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Insulin resistance is a major feature of most patients with type
2 diabetes mellitus (T2D). A number of laboratories have ob-
served that membrane glycoprotein plasma cell antigen 1
(PC-1) [ectonucleotide pyrophosphatase phosphodiesterase
1] is either overexpressed or overactive in muscle, adipose
tissue, fibroblasts, and other tissues of insulin-resistant indi-
viduals, both nondiabetic and diabetic. Moreover, in cultured
cells in vitro and in transgenic mice in vivo, PC-1 overexpres-
sion impairs insulin stimulation of insulin receptor (IR) ac-
tivation and downstream signaling. PC-1 binds to the con-
necting domain of the IR �-subunit that is located in residues
485–599. The connecting domain transmits insulin binding in

the �-subunit to activation of tyrosine kinase activation in the
�-subunit. When PC-1 is overexpressed, it inhibits insulin-
induced IR �-subunit tyrosine kinase activity. In addition, a
polymorphism of PC-1 (K121Q) in various ethnic populations
is closely associated with insulin resistance, T2D, and cardio-
and nephrovascular diseases. The product of this polymor-
phism has a 2- to 3-fold increased binding affinity for the IR
and is more potent than the wild-type PC-1 protein (K121K) in
inhibiting the IR. These data suggest therefore that PC-1 is a
candidate protein that may play a role in human insulin re-
sistance and T2D by its overexpression, its overactivity, or
both. (Endocrine Reviews 29: 62–75, 2008)
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I. Introduction

SENSITIVITY TO INSULIN-MEDIATED glucose uptake
(IMGU) varies more than 6-fold in the population at

large (1). There is evidence (2) that approximately 50% of this
variability in IMGU in apparently healthy individuals can be
attributed to differences in the degree of adiposity (25%) and
level of physical fitness (25%). The remaining 50% of the
variability in IMGU is likely to be of genetic origin, with
experimental evidence of familial association (3). When in-
sulin-resistant individuals cannot maintain the degree of hy-
perinsulinemia needed to overcome the insulin resistance,
type 2 diabetes (T2D) develops (4, 5). However, the vast
majority of these insulin-resistant individuals continue to
secrete the large amounts of insulin needed to overcome this
defect in insulin action, thereby maintaining normal or near-
normal glucose tolerance.
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This enhanced pancreatic �-cell secretion is a mixed bless-
ing. Although the compensatory hyperinsulinemia prevents
the development of frank hyperglycemia, it causes a further
impairment of insulin signaling, and insulin-resistant/hy-
perinsulinemic individuals are at greatly increased risk of
having some degree of glucose intolerance, high plasma tri-
glyceride and low high-density lipoprotein cholesterol con-
centrations, and hypertension (6). Consequently, in 1988 (6)
it was proposed that individuals displaying this cluster of
abnormalities associated with insulin resistance/compensa-
tory hyperinsulinemia were at significantly increased risk of
cardiovascular disease, a notion that has been validated on
many subsequent occasions.

It should be emphasized that insulin resistance is not a
clinical diagnosis, but a physiological abnormality that in-
creases the likelihood that one or more of a related cluster of
clinical syndromes will develop. Furthermore, it is now clear
that T2D and cardiovascular disease are only two of the
diseases more likely to occur in insulin-resistant individuals.
For example, insulin-resistant individuals are at increased
risk to develop hypertension, polycystic ovary syndrome
(PCOS), and nonalcoholic fatty liver disease, sleep disor-
dered breathing, and certain forms of cancer (7, 8). In addi-
tion, insulin resistance and its consequences have been
shown to complicate protease inhibitor treatment of HIV/
AIDS (9), as well as the use of atypical antipsychotic drugs
in patients with schizophrenia (10).

In light of the above considerations, it is obvious that a
defect in IMGU contributes in a major fashion to a number
of common clinical syndromes, and the problems associated
with this defect of insulin action are only going to multiply
as people become heavier and more sedentary. Although
lifestyle changes can be effective in attenuating to some de-
gree the acquired component of IMGU, it would obviously
be of great importance to understand the fundamental cel-
lular and molecular bases of the genetic components of the
defect(s) in IMGU. In addition to defects in insulin action in
muscle, insulin resistance also occurs in other key tissues
such as liver and adipose (6).

Understanding defects in insulin action in insulin-resistant
humans has been the objective of many research efforts.
There is now considerable evidence that insulin action on
target cells, including muscle and fat, occurs via a complex
network of signaling pathways (11). Thus, it is likely that
insulin resistance in many individuals is the result of mul-
tiple “abnormalities” that may occur in this network (11).
Some of these abnormalities may affect insulin receptor (IR)
content and/or function (12–14), whereas others may act by
modulating one or more steps in post-receptor signaling
pathways such as inactivation of the IR substrate (IRS) pro-
tein system (13–16).

More than 10 yr ago it was reported that the plasma mem-
brane enzyme, termed either PC-1 (plasma cell antigen 1) or
ENPP1 (ectonucleotide pyrophosphatase phosphodiesterase
1), inhibits IR function and is elevated in cells of insulin-
resistant subjects (17). The goal of this review is to discuss
both our data on PC-1 and those of other investigators that
have come forth since that initial publication. These data
indicate that overexpression and polymorphic variations of
the glycoprotein PC-1 can negatively affect IR tyrosine kinase

activity in peripheral tissues that are major targets of insulin
action (including liver, muscle, and fat). They also provide a
molecular mechanism that may account for impaired insulin
action in certain individuals with insulin resistance.

