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Abstract

To compare the metabolic effects of elevated plasma concentra-
tions of IGF-I and insulin, overnight-fasted normal subjects
were studied twice, once receiving IGF-I and once insulin at
doses that resulted in identical increases in glucose uptake dur-
ing 8-h euglycemic clamping. Recombinant human IGF-I or
insulin were infused in one group at high doses (30 l.g/kg per h
IGF-I or 0.23 nmol/kg per h insulin) and in another group at
low doses (5 gg/kg per h IGF-I or 0.04 nmol/kg per h insu-
lin). Glucose rate of disappearance (measured by 16,6-D21-
glucose infusions) increased from baseline by 239±16% during
high dose IGF-I vs 197±18% during insulin (P = 0.021 vs
IGF-I). Hepatic glucose production decreased by 37±6% dur-
ing high dose IGF-I vs 89±13% during insulin (P = 0.0028 vs
IGF-I). IGF-I suppressed whole body leucine flux (1-1'3C1-
leucine infusion technique) more than insulin (42±4 vs 32±3%
during high doses, P = 0.0082). Leucine oxidation rate de-
creased during high dose IGF-I more than during insulin (55±4
vs 32±6%, P = 0.0001). The decreases of plasma concentra-
tions of free fatty acids, acetoacetate, and f8-hydroxybutyrate
after 8 h of IGF-I and insulin administration were similar.
Plasma C-peptide levels decreased by 57±4% during high
doses of IGF-I vs 36±6% during insulin (P = 0.005 vs IGF-I).
The present data demonstrate that, compared to insulin, an
acute increase in plasma IGF-I levels results in preferential
enhancement of peripheral glucose utilization, diminished sup-
pression of hepatic glucose production, augmented decrease of
whole body protein breakdown (leucine flux), and of irrevers-
ible leucine catabolism but in similar antilipolytic effects. The
data suggest that insulin-like effects of IGF-I in humans are
mediated in part via IGF-I receptors and in part via insulin
receptors. (J. Clin. Invest. 1993. 92:1903-1909.) Key words:
C-peptide * proteolysis * hepatic glucose output * insulin secre-
tion * free fatty acids

Introduction

IGF-I shares much structural homology with insulin (1), and
the IGF-I receptor on the surface of target cells is largely homol-
ogous to that of insulin (2). Since recombinant human IGF-I
has become available, a few studies have been performed to
elucidate its metabolic effects in man (3-5). The dose-depen-
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dence of insulin-like effects of IGF-I on glucose uptake, leucine
kinetics, lipolysis, and insulin secretion has recently been as-
sessed (5) in normal volunteers. Effects of IGF-I and insulin
have been compared previously in vitro and in animals. Glu-
cose utilization in dog muscle was relatively more sensitive to
IGF-I than to insulin (6) whereas human adipose tissue was
relatively insensitive to IGF-I (7). The observations suggested
that IGF-I increased glucose utilization in muscle cells via IGF-
I receptors. Similarly, studies in rats demonstrated contrasting
effects of IGF-I and insulin on hepatic glucose production and
plasma nonesterified fatty acids (8). The present studies were
performed to compare the effects of increased plasma concen-
trations of IGF-I and insulin on glucose, amino acid, and lipid
metabolism and on glucoregulatory hormones in humans.
Two doses of IGF-I and insulin that matched each other with
regard to glucose uptake during euglycemic clamping were
chosen.

Methods

Subjects. Written informed consent was obtained from 24 healthy
male volunteers 25.8±3.8 yr old (range = 20-34 yr old) and with a
body mass index of 22.3±1.5 kg/m2 (range = 19.6-23.5 kg/m2). Their
medical history, a physical examination, and routine laboratory tests
before the studies provided no evidence for cardiopulmonary, renal,
hepatic, or metabolic diseases. The subjects were on no medication and
did not perform vigorous exercise 24 h before the studies. The study
protocol was reviewed and approved by the Ethical committee of the
Basel University Hospital.

