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T HE past 20 years hav·e witnessed a remarkable 
increase in our knowledge of the cellular and 

molecular mechanisms that underlie the ,diverse ac­
tions of insulin, the central hormone of metabolic 
regulation. Interest in the molecular details of insulin 
action has been heightened by the prevalence of insu­
lin resistance and by the fact that insulin resistance 
has a key role in the pathogenesis of many disorders, 
including obesity, diabetes mellitus, ovarian hyperan­
drogenism, and possibly hypertension. In this review, 
we discuss current concepts of the mechanisms of 
insulin action and insulin resistance and the implica­
tions of insulin resistance for a variety of disorders in 
humans. 

INSULIN ACTION 

Through its integrated actions on carbohydrate, 
protein, and lipid metabolism, insulin exerts a domi­
nant effect on the regulation of glucose homeostasis. 
These glucoregulatory effects are predominantly ex­
erted in three tissues: liver, muscle, and fat. 1 In the 
liver, insulin inhibits the production of glucose by in­
hibiting gluconeogenesis and glycogenolysis and also 
promotes glycogen storage. In muscle and adipose 
tissue, insulin stimulates the uptake, storage, and use 
of glucose. These effects involve a number of tissue­
specific and biochemically diverse events that occur 
over periods ranging from seconds to hours. Impor­
tant examples include rapid increases in glucose trans­
port through changes in the intracellular distribution 
and activity of specific transport mechanisms2•3; the 
activation or inactivation of enzymes responsible for 
the storage and metabolism of glucose; and changes in 
the expression of a number of genes.4 Insulin also 
has a major role in the systemic regulation of pro­
tein and lipid metabolism through a variety of ac­
tions that affect the flux of protein and lipid sub­
strates.1 

Less well known are certain actions of insulin on 
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classic target organs, such as the stimulation of potas­
sium transport in muscle and cellular differentiation 
in adipocytes, as well as actions on tissues not usually 
considered insulin targets, such as the stimulation of 
ovarian production of androgens and renal retention 
of sodium. The existence of some of these latter ac­
tions of insulin was first suggested by clinical features, 
such as hirsutism, in patients with marked hyperinsu­
linemia and resistance to its glucoregulatory effects.5 

Insulin Signaling 

Insulin's diverse actions are initiated by interaction 
with a specific transmembrane protein receptor. Early 
studies of the insulin receptor established many of the 
general principles now accepted as characteristic of 
most membrane receptors,6 and our understanding of 
the insulin receptor has been dramatically advanced 
by its cloning and studies of structural and functional 
relations. 7•8 

The human insulin receptor is encoded by a single 
gene composed of 22 exons that is located on chromo­
some 19.9 A single proreceptor precursor of 1382 ami­
no acids that includes a 27-amino-acid signal peptide 
is synthesized from the messenger RNA. The receptor 
is subsequently processed by removal of the signal 
peptide, glycosylation, cleavage into a (molecular 
weight, 135,000) and {3 (molecular weight, 95,000) 
subunits, and assembly as a disulfide-bond-linked tet­
ramer composed of two a and two /3 subunits (Fig. 
1).2'' In the mature a 2{32 receptor, a 23-residue hydro­
phobic domain in each {3 subunit spans the plasma 
membrane. The extracellular a subunit confers high­
affinity insulin binding; mutagenesis studies suggest 
that specific domains, such as the region encoded by 
exon 2, 26 are critical for ligand binding. The trans­
membrane component of the {3 subunit is responsible 
for transducing the signal of insulin binding to the 
interior of the cell. After insulin binding, specific tyro­
sine residues of the intracellular region of the {3 sub­
unit are rapidly phosphorylated, and the tyrosine 
kinase intrinsic to this region is activated. 25 •27 The 
cytoplasmic portion of the {3 subunit bears strong ho­
mology to other transmembrane receptors that have 
tyrosine kinase activity, including the insulin-like 
growth factor I (IGF-I) receptor, the receptor for epi­
dermal growth factor, and the products of several 
proto-oncogenes.28 Receptor autophosphorylation and 
tyrosyl phosphorylation of other protein substrates re­
quire an intact binding site for ATP within the {3 sub­
unit (Fig. 1). Mutation of a critical lysine residue 
within this site abolishes insulin-stimulated kinase ac­
tivity and prevents receptor occupancy from generat­
ing insulin-stimulated biologic actions. 29 Complete ac­
tivation of kinase may not be necessary for signaling 
all the actions of insulin, however, since certain mu­
tant receptors with impaired kinase function appear to 
signal some effects of insulin normally.29•30 

The immediate consequences of the activation of 
the tyrosine kinase activity of the insulin receptor re-
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Figure 1. Structure of the Human Insulin Receptor, with Known 
Point Mutations. 

