented to the apical or the basolateral mem-
brane (222). As with GH, IGF-I also did not affect proximal
tubular water absorption. Since proximal tubular Na absorp-
tion is isoosmolar, Na absorption was almost certainly not
affected in these experiments, although it was not directly
measured (222). IGF-I stimulates the Na-dependent Pi co-
transport in the proximal tubule (vide supra), but this system
does not account for sufficient Na absorption that would
cause edema formation and the reduction in urinary Na
excretion that was observed in some of the clinical studies.

Gesek and Schoolwerth (444) examined isolated tubules to
assess whether IGF-I increases the Na+ /H+ exchange activ-
ity. However, neither IGF-I nor IGF-II affected this system.
In contrast, insulin stimulated Na uptake through this sys-
tem, which is localized in the basolateral membrane. These
studies suggest, if not convincingly prove, that neither GH
nor IGF-I induce Na and water retention through a direct
effect on proximal tubules. In contrast to IGF-I, IGF-II has
been noted in vitro to raise the sodium uptake through a G
protein-dependent mechanism in proximal tubule brush bor-
der membrane vesicles (445).

The above experimental findings favor either an indirect,
systemic mechanism that mediates GH and IGF-I-induced
tubular absorption of Na and water and/or suggest the in-
volvement of distal tubular mechanisms. Indeed, the sodium
uptake in A6-cells, a distal tubule-derived cell line, has been
shown to be stimulated by insulin through a tyrosine kinase
activity-requiring mechanism (446). In the toad bladder ep-
ithelium, which shares characteristics of the distal tubules,
both IGF-I and insulin increase Na uptake, apparently
through activation of apical Na channels, rather than through
basolateral Na/H antiporters (447). The toad bladder epi-
thelium expresses IGF-I as well as insulin receptors, and the
IGF-I effects may be transmitted through either receptor.
Interestingly, the toad bladder reacts very sensitively to both
IGF-I and insulin. The half-maximal stimulation of the Na
uptake occurs at 100 pM of either peptide (447). In the toad
bladder, the basolateral IGF-I-induced vectorial sodium
transport occurs quickly (in minutes), is sustained for ^5h,
and is blocked by amiloride, which (semi-) specifically blocks
the conductive apical Na channel activity. Na channel acti-
vation does not require protein synthesis (448).

Recently, Gallego et al. (449) examined the effects of IGF-I
on the Na transport through amiloride-sensitive apical Na
channels in cultured (distal tubular epithelium-like) A6-cells.

Within 5 min, IGF-I (10 nM) increased the Na channel activity
about 3-fold. This immediate-early effect of IGF-I on cell Na
uptake was associated with autophosphorylation of the IGF-I
receptor j3-subunit and phosphorylation of IRS-I (449), sug-
gesting that IGF-I increases Na channel conductance through
IGF-I receptor activation. However, receptor autophosphor-
ylation and the increase in Na channel activity could cer-
tainly be epiphenomena. IGF-I does not activate sodium
absorption in cortical collecting ducts (450). In both the stud-
ies in toad bladder as well as in A6 cells, IGF-I was presented
to the basolateral membrane. Although very suggestive,
these studies do not prove that IGF-I increases the Na uptake
through apical distal tubular Na channels. Yet, these findings
are very suggestive that this is a/the major mechanism
through which IGF-I (and GH through IGF-I) increases renal
Na and fluid retention, although confirmatory in vivo studies
may be needed.3

Moller and associates administered GH systemically in a
double-blind, placebo-controlled cross-over study to GH-
deficient patients and to normal subjects for 2 weeks (456).
In this study, the plasma volume, extracellular volume, and
plasma vasopressin, renin, angiotensin II, and atrial natri-
uretic peptide (ANP) levels were measured. Similar to find-
ings by other investigators, water retention with facial edema
developed in some of the subjects within 2 to 3 days of
treatment but diminished spontaneously thereafter. The ex-
tracellular volume increased but the plasma volume did not
change (456). Plasma renin, angiotensin II, and vasopressin
did not change, and aldosterone tended to decrease during
GH treatment as compared to placebo (456). However,
plasma atrial natriuretic peptide decreased significantly (al-
though modestly) with administration of GH. These inves-
tigators suggested that the GH-induced fall in plasma atrial
natriuretic peptide may cause or contribute to the reduced
natriuresis that may result in sodium and fluid retention and
edema formation. Whether these GH effects are mediated
through IGF-I remains to be determined. Although this de-
crease in ANP levels may contribute to the Na retention
during GH (or rhIGF-I) treatment, the direct tubule effects of
IGF-I on Na reabsorption through increased sodium channel
activity seems to be of greater importance.

In summary, clinical studies suggest that (pharmacologi-
cal) administration of GH hormone and IGF-I causes edema
formation, which is transient in most normal subjects, but
may be more severe in some diabetics. Experimental studies

3 It may be of interest to note that epidermal growth factor (EGF),
when administered systemically to sheep, causes polyuria due to na-
triuresis (451,452). Atrial natriuretic peptide was not responsible for this
change since plasma levels tended to be decreased, rather than in-
creased. EGF receptors are expressed in collecting tubules and EGF
synthesis and apical secretion occur in distal convoluted tubules in the
rat (234, 453, 454). Possibly, EGF that is secreted into the tubule lumen
in distal convoluted tubules acts further downstream. Pre-Pro-EGF has
been demonstrated in urine (454, 455). Apparently, basolateral, but
possibly not luminal, EGF decreases the luminal Na absorption through
a quabain-sensitive mechanism (450). Moreover, EGF induces IGF-I
synthesis in collecting ducts (85). Whether tubule fluid EGF has any
physiological function on the apical membrane is unclear. A detailed
discussion of EGF is not intended in this review. However, growth
factors may be involved in the renal regulation of sodium homeostasis
either increasing (EGF) or decreasing (IGF-I) urinary sodium excretion.
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suggest that IGF-I may activate distal tubular Na channels,
which could account for increased distal tubular Na and fluid
absorption.

D. Renal regulation of acid-base homeostasis

Neither GH nor IGF-I affect proximal tubular bicarbonate
reabsorption (222). However, GH increases the production of
ammonia and glucose from L-glutamine substrate in vitro in
proximal tubule segments or in cultured cells (457-459).
Ammonia is secreted into the tubular lumen to bind protons
and maintain an appropriate proton gradient that facilitates
proton secretion. In cultured proximal tubule-like cells GH
accelerates glycolysis, and the resulting lactate is converted
to bicarbonate whereas the proton is secreted and undergoes
urinary excretion, in part as NH4

+. Thus, GH may facilitate
the renal response to acidosis, such as during exercise. Ac-
idosis may contribute to an increase in serum GH levels (460),
but the increase in serum GH and IGF-I levels during exercise
may be independent of the exercise-induced lactic acidosis
(460-463). However, during exercise, GH may contribute to
the renal compensation of acidosis. GH may also contribute
to renal acid base regulation through enhanced distal tubular
Na absorption, which favors distal nephron proton secretion.

In chronic metabolic acidosis in the rat, serum IGF-I levels
are reduced (464), and liver IGFBP-1 and -2 mRNAs are
increased. However, in serum, only the IGFBP-1 levels are
elevated whereas IGFBP-2 values are decreased (464). It is not
known whether similar changes also occur in renal tubules
and whether the IGF system is involved in the regulatory
renal adaptation to acidosis.

VI. GH and the IGF System in Renal Development

During development of the embryo, three successive ex-
cretory organs appear, the pronephros, the mesonephros and
the metanephros, all of which arise from the mesodermal
nephrogenic cord. The first two organs are only transient, but
the metanephros develops into the definitive kidney (465).
Nephron formation in the metanephros begins at about the
eighth week with small foci of condensed mesenchyme near
the ureteric bud. This mass of cells elongates to form the
S-shaped body, the lower portion of which develops into the
glomerulus. The remaining parts of the S-shaped body give
rise to the proximal, loop, and distal convoluted segments of
the nephron (466, 467). Metanephroic nephrons may begin
functioning as early as the eleventh week of gestation. Post-
partum, further development of the nephron occurs during
the subsequent 3-4 weeks in rabbits (465). The GFR in new-
born rats is low, about 0.045 ml/min/g kidney and rises
steadily to reach the adult filtration rate of about 1.0 ml/
min/g at age 40 days (465). Single nephron filtration rates of
superficial nephrons were examined by Horster and Valtin
in dogs (468). The single nephron GFR in puppies on day 21
after birth was 3.2 nl / min and rose 7-fold to 23 nl / min by day
77 (468).

The formation of the metanephric kidney is highly regu-
lated through sequential and timed expression of growth
factors such as IGF-I, IGF-II, EGF, TGFa, TGF/3, PDGF, EGF,
and others in association with their respective receptors

(469-474). Mouse metanephroi in organ culture become en-
larged if exposed in vitro to IGF-I (475), and the nephron
population increases. In fact, IGF-I is necessary for normal
metanephric development (236, 469), and IGF-I antisense
oligonucleotide causes growth retardation (475). Similarly,
the growth and development of cultured rat metanephroi are
inhibited by neutralizing antibodies to IGF-I, IGF-II, and
IGF-II receptors as well as by anti-TGFa (471, 472).

Avner and Seeney (476) examined the effects of EGF and
TGFjS on organotypic renal growth in murine metanephric
organ cultures. EGF induces overall growth and augments
the differentiation of distal and collecting tubules but retards
the differentiation of glomeruli and proximal tubules (476).
TGF/3 retards nephrogenesis (476). This may suggest a
counter regulatory role of EGF and TGF/3 to the effects of
IGF-I in metanephric development. Indeed, TGF/3 mRNA is
expressed in kidneys from 13-day-old rat embryos, and met-
anephroi contain TGF/3 protein (473). Exogenous TGF/3 in-
hibits tubulogenesis in rat metanephric cultures but does not
inhibit the synthesis of IGF-I and IGF-II (473), suggesting a
direct effect of each of the growth factors rather than through
induction or inhibition of each other. TGF/3 inhibition with
neutralizing antibodies improves tubulogenesis (473).

In the above experiments the respective investigators
examined the effects of the IGF system on metanephros
development after its initial induction. Weller and asso-
ciates (477) investigated whether IGF-I or -II can induce
embryonic kidney mesenchyme to differentiate into epi-
thelium or interstitial cells, as occurs in vivo by the effects
of inducer tissues. However, neither IGF-I nor IGF-II could
mimic this effect of inducer tissues in the in vitro model
(477). These findings indicate the dependence of the de-
velopment of the metanephros but not its induction on the
IGF-system (478).

IGF-I receptors also become expressed during metaneph-
ric development (478,479). Liu and associates (479) examined
the expression and role of the IGF-I receptor in the in vitro
development of metanephroi obtained from mouse embryos
at days 9-13 of gestation and maintained in organ culture.
IGF-I receptors were expressed at greatest density on day 13,
and their numbers decreased thereafter, but the receptors
were still present until after birth (479). The functional im-
portance of the IGF-I receptor was also demonstrated by
these investigators in antisense oligodeoxynucleotide exper-
iments. The inhibition of IGF-I receptor expression in murine
metanephroi resulted in inhibition of kidney growth, reduc-
tion in nephron number, and disorganization of ureteric bud
branching (66, 479). As with the inhibition of IGF-I receptor
expression, the reduction in IGF-I gene transcription also
alters metanephros development. Inhibition of IGF-I by the
addition of antisense-oligodeoxynucleotide to the culture
medium inhibits both metanephric development as well as
the expression of extracellular matrix proteoglycans (475).
Both can be reversed by addition of IGF-I to the culture
medium (475). Since the sequential effects of IGF-I on met-
anephros size and nephron number correlate with increased
extracellular matrix synthesis, the latter is possibly a pre-
requisite for accelerated metanephros development by IGF-I
(475). These experiments, in concert, suggest that IGF-I acts
through IGF-I receptors during metanephros development,
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and the effects of IGF-I are regulated through transcriptional
regulation of both the receptor and the peptide.

Both IGF-I and IGF-II are expressed by the embryonic
kidney. Although the regulation of the IGF-gene expression
is not well understood (236,469), there is evidence for unique
regulation of IGF-I gene transcription in the kidney (480).
During kidney development, IGF-II is greatly expressed, in
particular by the glomerular progenitor cells of the S-shaped
body. IGF-II is also found in the medullary interstitium in
association with IGFBP-2 and IGF-I as well as IGF-II recep-
tors (185, 481). In the sheep, IGF-II mRNA is also expressed
at high levels in the fetal kidney (482). Interestingly, the renal
IGF-II expression does not decrease postpartum, whereas it
decreases in most other organs (482). In vitro assay measure-
ments of IGF-II levels after extraction of the peptide from
fetal kidneys have confirmed the high renal levels, which are
only surpassed by the IGF-II concentration in the pituitary
(483). IGF-I has also been demonstrated in the fetal kidney,
and renal as well as serum levels of IGF-I in fetal pigs are
raised by maternal diabetes.

Latimer and associates (484) examined the IGF-I and -II
levels in fetal pig tissues after hypophysectomy of the fetus
with or without T4 replacement. Hypophysectomy reduced
IGF-I as well as IGF-II expression in the fetal pig kidney. In
hypophysectomized fetal pigs, the serum T4 levels, as well as
the serum IGF-I, IGFBP-1 and IGFBP-2 levels, were de-
creased but IGFBP-4 was elevated. Administration of T4 did
not affect kidney IGF-levels but increased serum IGF-I (al-
though not IGF-II), IGFBP-1, -2, and -4 levels (484). In human
fetuses (weeks 14-18 of gestation) IGFBP-4, -5, and -6 mRNA
is found in most tissues including the kidney by Northern
blot analysis as well as by in situ hybridization. IGFBP-4
mRNA is particularly abundant in the developing human
fetal kidney (485, 486).

