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Effect of Insulin-like Growth Factor-1 on the Responses
to and Recognition of Hypoglycemia in Humans
A Comparison with Insulin

David Kerr, William V. Tamborlane, Frances Rife, and Robert S. Sherwin
Departments of Internal Medicine, Pediatrics, and the General Clinical Research Center,
Yale University School of Medicine, New Haven, Connecticut 06510

Abstract

Recombinant human insulin-like growth factor-I (rhIGF-1)
lowers blood glucose in humans but its effect on counterregula-
tory responses has not been established. We therefore com-
pared infusions of rhIGF-1 (0.7 ,ug/kg per min) and insulin
(0.8 mU/kg. min) for 120 min in 10 healthy volunteers (glu-
cose allowed to fall freely). With both, glucose fell rapidly
because of stimulation of glucose uptake and suppression of
hepatic glucose production. Despite similar plasma glucose na-
dirs (2.6±0.1 vs. 2.7±0.1 mM), the glucagon response was
absent (P < 0.005), growth hormone release was attenuated (P
< 0.03), and norepinephrine levels were increased (P < 0.05)
by rhIGF-1 compared with insulin. Absent glucagon responses
were associated with a blunting of the rebound increase in glu-
cose production (P < 0.05 vs. insulin). After stopping the infu-
sions, glucose recovery was delayed with rhIGF-1 (P < 0.001
vs. insulin). To further evaluate the effects of rhIGF-1 during a
standard hypoglycemic stimulus, eight additional healthy sub-
jects received rhIGF-l or insulin while glucose was clamped at
2.8 mM.Again the rise in glucagon during insulin-induced hypo-
glycemia was totally abolished by rhIGF-1. Growth hormone
responses were delayed, whereas increases in norepinephrine,
heart rate, and symptomatic awareness of hypoglycemia were
greater with rhIGF-l compared with insulin (P < 0.05). It was
concluded that rhIGF-I suppression of glucagon release during
hypoglycemia impairs glucose recovery. Paradoxically, aware-
ness of hypoglycemia is enhanced with rhIGF-1 in part due to
stimulation of the sympathetic activity. (J. Clin. Invest. 1993.
91:141-147.) Key words: insulin * insulin-like growth factor-i .
hypoglycemia - glucose counterregulation

Introduction

Insulin-like growth factor- 1 (IGF- 1 ), 1 the putative mediator of
the somatotrophic action of growth hormone has rapid insulin-
like effects on protein metabolism and slower actions on cell
proliferation and differentiation (1). Recombinant human
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1. Abbreviations used in this paper: ANOVA,analysis of variance; IGF-
1, insulin-like growth factor-1; rhIGF-1, recombinant human IGF-1.

IGF- 1 (rhIGF- 1 ) has been used successfully to improve protein
balance in patients with growth hormone resistance (2) and
hypercatabolic states ( 3 ), suggesting that rhIGF- 1 may also be
a useful treatment for conditions associated with insulin resis-
tance, such as diabetes mellitus (4). However, use of rhIGF- 1
to stimulate growth and protein anabolism may be limited by
its glucose-lowering effects.

The effects of rhIGF- 1 on glucose metabolism vary between
species and between disease states. In nondiabetic rats, rhIGF-
1 stimulates peripheral glucose uptake but, unlike insulin, is
relatively ineffective in suppressing hepatic glucose production
(5, 6). In spontaneously diabetic BB/w rats, infusion of
rhIGF- 1 is able to suppress elevated rates of glucose production
as well as to stimulate glucose uptake (7), the suppressive effect
of rhIGF- 1 on hepatic glucose production being greater than
that observed with insulin. In contrast to the findings in nondia-
betic animals, rhIGF- 1 has been shown to markedly inhibit
hepatic glucose production in humans, even at doses that only
modestly stimulate peripheral glucose uptake (8). In that
study, however, the glucose clamp technique was used to main-
tain euglycemia.

