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Factor-1 (IGF-I) and IGF Binding Proteins in Rats:
Relation to Compensatory Renal Growth
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Kidney insulin-like growth factor-1 (IGF-I) increases transiently following unilateral nephrectomy, thus preceding the
compensatory renal growth. The aim of the present study was to investigate the effect of different degrees (V; to %} of renal
ablation on kidney and serum IGF-l and IGF binding proteins (IGFBPs) during a 7-day study period. All nephrectomized rats
exhibited an increase in the weight of the remaining renal tissue. Kidney IGF-l measured in kidney pieces close to and away
from the resected area increased transiently and more significantly away from the resected area, with significant correlation to
the amount of tissue resected (day 1, r = .73, P < .0001; day 2, r = .49, P < .05; and day 7, r = .48, P < .05). No changes in
kidney IGFBPs or serum IGF-l were observed. Serum IGFBP-4 correlated to the degree of renal resection, as did changes in
serum urea and creatinine. In conclusion, significant correlations were observed between local changes in kidney IGF-1 and
serum IGFBP-4 levels and the degree of renal ablation, suggesting a role for IGF-1 as a renotropic factor and, further, that

IGFBP-4 is removed to a major extent through the kidney.
Copyright © 1997 by W.B. Saunders Company

ROLE FOR GROWTH HORMONE (GH) and insulin-
like growth factor-I (IGF-I) as renotropic factors in

conditions characterized by rapid renal growth has recently
been suggested.!* Following unilateral nephrectomy in rats, a
transient increase in kidney IGF-I has been demonstrated
preceding the early compensatory renal growth.! The transient
IGF-1 increase is not consistently associated with increased
levels of IGF-I mRNA in adult rats,’ as it has been reported in
immature rats.>” In a recent study, it was demonstrated that
IGF-I increased in regenerating kidney tissue following differ-
ent degrees of renal infarction®; however, no correlation was
observed between infarct size and kidney IGF-I accumulation.
Local changes in kidney IGF-I may be involved in compensa-
tory renal growth, as demonstrated in a study by Andersson et
al,? where immunoreactive kidney IGF-I increased significantly
more in renal cortex compared with renal medulla in the
remaining kidney following unilateral nephrectomy. In another
study where unilaterally nephrectomized rats were treated with
a somatostatin analog (octreotide) as a potent inhibitor of GH
and IGF-I production, both the transient kidney IGF-I accumu-
lation and renal growth were inhibited, giving further evidence
for IGF-I as an important factor in compensatory renal hypertro-
phy.4

IGF-1 is bound to IGF binding proteins (IGFBPs), of which
six are known today (IGFBP-1 to IGFBP-6),1 and previous
studies demonstrate that IGFBPs may function as carriers
and/or modulators of IGF-T activity.!®!1> In a recent study in
experimental diabetes, a transient increase in kidney IGFBP-3
and IGFBP-1 was observed concomitantly with the renal tissue
IGF-1 increase and preceding the early diabetic renal growth.13.14
Further, kidney IGFBP-1 and IGFBP-5 mRNA are increased in
early and long-term experimental diabetes, and this may
account partly for the increase in kidney IGF-I observed.!>1

The aim of the present study was to investigate changes in
kidney IGF-I and IGFBPs following different degrees of renal
ablation to relate this to the degree of compensatory renal
hypertrophy. Surgical ablation of renal tissue was performed,
since this method allows a more precise determination of renal
mass removed compared with renal infarction. In addition,
changes in serum IGF-I, IGFBPs, urea, and creatinine were
determined following different degrees of renal ablation.