The importance of the IGF-I receptor during metanephros
development has been stressed above (66, 236, 470, 472, 479,
487). IGF-II receptors are also found in fetal rat tissues (day
19 postgestation) including the kidneys (104,105). Similarly,
serum levels of soluble IGF-II receptors are also high. Both
tissue expression and serum levels of the IGF-II receptor
decrease sharply in the rat after birth (105, 107).

GH receptors are more abundantly expressed in the fetal
(rabbit) kidney compared to all other organs, suggesting an
important role of GH during kidney development (24). The
GH receptor expression in the kidney remains relatively high
during the postnatal period. The expression of this protein in
heart, liver, and muscle increases after birth during the fol-
lowing several months (24). In different fetal rabbit tissues
the locations and levels of IGF-I mRNA do not covary well
with the respective tissue GH receptor mRNA expression,
suggesting that during fetal development, IGF-I may not be
primarily under GH control (24).

Postnatally, several changes occur in the renal IGF-system.
IGF-II receptor levels fall sharply at birth (105). IGF-II re-
ceptor levels were examined by Ballesteros et al. in fetal (day
21 of gestation) and newborn (day 2-42) rats (488). In the
kidney as well as in other tissues, the IGF-II mRNA levels are
greatest during gestation and decrease rapidly after birth.
However, in adult humans, IGF-II serum levels are greater
than IGF-I levels, suggesting that the finding in rats may not

be comparable to humans. Postnatal kidney growth appears
to be modestly pituitary dependent (489). In hypophysecto-
mized neonatal rats, IGF-I and IGF-II levels in serum fall
quickly and liver IGF-II mRNA levels also decrease. IGFBP-2
increases in postnatal hypophysectomized rats compared to
control counterparts with intact pituitaries (489). In the new-
born rat, IGFBP-3 serum levels are very low at birth and
increase subsequently. This rise is apparently (GH? and)
pituitary-dependent, since postnatal hypophysectomy pre-
vents much of this rise in serum IGFBP-2 (489).

In sheep, renal IGF-II and IGFBP-2 mRNA levels decline
during late gestation (486). However, the expression of
IGFBP-2 in liver as well as plasma IGFBP-2 levels increase
during late gestation and after birth, suggesting that liver
synthesis defines the serum IGFBP-2 levels (486). Funk et
al. (490) examined the levels of IGFBPs by Western ligand
blot of extracts from human fetal and newborn tissues
from week 23 of gestation until 2 yr of age. In the kidney
of a 3-month-old infant, ligand blotting demonstrated the
presence of IGFBP-3 and a 30-kDa IGFBP, but IGFBP-2 was
absent (490). In muscle, the 30-kDa IGFBP and small
amounts of IGFBP-3 were present throughout gestation
(20-41 weeks) and persisted after birth for at least 2 yr. In
contrast, IGFBP-2 was present between 20 and 26 weeks of
gestation, but not in the postnatal period (up to 2 yr of age).
Unfortunately, serum IGFBP levels were not examined in
this study (490).

In neonatal IGF-II transgenic mice, serum IGF-II levels are
increased about 2- to 3-fold above nontransgenic control
mice (179). In the transgenic mice, IGFBP-2 levels are also
increased, but IGF-I in serum is reduced, possibly by com-
petitive displacement from binding proteins. Overexpres-
sion of IGF-II had no significant effect on body growth or
growth of most organs but increased kidney weight signif-
icantly (179).

In pigs, IGF-I and IGFBP-3 serum levels are also increased
during fetal life (491) and increase even further after birth.
However, kidney IGF-I and IGFBP-3 mRNA levels do not
increase after birth, despite an increment in GH receptor
expression. IGF-II levels in serum are greater than those of
IGF-I before as well as after birth in the piglet (491). IGF-II
mRNA levels in kidney decline after birth. In these animals,
serum IGFBP-2 increases during late gestation and decline
postpartally (491). IGF-II and IGFBP-2 serum levels also de-
crease in sheep after birth (486).

The importance of GH and IGFs for the renal development
may be questioned. However, there is evidence that genetic
deficiency in IGF-II, for example, reduces prenatal body and
organ growth (492). To the authors' knowledge there has
been no report of overt developmental renal abnormalities in
GH- or IGF-deficient mice or rats, or in patients with Laron-
type dwarfism. However, no study has examined in detail
aspects of renal anatomy and function, such as nephron
number and size, and concentrating and diluting capacities
and others. Furthermore, a deficiency of one factor is often
compensated for by other regulatory principles, and the pure
lack of an obvious defect may not disprove that GH and IGFs
are regulators during normal renal development.
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VII. GH and IGFs in Renal (Compensatory) Growth
(Tables 2 and 3)

In humans as well as in laboratory animals, nephron size
and function adjust to chronic demand. After unilateral or
subtotal nephrectomy, the remaining intact nephrons un-
dergo growth that may be largely hypertrophic but also
includes some hyperplasia. This compensatory renal growth
may maintain greater levels of renal function, but there has
been some concern, largely derived from studies in the rat,
that nephron hypertrophy may induce progressive glomer-
ular sclerosis, interstitial fibrosis, and tubule atrophy, and
hence, accelerate the rate of progression of renal failure (493-
497). In such states of loss of renal mass, which may be
induced by experimental surgery or by renal disease, rem-
nant functional nephrons also adapt their nephron ultrafil-
tration rate. In such kidneys, single nephron filtration rate
increases, largely due to a rise in the glomerular capillary
hydraulic pressure. Glomerular hypertension apparently
contributes to the development of premature glomerular
sclerosis and progressive renal failure (337,372,374,375). For
more than 10 yr, the mechanisms that induce these adaptive
responses to loss of functional renal mass, namely compen-
satory renal growth and glomerular hyperfiltration, have
undergone intense study. Some evidence has arisen indicat-
ing that GH and IGF-I may be involved in these adaptive
mechanisms, particularly with regard to the induction of
renal/nephron hypertrophy.

Most research examining the involvement and mecha-
nisms of GH and the IGF system in renal compensatory
growth has been performed in animal models such as ex-
ogenous administration of GH and IGF-I to rats, unilateral
nephrectomy, subtotal nephrectomy, streptozotocin-in-
duced diabetes in rats, feeding high-protein diets to rats, and

transgenic mice expressing GH or IGF-I transgenes. At
present, there has been virtually no study to examine the
relationship of the renal IGF-system with kidney growth in
humans. In the following paragraphs we will review the
most pertinent work that has been performed using different
rat models. As will be seen, there are many similarities be-
tween different models, such as the transient increase in renal
extractable IGF-I that lasts for 4 to 7 days and precedes the
onset of increase in renal mass (498). However, some dis-
crepancies in the findings from different laboratories will
also be pointed out, such as the question of whether the
increase in renal IGF-I reflects local synthesis or trapping of
circulating IGF-I, and whether there are differences between
immature and adult rats with regard to the involvement of
GH and IGF-I in compensatory renal growth.

A. Renal growth caused by systemically elevated GH and
IGF-I

Administration of rhIGF-I to rats does not cause major
body growth (although weight gain due to anabolism is
achieved) but induces selective growth (hypertrophy and/or
hyperplasia) of certain organs, most notably the kidneys
(499). There is ample evidence that elevated levels of circu-
lating GH, whether caused by exogenous or endogenous
means, also cause renal growth. GH administration was
shown to induce a gain in renal mass that may be mediated
by (systemic or local) IGF-I (500). In fact, administration of
GH increases the hepatic and renal IGF-I mRNA levels but
does not affect the renal levels of IGF-I receptor mRNA (198).
As a result, GH induces a local renal as well as systemic
increase in serum IGF-I levels. Since in rats the renal IGF-I
mRNA is confined to certain tubular segments but may not

TABLE 2. IGF-1 in different rat models of compensatory renal growth

Model
Compensatory

growth
Extractable renal

IGF-1
Renal IGF-1 mRNA Serum IGF-1 Hepatic IGF-1 Reference

Potassium depletion

High protein diet —»
Uninephrectomy

High protein diet
Uninephrectomy

Uninephrectomy
Uninephrectomy
Uninephrectomy

(immature/adult)
Subtotal nephrectomy

GH-deficient +
Uninephrectomy

Uninephrectomy

Streptozotocin-induced
diabetes

Hypertrophy and f (d 1-7)°
hyperplasia

Hypertrophy and f (d 4)
hyperplasia

Hyperplasia Not done
| Renal weight f (d 5)

<—> (d 1)
f Renal weight f (d 4)
t Renal weight \ (d 5-14)°
f Renal weight Not done

Hypertrophy and | (peak d 7, 90, 150)
hyperplasia

Hypertrophy and f
hyperplasia

Hypertrophy and f (d 1-4)
hyperplasia

t Renal weight f (d 2-4)

Streptozotocin diabetes f Renal weight Not done
(pre and post pubertal)

(postpubertal)
f (d 1-2; prepubertal)

Not done

t (d 1-2; MTAL)
Not done

t (d 1-7)

Not done
<—»• (d 5)

> (d 1-2, adult) Not done
(d 1-2, immature)

Not done

Not done I

I d2

t (d 1-2; post-pub) Not done

<—> (prepubertal) (postpub)
f (prepubertal)

(d5)

Not done
Not done

Not done

«—> (d 1, mRNA)

| (d 7, mRNA)

(554)

(320)

(229)
(523)

(522)
(532)
(529)

(319)

(346)

(330)

(537)

(538)

MTAL, Medullary thick ascending limb; d, day of experimental intervention.
° t immunostaining of medullary collecting duct.
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be expressed in glomeruli and glomeruli may not display GH
receptors (Fig. 1), the GH-induced increase in glomerular size
is most likely mediated by circulating IGF-I (198). Mice that
over express GH endogenously due to expression of a (bo-
vine) GH transgene also have increased kidney and glomer-
ular size (207, 501-507). Similarly, transgenic mice overex-
pressing IGF-I have increased kidney and nephron size (508).

Studies in this laboratory have shown that similar degrees
of renal growth (and an increase in GFR) can be induced in
GH-deficient rats by administration of either GH or IGF-I
(353), suggesting that IGF-I can mimic renal GH effects and
may mediate much of the effects of GH on renal growth.
Acromegalic patients have increased renal size (277,291-293,
295, 509, 510), which is reduced by a reduction in GH se-
cretion with either surgery or somatostatin.

The effects of exogenous GH or IGF-I on renal growth were
also examined by Mehls et al. (511) who administered each
of these peptides to female rats for up to 2 months. GH
stimulated body growth as well as renal mass, whereas IGF-I
raised renal mass more selectively. Several indices such as
increased kidney DNA / protein ratio, mitosis, and increased
proliferating cell nuclear antigen expression suggested the
presence of hyperplasia in addition to hypertrophy in re-
sponse to treatment with GH or IGF-I (511). Increased pro-
liferation that contributes to renal growth was also demon-
strated in mice transgenic for bovine GH (512) and is found
in cultured glomerular cells when exposed to IGF-I (208,210,
513,514). However, other renal cells such as proximal tubule
cells undergo hypertrophy, rather than hyperplasia, when
exposed to IGF-I in culture (515). In adult rats, hypertrophy
probably predominates, but hyperplasia in glomeruli and
interstitium, especially in young rats, contributes signifi-
cantly to the GH or IGF-I induced renal growth (516, 517).
Maneuvers that prevent the increase in renal and systemic
IGF-I that would normally result from administration of GH
seem to prevent at least in part, the GH-induced renal
growth. Flyvbjerg and associates (332) treated rats concom-
itantly with GH and octreotide, a somatostatin analog. Oc-
treotide partially prevented the increase in extractable and
immunoassayable renal IGF-I as well as renal growth.

GH deficiency causes reduced renal mass. In rats, hypoph-
ysectomy decreases renal tubular IGF-I mRNA levels and
increases IGFBP-1 mRNA and administration of GH reverses
these changes (198). However, hypophysectomy causes also
other hormonal disturbances, and the reduced kidney (and
body) size in hypophysectomized rats is more completely
restored when GH and T4 are both replaced.4 Administration
of GH to hypophysectomized rats also increases the renal
tubular expression of EGF, suggesting that some of the GH-
induced nephron hypertrophy is mediated by EGF (235).
Dwarf rats that are selectively deficient for GH have reduced
renal mass and glomerular tuft volume compared to normal
rats and both can be normalized by administration of GH or
IGF-I (353).

4 In rats T4 increases renal EGF-expression in distal tubules and col-
lecting ducts as well as the extractable renal IGF-I (500, 518) and may
contribute to renal growth through this mechanism. Since there is ev-
idence for EGF to increase diuresis (452), reduced renal EGF levels in
hypothyroidism may mediate the fluid retention in this condition.

In summary, increased GH levels due to increased endog-
enous secretion or pharmacological administration causes an
increase in renal mass. Possibly, although unproven, GH
induces these changes in part directly since its receptor is
expressed in parts of the nephron (Fig. 1). Some of these
effects of GH are mediated through increased renal IGF-I
synthesis. However, the GH-induced growth of glomeruli
cannot be explained by either direct effects of GH or by a local
increase in IGF-I, since GH receptors and IGF-I mRNA have
not been consistently demonstrated in (rat) glomeruli.
Hence, the systemic induction of IGF-I by GH most likely
mediates much of the GH effects on glomerular hypertrophy
and may contribute to the GH-induced tubular growth.

B. Unilateral nephrectomy

Renal hypertrophy that is induced by unilateral nephrec-
tomy is unique with regard to early transcriptional mecha-
nisms that precede the onset of size increment (519). The cell
protein accumulation in compensatory renal hypertrophy is
regulated further by posttranscriptional mechanisms (515).
There is circumstantial evidence that IGF-I and possibly GH
(directly or via IGF-I) is involved in both the transcriptional
as well as posttranscriptional regulation of compensatory
renal growth. IGF-II may also be involved, primarily in
weanling rats. Furthermore, other growth factors, such as
EGF, also play some role in compensatory renal hypertrophy
(454, 520, 521).