Procedures. At 7 a.m., after a 1 2-h fast, a Teflon cannula was placed
into the right antecubital vein for infusions. A superficial dorsal vein of
the right hand was cannulated in retrograde manner using a 2 1-gauge
butterfly needle for blood sampling. The hand was kept in a thermo-
stat-controlled warming chamber at a temperature of -55°C to allow
arterialization of venous blood (9). After obtaining two blood and
breath samples drawn within 10-min intervals to determine back-
ground isotopic enrichment of plasma [D2jglucose, ['"C]leucine, and
a-ketoisocaproate (a-KIC),' and of breath 3Co2, priming doses of
16.6 gmol/kg [6,6-D2]glucose (98% enriched, sterile, and pyrogen-
free; Tracer Technology, Cambridge, MA), of 2 gmol/kg [1-'3C]-
leucine (99% enriched, sterile, and pyrogen-free; Tracer Technology),
and of 3.5 zmol/kg NaH'3C03 (90% enriched, sterile, and pyrogen-
free; KORIsotopes, Cambridge, MA) were injected; thereafter, contin-
uous infusions of [ 6,6-D2j glucose (0.22 Imol/kg per min) and [1- '3C]-
leucine (0.06 umol/kg per min) were started; the [D2]glucose infusion
rate was decreased during the period of glucose clamping in the low
dose protocols to 0.1 1 ,umol/kg per min and to 0 in the high dose
protocols. After 120 min of tracer equilibration, blood and breath sam-
ples were obtained in 1 5-min intervals during a 30-min baseline period,
then hourly and during the last 2 h, they were obtained in 30-min
intervals. The subjects were randomly allocated to one of three groups
(n = 8 each) receiving infusion of either 30 ,g/kg per h (3.92 nmol/kg
per h) IGF-I (high dose group), 5 lsg/kg per h (0.65 nmol/kg per h)

1. Abbreviations used in this paper: a-KIC, a-ketoisocaproate; MPE,
mole percent excess.
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IGF-I (low dose group), or saline (0.15 mmol NaCl; group 3); variable=o o o _
rates of 20% glucose (Hausmann Laboratorien, St. Gallen, Switzer-

:+1 +1 +1 +1 land) were infused to maintain plasma glucose concentrations at base-
line levels ( 10). Each subject receiving IGF-I was studied a second time

-6 wk later with insulin; the insulin infusion rates were adjusted in
- 30-min intervals to achieve similar glucose infusion rates during

6 666 clamping as during his preceding IGF-I study. The glucose 20% infu-
+1 +1 +1 +1 sate contained 1.2% [6,6-D2]glucose (variable [D21glucose infusion) to

m OO is, _ _ maintain [D2jglucose mole percent excess during clamping, thus
- - avoiding "negative" rates of hepatic glucose production ( 11 ). Recombi-

nant human IGF-I (gift from Ciba-Geigy, Basel, Switzerland) or insu-
ON eq
o*lin (Actrapid HM; Novo Nordisk, Bagsvaerd, Denmark) were mixed

+1 +1 +1 +1 in saline with 2 ml of the subject's own blood. IGF-I was started withas 0_ O.priming rates during the initial 45 min ( 15 min 3x, 15 min 2X, 15 min
1 .5X the final infusion rate), whereas insulin infusions were started
with 0.52 and 0.065 nmol/kg per h during the high and low dose proto-

-C ON_ , cols, respectively. Plasma was rapidly obtained by refrigerated centrifu-
c

M
+1 +1 +1 +lgation (40C) and stored at -70'C until later assay. Expired air was
%no (s _ _collected into gas-tight 20-ml glass tubes (Vacutainerg; Becton-Dickin-

son, Meylan, France) for later '3CO2 analysis and into Douglas bags for
determination of CO2(VCO2) and °2 content (VO2) by infrared gas

6~o6 6 6 analysis (E. Jager, WUrzburg, Germany). Respiratory volume per time
. +1 +1 +1 +i unit was measured using a respirometer (Spiroflo III; Rotamed, Port

0 i:> >Oo -ooTalbot,United Kingdom).
Analytical methods. Plasma glucose concentration was measured

a - ~instantaneously using glucose oxidase and a hydrogen peroxide sensor

6666 V @m(Yellow Springs Instrument Co., Yellow Springs Glucose Analyzer
+1_ .+1 +1 +1 +lmodel 23AM; Yellow Springs, OH). Plasma [D2fglucose enrichment

am o c>, _ _ (12), plasma leucine and a-KIC concentration and isotopic enrich-
nment were measured by gas chromatography-mass spectrometry (GC-

