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The insulin-like growth factors (IGF-I and IGF-II) are small polypeptides (M,
~7500) that control growth of multiple cell types. Cells derived from all three
embryonic lineages contain IGF receptors, and almost all cell types have been
shown to respond to IGFs (79). The IGFs stimulate multiple cellular re-
sponses that are related to growth, including synthesis of DNA, RNA, and
cellular protein (80). IGF-I and IGF-II signal cells that adequate nutrient is
available in the microenvironment for the cell to enter the “s” phase of the cell
cycle (71). Experiments conducted in Balb/c 3T3 fibroblasts have shown that
when nutrients are deficient (usually, essential amino acids), the addition of
IGF-I is sufficient to overcome growth arrest in the fibroblasts (41). Support
for the concept of nutrient-dependent growth signalling derives from the
observation that the IGFs stimulate both amino acid transport (40) and protein
synthesis (64) in skeletal tissues and have the potential to fulfill an important
role as mediators of tissue anabolism.

The strongest support for the theory that the IGFs are major mediators of
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nutrient-induced changes in anabolic responses comes from the studies that
have analyzed IGF synthesis and secretion. The rate of IGF-I synthesis in
tissues and its secretion into the systemic circulation is dependent not only
upon pituitary growth hormone but also upon the availability of adequate
nutrient intake. Administration of growth hormone to fasted rats or humans
results in a smaller increase in plasma IGF-I concentration (60) than is
observed when growth hormone is given to fed animals. Control of IGF
synthesis and secretion, therefore, may provide an intermediate signalling
mechanism that indicates to target cells that adequate nutrients have been
ingested and are available for protein synthesis and cell division.

Current understanding of the molecular mechanisms by which the IGFs act
as an intermediate signal has resulted from the unraveling of a complex series
of biochemical events that occur following nutrient intake. These studies have
also clarified the relationship between IGF-I and insulin in nutrient-dependent
signalling. IGF-I and insulin are structurally related: The amino acid sequence
of proinsulin has about 50% homology with IGF-I (61). At one time a
primordial precursor for insulin and IGF-I may have linked nutrient intake
directly to stimulation of cell growth. Insulin probably evolved in order to
provide a mechanism for sensitive control of carbohydrate balance following
meals, whereas IGF-I has remained a more primordial stimulus that is closely
related to total energy and protein intake.

The conservation of the primary structures of IGF-I and insulin allows for
some overlap in their receptor specificity (52). Thus, insulin can bind IGF
receptors with approximately 1% the affinity of IGF-I. In several test systems,
however, insulin is not as potent a growth stimulant as IGF-I, even at
concentrations that appear to be sufficient to saturate IGF-I receptors. Some
additional property, therefore, may be possessed by the IGF-I molecule that
permits maximal stimulation of cell growth. Likewise, IGF-I and -II can
cross-react with insulin receptors by approximately 2%, and IGF-I produces
hypoglycemia if given in sufficient amounts (65). IGF-I, however, is not a
potent stimulator of lipogenesis, presumably because fat cells do not contain
IGF-I receptors (82). There is also significant conservation of structure
between the insulin receptors and IGF receptors: 40% of the primary sequence
of these receptors is homologous, as is their heterotetrameric structure (78).
The insulin/IGF receptor heterotetramers are composed of two alpha subunits
(M, ~135,000) that contain either IGF- or insulin-binding sites and two beta
subunits (M, ~95,000) that contain a tyrosine kinase signalling domain. A fter
binding of either ligand to its respective receptor, the receptor undergoes a
confirmational change that results in activation of tyrosine kinase activity and
phosphorylation of specific proteins believed to be essential for IGF and
insulin receptor signalling (38). There is also evidence of receptor cross-talk:
activation of the IGF receptor results in activation of the insulin receptor and
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vice versa (39). Therefore, while they have evolved specific functions con-
cerned with mediating the effects of nutrient intake on growth and metabo-
lism, the IGFs and insulin overlap binding and signal transduction properties.
This overlap suggests that the interactions between these peptides that are
involved in nutrient-dependent signalling mechanisms may be coordinated.