Fagin and Melmed (522) reported that IGF-I mRNA and
peptide levels increase in remnant kidneys after experimen-
tal unilateral nephrectomy in rats, and this rise in renal IGF-I
expression precedes the onset of hypertrophy. However,
these investigators noted that the increased expression of
IGF-I occurs only for the initial 7 days and then the levels
decline to normal control ranges, despite the fact that the
hypertrophic state of the remnant kidney is sustained for
several months in this animal model (522).

Unilateral nephrectomy in rats was also shown to cause a
rapid increase in extractable and immunoassayable IGF-I in
the contralateral kidney that preceded the increase in renal
mass. The renal tissue levels of IGF-I peaked at about 24 h
and declined to baseline by day 4 (330). Flyvbjerg et al. (330)
also observed a moderate decrease in serum IGF-I levels after
unilateral nephrectomy, but this finding was not confirmed
by other investigators and may reflect the postsurgical state
rather than an effect of the reduction in renal mass per se.
Evan et al. found that the renal levels of IGF-I and IGF-I
mRNA were elevated on day 5 after nephrectomy, but in
contrast to other investigators, these authors also indicated
that the levels remained elevated by day 33. Prolonged (^30
days) elevation of extractable renal IGF-I in unilaterally ne-
phrectomized rats was also described by Stiles et al. (523). The
reason for this discrepancy is unclear.

Hise et al. (524) demonstrated increased specific binding of
IGF-I to glomerular membranes and basolateral tubular
membranes ex vivo 1 month after unilateral nephrectomy in
rats. Affinity labeling studies suggested an increase in IGF-I
receptors as well as membrane-associated IGFBP-5. These
changes in the IGF-I system occurred concomitantly with
glomerular and proximal tubular hypertrophy. These find-
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ings suggest that at this later stage after nephrectomy IGF-I
may be trapped from the circulation and bound to IGF-I
receptors and IGFBP-5 and may contribute to hypertrophy of
the proximal part of the nephron (524).

At present, it is not known what signal mechanism induces
a contralateral increase in the expression of IGF-I and renal
compensatory growth after unilateral nephrectomy. GH has
been thought to be involved as a systemic mediator of renal
hypertrophy after reduction in renal mass. Haramati and
associates (525) examined the pulsatile GH release at 24 and
48 h after unilateral nephrectomy in adult rats. At each time
point multiple sequential serum GH measurements were
performed. These investigators demonstrated an increase in
pulsatile GH release early (24 h) after unilateral nephrec-
tomy. At 48 h, the pulsatile GH release was somewhat de-
creased (525). The increased GH secretion at 24 h was asso-
ciated with a rapid early rise in kidney mass. This initial rapid
rate of compensatory renal growth of the contralateral kid-
ney was somewhat reduced at 48 h, paralleling the reduced
rate of pulsatile GH release at this later time. Administration
of a GHRF antagonist reduced both the pulsatile GH release
as well as the rate of compensatory renal growth (525). This
experimental finding supports the hypothesis that GH plays
a regulating or permissive role for the remnant kidney hy-
pertrophic response after partial nephrectomy.

The mechanisms that cause compensatory contralateral
renal growth after unilateral nephrectomy seem to be dif-
ferent in juvenile rats compared to adult animals. In juvenile
rats, the initial rapid compensatory renal growth after uni-
lateral nephrectomy appears to be GH independent.
Mulroney and associates (526) did not find an early increase
in pulsatile GH release in juvenile as compared to adult
unilaterally nephrectomized rats. Furthermore, treatment
with GHRF antagonist did not prevent compensatory renal
growth in juvenile rats. Moreover, the expression of IGF-I
and IGF-I mRNA, which were increased during remnant
kidney hypertrophy, were not attenuated by the GH releas-
ing hormone antagonist in juvenile rats (526). The latter stud-
ies suggest that renal growth after partial nephrectomy is GH
dependent in adult, but not in juvenile, rats. Mulroney et al.
(527) supported this differential finding in subsequent ex-
perimental studies in juvenile and adult rats that underwent
unilateral nephrectomy. In the contralateral kidney, these
investigators observed a 3- to 4-fold increase in mRNA en-
coding IGF-I, IGF-I receptors, and IGF-II receptors in young,
but not in adult, rats. In situ hybridization localized the
increase in IGF-I mRNA levels primarily to the thick ascend-
ing limb of the loop of Henle (527). Incubation of tubule
membranes ex vivo with labeled IGF-I and IGF-II indicated
increased ligand binding in young but not in adult rats (527).
In weanling rats, renal IGF-II levels also increase transiently
(528) and may contribute to compensatory nephron growth.

In contrast to the above findings by Mulroney et al that in
immature but not in adult rats there is a rise in renal IGF-I
and IGF-I mRNA after unilateral nephrectomy, Flyvbjerg
and associates as well as Fagin and Melmed found similar
results in adult rats (498, 522, 527, 529, 530). Again, there is
a disparity in the experimental results obtained from differ-
ent laboratories, but it appears that, in adult as well as in
immature rats, a transient increase in renal IGF-I and IGF-I

mRNA levels contributes to the initial period of rapid renal
growth of the contralateral kidney after unilateral nephrec-
tomy.

After unilateral nephrectomy other growth factors may
also contribute to compensatory growth of the contralateral
kidney. EGF expression and binding increases and appears
to contribute to nephron hypertrophy, particularly in distal
tubules (520, 531).

In summary, in adult rats, unilateral nephrectomy causes
an early, transient rise in the renal expression of IGF-I mRNA
and a transient rise in systemic GH activity, but the renal
IGF-receptor levels may not change. Locally increased ac-
tivity of IGF-I, which results from renal synthesis as well as
binding of circulating IGF-I, may contribute to the early
phase of rapid renal growth in adult unilaterally nephrec-
tomized rats. In contrast, in immature rats, unilateral ne-
phrectomy causes rapid early renal growth of the contralat-
eral kidney by GH-independent mechanisms, which involve
increased renal expression of IGF-I, IGF-II, and IGF-I recep-
tors. These changes in the GH/IGF-system probably occur
only during the initial period of rapid renal growth (<7 days)
but some increase in renal IGF-I synthesis may persist for
longer periods of time. Thus, GH and IGFs appear to con-
tribute most to the early, rapid phase of compensatory renal
growth after unilaterally nephrectomy and appear to be less
important for subsequent slow growth and the long-term
maintenance of increased renal mass after unilateral ne-
phrectomy.

C. Subtotal nephrectomy

A more severe reduction in renal mass and nephron num-
ber than is achieved with unilateral nephrectomy causes
even greater compensatory growth of remaining, remnant
nephrons. The %-nephrectomy rat model has been used in
many experimental studies to examine mechanisms and con-
sequences of a large reduction in the nephron number. Ex-
perimental data derived from this rat model suggest a role
of the IGF-system in the induction and possibly maintenance
of nephron hypertrophy.

Muchaneta-Kubara et al. (319) studied the relationship be-
tween IGF-I and compensatory renal growth after subtotal
nephrectomy in the rat. Renal compensatory growth oc-
curred over the first 30 days after nephrectomy, and in-
creased kidney mass is maintained thereafter. Both extract-
able renal IGF-I levels and immunostainable IGF-I in the
cortical collecting ducts were elevated but returned to nor-
mal by day 30. A second peak was noted between 3 and 5
months after nephrectomy, but at this later time point the
IGF-I was found in distal tubules and interstitium, which by
now had accumulated fibrous scars (319). An increase in
medullary collecting duct IGF-I expression was also noticed
by other investigators after partial nephrectomy in the rat
(202, 532).

Circumstantial evidence suggests that in adult rats the
renal hypertrophy after subtotal nephrectomy is GH depen-
dent. Yoshida and associates demonstrated a lesser degree of
remnant kidney hypertrophy in dwarf rats with isolated GH
deficiency as compared to normal rats undergoing five-
sixths-nephrectomy (351).
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D. Streptozotocin diabetes

^ In human diabetes as well as in streptozotocin-diabetes in
rats, serum IGF-I levels are moderately reduced but IGF-II

x levels are elevated (56,533). Serum IGFBP-1 and -2 levels are
increased, but IGFBP-3 levels are reduced (170, 534). This
suggests that the binding of IGFs is shifted from the 150-kDa
to the 45 to 50-kDa carrier complex with a greater availability
of the peptides to tissues. Serum IGFBP-4 may be normal in

r diabetic rats (535). These changes in the serum IGFBP-levels
i are remarkably similar to those found in the nephrotic syn-

drome (167).
In rats with streptozotocin-induced diabetes, renal hyper-

trophy is preceded by an increment in renal IGF-I levels
1 which return to baseline 4 days after administration of strep-
, tozotocin (330, 536). In diabetic rats, extracted renal IGF-I

mRNA levels were either unchanged (537) or increased (538).
r Flyvbjerg and associates (330) found an increase in renal

extractable IGF-I levels in rats that received streptozotocin
and were not treated with insulin. The rise occurred within
24 h and levels peaked at about 48 h. Renal growth was
significant on day 4 and, hence, was preceded by the rise in

> renal IGF-I. In this study renal IGF-I concentrations de-
t creased back to baseline after 4 days, despite continued but

slower renal growth. Insulin treatment, however, prevented
both the rise in renal IGF-I as well as kidney growth (330).
The authors conclude that IGF-I may have a role in the initial,
rapid growth phase but may not be necessary for the main-
tenance of renal hypertrophy. Phillip et al. (539) demon-
strated such accumulation of extractable IGF-I only in dia-

A betic kidneys from postpubertal rats that was associated with
a seemingly paradoxical decline in renal IGF-I mRNA (539).
As discussed further below, this finding suggests that the
accumulation of IGF-I in the kidney in early diabetes results
from increased binding rather than in situ synthesis. How-
ever, specific IGF-I receptor mRNA in postpubertal diabetic

^ rat kidneys is not increased, suggesting increased renal up-
take of IGF-I by non-IGF-I receptor binding. In prepubertal
diabetic rats, IGF-I mRNA was unaltered, but the extractable
IGF-I levels were much lower than in control rats. This oc-
curred despite an increase in IGF-I receptor mRNA (539). To
the authors it appears impossible to formulate a general
hypothesis that would unify the experimental findings from

"̂  these different groups of investigators.
^ Renal IGF-I mRNA levels were found to be decreased by

in situ hybridization, and extractable renal IGF-I mRNA is
also reduced in longstanding diabetes in rats (186,540) (Table
3). Thus, the increase in renal extractable and immunoreac-
tive IGF-I levels found by some investigators may result from

A binding of circulating IGF-I to renal IGF-I receptors or bind-
ing proteins.

r Different stimuli for renal growth may be additive. For
example, unilateral nephrectomy in rats with streptozotocin-
induced diabetes further enhances renal growth, and the
increase in renal mass with the combined lesion exceeds the
renal hypertrophy that is achieved with either manipulation

* alone (530). In diabetic rats there seems to be a correlation
t between the severity of the diabetic metabolic disturbance

(hyperglycemia, insulin deficiency), the rise in renal IGF-I
levels, and the degree of renal hypertrophy (541).

TABLE 3. The IGF-I system in kidney in streptozotocin-diabetes in
the rat

IGF-I mRNA
BP-1 mRNA
BP-2 mRNA
BP-3 mRNA
BP-4 mRNA
BP-5 mRNA

2-7

| i OS, MTAL
t Cort | | OM

X OM
X Cort
X Cort

t OM X Cort

Days of diabetes

7-30

X X OS, MTAL
t Cort X X OM

X OM

X X Cort
X Cort

90-180

X OS, MTAL
| Cort X X OM

X OM

X Cort
t OM X Cort

Compiled from published data (186). OS, Outer stripe of medulla;
Cort, cortex; MTAL, medullary thick ascending limb of the loop of
Henle; OM, outer medulla.

Menon and associates (542) demonstrated a tissue-specific
increase in the GH receptor mRNA levels in streptozotocin
diabetes in rats. These investigators found a decrease in
mRNA levels encoding for GH receptors in liver and heart,
but receptor expression increased in the kidney. This finding
supports the notion that GH may contribute (directly or via
IGF-I) to the renal hypertrophy in diabetes. In contrast, renal
GH receptor mRNA levels were found to be similar in rats
at 7 days of experimental diabetes compared to normal an-
imals (543). Induction of diabetes with streptozotocin in
GH-deficient rats causes only a lesser degree of renal hy-
pertrophy. The increase in kidney extractable and immu-
nostainable IGF-I is reduced compared to diabetic rats with
normal GH hormone status (348, 349). Treatment of diabetic
rats with a somatostatin analog that reduces endogenous GH
activity, prevents both the hypertrophy as well as the rise in
renal IGF-I (330). Thus, renal hypertrophy in diabetic rats
may be GH dependent.

IGF-I receptor mRNA and receptor binding were both
found to be increased 2.5-fold in diabetic rats (544), but other
investigators did not confirm this finding (543). The reason
for this discrepancy remains unclear.