Metabolism, Vol 46, No 1 (January), 1997: pp 29-35

MATERIALS AND METHODS
Animal Protocol

Male Wistar rats (Mgllegaards Avlslaboratoire, Eiby, Denmark) with
a mean body weight of 206 * 3 g were studied (N = 124). Rats were
housed two to three rats per cage in a room with a 12-hour (6:30 AM to
6:30 pm) artificial light cycle and controlled temperature (21° * 2°C)
and humidity (55% * 2%). The animals had free access to standard rat
chow (Altromin, Lage, Germany) and tap water throughout the
experiment. Animals were randomized into five groups matched for
body weight: C, control rats, sham-operated (n = 12); and groups 2, 3,
4, and 5, subjected to increasing degrees of renal ablation and
designated NA, NB, NC, and ND. NA rats had a resection of two poles
of one kidney, thus leaving one normal functioning kidney and the
remaining part of the resected kidney (n = 28). NB rats had a unilateral
nephrectomy (n = 28). NC rats had a unilateral nephrectomy and
resection of one pole of the remaining kidney (n = 28). And ND rats
had a unilateral nephrectomy and resection of two poles of the
remaining kidney (n = 28). The surgical procedure was performed
under sodium barbital anesthesia (50 mg/kg body weight intraperitone-
ally [IP]), and the kidneys were exteriorized and encapsulated through a
flank incision and resected renal tissue was weighed. Rats in group NA
were subjected to resection of two poles from the left kidney only.
Unilateral nephrectomy was performed in groups NB, NC, and ND; and
further, in the same session, one or two poles were resected from the
remaining kidney from animals in groups NC and ND. During resection
of the poles, penetration to the renal pelvis was avoided and hemostasis
was achieved using mild compression with a sterile gauze swab. In
sham-operated control rats, both kidneys were exteriorized and decapsu-
lated and afterwards replaced in the abdomen. The amount of renal
tissue removed from animals in the different groups was as follows: NA,
214 + 5mg; NB, 825 = 8 mg; NC, 956 £ 11 mg; and ND, 1,039 = 14
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mg. Based on this, we termed the different groups % to % nephrecto-
mized rats, respectively. Control animals were examined by day 0 and
day 7, six rats each day. Animals subjected to nephrectomy were
examined by days 1, 2, 4, and 7, seven rats from each group every day.

During the study period, animals were weighed daily and food intake
was measured. By the end of the experiments, the rats were anesthetized
with sodium barbital (50 mg/kg body weight IP), with blood drawn
from the retrobulbar venous plexus followed by dissection of the rats to
obtain the kidneys. The kidneys were weighed (wet weight) and
macroscopically separated into three pieces; one piece was obtained
from the surgical area of the kidney and thus contained both regenerat-
ing kidney and scar tissue and was termed “total kidney remnant.” The
two other pieces were obtained distant from this zone thus representing
hypertrophying kidney tissue only and being termed ‘“‘scar-free kidney
remmnant.”

Kidney and Serum IGF-I Measurements

Kidney IGF-I extraction was performed according to the method
used by D’Ercole et al,'” and serum IGF-I was extracted using
acid-ethanol extraction. IGF-1 radioimmunoassay was performed as
previously described.!81? Intraassay coefficient of variation (CV) was
5.4% and interassay CV 9.3%.

IGFBPs

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western ligand blot analysis were performed according to
the method of Hossenlopp et al? as previously described.!* Autoradio-
graphs of ligand blots were scanned using a laser densitometer
(CS-9001PC,; Shimadzu, Kyoto, Japan). Relative densities of the bands
were measured as arbitrary absorbency units per millimeter squared.

Serum Urea, Creatinine, Potassium, and Sodium

Serum urea, creatinine, K*, and Na* levels were measured using
conventional laboratory techniques.

Statistical Analysis

Results are given as the mean = SEM. Differences between groups
were analyzed by one-way ANOVA in combination with the Duncan
test for multiple comparisons, or for data not following a normal
distribution, the Kruskall-Wallis test followed by the Mann-Whitney
test. Regression analysis was also performed by the statistical package
SOLO (BMDRP Statistical Software, Los Angeles, CA). P less than .05
was considered statistically significant in a two-tailed test.

RESULTS
Body Weight

Body weight changes in the experimental groups are shown
in Fig 1. Initially after the anesthesia and surgical procedure, a
decrease was observed in all groups followed by an increase in
body weight, which was most pronounced in control, NA, and
NB rats. The groups with the most pronounced degree of renal
ablation, NC and ND, were characterized by a significantly
lower body weight increase compared with the sham-operated
control rats from day 2 and NA and NB rats from day 5 and
throughout the study period (P < .05).