Autocrine, Paracrine, and Endocrine Actions of IGFs

To understand the role of IGFs in mediating the effects of nutrient intake on
anabolic responses, it is important to realize that IGFs may function as
autocrine/paracrine growth factors as well as classic endocrine hormones.
Initially the IGFs were believed to be systemic growth factors, which are low
in patients with growth hormone deficiency and high in patients with growth
hormone excess (26). Later studies showed that many cell types in culture,
including human fibroblasts, could secrete IGFs (1, 17) and that fibroblast-
related connective tissue cells in many organs contain IGF-I and IGF-II
mRNAs (30). Since these cells are present in multiple tissues and organs,
investigators have hypothesized that IGFs are secreted in the microenviron-
ment and stimulate cell growth locally (Figure 1). Further support for this
hypothesis derives from the observation that addition of antibodies to IGF-I or
to type I IGF receptors in concentrations sufficient to inhibit IGF-I binding to
receptors will block the effects of locally secreted IGF-I on growth (10, 63).
This hypothesis has been extended by showing that IGF-I is synthesized in
wound injury models of cartilage, muscle, or arteries. This synthesis occurs in
cell types that are dividing rapidly (e.g. satellite cells in muscle) and con-
tinues until the wound is healed (62). Synthesis of IGF-I, therefore, may be an
important component of their local proliferative response to injury, and
autocrine/paracrine secretion of IGF-I may be an essential growth regulatory
event after injury. Nutritional intake could potentially regulate this local
proliferative response by modulating IGF-I synthesis by cells in the regenerat-
ing tissue. This review focuses on control by nutrients of IGF secretion into
blood. The reader, however, should keep in mind that synthesis IGF-I in
peripheral tissues (about which little is known) may also be an important
component of the response to changes in nutrient intake.

The role of insulin-like growth factor II in mediating the effects of IGFs is
incompletely understood. Possibly, IGF-II modulates nutritional effects in-
directly, since its concentrations in serum are 3—4 times greater than those of
IGF-1, and changes in IGF-I that result in saturation of plasma-binding
proteins might accelerate the rate of IGF-II transport out of the vascular
compartment. Changes in extravascular IGF-I concentrations could also
change IGF-II binding to cell surface receptors. IGF-II has 52% amino acid
sequence identity with IGF-I and binds the type I IGF receptor with approx-
imately one third the affinity of IGF-I (56). Therefore, IGF-II has the struc-
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Figure 1 Comparison of autocrine/paracrine and endocrine control of cell growth by somatome-
dins.

tural requirements that are necessary to stimulate growth. IGF-II con-
centrations in plasma are much less dependent on growth hormone than are
IGF-I concentrations, and their role in mediating changes in the anabolic
response to nutrient intake is unknown. To propose a direct role for IGF-II in
mediating changes in the anabolic response to nutrient intake is difficult
because plasma levels of IGF-II have been shown to be unchanged even by
extreme nutrient deprivation such as 10 days of fasting (20).

Nutritional Control of IGF-I Synthesis and Secretion

The possible role of nutrition in the regulation of IGFs first came to light when
Grant et al observed that serum somatomedins (IGF) bioactivity was low in
children with protein-calorie malnutrition, despite high growth hormone (GH)
values (29). The development of specific reagents that could reliably measure
serum IGF-I concentrations by RIA enabled investigators to show that fasting
of normal human subjects for 10 days resulted in a 70% fall in plasma IGF-I
concentrations (12). The uncoupling between serum GH concentrations and
GH action was confirmed by Merimee et al (53), who showed that after three
days of fasting, normal subjects showed no change in serum IGF-I in response
to GH injections. This finding suggested that the low somatomedin (IGF)
observed in malnourished children was due to growth hormone resistance.
Other hormones also appear to be involved in the fasting-induced decline in
IGF-I as reflected in positive correlations between changes in serum T3 and
insulin concentrations and changes in serum IGF-I during caloric restriction

(9).
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The molecular mechanisms accounting for changes in blood concentrations
of IGF-I during nutrient deprivation have been the focus of intense analysis.
Rat models have been used for these studies so that tissues can be sampled and
steady-state IGF-I mRNA levels can be analyzed. Because liver is believed to
be the primary source of IGF-I in blood, this organ has been studied most
intensely. When rats are fasted for three days they experience marked reduc-
tions in serum IGF-I and in binding of growth hormone to its receptor (46).
This reduction in growth hormone binding has been proposed as the primary
mediator of growth hormone refractoriness. During refeeding, hepatic growth
hormone binding increased at approximately the same rate as the serum IGF-I
concentrations. The fasting-induced decline in GH binding may be an impor-
tant mechanism for the decrease in serum IGF-I concentrations. Straus &
Takemoto (72) have recently shown that the decrease in GH receptors that
occurs during fasting is accompanied by a parallel decrease in hepatic GH
receptor mRNA abundance, indicating that regulation may occur at the
transcriptional level.

