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Abstract

This study was undertaken to investigate the mechanisms by
which an infusion of recombinant human insulin-like growth
factor I (rhIGF-I) increases GFR and renal plasma flow (RPF)
in rats. Glomerular micropuncture studies were carried out in
14 nonstarved Munich Wistar rats and in 12 rats deprived of
food for 60-72 h. Animals were given an intravenous injection
and infusion of either rhIGF-I or vehicle. In both nonstarved
and starved animals, the IGF-I injection and infusion increased
the serum IGF-I levels, left kidney GFR, single nephron glo-
merular filtration rate (SNGFR), single nephron blood flow
rate (SNBF), and single nephron plasma flow rate (SNPF).
The increase in SNPF and SNGFR was in part due to a fall in
efferent arteriolar resistance (Rg); there was a tendency, not
significant, for afferent arteriolar resistance (R,) to fall in com-
parison to controls. The increase in SNGFR was partly caused
by a rise in SNPF but was primarily due to an increase in
glomerular ultrafiltration coefficient (LpA) to twice the control
values. The increase in LpA resulted in an increase in SNGFR
because the rats operated at ultrafiltration pressure disequilib-
rium. Control starved as compared with nonstarved rats had
lower SNGFR, SNBF, and SNPF. This reduction was due to a
tendency, not significant, for both R, and Ry to be higher. De-
creaséd SNGFR in food-deprived rats resulted from a reduced
SNPF, a lower glomerular transcapillary hydrostatic pressure
difference (AP), and possibly a somewhat reduced LpA. These
data indicate that IGF-I increases SNGFR, SNPF, and SNBF
primarily by increasing LpA and also by decreasing Rg without
affecting AP. Short-term starvation lowers SNGFR, SNPF,
and SNBF primarily by decreasing AP and possibly by lower-
ing LpA and increasing R, and Rg. IGF-I reverses some of the
glomerular hemodynamic effects of short-term food depriva-
tion. (J. Clin. Invest. 1991.87:1200-1206.) Key words: glomer-
ular ultrafiltration coefficient « single nephron glomerular fil-
tration rate « starvation

Introduction

Insulin-like growth factor I (IGF-I)! is a peptide hormone with
a mol wt of 7,649 D which shares about half of its amino acid
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sequence with proinsulin (1, 2). The hormone is synthesized
and released from many cells and tissues including the liver
and kidneys (1-5). IGF-I has been identified on glomeruli,
proximal tubules, and collecting ducts (6, 7). IGF-I receptors
have been demonstrated in cultured glomerular mesangial
cells, proximal tubular epithelial cells, vascular endothelial
cells, and vascular smooth muscle cells (8—-11). In rats, the kid-
ney IGF-I content increases during compensatory renal hyper-
trophy (5, 12-14), with feeding of high protein diets that pro-
mote renal hypertrophy (14), and during recovery from acute
renal ischemic injury (15). Growth hormone injections, which
also cause renal hypertrophy, also increase renal IGF-I
levels (16).

Elevated circulating growth hormone is associated with in-
creased renal plasma flow (RPF) and GFR (17, 18). Indeed,
renal hemodynamics rise within several hours after a single
injection of growth hormone, at about the same time that
serum IGF-I concentrations increase (19). These findings sug-
gested that IGF-I may increase RPF and GFR. This hypothesis
was tested in food-deprived rats that were infused with IGF-I
(20). The results showed that an intravenous infusion of IGF-I
acutely increases RPF and GFR. Subsequently, Guler and as-
sociates reported that in two healthy men, subcutaneous injec-
tions of IGF-I for 3-5 d increase GFR and RPF (21, 22). This
study was undertaken to examine the following questions in
rats, using micropuncture techniques: (@) the mechanisms at
the glomerular level by which IGF-I may augment renal hemo-
dynamics; and (b) to further investigate the effects of food de-
privation and the interactions of food deprivation and IGF-I
infusion on the microcirculation and filtration in the
glomerulus.

Methods

General study design

Studies were performed on normal rats that were fed laboratory chow
(Study 1) or that were food-deprived (Study 2).