Food Intake

A marked reduction in 24-hour food intake in anesthetized
animals was observed by day 1 after the surgical procedure
compared with day 0 (P << .05). In animals with the most
pronounced degree of renal ablation, a more marked reduction
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Fig 1. Changes in body weight during the study period in the 5
experimental groups: sham-operated controls (®) and NA (V), NB
(¥}, NC (CJ), and ND (M) rats. Values are the mean = SEM. *P < ,05:
NC and ND v controls, NA, and NB rats by days 5, 6, and 7.

in food intake was observed for the first few days after the
surgical procedure; however, at the end of the study period, no
significant difference in food intake was observed between any
of the groups (data not shown).

Kidney Weight

Kidney weight changes in the experimental groups are shown
in Fig 2. In NA animals, no change in the weight of the
unoperated normal kidney (NA-1) was observed. However, in
the remaining kidney following excision of the two kidney
poles (NA-2), a significantly smaller kidney weight was ob-
served by day 7 compared with day 1 and day 4 (P < .05). In
NB rats, a significant increase in the weight of the remaining
kidney was observed, amounting to 15% by the end of the study
period compared with controls investigated by day 0 (P < .05).
In NC animals, a significant increase in the weight of the
remaining kidney tissue was observed from day 1 to day 4
(P < .01); however, the day 7 kidney weight was not different
from the weight observed by day 1. A similar parallel pattern
was observed in the ND group, which was subjected to the most
pronounced renal ablation; however, the kidney weight was
significantly higher than the day 1 weight (P < .05).

Kidney IGF-1

Changes in kidney IGF-I levels in the scar-free kidney
remnant are shown in Fig 3A, and in total kidney remnant in Fig
3B. A significantly higher level of IGF-I was observed in the
former, and the relative changes in kidney IGF-I levels observed
in the scar-free kidney remnant were significantly higher than in
the total kidney remnant. Kidney IGF-I levels were similar in
the sham-operated control by day 0 and day 7, and there was no
difference in IGF-I level in the two separate kidney parts (Fig
3Aand B).

In NA rats, in which two poles were resected and one kidney
was left undamaged, the scar-free kidney remnant (NA-2)
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Fig 2. Changes in kidney weights during the study period in the 5
experimental groups: sham-operated controls (@), NA-1 (the undam-
aged kidney, A), NA-2 (resected kidney, V), NB {¥), NC ({J), and ND
(). Values are the mean = SEM. *P < .01: NC and ND days 2 and 4 v
day 1. **P < .05 v day 1. ***P < .05: NA-2 day 7 v days 1 and 4.
**%*P < .01: NC and ND day 7 vday 4.

showed a small but significant increase in kidney IGF-I from
day 2 and for the rest of the study period (P < .05; Fig 3A),
while no change was observed in the total kidney remnant (Fig
3B) and in the undamaged kidney (NA-1). NB and NC rats
showed a transient increase in kidney IGF-I by days 1 and 2,
leveling off by day 4 to day 7. A similar but much more
pronounced increase was observed in ND animals, which had
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the most severe degree of kidney resection. By day 1 and at the
end of the study period, the kidney IGF-I increase was
significantly higher than in all other groups (P < .05).

Kidney IGF-I levels in the scar-free kidney remnant corre-
lated significantly with the amount of kidney tissue resected.
However, the correlation was most pronounced by day 1
(r = .68, P < .001) and day 2 (r = .65, P < .001), whereas it
was absent by day 4 (r = 38, P =.06) and day 7 (r = .31,
P = .12). In the total kidney remnant, a significant correlation
was observed by day 1 (r = .73, P < .0001), day 2 (» = .49,
P < .05), and day 7 (r = .48, P < .05), but it was absent by day
4(r=.024,P = .12).

Kidney IGFBPs

In kidney tissue, four distinct bands of IGFBPs were
identified with apparent molecular weights of 38 to 47 (dou-
blet), 30, and 24 kd. The 38- to 47-kd doublet probably
corresponds to the IGF binding subunit of IGFBP-3 (Fig 4A),
and the 30-kd band to IGFBP-1, IGFBP-2, and IGFBP-5 (Fig
4B), since these IGFBPs have similar molecular weights in rats,
and the 24-kd band to IGFBP-4 (Fig 4C). Only small amounts
of IGFBP-3 were observed, whereas the 30-kd IGFBPs and
IGFBP-4 showed a predominant band on the ligand blots. No
significant changes in kidney IGFBPs were observed in any of
the groups throughout the study period.