In streptozotocin diabetes in rats Marshall et al. (329) found
a transient decrease in binding of IGF-I to kidney membranes
on the first day, but thereafter binding was not different from
control (329). Other authors found increased binding of IGF-I
to kidney membranes during the first 3 days of experimental
diabetes either to IGF-I receptors or to binding proteins (538).
"Specific binding" may refer to binding to IGF-I (or IGF-II)
receptors, or to membrane-associated binding proteins. In
this study the increase in renal IGF-I levels in rats with
experimental diabetes is associated with a transient increase
in extractable IGFBP-3 and an increase in a IGFBP of about
30 kDa by Western ligand blotting. This latter binding pro-
tein was thought to be IGFBP-2 (545) but possibly represents
another binding protein, such as IGFBP-5. Whether the in-
crease in the two binding proteins results from increased
local synthesis has not been determined in these studies
(545). Should the 30-kDa binding protein be indeed IGFBP-2,
one may argue that this IGFBP may have been trapped by
binding through its RGD-sequence to membrane integrins.
This is further supported by the finding that IGFBP-2 mRNA
levels in the kidney are unchanged after induction of diabetes
in rats (186). In contrast, IGFBP-1 and -5 mRNAs in renal
cortex increase significantly in diabetic rats compared to
controls. Increased IGFBP-1 may contribute to kidney
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growth through mitogenic actions via a5/32-integrins that are
independent of IGFs, although there is no direct proof for this
function of IGFBP-1 in vivo. In the medulla, there is a mod-
erate decrease in IGFBP-1 mRNA. IGFBP-3 and -4 mRNAs
change only modestly in diabetic rats (186). In concert, the
30-kDa IGFBP that was found by Flyvbjerg et al. to be in-
creased is either trapped IGFBP-2 or locally synthesized
IGFBP-1 or -5 (186, 545). Fervenza et al. (543) found a mod-
erate increase in renal cortical IGFBP-1 mRNA and moderate
decreases in IGFBP-2 and -4 mRNAs in diabetic rat kidneys,
but IGFBP-1 mRNA in renal medulla was decreased.
IGFBP-3 and -5 were not different from controls in these
studies. Due to some discrepancies in the experimental data
of renal IGFBPs in diabetic rats, an unifying picture as to the
contribution of IGFBPs to diabetic nephron growth cannot be
drawn.

In summary, there is evidence for a role of GH as well as
IGF-I in the rapid renal growth that occurs early in the course
of experimental diabetes. GH receptors in the kidney are
increased, suggesting some dependence of the renal hyper-
trophy on GH. GH may induce increased synthesis of renal
IGF-I, but trapping of circulating IGF-I is also suggested.
Many of the experimental data described thus far are in
conflict with each other, and it is virtually impossible to
arrive at clear conclusions as to the involvement of the GH/
IGF-I-system in diabetic renal growth. There are no data on
the renal GH/IGF-I-system in kidney hypertrophy that oc-
curs in the early stages of human diabetes.

E. Diet and renal growth

Short-term fasting as well as long-term starvation reduce
serum IGF-I levels (23, 338, 340, 344, 546, 547). Long-term
starvation or protein and/or calorie malnutrition also re-
duces kidney mass (341, 342, 548). Protein and calorie mal-
nutrition or short-term starvation also reduce the IGF-I
mRNA levels in several tissues, such as lung, liver, muscle,
and kidney (175, 322, 549). Thus, there is circumstantial ev-
idence that reduced serum and/or renal IGF-I levels con-
tribute to the reduced kidney mass in states of protein or
calorie malnutrition.

Kobayashi and associates (175) examined the expression of
mRNAs encoding IGF-I and IGFBP-1 to -5 in GH deficient
and in normal rats that were fasted for 48 h or received GH.
In both groups of rats short-term fasting reduced the renal
mRNA levels for IGF-I and increased the IGFBP-1 mRNA
levels in the kidney. Administration of GH causes the exact
opposite effects. Short-term fasting did not affect signifi-
cantly the renal IGFBP-2, -3, -4, and -5 mRNA levels (175).
Since the reduction in IGF-I and the rise in IGFBP-1 mRNA
with fasting occurred in GH-deficient as well as in normal
rats, this nutritional effect seems to be GH independent (175).
However, fasting of short duration does not reduce kidney
mass measurably.

The association between increased dietary protein and
renal hypertrophy has received widespread attention. Nor-
mal rats pairfed a high-protein diet (36% protein) have
greater body weight gain and increased renal mass com-
pared to animals receiving a low-protein diet (9% protein)
(233). The high-protein diet also causes a greater concentra-

tion of extractable IGF-I in liver and in isolated glomeruli
(233). These findings suggest that the renal IGF-I may con-
tribute to the nephron growth that is induced with high-
protein diets. In rats receiving a high-protein diet, serum
IGF-I levels are also elevated, giving rise to the possibility
that circulating IGF-I may contribute to the renal hypertro-
phy. In fact, the increased extractable IGF-I levels in isolated
glomeruli may reflect peptide that was bound from the
circulation.

The additive effects of high-protein diets on nephron hy-
pertrophy were also examined in rats with partial nephrec-
tomy. Both the degree of nephron compensatory growth and
renal tissue levels of IGF-I in partially nephrectomized rats
increase further with administration of high-protein diets
(320, 350, 497, 498). In some of these studies, serum and
hepatic IGF-I levels were also measured, and both were
found to be normal, suggesting a local intrarenal mechanism
that increases renal IGF-I levels in response to partial ne-
phrectomy with or without high-protein diets (320,346). The
latter investigators performed similar experiments in GH-
(and IGF-I-) deficient Lewis dwarf rats. In these GH-deficient
animals, as compared to appropriate controls, kidney hy-
pertrophy and renal IGF-I levels were unaffected by dietary
protein (346), suggesting that the dietary protein-induced
renal growth is GH-dependent (350). However, Charlton et
al. (550) demonstrated an increase in both renal IGF-I mRNA
levels and renal growth in response to a high-protein diet in
GH-deficient rats. This was also shown in partially nephrec-
tomized normal rats receiving high-protein diets (551). Thus,
there is a discrepancy in reported experimental data that is
not readily explained. At present, it seems unclear, whether
the protein-induced renal hypertrophy is GH dependent.

Increases in renal IGF-I secondary to high-protein diets or
partial nephrectomy in the rat were not demonstrated uni-
versally. Caverzasio and co-workers (551) investigated the
role of IGF-I in compensatory renal growth in rats after
unilateral nephrectomy with or without concurrent parathy-
roidectomy followed by feeding high or moderate protein
diets. These investigators found no change in renal IGF-I
levels but demonstrated an increase in serum IGF-I levels in
the rats fed the high-protein diet compared to those receiving
the low-protein diet. This increase was present in both ne-
phrectomized and nonnephrectomized rats (551). In unilat-
erally nephrectomized rats fed high-protein diets, the com-
pensatory renal growth as well as the rise in serum IGF-I
were both prevented by parathyroidectomy (551). Coxam
and associates (552,553) demonstrated that PTH can increase
the hepatic IGF-I synthesis and IGF-I mRNA levels in liver.
These experiments suggest an important role of liver-derived
IGF-I in the renal hypertrophy in response to high-protein
diets. Furthermore, the high-protein diet-induced renal hy-
pertrophy may be PTH-dependent, although the mecha-
nisms are unclear, and confirmation of this intriguing finding
by other investigators has not yet been published.

In summary, high-protein diets increase liver, serum, and
glomerular and renal extractable IGF-I levels and induce an
increase in renal mass. IGF-I may contribute to the increase
in renal mass that occurs in this setting. The dietary protein-
induced renal hypertrophy may or may not be GH depen-
dent, a question that is at present unsettled. Reduced IGF-I
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activity in low-protein diets may contribute to a reduction in
renal mass. Short-term fasting and probably long-term pro-
tein/calorie malnutrition reduce the synthesis of IGF-I in
kidney and other tissues and increase the renal levels of
IGFBP-1, which may further reduce local IGF-I activity.

F. Other experimental models

There are several other experimental animal models in
which nephron hypertrophy may be mediated by IGF-I. Po-
tassium depletion in rats causes rapid kidney growth. In this
model the increase in kidney weight is preceded by an in-
crease in immunoassayable IGF-I that was extracted from the
kidney. The increase in renal IGF-I levels in this models is
only transient, for about 4 days, and levels return to baseline
by about 7 days after induction of the lesion, despite the
kidney hypertrophy is maintained (554).

Acute, unilateral ureteral obstruction in rats and pigs re-
sults in a rapid decrease in renal IGF-I levels in the hydro-
nephrotic kidney and in an increase in renal IGF-I in the
contralateral kidney, where it precedes the onset of renal
growth (555, 556).

Regional hypertrophy can develop in segments of the
nephron during increased workload. Treatment of rats with
furosemide blocks the sodium absorption in the thick as-
cending limb of the loop of Henle and increases distal tubular
sodium delivery. Thus, in turn, furosemide increases the
work load of distal tubules and cortical collecting ducts
which undergo hypertrophy. This hypertrophy is associated
with an early increase in the local IGFBP-1 mRNA expression
but IGF-I mRNA is not increased. However, immunohisto-
logically there is also increased IGF-I peptide present shortly
after onset of treatment with furosemide. Unfortunately, the
investigators did not examine IGF-I receptor expression in
distal tubules in this study. Thus, the hypertrophy in this
model may be caused by IGF-I, which is trapped by increased
expression of IGFBP-1 in distal tubules and collecting ducts
(557), but increased binding of circulating IGF-I to IGF-I
receptors may also occur. This hypothesis assumes that
IGFBP-1 does not neutralize IGF-I activity which may or may
not be correct. Furthermore, intrinsic effects of IGFBP-1 to
increase cell growth through an integrin-mediated mecha-
nism may also contribute.

G. Summary of data on renal growth

There seems to be a sequential relationship between renal
compensatory growth and the increase in renal IGF-I levels
in different models of acute renal hypertrophy in the rat:
partial nephrectomy, acute streptozotocin-induced diabetes,
potassium depletion, and postrenal obstruction. In all these
rat models, most but not all studies found that renal IGF-I
levels increase within 1 to 2 days and precede the onset of
renal growth. However, this rise in renal IGF-I seems to last
between 4 and 7 days (although this is not without contro-
versy), whereas hypertrophy is maintained for long periods
of time (186, 329, 330, 349, 498, 530, 537, 541, 545, 554-556,
558, 559). Thus, renal as well as systemic IGF-I may be in-
volved in the induction of hypertrophy and the early phase
of rapid renal growth, but apparently does not contribute as

significantly to the maintenance of increased kidney mass.
There is evidence for GH dependence of the compensatory
renal growth after partial nephrectomy and in experimental
diabetes, but this concept is not mutually accepted. Similarly,
some but not all investigators have suggested that there are
differences between juvenile and adult rats in the mechanism
by which GH and IGF-I may contribute to renal growth. It
is possible, although unproven, that IGFBP-1 contributes to
kidney growth in some conditions, such as diabetes, through
its interaction with integrins.

H. Compensatory renal growth and progressive glomerular
sclerosis and interstitial fibrosis: is there a role for GH and
IGF-I?

Renal growth (more specifically, glomerular hypertrophy
and/or hyperplasia in experimental renal diseases in rats)
has been implicated as a cause of progressive glomerular
sclerosis and chronic renal failure (351, 493-496, 560). In
aging rats there is a correlation between the severity of glo-
merular sclerosis and plasma GH levels (561). Moreover,
administration of GH to rats with puromycin-aminonucleo-
side-induced nephrosis accelerates the development of glo-
merular sclerosis (562). Furthermore, administration of GH
accelerates the development of glomerular sclerosis and the
progression of renal failure in partially nephrectomized rats
in some studies (560).

Several observations obtained from mice transgenic for
bovine or human GH have suggested a strong link between
GH induced hypertrophy/hyperplasia of the nephron and
progressive glomerular sclerosis. Mice transgenic for GH
develop mesangial proliferation, glomerular hypertrophy,
and progressive glomerular sclerosis (207, 502, 503, 505, 508,
512, 563). Further experimental evidence suggests that dif-
ferent domains of the GH molecule might cause body growth
as compared to the glomerular hypertrophy and sclerosis
(564-566). In streptozotocin-induced diabetes in the rat, re-
nal GH receptor mRNA levels were found to be increased in
one study, giving rise to the possibility that increased action
of GH may contribute to diabetic glomerular sclerosis (542).
However, GH may not be expressed in rat glomeruli (Fig. 1),
and a direct effect of GH on glomerular sclerosis is unlikely.

GH-deficient rats are somewhat protected from the de-
velopment of glomerular sclerosis after partial nephrectomy
(351). Similarly, mice transgenic for a GH antagonist are
protected from streptocotozin-diabetes-induced progressive
glomerular sclerosis (567). In these mice, glomeruli were
normal in contrast to severe glomerular sclerosis seen in
normal diabetic mice or in mice expressing the GH transgene.

To the authors' knowledge, there have been no reports
indicating that acromegalic patients develop glomerular
sclerosis and interstitial fibrosis prematurely or have an in-
creased incidence of progressive renal failure. It will be dif-
ficult, if not impossible, to examine this question in a pro-
spective trial, since acromegalics are treated either surgically
or pharmacologically to improve their hypersomatotrophic
state.

There is also evidence that IGF-I may contribute to the
development of glomerular sclerosis and interstitial fibrosis.
In cultured rat glomerular mesangial cells, IGF-I stimulates
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mRNA and secreted protein levels of type I and IV collagen
(513). Moreover, rat kidneys that were perfused with IGF-I
had increased expression of mRNA for fibronectin, laminin,
heparan sulfate proteoglycan, collagen type II, and collagen
type IV (568). In subtotally nephrectomized rats, adminis-
tration of exogenous IGF-I augments glomerular procollagen
o^IV) mRNA levels (497). In transgenic mice overexpressing
GH (which have also elevated IGF-I levels), glomeruli con-
tain increased amounts of collagen type I and type IV, lami-
nin, and heparan sulfate proteoglycan (563). The expression
of these proteins and their mRNA somewhat resembles di-
abetic glomerular sclerosis in rats (563). Greatly increased
single glomerular levels of procollagen 0 (̂1) and «i(IV)
mRNA above control were also demonstrated in isolated
glomeruli from GH transgenic mice using a truly quantita-
tive PCR technique (569). Thus, increased GH activity in
rodents is associated with increased glomerular production
of extracellular matrix proteins.