Study 1. 14 male Munich Wistar rats (Harlan Sprague Dawley, Inc.,
Indianapolis, IN) were used. Animals had free access to standard labora-
tory chow and tap water. Food but not water was removed from the
cages about 12 h before commencement of the micropuncture study.

The animals were prepared for the micropuncture measurements
of glomerular dynamics as outlined below. At 40 min before starting
the micropuncture measurements, during the period of equilibration,
eight rats received an intravenous injection of recombinant human
IGF-I (rhIGF-I; courtesy of Ciba Geigy Corp., Summit, NJ), 75 ug/kg
in 0.3 ml of Ringer’s saline. This was followed by a sustained infusion
of IGF-1, 250 ug/kg per h, in Ringer’s saline at a rate of 2.5 ml/kg per h.

lary pressure difference; R,, afferent arteriolar resistance; Rg, efferent
arteriolar resistance; rhIGF-I, recombinant human IGF-I; SNBF, sin-
gle nephron blood flow; SNFF, nephron filtration fraction; SNPF, sin-
gle nephron plasma flow.



The purified lyophilized rhIGF-I was dissolved in 0.1 M acetic acid to
form a stock concentration of 1 ug/ul. Just before the individual stud-
ies, further dilutions for infusion were made with Ringer’s saline. Six
control animals were similarly treated but received an injection and
infusion of the vehicle in Ringer’s saline. ’

Study 2. 12 male Munich Wistar rats, obtained from a continuous
colony bred and housed at the San Diego Veterans Administration
Medical Center were studied with a protocol similar to Study 1. The
animals were food-deprived for 2.5-3 d (60-72 h) before the experi-
ments but had free access to tap water. Six rats received an injection of
rhIGF-I, 25 ug/kg, followed by a sustained infusion of rhIGF-1, 75
ug/kg per h. The solution for injections and infusions was prepared as
described for Study 1. Six control rats were injected and infused with a
similar volume of vehicle.

Micropuncture determination of glomerular hemodynamics

The micropuncture experiments were performed according to stan-
dard protocols (23). Rats were anesthetized with intraperitoneal Inac-
tin (Byk-Gulden, Konstanz/Bodensee, Germany), 120 mg/kg body wt.
A tracheostomy was performed using PE-240 tubing for the tracheos-
toma. PE-50 catheters were inserted into the left internal jugular vein,
left femoral artery, and the bladder. The bladder was ligated around the
catheter to minimize the residual bladder dead space. The rats were
then placed on a servo-heating table, keeping the body temperature
constantat 37°C. The left kidney was exposed through a lateral abdomi-
nal incision and was placed in a lucite holder. The left ureter was li-
gated, and a PE-50 catheter was inserted into the ureter for collections
of the urine excreted from the left kidney. The kidney was sealed in the
holder with cotton, soaked with a 1% agar solution, and bathed continu-
ously in normal saline at 37°C.

An infusion of [*H]inulin (ICN Radiochemicals, Irvine, CA) in
Ringer’s solution at a concentration of 60 xCi/ml (Study 1) or 80 xCi/
ml (Study 2) was started at a rate of 1.8 ml/h (Study 1) or 1.5 ml/h
(Study 2) and continued until termination of the micropuncture study.
To substitute for plasma losses that occur with the surgical preparation
and micropuncture and to maintain euvolemia, rat plasma was infused
at a rate corresponding to 1% of body wt for the first hour, and contin-
ued at a rate equal to 0.15% of the animal’s body wt per h for the
remainder of the micropuncture study. In Study 1, the rat plasma used
for infusion was obtained from nonfasted donor rats, whereas the
plasma used in the Study 2 animals was obtained from littermates that
were also food-deprived for 2.5-3.0 d. '

After starting the [*H]inulin infusion, 1 h was allowed for equilibra-
tion. 20 min into the equilibration period, the rhIGF-I or vehicle injec-
tion was given and the rhIGF-I or vehicle infusions were initiated at the
doses and rates outlined above. All infusions were given via the jugular
vein catheter, and hematocrits were maintained constant during the
entire period of micropuncture measurements. Throughout the micro-
puncture study, the arterial blood pressure was measured with a pres-
sure transducer (P23dB; Gould-Statham, Cleveland, OH) connected to
the femoral artery catheter and was recorded with a multichannel re-
corder (model 8805 C; Hewlett-Packard Co., Waltham, MA).