II. Membrane Glycoprotein PC-1

PC-1 is a class II transmembrane glycoprotein that is lo-
cated both on the plasma membrane and in the endoplasmic
reticulum (18) (Fig. 1). PC-1 is the same protein as liver
nucleotide phosphodiesterase and liver alkaline phosphodi-
esterase 1 and a member of a family of five enzymes
(ENPP1–5) that regulate nucleotide metabolism (19–21). It
has a wide tissue distribution including liver, skeletal mus-
cle, and adipose tissue, the three major target tissues for
insulin action (19–21). It is also expressed in heart, brain,
pancreatic islets, placenta, kidney, lung, salivary gland, ep-
ididymis, vas deferens, chondrocytes, lymphocytes, and der-
mal fibroblasts (18).

PC-1 exists as a homodimer of 230–260 kDa; the reduced
form of the protein has a molecular size of 115–135 kDa,
depending on the cell type. Human PC-1 is predicted to have
873 amino acids (20). PC-1 is inserted into the plasma mem-
brane such that there is a small cytoplasmic amino terminus
and a much larger extracellular carboxyl terminus (19, 21)
(Fig. 1). The extracellular domain of PC-1 has an enzymatic
activity that cleaves sugar-phosphate, phosphosulfate, py-
rophosphate, and phosphodiesterase linkages. The active en-
zyme site for phosphodiesterase and pyrophosphatase con-
tains a key threonine residue 204 (19). However, this enzyme
activity is not involved in inhibiting the IR because it has
been shown that mutation of this threonine residue to inac-
tivate the enzymatic activity of PC-1 does not impair its
ability to inhibit IR function (22). The physiological function
of PC-1 is not completely understood. There is evidence that
PC-1 plays a major role in bone and cartilage metabolism by
producing pyrophosphate (23). The latter substance inhibits
bone formation. In PC-1 knockout mice and in humans lack-
ing PC-1 there is ectopic calcification in spine, aorta, and
other tissues with markedly decreased survival (24).
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FIG. 1. Structure of PC-1. Major domains of the molecule are shown.
EF-hand, Ca�2 binding domain that maintains structure; Threonine
204, phosphodiesterase/pyrophosphatase site. The somatomedin-like
domains are located near the plasma membrane and appear to be
involved in interacting with the IR. The high cysteine region is in-
volved in dimer formation.
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PC-1 expression may be controlled by genetic and other
regulatory systems. PC-1 is reported to be up-regulated by
glucocorticoids (25, 26) and agents that raise cAMP (27), the
protein kinase C activator, phorbol myristate acetate (27),
growth factors such as fibroblast growth factor (28, 29), and
cytokines including IL-1� and TNF-� (28). The glucocorti-
coid effect may be through a glucocorticoid response ele-
ment-like sequence in the PC-1 promoter.

Interestingly, insulin levels do not appear to regulate PC-1
levels in humans (30). However, insulin treatment of cells
changes the cellular location of PC-1 (31). The hormone in-
duces rapid movement of PC-1 from intracellular sites to the
plasma membrane. This action of insulin may be part of an
insulin desensitization process and may explain in part the
observations that there is a decrease in insulin-stimulated IR
tyrosine kinase activity in cells within minutes after cells are
treated with insulin (32).

III. Insulin Receptor Function in Insulin Resistance
and Related Abnormalities

The importance of PC-1 in insulin resistance relates to the
observations that IR function is reduced in this condition.
That impaired IR function contributes to insulin resistance in
humans is supported by many studies (12, 14). In addition to
impaired IR function, post-receptor mechanisms may cause
insulin resistance. One post-receptor mechanism that has
been extensively studied is reduced tyrosine phosphoryla-
tion of IRS proteins, the primary substrates of the IR tyrosine
kinase in target cells (14, 16). This decrease in IRS phosphor-
ylation most likely reflects both an impairment in IR tyrosine
kinase activity and serine phosphorylation of IRS proteins,
which can impair ability of IRS proteins to act as a substrate
for the IR (33).

Impaired insulin activation of the muscle IR has been
reported in most conditions to be associated with human
insulin resistance. For instance, decreased muscle IR function
in patients with T2D has been reported in isolated IR stim-
ulated in vitro (34–37) and in muscle biopsies obtained after
in vivo insulin infusion (38–40). In contrast, others have re-
ported that muscle IR from diabetic patients is normally
phosphorylated by insulin in vivo (41, 42). However, T2D
may not be the best model to study the mechanisms of insulin
resistance because hyperglycemia has been shown to impair
insulin signaling at several sites. For example, high glucose
levels can down-regulate IR function in cultured cells (43).

The concept that impaired IR function contributes to in-
sulin resistance in humans is more clearly supported by
studies of insulin signaling in muscle from non- or predia-
betic subjects. When obese and lean subjects were compared,
several studies reported that IR autophosphorylation and
tyrosine kinase activity were reduced in IR isolated from
muscle (34, 38, 44–46). Moreover, a dose effect of adiposity
on IR function was observed when muscle biopsies from a
heterogeneous population of Pima Indians were studied
with a highly sensitive, quantitative ELISA to measure in
vitro stimulation of IR autophosphorylation (47). However,
others have reported that IR function is normal in muscle
from obese subjects (39). Muscle IR function in the lean

offspring of diabetic parents has been reported to be either
reduced (48, 49) or unchanged (50). In the lean, normogly-
cemic population without a known family history of T2D,
those subjects found to be insulin resistant by glucose clamp
displayed reduced IR function when compared with insulin-
sensitive subjects (51–53). PCOS, an insulin-resistant condi-
tion, is also associated with reduced IR tyrosine kinase ac-
tivity in muscle (54). Although the reasons for the discrepant
findings on IR function in humans are unknown, it is clear
that deficits in IR function are commonly associated with
insulin resistance in humans. Thus, determining the mech-
anisms whereby IR signaling is inhibited may prove helpful
in developing strategies to understand and possibly reverse
insulin resistance.