In fasted rats, steady-state hepatic IGF-I mRNA levels decrease in compari-
son with well-fed controls, thus indicating that decreased transcription of
IGF-I mRNA may be the mechanism mediating the decrease in blood IGF-I
concentrations (24). Indeed Straus & Takemoto (72) have shown that this
fasting-induced reduction is accompanied by a direct reduction in the rate of
IGF-I gene transcription. Refeeding produces a prompt increase in steady-
state mRNA levels.

In contrast to the reduction in GH receptors that occurs during fasting,
dietary protein restriction in rats appears to lower serum IGF-I concentrations
by a different mechanism. Rats subjected to restriction of dietary protein (5%
instead of 15% protein diet) show consistent reductions of serum IGF-I
concentrations, but only modest reductions in GH binding (47). Furthermore,
when protein-restricted rats are treated with GH they exhibit marked attenua-
tion of the serum IGF-I response (44) (Figure 2). Taken together, these
findings suggest that protein restriction causes post-receptor resistance to the
action of GH, and that the low IGF-I is not mediated via reduced GH binding
(50). Protein restriction also causes reduction of hepatic IGF-I mRNA com-
mensurate with the decline in serum IGF-I (55), which suggests that the
changes in serum IGF-I come about partly as the result of transcriptional
events.

Lowe et al have shown that fasting induces significant reductions in IGF-I
mRNA abundance in nonhepatic tissues such as kidney, muscle, gut, and
brain, indicating that these changes are not restricted to hepatic IGF-I mRNA
(42). Furthermore, IGF-I receptor mRNA appears to be up-regulated in many
of these organs (42). Protein deprivation in preweaning rat pups also reduces
IGF-I mRNA abundance, thereby implicating pre-translational mechanisms
(55). When young pups are fed a protein-restricted diet by gastrostomy their
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Figure 2 Response of serum IGF-I to GH in protein-restricted rats. Normal rats were fed a
normal (closed circles) or a 5% (open circles) protein diet for seven days and were given GH in
the dosage indicated. The results show significant attenuation of the serum IGF-I response in the
protein-restricted animals.

weight gain and tail lengths are less than those of control animals fed a normal
diet. Correlations can be made between liver mRNA abundance and weight
gain (r = 0.614), increases in tail length (r = 0.579), and plasma IGF
concentrations (r = 0.56). The effect of protein deprivation appears to be
age-dependent, since it is less profound in older animals (25).

The effect of energy deprivation on these molecular mechanisms has not
been studied extensively. Several investigators have examined the effect of
experimental diabetes as a model of energy restriction (8, 28, 45, 48, 49).
Maes et al showed that diabetes had no effect on GH receptor number in intact
or hypophysectomized rats; their serum IGF-I responses to GH were im-
paired, however, suggesting that diabetes had caused a post-receptor defect
(48). Goldstein et al have shown that experimental diabetes results in a
reduction in hepatic IGF-I mRNA abundance, and they suggest that these
changes contribute to reduction in serum IGF-I (28). Bornfelt et al have
confirmed this finding in diabetic rats and have shown the IGF-I mRNA
abundance is also reduced in kidney, heart, and diaphragm (8).

To determine if the reduction in the serum IGF-I response to GH is the sole
mechanism resulting in growth retardation in protein-restricted rats, IGF-I has
been administered to fasting mice and rats as well as to rats fed 5% protein
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NUTRITIONAL REGULATION OF THE GH/IGF-1/IGF
BINDING PROTEIN CASCADE

Figure 3 Sites in the GH/IGF-I/IGF binding protein cascade at which nutrient restriction
appears to exert effects that lead to attenuation of growth. During fasting, GH receptors are
decreased, and this may impair GH action. During protein restriction, GH binding is not
diminished, but there is post-receptor resistance to the action of GH. Nutrient reswriction also
decreased IGF binding protein-3, the principal serum carrier of IGFs. This, in turn, reduces
serum IGF concentrations. Finally, protein restriction causes resistance of some tissues to the
growth-promoting effects of IGF-1.