At the beginning and end of the micropuncture measurements,
blood was collected from the femoral artery catheter to determine the
hematocrit (HCT), the afferent (systemic) plasma protein concentra-
tion (C,), and the systemic [*H]inulin concentration. In addition, at the
end of the micropuncture measurements, 150 ul of femoral arterial
blood was obtained for measurement of the serum IGF-I concentra-
tion. Urine was collected from the left ureteral catheter continuously
throughout the period of micropuncture to measure the whole
kidney GFR.

Hydrostatic pressures in glomerular capillaries (Pg), glomerular uri-
nary spaces (Pgs), proximal tubules (Py), and efferent arterioles (Pg)
were measured with a servo-nulling pressure sensor (Model 4A or 5A;
Instrumentation for Physiology and Medicine, San Diego, CA) con-
nected to a 1-3-um-tip glass pipette filled with 1.2 M sodium chloride.
Multiple measurements were made in each rat, and time-averaged val-
ues were recorded with a pressure transducer and a chart recorder. Five
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exactly timed (3 min) fluid collections were made from late proximal
convoluted tubules with sharpened 9-11-um-tip pipettes that were
filled with mineral oil lightly stained with Sudan black. A small amount
of the oil was injected through the pipette into the tubular lumen to
prevent downstream escape of tubular fluid during the collection.

In each rat, two to three blood collections were made from efferent
arterioles (star vessels) using sharpened 13-16-um-tip glass pipettes.
After completion of the blood collections the pipette tips were sealed
with cyanoacrylate. The pipettes were then spun in a microhematocrit
centrifuge to obtain serum for determination of the efferent arteriolar
protein concentration (Cg). When micropuncture measurements were
concluded, the left kidney was removed, sliced into two halves along
the long axis, partially freed from blood by blotting on filter paper, and
weighed. Aliquots of systemic plasma and urine and the complete tu-
bular fluid collections were counted in a Beta Counter (Beckman In-
struments, Inc., Fullerton, CA) to measure the [*H]inulin radioactivity.

Laboratory assays

The afferent arteriolar (systemic) serum total protein concentration
was measured with a Lowry assay (23, 24) using BSA (Study 1) or
concentrated rat plasma (Study 2) as standard. For the determination
of the efferent arteriolar protein concentration, two different ap-
proaches were used. In Study 1, an ELISA for rat albumin was used to
measure the afferent and efferent serum albumin concentrations. The
efferent serum protein concentration was calculated from the afferent
protein concentration and the efferent/afferent albumin ratio. This ap-
proach is based on the assumption that the fluid filtration along the
glomerular capillary concentrates the albumin to the same extent as the
total protein. In Study 2, the Lowry protein assay, modified to a
smaller, 7-nl vol, was used as previously described (23).

The rat serum albumin ELISA was developed from the method of
Yoshioka and associates (25). Aliquots of afferent and efferent sera
were pipetted with an exactly calibrated nanoliter pipette (usually 6.0
nl) under a stereomicroscope, into sample buffer (0.025 M EDTA-Na,
pH 7.3, containing 0.05% gelatin) to result in a 1078 dilution of plasma.
With each batch of specimens a quality control sample of rat plasma
was also assayed. Quality controls and samples were further diluted
with sample buffer to 1:5-1:8 X 107% before assay. For the standard
curve, a stock solution (100 ng/ml) of purified rat albumin lyophylisate
(Cappel, Division of Organon Teknika Corp., West Chester, PA) in
sample buffer was stored at —20°C. For construction of the standard
curve, the stock solution was further diluted with sample buffer to
generate serial standards ranging from 1.0 to 12.0 ng/ml.

