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Acute Metabolic Effects and Half-Lives of Intravenously Administered Insulinlike
Growth Factors | and Il in Normal and Hypophysectomized Rats

J. Zapf, C. Hauri, M. Waldvogel, and E. R. Froesch

Metabolic Unit, Department of Medicine, University Hospital, CH-8091 Ziirich, Switzerland

Abstract

Insulinlike growth factors (IGF) act qualitatively like insulin on
insulin target tissues in vitro. In the circulation in vivo they are
bound to specific carrier proteins. In this form or when contin-
uously infused into hypophysectomized (hypox) rats they do not
exert acute insulinlike effects on glucose homeostasis.

This study definitively shows that intravenous bolus injections
of pure IGF I or II act acutely on glucose homeostasis: they
lower the blood sugar, enhance the disappearance of U-
[*Clglucose from serum and increase its incorporation into dia-
phragm glycogen in normal and hypox rats in the presence of
antiinsulin serum. The same effects were obtained with recom-
binant human IGF I injected intravenously either with or without
antiinsulin serum into normal rats.

Free fatty acid levels decreased transiently only in normal
animals. Lipid synthesis from glucose in adipose tissue was not
stimulated in hypox and barely stimulated in normal rats.

The half-life of injected IGF I or II in normal rats (~4 h)
is strikingly different from that in hypophysectomized rats (20-
30 min) and appears to depend on the growth hormone-induced
150,000-200,000-mol wt IGF carrier protein that is lacking in
hypophysectomized rats.

15 min after the bolus serum IGF I and II concentrations
were similar to steady state levels during long-term infusion in
hypox rats. Free IGF was barely detectable, however, in the
infused animals, whereas 40-100% was found free 15 min after
the bolus. These observations for the first time confirm the hy-
pothesis that only free IGF, but not the IGF carrier protein
complex, is bioavailable to insulin target tissues.

Introduction

Insulinlike growth factors (IGF) I'? and I (1, 2) in their native
form in serum circulate as large molecular weight complexes in
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1. The amino acid sequences of somatomedin C (SmC) (3) and soma-
tomedin A (SmA) (4) have been shown to be identical to that of IGF 1
(1). The three terms can, therefore, be considered synonyms for the same
factor.

2. Abbreviations used in this paper: HSA, human serum albumin; hypox,
hypothyroidectomized; IGF, insulinlike growth factor; NSILA-S, non-
suppressible insulinlike activity soluble in acid/ethanol.
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which they are bound to specific serum carrier proteins (5-8).
There is no evidence that complexed IGF, despite its high con-
centration in serum (~1 ug/ml [9]), has any acute effects on
glucose homeostasis. On the other hand, earlier experiments by
Froesch et al. (10) and Oelz et al. (11) demonstrated that non-
suppressible insulinlike activity soluble in acid/ethanol (NSILA-
S), i.e., partially purified serum extracts containing IGF I and
II (~ 1% pure), lowered the blood sugar and stimulated glycogen
and lipid synthesis in rats when injected intravenously together
with antiinsulin serum. One of the criticisms raised at that time
was that these effects might be artifacts due to impurities.

The aim of the present study was (@) to reevaluate these
earlier findings, this time with pure IGFs and in both normal
and hypophysectomized (hypox) rats, (b) to test whether pure
IGF I and II differ in their acute in vivo potencies, (c) to deter-
mine the half-lives of each the injected polypeptides, (d) to com-
pare the total and free serum levels attained after the bolus with
those measured under steady state conditions in long-term in-
fusion experiments (12, 13), and (€) to compare some of the
acute actions of pure IGF I isolated from human serum with
those of IGF I obtained by recombinant DNA technology.

Methods

Animals

Normal male ZbZ Cara or ZUR:SIV and hypox male Tif RAI rats (kindly
supplied by Dr. Meyer and Mr. Meier, Ciba Geigy, Basel, Switzerland)
weighing between 120 and 140 g were used for all experiments. The
animals had free access to food (Altromin, Lage, West Germany) and
drinking water and were kept on a 12-h light/dark cycle. Hypophysectomy
was carried out 3—4 wk after birth. Experiments were performed after
additional 4 to 8 wk. Only those hypox animals were used whose body
weight did not increase more than 2 g/wk.

Before the experiment, 2.2 ml Valium/kg body wt s.c. was injected.
1 ml of saline/0.2% human serum albumin (HSA) containing the fol-
lowing substances was injected into the tail vein 15-20 min later. Group
1: guinea pig antiinsulin serum (25 or 50 ul in hypox or normal rats,
respectively, neutralizing capacity 1.25 U/ml; see below) and 1 uCi of
U-["*C]glucose with or without 40 mg of unlabeled glucose (as indicated
in the corresponding figures). These animals were used as controls. Group
2: 6 mU of whale insulin (same amino acid sequence as pork insulin)
without antiinsulin serum, but with U-["*C]glucose and unlabeled glucose
as in group 1; groups 3 and 4: 20 ug of pure IGF I or II (this dose had
been chosen because it corresponded to 6 mU of insulin equivalents
when standardized originally (14) in the fat pad assay of Froesch et al.
[15]) and antiinsulin serum, U-["*C]glucose and unlabeled glucose as in
group 1. Animals were anesthetized with 1.8 (hypox rats) or 2.2 ml (nor-
mal rats) phenobarbital/kg body wt i.p. before they were bled by aortic
puncture at the time intervals given in the figures. Blood was collected
on ice in glass tubes and centrifuged immediately after coagulation. The
serum was pipetted off. Glucose was determined by a glucose analyzer
(YSI, model 23A, Yellow Springs Instruments, Yellow Springs, OH). 25
ul serum was counted for '“C-radioactivity in 10 ml of Instagel (Packard
Instruments, Inc., Downers Grove, IL) in a beta-counter (Packard). The
rest of the serum was stored at —20°C for determination of IGF I or II,
and free fatty acids.