Bolus injections of rhIGF-1 can cause hypoglycemia in
healthy human volunteers (9), but the kinetic mechanisms
underlying hypoglycemic counterregulation during rhIGF-1
infusion in humans have not been determined. Even less is
known about the comparative effects of rhlGF-1 and insulin
on the hormonal, symptomatic, and physiological responses to
hypoglycemia. The aim of this study was to evaluate whether
the response to rhIGF- 1-induced hypoglycemia is distinguish-
able from that produced by insulin. Two different methods of
inducing hypoglycemia were used. In the first, the effects of the
peptides on glucose counterregulation were examined directly
by allowing plasma glucose levels to fall freely during 2-h infu-
sions of rhIGF- 1 and an equipotent dose of insulin. The doses
of rhIGF- I and insulin were chosen on the basis of preliminary
experiments to ensure that they were sufficient to induce and
maintain hypoglycemia despite a brisk counterregulatory re-
sponse. In this experiment, recovery from hypoglycemia was
compared after stopping the hormone infusions. In a second
protocol, the hormonal, symptomatic, cognitive, and cardio-
vascular responses to a standardized hypoglycemic stimulus
induced by rhIGF- 1 or insulin were assessed using the glucose
clamp technique ( 10). This method allows comparisons of
these responses while avoiding the confounding effects of varia-
tions in the rate and magnitude of the fall in plasma glucose.

Methods

18 healthy volunteers (age range 18-33 yr) who were within 120% of
ideal body weight participated in the study, which was approved by the
Human Investigations Committee of Yale University. None had any
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history or clinical evidence of medical illness, and none was taking any
medications. Informed written consent was obtained from each volun-
teer. In each of the two experimental protocols described below, paired
rhIGF- 1 and insulin experiments were performed 2 1 wk apart in a
random order. To avoid any potential confounding effects of gender on
the hormonal response to induced hypoglycemia ( 11), a paired study
design was used and mainly men were recruited.

All studies were performed in the Yale General Clinical Research
Center on the morning of the study after a 10-h overnight fast. Two
intravenous catheters were inserted under local anesthesia; one in an
antecubital vein for infusion of test substances (see below), and a sec-
ond, inserted retrograde into a dorsal hand vein, for sampling of arteri-
alized venous blood. The hand was placed in a heated box (65°C) and
the cannula kept patent by a 154 mMNaCl infusion. In both protocols
subjects were told that their blood glucose would be lowered at some
stage but they were not told the level at any time.

Free-fall hypoglycemia protocol. 10 subjects (8 male) were studied
on two separate occasions. A primed-continuous infusion of 3- [3H ]-
glucose (25 ,uCi bolus, 0.25 ACi min-') was given for 120 min, after
insertion of the cannulae, to allow equilibration of the tracer. After the
tracer equilibration period, subjects received, in a random order, either
a primed-continuous infusion of human regular insulin (0.8
mU* kg-' * min-') (Eli Lilly and Company, Indianapolis, IN) or IGF-
1 (0.7 Ag * kg-' * min -1) (Genentech Inc., San Francisco, CA) for 120
min. The priming dose was given over the initial 10 min at twice the
continuous infusion rate. Plasma glucose was allowed to fall and levels
were determined every 5 min in duplicate at the bedside by a glucose
oxidase method (Beckman Instruments, Inc., Fullerton, CA). After
120 min, the insulin or rhIGF-l infusions were stopped and plasma
glucose was allowed to "recover" over a further 100 min.

Arterialized venous blood samples were taken for subsequent mea-
surement of insulin, C-peptide, IGF- 1, and counterregulatory hor-
mone levels every 10-40 min. Samples for kinetic determinations were
taken at 10 min intervals over the final 30 min of the equilibration
period and at 10- to 15-min intervals throughout the study.