The assay was performed on 96-well flat bottom polystyrene ELISA
plates (Corning Glass Works, Corning, NY). The first column of wells
was used for blanks in the final enzyme end point reaction and was not
coated with primary antibody. All remaining wells were coated with
100 ul of purified rabbit anti-rat albumin IgG (Cappel), 5 ug/ml, in
0.025 M EDTA-Na, pH 7.3, for 15 h at 4°C. If coated plates were not
used immediately, wells were washed once with 300 ul of washing
buffer (0.15 M NaCl, 0.02 M NaH,PO,, pH 7.3, 0.05% Tween 20),
blotted dry, and stored at 4°C for < 2 wk. Before use, all wells were
washed three times with 300 ul of washing buffer, and plates were
blotted dry. 200 ul of blocking buffer (0.025 M EDTA-Na, ph 7.3,
containing 2.5% (wt/vol) gelatin) was pipetted into each well except the
first column of wells, and incubated for 30 min at 37°C. Thereafter,
wells were emptied with vacuum but not washed.

Standards, zero standard (sample buffer), quality controls, and sam-
ples at respective dilutions were pipetted in triplicates into respective
wells (100 ul per well) and incubated at 37°C for 1 h. All wells were
washed three times with 300 ul of washing buffer and blotted dry. To
each well, 100 ul of the second antibody solution was added and incu-
bated for 1 h at 37°C. The second antibody, peroxidase-labeled IgG
fraction of sheep anti-rat albumin, was diluted 1:10,000 in blocking
buffer. To eliminate unbound second antibody, all wells were washed
five times with washing buffer (300 ul/well), and plates were blotted
dry. Thereafter, 100 gl of reaction solution, 0.252% (wt/vol) of o-
phenylenediamine (Sigma Chemical Co., St. Louis, MO) and 0.012%
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(vol/vol) H,0, in reaction buffer (0.2 M Tris-HCl, 0.15 M NaCl, pH
6.0) was added to each well, including those of the blank column, and
incubated at room temperature in the dark for 30 min.

The reaction solution was prepared only minutes before and kept in
the dark until use. The peroxidase-substrate reaction was stopped by
adding 50 ul of stopping solution (0.1 M sodium sulfite in 4 M sulfuric
acid) to each well. The absorption of each well was measured against
the blanks at 492 nm in an ELISA plate reader (Titertek Multiscan;
Flow Laboratories, Inc., McLean, VA). The color that develops after
adding the stopping solution is stable after 10 min and for at least 12 h.
The absorption of the zero standard, reflecting nonspecific binding,
was subtracted from the absorption of standards and samples.

The standard curve between albumin concentrations of 1.0-12.0
ng/ml usually displays a linear regression coefficient (r) = 0.997. The
interassay coefficient of variation was 7.2% (n = 7 assays with one
control sample per assay, measured in triplicate). The intraassay coeffi-
cient of variation using five to seven quality control samples per assay,
each analyzed in triplicate, was between 2.6 and 6.7% (mean 5.1%, n
=9 assays). The serially diluted rat plasma and rat albumin standard
solutions result in parallel linear curves when the dilution factor is
plotted against the corrected absorption.

For the measurement of serum IGF-I levels, rat serum samples
obtained at the end of the micropuncture measurements were stored in
aliquots of 50 ul at —70°C. Sera were thawed, and 150 ul of 0.5 M HCI1
was added, shaken vigorously, spun in a microcentrifuge, and incu-
bated for 2 h at room temperature. To separate the IGF-I from the
binding proteins, acidified samples were filtered through C-18 Sep Pak
columns (Waters Associates, Millipore Corp., Milford, MA) that had
been primed with 5 ml of isopropanol, 5 ml of methanol, and 10 ml of
7% acetic acid. The columns were eluted with 1.0 ml of methanol, and
samples were concentrated in a Speed Vac concentrator (Savant Instru-
ments, Inc., Farmingdale, NY). Samples were taken up in assay buffer
and incubated overnight at 4°C before assaying.

The radioimmunoassay was performed using the nonequilibrium
technique and a 3-d preincubation period, as described by Furlanetto
and co-workers (26) using '**I-IGF-1 (Amersham Corp., Arlington
Heights, IL) as tracer. For each assay, three standard sera, obtained
from a rat serum pool, were extracted in the same way as described for
the samples. The standard curve was constructed from serial dilutions
of the combined extracted standards. For the primary antibody we used
the UBK 458 antibody at a final dilution of 1:18,000. This antibody
was obtained from the Hormone and Pituitary Program, National Insti-
tutes of Health, Bethesda, MD. UBK 458 antibody was raised against
purified human IGF-I by Dr. Louis Underwood and Dr. Judson van
Wyk, University of North Carolina, Chapel Hill, NC. The antibody is
known to result in different displacement curves when incubated with
diluted human or rat serum, respectively. Although we infused human
rhIGF-I into rats, we decided to use the pooled rat serum standard
rather than rhIGF-1. This pool serum was arbitrarily assigned an IGF-I
radioimmunoactivity of 1 U/ml.