IV. Elevated Content of PC-1 as a Cause of Insulin
Resistance: Studies in Human Tissues

Several lines of evidence indicate that membrane glyco-
protein PC-1 contributes to the decreased IR function ob-
served with insulin resistance. First, PC-1 content is elevated
in muscle, fat, fibroblasts, and other tissues of patients with
insulin resistance (55, 56). Second, overexpression of PC-1 in
cultured cells causes them to be less responsive to insulin
(17). Third, transgenic animals that overexpress PC-1 in dif-
ferent tissues are insulin resistant and are diabetic (57).
Fourth, a PC-1 variant (i.e., K121Q) has an enhanced inhib-
itory effect on the IR and is associated with clinical insulin
resistance (58).

The investigation of PC-1 in insulin resistance began when
cultured fibroblasts were obtained from a 42-yr-old woman
who had T2D (17, 59) and marked insulin resistance. In her
cells, IR signaling was impaired as measured by a variety of
parameters: IR autophosphorylation, IRS-1 phosphorylation,
and biological functions including glucose and amino acid
transport. IR tyrosine kinase activity was also impaired (Fig.
2A). In contrast, there was no inhibition of the closely related
IGF-I receptor (Fig. 2B). Her fibroblasts had an elevated level
of PC-1; measurement of PC-1 enzyme activity, PC-1 Western
blot analysis, and ELISA with antibodies specific for PC-1
indicated that there was an approximately 4- to 5-fold in-
crease in PC-1 content and a similar increase of PC-1 mRNA
levels. In other experiments, transfection of mouse 3T3L1
fibroblasts caused a 5-fold increase in PC-1 and impaired IR
tyrosine kinase activity (Fig. 2C). Similar results have been
reported by Abate et al. (60). PC-1 was elevated in fibroblasts
of insulin-resistant nondiabetics and in patients with T2D
(17). This elevation was associated with decreased IR kinase
activation (17). Teno et al. (61) found similar results in fibro-
blasts of T2D patients. These studies therefore raised the
question of what PC-1 levels were in insulin-responsive tis-
sues from insulin-resistant individuals and whether the in-
creased PC-1 expression was either the primary cause of
insulin resistance or secondary to concomitant metabolic
derangements such as T2D and/or obesity.

For these reasons, to avoid the possible interference of the
metabolic derangements associated with obesity and/or T2D
on levels of PC-1 expression, healthy, nonobese, nondiabetic
subjects were investigated. Two major insulin target tissues,
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muscle and adipose, were studied (51, 62). In the muscle
study (51), the group consisted of 28 subjects with normal
oral glucose tolerance. These subjects had a wide range of
insulin sensitivity (Fig. 3).

In biopsies of the external oblique muscle, PC-1 content, as
measured by RIA, negatively correlated with the subject
insulin sensitivity (51) (Fig. 3A). Muscle PC-1 content also
significantly correlated with plasma insulin levels. In con-
trast, no significant correlation was observed between mus-
cle PC-1 content and either fasting plasma glucose and in-
sulin levels or body mass index (BMI). In vitro experiments
with muscle preparations obtained from these subjects in-
dicated that increased muscle PC-1 content inversely corre-
lated with decreased insulin-stimulated IR tyrosine-kinase
activity (51). These data indicated that increased muscle PC-1
content was associated with insulin resistance both in vivo
and in vitro. In addition, these data suggested that in human
skeletal muscle PC-1 exerts its inhibitory effect on insulin
action by blunting IR tyrosine kinase activity.

PC-1 was also measured in adipose tissue from healthy,
nonobese, nondiabetic subjects (62) (Fig. 3B). The group con-
sisted of 20 subjects with normal oral glucose tolerance test-
ing according to the American Diabetes Association criteria.
Again, a wide range of insulin sensitivity was observed in

these subjects. PC-1 content, measured in adipose tissue by
RIA, inversely correlated with measurements of both in vivo
and in vitro insulin action. The data in adipose tissue, there-
fore, paralleled the observations in muscle tissue and con-
firmed that in nonobese and nondiabetic subjects, increased
PC-1 expression in insulin target tissues may play a role in
determining insulin resistance.

The possibility that hyperinsulinemia, a typical compo-
nent of insulin resistance, might have influenced PC-1 tissue
content was also investigated and considered unlikely be-
cause patients with primary hyperinsulinemia due to insu-
linoma had a muscle PC-1 content that was similar to that of
insulin-sensitive controls and lower than the PC-1 content of
insulin-resistant subjects (30).

To rule out the possibility that, in muscle and adipose
tissues, various metabolic abnormalities in insulin-resistant
individuals may influence PC-1 content, similar studies were
carried out in human skin fibroblasts in primary culture (Fig.
4A) (63), a cellular model whose PC-1 content correlates with
that in muscle tissue (63) (Fig. 4B). PC-1 content was signif-
icantly higher in fibroblasts from nonobese, nondiabetic, in-
sulin-resistant subjects than in fibroblasts from insulin-sen-
sitive subjects (Fig. 4A). Fibroblast PC-1 levels correlated
with muscle PC-1 levels in samples taken from the same
patient. Finally, as observed in muscle and adipose tissues,
PC-1 content in cultured fibroblasts negatively correlated
with the subjects’ insulin sensitivity, and in vitro studies
documented that increased PC-1 content was correlated with
decreased insulin-stimulated IR autophosphorylation and
glycogen synthesis. The skin fibroblasts were cultured under
standard conditions, totally independent of the in vivo met-
abolic conditions of the subject. Thus, these findings that
PC-1 overexpression in cultured fibroblasts mirror overex-
pression in muscle and adipose tissue support the concept
that PC-1 overexpression in tissues plays a primary causative
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role in the pathogenesis of insulin resistance. Also they sug-
gest that PC-1 overexpression is not a consequence of an
insulin resistance-related metabolic derangement.

