
The pathophysiology of non-insulin-dependent dia-
betes mellitus (NIDDM) is complex, consisting of
both abnormal insulin secretory patterns, and resis-
tance to the actions of insulin [1–8]. While insulin re-
sistance is a characteristic feature of many NIDDM
patients, it is also observed in non-diabetic subjects
[1]. In fact, it has been estimated that up to 25 % of

normoglycaemic non-obese individuals are as insulin
resistant as NIDDM patients [1], and it has been sug-
gested that a significant proportion of these individu-
als will eventually develop diabetes if either insulin
secretion declines and/or insulin resistance increases
[1]. However, in most individuals, the cellular mecha-
nisms causing human insulin resistance are not under-
stood [3–8].

Insulin regulates cellular functions by binding to
the insulin receptor, a tetrameric plasma membrane
glycoprotein of the receptor tyrosine-kinase family
[6–8]. After binding, insulin activates receptor ty-
rosine-kinase activity, leading to the phosphorylation
of key intracellular substrates, and insulin action en-
sues [6–8]. Many studies have been performed on in-
sulin receptor tyrosine-kinase activity in NIDDM
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Summary In the present study we measured PC-1
content, tumour necrosis factor (TNF)-a gene ex-
pression, and insulin stimulation of insulin receptor
tyrosine-kinase activity in adipose tissue from non-
obese, non-diabetic subjects. These parameters were
correlated with in vivo insulin action as measured by
the intravenous insulin tolerance test (Kitt values).
PC-1 content was negatively correlated with Kitt val-
ues (r = –0.5, p = 0.04) and positively with plasma in-
sulin levels both fasting (r = 0.58, p = 0.009) and after
120 min during oral glucose tolerance test (OGTT)
(r = 0.67, p = 0.002). Moreover, adipose tissue PC-1
content was higher in relatively insulin-resistant sub-
jects (Kitt values lower than 6) than in relatively insu-
lin-sensitive subjects (Kitt values higher than 6)
(525 ± 49 ng/mg protein vs 336 ± 45, respectively,
p = 0.012). Adipose tissue insulin receptor tyrosine-
kinase activity in response to insulin was significantly
lower at all insulin concentrations tested (p = 0.017,

by two-way analysis of variance test) in insulin-resis-
tant than in insulin-sensitive subjects (Kitt values low-
er or higher than 6, respectively). In contrast to PC-1,
no significant correlation was observed between adi-
pose tissue TNF-a mRNA content and Kitt values,
and plasma insulin levels, both fasting and at after
120 min during OGTT. Also, no difference was ob-
served in TNF-a mRNA content between subjects
with Kitt values higher or lower than 6. These studies
in adipose tissue, together with our previous studies
in skeletal muscle raise the possibility that PC-1, by
regulating insulin receptor function, may play a role
in the degree of insulin sensitivity in non-obese, non-
diabetic subjects. [Diabetologia (1997) 40: 282–289]
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patients [9–18] and most [9–14, 16–18] have reported
that in these patients receptor function is reduced in
muscle and adipose tissues, the major insulin target
tissues. Moreover, in healthy non-obese, non-diabetic
subjects in vivo insulin sensitivity also correlates with
in vitro insulin stimulation of insulin receptor ty-
rosine-kinase activity in both skeletal muscle and adi-
pose tissue [19]. Finally, a decreased insulin receptor
tyrosine-kinase activity has also been reported in
skeletal muscle of non-diabetic, insulin-resistant sub-
jects who are first-degree relatives of NIDDM pa-
tients [20]. These data suggest, therefore, that insulin
receptor tyrosine-kinase activity plays a major role
in the regulation of insulin sensitivity in both non-dia-
betic and diabetic subjects. In most instances, how-
ever, the factors that regulate insulin receptor func-
tion are unknown.