The insulin receptor is depicted as a transmembrane tetrameric 
protein composed of two a and two f3 subunits. Several function­
ally important domains and residues are identified in the right half­
receptor. Nineteen known naturally occurring point mutations are 
identified in the left half-receptor according to the involved amino 
acid. 10-22 The amino acid numbers correspond to the system of 
Ebina et al.8 Mutations that encode amino acid substitutions (mis­
sense mutations, open ovals) are distinguished from those that 
encode stop codons (nonsense mutations, solid ovals). Two large 

deletions of the insulin-receptor gene are not shown.23·24 

main poorly defined. ;\O direct, functionally impor­
tant tyrosyl phosphorylation of the proteins classically 
regulated by insulin (e.g., glycogen synthase and glu­
cose transporters) has been described. Many actions 
of insulin arc regulated by phosphorylation or dephos­
phorylation of serine (or threonine) residues, how­
ever, and a "phosphorylation cascade" has therefore 
been proposed to explain some of the actions of insu­
lin (Fig. 2). In one such model, tyrosyl residues of 
proximal intermediates are phosphorylated, leading 
after an unknown number of steps to the activation of 
serine kinases. Serine kinases then either regulate pro­
tein function directly by phosphorylation or indirectly 
by activating specific phosphatases. 31 A major goal of 
current research is to identify signaling intermediates 

that part1C1pate in the switch from tyrosyl to seryl 
phosphorylation pathways. The novel peptide ppl85 
( or IRS- I) is an example of a protein whose tyrosyl 
residues appear to be phosphorylatcd by the activated 
insulin-receptor kinase, and could have such a role. 32 

Other molecules potentially involved in the generation 
of insulin effects include a lipid kinase (phosphatidyl­
inositol-3-kinase), and serine kinases such as the raj-I 
kinase and S6 kinase. 31 The latter enzyme may modify 
protein synthetic processes by phosphorylating riboso­
mal S6 protein. By activating a specific phospholipase 
C, insulin may also generate a soluble phosphatidyl­
inositol-glycan mediator that could then regulate 
the function of specific enzymes. 3:i Some aspects of 
insulin action may not involve a phosphorylation cas­
cade. Instead, conformational changes in the receptor 
that occur after binding may facilitate noncovalent 
interactions of the receptor with signal-transducing G 
proteins. 

Receptor Regulation 

Given the key role of insulin receptors in mediating 
the actions of insulin, one would expect their number 
and function to be tightly regulated. Occupancy of the 
receptor by insulin is followed by endocytotic internal­
ization of the hormone-receptor complex, an event 
that requires the presence of specific amino acids in 
the cytoplasmic portion of the /3 subunit adjacent to 
the membrane and a functionally normal receptor ki­
nasc.2''·29 Once internalized, the receptors may be de­
graded, but most are recycled to the cell surface. The 
dose-dependent ability of insulin to reduce the num­
ber of receptors by accelerating receptor degradation 
is called "down-regulation." 34 ·35 In addition to insulin 
itself, other physiologic factors, including exercise, 
diet, and hormones such as growth hormone and glu­
cocorticoids, can change the number of receptors.34 
Another important aspect of the regulation of insulin 
receptors is the termination of insulin signaling. De­
phosphorylation of the insulin receptor by tyrosine 
phosphatases is one likely mechanism for termination 
of the signal.% The identity and regulation of specific 
phosphatases that act on the insulin receptor are not 
known, however. The insulin-receptor kinase is also 
potentially regulated by other cellular signaling sys­
tems, such as the protein kinase C pathway, which 
when activated results in seryl phosphorylation of the 
receptor and inhibition of its tyrosine kinase activity, 37 

and other endogenous factors. 38 

Basis for the Multiple and Tissue-Specific Actions of 
Insulin 

The most obvious determinant of tissue-specific in­
sulin action is the identity of the specific proteins ex­
pressed in particular tissues. For example, insulin 
stimulates lipogenesis in fat largely because the neces­
sary enzymes are expressed in adipocytes. In addition 
to such tissue-specific factors, there is increasing evi­
dence that a number of distinct signals may emanate 
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Figure 2. Insulin Signaling through a Phosphorylation Cascade. 
With glycogen metabolism as a model, the action of insulin is depicted as involving a cascade of phosphorylation and dephosphorylation 
reactions, beginning with the activation of the tyrosine kinase of the insulin receptor. Steps 1 and 2 represent the activation of currently 
unidentified kinases by tyrosine or serine phosphorylation. Candidate signaling intermediates that may be tyrosyl phosphorylated by the 
receptor (upper-box) or serve as insulin-activated serine kinases (lower box) are also shown. With the possible exception of S6 kinase, 
these potential intermediates have not yet been linked to specific actions of insulin. Step 3 represents the coordinate activation of protein 
phosphatase 1 by seryl phosphorylation, followed by the activation of glycogen synthase and the inactivation of glycogenolysis by seryl 
dephosphorylation (step 4). Other potential signaling systems (e.g., G proteins and phospholipases) that may interact with or be 

regulated by the activated insulin receptor are not shown. Pl denotes phosphatidylinositol, Pi inorganic phosphate, 
and MAP microtubule-associated protein. 

directly from the activated insulin receptor within a 
given cell type. Certain site-directed29 or naturally 
occurring30 mutations of the insulin receptor thus 
appear capable of activating some pathways but not 
others. 