Serum IGF-1

Sham-operated contro] rats exhibited a significant decrease in
serum IGF-I from day O to the end of the study period
(1,043 = 95 v 737 £ 86 pg/L, P < .05). No changes in serum
IGF-I were observed over the study period in the different
nephrectomized groups (Fig 5).

Serum IGFBPs

In serum, four distinct bands of IGFBPs were observed with
molecular weights as already described for kidney IGFBPs, and
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Fig 3. Changes in kidney IGF-l levels in (A} scar-free kidney remnants and (B) total kidney remnants observed in the 5 experimental groups
during the study period: sham-operated controls (@), NA-1 kidney (A}, NA-2 kidney (V), NB (W), NC ((J}, and ND (H). Values are the mean +
SEM. Correlations between kidney IGF-l and renal tissue removed by day 0 are presented as rand P values by each day. (A) *r = .68, P < .001 by
day 1; **by day 2, r = .65, P < .001; ***by day 4, r = .38, P = .06; and ****by day 7, r = .31, = 0.12. (B) *r = .73, P < .0001 by day 1; **by day 2, r=
.49, P < .05; ***phy day 4, r = .024, P=.12; and ****by day 7, r = .48, P < .05.
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Fig 4. Changes in kidney (A} IGFBP-3, {B) IGFBP-1 and -2, and {C)
IGFBP-4 levels observed in the 5 experimental groups during the
study period: sham-operated controls (@), NA (V), NB (¥}, NC (D)
and ND (H). Values are the mean + SEM.

are shown in Flg 6A, B, and C. IGFBP 3 constituted the largest
fraction, followed by a smaller band of 30-kd IGFBPs and by
IGFBP-4. No significant changes were observed in serum
IGFBP-3 or 30-kd IGFBPS throughout the study period. A
51gn1ﬁcant increase was observed in the IGFBP-4 band in these
groups with the most severe reduction in kidney mass by day 1
compared with cotrol rats by day 0 (NB, NC, and ND v
controls, P < .05). Positive correlations between IGFBP-4 and
the amount of kidney tissue resected by day 0 were observed by
day 1 (r = 47, P = .02) and day 7 (» = .45, P = .03), but only
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a tendency was observed by day 2 (r = .39, P = .08) and day 4
(r= 41, P = .06).

Serum Urea Creatinine, Na™¥, and Kt

Serum creatinine and urea concentrations are shown in Table
1. All groups subjected to increasing degrees of renal ablation
had higher serum urea and creatinine by day 1 compared with
control rats (P < .05). The increase in urea and creatinine
correlated significantly with the degree of renal ablation (day 1:
urea, 7 = .31 and P = .004, and creatinine, r = .33 and P = .001;
day 2:urea, r = 24 and P = .013; and creatinine, ¥ = .60 and

= .001; day 4: urea, r = 54 and P = 0001, and creatinine,
¥ = .62 and P = .0001; day 7: urea, r = .55 andP = .001, and
creatinine, » = .53 and P = .001).

No significant changes in serum Na or K were observed (data
not shown). '

DISCUSSION

The present study confirmed that IGF-I increases transiently
in the remadining kidney following unilateral nephreetomy in
rats.# In addition, increasing degrees of renal ablation were
followed by i increasing degrees of kidney IGF-I accumulauon in
positive correlation to the amourt of kidney tissue resected.
Finally, local IGF-I changes occurred prlmarlly in the scar-free
kidney remnant.

The degree of renal ablation was followed by correspondmg
changes in-body weight, food intake, and serum urea and
creatinine levels. Immediately after the surgical procedure,
markedly elevated levels of serum urea and creatinine were
observed. However, in groups with the smallest kidney resec-
tion, the animals were able to compensate with normalization of
serum urea and creatinine. In animal$ with the most severe
kidney reduction, only a partial restoration of serum urea and
creatinine was observed, mdlcatmg that renal funct10n was not
fully restored. :
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Fig 5. Changes in serum IGF-l during the study period in the 5
experimental groups: sham- -operated controls (.) NA (V), NB (V)
NC (O), and ND (). Values are the mean * SEM. *P < .05: control
rats day 0 vday 7.
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Fig 6. Changes in serum (A) IGFBP-3, (B) IGFBP-1 and -2, and (C)
IGFBP-4 levels observed in the 5 experimental groups during the
study period: sham-operated controls (@), NA (VvV}, NB (¥), NC ([J),
and ND (M). Values are the mean = SEM. Correlations between
serum IGFBP-4 and renal tissue removed by day 0 are shown as rand
P values by each day: *day 1 (r= .47, P=.02); **day 7 (r= .45,
P =.03}).