Recently several potential specific inhibitors of in-
sulin receptor tyrosine-kinase activity have been de-
scribed in insulin-resistant humans [21–24]. These in-
hibitors include membrane glycoprotein PC-1 [21], a
protein expressed in many tissues, and cytokine tu-
mour necrosis factor-a (TNF-a) [22], a secretory pro-
tein produced primarily in adipose tissue.

We have observed that PC-1 content is elevated in
dermal fibroblasts of NIDDM patients [21]. Others
have found that PC-1 activity is elevated in fibroblasts
from patients with severe, post-receptor insulin resis-
tance [25]. We have previously demonstrated that in
obesity, skeletal muscle PC-1 expression inversely
correlates with insulin sensitivity [26], and also that
an increased PC-1 content in skeletal muscle tissue
of healthy non-obese subjects is associated with both
a reduced insulin action in vivo and diminished insu-
lin receptor tyrosine-kinase activity in vitro [27].
These studies suggest, therefore, that PC-1 overex-
pression may play a role in human insulin resistance
by regulating insulin receptor function in skeletal
muscle tissue, the major target tissue for insulin-stim-
ulated glucose disposal [2]. However, no data are
available on the relationship between whole body in-
sulin sensitivity and PC-1 content in human adipose
tissue, a tissue that, although it accounts for only a
small fraction of insulin-stimulated glucose disposal
[28], plays a fundamental role in insulin resistance by
regulating non-esterified free fatty acid levels [29, 30].

In obese, insulin-resistant rodents TNF-a gene ex-
pression is elevated in adipose tissue and plays a role
in altering insulin receptor tyrosine-kinase activity
[31]. Also in obese patients with or without NIDDM,
TNF-a has been reported to be overexpressed in adi-
pose tissue [32, 33] and also in skeletal muscle [34].
The role of TNF-a in insulin resistance have been as-
sessed, therefore, in obese and/or NIDDM patients
[32–34]; it is unknown, however, whether adipose tis-
sue TNF-a overexpression also plays a role in human
insulin resistance not associated with either obesity
and/or NIDDM.

In the present study we have obtained adipose tis-
sue from non-obese, non-diabetic individuals with a
wide range of insulin sensitivity. In this tissue, PC-1
protein content, TNF-a gene expression, and insulin
receptor tyrosine-kinase activity were measured in
order to understand the relationship between these
two inhibitors of insulin receptor tyrosine-kinase ac-
tivity in adipose tissue and whole body insulin sensi-
tivity, in the absence of any interference due to obe-
sity and/or NIDDM.

Subjects, materials and methods

Crystalline porcine insulin, Triton X-100, Bacitracin, p-methyl
sulphonylfluoride (PMSF) and poly Glu-Tyr (4 :1) were pur-
chased from Sigma Chemical Co. (London, UK). 125I-A14-insu-
lin (340–360 mCi/mg) was kindly provided by Dr. L. Benzi
(Pisa, Italy). (gamma 32P) ATP was obtained from Amersham
Ltd (London, UK).

Subjects. Twenty (13 males and 7 females) healthy non-obese
subjects undergoing elective abdominal surgery were studied
after giving informed consent, in accordance with the declara-
tion of Helsinki. All subjects were fed a weight-maintaining
diet (50% carbohydrate, 30 % lipid, and 20 % protein) for the
8 days preceding the study. According to World Health Orga-
nization criteria, they were not diabetic as evaluated by oral
glucose tolerance test (OGTT). After an overnight fast, insulin
sensitivity was assessed in these subjects by intravenous (i. v.)
insulin tolerance test (ITT), performed by injecting regular in-
sulin (0.1 IU per kg of body weight), as a single bolus [19, 27,
35]. Blood samples were collected 15 and 5 min before and 3,
6, 9, 12, and 15 min after insulin injection. Glucose was injected
at 15 min to stop the fall in blood glucose. The constant rate for
plasma glucose disappearance (Kitt) was calculated according
to the formula 0.693/t 1/2. The plasma glucose t1/2 was calcu-
lated from the slope of least square analysis of the plasma con-
centration declined linearly. The results obtained with this test
correlate highly with those obtained in euglycaemic hyperinsu-
linaemic clamp studies, and are not influenced by counterregu-
latory hormones in the 3–15 min period of the study [35]. In or-
der to verify the reproducibility of Kitt values, a second ITTwas
carried out in four subjects within 3 weeks from the first test. In
all four cases the Kitt value obtained with the second test was
within 8 % of the value obtained at the first (data not shown).