Although we commonly refer to the insulin receptor, 
we now know that the binding of insulin to several 
proteins can generate metabolic signals. First, splicing 
of the insulin-receptor messenger RNA at alternative 
sites results in the inclusion or exclusion of one small 
exon ( exon l l) encoding a short segment of the distal 
region of the a subunit (Fig. 1). The relative a bun-

dance of these two splice variants is regulated in a 
tissue-specific manner.39•40 The search for functional 
differences between the two variants is at an early 
stage and is currently limited to small differences in 
insulin-binding affinity and endocytotic rate. 41 Sec­
ond, at concentrations considerably higher than those 
required for insulin-receptor occupancy but within the 
range that occurs in some disorders, insulin can also 
bind to and activate IGF-1 receptors.42 Third, recent 
studies have demonstrated the existence of a 2{3 2 

hybrid receptors - receptors composed of one insulin 
af3 half-receptor and one IGF-1 af3 half-receptor.43 
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Although much remains to be learned about the sig­
nals such hybrids generate, they could mediate some 
of the tissue-specific actions of insulin. 

INSULIN RESISTANCE 

Insulin resistance is defined as a subnormal biologic 
response to a given concentration of insulin. The clini­
cal spectrum of insulin resistance is broad, and in­
cludes patients with diabetes mellitus who require in­
sulin and who continue to have hyperglycemia despite 
large doses of exogenous insulin as well as severely 
insulin-resistant people who maintain near-normal 
blood glucose levels through marked elevations in en­
dogenous insulin secretion. Although insulin's effects 
are pleiotropic, the term "insulin resistance" typically 
refers to the actions of insulin on glucose homeostasis. 
In some disorders selective resistance to insulin may in 
fact occur, causing the high insulin levels needed to 
compensate for its decreased glucose-lowering effect to 
produce increased effects in other pathways. One pos­
sible example is the increase in ovarian production of 
androgens that occurs in patients with hyperinsuline­
mia who have severe resistance to the glucose-lower­
ing effect of insulin.5•44•45 

Virtually all patients with diabetes mellitus, wheth­
er they have insulin-dependent diabetes mellitus 
(IDDM) or non-insulin-dependent diabetes mellitus 
(NIDDM), have some degree of resistance to the ac­
tions of insulin on glucose homeostasis. In patients 
who require exogenous insulin, doses of more than 100 
to 200 units per day may be viewed as evidence of 
unusually severe insulin resistance. When such in­
creased requirements for insulin result from the now 
rare occurrence of high titers of antibodies to insulin 
or the disputed entity of subcutaneous degradation of 
injected insulin, the insulin dose does not reflect insu­
lin resistance at the level of target cells. 

Several methods are used to detect and quantify 
insulin resistance. In patients treated with exogenous 
insulin, the administered dose is an imperfect measure 
of tissue resistance. An elevated circulating level of 
endogenous insulin is a common feature of insulin 
resistance, and in the absence of a defect in insulin 
secretory capacity this level correlates well with more 
sophisticated measures of insulin sensitivity.46 Hyper­
insulinemia results not only from increased secretion 
of insulin by beta cells, but also from impairment of 
receptor-mediated clearance of insulin by resistant pe­
ripheral target cells.47 Mutations of the insulin mole­
cule may result in a failure of proinsulin to be cleaved 
or in diminished affinity of insulin for its receptor, 
and such mutations can thus cause hyperinsulinemia. 
Patients with such defects respond normally to ex­
ogenous insulin, however, and are not actually insu­
lin-resistant.48 Quantitative in vivo measurements of 
insulin sensitivity, such as the euglycemic insulin­
clamp technique and computer-modeled analysis of 
the response of glucose to a bolus dose of insulin, 
permit the determination of dose-response curves for 

in vivo insulin action.46 Insulin sensitivity can also be 
measured in vitro in freshly obtained or cultured cells 
and tissue samples. 

Cellular Mechanisms of lnsulln Resistance 

Intrinsic (Primary) Defects in Target Cells 

Intrinsic defects in insulin sensitivity were first sug­
gested by the observation that defects in insulin bind­
ing and action persisted in cultured fibroblasts derived 
from some patients with in vivo insulin resistance. 
Since the action of insulin involves many gene prod­
ucts (Fig. 2), target-cell defects could be due to muta­
tions affecting any protein between the receptor and 
the final insulin-regulated proteins (Table l). 

The insulin-receptor locus has received the greatest 
attention, and to date 21 receptor mutations have been 
identified in 19 patients with insulin resistance. 10•24 

With two exceptions, 14•22 each mutation has been de­
tected in only one patient or family. All the mutations 
so far detected are in the structural gene rather than 
the gene promoter or other noncoding domains (Fig. 
l); with the exception of two gross gene deletions,23•24 

all are single-nucleotide substitutions. The conse­
quences of these mutations for the expression and 
function of receptors are diverse; they result in de­
creased levels of receptor messenger RNA, 15•19 defec­
tive processing of the proreceptor into its a and /3 
subunits,20 impaired transport of receptors to the cell 
membrane, 15•18 accelerated receptor degradation, 16 ab­
normal insulin binding,15•17 and impaired receptor ty­
rosme kinase activity. 10- 14•23•24 These disorders have 

Table 1. Causes of Insulin Resistance. 