Materials

Pure IGF I (batch I/3) and IGF II (batch 10 SE IV), and whale insulin
were generous gifts from Dr. R. E. Humbel, Biochemisches Institut der
Universitit, Zurich. These IGF preparations came from the same stock
from which Rinderknecht and Humbel had carried out amino acid se-
quence analyses (1, 2). When tested repeatedly for their biological po-
tencies in the fat cell assay (14) against an insulin standard (whale insulin),
1 ug of IGF 1/3 corresponded to ~100 U, and 1 ug of IGF II (10 SE
IV) to ~300 U of insulin equivalents. These values are ~45% lower
than those reported in 1978 (14). Possibly some loss in biological activity
had occurred during storage over the years. However, the relative potency
ratio between IGF I and II in the fat cell assay had remained the same
as reported earlier (14).

Recombinant human IGF I (ot CGP 35126/11I) was a generous gift
of Dr. J. Niiesch (Ciba-Geigy, Basel). Its potencies in the IGF I radioim-
munoassay (9) and in the fat cell assay (14) were indistinguishable from
those of IGF I/3 from Dr. Humbel.

D-U["*C]glucose (specific radioactivity >230 mCi/mmol) was ob-
tained from the Radiochemical Center, Amersham, U. K. Human serum
albumin was supplied by the Swiss Red Cross, Bern, Switzerland. It was
used after extensive dialysis against distilled water and subsequent sterile
filtration.

Neutralizing capacity of the antiserum was determined radioim-
munologically and biologically in the fat cell assay (14). In the radioim-
munoassay binding of '*’I-insulin (Medipro, Teufen, Switzerland) at in-
creasing concentrations of unlabeled porcine insulin was measured at a
constant antiserum dilution (1:150,000). From the binding-displacement
curve maximal insulin binding was calculated by Scatchard plot analysis
(1.25 mU of insulin bound per 1 ul of the antiserum). In the fat cell
assay the effect of different antiserum dilutions on the stimulation of U-
[**C]glucose incorporation by a constant insulin concentration (100 U/
ml) was measured. Complete neutralization was achieved by 0.08 ul of
the antiserum with a half-maximal effect by 0.035 ul (90% neutralization
by 0.055 ul).

U-["*Clglucose incorporation into diaphragm glycogen was determined
as described earlier (16): diaphragms were boiled for 45 min in 2 ml of
30% KOH containing 5 mg of D(+)-glycogen (Fluka A. G., Buchs, Swit-
zerland) as a carrier, thereby complete digestion of the tissue was achieved.
After cooling on ice 5 ml of absolute alcohol (—20°C) was added. The
samples were kept at —20°C for 30 min and centrifuged for 10 min at
1,500 g. The glycogen precipitate was washed twice with 5 ml of absolute
alcohol to which 100 ul of 20% KOH and 100 ul 5% LiBr had been
added. After the final centrifugation the precipitate was dissolved in 2
ml of 0.1 N HCI. Of this solution 1.0 ml was counted in 10 ml of Instagel
(Packard) in a beta-counter. Results were expressed as counts per minute
per gram wet weight or as micromoles of glucose incorporated per gram
wet weight. The latter index was calculated from the relative specific
activity of the serum glucose as follows: relative specific '*C-radioactivity
of serum glucose was first calculated for each rat by dividing the serum
14C-counts per milliliter by the corresponding blood sugar value expressed
in micromoles per milliliter, and the decay curve was plotted as shown
in Figs. | d and 3 d. For each time point the area under this curve was
calculated and the mean relative specific serum glucose radioactivity was
obtained after dividing this number by the number of minutes at which
aortic puncture had been performed. Under the assumption that most
(65-80%) of the '*C-radioactivity recovered in serum between 15 and
120 min corresponded to glucose (17) due to rapid recycling of nonglucose
tissue metabolites back to glucose (18) glucose incorporation into glycogen
was calculated by dividing the counts per minute incorporated per gram
tissue by the corresponding mean relative specific serum glucose radio-
activity. This rough approximation for calculating specific serum glucose
radioactivity may result in 20-35% higher relative values (17) and may
therefore underestimate glucose incorporation into tissues as depicted
in Figs. 2 and 4 by 20-35%.