Mice transgenic for IGF-I also develop glomerular enlarge-
ment, similar to GH hormone transgenic mice, but do not
develop accelerated glomerular sclerosis (207, 508), even
though serum (and presumably renal) IGF-I levels in IGF-
I-transgenic mice were greater than in GH transgenic animals
(207, 508). Furthermore, administration of exogenous IGF-I
to rats with reduced renal mass causes a similar degree of
renal hypertrophy as can be achieved by giving high-protein
diets. However, the degree of glomerular sclerosis and the
increment in glomerular collagen type I and IV levels are less
in rats receiving IGF-I compared to those in which similar
nephron hypertrophy was induced with the high-protein
diet (497). Mehls and associates (511) administered IGF-I to
female rats resulting in increased renal growth and hyper-
plasia but not premature glomerular sclerosis (511). How-
ever, female rats are known to be less sensitive to various
interventions that cause glomerular sclerosis compared to
male animals (570). Thus, in rodents, GH and IGF-I may
contribute to the premature development of glomerular scle-
rosis (and interstitial fibrosis) in chronic renal disease.
Whether this is also true in human renal disease is presently
unknown. In rodents and probably even more so in man, the
contribution of IGF-I to the development of glomerular scle-
rosis and progression of renal failure, if any, may be rather
modest.

VIII. GH and the IGF System in Selected Renal
Diseases

Abnormal serum and /or tissue levels of IGF-I, IGFBPs,
and GH have been described in several renal disease states.
Furthermore, both GH and IGF-I may each have an impor-

TABLE 4. The GH-IGF-I system in chronic renal failure in the rat

tant clinical role as pharmaceutical agents in the treatment of
sequelae of renal diseases. These issues will be discussed in
this section as they apply to chronic renal failure, acute renal <
failure, and the nephrotic syndrome.

A. Chronic renal failure

In chronic renal failure the GFR as well as tubule function
decline, and many metabolic and hormonal abnormalities be-
come evident. Abnormalities in the systemic GH/IGF-system *
may contribute to growth failure in children and experimental y

animals (571) and net muscle protein catabolism (572-576). Poor
nutritional status may contribute to many metabolic changes in
pediatric and adult patients with chronic renal failure (577). The
catabolic state of patients with chronic renal failure may also be '
caused, in part, by metabolic acidosis, which is present in most ^
patients with advanced renal failure (576, 578). The intake of
glucocorticosteroids, such as after renal transplantation, con- r

tributes to the catabolic state (578, 579).

1. GH and IGF/IGFBP levels in chronic renal failure (Table 4). The

kidneys contribute significantly to the degradation of GH.
Hence, serum GH levels should be increased in patients with A

chronic renal failure. Indeed, the serum half-life of GH is
significantly increased in renal failure and the MCR of ex-
ogenous recombinant human GH is reduced (255). In concert,
these abnormalities cause elevated serum levels of GH (255).
Elevated levels of serum GH have also been found by several
other investigators (580-583). There is also evidence for in-
creased pulsatile release of GH in children with chronic renal
failure as compared to normal children that contributes to the L

about 2.5-fold elevated serum GH levels in children with
renal disease (584). Furthermore, the levels of serum GH «
binding protein which is the soluble form of the GH receptor,
is reduced in chronic renal failure (248, 582). However, in
uremic rats, serum binding of GH was found to be elevated
(585). Serum GH levels are decreased after a hemodialysis
session compared to the predialysis values in patients on «
chronic maintenance hemodialysis (580). This may result
from removal of free serum GH.

Most investigators found normal serum IGF-I levels in
patients with chronic renal failure (580,586-591). In contrast
to GH, IGF-I is not removed from serum during hemodialysis
(580), possibly because of the molecular weight of the cir-
culating IGF-I that is present in binding protein complexes
with a molecular mass of ^45 kDa. In contrast to most pub- t

lished reports, some investigators described elevated IGF-I
serum levels in patients with chronic renal failure (266, 267,
592). This discrepancy may result from technical differences
in the assays or sample preparation such as the extraction
and separation method used to separate IGFs from the bind- >*

GH-R IGF-I IGF-I R BP-1 BP-2 BP-3 BP-4

Plasma
Liver
Lung
Muscle
Kidney
Heart

Compiled from published data (625, 722, 723).

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/1

7
/5

/4
2
3
/2

5
4
8
5
9
6
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



October, 1996 GH, THE IGF SYSTEM, AND THE KIDNEY 455

ing proteins (590, 591). IGF-I serum levels and bioactivity are
both reduced in patients with malnutrition, which may be

* present in a subgroup of chronic renal failure patients (338,
546, 586, 593).

Fouque and associates (268) performed pharmacokinetic
studies on rhIGF-I in adult patients undergoing maintenance
hemodialysis or continuous ambulatory peritoneal dialysis
as well as in normal subjects (268). No differences in the IGF-I
pharmacokinetics were found between the dialysis patients
and the normal subjects after a singe subcutaneous dose of

* rhIGF-L 50 jug/kg (268). With a 100 /xg/kg injection, the
hemodialysis and peritoneal dialysis patients displayed
higher peak serum IGF-I concentrations and a decreased
half-life and volume of distribution of IGF-I. The maximum
increment in serum IGF-I in the dialysis patients was 72 to

* 88% greater compared to normal subjects (268). The Tmax,
area under the curve (AUC), and the serum clearance of IGF-I
in the dialysis patients were all not different from normal.
The greater peak serum IGF-I levels and the reduced volume
of distribution of IGF-I may reflect increased plasma binding,
presumably to IGFBPs or binding protein fragments. By

^ 12-14 h after injection, serum IGF-I levels were not different
in dialysis patients compared to normal subjects (268).
Twice-daily injections of rhIGF-I in continuous peritoneal
dialysis patients for 20 days does not lead to progressive
accrual of IGF-I in serum (268, 594).

Although normal serum IGF-I levels in chronic renal fail-
ure were demonstrated in most studies, the liver synthesis of
IGF-I may be decreased as suggested by reduced liver steady
state IGF-I mRNA levels in rats with chronic renal failure
compared to pair-fed normal controls (585,595). The reduced
IGF-I synthesis in liver may result from a reduction in the GH
receptor expression in liver, which was demonstrated in
uremic rats (585).

In chronic renal failure, serum IGFBP-levels have been
reported to be elevated (586, 588, 596). This has been exam-

P ined by Western ligand and immunoblot analysis as well as
with immunoassays (RIA, IRMA). Western ligand blot anal-
ysis and RIA data correlate well if normal serum is examined,
but falsely elevated levels are found if body fluids that con-
tain IGFBP-protease activity are examined (313). This is par-
ticularly true for IGFBP-3. IGFBP-protease activity has been
described in sera from pregnant women (182, 183, 310, 313-

^ 315, 597-606), patients with severe acute illness such as the
i sepsis syndrome (607), and in sera from patients with chronic

renal failure (276,608-610). Low levels of proteolytic activity
toward IGFBP-3 are apparently also present in normal rat
serum (611). In rat pregnancy the IGFBP-3 protease activity
is expressed in several tissues, but not in the kidney (602).

i. Proteases that degrade other IGFBPs are also known (5) but
proteolysis of serum IGFBP-1, -2, or -4 apparently does not

f play a significant role in patients with renal failure.
In normal human serum, there is a positive correlation

between the sum of the IGF-I and -II serum levels and the
serum IGFBP-3 concentration, both of which are about 100
nM, suggesting that IGFBP-3 in the 150-kDa complex is

* nearly saturated (142, 152, 612). The IGFBP-3 protease ac-
} tivity degrades the binding protein into smaller proteolytic

fragments, which have a 50-fold reduced binding activity but
are retained in the 150-kDa complex (183,184,611,613). Some

investigators have suggested that proteolytic IGFBP-3 frag-
ments in serum from pregnant women still retain significant
binding activity for IGF-I (182, 597). Much of the circulating
IGF-I and -II is still present in the 150-kDa protein complex
which would further support the fact that proteolytic frag-
ments of IGFBP-3 still bind IGFs, albeit the affinity may be
reduced (614). Other experimental evidence suggests that
IGFBP-3-proteolysis liberates IGF-I from the binding protein
complex and increases its bioactivity (611, 613). In serum
from pregnant women, IGFBP-3 is almost undetectable by
Western ligand blot, since the proteolytic fragments do not
bind the tracer in this assay (312, 315). However, IGFBP-3
levels can be measured with RIAs, since the fragments still
cross-react with the antibody (612). It is possible that the
apparently increased serum IGFBP-3 levels that some inves-
tigators found in serum from patients with chronic renal
failure results from the presence of multiple fragments that
are recognized in the RIA (615). In chronic renal failure small
molecular weight fragments of IGFBP-3 are also found in
urine (615).

Valentini et al. (616) demonstrated that IGFBP-3 immuno-
reactivity is present in peritoneal dialysate outflow in chil-
dren with end-stage renal disease undergoing continuous
ambulatory peritoneal dialysis and in hemodialysate. In he-
modialysis patients, the immunoreactive IGFBP-3 levels in
dialysate were greater with high-flux dialyzers compared to
regular dialysis membranes (616). Perhaps these investiga-
tors measured small molecular weight IGFBP-fragments that
are dialyzable.

In chronic renal failure, serum IGFBP-1, -2, and -3 were
found to be increased (142,168, 586, 610, 617, 618). IGFBP-1
and -2 levels are truly increased, and there is no evidence that
significant amounts of these binding proteins are degraded
by specific proteases. In contrast, as demonstrated above,
IGFBP-3 levels are elevated due to fragmentation, but the
amounts of full-size IGFBP-3 are most likely decreased or are
not different from normal (588). IGFBP-4 levels are also
slightly increased in sera from patients with chronic renal
failure (588). Circumstantial evidence suggests that in
chronic renal failure patients, serum IGFBP-4 levels vary
with nutritional status, particularly dietary protein intake,
similar to IGF-I levels (588). During treatment with rhIGF-I,
serum IGFBP-3 levels decrease greatly in patients with
chronic renal failure (619-621).

There are less data available concerning the IGF-II serum
levels in patients with chronic renal failure. Daughaday and
co-workers (622) found elevated IGF-II levels in sera from
hemodialysis patients. During treatment with recombinant
human GH, serum IGF-II levels tend to increase (623).

2. Resistance to GH and IGF-I in chronic renal failure. Insensi-

tivity to GH is apparent from several observations in patients
(and laboratory animals) with chronic renal failure. Despite
normal or elevated serum GH levels and increased pulsatile
growth hormone release, hepatic IGF-I mRNA levels are
reduced in rats with chronic renal failure (585, 595). Fur-
thermore, children with chronic renal disease have normal or
elevated serum GH levels but body growth failure. More-
over, some of the metabolic abnormalities of adult patients
with chronic renal failure can be explained by resistance to
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the action of GH. Notwithstanding the presence of this GH
resistance, pharmacological administration of recombinant
human GH will improve growth rates in children with
chronic renal failure as well as nitrogen balance in adult
patients.

The mechanisms causing the insensitivity to GH are less
clear. Blum and associates (617) demonstrated reduced IGF-I
production after GH administration. In rats with chronic
renal failure, Tonshoff and associates (585) demonstrated
reduced hepatic expression of GH receptors. It is not known
whether a reduction in GH receptor number is also present
in other GH target tissues. Possibly, patients with uremia are
comparable to Laron dwarfs who have defective GH recep-
tors or receptor-signaling mechanisms (624). Since many ef-
fects of GH are mediated by IGF-I, GH insensitivity may also
be caused by IGF-I resistance, which is also present in chronic
renal failure (vide infra).

There has long been evidence for resistance to IGF-I in
chronic renal failure. Phillips and Kopple (593) found de-
creased sulfate incorporation activity in sera from hemodi-
alysis patients as compared to normal subjects. In this study,
the activity to incorporate sulfate into cartilage was partially
restored after hemodialysis, suggesting the presence of in-
hibitors in uremic sera (593). The nature of such low mol wt
inhibitors was not examined in this study. Moreover, it re-
mains unclear from this report whether IGF-I, IGF-II, or other
compounds in serum accounted for the sulfate incorporation
activity (593). Thus, these earlier studies suggest, but do not
prove, that IGF-I resistance is present in renal failure. De-
tailed metabolic studies by Fouque and associates (587, 594)
clearly demonstrate that patients with chronic renal failure
and maintenance dialysis patients have an IGF-I insensitivity
syndrome. Similarly, IGF-I resistance has also been demon-
strated in rats with experimental chronic renal failure (625).
Blum et al. (617) suggested that increased levels of IGFBPs in
uremic serum may account for IGF-I resistance. These in-
vestigators demonstrated that removal of IGFBPs by IGF-II-
affinity chromatography restores IGF-I bioactivity. Small
molecular weight binding protein fragments are removed by
dialysis (616), which could retrospectively explain the im-
proved serum sulfation activity after a dialysis session (593).
However, the binding activity of IGFBP-3 fragments may be
rather low (vide supra), and the efficient removal of full-sized
IGFBP-3 by dialysis is unlikely. Valentini et al. (616) reported
that IGFBP-3 levels (RIA) in hemodialysate are about 0.45
mg/liter. Since the flow rate of dialysate during a regular
hemodialysis session is about 500 ml/min (120 liters in 4 h),
the amounts of IGFBP-3 that would be removed during one
4-h dialysis session would exceed the total serum IGFBP-3
content, a value that is difficult to accept. Nevertheless, the
elevated IGFBP-3/IGFBP-3-fragment levels in uremic serum
may contribute to the IGF-I resistance in chronic renal failure
(626).