Defects intrinsic to target cells 
Mutations of the insulin-receptot gene 
Defects in other genes important for insulin 

action (putative) 
Glucose transporters 
Substrates for insulin-receptor kinase or 

signaling intermediates 
Cellular inhibitors of insulin-receptor kinase 

Secondary factors affecting target cells 
Abnormal physiologic states 

Stress (e.g., fever, sepsis) 
Fasting or starvation 
Uremia 
Cinhosis 
Ketoacidosis 
Obesity 
Diabetes or hyperglycemia 

Normal physiologic states 
Puberty 
Advanced age 
Pregnancy 

Specific hormonal or metabolic factors 
Glucocorticoids (e.g., Cushing's syndrome) 
Growth hormone ( acromegaly) 
Catecholamines (e.g., pheochromocytoma) 
Glucagon (e.g., glucagonoma) 
Thyroid hormone (thyrotoxicosis) 
Hyperinsulinemia (e.g., insulinoma) 
Hyperglycemia (diabetes) 
Free fatty acids (nonesterified fatty acids) 
Adenosine 
Perhaps islet amyloid polypeptide (amylin) 

Autoantibodies to the insulin receptor 
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both dominant and recessive patterns of inheritance. 
Some patients10• 13 with mutations in the cytoplasmic 
component of the /3 subunit are simple heterozygotes 
for the mutant alleles. One likely explanation for the 
apparent ability of such dominant-negative mutations 
to impair the function of the receptor encoded by the 
normal allele relates to the fact that the receptor is an 
oligomeric protein that will contain products of both 
normal and defective alleles. 12 

Functionally important defects in other genes that 
are central to insulin action have not been described. 
Candidate genes include members of the family of 
glucose-transporter proteins, in particular the trans­
porter species that appears to be responsible for the 
insulin-stimulated uptake of glucose in muscle and fat 
(the type 4 glucose transporter, or GLUT-4),3 and 
several enzymes involved in the intracellular path­
ways of glucose metabolism, such as hexokinase, 
phosphofructokinase, and glycogen synthase. As sig­
naling intermediates between the receptor and down­
stream pathways are identified and cloned, their role 
in insulin resistance will need to be defined. The po­
tential role of currently unidentified proteins has been 
suggested by the recent report of an inhibitor of the 
insulin-receptor kinase in cultured cells from an insu­
lin-resistant patient. 49 

Secondary Factors Affecting the Sensitivity of Target Tissue 
to Insulin 

Many physiologic states and circulating factors can 
adversely affect the action of insulin. The second­
ary nature of these defects is established by the res­
toration of normal insulin sensitivity after the removal 
of the factor or state, or the reversal of the defect 
after cells are removed from the abnormal in vivo mi­
lieu. Glucocorticoids, glucagon, catecholamines, and 
growth hormone induce insulin resistance in cases of 
the excess secretion of individual hormones, which 
occurs in specific endocrinopathies, and the combined 
effects of these hormones in the setting of infec­
tion and stress. 50 The anti-insulin effects of glucagon 
are confined largely to the liver, although impaired 
glucose transport has also been described in periph­
eral cells.51 Other counterregulatory hormones an­
tagonize the actions of insulin in both hepatic and 
peripheral cells. Although growth hormone increases 
glucose clearance in the short term,50 antagonistic ef­
fects may later result from decreases in the number 
of insulin receptors52 or the inhibition of glucose 
transport, possibly through effects on the expression 
of glucose-transporter genes. 53 Glucocorticoids may 
induce insulin resistance directly by reducing the 
number or efficacy of glucose transporters,54 and in­
directly by increasing the circulating levels of gluca­
gon and free fatty acids. 50 The decreased cellular use 
of glucose induced by glucocorticoids does not involve 
changes at the level of the insulin receptor, since 
the transcription of the receptor gene is actually 
stimulated by glucocorticoids in some cell types. Cate­
cholamines antagonize insulin by stimulating gluco-

neogenesis, glycogenolysis, and lipolysis50 and by in­
hibiting peripheral glucose use by a /3-adrenergic 
mechanism that may also involve a decrease in cellu­
lar glucose transport.55 

Hyperinsulinemia itself down-regulates insulin re­
ceptors34·35 and results in postreceptor cellular desensi­
tization. 56 Insulin resistance can be demonstrated in 
patients with insulinomas and in normal subjects after 
the infusion of exogenous insulin.57 Islet amyloid poly­
peptide, or all}-ylin, a recently identified product of 
pancreatic beta-cells that is secreted together with in­
sulin, may antagonize the glucose-lowering effect of 
insulin on peripheral tissues.58 The concentrations of 
amylin shown to result in insulin resistance are as 
much as 1000 times the physiologic levels, however.58 

Both in vitro and in vivo, hyperglycemia is itself an 
important cause of diminished sensitivity to the glu­
cose-lowering effects of insulin (see below). 59•60 In cer­
tain tissues, adenosine61 or free fatty acids62 may at­
tenuate the action of insulin. 