Calculations and statistics

The whole kidney GFR was calculated as the renal clearance of [*Hl-
inulin. The single nephron glomerular filtration rate (SNGFR) was
determined from the clearance of [*HJinulin on timed proximal tubu-
lar fluid collections. The transglomerular hydrostatic pressure gradient
(AP) was calculated as Pg — Py (glomerular capillary and urinary space
hydrostatic pressures, respectively). The serum oncotic pressure ()
was derived from the plasma protein concentration (C) employing a
modification of the equation of Landis and Pappenheimer as follows
(27):

=176 C+0.28 C.

Afferent and efferent effective filtration pressures (EFP,, EFPg) were
defined as

EFP, = AP — 7,
EFP; = AP — 7.
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The nephron filtration fraction, SNFF, is defined as
SNFF = 1 — (CA/C).

The single nephron plasma flow (SNPF) and blood flow (SNBF) rates
were calculated as

SNPF = SNGFR/SNFF

SNBF = SNPF/(1 — HCT).

The afferent and efferent arteriolar resistances (R,, Rg) are defined as
R, = (MAP — PG)/SNBF

Rg = (Pg — Pg)/(SNBF — SNGFR)

where MAP refers to the mean systemic arterial pressure and Pg is the
efferent arteriolar hydrostatic pressure.

The computation of the glomerular ultrafiltration coefficient, LpA,
was based on a standard model of the glomerular capillary as a right
circular cylinder with negligible resistance to axial flow and unity di-
mensions; in the model the SNGFR follows the equation

SNGFR = LpA f EFPx)dx O0=x<1

with x being the normalized axial position along the unit capillary; and
EFP(x) = AP — x(x) = AP — [1.76 C(x) + 0.28 C*(x)]

and C satisfies the following differential equation with the minimum
condition C(0) = C, and the maximum condition C(1) = Cg:

[LpA+ EFP(x)* CX(x))/[SNPFxC,) — d/dxC(x) = 0.

The equations are solved by stepwise predicting unique SNGFR values
with the input of the independent determinants of the SNGFR, namely
AP, SNPF, and C,, as well as C.

All results are presented as the mean+SEM. Comparisons of group
means were performed with a one-way analysis of variance and the
Newman-Keuls Multicomparison test.

Results

Pilot studies indicate that the dose of IGF-I needed to increase
SNGFR in the unstarved rats was greater than that required for
the 2.5-3.0 d food-deprived animals. The same dose of IGF-I
also increased plasma IGF-I to a lesser degree in the nonstarved
rats as compared with the food-deprived animals. Therefore,
the unstarved rats were given a greater dose of IGF-I that raised
the SNGFR and plasma IGF-I to about the same levels as in the
food-deprived animals (see Methods, Table I).

Study 1. The rat’s body weight was ~ 10% greater in the
IGF-I-treated nonstarved rats as compared with the non-
starved controls (Table I). Left kidney weight, mean arterial
pressure, and hematocrit were similar in the two groups. On
the other hand, the serum IGF-I levels and the GFR in the
IGF-I-treated nonstarved rats were each significantly greater
than in the nonstarved controls. Serum IGF-I and left kidney
GFR in the former animals were 2.3 and 1.4 times, respec-
tively, the control values (Table I).

There was no significant effect of the IGF-I treatment on
the glomerular capillary pressure, Pg, or the transglomerular
capillary hydrostatic pressure difference, AP (Table II). The
mean effective filtration pressure (EFP) tended to be lower in
IGF-I-treated nonstarved animals as compared with controls,
but the difference was not statistically significant.