Ding and associates (625) recently examined the effects of
IGF-I on protein synthesis and degradation in rats made
chronically uremic and in pair-fed control animals. Chronic
renal failure rats received sodium bicarbonate to prevent
metabolic acidosis, which is known to cause protein catab-
olism (578). Uremic rats treated with IGF-I had decreased
protein catabolism and increased protein synthesis but, at

each dose of IGF-I, this response was less compared to nor-
mal controls (625). In uremic rats, as compared with control
animals, skeletal muscle IGF-I levels and IGF-I mRNA levels
were decreased, but IGF-I receptor mRNA was elevated.
Furthermore, the receptor number was increased but the
affinity of IGF-I to the receptor was normal (625). Semipu-
rified IGF-I receptors from skeletal muscle from uremic rats
had lesser degrees of autophosphorylation when incubated
with IGF-I in vitro, and the receptor kinase activity was re-
duced, as was measured by the degree of in vitro IRS-I sub-
strate phosphorylation (625). These elegant studies strongly \
suggest that the IGF-I resistance in chronic renal failure is
caused, at least in part, by a (functional) IGF-I receptor defect.
Furthermore, these findings provide evidence that (muscle)
tissue IGF-I levels may be reduced in chronic renal failure
without a concomitant reduction in serum IGF-I levels (625). *
Thus, reduced tissue action of IGF-I may contribute to the
increased risk of poor nutritional status in patients with
chronic renal failure.

3. Treatment of patients with chronic renal failure with recombi-

nant human GH or IGF-I. There are several reasons to use GH i

or IGF-I as therapeutic agents in patients with chronic renal
failure. Pharmacological dosages of each of the peptides have
been shown to induce a variety of metabolic effects and
override, to some extent, the state of insensitivity to GH and
IGF-I. First, GH raises growth rates in children with chronic
renal failure. Second, both GH and IGF-I may improve ni-
trogen balance and nutritional status in patients with renal
failure. Third, IGF-I may raise the GFR and help to postpone
the need for dialysis therapy. Each of these potential uses has
undergone experimental study and clinical trials. ,

Growth failure is an important medical problem in chil-
dren with chronic renal insufficiency, on hemo- or peritoneal
dialysis, or after renal transplantation. Several metabolic ab-
normalities may contribute to the growth failure observed in
uremic children, each of which is addressed by dietary, med- ,
ical, or renal replacement therapy. These include chronic
(renal tubular) acidosis, secondary hyperparathyroidism,
and the uremic syndrome. Despite aggressive conventional
treatments of these metabolic disorders, growth failure per-
sists in most children with chronic renal disease. In vivo
studies in experimental animals indicated that recombinant
human GH when given pharmacologically has several met- y

abolic effects and induces body growth (627, 628). These i
experimental observations led to controlled clinical trials that
demonstrated that accelerated body growth is indeed
achieved with exogenous administration of recombinant hu-
man GH (623, 629-637) (Table 5). In children with chronic
renal failure, administration of recombinant human GH is J
associated with increased growth velocity, which is greatest
during the first year of treatment. In pediatric patients with
end-stage renal disease who are treated with continuous
ambulatory peritoneal dialysis, GH can be added to the peri-
toneal dialysate to avoid the need for subcutaneous or in-
tramuscular injections (638). Treatment with recombinant
GH has also been used in pediatric patients who have un- 1

dergone successful kidney transplantation, and this treat-
ment is also recommended in the latter patient population
(629, 639, 640). GH is now a recommended treatment mo-
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TABLE 5. Prospective clinical

r Diagnosis

. CRF

CRF
CRF
CRF
CRF

> CRF
ESRD

/ CAPD
Renal transplant

Renal transplant

> Renal transplant

Number of
subjects

20

77
125

13
20
11
9
8

17

8

9

GH, THE IGF SYSTEM, AND THE KIDNEY

studies examining the effects of rhGH in pediatric patients

Duration of
treatment

5 yr

1 yr
2yr

1-3 yr
6 months

4 yr
l y r
2 yr
3yr

l y r

6-30 months

Dose of recombinant
human GH

Not given

0.1-0.2 IU/kg/day SQ
0.05 mg/kg/day SQ

0.375 mg/kg/wk SQa

4 IU/m2/day SQ
0.375 mg/kg/wk SQa

4 IU/m2/day SQ
0.05 mg/kg/day IP
4.3 IU/m2/day SQ

0.05 mg/kg/day SQ

0.375 mg/kg/wk SQa

Creatinine clearance
(ml/min/1.73 m)

32

Not given
28
66

15.2
14-64

7-CAPD; 1-HD;
ESRD

60

2 mg/dl6

Not listed

Complications

1 pt-avascular necrosis of the femoral
head

No complications
Postprandial I t at 1 yr, not at 2 yr
Creat cl | to 55 ml/min after 2 yr
7/16 on dialysis; no complications
Dialysis initiated in 1 pt
No complications
No complications
1 pt | creat after 6 weeks; t fasting

and stimulated insulin levels
4/8 pt had a significant increase in

serum creatinine during rhGH
treatment

2 pts developed rejection episodes

457

Reference

(636)

(637)
(633)
(724)
(631)
(629)
(630)
(638)
(639)

(725)

(629)

All studies demonstrated a significant increase in growth velocity. CRF, chronic renal failure; ESRD, end-stage renal disease; CAPD, chronic
ambulatory peritoneal dialysis; SQ, subcutaneous injection; IP, intraperitoneal injection; I, Insulin; pt, patient; creat cl, creatinine clearance;
HD, hemodialysis.

a Administered daily or three times/week.
6 Average serum creatinine.

TABLE 6. The IGF system in the nephrotic syndrome in the rat

Kidney

( | mRNA)

i mRNA)

IGF-I
IGF-II
BP-2

BP-3
BP-3-Fragment
BP-3-Protease

BP-4

Serum

4
1

t T

1
t

t ?
1

Urine

t T
T t
T

t
t

T T t

Glom UF

t T

None

Liver

—»

t T mRNA +
Protein

Glom UF, Glomerular ultrafiltrate.

dality to accelerate growth in children with chronic renal
failure or end-stage renal disease (641). Despite this prom-
ising data, it is still not known whether increasing the rate of
growth in uremic children will also lead to increased final
adult height.

As outlined previously, in laboratory animal models with
chronic renal failure, there has been evidence for a role of GH
to accelerate the development of glomerular sclerosis and to
increase the rate of progression of chronic renal failure to
end-stage renal disease. This experimental evidence has been
of great concern to many pediatricians, since it may infer that
long-term treatments with exogenous GH to accelerate body
growth in pediatric patients with small stature may cause
accelerated progression of renal failure and an earlier need
for dialysis or renal transplantation. Furthermore, anecdotal
reports have suggested that this side effect of GH treatment
may indeed occur (642). This important question has been
addressed in more definitive studies by a number of inves-
tigators (634, 636, 643-646). Fine et al. (634) followed 125
patients with chronic renal failure undergoing long-term GH
treatment for up to 5 yr and concluded that GH would not
accelerate the progression of renal failure (634). Tonshoff and
associates (643) compared the loss of renal function mea-
sured as creatinine clearance in pediatric patients before and
after treatment with GH for 1 yr (643). These investigators
concluded that exogenous treatment with GH will not ac-

celerate the loss of kidney function compared to the period
before initiation of treatment (643, 645).

Glomerular hyperfiltration has been associated with in-
creased progression of renal failure (337, 372, 374, 375), and
GH has been demonstrated to induce increased glomerular
ultrafiltration in normal subjects (289, 290, 293). However,
the effect of GH to raise GFR is obliterated in patients with
advanced renal failure (284, 285). This may be one of the
reasons why GH may not increase the rate of progression of
chronic renal failure in children. Riedl and associates (646)
examined the renal functional reserve in a group of GH-
deficient patients undergoing long-term treatment with GH
and concluded that GH treatment does not adversely affect
kidney function. However, it is of note that the patients in this
latter study did not have renal disease at the onset. Maxwell
et al. (647) examined this question in pediatric patients with
chronic renal failure and concluded that GH may not accel-
erate the progression of chronic renal failure. Thus, in sum-
mary, at present there is no conclusive evidence that would
link long-term treatment with exogenous GH in children
with chronic renal failure to accelerated progression of renal
disease.

Additional concern was raised whether long-term treat-
ment of pediatric renal failure patients with GH might reduce
carbohydrate tolerance or increase the frequency of malig-
nancies. Occurrence of malignancy is of particular concern in
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458 FELD AND HIRSCHBERG Vol. 17, No. 5

children who received renal allografts and require chronic
immunosuppressive therapies (645). Tonshoff and associates
(643) examined whether GH treatment would reduce glucose
tolerance. These investigators found no significant change in
the fasting or stimulated serum glucose levels but an increase
in the fasting and stimulated serum insulin levels that was
induced by long-term treatment with GH (643). Hence, as
one might expect, some degree of glucose intolerance is in-
duced by GH in patients with chronic renal failure, although
this may not achieve clinical significance in the majority of
patients.

Anecdotal case reports have mentioned the possibility that
GH treatment bears a risk of increasing the incidence of
malignancies, such as leukemia (648-650). It is also of note
that GH is a progression factor for pre-T-acute lymphocytic
leukemia cells in vitro (648). Furthermore, the chronic uremic
state per se increases the risk for solid tumor malignancies,
and hyperparathyroidism was implicated as a contributing
cause (651). Rapaport suggested, after observation of six
pediatric patients with GH deficiency, that there is an in-
creased risk of leukemia in this group of patients, but this
may possibly be associated with the GH deficiency rather
than with exogenous GH treatment (652). The incidence of
leukemia in pediatric patients who receive long-term GH
was estimated as 5:100,000 as compared to 2:100,000 in a
matched normal population (653). In 47 children who re-
ceived GH treatment for radiation-induced GH deficiency,
the tumor recurrence was comparable to that from a tumor
registry control population (654). For each different tumor
category there was an increased relative risk of tumor re-
currence in patients who had received GH therapy (654). An
increased risk of solid cancers, particularly colonic neopla-
sias, has been reported in acromegalic patients (655, 656). In
a retrospective cohort study Buchanan et al. (657) examined
1246 male and 662 female patients who received pituitary GH
for the treatment of short stature. This study suggested that
GH may contribute to an increased incidence of tumor re-
currence, but probably not to an increased frequency of new
malignancies. The risk for Creutzfeld-Jacob disease that ex-
isted when extracted human GH was used has been elimi-
nated by the sole use of recombinant GH preparations (658).
Although there is no definitive prospective, controlled study
that evaluates the risk of malignancy that may be associated
with long-term GH treatment in patients with chronic renal
failure, it is our impression that this risk is rather small, if it
exists at all, but careful follow-up observation appears pru-
dent. Similar conclusions from available data were recently
published as guidelines for the use of GH in children with
short stature by the Lawson Wilkins Pediatric Endocrine
Society (641).

Due to GH resistance in pediatric and adult patients with
chronic renal failure, IGF-I treatment may be used to accel-
erate growth rates in pediatric patients with chronic renal
failure. To our knowledge, there are no studies to evaluate
the use of rhIGF-I for this purpose. One reason may be the
need for multiple daily injections of IGF-I. However, IGF-I is
used in patients with short stature due to GH receptor de-
fects, and these studies have shown that IGF-I accelerates
growth rates (354, 624, 659).

Several surveys have indicated that some patients with

chronic renal failure and those undergoing maintenance di-
alysis therapy have a poor nutritional status and display
clinical signs and symptoms of protein catabolism (660-662).
Statistical evidence suggests that this contributes to the in-
creased mortality of this patient population (663, 664). In
addition to various modes of nutritional therapy, several
investigators have examined whether supplemental admin-
istration of recombinant human GH and / or IGF-I may im-
prove nitrogen balance and nutritional status. Ziegler et al.
(665) demonstrated that exogenous GH can improve protein
synthesis, decrease urea generation, and improve nitrogen
balance in critically ill patients. Similar findings were ob-
tained in short-term studies in patients on maintenance
hemo- or ambulatory peritoneal dialysis (666-670). These
studies indicate that in many patients GH hormone improves
the nitrogen balance in dialysis patients, sometimes rather
dramatically (670). However, some patients have only a poor
response to this treatment, and this coincides with no or only
a modest increase in serum IGF-I levels in response to the
treatment with GH, possibly as a result of the GH insensi-
tivity (670, 671).

IGF-I alone, or in combination with GH administration,
also promotes anabolism and increases positive nitrogen bal-
ance in normal subjects (672-675). As was summarized
above, adults with renal failure have a IGF-I insensitivity
syndrome, and dialysis patients demonstrate a decreased
metabolic response to exogenous IGF-I compared to normal
subjects (587, 594), and the relative IGF-I (as well as GH)
resistance in patients with chronic renal failure or on dialysis
may contribute to the reduced nutritional status. Since not all
chronic renal failure patients respond successfully to exog-
enous GH, there is a rationale to examine whether treatment
with recombinant IGF-I may improve nitrogen balance and
nutritional status in this group of patients (574, 670, 676).
Shamir and associates (677) recently reported the effects of
treatment of six malnourished maintenance peritoneal dial-
ysis patients with IGF-I. Subjects underwent nitrogen bal-
ance measurements in a metabolic research unit before and
during IGF-I administration, 50 or 100 /xg/kg every 12 h
(677). Serum urea nitrogen levels fell significantly, and the
nitrogen balance, which was not different from zero prior to
the onset of IGF-I treatment, became positive. This resulted
primarily from reduced urea formation and less urea-nitro-
gen losses with the peritoneal dialysate (677). In these pa-
tients, IGF-I induced a slight decline in serum phosphorus
levels (possibly due to increased uptake into bone in these
dialysis patients who are functionally nearly anephric) and
a slight rise in serum calcium levels (677). These carefully
performed studies demonstrate that various important met-
abolic parameters can be improved with short-term IGF-I
therapy in malnourished dialysis patients. However, it will
have to be determined whether such treatments given long-
term will improve overall nutritional status and reduce mor-
tality in the dialysis population. There has been evidence that
IGF-I may also improve erythropoiesis in patients with
chronic renal failure and renal anemia and may reduce the
need for treatment with erythropoietin (678, 679).