Several complex physiologic states, including dia­
betic ketoacidosis, uremia,63 cirrhosis,64 fasting,2 preg­
nancy, puberty, and aging,65 are associated with re­
sistance to insulin. Uremia does not impair insulin 
binding, insulin-receptor kinase activity, or glycogen 
synthase activity,63 suggesting that it has a postre­
ceptor effect on the insulin-stimulated transport of 
glucose. The glucose-lowering effects of insulin are 
reduced by fasting as a result of decreased glucose­
transporter expression, decreased functional activity 
of glucose transporters, or both.2 

Although rare, perhaps the best-characterized sec­
ondary factor that can affect the sensitivity of target 
cells to insulin is spontaneously occurring antibodies 
to the insulin receptor.66.68 Such antibodies are typi­
cally polyclonal IgG and usually develop in the setting 
of other features of autoimmunity. These antibodies 
frequently cause steric inhibition of insulin binding, 
although certain antibodies may bind to the receptor 
and affect its function without directly blocking insu­
lin binding.68·69 Anti-insulin-receptor antibodies may 
also accelerate the degradation of insulin receptors 
and cause postreceptor desensitization of target cells. 
When incubated with target cells in vitro, these anti­
bodies usually behave as insulin agonists.68 Affected 
patients can have multiple populations of antibodies 
that differ in their antagonistic or agonistic properties 
and in tissue specificity. 

SYNDROMES OF INSULIN RESISTANCE 

General Consequences of Insulin Resistance 

The clinical consequences of insulin resistance can 
be divided into two broad categories - those that 
result from deficient insulin action and those that re­
sult from excessive insulin action. Impaired glucose 
tolerance and diabetes are clearly the consequences of 
deficient insulin action. Other potential consequences 
of deficient insulin action include growth retardation 
and lipoatrophy. 

The notion that compensatory hyperinsulinemia 
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can actually produce excessive insulin action was first 
suggested by two clinical features common to many 
patients with severe resistance to the glucose-lowering 
effects of insulin - the skin lesion of acanthosis nigri­
cans and ovarian thecal hyperplasia with hyperandro­
genism.5•44·45·70 Acanthosis nigricans is characterized 
by hyperkeratotic epidermal papillomatosis with in­
creased melanocytes; it leads to hyperpigmented, 
velvety areas of skin, predominantly in apposed and 
flexural locations. 70 Mild acanthosis nigricans and 
moderate insulin resistance have been found to be 
prevalent in some studies (as high as 7 percent), and 
their severity is positively correlated. 71 In view of the 
common association of insulin resistance with acan­
thosis nigricans and ovarian dysfunction,72 the corre­
lation between the severity of these lesions and the 
circulating level of insulin, and their abstnce in insu­
lin-deficient states, it is clear that these features are 
caused by excessive rather than deficient insulin ac­
tion. Hyperinsulinemia may affect the skin and ova­
ries by binding to and activating IGF-1 receptors or 
through insulin receptors that remain partially com­
petent for signaling. Human ovarian cells have both 
insulin and IGF-1 receptors, and both ligands can 
stimulate steroidogenesis and cell growth in ovarian 
tissue.44·45·73 

Genetic Syndromes of Severe Insulin Resistance 

Type A Syndrome and Variants 

The Type A syndrome of insulin resistance is the 
prototypic inherited syndrome of severe insulin resist­
ance (Table 2).5 The syndrome is characterized by 
marked endogenous hyperinsulinemia with or without 
glucose intolerance, acanthosis nigricans, and (in af­
fected postpubertal women) ovarian hyperandrogen­
ism. The classic syndrome occurs in lean or muscular 
adolescent girls who come to medical attention be­
cause of clinical manifestations of hyperandrogenism 
such as amenorrhea, hirsutism, and virilization. The 
affected ovaries show stromal hyperplasia and hy­
perthecosis, such as occurs in women with the polycys­
tic ovary syndrome.44·45 Similar degrees of insulin re­
sistance with variable acanthosis nigricans may occur 
in brothers, 74 prepubertal sisters, and the fathers 12 

of female probands. The Rabson-Mendenhall syn­
drome, 75 a variant of the Type A syndrome, is charac­
terized by pineal hyperplasia, dental dysplasia, and 
other dysmorphic features. 

Several patients with the Type A syndrome who 
had some clinical features of acromegaly, including 
acral enlargement, coarsened facial features, and wid­
ened spaces between the teeth, have been described.74 

These patients had normal or low circulating levels of 
growth hormone and IGF-1. Patients with the addi­
tional features of obesity, accelerated linear growth, 
and muscle cramps74 have also been described. 

Insulin-receptor mutations that cause defects in re­
ceptor expression on the cell surface15·18 or in the sig­
naling capacity of the receptor10·14,1a,2o,23,24 ( or both) 
have been identified in several patients with the Type 

Table 2. Genetic Syndromes of Severe Insulin Resistance. 