Even though the ultrafiltration pressure did not increase in
the nonstarved IGF-I-treated rats, the SNGFR in these ani-



Table I. Characteristics of Rats in Study 1 and Study 2

Group n BW KW, MAP HCT Serum IGF-1 GFR,
g g mmHg vol% U/ml ml/min
Study 1 .
1) Nonstarved controls 6 195+3 0.88+0.02 121+3 47+1 0.76+0.08 0.90+0.09
2) Nonstarved IGF-I-treated 8 215+4 0.85+0.02 121+3 48+1 1.75+0.48 1.26+0.08
Study 2
3) Food-deprived control 6 184+8 0.85+0.04 105+3 53+1 0.41+0.04 0.79+0.10
4) Food-deprived IGF-I-treated 6 196+10 0.84+0.03 108+2 51x1 1.66+0.07 1.1540.11
1vs.2 P <0.05 NS NS NS P<0.05 P<0.05
3vs. 4 NS NS NS NS P <0.05 P <0.05
1vs. 3 NS NS P <0.05 P <0.05 P <0.05 NS
2vs. 4 NS NS P <0.05 P <0.05 NS NS

Data expressed as mean+SEM. BW, body wt; KW/, left kidney wt; GFR,, GFR of left kidney.

mals was markedly elevated above the control levels (Table II,
Fig. 1). SNPF and SNBF were also higher in the rats receiving
the injection and infusion of IGF-I as compared with the con-
trols. The former group tended to have a slightly higher SNFF,
but this value was not significantly different from the control
rats (Table, Fig. 1). The efferent arteriolar resistance was signif-
icantly lower in the IGF-I-treated animals as compared with
controls. Since there was also a tendency for R, to be lower in
the IGF-I-treated rats, Pg did not drop significantly below con-
trol values. However, the main difference among the determi-
nants of nephron filtration was in the glomerular ultrafiltration
coefficient, LpA, where values in the IGF-I-treated rats were
about twice that observed in the normal controls (Table II,
Fig. 1).

Study 2. The control rats subjected to 2.5-3.0 d of food
deprivation had significantly lower serum IGF-I concentra-
tions as compared with the nonstarved control rats (Table I).
The administration of IGF-I raised serum IGF-I levels to about
four times the values in the food-deprived controls (P < 0.05,
Table I). There were no differences between the two groups of
food-deprived rats in Study 2 with regard to body weight, left
kidney weight, hematocrit, or mean arterial blood pressure (Ta-

ble I). The mean arterial blood pressure was lower and the
hematocrit was higher in the food-deprived IGF-I-treated or
control rats as compared with the IGF-I-treated or control
nonstarved Study 1 rats (Table I). GFR levels in the fasted
control rats were slightly but not significantly lower than in the
nonstarved control animals. However, with infusion of IGF-I,
the left kidney GFR of the food-deprived rats increased signifi-
cantly (Table I).

The administration of IGF-I had no effect on P or AP. The
AP was significantly lower in the starved IGF-I-treated and
control rats as compared with the IGF-I-treated animals that
were not starved. There was a tendency for the mean EFP to be
lower in the starved IGF-I-treated rats as compared with the
starved control animals; this difference was not statistically sig-
nificant (Table II). As in the nonstarved rats, with IGF-I treat-
ment of the food-deprived animals, even though the ultrafiltra-
tion pressure did not increase, the SNGFR rose significantly in
comparison to the controls (Table II, Fig. 1).

In the food-deprived control rats not receiving IGF-I, the
SNGFR was significantly lower in comparison to the non-
starved control rats that did not receive IGF-I (Table II, Fig. 1).
Treatment with IGF-I increased the SNGFR in fasted rats, but