Hypoglycemic clamp protocol. Eight men participated in two stud-
ies performed at least 1 wk apart. At the start of the study (time 0),
subjects were randomized to receive either a primed-continuous infu-
sion of human insulin (6.5 mU/ kg over 10 min, 1.3 mU* kg- * min -')
or IGF- 1 (40 ,ug/kg prime, 0.88,g * kg-' * min -'), which was continued
for the duration of the study. An infusion of 20% glucose solution
(Harvard Apparatus, Millis, MA) was used to maintain plasma glucose
levels at predetermined values, on the basis of duplicate glucose mea-
surements made every 5 min as described above. During both visits,
plasma glucose levels were "clamped" at 5.0 mMfor 120 min (euglyce-
mic period), thereafter lowered over 30 min to 2.8 mMand main-
tained at this level for a further 2 h (hypoglycemic period). Weused
slightly higher doses of rhIGF- 1 and insulin than in the free-fall study to
be able to maintain plasma glucose at 2.8 mMafter release of coun-
terregulatory hormones.

Heart rate and blood pressure were recorded every 30 min by an
automated oscillometric method (Accutor lA monitor; Datascope
Corp., Paramus, NJ). At baseline, before starting the infusions, at the
end of the euglycemic period, and after 30 and 100 min of hypoglyce-
mia, evaluations of the symptomatic and cognitive responses to hypo-
glycemia were made. Subjects completed a questionnaire assessment of
symptoms (facial flushing, palpitations, tingling, trembling, sweating,
hunger, blurred vision, and sleepiness) and awareness of hypoglycemia
using 100-mm visual analogue scales ( 12). The extremes of the scale
were "absent" and "severe."

Cognitive function was determined using P300 auditory evoked
responses as previously described ( 13). Briefly, scalp electrodes were
placed at Cz and Pz positions with reference and ground electrodes
placed on the mastoid processes. P300-evoked potentials were obtained
with an auditory (oddball) categorization task in which subjects si-
lently counted a number of soft clicks delivered in a train of frequent
loud and infrequent soft clicks. Duplicate measurements were made at
each time point.

Blood was sampled at 20 to 30-min intervals for measurement of
insulin, IGF-1, glucagon, epinephrine, norepinephrine, growth hor-
mone, and cortisol levels.

Analytical methods. Tritiated glucose-specific activity was deter-
mined by modification ofthe Somogyi precipitation procedure as previ-
ously described ( 14). Basal turnover of glucose was calculated by divid-
ing the tracer infusion rate by the mean of three measurements of
[3H]glucose-specific activity obtained during the last 30 min of the
equilibration period. The rate of endogenous glucose production and
total body glucose uptake were estimated using a two-compartment
model of glucose kinetics described elsewhere ( 15 ). Plasma IGF- 1 lev-
els (total) were measured by double-antibody radioimmunoassay after
acid ethanol extraction using a polyclonal rabbit anti-recombinant
IGF-1 antibody (Genentech Inc.). The intra- and interassay coeffi-
cients of variation for the total IGF-l assay were 2-7 and 12-19%,
respectively ( 16). Plasma insulin, C-peptide, glucagon, cortisol, and
growth hormone levels were measured using commercially available
kits as previously described (17, 18) and catecholamines were mea-
sured by a radioenzvmatic technique (Amersham Corp., Arlington
Heights, IL).

Statistics. Statistical analyses were performed using repeated mea-
sures analysis of variance (ANOVA) ( 19 ). Where ANOVAswere sig-
nificant, contrasts in means were compared using paired Student's t
tests. Where data were not normalized after logarithmic transforma-
tion (e.g., hypoglycemic symptoms), comparisons were made using
Wilcoxon signed rank and Kruskal-Wallis nonparametric tests. Base-
line values represent the mean of two or three preinfusion values taken
at 10-r..in intervals. Unless otherwise stated, data are presented as
mean±SE.

