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on insulin sensitivity, so that hepatic insulin resistance is found only in PCOS
women who are obese (Dunaif, 1997). Under normal circumstances, insulin se-
cretion increases as insulin sensitivity decreases, in order to maintain glucose
homeostasis. This relationship of insulin sensitivity and insulin secretion, known
as the disposition index, is described by a hyperbolic curve (Bergman et al., 1996).
In both nonobese and obese PCOS women, insulin secretion is inappropriately
low for their degree of insulin resistance, suggesting the presence of pancreatic
B-cell dysfunction in these patients (Ehrmann et al., 1995; Dunaif and Finegood,
1996) (Figure 2). Ehrmann and colleagues have demonstrated decreased post-
prandial insulin secretory responses as well as abnormalities in entrainment of
insulin secretion to an oscillatory glucose infusion in PCOS women, consistent
with B-cell dysfunction (Ehrmann ez al, 1995). B-cell dysfunction can precede
glucose intolerance in PCOS (Dunaif and Finegood, 1996).

Insulin resistance plays a role in the pathogenesis of the reproductive abnor-
malities characteristic of PCOS. Burghen and colleagues found a significant
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FIG. 2. The disposition index. Insulin sensitivity determined by minimal model analysis of a
frequently sampled, intravenous glucose tolerance test is on the x-axis. Insulin secretion determined
by the acute insulin response to an intravenous glucose load (AIRg) is on the y-axis. Under normal
circumstances, the product of insulin sensitivity and insulin secretion, known as the disposition index,
is constant and is described by a hyperbolic curve, as depicted. An early defect in the pathogenesis
of diabetes is B-cell dysfunction, resulting in inappropriately low insulin secretion for the degree of
insulin resistance. This is present in nonobese and obese women with PCOS, most of whom do not
have DM, s can be seen in the figure where the disposition index is below the normal curve in PCOS
women (solid symbols). [Reprinted with the permission of A. Dunaif']
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positive correlation between insulin and androgen levels in their PCOS subjects,
suggesting a possible causal relationship (Burghen ef a/., 1980). Insulin resistance
is more severe in women with PCOS who are anovulatory than in women who
are equally hyperandrogenemic but have normal cycles (Dunaif et al., 1987,
Robinson et al., 1993), suggesting that insulin resistance contributes to anovula-
tion. In obese women with PCOS who undergo weight loss, a reduction in basal
and glucose-stimulated plasma insulin levels is associated with resumption of
ovulatory cycles (Pasquali et al., 1989; Kiddy et al, 1992). Perhaps the most
convincing of the lines of evidence linking insulin resistance and reproductive
abnormalities have been studies utilizing insulin-sensitizing drugs to restore ovu-
lation in women with PCOS (Dunaif et al., 1996; Nestler et al., 1998,1999).

II. Mechanisms of Insulin Resistance in PCOS

A. MOLECULAR EVENTS IN INSULIN SIGNALING

Insulin is a hormone with diverse metabolic and mitogenic effects. In addition
to promoting the synthesis and storage of carbohydrates, lipids, and proteins,
insulin regulates cell growth and differentiation. The mechanisms controlling
insulin receptor signal specificity are the subject of intense investigation
(Virkamiki et al., 1999).

