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shown to contain an androgen recep-
tor ligand (Table 1). However, the sys-
tematic study by Huang et al. reveals
that a single compound found in both
YZH and Yin Chin (6,7-dimethyles-
culetin) is sufficient to activate CAR
and induce bilirubin clearance. This is
a wonderful example of knowledge
gained by applying the Western scien-
tific method to an Eastern herbal rem-
edy. It will be very exciting if a pure
compound emerges from the tea leaves
as a pharmacological therapy for
neonatal jaundice that is complemen-
tary or alternative to the current West-
ern practice of phototherapy (16).
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Understanding the relative roles of
peptide hormones in modulating
responsiveness to insulin presents a
major challenge because of the adapt-
ability of the growth hormone/IGF-1/
insulin system. Changes in glucose
and insulin secretion result in count-
er-regulatory responses, and modifica-
tions in growth hormone (GH) and
IGF-1 function alter insulin’s ability to

maintain normal carbohydrate home-
ostasis. Historically, this problem has
been analyzed in both human and
rodent hormone-deficiency models
(e.g., GH deficiency) in which the hor-
mone of interest is replaced and the
metabolic consequences are deter-
mined (1). The recent development of
tissue-selective knockout animal mod-
els has brought new insights to our
understanding of the relative roles of
these hormones in carbohydrate
homeostasis. In this issue of the JCI,
Yakar et al. address the relative roles of
GH and IGF-1 in regulating insulin
sensitivity in mice (2). The authors cre-
ated an animal model in which IGF-1
synthesis in the liver is eliminated and
then crossed these animals with mice
that overexpress a mutant form of GH
that prevents GH activation of its
receptor. The authors conclude that
GH is a major determinant of insulin
resistance in these IGF-1–deficient ani-
mals, since, in the presence of low con-
centrations of serum IGF-1, blocking

 



the action of GH results in a major
improvement in insulin sensitivity.

Food intake and GH regulate
insulin-like peptide secretion
One way to understand the relative roles
of IGF-1 in controlling insulin action is
from the perspective of primitive organ-
isms. In primitive organisms that do not
have a pituitary gland, ligands with
structural similarities to both insulin
and IGF-1 are synthesized in the olfac-
tory region of the brain and secreted in
response to food intake (3). This results
in direct linking of food intake, carbo-
hydrate metabolism, and growth, and a
single receptor mediates these respons-
es. In vertebrates, although IGF-1 secre-
tion is primarily regulated by nutrient
intake (4), GH secretion adds an addi-
tional layer of complexity (Figure 1). In
higher organisms, GH controls growth
by regulating IGF-1 concentrations, but
another major function of GH is to pro-
vide a mechanism for surviving periods
of food deprivation. GH stimulates
lipolysis, providing FFAs and glycerol as
substrates for energy metabolism, and
also inhibits insulin-induced suppres-
sion of hepatic gluconeogenesis. These
effects counteract insulin action and
reduce the need for a dietary source of
carbohydrate (5). An important distinc-
tion, however, is the relative role of GH
in maintaining carbohydrate and lipid
homeostasis under normal conditions
as compared with conditions in which
there is excess GH secretion (6). When
GH is secreted in excess, it acts directly
to block insulin signaling by inducing

resistance to stimulation of down-
stream signaling molecules such as
insulin receptor substrate-1 and PI3K,
which are important for glucose trans-
port in muscle and fat and for inhibit-
ing hepatic gluconeogenesis (7). This
results in elevation of glucose and
insulin concentrations. Thus patients
with acromegaly often have impaired
glucose intolerance and relative hyper-
insulinemia (8). Similarly, in type 1 
diabetes, insulin deficiency leads to
impaired hepatic IGF-1 synthesis, and
this results in decreased feedback sup-
pression of GH secretion, leading to fur-
ther impairment of insulin action (9).
Administration of a GH antagonist to
diabetics results in relative restoration
of normal carbohydrate metabolism
but does not completely ameliorate the
defect in insulin sensitivity (10). Simi-
larly, administration of a GH receptor
antagonist to acromegalics improves
insulin sensitivity but does not restore it
to the normal range (11).