SYNDROME CLINICAL FEATURES MECHANISMS 

Type A syndrome 
Classic Acanthosis nigricans, se- Insulin-receptor muta-

vere insulin resistance, tions or other target-
ovarian hyperandro- cell defects in insu-
genism Jin action 

Rabson-Mendenhall Type A features, perllaps Insulin-receptor muta-
with dental dysplasia, lions or other target-
pineal hyperplasia, or cell defects in insulin 
other dysmorphic action; possibly other 
features defects 

Pseudoacromegaly Type A features, perhaps Possibly insulin-receptor 
with acral enlargement, mutations, other 
muscle hypertrophy, defects 
widened teeth spac-
ing, muscle cramps, 
or other features 
of acromegaly 

Leprechaun ism Intrauterine growth retar- Insulin-receptor muta-
dation, dysmorphic fa- lions; possible defects 
cies, perllaps with in other growth-factor 
Type A features, by- receptors or pathways 
pertrichosis, lipo- common to multiple 
atrophy, or phallic growth factors 
enlargement 

Lipodystrophy 
Total congenital Total lipoatrophy, per- Possibly insulin-receptor 

lipoatrophy haps with Type A mutations or other 
features, hepatospleno- defects 
megaly, cardiomyop-
athy, features of 
acromegaly, hypertri-
glyceridemia, or 
genital hypertrophy 

Partial congenital Adipose-tissue depots Possibly insulin-receptor 
lipodystrophy variably affected by mutations or other 

lipoatrophy or lipo- defects 
hypertrophy, perllaps 
with Type A features, 
hepatosplenomegaly, 
cardiomyopathy, fea-
lures of acromegaly, 
or hypertriglyceridemia 

A syndrome10- 14·18·23·24 or the Rabson-Mendenhall 
syndrome. 15·20 Other patients have had defects in insu­
lin-receptor binding (affinity, number, or both) or in­
sulin-stimulated receptor autophosphorylation and ki­
nase activity, although their receptor-gene structure 
has not yet been determined. All of these findings sug­
gest that genetic defects at the insulin-receptor locus 
probably account for most cases of the Type A syn­
drome of insulin resistance. We have found a normal 
complementary DNA nucleotide sequence for the in­
sulin receptor in one patient with this syndrome ( un­
published data), demonstrating that in at least some 
patients, insulin resistance may be due to mutations in 
the receptor-gene promoter or other proteins impor­
tant for insulin action. We stress that in the limited 
numbers of patients so far studied, the location (Fig. 
1) and biochemical consequences of these receptor 
mutations do not provide an explanation for the het­
erogeneous clinical phenotype. 

Leprechaunism 

Leprechaunism is a rare congenital syndrome char­
acterized by intrauterine growth retardation, dysmor­
phic facies, lipoatrophy, acanthosis nigricans, and ex-
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treme insulin resistance. 76 Like adolescents with the 
Type A syndrome, affected newborn girls may have 
cystic ovaries, hirsutism, and clitoromegaly. Studies 
with cultured cells from several patients have demon­
strated defects in insulin binding, insulin-receptor 
autophosphorylation and kinase activity, and insulin­
stimulated biologic actions. 77 Four patients with lepre­
chaunism had mutations of both alleles of the gene for 
the insulin receptor, the patients being either com­
pound heterozygotes 16•19 or homozygotes. 15•17 Some 
patients with leprechaunism have apparent abnor­
malities of other growth-factor receptors including the 
receptor for epidermal growth factor and the I G F -I 
receptor. 78 This suggests that certain insulin-receptor 
defects may impair the function of other receptors15 or 
that leprechaunism may be caused by mutations that 
affect signaling pathways common to a number of 
growth factors. 78 

Lipodystrophy 

Patients with lipodystrophy may have no adipose 
tissue ( congenital total lipoatrophy, or the Berar­
dinelli-Seip syndrome) or partial lipodystrophy with 
variable regional lipoatrophy or hypertrophy ( or 
both). 79 Other components of the Type A syndrome, 
as well as acromegaloid and dysmorphic features 
(such as genital hypertrophy and cardiomyopathy), 
may also be present. 79 Patients with total lipoatrophy 
may have marked hypertriglyceridemia with associat­
ed hepatosplenomegaly due to fatty infiltration. Het­
erogeneous defects in insulin binding, receptor ex­
pression, receptor kinase function, and postreceptor 
signaling have been identified in cells from patients 
with insulin resistance who have congenital lipodys­
trophy.80 The specific mechanism responsible for li­
poatrophy or lipodystrophy is unknown. In vivo re­
sistance to the antilipolytic action of insulin has 
been described,81 suggesting that certain defects at the 
level of the insulin receptor or postreceptor pathways 
can preferentially affect lipid metabolism in a general­
ized or region-specific manner. Acquired forms of to­
tal or partial lipoatrophy have also been described79 

and are frequently associated with severe insulin re­
sistance. 

Type B Syndrome 

Insulin resistance due to autoantihodies to the 
insulin receptor is referred to as the Type B syn­
drome. 5·66·67 Typically, patients with the syndrome 
have uncontrolled diabetes, acanthosis nigricans, and 
(in premenopausal women) ovarian hyperandrogen­
ism.68 Given that antireceptor antibodies can behave 
as agonists and antagonists, patients may have fasting 
hypoglycemia68 with or without postprandial hyper­
glycemia or may alternate among insulin-resistant 
diabetes, remission, and hypoglycemia. 82 Most pa­
tients with the Type B syndrome have clinical or labo­
ratory evidence of systemic autoimmune disease. Sys­
temic lupus erythematosus, primary biliary cirrhosis, 
and other defined disorders have been described; more 

often the signs of autoimmunity are limited to labora­
tory abnormalities such as leukopenia and high titers 
of anti-DNA antibodies.68•83 The Type B syndrome 
has also been associated with ataxia-telangiectasia.84 