The insulin receptor belongs to a family of tyrosine kinase receptors, includ-
ing the insulin-like growth factor-1 (IGF-1) receptor, with which it shares signifi-
cant structural homology. (Other family members are epidermal growth factor,
fibroblast growth factor, platelet-derived growth factor, and colony-stimulating
factor-1 receptors) (De Fronzo, 1997). The insulin receptor is a heterotetramer
consisting of two a,B dimers linked by disulfide bonds. The o subunit contains
the ligand binding domain; the membrane-spanning 8 subunit has an intracyto-
plasmic portion that possesses intrinsic tyrosine kinase activity (Cheatham and
Kahn, 1995). Binding of insulin activates the receptor’s kinase and leads to rapid
autophosphorylation of specific tyrosine residues on the B subunit (Saltiel, 1996).
This results in tyrosine phosphorylation of insulin receptor substrate (IRS) mole-
cules. The IRSs are a family of proteins, nine of which have been identified
(Virkamiki et al., 1999; White and Yenush, 1998). These include IRS-1 through
-4, Gab-1, Shc (which has three isoforms), and p62d°k. All the proteins in this
family bind transiently to the activated insulin receptor, during which time they
are phosphorylated on several tyrosine sites. The tyrosine-phosphorylated sites on
the insulin receptor substrates serve as binding sites for several SH2 domain
proteins, including phosphatidylinositol 3-kinase (P13-kinase). Activation of PI3-
kinase is a key step in the pathways ultimately resulting in stimulation of insulin-
mediated metabolic functions such as translocation of GLUT4 to the cell surface,
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leading to glucose uptake as well as glycogen synthesis. (Virkamaki et al., 1999;
Saltiel, 1996; White and Yenush, 1998). PI3-kinase activation results in the
phosphorylation of Akt, also known as protein kinase B (PKB), which, in turn,
phosphorylates and inactivates glycogen synthase kinase-3 (GSK-3). GSK-3 toni-
cally inhibits glycogen synthase activity. Thus, inhibition of GSK-3 activity re-
sults in glycogen synthase activation (Lawrence and Roach, 1997). Mitogenic
actions of insulin (e.g., control of cell growth and differentiation) can occur
independently of PI3-kinase activation via activation of the Ras-mitogen-activated
protein (MAP) kinase pathway (Saltiel, 1996; White and Yenush, 1998) (Figure
3).
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FIG. 3. Insulin receptor signaling. Insulin binding initiates signal transduction by inducing
tyrosine autophosphorylation of the insulin receptor, which increases its protein kinase activity. The
activated receptor tyrosine phosphorylates intracellular substrates such as insulin receptor substrates
(IRSs) 1-4 and Shc (Src and collagen-homologous protein). Tyrosine phosphorylated sites on IRSs
dock signaling and adaptor molecules propagating the signal. One important pathway is the activation
of phosphatidylinositol 3-kinase (PI3-kinase), which ultimately leads to translocation of the insulin-
responsive glucose transporter, GLUT4, and glucose uptake. PI3-kinase also results in the activation
of Akt (also known as protein kinase B), which, in turn, phosphorylates and inactivates glycogen
synthase kinase-3 (GSK-3). Inactivation of GSK-3 results in activation of glycogen synthase and
glycogen synthesis. Other pathways (e.g., p70S6 kinase, glycogen-bound form of protein phosphatase
1 (PP1G)) may regulate glycogen synthesis. The insulin receptor can directly phosphorylate Shc,
leading to the activation of the Ras signaling complex that results in MAP kinase activation and certain
mitogenic actions of insulin. [Reprinted with the permission of A. Dunaif’]
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B. INSULIN ACTION IN PCOS ADIPOCYTES

Studies in adipocytes, a classic insulin target tissue, have demonstrated no
abnormalities in insulin receptor number or affinity in PCOS women, when
compared to appropriately weight-matched control women (Dunaif et al., 1992;
Ciaraldi et al,, 1992,1997). However, in the PCOS adipocytes, there was a striking
and significant shift to the right in the dose-response curve for glucose uptake.
Maximal rates of glucose transport were modestly but significantly decreased,
compared to control women. This suggests the presence of a postbinding defect
in insulin receptor-mediated signal transduction in PCOS. Decreased glucose
transport in PCOS adipocytes has been shown to be secondary to a significant
reduction in the abundance of GLUT4 glucose transporters (Rosenbaum et al.,
1993). These defects in PCOS adipocytes occurred in the absence of glucose
intolerance, obesity, or changes in waist-to-hip girth ratios. There was no signifi-
cant relationship demonstrated with circulating levels of sex hormones (Dunaif et
al., 1992). This suggests that the abnormalities of insulin action in PCOS adipo-
cytes may reflect intrinsic rather than acquired defects.

C. INSULIN ACTION IN PCOS FIBROBLASTS

Although fibroblasts are not classic insulin target cells, defects in insulin
receptor number and kinase activity in skin fibroblasts have reflected mutations
in the insulin receptor in several of the rare syndromes of extreme insulin resis-
tance (Taylor er al., 1992). Studies using cultured skin fibroblasts from women
with PCOS have been performed to investigate the cellular mechanisms of insulin
resistance in this disorder. Furthermore, by studying cells that have been removed
from their in vivo environment for several generations, it is possible to assess
insulin action without the confounding influences of the in vivo environment (e.g.,
hyperinsulinemia, hyperandrogenemia, hyperglycemia), all of which can produce
insulin resistance (Dunaif, 1997). Presumably, signaling defects observed in cul-
tured cells reflect intrinsic genetic defects in insulin action.