Tissue specimens. Abdominal subcutaneous adipose tissue was
obtained at elective abdominal surgery (cholecystectomy) 3–
5 days after ITT and OGTT, and immediately frozen in liquid
nitrogen.

PC-1 and insulin receptor content

Tissue preparation. Adipocyte membranes were prepared from
frozen tissue biopsies. Approximately 200 mg frozen adipose
tissue was pulverized under liquid nitrogen. The resultant pow-
der was homogenized in 2.5 ml membrane buffer (50 mmol/l
HEPES, 225 mmol/l Sucrose, 150 mmol/l NaCl, 1 mmol/l
PMSF, 2 mmol/l leupeptin, 2 mmol/l pepstatin A, pH 7.6) at
4 °C using a polytron homogenizer (Kinematica, Lucerne,
Switzerland) for 10 s at a setting of 6. The homogenate was
centrifuged at 1000 g for 30 min at 4 °C. The fat cake was
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removed and the infranatant was collected and centrifuged at
100 000 g for 60 min at 4 °C. The supernatant was discarded
and the membrane pellet re-suspended in 300 ml solubilization
buffer (50 mmol/l HEPES, 150 mmol/l NaCl, 1 mmol/l PMSF,
2 mmol/l leupeptin, 2 mmol/l pepstatin A, 1 % Triton X-100,
pH 7.6). The membranes were then spun in a microfuge for
30 min at 4 °C, the supernatants collected and stored at
−70 °C. Protein content of the solubilized membrane prepara-
tions were determined by the Bradford method [36].

Insulin receptor and PC-1 ELISA

The insulin receptor and PC-1 content in adipose membranes
(which contain more than 95 % of total tissue content for both
proteins) was determined by running specific ELISAs for each
of the two proteins. Biotinylation of secondary antibodies used
in both assays was performed as previously described [37].

In the insulin receptor ELISA, microtitre 96 plates were
coated with 0.2 mg anti-insulin receptor antibody MA-20 in
100 ml 50 mmol/l Na2CO3, pH 9.0. After an 18-h incubation at
4 °C, the wells were washed three times with TBST buffer
(20 mmol/l Tris, 150 mmol/l NaCl, 0.05 % TWEEN-20) to re-
move unbound antibody. Next the wells were blocked with
150 ml TBST containing 1 % bovine serum albumin (BSA) for
30 min at 56 °C. The wells were then washed three times with
TBST. Solubilized adipose membranes were diluted to a con-
centration of 200 mg protein/ml with binding buffer (50 mmol/
l HEPES, 150 mmol/l NaCl, 0.1 % bovine serum albumin
(BSA), 0.1 % Triton X-100, 1 mmol/l PMSF, 1 mg/ml bacitra-
cin, 2 mmol/l leupeptin, and 2 mmol/l pepstatin, pH 7.6), and
100 ml (20 mg protein) was added to each well. Additionally,
multiple dilutions of an insulin receptor standard (0–2.0 ng in-
sulin receptor) were loaded onto each plate as a standard
curve. Receptors were allowed to bind overnight at 4 °C. The
wells were then washed five times with TBST before adding a
1 :2000 dilution of the biotinylated anti-insulin receptor anti-
body 29B4 in 100 ml buffer B (50 mmol/l HEPES, 150 mmol/l
NaCl, 0.05 % TWEEN-20, 2 mmol/l Na3VO4, 1 mg/ml bacitra-
cin, 1 mmol/l PMSF, 1 % BSA, pH 7.6). Incubation with the
antibody continued for 2 h at 22 °C. Wells were again washed
five times with TBST, and 10 ng peroxidase-conjugated strept-
avidin was added in 100 ml buffer B. Following a 30-min incu-
bation at 22 °C, wells were washed five times with TBST and
100 ml of biotinyl-tyramide solution was added for a 15-min in-
cubation at 22 °C. Wells were then washed five times with
TBST and 100 ml phosphate buffered saline-T (in mmol/l: 137
NaCl, 8 Na2HPO4, 2.7 KCl, 1.15 KH2PO4, 1 % BSA, 0.05 %
TWEEN-20) containing 0.2 ml streptavidin-horseradish perox-
idase solution was added for a 30-min incubation at 22 °C. Af-
ter washing five times with TBST, 100 ml 3, 3′, 5, 5′ tetramethyl-
benzidine peroxidase substrate was added. Colour develop-
ment proceeded for 8 min at 2 °C, and was then stopped by
the addition of 100 ml 1 mol/l H3PO4. The absorption at
450 nm of each well was measured in a microtitre plate reader.
The assay was able to accurately quantify below 100 pg insulin
receptor utilizing the linear portion of the standard curve.