Whether the predominant metabolic disorder is insu­
lin-resistant hyperglycemia or refractory hypoglyce­
mia, the treatment options are limited. Patients have 
benefited from glucocorticoids, immunosuppressive 
agents, and plasmapheresis.68•82•83 A single report sug­
gests that insulin-receptor autoantihodies of unknown 
functional consequence can be detected in a small mi­
nority of patients with typical NIDDM.69 

Obesity and NIDDM 

Insulin resistance is one of two physiologic defects 
involved in the pathogenesis of NIDDM, the other 
being a defect in the functional capacity of pancreatic 
beta cells to secrete insulin. This defect in insulin se­
cretion is found in virtually all patients and is un­
doubtedly necessary to the development of overt 
hyperglycemia.85 The relation between insulin resist­
ance and diabetes is illustrated in some patients with 
insulin-receptor mutations in whom mildly impaired 
or even normal glucose tolerance may persist for years 
as long as hyperinsulinemia is maintained, despite in­
sulin resistance far exceeding that in typical NIDDM. 
The ability of insulin resistance to provoke a failure of 
beta-cell compensation in susceptible people could be 
a critical step in the pathogenesis of NIDDM. 

Insulin resistance is ubiquitous in obese people and 
in lean or obese patients with NIDDM. NIDDM 
is associated with resistance to the ability of insulin 
to inhibit hepatic glucose output and stimulate the 
uptake and use of glucose by fat and muscle.86•87 

As compared with the insulin resistance of obesity, 
in which the dose-response relation for the use 
of glucose by peripheral tissues is consistent with 
a simple loss of insulin sensitivity, there is great­
er peripheral insulin resistance in patients with 
NIDDM, generally characterized by a further loss of 
insulin sensitivity and a reduction in the maximal in­
sulin response. 86 

The number of insulin receptors is somewhat de­
creased in several tissues of nondiahetic obese persons 
and lean or obese patients with NIDDM, possibly as a 
result of receptor down-regulation due to basal hyper­
insulinemia. 34•86 This moderate decrease in the num­
ber of receptors cannot account for the degree of insu­
lin resistance in most patients, suggesting that the 
function of receptors in such patients may he affected. 
The ability of insulin to stimulate autophosphoryla­
tion and tyrosine kinase activity is impaired in insulin 
receptors derived from fat, skeletal muscle, liver, and 
circulating monocytes of patients with NIDDM.88 

Obese patients without overt hyperglycemia may have 
similar defects in receptor function in skeletal mus­
cle. 89 Importantly, in obese patients with NIDDM 
weight loss substantially improves both hyperglyce­
mia and the defect in kinase activity of insulin recep­
tors.90 This defect in receptor function thus appears to 
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be a consequence of the abnormal metabolic milieu 
rather than a primary cause of insulin resistance. 
Whether inherited defects in one or more proteins ren­
der some people more susceptible to acquired receptor 
dysfunction is an important subject for future re­
search. 

The ability of insulin to increase the rate of glucose 
uptake in muscle and fat is a key step in the action of 
insulin to promote glucose disposal. Indeed, impair­
ment of insulin-stimulated glucose transport has been 
demonstrated in muscle and adipocytes of patients 
with NIDDM.91 •92 Obesity alone may be associated 
with a similar but less severe defect.91 Defective glu­
cose transport could result from a decrease in the 
number of specific transporters or from an impaired 
ability of insulin to signal the recruitment and activa­
tion of existing transporters.2 Studies in patients with 
NIDDM suggest that the number of glucose trans­
porters in adipocytes is reduced.91 Muscle, however, is 
the predominant site of insulin-stimulated glucose dis­
posal in vivo,87 and a recent study suggested that the 
total number of insulin-responsive glucose transport­
ers (GLUT-4) in the skeletal muscle of patients with 
NIDDM is unaltered.93 The mechanism of defective 
glucose transport in NIDDM is probably at least in 
part a consequence of hyperglycemia itself, since the 
insulin-stimulated transport of glucose is also im­
paired in IDDM and in animal models of insulin­
deficient diabetes, in which the restoration of euglyce­
mia alone is associated with the normalization of 
glucose transport. 60 

Patients with NIDDM have additional defects in 
the pathways through which insulin stimulates the 
disposal of glucose, apart from activation of the insu­
lin receptor and transport of glucose into cells. Direct 
measurements of enzyme activity in tissue suggest 
that the ability of insulin to activate pyruvate dehy­
drogenase,94 muscle glycogen synthase,95 and muscle 
glycogen synthase phosphatase (protein phosphatase 
l )96 (Fig. 2) is impaired in NIDDM. Studies using 
indirect calorimetry87·97 and nuclear magnetic reso­
nance spectroscopy98 have been interpreted as show­
ing that the peripheral insulin resistance of NIDDM 
may preferentially affect nonoxidative glucose metab­
olism (storage as glycogen) rather than oxidative glu­
cose metabolism. More recent studies, however, have 
suggested that the transport of glucose (or the initial 
phosphorylation of glucose to glucose-6-phosphate} is 
rate-limiting for the impaired uptake and storage of 
glucose in muscle in NIDDM.990100 