Consistent with experiments using isolated adipocytes, studies of insulin
receptor binding in cultured skin fibroblasts from PCOS women have shown no
differences in receptor number and affinity, compared with cultured cells from
reproductively normal women (Dunaif et al., 1995). However, partially purified
insulin receptors from cultured fibroblasts of nearly half of PCOS women (PCOS-
ser) were noted to have markedly increased basal autophosphorylation with mini-
mal further insulin-stimulated autophosphorylation. Phosphoamino acid analysis
revealed that the increased basal phosphorylation represented primarily phos-
phoserine (Dunaif ez al., 1995). Serine phosphorylation has been shown in several
experimental systems to inhibit the intrinsic tyrosine kinase activity of the insulin
receptor (White and Yenush, 1998). Consistent with this, the PCOS-ser insulin
receptors demonstrated significantly reduced tyrosine kinase activity towards an
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artificial substrate, compared to partially purified insulin receptors from the fi-
broblasts of reproductively normal control women (Dunaif ef al., 1995). This
abnormal pattern of phosphorylation also has been detected in insulin receptors
partially purified from PCOS skeletal muscle, a classic insulin target tissue,
suggesting that this receptor abnormality may have relevance to the underlying
pathogenesis of insulin resistance in PCOS (Dunaif et al., 1995).

No mutations have been detected in the coding region of the insulin receptor
gene in women with PCOS (Sorbara er al., 1994; Dunaif et al., 1995; Talbot et
al., 1996). Moreover, immunoprecipitation and mixing experiments have sug-
gested that a factor extrinsic to the insulin receptor — presumably, a serine kinase
— is responsible for the abnormal pattern of phosphorylation in PCOS fibroblasts
(Dunaif ef al., 1995). When control insulin receptors were mixed with wheat germ
agglutinin eluates from the PCOS-ser fibroblast cell lines, a decrease in insulin-
stimulated tyrosine phosphorylation of the normal receptors was observed, along
with an increase in serine phosphorylation of these receptors (Dunaif et al., 1995).
These findings recently have been confirmed in studies of intact cells. Li and
colleagues, using a highly sensitive ELISA technique to measure insulin receptor
tyrosine phosphorylation in fibroblasts from PCOS and control women, showed
a 33 percent decrease in insulin-stimulated receptor tyrosine phosphorylation in
intact PCOS fibroblasts. However, no abnormality in insulin receptor tyrosine
phosphorylation was observed when insulin receptors from solubilized PCOS
fibroblasts were first immunocaptured and then stimulated with insulin. This
finding is consistent with the existence of a factor extrinsic to the insulin receptor
causing impaired signaling (Lt et al., 2000).

Fibroblasts from approximately 50 percent of women with PCOS studied by
Dunaif and colleagues (1995) manifested no abnormalities in insulin receptor
phosphorylation, despite demonstrating iz vivo insulin resistance comparable to
PCOS-ser women. This observation suggests the existence of postreceptor abnor-
malities of insulin signaling in these women, perhaps at the level of IRS-1
phosphorylation or PI3-kinase activation. It is possible that the same factor re-
sponsible for excessive serine phosphorylation of the insulin receptor in the
PCOS-ser women also phosphorylates downstream signaling proteins. Protein
kinase C (PKC) is a candidate factor that can serine-phosphorylate the insulin
receptor (White and Yenush, 1998) as well as IRS-1 (De Fea and Roth, 1997).