The PC-1 ELISA was carried in an identical manner with
the following exception: the 96-well plates were pre-coated
with an antibody to the membrane glycoprotein PC-1 (0.2 mg
anti-PC-1 polyclonal antibody [38] in 100 ml 50 mmol/l
Na2CO3, pH 9.0, generously provided by Dr. I.Yamashina),
2.0 mg protein was added to each well, the standard curve was
constructed by multiple dilutions of 0–1.5 ng purified PC-1,
and the second antibody used was a biotinylated anti-PC-1
monoclonal antibody made by immunizing mice with native

PC-1 protein. The assay was able to accurately quantify below
50 pg PC-1 utilizing the linear portion of the standard curve.

TNF-a gene expression

RNA preparation. Abdominal subcutaneous adipose tissue
specimens (100 mg) were pulverized in liquid nitrogen. Total
RNA was isolated using Ultraspec RNA Isolation System (Bi-
otecx Laboratories Inc., Houston, Texas, USA) according to
the manufacturer’s protocol. Quantity and purity of RNA
were determined by absorbance at 260 and 280 nm. Quality of
RNA was verified by ethidium bromide staining of ribosomal
RNA bands on a 1 % agarose minigel.

Quantitative reverse transcriptase polymerase chain reaction
(RT-PCR). Quantitative competitive RT-PCR was performed
according to previously described techniques [39–41]. One hun-
dred ng of total RNA was mixed with decreasing quantities, us-
ing serial 1 :2 dilutions (from 4 × 103 to 1.25 × 102 molecules),
of a complementary RNA (cRNA) construct (Gene Amplimer
PAW 109 RNA, Perkin-Elmer, Norwalk, Conn., USA) contain-
ing primer sites for human TNF-a. These primer sites were lo-
cated at nucleotides 330–350 and 635–655 of the human TNF-a
cDNA [42]. Because the primers span an intron in the TNF-a
gene [43], contamination with genomic DNA during the PCR
reaction is avoided. PCR with this cRNA generates a product
that is 24 nucleotides shorter than the PCR product generated
from native human TNF-a messenger RNA (mRNA). First
strand cDNA synthesis was performed using Moloney murine
leukemia virus reverse transcriptase (GIBCO-BRL, Gaithers-
burg, Md., USA) and random hexamer primers (Pharmacia,
Uppsala, Sweden) in a total volume of 20 ml of (in mmol/l):
50 KCl, 10 Tris-HCl pH 8.3, 5 MgCl, dNTPs (Pharmacia). After
a 45-min incubation at 42 °C, the entire 20 ml cDNA synthesis
reaction volume was combined in a 100-ml final reaction volume
for PCR amplification containing 0.15 mmol/l of primers and
2.5 U Taq DNA polymerase (AmpliTaq, Perkin-Elmer). PCR
amplification was carried out for 35 cycles of 15 s at 95 °C, and
30 s at 60 °C, followed by a final step of 7 min at 72 °C, using a
GeneAmp PCR System 2400 (Perkin-Elmer). Products of
PCR amplification were resolved by electrophoresis on 20 %
polyacrilamide gels. Gels were silver stained and band density
quantified by laser scanning densitometry (Hoefer, San Fran-
cisco, Calif., USA). The ratio of cRNA standard/TNF-a prod-
uct was plotted against the number of copies of cRNA added,
to yield the equivalence point between cRNA and TNF-a
mRNA. Intra- and inter-assay coefficient of variation of PCR
products quantified as described above were 2.4 and 4.5 %, re-
spectively. A representative experiment is shown in Figure 1.