00- MS) selected ion monitoring (model 5890/5790; Hewlett-Packard
6 *! Co., Palo Alto, CA). [D0lJleucine and [D7]a-KIC were used as internalber

+1 +1 +1 +1 standards (13). All tracer infusates were ultrafiltrated (0.1 Mm) and
t 0X : o _ .= analyzed by gas chromatography-mass spectrometry for chemical pu-

rity, tracer concentration, and isotope enrichment. Isotopic enrich-.=oo=- ment of "3CO2 in breath was measured by isotope ratio mass spectrome-
6 6 = .@=o- 'try (Sera Series II; VG Isotech, Cheshire, United Kingdom). Plasma
+E +1 +1 + insulin was measured using a RIA kit from CIS International (Gif-Sur-

Q CPRa0 __- Yvette Cedex, France). Plasma total IGF-I was extracted and mea-
sured as described ( 14). Plasma C-peptide was determined by RIA,

0||o**|A using reagents from Novo Research Institute (Bagsvaerd, Denmark).
ena0 A
o* o Glycan-coated Norit A carbon was used for precipitation ( 1 5). Plasma

X ++ +1 * glucagon was measured by RIA, using antibody 4305 kindly provided
0x_;4 =i by Dr. J. Holst (Panum Institute, Copenhagen, Denmark) ( 16), using

the same precipitation technique. Total plasma free fatty acids (17)
O <,Oo_ and fl-hydroxybutyrate ( 18) were determined using enzymatic meth-

6 6 6 6 ods. Plasma acetoacetate was determined by gas chromatography head-

+_+1+0+0 (O space analysis using a gas chromatograph from Packard Instrument
go ON _ _ Co., Inc. (Meriden, CT) (19).

i;4 C Calculations. Glucose rate of appearance was calculated during the
o~J' baseline period and during the last 90 min of the clamp (steady state
a:Ê.= periods) by dividing the isotope infusion rate by the plasma [6,6-D21-a | | ; |E

glucose mole percent excess (MPE) and subtracting the [D2]glucose
s a& w O infusion rate. Hepatic glucose production was calculated by subtract-
. . a T ing the total amount of infused glucose from the glucose rate of appear-

a g "o X~ n ance. Whole body leucine flux was calculated by dividing the isotope
-Z, :31 a infusion rate by the plasma [13C]a-KIC MPEusing the reciprocal pool

a- Q > 8 model and subtracting the tracer infusion rate (20). Steady state condi-
0 tions were present during the 30-min baseline period and during thea 2 < <,>last 90 min of IGF-I infusion, since there were no significant changes of

a a
&X(' [ 13C]a-KIC MPEwith time during these periods (ANOVA). The rate

X-.E+1 of leucine oxidation was calculated in the same two study periods as:

0| e APEcoX X VC02
E Leucine oxidation MPE,x 0.812

:11 E i,. 0 *11 Uwhere APEco2 is the '3C atom percent excess in expired C02, VCO2the
- A 0 5 A- rate of total CO2production, and MPEa-KIC is the [ "3C]enrichment

K X0 z > in arterialized plasma a-KIC (20-22). 0.81 was used to correct for CO2
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retention and other losses (23). The calculation of leucine oxidation
may be in error if background "3CO2 production changed during an
experiment; e.g., caused by oxidation of infused glucose with a different
natural 13C content than the CO2produced by the volunteer during the
baseline period. To assess this question, background 13CO2 enrichment
was determined in four volunteers receiving high doses of insulin and
glucose but no [13CI leucine tracer infusions. The results demonstrated
that background 13CO2 enrichment increased modestly during 8 h of
glucose infusion; if these background changes were included in the
calculation of leucine oxidation, it decreased by 40% rather than by
34% during high doses of insulin, and by 61% instead of 55% during
IGF-I. Thus, this effect of glucose infusions resulted in a modest aug-
mentation of the effects of insulin and IGF-I on leucine oxidation.

Nonoxidative leucine flux was calculated by subtracting the rate of
leucine oxidation from whole body leucine flux. Leucine rate of appear-
ance (equalling disappearance) was calculated using the primary pool
model by dividing the isotope infusion rate with the plasma [13C -
leucine MPEand subtracting the tracer infusion rate (22). The meta-
bolic clearance rates of IGF-I and insulin were the ratios of their infu-
sion rates and their increases in plasma concentrations at the end of the
studies.