The putative serine phosphorylation factor of PCOS is an example of insulin
resistance secondary to extrinsic factors that interact with key proteins of the
insulin-signaling cascade to inhibit signaling (Figure 4). Plasma cell differentia-
tion factor-1 (PC-1) inhibits insulin receptor tyrosine kinase activity but is not
associated with increased serine phosphorylation of the insulin receptor (Maddux
et al, 1995). TNF-o appears to induce insulin resistance by serine phosphoryla-
tion of IRS-1, thus inhibiting propagation of the signal (Hotamisligil ef al., 1996).
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PC-1

FIG. 4. Insulin resistance secondary to factors altering receptor signaling. Insulin resistance in
cultured skin fibroblasts from approximately 50 percent of PCOS women appears to be secondary to
a cell membrane-associated factor, presumably a serine/theronine kinase, that serine-phosphorylates
the insulin receptor inhibiting signaling. Serine phosphorylation of IRS-1 appears to be the mechanism
for TNF-a-mediated insulin resistance. Free fatty acids can activate protein kinase C (PKC). PKCs
can serine-phosphorylate IRS-1 and inhibit signaling. The membrane glycoprotein plasma cell differ-
entiation factor also inhibits insulin receptor kinase activity but does not cause serine phosphorylation
of the receptor. [Reprinted with the permission of A. Dunaif]

Free fatty acids (FFAs) inhibit IRS-1 tyrosine phosphorylation and IRS-1-associ-
ated PI3-kinase activity, perhaps as a consequence of PKC-induced serine phos-
phorylation of IRS-1 (Griffin et al, 1999). There is evidence to suggest that
hyperglycemia-induced insulin resistance is mediated by PKC-induced serine
phosphorylation of the insulin receptor (Pillay et al., 1996).

In order to determine whether the abnormalities observed in insulin receptor
phosphorylation in PCOS fibroblasts were physiologically relevant, studies of
insulin action in intact cells were performed. Insulin-stimulated glycogen synthe-
sis was found to be significantly decreased in PCOS fibroblasts, whereas thymid-
ine incorporation was unchanged, compared with control fibroblasts (Book and
Dunaif, 1999). Thus, insulin resistance in these cells appears to be selective,
affecting metabolic, but not mitogenic, pathways of insulin signaling. Similar
findings have been reported in the cultured fibroblasts of patients with type 2 DM
(Wells ez al., 1993). IRS-1- and IRS-2-associated PI3-kinase activity was similar
in cultured fibroblasts from PCOS and control women (Book and Dunaif, 1999;
Venkatesan et al., 2000). Activation of Akt was similar in PCOS and control
fibroblasts but GSK-3 phosphorylation was decreased in PCOS fibroblasts, con-
sistent with an increase in GSK-3 activity (although this was not measured di-
rectly). Given that GSK-3 inhibits glycogen synthase, increased activity of GSK-3
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may account for the decreased glycogen synthesis observed in PCOS fibroblasts
(Venkatesan et al., 2000). The relationship between abnormalities in phosphory-
lation of the insulin receptor and the downstream effects observed in PCOS
fibroblasts is not clear.

D. INSULIN ACTION IN PCOS SKELETAL MUSCLE

Skeletal muscle is responsible for about 85 percent of insulin-stimulated
glucose uptake in vivo (De Fronzo, 1997). Significant defects in insulin action
have been demonstrated in the skeletal muscle of PCOS women, independent of
obesity and hyperglycemia. In serial skeletal muscle biopsies obtained at baseline
and during insulin infusion using the euglycemic clamp technique, insulin-stimu-
lated activation of IRS-1-associated PI3-kinase was significantly decreased in
PCOS skeletal muscle (Dunaif et al,, in press). This occurred in parallel with
decreased insulin-stimulated glucose uptake in vive. The abundance of IRS-1 and
the p85 regulatory subunit of PI3-kinase was comparable in skeletal muscle from
PCOS and control women. Thus, decreased IRS-1-associated PI3-kinase activa-
tion in PCOS muscle could not be accounted for by changes in the abundance of
signaling proteins. Normal abundance of key insulin-signaling proteins also has
been demonstrated in type 2 DM without massive obesity (Bjérnholm et al., 1997;
Krook et al., 2000). However, alterations in abundance of insulin-signaling pro-
teins have been described in other insulin-resistant states. In morbid obesity, the
abundance of IRS-1 and p85 is decreased (Goodyear et al., 1995). In gestational
DM, the abundance of skeletal muscle insulin receptor is unchanged, whereas
IRS-1 abundance is decreased and IRS-2 and p85 are increased (Friedman et al,
1999).