Insulin receptor tyrosine-kinase activity

Tissue preparation. Adipose tissue (approximately 300 mg)
was powdered in the presence of liquid nitrogen and then ho-
mogenized at 4 °C by a Polytron homogenizer (20 s at medium
speed) in 50 mmol/l HEPES buffer pH 7.6, containing (in
mmol/l) 150 NaCl, 5 EDTA, 5 EGTA, 20 sodium pyrophos-
phate, 1 PMSF, 1 sodium-vanadate, 20 sodium fluoride, 1 mg/
ml bacitracin. The homogenized material was centrifuged at
200 × g for 2 min in order to remove the fat cake and then solu-
bilized by adding 1 % Triton X-100 (final concentration) and
maintained under continuous shaking for 1 h at 4 °C. Solubi-
lized material was then centrifuged at 100 000 g and the super-
natant used for the tyrosine-kinase activity measurement.
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Tyrosine-kinase phosphorylation of the exogenous substrate
poly-glu 4 :1. Tyrosine-kinase activity of insulin receptor was as-
sessed by a modification [19, 27, 44] of the previously described
procedure [45]. In order to minimize the influence of day-to-
day variation of tissue solubilization and receptor immunopuri-
fication, we always studied in parallel in the same day specimens
from two subjects with either high (Kitt value greater than 6) or
low (Kitt value less than 6) in vivo insulin sensitivity.

Statistical analysis

Unpaired Student’s t -test was utilized to compare mean values.
Two-way analysis of variance (ANOVA test) was utilized to
compare insulin dose-response curves.

Linear regression analysis (if the data were distributed nor-
mally) or Spearman correlation analysis (if the data were not

distributed normally) were utilized to look for numerical corre-
lation between variables. Data are expressed as mean ± SEM.

Results

In vivo sensitivity to insulin. Clinical features of the 20
subjects studied are shown in Table 1. Insulin sensi-
tivity, as assessed by ITT (Kitt values), ranged be-
tween 2.9 and 8.1 with a median value of 6.0 and a
mean value ± SEM of 5.6 ± 0.3. These data confirm
our previous observations that insulin sensitivity var-
ies widely in non-obese normoglycaemic subjects
[19, 27]. In concert with our previous observations
[19, 27], a significant negative correlation was ob-
served between Kitt values and both plasma insulin
and glucose levels at 120 min during OGTT (r =
–0.45, p = 0.048, and r = −54, p = 0.014, respectively)
(Fig. 2) and also between Kitt values and fasting plas-
ma glucose levels (r = –0.53, p = 0.015).

PC-1 content and relationship to insulin sensitivity.
PC-1 content was measured in adipose tissue speci-
mens of 19 non-obese, non-diabetic subjects and ran-
ged from 67 to 855 ng/mg protein with a median value
of 392 and a mean value ± SEM of 436 ± 39.