Whatever the disease's molecular basis, family 
studies in homogeneous populations with a high fre­
quency of NIDDM (such as the Pima Indians) 101 and 
in the more heterogeneous offspring of parents with 
NIDDM 102 clearly show that a component of insulin 
resistance is inherited and may predispose family 
members to the development of diabetes. A critical 
goal of current research is to identify the specific gene 
defects that are responsible for the inherited aspects of 
insulin resistance of NIDDM. Although some hetero-

zygous relatives of patients with severe insulin resist­
ance due to insulin-receptor mutations involving both 
receptor alleles have impaired glucose tolerance and 
insulin resistance like that in NIDDM, 14·16·17 defects in 
the coding region of the insulin-receptor gene have 
not been detected in Pima Indians 103·104 and are appar­
ently uncommon in other groups of patients with 
NIDDM. 22 Future studies will focus on potential al­
terations in other candidate genes, such as GLUT-4, 
in which one uncommon mutation of as yet un­
known functional importance has recently been de­
tected. 105·106 In one large kindred with maturity-onset 
diabetes of the young- a rare subtype of NIDDM -
diabetes was linked to a DNA polymorphism on the 
long arm of chromosome 20; impaired insulin secre­
tion was the predominant physiologic defect in the 
family, however. 107 NIDDM is clearly a clinically het­
erogeneous syndrome with respect to factors such as 
body weight, age at onset, and pattern of inheritance. 
Whether and by what mechanisms different "diabeta­
genes" that confer susceptibility to NIDDM relate to 
this physiologic and phenotypic diversity remain to be 
determined. 

Other Disorders Associated with Insulin Resistance 

Insulin Resistance and Ovarian Dysfunction 

Apart from the previously discussed association 
of severe insulin resistance with ovarian thecal hyper­
plasia and hyperandrogenism,5 obesity and insulin 
resistance (hyperinsulinemia) are common among 
women with the typical polycystic ovary syndrome. 
Hyperandrogenism and hyperinsulinemia are corre­
lated positively in such patients, independently of 
obesity.44•45 Furthermore, 5 percent of women with 
this syndrome have acanthosis nigricans, and they are 
the most insulin-resistant. 72 Treatment of hyperan­
drogenism in insulin-resistant patients with the poly­
cystic ovary syndrome fails to improve insulin resist­
ance44·108; hyperandrogenism thus does not cause or 
contribute to insulin resistance to an important de­
gree. In contrast, attempts to raise insulin levels 
abruptly in patients with the polycystic ovary syn­
drome have produced variable increases in androgen 
levels.44 On balance, hyperinsulinemia that results 
from insulin resistance of unknown causes may 
contribute to the pathogenesis of the polycystic ovary 
syndrome. 

Insulin Resistance, Hypertension, Hyperlipidemia, and 
Atherosclerosis 

In addition to the well-appreciated association of 
IDDM and NIDDM with ischemic heart disease, re­
cent epidemiologic data suggest that hyperinsulinemia 
is itself an independent risk factor for cardiovascular 
disease. 109 After other known risk factors have been 
considered, NIDDM and impaired glucose tolerance 
without overt diabetes are associated with a similar 
risk of cardiovascular disease; the additional effect of 
hyperglycemia in these common syndromes is there­
fore likely to be small relative to the risk of insulin 
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resistance. 109 Limited evidence suggests that insulin 
may promote the growth of vascular cells and ath­
erosclerosis directly. 109 Insulin resistance has also 
been implicated in the pathogenesis of essential 
hypertension and hypertriglyceridemia. 110 The term 
"syndrome X" was recently applied to the clinical as­
sociation of insulin resistance, hypertension, and 
increased very-low-density lipoprotein (VLDL) and 
decreased high-density lipoprotein (HDL) cholesterol 
concentrations in plasma. 110 How hyperinsulinemia 
contributes to the pathogenesis of hypertension is 
poorly understood; however, insulin can increase the 
activity of the sympathetic nervous system 111 or 
independently promote the renal reabsorption of 
sodium. 110 Insulin resistance is strongly correlated 
with elevations in VLDL and reductions in HDL cho­
lesterol concentrations, and hyperinsulinemia may di­
rectly promote hepatic VLDL production even when 
there is resistance to the glucose-lowering effect of in­
sulin.110 

CONCLUSIONS 

In this review we have discussed recent progress in 
our understanding of the mechanisms of insulin ac­
tion and the basis for disorders characterized by insu­
lin resistance. Progress in understanding the syn­
dromes of severe insulin resistance has been marked. 
Given the current evidence that hyperinsulinemia and 
insulin resistance have an important role not only in 
diabetes but also in hypertension, dyslipidemia, and 
cardiovascular disease, the molecular basis for mild 
insulin resistance in these disorders will merit inten­
sive investigation in the years to come. 

We are indebted to Drs. Barbara B. Kahn, Alan C. Moses, and 
Stephen O'Rahilly for their careful reading of the manuscript; to 
Lisa Underhill for her expert editorial assistance; and to Debi Sas­
low for assistance in the preparation of the manuscript. 
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