diets. If IGF-I is infused into starved mice (58) at a rate that maintains IGF-I
levels similar to those in nonstarved animals, the rate of weight loss can be
attenuated significantly for 36 hr. In contrast, GH has no effect. This finding
suggests that the IGF-I has a direct role in mediating the fasting-induced
changes in body mass. IGF-I infusion into rats who are fasted causes a
reduction in protein degradation but produces no change in protein synthesis
(37). Likewise, infusion of IGF-I into rats fed 5% protein diets does not
restore the normal rate of increase in tail length, weight, or tibial epiphyseal
width (76). This observation suggests that protein deficiency not only lowers
serum IGF-I concentrations in response to GH but also produces refractori-
ness to IGF-I action. Interestingly, protein-deficient rats infused with IGF-I
increase their serum IGF binding protein-3 (IGFBP-3) concentrations,
suggesting that some actions of IGF-I are not impaired. Hirschberg & Kopple
showed that renal plasma flow increases when IGF-I is infused into in fasted
rats, which suggests that this response is also maintained in kidney (33).
In summary, nutrient restriction appears to produce resistance to IGF-I and
to GH action, and the mechanisms that mediate this resistance may be
manifest at multiple points in the IGF biosynthetic pathway (Figure 3). IGF
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synthesis is impaired in the liver during fasting because of reduction of growth
hormone receptors. Less stringent diet manipulations such as protein restric-
tion appear to cause post-receptor defects in GH action. Basal rates of
transcription, however, are reduced by protein restriction in rapidly growing
rats, but basal levels of transcription are maintained in adult rats, and transla-
tion of IGF-I mRNA appears to be impaired. Finally, impairment of IGF-I
action appears to occur at the cellular level, and delivery of IGFs out of the
vascular compartment to tissues may be impaired in animals fed 5% protein
diets.

Nutritional Control of Plasma Concentrations of IGF-I in
Humans

Reports of the changes in serum concentrations of IGF-I in response to dietary
restriction in normal human subjects have revealed striking decreases in
serum IGF-1. To define the macronutrient requirements necessary to maintain
a normal serum IGF-I concentration, Isley et al fasted normal subjects for five
days and then refed them three separate test diets containing different amounts
of protein and energy. Fasting caused a 67% fall in IGF-I (35). Refeeding a
control diet containing 35 kcal and 1 g protein per kilogram ideal body weight
(IBW) increased the IGF-I values to more than 70% of control values in 5
days (approximately 8 days are required to return to 100% of the control
level). In contrast, if the subjects were refed a protein-deficient, energy-
sufficient diet (40% of the recommended daily protein intake), the IGF-I
increased to 55% of control values in 5 days, significantly less than the
increase with the control diet (35) (Figure 4). If the subjects received a diet in
which energy and protein were restricted, the values continued to decline over
the next 5 days. The change in IGF-I during each fast-refeed cycle correlated
with the mean daily nitrogen balance (r = 0.90). This correlation, however,
did not appear to hold for changes in absolute protein balance. Rather, it
reflects the acute directional changes in nitrogen balance that occur during
fasting and refeeding. This finding suggested that measurement of IGF-I
concentrations might predict whether a diet was adequate to significantly
improve protein balance.

To further define the amounts of food needed to effect these changes,
normal volunteers were fasted for 5 days and then refed test diets during
sequential 9-day periods. One set of these diets contained adequate energy but
incremental amounts of protein, while the other set contained adequate pro-
tein, with incremental amounts of energy. Fasting for 5 days caused a
70-75% decline in IGF-I (36). During the 9-day refeeding periods, diets of
the lowest energy and protein content resulted in minimal changes in IGF-I. If
0.2/kg IBW protein was refed (adequate energy), a statistically significant
28% rise in IGF-I occurred; but if 11 kcal/kg was fed (adequate protein), there
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Figure 4 Change in somatomedin-C in response to fasting and refeeding. Five normal weight
volunteers were fasted for 3 separate 5-day intervals and then were refed diets consisting of 1.0 g
protein and 35 kcal/kg (normal diet), 0.4 g protein and 35 kcal/kg (low protein), or 0.4 g protein
and 11 kcal/kg (low protein, low energy). The results show that combined energy and protein
restriction prevents any increase in somatomedin-C in response to refeeding, whereas protein
restriction attenuates the somatomedin-C response.

was no significant change in IGF-1. These findings suggest that the minimal
requirement for calories is absolute and that a threshold quantity of energy
must be provided for normal volunteers to increase their plasma con-
centrations of IGF-I. In contrast, at each level of protein intake (adequate
energy) an incremental increase in serum IGF-I occurred. Specifically, the
IGF-I values achieved at 0.4 g/kg IBW were significantly greater than those
achieved at 0.2 g/kg. IGF-I was normalized when 1 g protein per kilogram
IBW was ingested. In terms of energy, the subjects had to be refed 18 kcal/kg
IBW to obtain a significant increase in serum IGF-I, and maximal con-
centrations were achieved at 25 kcal/kg IBW. In this study also, an excellent
correlation was found between changes in IGF-I induced with each diet and
the acute directional change in nitrogen balance.