Statistical analyses. One-way ANOVAwith repeated measures
(Macintosh II; Statview II, Berkeley, CA) was used to detect changes of
parameters over time. Differences between protocols were compared
using two-way ANOVA. Baseline values (-30, -15, and 0 min) were
compared with 390, 420, 450, and 480 min values, and the interaction
of the two treatments was tested.

Results

Plasma glucose concentrations, glucose infusion rate, hepatic
glucose production, and glucose rate of disappearance. Plasma
glucose concentrations during the baseline period averaged
4.97 mmol/liter and were similar in all groups (Table I). Mean
changes of plasma glucose concentrations from baseline during
the clamp period were < 10% in all groups. Fig. 1 demonstrates
that glucose infusion rates during 480 min of glucose clamping
were similar during the two corresponding doses of IGF-I and
insulin. The insulin doses matching high and low IGF-I doses
were 0.226±0.02 nmol/kg per h and 0.035±0.004 nmol/kg
per h insulin, respectively. Hepatic glucose production was
more suppressed during high dose insulin (-89 vs -35%, P
= 0.003), whereas glucose rate of disappearance increased
more during high dose IGF-I than during administration of the
compared hormone (239 vs 197%, P = 0.021). During low
dose IGF-I and insulin, the changes of glucose production and
disappearance were similar. A small amount of glucose was
also needed during clamping in saline controls.

Plasma leucine and plasma a-ketoisocaproate concentra-
tions, whole body leucineflux, leucine oxidation rate, and leu-
cine nonoxidative rate of disappearance. Table II demonstrates
that there were significant decreases of plasma leucine, and to a
lesser extent, of a-KIC concentrations during high and low
doses of IGF-I and insulin (P = 0.0001), respectively (IGF-I vs
insulin: NS). Whole body leucine flux (Fig. 2) decreased from
basal rates by 42±4% (P = 0.0001) and by 32±3% (P = 0.0001)
during the high IGF-I and insulin doses, respectively (IGF-I vs
insulin, P = 0.008). Leucine flux during low doses decreased
less than during high doses. Leucine oxidation decreased by
55±4% (P = 0.0001) and by 33±6% (P = 0.0001) after high
doses of IGF-I and insulin, respectively (IGF-I vs insulin: P
= 0.0001); the decreases were similar during low doses and
during saline infusion. Leucine nonoxidative rate of disappear-
ance decreased more during high than during low doses (P
<0.001) but without significant difference between the two
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Figure 1. (A) Glucose
infusion rate during 480
min of euglycemic
clamping, (B) hepatic
glucose production, and
(C) glucose rate of dis-
appearance expressed as
changes of final period
(390-480 min of hor-
mone or saline infusion)
from baseline. Results
are means ±SEMof n
= 8 in each group. In A:

, IGF-I "high"
dose; -e -, insulin
"high" dose; ,

IGF-I "low" dose;
-a , insulin "low"

dose; - , saline. In B
and C (from left to
right): * IGF-I "high"
dose; e, insulin "high"
dose; c, IGF-I "low"
dose; r2, insulin "low"
dose; n, saline.

peptides. Leucine rate of appearance calculated by the primary
pool model (Table II) decreased more during high doses of
IGF-I than during insulin (P = 0.013).

Plasma free fatty acid and ketone body concentrations.
Plasma free fatty acid concentrations (Fig. 3) decreased simi-
larly (by 44±4 by 50±4%) after 480 min of IGF-I and insulin
infused at high doses; they remained similar to baseline values
at the end of low doses, after a transient increase from 0 to 240
min after IGF-I (P < 0.05 IGF-I vs insulin). Plasma free fatty
acid concentrations in saline controls increased by 68±12% (P
= 0.0001). The course of ketone body concentrations paral-
leled that of FFA; plasma acetoacetate concentrations de-
creased from baseline by 73±9 and 75±7% until the end of high
dose IGF-I and insulin, respectively, and less (by 34±9 and
37±14%, P < 0.001 vs high doses) during low doses. Plasma
B-hydroxybutyrate concentrations decreased in parallel by
32±10 and by 31±8% during high IGF-I and insulin doses,
respectively, whereas they were similar to baseline values at the
end of low doses, after a transient increase from 0 to 240 min
during IGF-I (P < 0.05 vs insulin). Plasma acetoacetate in-
creased in saline controls by 113±29%, and B-hydroxybutyrate
by 22 1±68%.