These findings in PCOS skeletal muscle in vivo are consistent with inhibition
of the insulin receptor tyrosine kinase by increased serine phosphorylation of the
receptor that has previously been identified in PCOS cell-free systems (Dunaif ef
al., 1995). This mechanism may not be unique to PCOS. Recent studies suggest
that increased insulin receptor serine/threonine phosphorylation in skeletal muscle
may play a role in the pathogenesis of gestational DM (Shao ef al, 2000).
However, increased insulin receptor serine phosphorylation in the skeletal muscle
of type 2 DM patients has not been demonstrated (Kellerer ef al,, 1995). Addi-
tionally, induction of serine phosphorylation of the insulin receptor in type 2 DM
may be secondary to hyperglycemia (Pillay et al., 1996), rather than an intrinsic
defect.

All of these studies of PCOS and other insulin-resistant states used muscle
biopsies or freshly isolated muscle strips. It is unclear whether the defects in
insulin signaling that have been demonstrated in these studies are intrinsic to
muscle tissue (i.c., genetically determined) or are acquired secondary to in vivo
environmental factors such as hyperinsulinemia, increased circulating FFAs, or,
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in diabetic individuals, hyperglycemia. Another possibility is that both genetic
and environmental influences on insulin signaling in skeletal muscle are important
in the pathogenesis of insulin resistance, with underlying genetic defects in muscle
conferring increased susceptibility to environmental factors.

Human skeletal muscle cells grown in culture show many of the charac-
teristics of mature skeletal muscle in vivo. Therefore, this represents an excellent
system for the study of muscle cells that have been removed from the in vivo
environment (Sarabia et al., 1992; Henry et al,, 1995). In contrast to the findings
in PCOS skeletal muscle in vivo, our preliminary studies of cultured muscle cells
of obese, nondiabetic PCOS women and weight-matched controls showed normal
insulin responsiveness of glucose transport and glycogen synthesis in the PCOS
muscle (unpublished data). These observations are consistent with a major role of
environmental factors in the pathogenesis of insulin resistance in PCOS. Likewise,
a recent study comparing insulin action and signaling in cultured skeletal muscle
cells from normoglycemic, lean, insulin-resistant, and insulin-sensitive first-de-
gree relatives of type 2 DM patients failed to detect significant differences
(Krutzfeldt e al., 2000). However, a similar study using cultured skeletal muscle
cells showed defects in insulin-stimulated glucose uptake in approximately half
of overweight insulin-resistant, nondiabetic, first-degree relatives of type 2 dia-
betic patients, compared with lean control subjects (Jackson et al.,, 2000). Abnor-
malities in insulin action have been demonstrated in cultured skeletal muscle cells
from patients with type 2 DM (Henry et al., 1995,1996). However, it is not clear
whether these defects are intrinsic or acquired, since it is possible that chronic
hyperinsulinemia and/or hyperglycemia in vivo may induce nonreversible changes
in insulin action. In insulin-resistant, nondiabetic Pima Indians, insulin action in
cultured skeletal muscle cells was positively correlated with in vivo measures of
insulin action, suggesting that genetic background may be relevant (Thompson et
al., 1996, Mott et al., 1998; Youngren et al., 1999).

The candidate circulating factor that could produce skeletal muscle insulin
resistance that has received the most attention is FFA. Circulating levels of FFAs
correlate with in vivo measures of insulin resistance in first-degree relatives of
individuals with type 2 DM (Gulli ef a4/, 1992). Recent studies have shown that
the administration of FFA to healthy subjects can produce insulin resistance and
defects in muscle IRS-1-associated PI3-kinase activation (Dresner et al., 1999).
Rodent studies suggest that this may be mediated via PKC-theta activation (Griffin
et al., 1999). FFAs also appear to modulate hepatic glucose output (Bergman and
Mittelman, 1998). These dual effects of FFA — to increase hepatic glucose
production and to decrease muscle insulin sensitivity — have led Bergman to
propose the “single-gateway hypothesis” (Bergman and Mittelman, 1998). Ac-
cording to this hypothesis, increased adipocyte lipolysis accounts for hepatic and
peripheral insulin resistance. Adipocyte lipolysis could be increased by resistance
to the antilipolytic actions of insulin and/or an increase in lipolytic stimuli (i.e.,
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catecholamines), sensitivity to these stimuli, and/or the amount of lipolytically
active visceral fat. FFA levels are increased in obese PCOS women and have not
been studied in insulin-resistant, nonobese PCOS women (Holte et al, 1994;
Robinson et al,, 1996). Another circulating factor that could produce peripheral
insulin resistance is TNF-a (Hotamisligil, 1999). One study has reported TNF-o
elevations in PCOS (Naz et al., 1995).