Results

Free-fall hypoglycemia protocol
Effect of insulin and IGF-I infusions on glucose, insulin, C-pep-
tide, and IGF-I levels. Plasma glucose, insulin, C-peptide, and
IGF- 1 levels achieved during each study are shown in Fig. 1.
Fasting (4.6±0.1, 4.7±0.1 mM), rate of fall, and nadir
(2.6±0.1 and 2.7±0.1 mM)plasma glucose values were similar
in each study as were plateau values over the final 60 min of the
infusion periods. However, recovery from hypoglycemia was
significantly delayed after infusion of rhIGF-l (P < 0.00 1 vs.
insulin), with plasma glucose levels still below fasting values
100 min after stopping the rhIGF- 1 infusion. In the insulin
study, plasma insulin levels (400-450 pM) reached a plateau
within 10 min and throughout the insulin infusion, falling to
basal levels by 40 min after discontinuation of the insulin infu-
sion. In the rhIGF-l study, IGF-l levels (400-450 ng/ml) also
reached a stable plateau by 40 min but in contrast to the insulin
study, levels of IGF- 1 remained significantly elevated above
baseline (P < 0.001 ) after cessation of the hormone infusion.
The rate of fall and magnitude of suppression of C-peptide
were similar in both studies but unlike the rhIGF- 1 study, C-
peptide levels increased significantly after stopping the insulin
infusion but remained suppressed for 100 min after discontin-
uing the rhIGF- 1 infusion (P < 0.001 compared with insulin).

Effect of insulin and IGF-I on glucose counterregulation.
Levels of counterregulatory hormones during the free-fall hypo-
glycemia study are shown in Fig. 2. The rise in plasma glucagon
seen during insulin-induced hypoglycemia was blocked by in-
fusion of rhIGF- 1; by 120 min, glucagon levels had risen from
111 ± 18 to 158±25 ng/liter in the insulin study (P < 0.05) but
were unchanged from baseline (109±17 vs. 105±21 ng/liter)
with rhIGF-1 (P < 0.005 vs. insulin). Similarly, the rise in
growth hormone was also attenuated by rhIGF-1, increasing
from 3.0±0.7 to 13.8±5.4 ag/liter after 70 min compared with
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Figure 1. Effect of insulin and rhIGF-I infu-
sions on levels of glucose, insulin, C-peptide,
and IGF-l during the free-fall hypoglycemia
study.
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Figure 2. Counterregulatory hormone levels
during the free-fall hypoglycemia study. The
glucagon response to hypoglycemia was absent
(P < 0.005 by ANOVA), growth hormone levels
were lower (P < 0.03), and norepinephrine lev-
els were higher (P < 0.05) during infusion of
rhIGF- 1 compared with insulin. Asterisks indi-
cate comparisons of group means at individual
time points. (*P < 0.05 rhIGF-1 vs. insulin).
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Figure 3. Rates of hepatic glucose production (Ra) and total glucose
uptake (Rd) during the free-fall hypoglycemia study. *P < 0.05
rhIGF-1 vs. insulin.

a rise from 2.9±0.9 to 33.6±6.6 ,ug/liter during the insulin
infusion (P < 0.05). Growth hormone levels remained signifi-
cantly higher during the insulin study until the infusion was
discontinued. In contrast, norepinephrine levels were signifi-
cantly elevated at the end of the rhIGF-l infusion (2.55±0.30
vs. 1.78±0.19 nM for insulin at 120 min, P < 0.05) and re-
mained higher in the rhIGF- 1 study after cessation of the hor-
mone infusions. Epinephrine levels were similar during the hy-
poglycemic phase of both studies. However, after cessation of
the hormone infusions, epinephrine levels returned to baseline
more rapidly after insulin than rhIGF- 1 (Fig. 2) in association
with the more rapid return of plasma glucose to preinfusion
values. Cortisol responses (data not shown) were similar be-
tween the two studies.