Incorporation of U-["*Clglucose into epididymal fat pad
total lipids

Epididymal fat pads were weighed and extracted for 3 h in 40 ml of
Folch’s mixture (chloroform/methanol 2:1, vol/vol) in a horizontal

shaker. The extract was filtered and evaporated to dryness under a stream
of air. The remainder was taken up in 25 ml of a 1:1 mixture (vol/vol)
of isooctane-acetic acid (shaking for 15 s). 10 ml of 0.05% H,SO, was
added and the mixture was again shaken for 15 s. It was then centrifuged
for 20 min at 1,500 g and 4°C and the lower water phase (containing
acetic acid and sulfuric acid) was sucked off with a capillary pipette
connected with a vacuum pump. The upper isooctane phase containing
the triglycerides was once more washed with 25 ml of 0.05% H,SO,,
vigorously shaken and again centrifuged as above. The washing procedure
was repeated a third time. 10 ml of the isooctane phase was pipetted
into a counting vial, evaporated to dryness under a stream of air, taken
up in 10 ml of Instagel and counted in a beta-counter (Packard).

Radioimmunological determination of IGF I and II in the
rat sera at different times after injection

Total (carrier protein-bound plus free) IGF I and II. 0.5 ml serum was
gel filtered in 1 M acetic acid on a Sephadex G-50 medium column (1.5
X 100 cm, flow rate 27 ml/h). The fractions eluting between 50 and 80%
bed volume were collected, lyophilized, taken up in 8 ml of | M acetic
acid, relyophilized, washed in 2 ml of 0.1 M NH,HCO; and lyophilized
a third time. For IGF determination, the lyophilized material was dis-
solved in 1 ml of phosphate-buffered saline (PBS)/0.2% HSA, pH 7.4.
0.1 ml of different dilutions from 1:2 to 1:50 was used for the determi-
nation of IGF I or II by radioimmunoassay as described earlier (9).
Crossreactivity of rat IGF in the above 0.1 ml samples was negligible for
hypox rat serum, and at dilutions of these samples >1:10 for normal rat
serum. At lower dilutions, values were corrected for crossreactivity with
endogenous rat IGF by using different dilutions of control serum, proc-
essed as described above, from NaCl-injected normal or hypox rats. Re-
covery by this procedure of pure IGF I and II preequilibrated with rat
serum was between 72 and 80%.

Free IGF I and II. 0.2-0.4 ml of pooled serum from each group of
rats was gel-filtered on a Sephadex G-50 medium column (1.5 X 60 cm,
flow rate 12 ml/h) in 0.15 M NH,HCO,/0.02% HSA/0.02% NaN, (pH
7.7). The elution range of free (nonprotein bound) IGF and its separation
from the IGF-carrier complex was determined by chromatography of
0.5 ml rat serum preequilibrated with 'I-IGF I or II (10° cpm). The
free tracers eluted between 49 and 75% of the bed volume. According
to this separation pattern fractions eluting between 50 and 80% bed
volume were pooled, lyophilized, taken up in 8 ml of 0.1 M NH,HCO,
in 15-ml glass vials and relyophilized. The dry material was dissolved in
0.5 ml PBS (without HSA). The resulting HSA concentration in these
samples was used for further dilutions of the samples (all samples were
assayed at three to four different dilutions) as well as for the IGF I and
II standard curves in the radioimmunoassay (RIA). Recovery by RIA of
gel-filtered pure IGF I and II (20 ng in 0.5 ml phosphate-buffered saline,
PBS/0.2% HSA) in the 50-80% bed volume fraction was between 92
and 104%. Values were corrected against the corresponding dilutions of
control serum, processed as described above, from NaCl-injected normal
or hypox rats.

50-80% bed volume fractions of control sera showed a small cross-
reaction in both RIAs. It corresponded to between 9 and 12 ng/ml serum
for IGF I and II in hypox and for IGF II in normal rats and to 30-36
ng/ml for IGF I in normal rats. More detailed analysis of this immu-
noreactive material in pools from 50 to 55, 55 to 60, 60 to 65, and 65
to 80% bed volume showed that the major immunoreactivity appeared
in the 50-55% fraction and then fell sharply in the following fractions.
In contrast, the radioactive peak of gel-filtered '’I-IGF I and II eluted
between 57 and 59% of the bed volume. The immunoreactive material
in 50-80% bed volume fractions of control serum gel-filtered at neutral
pH therefore is apparently not due to endogenous free IGF, but rather
represents endogenous protein-bound IGF trailing into the 50-55% bed
volume fraction. This will of course also be true for sera obtained after
injection of exogenous IGF, so that the question arises whether and to
what extent the values obtained in the 50-80% bed volume fractions
actually represent free IGF. We cannot exclude that what we have mea-
sured as free IGF after the bolus injection also contains some “trailing”
protein-bound IGF. The following points strongly suggest, however, that
our free IGF values at least reflect a major nonprotein-bound IGF portion:
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(a) One would expect that the amounts of “trailing” protein-bound IGF
are proportional to the total IGF levels. As shown in Fig. 5, this is not
the case (except in normal rats between 30 and 120 min). (b) Hypox
serum after a 6-d IGF infusion, containing a similar total IGF concen-
tration as hypox serum 15 min after the bolus, yields a “free” IGF value
that is 4% of total as compared with between 40 and 75% in the acute
experiments. Probably, the actual level of free IGF in the infusion ex-
periments is even lower than 4% according to the above considerations.
These findings also render it unlikely that dissociation of bound exogenous
IGF during neutral gel filtration is of major importance.