It is unknown why PC-1 is overexpressed in patients with
insulin resistance. In the original studies of fibroblasts with
elevated PC-1 (17), elevated levels of PC-1 mRNA were ob-
served. A haplotype given by the combination of three poly-
morphisms in the 3� untranslated region (UTR) of the PC-1
gene prolongs mRNA half-life and was associated with in-
creased PC-1 protein content in human skeletal muscle (64).
This polymorphism explains the elevations of PC-1 in some
individuals with insulin resistance. It is also possible that cis-
or trans-acting factors may increase PC-1 mRNA levels in
other individuals.

V. Elevated Content of PC-1 as a Cause of Insulin
Resistance: Studies in Animal Models

Different experimental animal models were used to un-
derstand better the role of PC-1 overexpression in specific
tissue in causing insulin resistance. First, an adenovirus en-
coding human PC-1 construct was injected into mice (65).
These mice had a 2- to 3-fold increased hepatic PC-1 content
and glucose levels that were 30–40 mg/dl higher than con-
trols. Moreover, they had more than a 2-fold increase in
insulin levels, indicating that they were resistant to the action
of insulin. During glucose tolerance tests, glucose levels at all
time points were significantly higher in mice with increased
hepatic PC-1. IR autophosphorylation was decreased. Other
studies indicated that the expression of several hepatic glu-
coneogenic enzymes was increased. These studies indicated
therefore that modest PC-1 overexpression in liver caused
insulin resistance but not overt diabetes.

To understand the chronic consequences of increased PC-1
levels, transgenic mice overexpressing human PC-1 were

studied (57). A vector that had human PC-1 under the control
of the cytomegalovirus promoter was employed. Overex-
pression of PC-1 was observed in both muscle and liver.
Compared with controls, these animals had much higher fed
insulin levels and significantly elevated glucose levels, in-
dicating that they were insulin resistant (Fig. 5). Moreover,
these animals had hyperglycemia and glucose intolerance
(Fig. 5). PC-1 transgenic and control animals were given an
insulin infusion, and glucose was infused to maintain a blood
glucose concentration of 160 mg/dl. After 1 h, radioactive
2-deoxy-d-glucose was infused, and the uptake of this iso-
tope was measured in various tissues. In the PC-1 animals,
the uptake of this isotope was significantly decreased in
insulin-sensitive muscles such as diaphragm and soleus.
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There was no change in uptake into fat tissue (but, unlike
muscle, this tissue had no overexpression of PC-1). Interest-
ingly, there was decreased uptake into brain.

High-fat feeding and glucosamine treatment cause insulin
resistance and decreased IR function (66). However, in both
conditions no elevations of PC-1 were reported (66, 67).

VI. Other Studies of the Effects of PC-1
Overexpression on Insulin Action

The data of the effect of PC-1 overexpression and insulin
resistance have been observed in most studies from multiple
laboratories in humans, animals, and cells. As mentioned,
Teno et al. (61) have published that there is an increase in
membrane glycoprotein PC-1 in the fibroblasts from T2D
patients with insulin resistance. Friedman and colleagues
(68) reported that PC-1 content is elevated in muscle from
women with gestational diabetes. In these latter two studies,
the elevated PC-1 content was associated with decreased IR
tyrosine kinase activity. Stefanovic et al. (69) reported that
PC-1 is increased in lymphocytes from T2D patients, and this
increase was reversed by metformin treatment. This group
has also reported that PC-1 is elevated in insulin-resistant
uremic patients, and this elevated PC-1 is reversed by eryth-
ropoietin therapy (70). Stentz and Kitabchi (71) found a 2-fold
elevation of PC-1 mRNA in muscle and transformed lym-
phocytes of T2D patients.

In animals, it has been reported that PC-1 activity is in-
creased in adipocytes of T2D rats produced by low-dose
streptozotocin (72). In addition, insulin stimulation of glu-
cose uptake was markedly reduced. Also, Sakoda et al. (73)
reported that significant elevations in PC-1 expression oc-
curred in adipose tissue of Zucker fatty rats but not in high-
fat-fed rats. Abate et al. (60) find that transgenic C57/Bl6 mice
with targeted overexpression of human PC-1 K121Q in ad-
ipose tissue (via the aP2 promoter) have increased plasma
concentrations of fasting nonesterified fatty acids after 12-wk
exposure to 60% fat diet. Moreover, during intraperitoneal
glucose tolerance tests, these transgenic mice had significant
increases in plasma insulin and glucose values.

In a study of alloxan-treated diabetic rabbits, Eller et al. (74)
reported that there was an increase in PC-1 expression in
liver and brain, but not adipose tissue. Muscle PC-1 expres-
sion was not reported. Sakoda et al. (73), in contrast to their
data in adipose tissue, did not find an elevation in PC-1
content and/or expression in liver and muscle of various
diabetic rats (Zucker fatty rats, high-fat-fed rats and strep-
tozotocin-treated rats). Why the Sakoda data differ from the
Eller data is unknown, but it may reflect either species dif-
ferences or differences in the methodology employed.

In cultured 3T3L1 cells, Abate et al. (60) found that ex-
pression of PC-1 is down-regulated during adipocyte mat-
uration. Moreover, overexpressing human PC-1 resulted in
decreased insulin action and defective adipocyte maturation.
These data are in agreement with data in Fig. 2C. In contrast
to these two studies, Sakoda et al. (73) carried out an ade-
novirus infection of 3T3L1 cultured cells with a PC-1 expres-
sion construct and concluded that PC-1 was not a cause of
insulin resistance. However, in view of both the above in vitro

studies, the studies of the group of Abate et al. (60), as well
as in vivo studies inducing insulin resistance with adenovirus
overexpression of PC-1 as mentioned above (65), it is likely
that the in vitro studies of Sakoda et al. are not an accurate
model system to study the effect of PC-1 overexpression in
adipose tissue.