As shown in Fig. 3, hepatic glucose production decreased
and peripheral glucose uptake increased within 30 min from
the onset of the hormone infusions in both studies (P < 0.05 vs.
baseline). During the insulin infusion, hepatic glucose produc-
tion quickly rebounded to values significantly above baseline
(rising to 3.6±0.5 mg* kg- * min-') whereas hepatic glucose
production only rebounded to baseline values (2.6±0.3
mg kg' . min-I) with rhIGF-l (P < 0.05 between studies).
On the other hand, the initial increase in glucose uptake
(3.7±0.3 vs. 3.0±0.3 mg-kg-' -min ', P = NS) was slightly
greater during insulin than rhIGF- 1 infusion, explaining the
similar glucose fall in both studies. Rapid recovery from hypo-
glycemia after stopping the insulin infusion was accounted for

Total IGF-1 (ng/ml)
8001

600

400

2001

v-6
-60 0 60 120

Time (min)
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Figure 4. Effect of insulin and rhIGF- 1 infusions on levels of glucose,
insulin, and IGF- I during the glucose clamp study.

by a prompt reduction in peripheral glucose uptake and persis-
tant stimulation of glucose production. In the rhIGF- 1 study
the slower glucose recovery after cessation of the hormone in-
fusion was largely due to the failure of glucose uptake to fall (P
< 0.05 compared with insulin) (Fig. 3).

Hypoglycemic clamp protocol
Plasma glucose, insulin, and IGF-J levels. Plasma glucose, in-
sulin, and total IGF-l levels achieved during each study are
shown in Fig. 4. Infusion of rhIGF- 1 suppressed insulin levels
below baseline (P < 0.05), whereas IGF- 1 levels were not af-
fected by insulin infusion. In the final 30 min of hypoglycemia,
levels of IGF- I were significantly higher than during the corre-
sponding period of euglycemia (P < 0.01 ). Plasma insulin, on
the other hand, remained relatively stable throughout the en-
tire study.
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Counterregulatory hormone levels. During the euglycemic
phase of both studies plasma glucagon was suppressed by
- 50% (Fig. 5). Plasma glucagon rose briskly from nadir val-
ues when blood glucose was lowered to 2.8 mMby insulin
(from 65±8 to 150±24 ng/liter, P < 0.05). In contrast, rhIGF-
1-induced hypoglycemia caused a negligible change in gluca-
gon from nadir values (from 57±6 to 74±13 ng/liter). Plasma
glucagon during the rhIGF-1 study was substantially lower
than at corresponding times during the insulin study (P
< 0.002). The growth hormone response to hypoglycemia was
delayed in the rhIGF- 1 study (P < 0.05) for the initial 60 min
after plasma glucose was lowered to 2.8 mMbut thereafter
responses were similar in both studies. In contrast, the overall
plasma norepinephrine response during the hypoglycemic
phase of both clamp studies was greater during infusion of
rhIGF-l compared with insulin (2.7±0.3 vs. 2.2±0.3 nM, P
< 0.05 by ANOVA). Epinephrine and cortisol responses (data
not shown) were similar in both studies.

Cardiovascular, cognitive and symptomatic changes. As
shown in Table I, systolic blood pressure rose and diastolic
blood pressure fell to the same extent in both studies during
hypoglycemia. Infusion of rhIGF-1 caused a significant in-
crease in heart rate during the euglycemic phase of the study (P
< 0.01 compared with insulin) that was sustained throughout
hypoglycemia (P < 0.05). Lowering the blood glucose to 2.8
mMwas associated with a similar increase in latency and de-
crease in amplitude of the P300 wave in both studies (both P
< 0.05). As shown in Fig. 6, symptomatic awareness of hypo-

glycemia and hunger were significantly enhanced by rhIGF- 1
(P < 0.05 vs. insulin) as assessed by the visual analogue scales.
There was also a tendency for other symptoms to be more
intense with rhIGF- 1, but these differences did not reach statis-
tical significance.