Although we assumed that the nutritionally dependent changes in plasma
IGF-I were due to refractoriness to GH, the precise degree of dietary restric-
tion needed to produce GH refractoriness was not defined. Therefore, we
have carried out studies to test the effect of caloric restriction on the IGF-I
response to growth hormone. If obese subjects are fed a diet containing 24
kcal/kg IBW, no change in basal serum IGF-I levels is observed over a period
of 3 weeks (14). If exogenous growth hormone is administered, a 2.8-fold
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Figure 5 Changes in nitrogen balance and somatomedin-C (IGF-I) responses to growth hor-
mone. GH was administered (0.1 mg/kg ideal body weight q.0.d.) to obese subjects who were fed
a calorically restricted diet (24 kcal/kg per day). The results show that GH was capable of
inducing an anabolic response under these conditions.

increase in serum IGF-I concentrations is observed indicating minimal or no
attenuation in plasma IGF-I responsiveness to GH (Figure 5). All subjects
entered positive nitrogen balance while receiving GH, which indicates that
this 24 kcal/kg diet had exerted little or no effect on their responsiveness.
When more severe caloric restriction is imposed, however, effects are
observed. In obese subjects fed 18 kcal/kg IBW for a period of 11 weeks and
given GH every other day at a dose of 0.1 mg/kg IBW, IGF-I responses were
normal at the beginning of GH therapy (approximately 3.1-fold increase)
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(69). Likewise, these subjects achieved positive nitrogen balance, but this
response was attenuated over time, and after 5 weeks no difference in nitrogen
balance between GH treated and control diet-restricted subjects was observed.
Since IGF- responsiveness remained for the entire 11 weeks, we concluded
that the subjects had become refractory to IGF-I after 5 weeks. This observa-
tion in humans may be comparable to that seen in rats fed 5% protein diets,
who did not grow when infused with IGF-I, and suggests that an early effect
of caloric restriction is attenuation of IGF-I responsiveness. Manson & Wil-
more also noted that normal-weight subjects fed a similar level of energy
could respond to GH with a 2.1-fold increase in IGF-I (51).

To determine the degree of caloric restriction required to attenuate the
IGF-I response to GH, we fed obese subjects a diet containing 12 kcal/kg
IBW and administered growth hormone. These subjects had a prompt IGF-1
response to GH, although it was significantly attenuated compared to the
response of subjects that were fed 18 kcal/kg IBW, (i.e. a 1.8-fold compared
to a 3.1-fold increase) (70). Unlike the response of subjects fed 18 kcal/kg,
the IGF-I response of subjects fed 12 kcal/kg began to attenuate quickly. After
three weeks no significant differences were found between plasma IGF-1
concentrations in the growth hormone-treated versus nongrowth hormone-
treated subjects (70). Attenuation of nitrogen retention was significant, so that
by the third week no differences in urinary nitrogen excretion were found
between control and growth hormone-treated subjects. These findings suggest
that more severe caloric restriction results not only in refractoriness of the
IGF-I synthetic mechanism but also in refractoriness to IGF-I at the tissue
level. Whether or not this refractoriness is mediated at the translational level
or transcriptional level is unknown.

We have observed that the attenuation of the IGF-I response can be
partially overcome by increasing the dose of growth hormone (67). When we
gave twice as much growth hormone as in our previous studies, IGF-I
responsiveness was sustained, but by the third week the nitrogen balance
response began to attenuate, suggesting that the subjects had become refrac-
tory to IGF- during the last two weeks of GH administration (67).

To further elucidate the role of nutrients in the development of sensitivity to
growth hormone, we have studied the effect of refeeding of essential amino
acids in increasing IGF-I secretion after fasting (13). Normal subjects were
fasted for five days, then refed test diets containing approximately one half of
a normal nitrogen intake. In one diet, 80% of the nitrogen was supplied as
essential amino acids while in the other 80% was supplied as nonessential
amino acids (13). After five days of refeeding, serum IGF-I was significantly
greater in the subjects fed essential amino acids than in those fed nonessential
amino acids. The final concentration of IGF-I was approximately 22% higher
with the essential amino acid diet, indicating that ingestion of essential amino



Annu. Rev. Nutr. 1991.11:393-412. Downloaded from www.annualreviews.org

by UNIVERSITY OF MIAMI on 01/05/12. For personal use only.