VII. Studies of PC-1 Overexpression in Obesity

Obesity is a condition characterized by insulin resistance.
It has been documented that IR function is decreased in
muscle from obese, insulin-resistant subjects (12, 75), and
PC-1 overexpression may contribute to impaired insulin ac-
tion in tissues of obese individuals. In humans, PC-1 content
correlated with BMI across a wide range of total adiposity
(76). In these subjects, muscle PC-1 content was significantly
and inversely correlated with insulin-stimulated glucose up-
take in isolated muscle strips. Multivariate analysis indicated
that PC-1 content, but not BMI, was an independent predic-
tor of reduced muscle glucose uptake. In a recent study of 16
morbidly obese patients, PC-1 mRNA expression in stomach,
intestine, and omental fat was measured (77). These inves-
tigators found no correlation between BMI and PC-1 in this
obese group but did find a correlation with BMI and per-
oxisome proliferator-activated receptor-� expression. A com-
parison of PC-1 expression between lean and obese individ-
uals was not carried out.

When kept sedentary and supplied food ad libitum, rhesus
monkeys develop obesity and insulin resistance. PC-1 ex-
pression and insulin action were studied in obese, sedentary
rhesus monkeys and in lean controls. In these monkeys,
glucose clearance during a euglycemic hyperinsulinemic
clamp was lower for the obese group than the nonobese
controls (78). Vastus lateralis muscle biopsies were per-
formed before and during the clamp and IR autophosphor-
ylation, and PC-1 levels were measured in these muscle
samples. In the obese group, PC-1 content was 2-fold higher
than in the nonobese group. The increase in IR autophos-
phorylation in the nonobese group was twice that of the
obese group. These data in monkeys suggest that this pri-
mate model may relate well to observations in humans and
support the hypothesis that induced obesity can increase
PC-1 expression, contributing to insulin resistance and im-
paired IR function. This hypothesis is also supported by
modest increases in muscle PC-1 content observed in the
dramatically obese, hyperphagic Wistar fatty rat (J. F. Youn-
gren, unpublished results).

However, other data suggest that the relationship between
PC-1 and obesity may be more complex. First, when mor-
bidly obese patients lost nearly 50 kg after bariatric surgery,
muscle PC-1 content did not change (79), whereas insulin
sensitivity concomitantly improved dramatically after
weight loss (79). In the study mentioned above, muscle PC-1
correlated with a wide range of BMI values (76). Because
these data suggested that body fat is a major regulator of
PC-1 expression, one would have predicted that weight loss
after bariatric surgery would have resulted in lower PC-1
levels. Whether this unexpected result is due, at least in part,
to the fact that most patients were still obese after bariatric
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surgery (79) is a possibility that deserves additional, pro-
spective studies. Second, when obesity and insulin resistance
are induced in rats by high-fat feeding, the PC-1 content of
muscle does not change (67). These data do not support the
notion that obesity per se increases PC-1 expression in muscle
or that this modulation by obesity is a general phenomenon
applicable to all species. Moreover, the finding that certain
PC-1 polymorphisms (see Section VIII) are associated with
the risk of developing obesity suggests that the relationship
between PC-1 expression and obesity may involve the in-
teraction of both genetic and acquired factors.

VIII. PC-1 Gene, Insulin Resistance, and Related
Abnormalities

Several studies have reported that the locus where PC-1
gene maps (6q22-q23) (Fig. 6) is linked to both insulin resis-
tance (80–82) and T2D (83–85). These data highlight the
potential role of the PC-1 gene in modulating susceptibility
to these metabolic abnormalities. Since then, several variants
of the PC-1 gene have been associated with insulin resistance
and related abnormalities.

A. Insulin resistance

The most widely investigated PC-1 in genotype-pheno-
type association studies is the polymorphism K121Q (or
K173Q, depending on whether the downstream or the 156-bp
upstream ATG triplet is considered as the start codon) (86).
In this polymorphism a lysine, K, is substituted by a glu-
tamine, Q, at codon 121 (or 173). The Q121 allele has been
associated with quantitative traits related to insulin resis-
tance in many but not all studies (58, 87–97). Some of these
associations, however, were clearly driven by interaction
with either specific subphenotypes (88, 93) or other genetic
background features (89).

The molecular mechanism responsible for the role of the
Q121 allele on insulin resistance resides in a “gain of func-
tion” of PC-1 inhibitory activity on insulin action (98). Stud-
ies in transfected cells have shown that, when compared with
the more frequent K121, the K121Q polymorphism is a stron-
ger inhibitor of insulin-stimulated IR autophosphorylation,
and that this effect occurs through an increased physical
interaction between the two proteins at the cell membrane
(see Section X) (98). As a consequence, downstream insulin
stimulation of IRS-1 phosphorylation, phosphatidylinositol

3-kinase activation, and glycogen synthesis are markedly
reduced in cells expressing the K121Q polymorphism (98).