In addition to its potential to increase body growth rate
and to improve nutritional status in patients with chronic
renal failure, IGF-I may also improve renal function and
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delay the need for dialytic therapy. Miller and associates
(680) examined rats with subtotal nephrectomy-induced
chronic renal failure to determine whether treatment with
GH or IGF-I would improve GFR. Although each hormonal
treatment increased the GFR in normal control animals, both
therapies failed to improve kidney function in rats with renal
failure (680). Haffner and associates (284) confirmed this
experimental finding by demonstrating that in patients with
chronic renal failure, recombinant human GH would not
increase GFR (284). Thus, in contrast to normal subjects and
laboratory animals, GH does not augment renal function in
rats or humans with chronic renal failure. This may, in part,
result from the resistance to GH and the inability to mount
an increase in systemic or renal IGF-I levels. O'Shea and
associates (619) revisited the question of whether a short-
term treatment course with recombinant IGF-I would in-
crease GFR in a group of four patients with chronic renal
disease and severely impaired renal function. The GFR was
between 21 and 55 ml/min/1.73 m2. Each subject received
rhIGF-I, 100 jug/kg twice daily for 3 days. In each patient,
GFR and renal plasma flow rose. This increase in renal func-
tion was associated with a small increase in kidney size (619).
In a subsequent study, these investigators examined whether
a more long-term treatment with IGF-I would achieve similar
results and the rise in kidney function would be sustained
(620). In this study nine patients with advanced renal failure
(GRF < 21 ml/min/1.73 m2) received a similar dose of IGF-I
for a total of 20 days. However, the outcome was disap-
pointing in several respects. First, significant side effects
warranted discontinuation of the experimental treatment
and withdrawal of some study participants. Second, al-
though GFR rose initially, this rise was not sustained for the
entire 20 days of study. The serum IGFBP-3 levels decreased
substantially during the course of IGF-I treatment, which
may have contributed to the failure of IGF-I to achieve a
sustained rise in GFR (620). This group of investigators re-
cently revisited the question as to whether IGF-I could be
used in patients with chronic advanced renal failure (GFR ~8
ml/min/1.73 m2), to improve renal glomerular filtration
(681). In this study, the protocol was changed in two impor-
tant aspects: First, a lesser dose of IGF-I was used, namely 50
jitg/kg; and second, the therapy was administered intermit-
tently in cycles of 4 days of treatment interrupted by three
treatment-free days (681). GFR (inulin clearance) increased
by 42-81%. The filtration fraction remained unchanged,
since the renal plasma flow rate also increased. IGFBP-2
serum levels increased with IGF-I treatment and tended to
decline during off-drug days. Importantly, IGFBP-3 levels
did not change significantly during the 4 week course of the
study (681). Edema formation was observed in one of the
nine subjects, and two patients had some irritation at the
injection site. No other side effects were observed. In con-
trast, uremic symptoms (nausea, vomiting, pruritus) and
exercise tolerance improved in most subjects. One of the
subjects was maintained on IGF-I treatment for a total of 7
months with a sustained increase in GFR of 165% of baseline
and remained free of uremic symptoms (681). Although this
study is limited by the small number of patients, it suggests
that IGF-I treatment may be useful in some patients with
near-end-stage renal failure and frank clinical uremia when,

for one reason or another, the onset of definitive therapy,
such as maintenance dialysis or kidney transplantation, has
to be delayed.

B. Acute renal failure

Acute renal failure (ARF) may occur as a result of several
acute renal disorders, but in a more narrow sense, the term
is usually reserved for ischemic or toxic acute renal injury. In
acute renal ischemia, after periods of reduced renal blood
flow below the level necessary to maintain nephron integrity,
proximal convoluted tubules (particularly the last third, re-
ferred to as the S3-segment) and cells in the thick ascending
limb of the loop of Henle endure damage, loose their brush
borders, and may become necrotic (682-685). More recently,
investigators found that some cells undergo apoptosis, rather
than necrosis (686-689), and apoptosis in proximal tubules
is associated with expression of the clusterin gene (690),
which possibly encodes for an adhesion protein that facili-
tates subsequent repair (691).

The ARF is not caused by primary failure of the glomeruli
to form an ultrafiltrate (682, 684, 685). Rather, renal failure is
caused by tubular incompetence such as tubular obstruction
with proteinaceous casts and cell debris, all causing backleak
of glomerular ultrafiltrate through the injured tubule (692,
693).

Much of our understanding of the pathophysiology and
the cellular and molecular events in ischemic ARF has been
generated from a rat model in which ARF is induced by
clamping of both renal arteries for periods up to 90 min to
induce acute tubular injury, or from cell culture studies in
which experimental damage is induced in primary proximal
tubule cells with periods of anoxia (incubation under N2/
5%CO2-conditions).

1. Expression of GH receptors and the IGF-I system in the rat

kidney in ischemic ARF. Matejka and Jennische (217) examined
the expression of IGF-I /IGF-I mRNA during the recovery in
rats with ischemic ARF with in situ immunohistological and
hybridization methods. On days 2 and 3 of reperfusion, when
histological findings indicate active tissue repair, particu-
larly in S3-segments of proximal tubules, regenerative cells
transiently express IGF-I peptide and IGF-I mRNA. Further-
more, invading macrophages also express IGF-I. Tissue-
binding experiments further indicate that IGF-I receptors are
up-regulated in proximal tubules for about 7 days after in-
jury (217) and decline thereafter. These findings strongly
suggest that IGF-I regulates tissue repair in injured tubules
by autocrine/paracrine mechanisms in this rat model of
ARF. In a separate study, Andersson and Jennische (203)
demonstrated increased immunohistological staining for
IGF-I in S3-segments of proximal tubules in rats recovering
from acute ischemic renal failure. This was found during the
first 7 days of reperfusion and is apparently strictly localized
to regenerating cells. Adjacent cells not undergoing regen-
eration did not express IGF-I. This distribution of IGF-I ex-
pression during tubule regeneration may indicate that IGF-I
is expressed transiently during differentiation of newly
formed cells.

Ding and associates (694) examined IGF-I and IGF-I re-
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ceptor (mRNA) levels in rats before and after bilateral renal
ischemia that was induced by clamping of the renal arteries
for 60 min, and in sham-operated control rats on days 1, 3,
4, and 7 of reperfusion (694). Probably as a result of the
anesthesia and the surgical stress, serum IGF-I levels fell in
both groups during the first 3 days post injury, but more so
in ARF rats compared to controls. In kidney of ARF rats,
extracted IGF-I peptide and mRNA were decreased in both
renal cortex and medulla during the entire 7 days. Renal
cortical IGF-I receptor mRNA decreased transiently during
the first 5 days, but was increased on day 7 (694). In the renal
medulla, IGF-I receptor mRNA was decreased during the
initial 3 days after injury, but was increased on the seventh
day. In ARF rats compared to sham-controls, hepatic ex-
tractable IGF-I peptide and mRNA levels were also de-
creased for the first 3 days after injury and returned subse-
quently to baseline. Small decreases in IGF-I, IGF-I mRNA,
and IGF-I receptor mRNA were also found to occur tran-
siently in myocardium and in skeletal muscle in rats after
acute ischemic renal injury. Thus, IGF-I and IGF-I receptor
expression are transiently decreased during ARF in the kid-
ney and in extrarenal organs and this may contribute to the
catabolic state that is associated with ARF (694). The studies
by Andersson, Matejka, and Ding (203, 217, 694), in concert,
indicate that IGF-I and IGF-I receptors are down-regulated
in the kidney during the initial phase of recovery from acute
ischemic renal failure, except in recovering cells in segments
of major injury, namely the S3-segment of the proximal
convoluted tubule, where IGF-I/IGF-I receptors are up-
regulated.5

Tsao and co-workers (698) examined the renal expression
of GH receptors and the IGF-I system during the natural
repair process in rat kidneys after 60 min of acute renal
ischemia. During the initial 2 days after injury, extracted
renal GH receptor mRNA and IGF-I mRNA as well as IGF-I
peptide were decreased below control values. These inves-
tigators found no change in renal IGF-I receptor mRNA
levels but found increased receptor binding, suggesting up-
regulation of receptor affinity (698). The renal tissue mRNA
levels for IGFBP-2 through -5 were all decreased. IGFBP-3
was most markedly decreased and remained reduced for
prolonged periods of time during regeneration. IGFBP-1
mRNA was unchanged compared to controls throughout the
course of the disease. GH receptor mRNA levels were also
decreased to about 20% of control levels during the initial
several days after renal injury (698).

2. Treatment with rhIGF-I to accelerate the recovery from ARF.

The transient expression of IGF-I in proximal tubules during
regeneration after acute renal injury in the rat provides a
rationale for the treatment of rats with ARF with IGF-I to
accelerate the recovery of tubule integrity and renal function.

5 Epidermal growth factor (EGF), which is normally expressed in
abundance in distal tubules/collecting segments, virtually disappears in
ischemic ARF in the rat for >7 days. Thus, EGF is probably not acting
as a mitogen during the natural course of regeneration after ischemic
acute renal injury (453). However, EGF receptors in proximal tubules
seem to be up-regulated (695). Hepatocyte growth factor (HGF) is nor-
mally also expressed in great abundance in the kidney and may also
contribute to the recovery after ischemic ARF (696, 697).

Several investigators have studied this question using sim-
ilar models of acute renal ischemia in the rat (621, 695, 699-
703).

Ding et al. (700) administered either rhIGF-I or vehicle
subcutaneously three times daily to rats with ischemic ARF ''
or to sham control animals (700). Most notably, treatment
with rhIGF-I was begun in this study at 5 h after induction
of renal injury (clamping of both renal arteries for 60 min) to
examine whether a true therapeutic effect of the peptide
would occur. Administration of rhIGF-I resulted in doubling ^
of the serum IGF-I levels. During the initial 3 days, serum i
creatinine (Fig. 14) and urea nitrogen rose less steeply and to
lower peak values in ARF rats receiving IGF-I as compared
to those receiving vehicle. At 72 h after induction of renal
injury, GFR, RPF, the filtration faction, and the renal extrac-
tion of p-aminohippuric acid (PAH) were measured and «
were all much greater in IGF-I treated ARF rats. The extrac-
tion of PAH may serve as a marker for the functional integ- '
rity of the proximal tubules, since PAH is extracted from
serum mainly by proximal tubular secretion through the
organic acid transport system. On the third day after injury,
IGF-I-treated rats showed a greater rate of [ Hjthymidine
incorporation into DNA which was extracted from dissected
renal tissues or as demonstrated by in situ autoradiography
(700). The [3H]thymidine uptake was increased 6-fold in
proximal tubules (mainly S3-segments) in IGF-I- compared to
vehicle-treated animals. The expression of the proliferating
cell nuclear antigen (PCNA), a 36-kDa protein in the DNA-
polymerase-8 complex that becomes activated during the
G r , S-, and G2-phases of the cell cycle, was measured im-
munohistologically. PCNA was greatly increased in rats re- '
ceiving rhIGF-I compared to both ARF rats receiving vehicle
and sham-operated control animals that were also treated
with either IGF-I or vehicle, respectively (700). Histological
examination of the kidney indicated a trend toward an in-
creased mitosis index in IGF-I-treated ARF rats.

Since ARF is a catabolic disease, Ding and collaborators
(700) also examined whether treatment of ARF rats with

jSerum Creatinine (mg/dl)l
4

(Time (hours)!

FIG. 14. Serum creatinine in rats with ischemic acute renal failure
(ARF) receiving vehicle or IGF-I. The serum creatinine at 0 h depicts
the baseline creatinine before inducing ARF. Treatment with vehicle
or IGF-I, respectively, was begun after obtaining the serum creatinine
at 5 h. [Data derived from (700).]
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IGF-I would reduce protein catabolism. Indeed, pair-fed IGF-
I-treated ARF rats have reduced nitrogen excretion com-
pared to ARF rats not receiving IGF-I. Moreover, protein
synthesis was increased and protein degradation was de-
creased in excised epitrochlearis muscle from IGF-I-treated
as compared to vehicle-treated rats (700).

The laudable effects of rhIGF-I in ARF of the rat were also
shown by other investigators. Miller and associates (701)
demonstrated a similar acceleration of recovery from isch-
emic ARF in rats receiving rhIGF-I, and this was associated
with increased rates of bromodeoxyuridine incorporation
into proximal tubules. Similar results were obtained by
Noguchi et al. (704). Clark et al. (699) demonstrated beneficial
effects of des(l-3)IGF-I in using a particularly severe model
of ischemic ARF in rats. In this study, administration of the
IGF-I variant also significantly reduced mortality. Martin
and co-workers (705) found similar effects of IGF-I-treatment
in rats with ARF. These investigators also studied two vari-
ants of IGF-I, namely des(l-3)IGF-I and LR3IGF-I. These two
peptides might have further advantage, since they do not
bind to IGFBPs and have been shown to have greater activity
with regard to body weight gain and nitrogen balance in rats
with renal failure (45, 46, 575). Although both IGF-I variants
had a greater effect on weight gain in ARF rats compared to
IGF-I, there was no advantage in the rate of recovery of renal
function with des(l-3)IGF-I, and the outcome was worse
compared to vehicle-treated control ARF rats when LR3IGF-I
was administered (705).

The beneficial effects of rhIGF-I to accelerate the recovery
from ARF has also been demonstrated in rat models of (mer-
cury chloride-induced) toxic ARF (695, 706). Administration
of other recombinant human growth factor peptides, such as
EGF and HGF, have also been demonstrated to be beneficial

| Nitric
Oxide

tRBF

in rats with ischemic or toxic acute renal injury and accelerate
renal recovery (453, 621, 695, 707-710).