404 CLEMMONS & UNDERWOOD

acids is required to attain an optimal IGF-I response to refeeding. As in other
studies, an excellent correlation was found between changes in nitrogen
balance that were induced by protein restriction and changes in blood IGF-I
concentrations.

To determine if measurements of serum IGF-I have utility in predicting the
responses of catabolic patients to refeeding, seven chronically undernourished
subjects, most of whom had decreased nutrient absorptive capacity, were
given hyperalimentation therapy (16). These subjects had lost between 3 and
21 kg in the year prior to study. All subjects were more than 10% below IBW
at entry into the study. The nutrient repletion was accomplished by enteral or
parenteral feedings, or both. The caloric intake ranged between 32.7 and 42.6
nonprotein kcal/kg and the nitrogen intake was between 0.22 and 0.34 g/kg.
The subjects’ mean serum IGF-I concentration was approximately 0.67 %=
0.15 U/ml and rose 3-fold to 1.8 + 0.44 U/ml after 10 days of hyperalimenta-
tion therapy. The increase in serum IGF-I correlated with the change in
cumulative nitrogen balance (r = 0.88). In contrast to the IGF-I results, no
change in transferrin, retinol-binding protein, or prealbumin was noted during
therapy. Following their peak IGF-I response after 10 days of nutrient reple-
tion, the subjects had a decline in IGF-1I despite continued hyperalimentation
therapy. An overshoot phenomenon such as we observed has been described
for protein turnover by Golden et al while refeeding children with protein/
calorie malnutrition (27). Our findings suggest that, as in normal individuals,
changes in protein balance may correlate with changes in IGF-I con-
centrations during therapy of malnourished patients. These findings were
confirmed by Donahue & Phillips (22), who showed that nutritional support
therapy of 15 hospitalized malnourished patients caused a 264% increase in
serum IGF-I concentrations, but produced no significant change in albumin or
transferrin. Changes in IGF-I correlated with changes in nitrogen balance in
that study (22). These findings are supported by recent studies showing that
IGF-I levels correlate with improvement in nitrogen balance in critically ill
patients (32) and with body size in low birth weight infants (54).

To determine the role of excessive energy expenditure on nitrogen balance
and serum IGF-I, normal subjects were exercised intensely for a period of one
week but were maintained on a diet containing normal amounts of energy (35
kcal/kg) (66). The intensive exercise was sufficient to account for the ex-
penditure of 13 kcal/kg of energy. This energy deficit resulted in a decrease in
serum IGF-I concentrations of approximately 40% despite the fact that these
exercising subjects should have had increased growth hormone secretion.
Likewise, if these same subjects remained sedentary and were fed a diet with
an equivalent degree of energy restriction (e.g. 22 kcal/kg), they experienced
approximately the same reduction in serum IGF-I concentrations. This finding
indicates that loss of calories through utilization during exercise results in the
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same decrement in IGF-1 concentration as does dietary-induced caloric
restriction. This study also showed that protein was conserved in the exercis-
ing subjects. Specifically, during the last 3 days of diet restriction, daily
nitrogen balance was —3.50 * 1.73 g per day, whereas it was —1.60 * 1.07
g per day during exercise (p < 0.05).

Studies on the effects of GH on IGF-I secretion and the effects of IGF-1 on
protein balance are limited in patients who are catabolic because of severe
medical and surgical illnesses. Ward et al (81) showed that postoperative
patients whose energy intake was restricted severely (e.g. 400 kcal per day)
responded to GH with a significantincrease in protein synthesis. Although the
rate of protein breakdown also increased, the increase in protein synthesis
exceeded the protein breakdown, and the subjects entered positive protein
balance. Zeigler et al showed that GH improved nitrogen balance by 3.4 gm
per day in postoperative patients who were receiving 1100 kcal per day (83).
We studied 7 malnourished patients with undernutrition associated with
chronic obstructive pulmonary disease (COPD) who were between 78 and
89% of ideal body weight. All subjects had significant weight gain and
improvement in nitrogen balance on GH (59). Nitrogen balance increased
from 1.6 to 3.3 g per day, and, most importantly, muscle strength as assessed
by measurement of inspiratory force showed a significant increase. These
studies indicate that patients who are catabolic may benefit not only from
nutritional supplementation but also from pharmacologic agents that increase
IGF-I above the levels that can be achieved by supplementation of nutrients
alone.