Determination of serum free fatty acids. Free fatty acids were deter-
mined according to the method of Fahlholt (19) with slight modifications
as described elsewhere (20).

Statistics. Student’s ¢ test was used for statistical analysis.

Results

Acute insulinlike effects

Hypox rats. Fig. 1 shows the effects of IGF I and II injected
intravenously together with antiinsulin serum and a trace amount
of U-["*C]glucose (1 Ci) on serum glucose (a), serum free fatty
acids (b), serum '*C-radioactivity (c), and on the specific '*C-
activity of serum glucose (d) in hypox rats. IGF I and II produced
a clear-cut hypoglycemic effect with a nadir at ~15 min. At
that time, the blood sugar was 46 and 41%, respectively, below
that of the control animals. Thereafter, the blood sugar values
increased, but stayed significantly below those of the control
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Figure 1. Serum glucose (a), serum-free fatty acids (b), serum-'C-ra-
dioactivity (c) and relative specific '*C-radioactivity of serum glucose
(see Methods) (d) after intravenous injection of saline, IGF I or IGF II
(20 ug together with anti-insulin serum and 1 uCi of U-['*C]glucose)
or insulin (6 mU without antiserum) into hypophysectomized rats. All
values are the mean+SEM obtained in three to six rats from two to
three different experiments. o: controls (C); e: IGF I injected rats; m:
IGF II injected rats; A: insulin-injected rats. *P < 0.05; **P < 0.01;
***P < 0.001 as compared with the control animals.
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group. The effects of IGF I and II were identical during the first
60 min. The hypoglycemic effect of IGF II started to subside
after 60 min, whereas it persisted in the IGF I-treated animals.
With 6 mU of insulin (equivalent to 60 ug of IGF I and to 20
ug of IGF II with respect to their in vitro potencies in the fat
cell assay; see Methods) hypoglycemia was somewhat more pro-
nounced at 30 and 60 min (statistically not significant).

Like insulin, IGF I and II enhanced the initial rate of the
decrease of serum 'C radioactivity as well as that of the relative
specific '*C-activity of serum glucose (Fig. 1 ¢ and d). In contrast
to insulin, IGF I and II did not lower serum free fatty acid levels
(Fig. 1 b).

As shown in Fig. 2 g, IGF I and I, like insulin, stimulated
glycogen synthesis from U-['*C]glucose in diaphragm signifi-
cantly. In the control animals, newly synthesized glycogen at 15
min was apparently rapidly degraded by 30 min. At that time
glycogen synthesis was completely blocked and remained sup-
pressed for the next 90 min. The stimulatory effect of the three
hormones was identical during the first 30 min. It disappeared
after 60 min in the IGF Il-injected animals, but lasted for another
hour after injection of IGF I or insulin (P < 0.01 at 120 min
for IGF II as compared with IGF I).

Contrary to their pronounced effects on glycogen synthesis
in diaphragm, IGF I and II had no effect at all on lipid synthesis
from U-["“C]glucose in adipose tissue (Fig. 2 b). 60 min after
the injection of insulin a relatively small stimulatory effect on
lipid synthesis was observed, which became more pronounced
after 120 min.

Neither the insulin nor the IGF I or II dose stimulated U-
[**C]glucose incorporation into liver glycogen (not shown).

Normal rats. The effects of IGF I and II on the above indices
are shown for normal rats in Figs. 3 and 4: The rise of the blood
sugar level observed in the control animals due to the admin-
istration of antiinsulin serum plus glucose was prevented by IGF
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Figure 2. Effect of intravenously injected IGF I, IGF II (20 ug with
antiinsulin serum and 1 uCi of U-["*Clglucose) or insulin (6 mU with-
out antiserum) on '“C-incorporation into diaphragm glycogen (@) and
into fat pad total lipids () in hypophysectomized rats. 1P < 0.01 as
compared with IGF 1. Symbols are the same as in Fig. 1.
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Figure 3. Serum glucose (a), serum-free fatty acids (b), serum '“C-ra-
dioactivity (c) and relative specific '*C-radioactivity of serum glucose
(see Methods) (d) after intravenous injection of saline, IGF I or IGF II
(20 pg with antiinsulin serum, 1 gCi of U-["*C]glucose and 40 mg of
unlabeled glucose) or insulin (6 mU without antiserum) into normal
rats. Mean FFA levels+SEM at 15, 30, 60, and 120 min after injection
of saline + 40 mg of glucose without antiinsulin serum were:
0.146+0.018, 0.106+0.010, 0.179+0.042, and 0.230+0.016 pmol/ml
(n = 3-5). Symbols are the same as in Fig. 1.

I and IGF II (Fig. 3 a). IGF I tended to be somewhat more
potent than IGF II, but the difference was statistically not sig-
nificant. In contrast to IGF I, a consistent and conspicuous rise
of the blood sugar level was observed between 30 and 60 min
after the IGF II bolus. This “hyperglycemic effect” of IGF II
coincided with a decreased disappearance rate of the injected
U-["“C]glucose from serum (Fig. 3 ¢). Blood sugar levels were
lower after the insulin than after the IGF I bolus (P < 0.05 at
15 min; P < 0.01 at 60 min).