Plasma insulin, IGF-I, C-peptide, and glucagon concentra-
tions. Plasma insulin concentrations (Fig. 4) increased during
high and low insulin doses 5.6- and 1.6-fold above baseline
values, whereas they decreased (P < 0.001) by 25±5 and
22±4% during high and low IGF-I doses, respectively. Plasma
total IGF-I concentrations increased during infusion to 360%
of baseline at the end of high doses and to 150% after low doses.
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Metabolic clearance rates were estimated during low doses;
they amounted to 19 ml/kg per h during administration of
IGF-I and to 795 ml/kg per h during insulin. Plasma C-peptide
concentrations at baseline were similar in all groups (range of
means 455-598 pmol/liter); they decreased by 57±4% and less
(by 36±6%, P < 0.005) during high doses of IGF-I, respec-
tively. During low dose IGF-I, they decreased also compared to
saline controls (P < 0.001 ). Baseline plasma glucagon concen-
trations were similar in all groups (range of means 54-67
pmol/liter); they decreased (P < 0.001 ) similarly during high
and low doses of IGF-I and insulin.

Discussion
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Glucose kinetics. The hypoglycemic potency of IGF-I adminis-
tered as bolus injection has been reported to be 12-fold lower
than that of insulin compared on a molar basis (3). In the
present studies where constant infusions of the two peptides
were used, their molar potency ratio was 17 during high doses
and 16 during low doses. Since IGF-I is bound to specific bind-
ing proteins (24) that interfere with its biological activity and
degradation, a comparison of the two peptides administered on
a molar basis does not reflect true physiological potencies.
Therefore, they were compared in the present studies at equi-
potent doses regarding glucose uptake, although IGF-I levels
were - 500-fold higher than those of insulin. The present re-
sults demonstrated that acute increases in plasma concentra-
tions of IGF-I decreased hepatic glucose output in man. The
higher of the two doses of IGF-I studied suppressed hepatic
glucose output significantly less than a corresponding dose of
insulin (48 vs 89%). On the other hand, glucose rate of disap-
pearance (reflecting mainly peripheral glucose utilization in
muscle (25)) increased more during IGF-I than during insulin.
Studies with IGF-I in rats and in depancreatized dogs demon-
strated a relative insensitivity of hepatic glucose output to IGF-
I (6, 26). These and our findings are in agreement with differ-
ences in receptor distribution of IGF-I and insulin in humans
and in experimental animals (27); i.e., higher concentrations
of type I IGF-I receptors in muscle and relatively lower concen-
trations in liver. Hepatic glucose production was influenced by
both infused IGF-I and endogenous insulin secretion. Since
plasma C-peptide levels (and thus, presumably intraportal in-
sulin concentrations) were lower during IGF-I than during in-
sulin, it can not be excluded that this phenomenon contributed
to diminished suppression of hepatic glucose production by
IGF-I. However, C-peptide concentrations were lowered in
both protocols, and it appeared unlikely that differences in en-
dogenous insulin secretion explained entirely the distinctly di-
minished decrease of hepatic glucose output during high doses
of IGF-I compared to high doses of insulin.

The observation of a relatively high sensitivity of hepatic
glucose output to insulin compared to peripheral glucose utili-
zation is consistent with earlier studies (28). The use of a vari-
able tracer infusion rate during glucose clamping was probably
the reason that "negative" rates of hepatic glucose output were
avoided in the present studies and that "true" rates of glucose
production were determined ( 11).

Leucine kinetics. After high doses of IGF-I leucine flux de-
creased by 43%and leucine oxidation even by 56%. These find-
ings suggest a potent inhibitory effect of IGF-I on protein
breakdown and on irreversible loss of amino acids; these effects
were significantly more pronounced than with corresponding
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Figure 2. Whole body
leucine flux, leucine
oxidation rate, and leu-
cine nonoxidation rate
expressed as changes of
final period (390-480
min) from baseline. Re-
sults are means ±SEM.
* IGF-I "high" dose; n,
insulin "high" dose; n,
IGF-I "low" dose; c,
insulin "low" dose; n,
saline.