Insulin-like Growth Factor Binding Proteins and Nutrition

The insulin-like growth factor binding proteins (IGFBPs) are high affinity,
soluble carrier proteins that circulate in blood and extracellular fluids and
appear to control IGF transport, efflux from the vascular compartment, and
association of IGF with cell surface receptors. Understanding their role in
determining how nutrient intake may influence IGF-I and -II actions is
critical, since they control availability of IGFs to tissues, and their secretion is
also controlled by nutrient intake (5). IGFBP-1 is a 25-kDa protein whose
plasma concentrations fluctuate widely over a 24 h period (4). IGFBP-2 is a
31-kDa protein whose plasma concentrations are somewhat more stable than
those of IGFBP-1 and are significantly higher in fetal than in postnatal life.
IGFBP-1 binds IGF-I and -II with approximately equal affinity, whereas
IGFBP-2 has an approximately threefold greater affinity for IGF-II. IGFBP-3
is a 53-kDa glycoprotein that associates with an acid labile, nonbinding
subunit in serum and with IGF to form a 150-kDa complex (6). This complex
apparently prevents rapid vascular efflux of IGF-I and -II from the vascular
compartment and stabilizes the concentrations of IGFs in blood. The primary
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function of IGFBP-3 may be to act as a carrier of IGFs in the circulation,
whereas the primary functions of IGFBP-1 and -2 may be to transport IGF
across the endothelial surface to specific cell types (3). If these proteins serve
different functions, it is reasonable to assume that regulation of their secretion
may be different. For example, growth hormone and IGF-I both induce the
synthesis and secretion of IGFBP-3, and increase its concentrations in plasma
(15). In contrast, IGFBP-1 and -2 are both suppressed by growth hormone
(31), and IGF-I directly stimulates the secretion of IGFBP-2, whereas it often
inhibits IGFBP-1 (77).

Nutrient intake is a major regulator of the plasma concentrations of these
proteins. Prolonged fasting and/or protein deficiency results in significant
reduction in serum IGFBP-3 concentrations (15). Likewise, refeeding either
normal energy or normal protein intake will increase the concentrations of this
peptide. IGFBP-3, however, is not affected by acute changes in nutrient
intake, and its plasma concentrations remain stable throughout the day (5).
The fact that IGFBP-3 is the major carrier of IGF-I probably accounts for the
stability of IGF-I in blood. Protein restriction has also been shown to increase
hepatic IGFBP-2 mRNA abundance, although its effects on the serum con-
centrations of IGFBP-2 are unknown (73). Other nutritional factors affecting
IGFBP-2 are not well delineated, although states of extreme insulin de-
ficiency, e.g. starvation, for nine days or uncontrolled diabetes have been
shown to increase plasma concentrations. In contrast, acute alterations in
caloric intake have minimal effects on plasma IGFBP-2 concentrations.

Unlike IGFBP-2 and -3, IGFBP-1 is markedly suppressed by ingestion of
food. This change is believed to be due to insulin secretion, since infusion of
insulin into normal subjects suppresses IGFBP-1 (75), and the degree of
suppression correlates in clamp studies with the degree of insulin-stimulated
glucose transport (74). In type I diabetics the magnitude of the nocturnal
increase in plasma IGFBP-1 is greater in under-insulinized and less in over-
insulinized patients (34). In normal subjects infused with glucose the suppres-
sion of IGFBP-1 correlates with stimulation of c-peptide (r = 0.74) (68).
However, glucose itself appears to have some direct suppressive effect be-
cause infusion of isocaloric amounts of fructose (which does not stimulate
c-peptide secretion) causes suppression of IGFBP-1 that is about one half that
caused by glucose infusion. This result suggests that both insulin-dependent
and insulin-independent factors control IGFBP-1 secretion (68). Changes in
plasma IGFBP-1 are accompanied by changes in hepatic IGFBP-1 mRNA.
Fasting and/or insulin deficiency result in increasing amounts of IGFBP-1
mRNA in rat liver, and this mRNA is reduced by manipulations that raise
insulin secretion (57).