B. T2D

Perhaps the most important clinical outcome of insulin
resistance is T2D. Several studies have investigated whether
the K121Q polymorphism is associated with T2D, and the
results (88, 92, 93, 96, 99–107) have been varied. In studies of
complex multifactorial disorders such as T2D, discordant
results in genotype-phenotype association are not uncom-
mon. These discordant results suggest that differences in
either the genetic and/or environmental backgrounds of the
subjects studied or the recruitment procedures of the pop-
ulations investigated are important factors in these analyses.
For instance, in some of the large negative studies, glucose
levels were not a prerequisite for ascertainment of the gly-
cemic status that was self-reported for a large proportion of
individuals (104, 107). Thus, undiagnosed individuals may
represent 10% or more of the control group (108). In support
of an effect of the K121Q polymorphism in T2D risk mod-
ulation is a recent study reporting that of 134 genetic vari-
ations so far described in the literature as possible determi-
nants of T2D, only 12 were confirmed and replicated in Finns
(109). Among these was the PC-1 K121Q polymorphism.
Interestingly, this polymorphism has also been associated
with an earlier onset of T2D, suggesting that it not only
increases the risk of developing diabetes but also accelerates
disease onset in predisposed individuals (99). It is not clear
whether the risk of T2D is different between KQ-heterozy-
gous and QQ-homozygous individuals. Unfortunately, due
to a lack of sufficient statistical power, the small proportion
of QQ-homozygous subjects observed in most studies (ap-
proximately 2–3% of the general population of European
origin) makes it difficult to test different genetic models (i.e.,
dominant, additive, or recessive) in a single study. However,
studies in populations where the Q121 allele is highly prev-
alent (i.e., 30% of individuals being QQ homozygous) have
clearly suggested a gene dose-response effect with an in-
creased risk of T2D in KQ and QQ vs. KK individuals (93).
As mentioned above, a recent meta-analysis (101), specifi-
cally conducted to address this issue, suggested that an ad-
ditive genetic model is most likely. Interestingly, Chandalia
et al. (110) have recently evaluated differences in the prev-
alence of the PC-1 Q121 allele in the Caucasian, African-
American, and Hispanic populations in Dallas County,

K121Q
rs1044498 rs1799774 rs7754561

rs997509

re1044548

rs11964389

rs1044558

5’UTR 3’UTR

FIG. 6. Genomic structure PC-1. The 5� and 3� UTRs are shown in dark gray. The 25 exons of the PC-1 gene are shown in light gray. The several
single nucleotide polymorphisms so far reported to be associated with insulin resistance and related abnormalities are indicated.
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Texas, to evaluate the association between the PC-1 K121Q
polymorphism and diabetes. The frequency of PC1 Q121
allele was higher in both African-Americans (78.5%) and
Hispanics (21.9%) than in the non-Hispanic White group
(13.2%). The former two groups also had a higher prevalence
of T2D (African-Americans, 14.1%, and Hispanics, 11.7%)
compared with non-Hispanic Whites (6.8%). Logistic regres-
sion analysis revealed significant interactions between the
PC-1 genotype, age, and BMI within each ethnic group. After
adjustment for these variables and their interactions, Q121
allele predicted diabetes when a recessive model was tested.
Thus, ethnic differences in K121Q allele frequency may con-
tribute to the increased susceptibility to T2D observed in U.S.
minority groups.

Two large meta-analyses (101, 107) have been recently
carried out concerning the association between the PC-1
Q121 allele and T2D; both clearly suggest a significant role
of this polymorphism in increasing the risk of diabetes by
approximately 20–25% (Fig. 7). However, both meta-analy-
ses did not include results from all major studies and showed
significant heterogeneity. Their results, therefore, cannot be
considered as definitive. These analyses indicate the need for
a new comprehensive meta-analysis that also investigates the
possible causes of heterogeneity before the putative associ-
ation between PC-1 Q121 allele and T2D can be confirmed.

C. Obesity

In addition to diabetes, the PC-1 Q121 allele has recently
also been reported to influence the risk of obesity (105, 111–
115) (Table 1). However, as with diabetes, conflicting data
have been reported. Whereas some studies in Europeans
have observed a significant association between the Q121
allele and higher BMI (105, 111, 112), just the opposite has
been observed in the United States in individuals of Euro-
pean (113, 114) and African descent (113). Furthermore, three
recent and large studies reported no effect of several PC-1
gene variants, including Q121 allele, on body weight (101,
104, 107). The reasons for these discrepancies are unknown
and, as previously discussed for the association with T2D,
differences in the genetic and/or environmental background
as well as in recruitment procedures of the studied popula-
tions may have played a role. It is worth noting that in all
these studies (101, 104, 105, 107, 111) except one (114), nor-
moglycemic status was not an inclusion criterion for recruit-
ment. This point raises the possibility that obese individuals
with either impaired glucose tolerance or overt T2D were
included in the samples analyzed. Therefore, both the asso-
ciation of PC-1 polymorphisms with high BMI levels ob-
served in some of these studies (105, 111, 112), as well as the
lack of association observed in some other studies (101, 104,
107), might have been confounded by the tendency of the
K121Q polymorphism to be more prevalent in hyperglyce-
mic individuals. Therefore, to understand the potential role
of the PC-1 gene in the modulation of body weight and its
association with the risk of obesity, large scale case-control
studies are needed, specifically designed to dissect the gene
effect on BMI from that on T2D, with only nondiabetic in-
dividuals being recruited.