Role of IGF-1 in modulating 
insulin sensitivity
IGF-1, which has 48% amino acid
sequence identity with proinsulin,
enhances insulin sensitivity in both
experimental animals and human sub-
jects. IGF-1 binds to insulin receptors
with very low affinity; therefore its
binding to IGF-1 receptors and/or
hybrid insulin/IGF-1 receptors has
been postulated to be the mediator of
enhanced insulin action (12). IGF-1
does not bind to hepatocytes or
adipocytes, and therefore its primary

insulin-sensitizing action is believed to
be mediated through skeletal muscle.
Administration of IGF-1 to normal
humans results in glucose lowering
that is approximately one-twelfth as
potent as that induced by insulin (13),
and in patients with extreme insulin
resistance it improves insulin sensitiv-
ity and carbohydrate homeostasis (14).

One problem in interpreting almost
all human studies of IGF-1 has been
that, in addition to enhancing insulin
action, it also suppresses GH secretion;
therefore it has been difficult to deter-
mine the relative roles of the direct
actions of IGF-1 and those that are
mediated by suppression of GH. One
exception is the group of individuals
with GH receptor mutations who devel-
op insulin resistance as adults. Admin-
istration of IGF-1 to these patients,
who are unresponsive to GH, results in
improvement in insulin sensitivity (15,
16). This difficulty in distinguishing
between the effects of GH suppression
and the direct effects of IGF-1 has been
addressed in the studies of Yakar et al.
(2). In an earlier report, they showed
that animals in which the liver-specific
expression of the IGF-1 gene had been
deleted had low serum IGF-1 and
increased GH levels (17). These mice
were hyperinsulinemic and resistant to
insulin action in skeletal muscle. The
authors extended those findings by
overexpressing a dominant negative
form of IGF-1 receptor in muscle. This
resulted in attenuation of both IGF-1
and hybrid insulin/IGF-1 receptor
function. These animals developed
severe insulin resistance and diabetes
(18). In contrast, deletion of the insulin
receptor in muscle does not result in
severe insulin resistance or diabetes
(19). The authors interpreted the dif-
ference in the two models to be due to
loss of IGF-1’s sensitizing actions in
skeletal muscle, leading to the develop-
ment of insulin resistance. 

Recently this group has further
extended our understanding of this
problem by creating a genetic model in
which serum total IGF-1 concentra-
tions are lowered by 85% but free IGF-1
concentrations are increased (20). In
this model, animals that do not express
IGF-1 in the liver were crossed with ani-
mals that do not express the acid-labile
subunit, a component of the IGF-1/
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Figure 1
Schematic diagram of insulin, GH, and IGF-1 regulation. IGFBP-3, IGF-binding protein-3;
ALS, acid-labile subunit.
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IGF-binding protein-3/acid-labile sub-
unit complex in plasma, which func-
tions to stabilize the half-life of IGF-1.
In contrast to the animals with liver
IGF-1 deletion, these animals showed
enhanced insulin sensitivity in both
adipose tissue and muscle but no
change in liver. When these results are
considered together with the current
study (2), they suggest that the major
site at which GH blocks insulin action
is the liver. Although a secondary role
for GH in skeletal muscle cannot be
excluded, by this formulation, condi-
tions that lead to increases in GH secre-
tion (whether or not they are associated
with lower serum IGF-1) may result in
impaired hepatic insulin sensitivity,
leading to decreased suppression of
gluconeogenesis. Although GH no
doubt has an insulin-counter-regulato-
ry role in skeletal muscle, in that tissue
the role of IGF-1 may be predominant.
An additional issue is that overexpres-
sion of the GH antagonist completely
eliminates GH action, and therefore
this study does not definitively address
the role of normal GH secretion and
action in mediating insulin resistance.
Thus future studies that use tissue-spe-
cific gene-deletion animal models and
provide different levels of hormone-
replacement therapy or that assess the
effects of variable doses of the GH
antagonist will be necessary to discern
the relative roles of IGF-1 and GH in
mediating insulin sensitivity in both
normal physiologic and pathophysio-
logic states. Inhibiting GH action to

attain a relatively normal physiologic
level rather than a GH-deficient level
will be necessary to further understand
the contribution of IGF-1 in mainte-
nance of normal glucose homeostasis
in these models. Nevertheless, the stud-
ies of Yakar et al. highlight the impor-
tance of GH antagonism of insulin
action in the liver and provide an
important step in our understanding of
the relative roles of each of these three
hormones in maintaining this finely
balanced mechanism.

1. Weaver, J.U., et al. 1995. The effect of low dose
recombinant human growth hormone replace-
ment on regional fat distribution, insulin sensitiv-
ity, and cardiovascular risk factors in hypopituitary
adults. J. Clin. Endocrinol. Metab. 80:153–159.