Consistent with previous studies, animals exposed to unilat-
eral nephrectomy (group NB) showed a 15% increase in
contralateral kidney weight after a study period of 7 days.™* In
the two groups with the most severe reduction in renal mass
(NC and ND), marked increases of the remaining kidney tissue
were observed from day 1 to day 4 compared with day 1.
However, by day 7, only ND rats had significantly higher
kidney weights compared with the day 1 value. The apparent
decrease in kidney weight by day 7 was not caused by
differences in renal ablation performed by day 0, since similar
amounts of kidney tissue were resected. However, it may be
questionable to use the day 1 values as a reference value for
increases in kidney weight, since renal hypertrophy may already
start within 24 hours after nephrectomy, as demonstrated by
Mulroney et al,® and thus show an inflated reference value. In
addition, surgical manipulation with edema may cause some
increase in remaining kidoey weight, especially during the first
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postoperative days. However, if a theoretical day 0 value was
estimated by subtracting the average amount of removed tissue
from the average day 0 kidney weight in control rats, the degree
of renal growth by day 7 was 17% in NB rats, 21% in NC rats,
and 40% in ND rats.

As previously demonstrated, kidney IGF-I increased in the
remaining renal tissue after reduction in renal mass.'>?! The
mechanism(s) behind the increase in kidney IGF-I may be an
increase in uptake from the circulation or preurine due to
increased binding to IGF receptors or IGFBPs or in local IGF-I
production, and/or a combination of the factors. No changes in
serum IGF-I have been demonstrated in the above-cited stud-
ies!>?122 or in the present study, which may suggest that serum
IGF-I only contributes to a minor degree to IGF-I accumulation.
It has previously been demonstrated that kidney IGF-I mRNA
increases in the remnant kidney following uninephrectomy.®72!
Mulroney et al®723 reported that this is primarily observed in
immature or prepubertal rats, not in postpubertal rats as used in
the present experiment. However, an increase in IGF-1 mRNA
has recently been demonstrated also in adult rats,®>* and
increased local IGF-I production may thus be involved in the
IGF-I accumulation observed in the present study. Increased
IGF binding to kidney cell membranes has been demonstrated
in immature rats, but not in adult rats, following uninephrec-
tomy’; this may be due to binding to specific receptors and
IGFBPs. In that study, only IGF-II binding was significantly
increased in immature rats, and no significant changes were
observed for IGF-1 binding in either immature or adult rats.
Kidney IGFBPs may be co-involved in IGF-1 accumulation by
trapping IGF-I from the circulation; however, data on changes
in kidney IGFBP peptide and mRNA levels in models of

Table 1. Changes in Serum Urea (mmol/L) and Creatinine (j.mol/L)
in Sham-Operated Controls and Rats Subjected
to Increasing Degrees of Renal Ablation (NA, NB, NC, and ND}
Investigated During the 7-Day Study Period

Experimental Groups

Day Controls NA NB NC ND

0
Urea 3.9 * 0.6*
Creatinine 43 = 1%

Urea 5.5+ 0.8 5.8+0.6 85=0.8 11.0 = 0.6t

Creatinine 513 bB5+x3 78+7 86 = 51
2

Urea 59+ 11 57+14 88=*0.4 11.1+0.8%

Creatinine 46 = 2 53+ 6 70+ 2 83 = 2%
4

Urea 54 +03 65+04 7.7 0.2 105 =0.88

Creatinine 43+ 3 51+2 56 + 2 62 = 28
7

Urea 57+03 58=*03 68=03 86=*04 8.9=*03|

Creatinine 37=1 43+2 5122 662  62+3|

NOTE. Correlations are between the amount of kidney tissue
resected by day 0 and serum urea and creatinine by the different days.

*P < .05 vall other groups by day 1.

tDay 1urea (r= .31, P = .004) and creatinine (r = .33, P = .001).