Table I1. Glomerular Hemodynamics in Rats in Study 1 and Study 2

Group Ps P a EFP SNGFR SNPF  SNBF SNFF LpA R, Re
mmHg mmHg mmHg mmHg nl/min  nl/min nl/min nl/s/mmHg 10° dyn-s-cm™
Study 1
1) Nonstarved controls 511 37x1 18+1 1542 361 128+4 241+9 0.28+0.01 0.044+0.004 22.1+1.0 12.9+0.8
2) Nonstarved rhIGF-I 49+1 35+1 1 11+2  48+2 149+6 287+10 0.32+0.02 0.085+0.010 20.6+0.9 10.0+0.4
Study 2
3) Food-deprived controls 48+1 31+1 161 13+3 22+1 865 177+10 0.29+0.02 0.036+0.008 25.9+2.0 14.3x1.4
4) Food-deprived rhIGF-I 45+2 31+2 16+1 8+2 31+l 105£5 213+10 0.32+0.02 0.077+0.012 22.9+1.9 10.0+0.4
1vs.2 NS NS NS NS * * NS * NS *
3vs. 4 NS# NS NS NS * * * NS * NS *
1vs. 3 NS * NS NS * * * NS NS NS NS
2vs. 4 NS * NS NS * * * NS NS NS NS
Data expressed as mean+SEM. * Significant (P < 0.05); ¥ P = 0.09.
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Figure 1. Major determinants of nephron filtration in normal, un-
starved (NVO) and food-deprived (FD) rats without or with IGF-I ad-
ministration.

the values did not become normal. Similar relationships were
observed for SNPF and SNBF. In the fasted rats, both SNPF
and SNBF rose significantly with IGF-I treatment. However, in
both the IGF-I-treated or control fasted rats, SNPF and SNBF
were each significantly lower as compared with the respective
groups that were not starved (Table II).

The increase in glomerular perfusion and filtration during

IGF-I treatment occurred without a change in the SNFF, al-

though the starved rats receiving IGF-I tended to have higher
SNFF values. As in the nonstarved rats, treatment with IGF-I
exerted a vasodilatory effect on glomerular arterioles. There
was a small, statistically not significant, decrease in R,. How-
ever, Rg was, on an average, 30% lower in the starved IGF-I-
treated rats as compared with the starved controls (P < 0.05,
Table II). Hence, the resulting increase in SNPF contributed to
the rise in SNGFR. Nonetheless, the major factor causing the
increase in SNGFR with IGF-I treatment appeared to be a rise
in LpA. The values in the IGF-I-treated food-deprived rats
were twice as high as in the respective controls (P < 0.05, Table
11, Fig. 1).

In addition to the effects of IGF-I on glomerular dynamics,
the fractional proximal reabsorption of tubular fluid (FR) was
also measured in the food-deprived rats. Fractional proximal
reabsorption averaged 18% lower in the starved IGF-I-infused
animals as compared with controls. Values were 0.50+0.02
and 0.59+0.02 (P < 0.05) in the IGF-I-treated and control rats,
respectively.

Discussion

Previous work in our laboratory as well as by other investiga-
tors indicated that a rise in serum IGF-I increases RPF and
GFR (17, 19-22). The present studies examined the mecha-
nisms giving rise to these changes. RhIGF-I infusion increased
left kidney GFR, SNGFR, SNBF, and SNPF. One of the mech-
anisms responsible for the increase in SNBF and SNPF was a
significant 30% reduction in Rg. The increase in SNGFR was
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caused by the rise in SNPF, but even more so by the doubling of
the glomerular permeability coefficient (LpA). The fact that
these findings were observed in two experimental models of
rats (i.e., nonstarved rats and rats sustaining short-term, 60-72
h starvation) increases the likelihood that these findings reflect
real effects of IGF-I infusion on the kidney.

The results of these studies indicate that rhIGF-I increases
SNGFR largely by raising LpA. It appears to be rather unusual
for a vasoactive compound to increase LpA. However, Gabbai
and co-workers recently reported that another vasoactive sub-
stance, the a;-agonist methoxamine, also increases LpA (28).
The ability of rhIGF-I to increase SNGFR by raising LpA is
possible only because the animals studied operated at filtration
pressure disequilibrium. In other animals that normally oper-
ate at filtration pressure equilibrium, rhIGF-I may still increase
LpA but this would not be expected to result in an increase in
SNGFR. Furthermore, this rise in LpA could not be measured
with current methods. In filtration pressure equilibrium,
rhIGF-I may still increase SNGFR through its effect on the
arteriolar resistance and SNPF. It is pertinent that an infusion
of rhIGF-I into adult humans increases RPF and GFR to a
similar magnitude as occurs in the Munich Wistar rat (21).