In these subjects increasing adipose tissue PC-1
content was associated with decreasing in vivo insulin
sensitivity. PC-1 content negatively and significantly
correlated with Kitt values (r = −0.57, p = 0.011)
(Fig. 3). PC-1 content also significantly correlated
with plasma insulin levels both fasting (r = 0.58,
p = 0.009) and 120 min during OGTT (r = 0.67,
p = 0.002). In contrast, no significant correlation was
observed between PC-1 content and either fasting
plasma glucose levels or BMI (data not shown).

The subjects were then subdivided into those who
were relatively insulin sensitive (Kitt values greater
than 6 which is the median Kitt value when both the
20 non-obese, non-diabetic subjects studied in the
present paper and a larger series of 44 non-obese,
non-diabetic subjects studied in our laboratory, are
considered) and those who were relatively insulin re-
sistant (Kitt values less than 6). The insulin-resistant
subjects (n = 10) had a significantly higher PC-1 con-
tent as compared to the insulin-sensitive subjects
(n = 9) (525 ± 49 vs 336 ± 45, p = 0.012) (Fig. 4).

TNF-a gene expression and relationship to insulin
sensitivity. The abundance of the specific TNF-a
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B
Fig. 1. (A, B) Quantification of adipose tissue TNF-a mRNA
levels by reverse transcriptase-polymerase chain reaction
(RT-PCR). A. Silver nitrate staining of the PCR products sep-
arated by PAGE. Total RNA (100 ng) was added to the indi-
cated increasing quantities of cRNA construct containing pri-
mer sites for human TNF-a. The amplification product of this
cRNA contruct, which is 24 nucleotides shorter than cDNA
amplified from human TNF-a mRNA, corresponds to the low-
er band of the gel. B. The density ratio of the two bands shown
in panel A was plotted against the number of copies of cRNA.
The linear regression analysis is performed on the line and the
equivalence point determined. Data are expressed as the num-
ber of copies/100 ng of total RNA

Table 1. Clinical features of the 20 subjects studied

Age
(years)

Body mass index
(kg/m2)

Fasting plasma glucose
(mmol/l)

Fasting plasma immunoreactive insulin
(pmol/l)

Mean ± SEM 33 ± 3 24 ± 1 5.0 ± 0.1 86 ± 9
Range 15–64 21–27 4.3–6.5 20–166



mRNA, relative to an internal cRNA standard, was
measured in 17 subjects using the quantitative RT-
PCR technique. The cRNA/mRNA equivalence
point was taken as the quantity of TNF-amRNA pre-
sent and expressed as the number of copies per
100 ng total RNA. It ranged from 80 to 4350 copies/
100 ng RNA with a median value of 554 and a mean
± SEM of 866 ± 247. In contrast to PC-1, no signifi-
cant correlation was observed between TNF-a

mRNA abundance and either Kitt values (r = 0.0,
p = 0.9) (Fig. 5), and insulin (r = 0.4, p = 0.14) and glu-
cose plasma levels (r = 0.1, p = 0.7) 120 min during
OGTT. Furthermore, no significant difference was
observed between TNF-a gene expression in adipose
tissue from relatively insulin-sensitive subjects
(n = 9, Kitt values greater than 6) and relatively insu-
lin-resistant subjects (n = 8, Kitt values less than 6)
(data not shown).

Insulin receptor content and relationship to insulin
sensitivity. The insulin receptor content in adipose tis-
sue samples was measured by ELISA and ranged
from 6.5 to 35.2 ng/mg protein with a median value
of 21.5 and a mean value ± SEM of 21.6 ± 1.8. No sig-
nificant correlation was observed between insulin re-
ceptor content and either Kitt values or plasma glu-
cose and insulin levels. Also no difference was ob-
served in the insulin receptor content between adi-
pose tissue of relatively insulin-sensitive subjects
(n = 9, Kitt values greater than 6) and from relatively
insulin-resistant subjects (n = 10, Kitt values less than
6) (data not shown).
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Fig. 3. Correlation between PC-1 content in adipose tissue of
non-obese, non-diabetic subjects and in vivo insulin sensitivity,
as indicated by Kitt values