2. Yakar, S., et al. 2004. Inhibition of growth hor-
mone action improves insulin sensitivity in liver
IGF-1–deficient mice. J. Clin. Invest. 113:96–105.
doi:10.1172/JCI200417763.

3. Tatar, M., Bartke, A., and Antebi, A. 2003. The
endocrine regulation of aging by insulin-like sig-
nals. Science. 299:1346–1351.

4. Isley, W.L., Underwood, L.E., and Clemmons, D.R.
1983. Dietary components that regulate serum
somatomedin-C in humans. J. Clin. Invest.
71:175–182.

5. Rizza, R.A., Mandarino, L.J., and Gerich, J.E. 1982.
Effects of growth hormone on insulin action in
man. Mechanisms of insulin resistance, impaired
suppression of glucose production, and impaired
stimulation of glucose utilization. Diabetes.
31:663–669.

6. Holt, R.I., Simpson, H.L., and Sonksen, P.H. 2003.
The role of growth hormone-insulin-like growth
factor axis in glucose homeostasis. Diabet. Med.
20:3–15.

7. Dominici, F.P., Cifone, D., Bartke, A., and Turyn,
D. 1999. Loss of sensitivity to insulin at early
events of the insulin signaling pathway in the liver
of growth hormone transgenic mice. J. Endocrinol.
161:383–392.

8. Ezzat, S., et al. 1994. Acromegaly: clinical and 
biochemical features 500 patients. Medicine.
73:233–240.

9. Edge, J.A., Dunger, D.B., Matthews, D.R., Gilbert,

J.P., and Smith, C.P. 1990. Increased overnight
growth hormone concentrations in diabetic com-
pared with normal adolescents. J. Clin. Endocrinol.
Metab. 71:1356–1362.

10. Williams, R.M., et al. 2003. The effects of a specif-
ic growth hormone antagonist on overnight
insulin requirements and insulin sensitivity in
young adults with Type 1 diabetes mellitus. Dia-
betologia. 46:1203–1210.

11. O’Connell, T., and Clemmons, D.R. 2002. IGF-I/
IGFBP-3 combination improves insulin resistance
by GH dependent and independent mechanisms.
J. Clin. Endocrinol. Metab. 87:4356–4360.

12. Moses, A.C., Young, S.C.J., Morrow, L.A., O’Brien,
M., and Clemmons, D.R. 1996. Recombinant
human insulin-like growth factor I increases
insulin sensitivity and improves glycemic control
in type II diabetes. Diabetes. 45:91–100.

13. Guler, H.P., Zapf, J., and Froesch, E.R. 1987.
Short-term metabolic effects of recombinant
human insulin-like growth factor-I in healthy
adults. N. Engl. J. Med. 317:137–140.

14. Morrow, L.A., O’Brien, M.B., Moller, D.E., Filer,
J.S., and Moses, A.C. 1994. Recombinant human
insulin-like growth factor-I therapy improves
glycemic control and insulin action in the type A
syndrome of severe insulin resistance. J. Clin.
Endocrinol. Metab. 79:205–210.

15. Laron, Z. 1999. The essential role of IGF-I: lessons
from the long-term study and treatment of chil-
dren and adults with Laron syndrome. J. Clin.
Endocrinol. Metab. 84:4397–4404.

16. Laron, Z., Avizur, Y., and Klinger, B. 1995. Carbo-
hydrate metabolism in primary growth hormone
resistance (Laron syndrome) before and during
insulin-like growth factor-I treatment. Metabo-
lism. 44:113–118.

17. Yakar, S., et al. 2001. Liver-specific IGF-1 gene
deletion leads to muscle insulin insensitivity. Dia-
betes. 50:1110–1118.

18. Fernandez, A.M., et al. 2001. Functional inactiva-
tion of the IGF-I and insulin receptors in skeletal
muscle causes type 2 diabetes. Genes Dev.
15:1926–1934.

19. Kim, J.K., et al. 2000. Redistribution of substrates
to adipose tissue promotes obesity in mice with
selective insulin resistance in muscle. J. Clin.
Invest. 105:1791–1797.

20. Haluzik, M., et al. 2003. Insulin resistance in the
liver-specific IGF-I gene-deleted mouse is abro-
gated by deletion of the acid-labile subunit of the
IGF-binding protein-3 complex: relative roles of
growth hormone and IGF-I in insulin resistance.
Diabetes. 52:2483–2489.