The rise of the serum free fatty acids induced by the injection
of antiinsulin serum was acutely inhibited by IGF I and II (Fig.
3b). However, this inhibitory effect was no longer seen at 30
min, whereas that of insulin lasted longer.

IGF I and II stimulated glycogen synthesis from U-
[*“Clglucose in normal rat diaphragm less markedly than in the
hypox animals (Figs. 4 a and 2 a), whereas the stimulatory effect
of insulin was comparable in both groups. Some breakdown of
newly synthesized glycogen appears to occur at 30 min after the
IGF I bolus although the difference between the 15- and 30-min
values is not statistically significant. In the normal control ani-
mals, glycogen synthesis was completely suppressed for 30 min.
It increased slightly until 60 min and then started to rise sharply
coinciding with the decrease of the blood sugar level (Fig. 3 a)
and with a marked increase of lipid synthesis (Fig. 4 b). Appar-
ently, the insulin-neutralizing effect of the injected antiinsulin
serum was overcome after 60 min by endogenous insulin.

As compared with insulin, the effects of IGF I and II on

]

Q
33 v
1\8’,75- %75
QR 9
QO EN
I3 N
“SID— % 5
¥ x S
LY N
s S
3}‘ 5+ N
&3 %
o3
= 0 15 30 60 120 0 15 30 60 720

minutes

Figure 4. Effect of intravenously injected IGF I or IGF II (20 pg to-
gether with antiinsulin serum, 1 xCi of U-['*C]glucose and 40 mg of
unlabeled glucose) or insulin (6 mU without antiserum) on '“C-incor-
poration into diaphragm glycogen (a) and fat pad total lipids (b) in
normal rats. Symbols are the same as in Fig. 1.

lipid synthesis from U-[“‘C]glucose are minute and statistically
not significant except for IGF I at 30 min (P < 0.05) (Fig. 4 b).
In contrast to control animals, lipid synthesis did not increase
60 min after the injection of IGF I. This “suppressive effect” of
IGF I was statistically highly significant (P < 0.001).

As in hypox rats, no stimulation of U-['*C]glucose incor-
poration into liver glycogen was observed after the insulin or
the IGF I or II bolus (not shown).

Acute effects of recombinant human IGF I (rh IGF I) on
blood sugar and glycogen synthesis in diaphragm of normal rats.
After completion of the study with IGFs isolated from human
serum IGF I obtained by recombinant DNA technology became
available. A few experiments were carried out with the biosyn-
thetic polypeptide in normal rats. Two series of experiments
were performed: in one the experimental design was identical
to that described in materials and methods (i.e., administration
of 20 pg i.v. of rh IGF I together with antiinsulin serum, 1 uCi
of U-["*C]glucose and 40 mg of unlabeled glucose per rat) (Table
1), in the other 40 ug of rh IGF I i.v. was injected with 1 uCi U-
[**Clelucose, but without unlabeled glucose and without antiin-
sulin serum (Table II). In both series a different strain of rats
(ZUR:SIV) had to be used, because the ZbZ Cara strain was no
longer available.

Table I shows that rh IGF I had the same effect on blood
sugar, on the disappearance of '*C-radioactivity from serum and
on glycogen synthesis in diaphragm as the “original” IGF I (Figs.
2 and 3): although the duration of the hyperglycemic effect of
the antiinsulin serum in the ZUR:SIV control rats was shorter
than in ZbZ Cara rats (15 instead of 30 min), the blood sugar
levels with 20 ug of rh IGF I were significantly lower at 15 and
30 min than in the controls and identical to those observed in
the ZbZ Cara rats treated with the “original” IGF L.
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Table I. Serum Glucose, Serum *C-Radioactivity and Glucose Incorporation into Diaphragm

Glycogen after Intravenous Injection of 20 ug of Recombinant Hum,

an IGF I Together with 50 ul of Antiinsulin

Serum, 1 uCi of U-["*C)Glucose and 40 mg of Unlabeled Glucose into Normal ZUR:SIV Rats

Controls rh IGF 1 (20 ug)
Index (min) 15 30 60 15 30 60
Serum glucose
(mmol/liter) 10.37+0.50 9.65+0.07 8.32+0.25 8.05+0.51* 7.62+0.15% 7.58+0.32
Serum '“C-radioactivity
(com/ml) 34,100+600 28,500+370 18,300+1,400 25,500+810§ 20,100+950% 12,200+860*
Glucose incorporated
into diaphragm
glycogen:
(cpm/g tissue) 563+116 149+6 478+153 7,009+1,826 3,311+1,223 3,568+968
(umol/g tissue) 0.14+0.029 0.042+0.001 0.155+0.05 1.67+0.43* 0.92+0.34 1.28+0.35*
All values are the mean+SEM obtained in three to five rats for each time point (2 experiments). * P <0.05. P <0.001. § P <0.01, as

compared with the corresponding controls.