1Day 2 urea {r = .24, P = .013} and creatinine {r = .60, P = .001).

8Day 4 urea (r = .54, P = .0001) and creatinine (r = .62, P = .0001).

|Day 7 urea (r = .55, P = .001) and creatinine {r = .53, P = .001).
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renal-mass reduction are sparse. In the present study, we could
not demonstrate any changes in kidney IGFBP levels when
examined by Western ligand blotting in whole-kidney homoge-
nates. However, bearing in mind the localized production of
IGFBPs (for review, see Flyvbjerg®) it may be difficult to detect
restricted local changes in kidney IGFBPs when whole-kidney
homogenates are examined. This has recently been demon-
strated by Evan et al,?* since IGFBP-2 mRNA was distributed in
significantly different amounts in glomerulus > inner stripe >
cortex > inner medulla > outer strip. Interestingly, glomerular
IGFBP-2 mRNA increased over time in nephrectomized rat
kidneys in their study. In experimental diabetes, another model
characterized by IGF-I-dependent growth, an early transient
increase in 30-kd IGFBPs and IGFBP-3 was observed using
Western ligand blotting.* In addition, increased IGFBP-1
mRNA levels have recently been reported, and the IGFBP-1
mRNA increase was sustained for up to 6 months in experimen-
tal diabetes.!

In the present study, kidney IGF-I changes were different
depending on the localization. IGF-I increased less markedly in
the cut zone of renal tissue, where scar tissue develops (total
kidney remnant), whereas more marked increases were ob-
served in renal tissue away from the cut zone (scar-free kidney
remnant). This may indicate that IGF-I is involved preferen-
tially in renal hypertrophy and may be involved in the hyperfunc-
tion of kidney tissue where undamaged nephrons are localized.
In a recent study by Rogers et al® ischemia-induced renal
infarction was followed by a similar increase in extractable
kidney IGF-I as found in the present study, although the
increase was apparently independent of the amount of tissue
infarction (% or 114). In the present study, we demonstrated that
IGF-1 increased in correlation with the amount of kidney tissue
resected, which supports the hypothesis that IGF-I is involved
in the compensatory renal growth following surgical nephrec-
tomy. Furthermore, the greatest increases in kidney IGF-I were
observed in groups that by the end of the study period had
demonstrated the greatest relative increase in kidney weight.
IGF-1 may also be involved in the hemodynamic changes
observed following renal ablation, since an increase in the
glomerular filtration rate (GFR) has been reported.?6?” It has

GRZNBEK ET AL

been shown that IGF-1 infusion is followed by an increase in
GFR and renal plasma flow in normal rats.?’2¢ However, when
exogenous IGF-I is administered to rats already subjected to a
reduction in renal mass, no effect of IGF-I is observed for the
GFR.? This may suggest that the increased endogenous kidney
IGF-Ilevel following reduction in renal mass makes the kidney
resistant to a further increase in GFR induced by exogenously
administered IGF-I. The cited studies and data from the present
experiment thus provide further evidence for a role of IGF-I in
inducing renal hypertrophy and hyperfunction in response to
renal ablation.

Changes in serum IGF-1, IGFBP-3, and 30-kd IGFBPs were
similar in all nephrectomized groups throughout the study
period. In contrast, circulating IGFBP-4 showed a transient
increase on days 1 and 2 with a positive correlation to the degree
of renal ablation, which may suggest that IGFBP-4 is degraded
to a major degree in the kidney. IGFBP-4 is mainly produced in
the liver and seems not to be regulated by GH or IGF-I (for
review, see Jones and Clemmons®). Further, the effect of
IGFBP-4 is primarily believed to be inhibitory on IGF-I actions,
as demonstrated both in vitro®®*2 and in vivo.’®3* Thus, it
cannot be excluded that the observed increase in serum
IGFBP-4 in the present study is partly involved in the growth
retardation observed in nephrectomized rats.

In conclusion, it was demonstrated that following graded
degrees of renal ablation, a graded increase was observed in
kidney IGF-I concentrations in the early phase of compensatory
renal hypertrophy. Further, more pronounced kidney IGF-I
changes were observed in renal tissue distant from the resected
kidney area compared with renal tissue from the cut zone
containing scar tissue, which may suggest an action of IGF-I
related to undamaged nephrons. Finally, significant correlations
were observed between kidney IGF-I, serum urea, serum
creatinine, and serum IGFBP-4 and the amount of renal tissue
resected.