The rapidity of the insulin-induced fall of IGFBP-1 concentrations has led
several investigators to suggest that this decline may be secondary to accelera-
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tion of IGFBP transport. Bar et al showed that perfusion of the isolated rat
heart system with insulin plus IGFBP-1 caused accelerated IGFBP-1 transport
across the extravascular space, whereas IGFBP-2 transport was unaffected
(2). Thus, insulin may selectively stimulate the translocation of IGFBP-1
under the influence of caloric intake.

Changes in the plasma concentrations of binding proteins could lead to
changes in tissue distribution of IGF-I and IGF-II. Davenport et al have
shown that reduction of IGFBP-3 in pregnant rat plasma leads to a marked
alteration in the rate of tissue clearance and metabolism of radiolabeled IGF-I
(19). Changes in nutrient intake, therefore, may not only alter IGF-I synthesis
but also may change its rate of transport and its clearance in tissues. All of
these changes may have important effects on IGF action.

Control of IGF Action by Binding Proteins

The molecular mechanisms by which the IGFs improve protein balance and
growth are not completely understood. Following their secretion, the IGFs are
bound to the high affinity IGF carrier proteins. Both IGFBP-3 and IGFBP-1
are present in extracellular fluids and modulate IGF action at the surface of
target cells (21, 28). IGF-binding proteins were originally thought to simply
act as a reservoir, preventing saturation of receptors and maintaining a
constant egress of IGF off the binding protein-IGF complex and onto cell
surface IGF receptors. Experiments in cell culture, however, suggest that a
more complex phenomenon exists. In human fibroblasts, for example,
IGFBP-3 is synthesized but then resides on the cell surface for a period of
time prior to its secretion into medium (43). IGFBP-3 has such high affinity
for IGF-I, however, that it preferentially binds the IGF-I that is present in the
medium, and possibly these two proteins are co-secreted by the fibroblast.
Addition of exogenous IGF-I results in displacement of IGF-I from soluble
IGFBP-3 and makes it available to bind to cell surface-associated type I IGF
receptors and IGFBP-3 (43). Because IGFBP-3 in culture medium has a
higher affinity for IGF-I than either cell-associated binding proteins or recep-
tors, it directs the amount of growth factor that binds to either moiety.
Likewise, if sufficient amounts of IGFBP-1 and IGFBP-2 become cell surface
associated, they exhibit the same kinetic phenomenon.

The metabolic consequences of this alteration in binding are not understood
completely; however, it is clear that IGFBP-3 can potentiate the response to
IGF-1. When added exogenously to MDBK cells or cultured human fibro-
blasts, coequal amounts of IGFBP-3 and IGF-I result in approximately 40%
potentiation of the effect of IGF-I alone on the rate of cell growth (18). This
response also occurs in BHK cells (7). If excessive amounts of IGFBP-3 are
added, however, inhibition of cell growth takes place, which suggests that
some optimal rate of transfer of IGF-I from IGFBP-3 onto the receptor is
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necessary for maximal target cell responsiveness. These studies raise the
possibility that nutritional control of IGFBP-3 secretion at the cellular level
may be an important modulator of target tissue cell responsiveness and could
be an important mediator of tissue refractoriness to IGF-I.

Like IGFBP-3, IGFBP-1 is also a potent bimodulator of growth responsive-
ness to IGF-I. When quiescent smooth muscle cells are exposed to IGFBP-1
plus IGF-1, a 5.6-fold potentiation in the rate of DNA synthesis is observed
(23). This potentiation requires an unknown factor that is present in platelet-
poor plasma and human spinal fluid (11). IGFBP-1 also competes with IGF-I
for binding to cell surface receptors and can act as a growth inhibitor if added
to serum-frece medium at high concentrations. Because IGFBP-1 con-
centrations are inversely related to serum insulin concentrations and IGFBP-1
transport is facilitated by insulin, the immediate availability of this binding
protein in the microenvironment as a carrier of IGF-I could provide a signifi-
cant source of IGF-I for rapid potentiation of cell growth.

Summary

The secretion of both IGF-I and IGF-II, peptides that are structurally related
to insulin, is linked to nutrient intake. These growth factors and their binding
proteins appear to be major links between nutrient intake and cellular anabolic
responses. Understanding the mechanisms by which nutrients control IGF
synthesis and regulate transport to targettissues should permit the formulation
of strategies for treatment of catabolic disorders. Understanding the altera-
tions of such processes in catabolic states should enable development of better
methods for nutritional repletion and wiser uses of anabolic agents in the
treatment of these conditions.
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