The same was true for the decrease in "*C-serum radioactivity
and for the stimulation of glycogen synthesis in diaphragm.
Again, a transient breakdown of newly synthesized glycogen ap-
pears to occur at 30 min (statistically not significant). This phe-
nomenon was not observed with insulin (Fig. 4 a) nor after 40
pg of rh IGF I in the absence of the glucose bolus and of the
antiinsulin serum (Table II). In the latter series of experiments
a transient, but clear-cut hypoglycemic effect of rh IGF I was
seen at 15 min (P < 0.05). Thereafter the blood sugar rose again
to control levels. Glycogen synthesis was highly stimulated at
all time points. At 15 min it was twice as high as with 20 ug of
rh IGF 1 in the presence of antiinsulin serum and with the glucose
bolus (Table I).

Half-lives of injected IGF, total and free IGF levels

Fig. 5 shows the time course of the disappearance of intrave-
nously injected IGF I and II from the serum of hypophysecto-
mized and normal rats and the corresponding levels of free IGF
I and II. In the hypox animals the disappearance rates of IGF I
and II are almost linear over the first 60 min, with an apparent

half-life of ~30 and ~20 min, respectively. Whereas IGF 11
continues to disappear linearly and reaches a barely measurable
level after 120 min, the disappearance rate of IGF I becomes
slower after 60 min. The levels of free IGF I and II decrease
more rapidly (half-lives ~15 and ~7 min, respectively). When
the differences between total and free IGF levels corresponding
to bound IGF I are calculated, the disappearance of bound IGF
after equilibration with the carrier protein(s), i.e., after ~20 min
for IGF I and after ~15 min for IGF II, parallels that of
total IGF.

The initial disappearance rates of total IGF I and II were
similar in normal and in hypox rats: IGF I and II concentrations
at time zero extrapolated from the initial (15-30 min) disap-
pearance rates of total or free IGF I or II in hypox rats and of
total and free IGF II in normal rats were between 350 and 400
ng/ml. Assuming a similar initial IGF I concentration for normal
rats, its initial disappearance rate is the same as for IGF II (~ 15
min). After 60 and 30 min, respectively, the disappearance rates
of IGF I and II decreased drastically. They were then nearly
linear up to 240 min and more or less the same for both factors

Table II. Serum Glucose, Serum '*C-Radioactivity and Glucose Incorporation into Diaphragm

Glycogen after Intravenous Injection of 40 pg of Recombinant Hum

an IGF I Together with 1 uCi of U-["*C1Glucose

but without Antiinsulin Serum and without Unlabeled Glucose into Normal ZUR:SIV Rats
Controls rh IGF I (40 ug)
Index (min) 15 30 60 15 30 60
Serum glucose
(mmol/liter) 7.26+0.16 6.54+0.15 6.56+0.28 4.93+0.62* 6.461+0.27 5.99+0.25
Serum '“C-radioactivity
(cpm/ml) 28,600+1,400 21,350+880 14,800+620 16,460+1,800% 13,150+2,630* 6,930+800%
Glucose incorporated
into diaphragm
glycogen:
(cpm/g tissue) 390+57 766173 1,992+791 14,000+1,880 16,300+2,620 21,500+2,630
(umol/g tissue) 0.084+0.01 0.019+0.04 0.59+0.23 3.20+0.43% 4.61+0.74% 8.35+1.02%

All values are the mean+SEM obtained in three rats for each time poin
corresponding controls.
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t (one experiment). * P < 0.05. i P < 0.01, as compared with the
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Figure 5. Time course of the disappearance of
intravenously injected IGF I or IGF II (20 ug/
rat) in normal and hypophysectomized rats. 0.5
ml serum obtained after different time intervals
was gel-filtered on Sephadex G-50 medium in 1
" M acetic acid. The 50 to 80% bed volume frac-
tions were pooled and lyophilized for determi-
nation of total IGF I or II (solid lines) in the
IGF I or II RIA as described in Methods. 0.2-
0.4 ml of pooled serum obtained from three to
six rats after different time intervals was gel-fil-
tered on Sephadex G-50 medium in 0.15 M
NH,HCO,/0.02% HSA/0.02% NaN3;, pH 7.7.
The 50-80% bed volume fractions were pooled
and lyophilized for radioimmunological deter-
mination of nonprotein-bound IGF I or IGF II
(broken lines) as described in Methods. Bro-
ken-dotted lines represent protein-bound IGF I
or II. It has been calculated by subtracting non-
protein-bound from total IGF I or II. For total
IGF the mean values+SEM determined in
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(calculated half-lives ~4 h). The change of the disappearance
rates of total IGF is accompanied by a corresponding change of
the disappearance rates of free IGF I and II. During the first 60
and 30 min, respectively, free IGF I and II levels decrease much
more rapidly than total IGF levels, but then the decay curves
become parallel. Similarly, the disappearance of bound IGF I
and II after apparent equilibration with the carrier proteins (i.e.,
after 45-60 min for IGF I and after 20-30 min for IGF II)
parallels the disappearance rate of total and free IGF.

Discussion

The results of this study show (a) that in rats acute intravenous
administration of pure IGF I or II isolated from human serum
or of IGF I produced by recombinant DNA technology elicits
acute effects on glucose homeostasis comparable to those of in-
sulin, and (b) that the effects of a sinigle bolus of IGF I or II are
quite different from the effects of sustained infusions of these
growth factors.