There is direct or circumstantial evidence for several dif-
ferent mechanisms of action by which endogenous or exog-
enous IGF-I may accelerate the recovery from acute ischemic
or toxic renal failure in rats (Fig. 15). First, IGF-I may act as
a vasoactive agent that improves renal blood flow, thus in-
creasing the oxygen and substrate supply to proximal tu-
bules, the segment of the nephron sustaining most of the
injury. Second, IGF-I may act on tubule cells as a mitogen to
accelerate the cell cycle turn-around and improve the rate of
mitosis and differentiation of newly ingrowing cells. Third,
IGF-I may promote the "healing" of injured but not yet
necrotic cells. Fourth, IGF-I may reduce the rate of apoptosis.
These different effects may result directly from IGF-I or in-
directly by interfering with other local growth factor systems,
such as the EGF-system. In fact, there is supportive evidence
for each of these different mechanisms either from in vivo or
from cell culture experiments.

Treatment of ARF rats with IGF-I results in improved renal
plasma and blood flow rates (700,701). As pointed out earlier
in this review, the dilation of the renal resistance microvas-
culature by IGF-I is apparently mediated by NO (vide supra).
Consequently, Noguchi et al. (704) examined whether the
effects of treatment with IGF-I to accelerate recovery in rats
with ischemic ARF would be ameliorated by an inhibitor to
NO synthase (NG-nitro-L-arginine) that would be adminis-
tered concurrently. Indeed, in these studies the IGF-I-in-
duced improvement in GFR was inhibited by the NO blocker,
suggesting that vasodilation is an important mediating
event. However, NO may have only a permissive function,
and reduced blood flow may not allow other beneficial
events on tubule cells to take place.

IGF-I

fEGF-
Receptor

FIG. 15. Algorithm summarizing the poten-
tial mechanisms of action of IGF-I that con-
tribute to the accelerated recovery of renal
function in ARF. The contribution of tubule
cell apoptosis to proximal tubule damage and
the action of IGF-I on apoptosis are not yet
established.

1
tBIood Flow
in peritubular
capillaries

I
| Oxygen/
1 Substrate
Supply

t Mitogenicity

Muscle Protein
t Synthesis
I Degradation

JApoptosis

Proliferation
Differentiation

I
Recovery of Proximal
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or toxic Injury

I Catabolic
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of Renal Function
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In ARF rats, IGF-I increases the mitosis index and the rate
of [3H]-thymidine or bromodeoxyuridine incorporation into
tubule cell DNA (700, 701). These effects could result merely
from improved blood flow, but cell culture studies suggest
a direct effect of IGF-I on proximal tubule cells. In primary
cultures of rat proximal tubule cells, anoxic injury and sub-
sequent reoxigenation can be used as an in vitro model of
acute ischemic tubular injury to examine mechanisms that
are independent of blood flow. In this cell culture model, the
expression of IGF-I receptor mRNA decreases, not immedi-
ately after anoxia, but at 8 and 24 h of reoxygenation, and
incubation with IGF-I does not change the expression of the
IGF-I receptor (R. Hirschberg, own preliminary observa-
tions). However, brief periods of incubation of the cells after
anoxia-reoxygenation injury with IGF-I results in activation
of the (remaining) receptors as demonstrated by increased
receptor autophosphorylation (R. Hirschberg, own unpub-
lished observation). These findings suggest that some effects
of IGF-I on proximal tubules may be induced by direct in-
teraction between tubule cell IGF-I receptors and the peptide.
IGF-I increases the rate of [3H]thymidine and bromode-
oxyuridine incorporation into cell DNA in anoxia-damaged
cells, if added to the medium during reoxygenation (R.
Hirschberg, own unpublished observation). In this cell cul-
ture model, IGF-I also tends to reduce the rate of apoptosis
during reoxygenation as demonstrated by end-labeling of
DNA-strands using the TUNEL method (R. Hirschberg, own
unpublished observation). IGF-I also reduces the incidence
of apoptosis in other cell culture models (711). Apoptosis also
occurs in vivo in rats with ischemic ARF (686, 690), and IGF-I
may facilitate the recovery from ARF by reducing the inci-
dence of apoptosis. However, it is unclear whether apoptosis
in proximal tubules is an important biological event in hu-
man ARF (712).

After acute ischemic renal injury in rats there is an early
increase in the renal osteopontin mRNA and protein expres-
sion that is localized to the thick ascending limb of the loop
of Henle and to distal tubules (713). Administration of IGF-I
further increases the osteopontin expression, which is
thought to contribute to the healing process, although the
mechanisms are unknown. However, much of the damage
and action of IGF-I appear to occur in the proximal tubules
where osteopontin is not expressed. Thus, osteopontin-me-
diated effects seem to be less important in the IGF-I-induced
acceleration of recovery after experimental ARF in rats.

There is further evidence that some of the beneficial effects
of IGF-I in ARF are mediated through the EGF-system.6 In
rats with ARF, treatment with rhIGF-I increases the EGF

6 EGF is normally expressed in the distal nephron (234,455), and EGF
receptors are present in proximal tubule cell membranes (518, 714). In
acute ischemic or mercury chloride-induced tubular injury in rats, EGF
mRNA and peptide levels decrease rapidly and remain decreased for
more than 7 days (453, 715-717), although some investigators found
elevated renal immunoreactive EGF (707, 718). Postmortem immuno-
histochemical staining of human kidneys from patients with ARF and
those without ARF demonstrated increased EGF levels in distal tubules
and some expression of EGF in proximal tubules in ARF. EGF was found
only in distal tubules but not in proximal tubules in patients without
ARF (719). EGF receptor immunoreactivity was similar in human kid-
neys with or without ARF (719). Induction of EGF in proximal tubules
was also demonstrated in rats with ARF but not in control animals (716).

receptor phosphorylation as well as specific EGF binding to
renal cell membranes suggesting EGF receptor up-regulation
(695). Thus, IGF-I may not only act through its own receptor i

but also by increasing (proximal tubule cell) EGF receptor
expression allowing for increased mitogenicity through EGF. <
Whether there is further action of IGF-I through HGF is
possible but at present unknown. rhHGF also accelerates
tubule regeneration after ARF (708, 709).

Whether rhIGF-I will also accelerate the recovery from
ARF or will reduce the incidence of ARF in high-risk patient *
populations is currently (May 1996) the subject of two on- ^
going clinical trials. One such study, a multicenter, random-
ized, double-blind, placebo-controlled trial has recently been
terminated and results have not yet been published. In an-
other study, a single center blinded trial, patients undergoing '
surgical repair of aortic aneurysms received treatment with ^
rhIGF-I or placebo. In this study, treatment with rhIGF-I was
initiated immediately after surgery, before ARF could be S
diagnosed. Thus, in this study, rhIGF-I was evaluated in its
ability to prevent the onset of (clinically apparent) ARF. A
preliminary announcement indicates a reduction in the rate
of occurrence of ARF in this high-risk patient population by
about one-third, although only a very small number of pa- *
tients acquired ARF.7 Thus, rhIGF-I may be an useful ther- ,
apeutic agent in patients with ARF. In addition to its effects
on renal recovery, the anabolic effects of rhIGF-I may also be
beneficial, since most patients with ARF are quite catabolic
due to the renal disease itself as well as owing to the often
severe underlying diseases.

C. The IGF system in the nephrotic syndrome

The nephrotic syndrome results from many different pri- "
mary or secondary glomerular diseases such as minimal
change disease, focal segmental glomerular sclerosis, various
glomerulonephritides, diabetic glomerular sclerosis, and
others. Owing to the glomerular insult, (selective or nonse-
lective) glomerular ultrafiltration of plasma proteins causes *
gross proteinuria and urinary losses of many proteins and
compounds that are bound to serum proteins. As a result,
hypoproteinemia and hypoalbuminemia are invariably
present. Hypercholesterolemia and/or hypertriglyceridemia
are also found and may be caused by increased hepatic
synthesis of lipoproteins as well as increased proximal tu- ^
bular generation of triglycerides from fatty acids that are
associated with ultrafiltered and absorbed albumin. The ^
edema of the nephrotic syndrome results from increased
renal sodium retention that is thought to be caused in re-
sponse to signals arising from an underfilled circulation due
to hypoalbuminemia-induced extravasation of plasma wa-
ter, or by increased intrinsic renal sodium absorption, pos- *
sibly caused by a defect in distal tubule atrial natriuretic ,
peptide receptor signaling due to increased cGMP-phos-
phodiesterase activity (720).

Studies in patients with glomerular proteinuria have

Administration of EGF to rats with toxic ARF increases the rate of
recovery of renal function (710).

7 As communicated during a platform presentation by Steven Miller,
M.D. (St. Louis, MO) at the Annual Meeting of the American Society of
Nephrology, San Diego, CA, November 1995.
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shown that the urinary excretion of IGF-I, IGF-II, and IGFBPs
is increased (261, 275). In patients with the nephrotic syn-
drome, serum levels of both IGF-I and -II are reduced by
about 50% and 60%, respectively (275). IGFs are excreted in
urine primarily in the 45 kDa-molecular form, but IGFs
present in the 150-kDa complex also appear in urine in some
nephrotic subjects (275).

This laboratory has recently performed a series of exper-
imental studies in rats with the adriamycin-induced ne-
phrotic syndrome (167, 257-259, 721). In these rats, serum
IGF-I levels are reduced by about one-third compared to
controls. This is most likely caused by urinary losses of IGF-I
(0.61 ± 0.15 pg/mg urinary protein). The liver does not
compensate for these losses and does not seem to increase the
IGF-I synthesis as indicated by normal liver IGF-I mRNA
levels in nephrotic rats (167). Nephrotic rat serum IGFBP-3
levels are reduced. This is probably caused by proteolytic
degradation of IGFBP-3 in vivo, since a ~27 kDa immuno-
reactive but not ligand-binding fragment is found in serum
from nephrotic but not from control animals (167). Moreover,
nephrotic but not normal rat urine contains proteolytic ac-
tivity at high levels that appears to be Ca-dependent. Ne-
phrotic rat serum may contain some IGFBP-3 proteolytic
activity, but certainly far less compared to urine (167). Pos-
sibly, the protease or proteases is (are) ultrafiltered by glo-
meruli with other plasma proteins and then concentrated in
nephrotic urine due to tubular water absorption. Alterna-
tively, the protease may be primarily expressed in the kidney
and serum IGFBP-3 proteolysis, which occurs during the
passage of blood through the kidneys in the nephrotic syn-
drome. Such selective tissue-specific expression of IGFBP-3
protease activity has been shown in rat pregnancy, although
not in the kidney (602). In nephrotic rats IGFBP-3 and
IGFBP-3 proteolytic fragments are excreted with the urine,
but IGFBP-3 cannot be detected by Western ligand blot anal-
ysis in proximal tubule fluid (167,257,258). This finding may
suggest that urinary IGFBP-3 is primarily of tubular origin,
as has also been suggested by Gargosky and associates (261)
based on findings in nonnephrotic humans.

IGFBP-4 serum levels are also slightly reduced in ne-
phrotic rats. In contrast, serum IGFBP-2 levels are greatly
increased, despite the fact that this binding protein is ultra-
filtered in glomeruli and excreted in urine (167, 257). This is
probably due to increased synthesis of IGFBP-2 in liver as
suggested by 5-fold greater hepatic IGFBP-2 mRNA levels as
compared to normal control animals. Furthermore, IGFBP-2
can be immunoprecipitated from nephrotic but not normal
rat liver lysates (167). The reduction of IGFBP-3 and the
increase of serum IGFBP-2 levels suggests that more IGFs are
distributed in the 45-kDa protein complex as compared to the
150-kDa binding protein complex. This may be of importance
with regard to the tissue availability of bound IGFs.

Nephron micropuncture studies demonstrated that IGF-I
is present in glomerular ultrafiltrate in nephrotic rats at 1.35
nM in association (but probably not bound to) IGFBP-2. IGF-I
in tubule fluid may act through apical tubule IGF-I receptors
and may contribute to increased phosphate absorption and
extracellular matrix protein synthesis. Indeed, nephrotic rat
urine extracts increase the collagen type I and IV secretion in
cultured proximal tubular cells which is partly ameliorated

by coincubation with neutralizing IGF-I receptor antibody
(258). Thus, the ultrafiltration of IGF-I in the nephrotic syn-
drome may contribute to interstitial fibrosis, which is com-
monly found in patients with chronic glomerular diseases
causing heavy proteinuria and contributes substantially to
the progression of chronic renal failure.

IX. Summary

GH receptors, IGFs, and IGF-receptors are expressed in the
kidney. Their location in the different parts of the nephron
suggests autocrine or paracrine as well as endocrine modes
of action. A lack of GH receptors and probably of IGF-I
synthesis in glomeruli in vivo suggest that all glomerular GH
and IGF-I effects are mediated by circulating IGF-I through
endocrine modes. GH and IGF-I increase GFR in normal rats
and humans, and increase phosphate and possibly sodium
reabsorption in normal and diabetic subjects. During normal
renal development GH, IGF-I, and IGF-II appear to play a
role. GH and IGF-I cause kidney growth, and circulating
and/or renal IGF-I appear to contribute to renal hypertrophy
and compensatory renal growth in experimental animal
models. GH may contribute also to glomerular sclerosis and
progression of renal failure in experimental models. In pa-
tients with chronic renal failure such a role of endogenous or
exogenous GH has not yet been convincingly proven.

In chronic or acute renal failure and in the nephrotic syn-
drome there are complex abnormalities in the systemic and
renal IGF/IGFBP-system. In chronic renal failure there is
resistance to GH and IGF-I that can be overridden by phar-
macological administration of each of the peptides. GH is
used therapeutically in children with chronic renal failure to
accelerate growth. GH and IGF-I may be useful agents to
improve nitrogen balance and nutritional status in patients
with chronic renal failure. In rats with ARF, administration
of IGF-I accelerates the recovery of renal function. Whether
this treatment is also successful in patients with ARF remains
to be demonstrated by ongoing clinical trials.
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