I11. Insulin Resistance in PCOS: Progress and Paradoxes

Insulin resistance in PCOS is associated with a postbinding defect in insulin
receptor signaling that has been demonstrated in isolated adipocytes, cultured
fibroblasts, and skeletal muscle in vivo. Current evidence suggests that constitu-
tively increased serine phosphorylation of the insulin receptor or downstream key
signaling proteins are involved in the pathogenesis of insulin resistance in PCOS.
The factor responsible for this serine phosphorylation remains to be identified.
Recent data suggest that this mechanism of induction of insulin resistance may
not be unique to PCOS.

How this increase in serine phosphorylation of the insulin receptor or down-
stream proteins leads to a selective defect affecting only the metabolic pathway
of insulin action in cultured PCOS skin fibroblasts is unclear. The mechanism
may involve differential roles of IRS-1 and IRS-2 in mediating the metabolic and
mitogenic effects of insulin, in addition to abnormal interaction of the IRSs with
the insulin receptor. The latter recently has been demonstrated in muscle cells
expressing an insulin receptor containing a point mutation in the  subunit
(Arg1152GIn). This mutant receptor constitutively activates the metabolic path-
way of insulin action, although mitogenic responses to insulin are normal
(Petruzziello et al., 1993; Miele ef al, 1999). In L6 muscle cells expressing the
mutant receptor IRS-2, which was constitutively tyrosine phosphorylated and
showed increased binding to the insulin receptor, mediated insulin regulation of
glucose metabolism. In contrast, IRS-1 showed normal phosphorylation and me-
diated insulin mitogenic signals.

Tissue differences in insulin sensitivity may be present in PCOS, as reported
by Ciaraldi and colleagues (1998). Isolated adipocytes and cultured skin fi-
broblasts from PCOS women demonstrate resistance to the metabolic effects of
insulin. Conversely, preliminary studies of cultured PCOS skeletal muscle cells
suggest that these cells are insulin sensitive, despite being insulin resistant in vivo.
A possible explanation for these tissue-specific differences is that the abnormali-
ties in insulin action in cultured fibroblasts and in isolated adipocytes reflect
intrinsic defects. However, insulin resistance in skeletal muscle is either secondary
to the in vivo environment or else interaction with environmental factors is re-
quired for an underlying genetic defect in insulin signaling to be manifested. The
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demonstration of abnormalities in insulin signaling in adipocytes of PCOS women
is in keeping with the single-gateway hypothesis that proposes that increased
adipocyte lipolysis, leading to increased circulating FFA levels, is the primary
defect in insulin-resistant states. Tissue-specific differences in the roles of the
IRS-1 and -2 in mediation of insulin signaling also may be relevant. Recent
experiments using knockout mice have shown that IRS-1 plays a prominent role
in insulin action in skeletal muscle and IRS-2 in liver (Higaki et al., 1999; Kido
et al., 2000). Studies in human muscle appear to support these findings (Kim et
al., 1999).

IV. Summary

Women with PCOS are at substantially increased risk of developing impaired
glucose tolerance and type 2 DM at a young age. This risk is conferred by
profound peripheral insulin resistance and defects in insulin secretion. The major
abnormality in insulin action in PCOS is a postbinding defect in insulin signaling.
This appears to be secondary to a factor extrinsic to the receptor that modulates
its signaling and perhaps the signaling transduced by IRSs. Our preliminary
studies suggest that not all tissues are intrinsically insulin resistant in PCOS.
Skeletal muscle has acquired defects in insulin action. Hence, it is possible that
insulin resistance in PCOS adipocytes leads to increased circulating FFA levels
that, in turn, produce peripheral insulin resistance. Other circulating factors (e.g.,
TNF-a) may contribute to insulin resistance in PCOS. Elucidating the pathogene-
sis of insulin resistance in PCOS will provide insight into an important cause of
type 2 DM,
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