The interference of endogenous insulin in the IGF experi-
ments was temporarily eliminated by the simultaneous admin-
istration of antiinsulin serum so that the measured metabolic
effects, at least during the first 30-60 min of the experiments,
can be attributed to injected IGF and not to insulin. Of course,
counterregulatory mechanisms—which, however, would rather
mask IGF effects—cannot be completely excluded. In the control
animals the antiinsulin serum caused an increase of the blood
sugar which lasted ~120 min in hypox, but only ~60 min in
normal animals (except in the ZUR:SIV strain of rats where
hyperglycemia lasted only for 30 min). The duration of hyper-
glycemia may be considered as a reasonable index for the in
vivo insulin neutralizing capacity of injected antiinsulin serum
(21). The difference in the duration of hyperglycemia between
normal and hypox rats may partly be due to the decreased pro-
duction of endogenous insulin (22, 23) and its blunted response
to glucose in the absence of growth hormone (24). In addition,
normal rats received a glucose bolus in order to override coun-
terregulatory mechanisms on glucose homeostasis that might
mask the IGF effects. This bolus probably stimulated insulin

three to six experimental animals are given. f
= free IGF; bd = protein-bound IGF.

release from the pancreas so that the insulin binding capacity
of the antiserum was more rapidly saturated than in the hypox
animals. Irrespective of these considerations, however, a 40-ug
bolus of rh IGF I produced a clear-cut hypoglycemic effect and
caused a highly significant stimulation of glycogen synthesis in
diaphragm of normal rats also in the absence of antiinsulin serum
and without an additional glucose bolus (Table II).

In both hypox and normal rats, the acute effects of the IGF
I bolus lasted longer than those of the IGF II bolus. This would
be in keeping with the observation that the serum concentrations
of free IGF I remained longer elevated than those of IGF II (Fig.
5). The hyperglycemic effect of IGF II in normal rats remains
unexplained. However, a qualitatively comparable although de-
layed increase (at 120 min) of the blood sugar level was observed
in the IGF II, but not in the IGF I injected hypox rats.

The finding that IGF I and II did not increase lipid synthesis
from glucose in adipose tissue of hypox rats is consistent with
earlier in vitro data on fat tissue and isolated fat cells from these
animals: neither insulin nor IGFs caused a significant stimulation
of lipid synthesis from glucose despite maximally activated glu-
cose transport (25), a phenomenon that is not observed in muscle
(16). In fat cells of hypox rats the key enzymes of the lipid syn-
thesis pathway from glucose (pyruvate dehydrogenase, hexoki-
nase) have been found to be drastically reduced (26). Thus, it is
no longer glucose transport, but these enzymes that become rate
limiting for glucose utilization in the adipocyte of the hypox rat.

The effects of IGF I and II on lipid synthesis in adipose tissue
of normal rats appear minor or insignificant when compared
with their effects on glycogen synthesis in diaphragm. Although
the acute in vivo experiments with insulin are not directly com-
parable to those with IGF (because the latter were performed in
the presence of antiinsulin serum) it appears that the in vivo
potency at least of IGF II on adipose tissue is smaller than that
determined in vitro: the IGF II bolus was equivalent to the insulin
bolus when standardized with respect to the in vitro potency to
stimulate lipid synthesis from glucose in rat adipocytes (see ma-
terials and methods). The preferential stimulation of muscle by
IGF I and I1 is in keeping with earlier in vivo data obtained after
intravenous injection of partially purified IGF preparations
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(NSILA-S) (10, 11), and with more recent in vitro data. The in
vitro potency ratio between IGF I or II and insulin thus shifts
from a value of 1/50 to 1/100 in adipose tissue (14) to 1/10 to
1/20 in striated muscle (27).

Surprisingly, no increase in lipid synthesis from glucose was
observed between 1 and 2 h in the IGF I injected normal animals,
while lipid synthesis was then considerably enhanced in the con-
trol animals. One possible explanation for this “suppressive ef-
fect” of IGF I may be the different glucose levels during the first
hour of the experiment: the higher blood sugar levels in the
control group have probably released more endogenous insulin
than the suppressed glucose levels after the IGF I bolus. There-
fore, the binding capacity of the antiserum may have been earlier
saturated and overridden, and lipogenesis may then have been
enhanced by endogenous insulin. It is likely that the suppressive
effect of IGF I is caused by counterregulatory hormones to in-
sulin.