Discussion

In this study the effects of rhIGF- 1 and insulin on the physiolog-
ical responses to hypoglycemia and glucose counterregulation
were compared using two different experimental techniques.
During the free-fall study, rhIGF- 1 abolished the rise in plasma
glucagon and attenuated the growth hormone response to a
reduction in plasma glucose as compared with insulin. The fall
in plasma glucose induced by rhIGF- 1 was caused by prompt
suppression of hepatic glucose production as well as stimula-
tion of peripheral glucose uptake. These metabolic actions
were most likely due to direct effects of rhIGF- 1 since endoge-
nous insulin secretion, as assessed by changes in C-peptide lev-
els, appeared to be markedly suppressed. The fall in plasma
glucose and insulin induced by rhIGF- 1 would, under other
circumstances, have been expected to stimulate release of glu-
cagon and increase hepatic glucose production. However, we
found that the glucagon response to hypoglycemia was absent
and hepatic glucose production failed to rise above baseline
with rhIGF- 1. The effects of rhIGF- 1 on peripheral glucose
uptake are likely to have been mediated by interaction with
specific type- 1 IGF receptors, which are present in high density
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Table I. Cardiovascular and Cognitive Changes During
the Glucose Clamp Study

Baseline Euglycemia Hypoglycemia
0 min 90-120 min 240-270 min

Heart rate
Insulin 65±5 69±4 69±5
rhIGF-1 67±5 79±5$ 82±6*

Systolic pressure
Insulin 120±5 122±3 130±4
rhIGF-1 124±4 127±2 131±3

Diastolic pressure
Insulin 71±3 69±2 63±3
rhIGF-1 75±3 70±1 62±2

P300 latency (ms)
Insulin 300±7 306±14 313±13
rhIGF-l 320±8 308±6 334±7

P300 amplitude (gV)
Insulin 7.0± 1.0 6.5±0.8 4.3±0.7
rhIGF-l 7.3±1.3 6.6±0.6 4.6±0.9

Values shown were measured at baseline, over the final 30 min of the
euglycemic, and during hypoglycemic phases of the clamp study
during infusion of insulin or rhIGF- 1.
* P < 0.05, t P < 0.01 insulin vs. rhIGF- l.

in muscle cells (20). In contrast, there are few if any IGF recep-
tors in the liver (21 ). The suppression of hepatic glucose pro-
duction by rhIGF- 1 observed in our study may have been a
result of rhIGF- 1 cross-reacting with hepatic insulin receptors.
Alternatively, the reduction in glucose production by the liver
could also be explained by suppression of glucagon production
by pancreatic alpha cells. The marked delay in glucose recovery
from hypoglycemia after termination of the rhIGF- 1 infusion
was likely to be a consequence of failure of glucagon levels to
rise significantly, persistence of high circulating levels of IGF- 1
(and thus stimulation of peripheral glucose uptake), or a com-
bination of both. It is recognized that IGF- I has a long half-life
compared with insulin because of the modulating effects of
IGF- 1-binding proteins (22).

The absent glucagon response to hypoglycemia observed
during the free-fall study was also confirmed when we used the
glucose clamp technique to produce a sustained hypoglycemic
stimulus. Surprisingly, the magnitude of the inhibitory effect
on glucagon release in this study was substantially greater than
that observed for growth hormone. Glucagon release during
hypoglycemia is thought to be mainly dependent on central

I Insulin a rhlGF-1 rhlGF-l * Insulin

Awareness *

Figure 6. Differences
(median [interquartile
range]) in symptom
scores (rhIGF-1 minus
insulin) using peak
changes from baseline
on visual analogue
scales during hypoglyce-
mic phase of paired
rhIGF-l and insulin
clamps.