ACKNOWLEDGMENT

We are deeply indebted to K. Nyborg, S. Sgrensen, N. Rosenqvist,
and K. Mathiassen for skilled technical assistance.

REFERENCES

1. Flyvbjerg A, Thorlacius-Ussing O, Nzraa R, et al: Kidney tissue
somatomedin C and initial renal growth in diabetic and uninephrecto-
mized rats. Diabetologia 31:310-314, 1988

2. Flyvbjerg A, Mogensen CE, @sterby R, et al: Renal hypertrophy
in experimental diabetes. ] Diabetes Complications 5:62-64, 1991

3. Flyvbjerg A, Orskov H: Kidney tissue insulin-like growth factor I
and initial renal growth in diabetic rats: Relation to severity of diabetes.
Acta Endocrinol (Copenh) 122:374-378, 1990

4. Fiyvbjerg A, Frystyk J, Thorlacius-Ussing O, et al: Somatostatin
analogue administration prevents increase in kidney somatomedin C
and initial renal growth in diabetic and uninephrectomized rats.
Diabetologia 32:261-265, 1989

5. Lajara R, Rotwein P, Bortz JD, et al: Dual regulation of
insulin-like growth factor I expression during renal hypertrophy. Am J
Physiol 257:F252-F261, 1989

6. Mulroney SE, Haramati A, Roberts CTJ, et al: Renal IGF-I mRNA
levels are enhanced following unilateral nephrectomy in immature but
not adult rats. Endocrinology 128:2660-2662, 1991

7. Mulroney SE, Haramati A, Werner H, et al: Altered expression of
insulin-like growth factor-I (IGF-I) and IGF receptor genes after

unilateral nephrectomy in immature rats. Endocrinology 130:249-256,
1992

8. Rogers SA, Miller SB, Hammerman MR: Enhanced renal IGF-I
expression following partial kidney infarction. Am J Physiol 264:F963-
F967, 1993

9. Andersson GL, Skottner A, Jennische E: Immunocytochemical
and biochemical localization of insulin-like growth factor I in the
kidney of rats before and after uninephrectomy. Acta Endocrinol
(Copenh) 119:555-560, 1988

10. Drop SL, Brinkman A, Kortleve DJ, et al: The evolution of the
insulin-like growth factor binding family, in Spencer EM (ed): Modern
Concepts of the Insulin-Like Growth Factors. New York, NY, Elsevier,
1991, pp 211-328

11. De Vroede MA, Tseng LY, Katsoyannis PG, et al: Modulation of
insulinlike growth factor I binding to human fibroblast monolayer
cultures by insulinlike growth factor carrier proteins released to the
incubation media. J Clin Invest 77:602-613, 1986

12. Jones JI, Gockerman A, Busby WH Jr, et al: Insulin-like growth
factor 1 binding protein stimulates cell migration and binds to the aSb1



IGF-I AND IGFBP CHANGES FOLLOWING GRADED RENAL ABLATION

integrin by means of its Arg-Gly-Asp sequence. Proc Natl Acad Sci
USA 90:10553-10557, 1993

13. Bach LA, Cox AJ, Mendelsohn FA, et al: Focal induction of IGF
binding proteins in proximal tubules of diabetic rat kidney. Diabetes
41:499-507, 1992

14. Flyvbjerg A, Kessler U, Dorka B, et al: Transient increase in
renal insulin-like growth factor binding proteins during initial kidney
hypertrophy in experimental diabetes in rats. Diabetologia 35:589-593,
1992

15. Landau D, Chin E, Bondy C, et al: Expression of insulin-like
growth factor binding proteins in the rat kidney: Effects of long-term
diabetes. Endocrinology 136:1835-1842, 1995

16. Phillip M, Wemer H, Palese T, et al: Differential accumulation of
insulin-like growth factor-I in kidneys of pre- and postpubertal strepto-
zotocin-diabetic rats. J Mol Endocrinol 12:215-224, 1994

17. D’Ercole AJ, Stiles AD, Underwood LE: Tissue concentrations
of somatomedin C: Further evidence for multiple sites of synthesis and
paracrine or autocrine mechanisms of action. Proc Natl Acad Sci USA
81:935-939, 1984