Furthermore, the mechanism through which PC-1 might

influence BMI has not yet been investigated. It is possible that
carriers of the Q121 allele K develop insulin resistance in
hypothalamic neurons, where insulin has potent anorectic
actions (116), and this resistance, in turn, increases the sub-
ject’s appetite and body weight, while impairing insulin in-
hibition of hepatic glucose production. Conversely, a re-
duced BMI in Q121 allele K carriers (117) might be due to the

Meta-Analysi s  A

B Meta-Analysis

FIG. 7. Meta-analyses of the K121Q polymorphism. Meta-analyses
on the association between the PC-1 K121Q polymorphism and T2D
suggesting a significant diabetogenic role of this in modulating the
risk of diabetes. Meta-analysis A, Ref. 75; meta-analysis B, Ref. 81.
For both, the odds ratios vs. K121K allele are calculated with a 95%
confidence interval. In A, the KQ and QQ genes are shown separately.
In both A and B, a significantly increased risk is given by each K121Q
polymorphism. [Meta-analysis A adapted from N. Grarup et al.: Dia-
betologia 49:2097–2104, 2006 (101) with kind permission of Springer
Science and Business Media; B adapted from M. N. Weedon et al.:
Diabetes 55:3175–3179, 2006 (107) with permission from The Amer-
ican Diabetes Association.]
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effect of this on peripheral insulin resistance. Insulin resis-
tance is a strong predictor of low BMI as a consequence of
impaired insulin-mediated lipid storage in adipocytes (117).
According to this hypothesis, the K121Q polymorphism
would decrease the risk of obesity while having an opposite
and deleterious effect on insulin sensitivity. A similar, ap-
parently paradoxical effect has been reported for variants of
both the peroxisome proliferator-activated receptor-�2 (118)
and the adiponectin (119) genes which, in contrast to the
K121Q polymorphism, predict higher insulin sensitivity and
increased BMI. Also compatible with this scenario is the
observation that the net effect of several candidate genes for
insulin resistance and T2D, including PC-1, may be barely
detectable in lean individuals while becoming more evident
among overweight/obese subjects (88, 99, 100, 120–122)
where the deleterious effect of insulin resistance on glucose
disposal is no longer counterbalanced by its positive effect on
BMI.

D. Diabetic complications

There is evidence suggesting that the Q121 allele is asso-
ciated with an increased risk of earlier onset of myocardial
infarction (99, 123), reduced kidney function (124), and in-
creased left ventricular mass (125). These associations may be
secondary to the effect of the Q121 allele on insulin resistance
which, in turn, predisposes to atherosclerosis. Of note, some
of these effects are mediated by a specific genetic background
represented by an angiotensin-converting enzyme polymor-
phism, which is itself associated with cardiovascular events
(124, 125).

E. PCOS

Interestingly, the Q allele has been reported to predispose
women to the PCOS (94). This syndrome has various clinical
manifestations and often includes insulin resistance. Because
this syndrome is very common, the presence of the Q allele
in PCOS may help define the syndrome.

IX. Additional PC-1 Variants

In addition to the Q121 allele, other PC-1 variants (Fig. 6)
have been reported to modulate insulin resistance-related
metabolic disturbances. In a recent large study (105), a three-
polymorphism “risk haplotype” of the PC-1 gene has been
described to be associated with obesity and T2D in both
children and adults. This haplotype included the previously

reported Q121 allele variant, and two functionally unchar-
acterized noncoding polymorphisms (rs1799774 and
rs7754561, the latter being located in the 3� UTR), which
might be involved in the modulation of gene expression. In
subjects with this haplotype, PC-1 levels in blood are ele-
vated, suggesting that both enhanced expression and func-
tion are present. The same haplotype has also been recently
reported to predict hyperglycemia in children from Germany
(112) but not in adults of several different ethnicities (104).
Additional polymorphisms in the gene regulatory region
(either in the 3� or in the promoter region) have been asso-
ciated with T2D (64, 100). As mentioned above, the data of
Frittitta et al. (64) indicate that specific changes in the 3� UTR
increase PC-1 mRNA half-life and PC-1 expression.

X. Quaternary Structure of PC-1 and Proposed Model
of How PC-1 Inhibits the IR

To understand the molecular mechanism involved in IR in-
hibition by PC-1, it is necessary to consider the structure and
conformation of the IR molecule. The use of the scanning trans-
mission electron microscope (STEM) has markedly improved
the structural determination of macromolecules. Yip and col-
leagues (126, 127) at the University of Toronto have obtained a
three-dimensional reconstruction of the intact IR by this tech-
nique and compared it to the traditional model of the IR (Fig.
8, A and B). Of major interest is a connecting domain (CD) in
the �-subunit that includes residues 485–599 where PC-1 may
interact. The CD most likely serves as a hinge region linking the
ligand binding domain to the �-subunit tyrosine kinase do-
main. Thus, when insulin binds to the �-subunit, the CD trans-
mits a conformational change in the IR that activates the �-sub-
unit tyrosine kinase domain by bringing them together to allow
trans-tyrosine phosphorylation (Fig. 8, C and D). These STEM
observations therefore provide an explanation for the activation
of the IR by insulin via the CD. This model also explains why
deleting this domain (amino acids 485–599) produces a receptor
that still binds insulin but does not undergo tyrosine kinase
activation (128).

PC-1 associates with the IR. To perform these studies, HTC
hepatoma cells transfected with and overexpressing the hu-
man IR were employed (126). The IR was immunocaptured
on microtiter plates with an IR monoclonal antibody, fol-
lowed by incubation with a second specific monoclonal an-
tibody to human PC-1 (Fig. 9A). Compared with nontrans-
fected cells with low IR content, there was enhanced
association of PC-1 with the IR. In contrast, PC-1 did not

TABLE 1. Studies on the effect of PC-1 polymorphisms on BMI

First author
(Ref.) No. of subjects Study place Population Polymorphism Effect

Grarup (101) 5638 Denmark Adult–Caucasian K121Q None
Meyre (105) 2430 France Adult and Children–Caucasian K121Q/QdelTG Increased
Lyon (104) 7570 Europe and United States Adult–Caucasian and African American K121Q/QdelTG None
Weedon (107) 8089 UK Adult–Caucasian K121Q/QdelTG None
Barroso (111) 1100 UK Adult–Caucasian K121Q Increased
Bottcher (112) 1112 Germany Children–Caucasian K121Q/QdelTG Increased
Matsuoka (113) 991 USA Adult–Caucasian and African American K121Q Decreased
Prudente (114) 1440 Italy and United States Adult–Caucasian K121Q Decreased
Wan (115) 338 China Chinese Han K121Q Increased
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associate with the captured IGF-IR. The IR �-subunit CD is
located in residues 485–599, and there was no PC-1/IR as-
sociation in �485–599 cells (Fig. 9A). The Q121 allele of PC-1
bound more strongly to the IR than did the K (128) (Fig. 9B).