rather than peripheral glucopenia (23) through activation of
autonomic systems (24). However, studies using the isolated
buffer-perfused pancreas have reported a rise in glucagon secre-
tion in response to hypoglycemia (25), implying regulation at
the level of the alpha cell as well. In the present study the hypo-
glycemic stimulus was similar in both protocols, and insulin
secretion, which normally inhibits glucagon release (26), was
inhibited by rhIGF- 1. rhIGF- 1 also lowered plasma glucagon
levels during the euglycemic phase of the clamp study. A simi-
lar effect during euglycemia has been reported in healthy hu-
man subjects using doses of rhIGF- 1 that were 40-50% less
than used here (8). One explanation for the failure of glucagon
to rise when plasma glucose was lowered might be a conse-
quence of a direct action of rhIGF- 1 on pancreatic islet cell
function. Specific receptors for IGF- 1 have been demonstrated
in rat alpha and beta cells (27). A recent in vitro study has
suggested that IGF-1 can inhibit insulin release directly, by
binding to IGF- 1 receptors (28); perhaps a similar effect occurs
with respect to the alpha cell. It is also possible that the suppres-
sion of glucagon was due to a direct action of rhIGF- 1 on IGF- 1
receptors in the brain (29-31 ), as recently demonstrated with
insulin ( 12), or on delta cell somatostatin secretion.

Growth hormone is a key regulator of IGF- 1 production in
the liver and in a variety of extrahepatic tissues (32), and re-
lease of growth hormone is thought to be influenced, through
negative feedback mechanisms, by circulating levels of IGF- 1
(33). As expected we found significant suppression of the
growth hormone response to hypoglycemia in the free-fall
study. Surprisingly, this effect was much less pronounced dur-
ing the hypoglycemic phase of the glucose clamp where growth
hormone responses after 60 min were similar to insulin and
rhIGF- 1 infusion. This may partly reflect the slightly longer
duration of hypoglycemia and the higher insulin dose used in
the clamp study ( 12). In comparison with our study, Guler et
al. (9) found no difference in the responses of glucagon and
other counterregulatory hormones to hypoglycemia induced
by a bolus injection of insulin or rhIGF- 1 in healthy volunteers.
These discrepancies may reflect differences in methodology, as
the nadir of blood glucose was lower (< 2 mM/liter) and the
dose of rhIGF-l was greater (100 ,ug/kg) in their study.

Wefound that infusion of rhIGF-1 caused a significantly
greater increase in heart rate than insulin during both the eugly-
cemic and hypoglycemic phases of the clamp study. This
chronotropic action of rhIGF- 1 was associated with increased
levels of norepinephrine and greater "awareness" of hypoglyce-
mia, findings that may reflect enhanced stimulation of sympa-
thetic activity by rhIGF- 1. This interpretation is supported by a
number of in vitro studies where IGF- 1 has been shown to
stimulate synthesis and activation of tyrosine hydroxylase (34)
and to augment the release of catecholamines from chromaffin
cells in vitro (35, 36). Indeed, IGF-l has even been shown to
stimulate replication of pheochromocytoma cells and sympa-
thetic neuroblasts ( 37, 38 ). Alternatively, the effect of rhIGF- 1
on heart rate may have been a consequence of direct stimula-
tion of IGF- 1 receptors in the heart (39, 40).

In conclusion, use of rhIGF- 1 to exploit its anabolic effects
on cell growth and protein metabolism may be limited by its
ability to cause hypoglycemia. Our findings show that the pat-
tern of the acute hypoglycemic action of rhIGF- 1 is similar to
insulin with suppression of hepatic glucose production and
stimulation of peripheral glucose uptake. Nevertheless, pa-
tients treated with rhIGF- 1 may be susceptible to prolonged
hypoglycemia due to inhibition of the glucagon and growth
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hormone responses and sustained suppression of a rebound
increase in hepatic glucose production. Paradoxically, warning
of impending hypoglycemia may be enhanced by rhIGF- 1
compared with insulin, as a consequence of greater stimulation
of the sympathetic nervous system. It should be emphasized
that the diverse metabolic effects of intravenous infusions of
IGF- 1 may differ from that seen after subcutaneous administra-
tion. Free IGF- 1 levels are likely to be higher after intravenous
injection and this in turn could alter levels of IGF-binding pro-
teins. Thus it remains to be determined whether chronic subcu-
taneous administration of IGF- 1 would have comparable ef-
fects on glucose counterregulation.
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