18. Grgnbzk H, Frystyk J, @rskov H, et al: Effect of sodium selenite
on growth, insulin-like growth factor binding proteins, and insulin-like
growth factor I in rats. J Endocrinol 145:105-112, 1995

19. Grgnbzk H, Nielsen B, @sterby R, et al: Effect of octreotide and
insulin on manifest renal and glomerular hypertrophy and urinary
albumin excretion in long-term experimental diabetes in rats. Diabetolo-
gia 2:135-144, 1995

20. Hossenlopp P, Seurin D, Segovia Quinson B, et al: Analysis of
serum insulin-like growth factor binding proteins using Western blot-
ting: Use of the method for titration of the binding proteins and
competitive binding studies. Anal Biochem 154:138-143, 1986

21. Fagin JA, Melmed S: Relative increase in insulin-like growth
factor I messenger ribonucleic acid levels in compensatory renal
hypertrophy. Endocrinology 120:718-724, 1987

22. Stiles AD, Sosenko IR, D’Ercole AJ, et al: Relation of kidney
tissue somatomedin-C/insulin-like growth factor I to postnephrectomy
renal growth in the rat. Endocrinology 117:2397-2401, 1985

23. Mulroney SE, Lumpkin MD, Roberts CTJ, et al: Effect of a
growth hormone-releasing factor antagonist on compensatory renal
growth, insulin-like growth factor-I (IGF-I), and IGF-I receptor gene

35

expression after unilateral nephrectomy in immature rats. Endocrinol-
ogy 130:2697-2702, 1992

24. Evan AP, Henry DP, Connors BA, et al: Analysis of insulin-like
growth factors (IGF)-I and -II, type II IGF receptor, and IGF-binding
protein 2 mRNA and peptide levels in normal and nephrectomized rats.
Kidney Int 48:1517-1529, 1995

25. Flyvbjerg A: The growth hormone/insulin-like growth factor axis
in the kidney: Aspects in relation to chronic renal failure. J Pediatr
Endocrinol 7:85-92, 1994

26. Hostetter TH, Olson JL, Rennke HG, et al: Hyperfiltration in
remnant nephrons: A potentially adverse response to renal hyperfiltra-
tion. Am J Physiol 241:F85-F93, 1981

27. Miller SB, Hansen VA, Hammerman MR: Effects of growth
hormone and IGF-I on renal function in rats with normal and reduced
renal mass. Am J Physiol 259:F747-F751, 1990

28. Hirschberg R, Kopple JD, Blantz RC, et al: Effects of recombi-
nant human insulin-like growth factor I on glomerular dynamics in the
rat. ] Clin Invest 87:1200-1206, 1991

29. Jones JI, Clemmons DR: Insulin-like growth factors and their
binding proteins: Biological actions. Endocr Rev 14:3-34, 1995

30. Mohan S, Bautista CM, Wergedal J, et al: Isolation of an
inhibitory insulin-like growth factor (IGF) binding protein from bone
cell-conditioned medium: A potential local regulator of IGF action.
Proc Natl Acad Sci USA 86:8338-8342, 1989

31. Cheung PT, Smith EP, Shimasaki S, et al: Characterization of an
insulin-like growth factor binding protein (IGFBP-4) produced by the
B104 rat neuronal cell line: Chemical and biological properties and
differential synthesis by sublines. Endocrinology 129:1006-1015, 1991

32. Kiefer MC, Schmid C, Waldvogel M, et al: Characterization of
recombinant human insulin-like growth factor binding proteins 4, 5, and
6 produced in yeast. ] Biol Chem 267:12692-12699, 1992

33. Caroni P, Schneider C: Signalling by insulin-like growth factors
in paralyzed skeletal muscle: Rapid induction of IGF-1 expression in
muscle fibers and prevention of interstitial cell proliferation by IGFBP-5
and IGFBP-4. J Neurosci 14:3378-3388, 1994

34. Boes M, Booth BA, Sandra A, et al: Insulin-like growth factor
binding protein IGFBP-4 accounts for the connective tissue distribution
of endothelial cell IGFBPs perfused through the isolated heart. Endocri-
nology 131:327-330, 1992