doses of insulin. IGF-I at low doses had no significant effect on

leucine kinetics when compared to controls. The data demon-
strated that even in saline controls there was a decrease of leu-
cine flux. It cannot be ruled out, however, that this decrease
was in part caused by tracer recycling (29). Previous findings
of IGF-I effects on leucine flux in experimental animals demon-
strated conflicting results ( 30, 31 ). The observation that non-

oxidative leucine flux decreased during IGF-I was unexpected
and suggested inhibition of protein synthesis; however, the fall
of plasma leucine concentrations caused by antiproteolysis and
fasting may have prevented a possible stimulatory effect on

protein synthesis as it has been reported with insulin (32). It
remains to be seen whether IGF-I is capable of stimulating
protein synthesis during concurrent administration of amino
acids.

Lipid metabolism. Administration of IGF-I at either dose
lowered plasma free fatty acid concentrations dose depen-
dently, suggesting inhibition of lipolysis. In addition, the de-
creases of plasma acetoacetate and B-hydroxybutyrate concen-

trations reflected diminished ketogenesis. These effects of IGF-
I were not significantly different from those of corresponding
doses of insulin at the end of the studies, in agreement with
findings in humans (4), but at variance with data obtained in
rats and dogs demonstrating higher sensitivity of lipolysis to
insulin than to IGF-I (6, 31). In vitro studies demonstrated
that type 1 IGF-I receptor concentrations were relatively high
in human muscle but low in fat and liver (27, 33, 34). Consider-
ing these data on IGF-I receptor distribution, the present obser-
vations of similar final effects of IGF-I and insulin on lipid
metabolism suggest that they were mediated via insulin recep-

tors. It is noteworthy that during the first 4 h of the study, low
doses of IGF-I lowered FFA and ketone bodies significantly
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Figure 3. Plasma free fatty acids, plasma acetoacetate, and fl-hydroxy-
butyrate concentrations. IGF-I, insulin, or saline were infused be-
tween 0 and 480 min. Results are means±SEM. -v-, Saline; -_-,
IGF-I "high" dose; -a-, insulin "high" dose; --, IGF-I "low"
dose; -a-, insulin "low" dose.

less than insulin. A possible explanation for this phenomenon
may be that IGF-I concentrations increase only slowly in adi-
pose tissue to activate insulin receptors. The fact that plasma
FFA were similar after IGF-I and insulin indicate that FFA
availability did not explain the present results of leucine ki-
netics; this is of interest, since FFA concentrations have been
reported to influence leucine oxidation (35).

Glucoregulatory hormones. Acute increases in plasma con-

centrations of IGF-I lowered plasma insulin and C-peptide lev-
els, in agreement with previous studies (4, 5, 31, 36, 37). The
fall of plasma C-peptide during high doses of IGF-I was more

pronounced than that during insulin (57 vs 36%), suggesting
increased inhibition of insulin secretion by exogenous IGF-I
compared to insulin. Suppression of insulin secretion by IGF-I
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therapeutical interest in conditions of peripheral insulin resis-
tance and in protein catabolism.
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Figure 4. Plasma insu-
lin and IGF-I concen-
trations and changes of
plasma C-peptide and
glucagon levels from
baseline during 480 min
of IGF-I, insulin, or sa-
line infusion. Results
are means±SEM. v-,
Saline; -o-, insulin
"high" dose; --, in-
sulin "low" dose;
-_-, IGF-I "high"
dose; --a-, IGF-I
"low" dose.

may have resulted in lower intraportal insulin levels, and thus
in diminished suppression of hepatic glucose production by
insulin (38); this effect may have confounded a lowering of
hepatic glucose output by IGF-I. Along the same line, it is
possible that the decrease of plasma insulin by IGF-I led to an
underestimation of the antiproteolytic effect of IGF-I (32).
Plasma concentrations of IGF-I during high doses were similar
to those observed in pathophysiological conditions such as acro-

megaly (39); binding protein patterns, however, were probably
entirely different (40, 41 ). The lowering effects of IGF-I and
insulin on plasma glucagon concentrations were similar after
high and low doses. These data indicate that IGF-I effects on

hepatic glucose production were not confounded by altered
circulating glucagon levels.

Conclusions. The preferential stimulation of peripheral glu-
cose uptake and inhibition of leucine flux and oxidation by
IGF-I compared to insulin suggests that this peptide may be of
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