The pronounced hypoglycemic effects of IGF I and II appear
at first sight to contrast with the results obtained in long-term
infusion experiments in hypox rats (12, 13). In the infused an-
imals the blood sugar level did not decrease (13) although steady
state IGF I and II concentrations during the infusion reached
~300 ng/ml and were thus similar to or even higher than the
total IGF I and II levels measured shortly after the bolus injection
(27020 and 170+15 ng/ml, respectively, at 15 min). By the
same token, it may appear surprising that normal rats whose
endogenous immunoreactive IGF I levels lie at around 200 ng/
ml (measured against a human IGF I standard; Zapf, unpub-
lished observation) or normal humans with endogenous IGF
(IGF I plus II) levels around 1 pg/ml (9), do not become hy-
poglycemic. This can now definitely be explained by the results
of the present study: at a steady state IGF I level of 286 ng/ml
that resulted from an infusion rate of 4.3 ug/h in the experiments
of Schoenle et al. (12), free IGF I measured by the same meth-
odology as described here was below 10 ng/ml. We have recently
repeated these experiments in hypox rats with biosynthetic hu-
man IGF I at infusion rates of 6 and 12 ug/h. The steady state
levels of IGF I measured after 6 d of infusion were 283 and 562
ng/ml. The body weight and the tibial epiphyses increased in
proportion to the infused amounts of IGF, but no decrease of
the blood sugar was observed (Guler et al., in preparation). “Free”
IGF I levels were 10 and 20 ng/ml, respectively (probably even
lower, as explained in Methods). This means that >96% of the
infused IGF I circulated in the bound form and that neither the
high steady state levels of bound IGF I nor the 10-20 ng/ml of
“free” IGF I were able to exert measurable effects on glucose
homeostasis. Similarly, endogenous IGF in native rat and human
serum is complexed with specific carrier protein(s), and free IGF
has so far not been detected. Meuli et al. have demonstrated in
the perfused rat heart that complexed IGF in the circulation
does not exert insulinlike effects (28) and, therefore, does not
appear to be freely available to insulin target tissues. The above
observations in the long-term IGF infusion experiments are in
agreement with this notion. In contrast, after a bolus injection
of 20 ug per rat of IGF I or II, the binding capacity of the carrier
protein(s) appears to be temporarily overridden. Relatively large
amounts of free IGF are then present in the circulation (Fig. 5),
can rapidly become distributed in the interstitial space and thus
react with insulin and IGF receptors of insulin target tissues.

The different half-lives of injected IGFs in normal and hypox
rats are striking and suggest that they depend on the growth
hormone status of the animal. Comparable data have been re-
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ported by Cohen and Nissley (29) for the half-life of rat soma-
tomedin activity. The results obtained with pure IGF I and II
in our experiments are in line with this report, but in addition
now show that IGF I and II do not behave completely identically
with respect to their rates of disappearance and to their rates of
equilibration with the carrier protein(s) (Fig. 5): Both in normal
and in hypox rats, free IGF I remains longer elevated than free
IGF 1. Apparently, binding of IGF II to the specific carrier pro-
teins in the serum (calculated as the difference between total
and free IGF levels) is more rapid than binding of IGF I. Sim-
ilarly, in vitro, '>I-IGF II tracer equilibrates faster with rat or
human serum than '>’I-IGF I (Zapf, unpublished observation).
This is in agreement with the observation of Rechler et al. that
the apparent affinity of rat serum somatomedin binding proteins
is 10 times greater for IGF II than for IGF I (30).

The difference between the half-lives of IGF I or Il in normal
and hypox rats is likely to be due to the lack in hypox rat serum
of the specific 150,000-200,000-mol wt IGF carrier protein (these
numbers do not represent true molecular weights, but the mo-
lecular weight ranges in which these proteins elute on Sephadex
G-200 at neutral pH [for review see ref. 7 and 8]), which has
been shown to be induced by growth hormone (8, 13, 31, 32)
and to carry most of the endogenous rat somatomedin (33).
Kaufmann et al. have injected >’I-NSILA-S intravenously into
normal rats and measured the radioactivity associated with the
150,000-200,000 and the 40,000-50,000-mol wt IGF carrier
proteins at different time intervals by neutral gel-filtration of
serum on Sephadex G-200. These authors observed that the ra-
dioactive 150,000-200,000-mol wt peak increased during the
Ist h and then declined with a half-life of ~3 h, whereas the
half-life of the radioactive 40,000-50,000-mol wt peak was <20
min (32). We have recently performed the same experiments
with 'ZI-IGF I and II in hypox rats and found that the half-lives
of the two tracers associated with the 40,000-50,000-mol wt
carrier protein, the only IGF carrier protein present in hypox
serum, was between 15 and 20 min.

The finding that most of the endogenous rat somatomedin
is associated with the 150,000-200,000-mol wt carrier protein
(33) would fit the observation that the half-life of injected IGF
is prolonged in the presence of the latter protein. Both obser-
vations suggest that at least in vivo the apparent affinity of IGFs
towards this protein is greater than that toward the 40,000-
50,000-mol wt carrier protein.

Altogether, the results of this study complement those ob-
tained on long-term in vivo actions of IGFs (12, 13). They def-
initely show that both IGF I and II, besides their growth-pro-
moting effects in hypox rats, can acutely influence glucose ho-
meostasis in normal and hypox rats. The acute effects, however,
become only manifest when the concentrations of free IGF reach
levels that are high enough to stimulate insulin target organs.
This condition is apparently not fulfilled under physiological
conditions in vivo or during continuous infusion of a limited
amount of IGF that does not oversaturate the binding capacity
of the specific IGF carrier proteins. It may be expected that
higher infusion rates than those previously used will not only
promote growth, but also significantly affect glucose homeostasis.
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