The mechanism by which rhIGF-I increases LpA is not
known. It may be pertinent that another growth factor, epider-
mal growth factor (EGF), acutely reduces glomerular perfusion
and filtration when it is infused into the renal artery of rats (29).
This effect is thought to be primarily due to an acute reduction
in LpA as well as an increase in the afferent and efferent arterio-
lar resistances. Thus, IGF-I has opposite effects to EGF on
glomerular perfusion and filtration. Harris and co-workers
demonstrated that the effects of EGF on renal dynamics are
mediated through arachidonate metabolites (30). In this re-
gard, we have previously shown that the IGF-I-induced rise in
RPF and GFR in fasted rats could be blocked by indometha-
cin (20).

Among the control rats not given IGF-I, the food-deprived
animals displayed lower serum IGF-I, SNGFR, SNBF, and
SNPF as compared with the nonstarved rats (Table II). The
reduced SNGFR in the former animals was probably primarily
due to a lower AP and probably LpA. Although the LpA was
not significantly different among the food-deprived control
rats, LpA was reduced by 18% as compared with a decrease of
16% for AP. The lower SNBF and SNPF in the fasted control
rats appeared to be due to their slightly greater R, and Rg,
although neither of these values was significantly different
from the nonstarved controls (Table II).

These findings are comparable to other reports of reduced
SNGFR and LpA in malnourished rats (31). Ichikawa and co-
workers induced protein and possibly calorie malnutrition in
rats and .observed decreased SNGFR and LpA. The reduced
SNGFR was primarily due to the reduced LpA; Pg and AP
were unchanged. These investigators suggested that the reduc-
tion in LpA was largely, but not entirely, due to a decrease in
the volume of the glomerular tuft.

In these studies, the short-term treatment with rhIGF-I in
the food-deprived rats significantly increased SNGFR, SNBF,
and SNPF. However, the SNGFR and SNPF in these animals
remained below the levels of the nonstarved control rats (Table
11, Fig. 1). The rise in SNGFR was largely due to an increase in
LpA; P; and AP did not change significantly. The increase in
SNBF and SNPF was primarily due to the fall in the glomerular



efferent arteriolar resistance and contributed to the rise in
SNGFR.

It is possible that a reduction in serum and/or renal IGF-I
levels plays a role in the decrease in glomerular hemodynamics
that occurs with malnutrition. Protein and/or calorie malnutri-
tion reduces IGF-I synthesis (32) and serum and tissue IGF-I
concentrations (32-34). In malnourished rats, there is also a
significant decrease in renal IGF-I mRNA and an increase in
the specific membrane binding of IGF-I in the kidney (32). An
acute infusion of thIGF-I causes an improvement or normaliza-
tion in some of the same glomerular hemodynamic parameters
that are reduced in malnourished rats. Despite this circumstan-
tial evidence, the results of this study do not prove that a de-
crease in IGF-I levels was the sole mechanism or even one of
several causes for the reduction in renal hemodynamic parame-
ters during starvation.

It is unclear why in the nonstarved rats higher doses of
rhIGF-I were necessary to raise plasma IGF-I and increase left
kidney GFR to the same levels as in the food-deprived animals
(Table I). It is possible that, in malnutrition, adaptive mecha-
nisms come into play that reduce IGF-I degradation or that
maintain serum IGF-I concentrations more effectively. Serum
IGF-I binding proteins fall with starvation and the specific
membrane binding of IGF-I increases (32); whether these fac-
tors increase sensitivity to IGF-I in the food-deprived rats is
unknown.

The doses of rhIGF-I used in this study raised serum IGF-I
levels to approximately twice normal (Table I). These serum
concentrations are within the range seen in certain disease
states; serum IGF-I levels of three to four times normal occur in
acromegalics who also manifest increased RPF and GFR (18,
35). However, normally about 95% of serum IGF-I is protein
bound. In the IGF-I-treated rats it is likely that a much higher
proportion of serum IGF-I was not protein bound due to its
acute administration. In this sense, the serum IGF-I concentra-
tions in the IGF-I-treated rats might have been increased
above physiological or pathophysiological levels. It is possible
that the increases in serum or renal IGF-I levels that may occur
in physiological or pathological conditions may not cause the
changes in glomerular or hemodynamic parameters observed
in this study. Further research will be necessary to resolve this
question.
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