Based on the STEM data and our data with IR CD mutants,
a model of how PC-1 acts to inhibit the IR can be constructed
(Figs. 8D and 9C). In the absence of PC-1, insulin activates the
IR �-subunits by means of the CD. However, when PC-1 is
overexpressed, the Q121 allele is present, or both conditions
occur, PC-1 binds to the CD and prevents �-subunit move-
ment and tyrosine kinase activation.

XI. Summary and Conclusion

Abundant evidence in several human target tissues for in-
sulin indicates that PC-1 overexpression and/or increased func-
tion (i.e., due to the presence of the Q121 allele) negatively
modulates insulin sensitivity. In humans, PC-1 overexpression
in muscle and fat most likely “inactivates” the IR and causes
insulin resistance and related abnormalities. The mechanism(s)

responsible for PC-1 overexpression in human target tissues is
mostly unknown, although data have suggested that, in small
subgroups of individuals, it may be genetic in origin and due
to increased gene expression. Functional in vitro data indicate
that the Q121 allele is a “gain of function” mutation that causes
IR inactivation in the absence of protein overexpression. Fur-
thermore, the Q121 allele is a genetic determinant of insulin
resistance, T2D, and related atherogenic phenotypes. More-
over, PC-1 overexpression in liver and muscle causes insulin
resistance and hyperglycemia in several animal models. Al-
though the role of increased PC-1 expression and/or function
on insulin resistance and diabetes has been established, its role
on body weight is controversial and needs further investigation.
An additional hypothesis to be tested is whether there is a
negative effect of increased PC-1 activity and/or function on the
�-cell. Recent data indicate that �-cell insulin resistance plays a
deleterious role in both the life cycle of the �-cell and its ability
to sense glucose (129). Thus, it is conceivable that PC-1-induced
insulin resistance at the �-cell level may impair insulin secre-
tion, thus contributing to the development of T2D.

In summary, PC-1 appears to be a unique gene with mul-
tiple and diverse effects on IR function in different tissues
that modulate insulin resistance, obesity, T2D, and diabetic
complications. Thus, if prospective studies confirm this role
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FIG. 8. Traditional and STEM models of the IR. A, Traditional model
of the IR with the major domains shown. The following regions are
indicated: �-subunit domains: L1, long 1; CR, cysteine-rich; L2, long
2; � Fn 0, � fibronectin 0; � Fn 1, � Fibronectin 1; ID, insert-domain.
�-subunit domains: ID, insert-domain; � Fn 1, � fibronectin 1; � Fn
2, � fibronectin 2; TM, transmembrane; TK, tyrosine-kinase; CT,
C-terminal. B, Three-dimensional reconstruction (side view) from
STEM. The arrow indicates the insulin-binding site at the L1 do-
mains. The Fn 1, Fn 2, and TK domains of the �-subunit are shown.
C, STEM data showing the effect of insulin binding to move the
�-subunits. D, Model of proposed activation of the IR �-subunit by the
CD. The CD is a connecting domain in the IR �-subunit that includes
residues 485–599. In this model insulin binds to the �-subunit to
activate the CDs which then move the �-subunits together to facilitate
transphosphorylation. When PC-1 binds to the CD it blocks the move-
ment of the �-subunits induced by insulin. [Derived from C. C. Yip and
P. Ottensmeyer: Biol Chem 278:27329–27332, 2003 (126).]
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FIG. 9. PC-1 associates with the IR and blocks IR function: STEM
model of PC-1 inhibition of the IR. A. Four types of cultured HTC cells
transfected with the K121 of PC-1 were employed. [Derived from Ref.
128.] Control, Cells with low numbers of endogenous IRs; IR, cells
transfected with large numbers of normal human IRs; � 485–599,
cells transfected with large numbers of human IRs having a deletion
of the IR at residues 485–599 in the �-subunit; and IGF-IR, cells
transfected with large numbers of the human IGF-IR. PC-1 bound to
either the IR or the IGF-IR was measured by ELISA. B, Comparison
of binding of the K121 and Q121 allele of PC-1 to the IR. HTC cells,
transfected with equal amounts of either the K or Q variants of PC-1,
were also cotransfected with the IR. PC-1 bound to the IR was mea-
sured by ELISA. C, STEM data fitting PC-1 into the IR model to
visualize its putative inhibition of IR function. Extracellular top view
of the IR dimer is presented showing the calculated location of PC-1
binding to the Fn0 region interacting with the Fn2 regions. In this
location, PC-1 would act to inhibit the Fn1/Fn2 domains from inter-
acting with the associated intracellular TK domains and thus prevent
them from rotating toward each other to carry out TK transphospho-
rylation (covered portion of double-headed arrows). The “hinge” re-
gion between Fn0 and Fn1 is indicated by a circle and labeled “tether”.
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of PC-1, both the evaluation of its expression in target tissues
and the genotyping of the K121Q polymorphism and PC-1
gene haplotypes may be useful in combination with other
genetic and nongenetic data to identify individuals at high
risk for these problems. In addition, a better understanding
of the molecular mechanisms modulating PC-1 expression
and/or function might also allow new strategies for the
treatment of insulin resistance and related diseases.
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