A

B
Fig. 2. (A, B) Correlation between whole body insulin sensitiv-
ity (as indicated by Kitt values) and insulin (A) and plasma glu-
cose (B) levels at 120 min during OGTT, in non-obese, non-di-
abetic subjects

Fig. 4. PC-1 content in adipose tissue of nine relatively insulin-
sensitive subjects (Kitt > 6) and ten relatively insulin-resistant
subjects (Kitt < 6). Data are expressed as mean ± SEM
*p = 0.012

Fig. 5. Correlation between TNF-a mRNA content in adipose
tissue of non-obese, non-diabetic subjects and in vivo insulin
sensitivity, as indicated by Kitt values



Insulin receptor tyrosine-kinase activity and relation-
ship to insulin sensitivity. In eight subjects, four rela-
tively insulin-sensitive (Kitt values greater than 6)
and four relatively insulin-resistant (Kitt values less
than 6), sufficient adipose tissue was available to
measure insulin receptor tyrosine-kinase activity. As
we have previously observed [27, 45], at all insulin
concentrations, insulin-stimulated receptor tyrosine-
kinase activity in adipose tissue from insulin-resistant
subjects was significantly (p = 0.017, by two-way AN-
OVA test) lower that that observed in adipose tissue
from insulin-sensitive subjects (Fig. 6). However,
probably due to the small number of subjects studied
for insulin receptor tyrosine-kinase activity, no signif-
icant correlation was observed between this receptor
function and either Kitt values or PC-1 content.

Discussion

The exact mechanism(s) that cause decreased insulin
receptor tyrosine-kinase activity in insulin-resistant
subjects, are unknown. Since mutations of the insulin
receptor molecule are very uncommon [47, 48], re-
duced insulin receptor activation in the vast majority
of these subjects is most likely induced by factors
that modulate insulin receptor function. These fac-
tors may include membrane glycoprotein PC-1 [21]
and cytokine TNF-a [22]. Most previous studies con-
cerning these insulin receptor inhibitors in human in-
sulin resistance have employed obese and/or
NIDDM patients [21, 26, 32–34]; it is possible, there-
fore, that in those studies the results obtained were a
consequence (at least in part) of either the metabolic
or the hormonal factors associated with these states.
To avoid these variables, in the present study we in-
vestigated subjects who were neither obese nor dia-
betic. In these subjects we observed that increased
adipose tissue PC-1 content was associated with both
in vivo whole body insulin resistance and in vitro

reduced insulin stimulation of insulin receptor ty-
rosine-kinase activity. We recently reported similar
data in skeletal muscle of non-obese, non-diabetic
subjects [27]. Taken together these data demonstrate,
therefore, that increased PC-1 content in insulin tar-
get tissues is associated with reduced insulin sensitiv-
ity when neither obesity nor NIDDM are present.

The molecular mechanisms by which PC-1 may
negatively affect insulin signalling are unknown. PC-
1 is a class II (cytoplasmic amino terminus) mem-
brane glycoprotein, and is the same protein as liver
nucleotide pyrophosphatase/alkaline phosphodi-
esterase I [49, 50]. PC-1 is also related to autotaxin
and gp 130 RB13-6 [51]. In addition to muscle and ad-
ipose tissue, PC-1 is expressed in the plasma mem-
branes and intracellular membranes of plasma cells,
placenta, the distal convoluted tubule of the kidney,
ducts of the salivary gland, epididymis, proximal part
of the vas deferens, chondrocytes and dermal fibro-
blasts [52]. PC-1 extracellular domain has enzymatic
activity that hydrolyses phosphosulphate, pyrophos-
phate and phosphodiesterase bonds. We have re-
cently shown, however, that elimination of this enzy-
matic activity by mutagenesis does not interfere with
the ability of PC-1 to inhibit insulin receptor ty-
rosine-kinase activity [53]. In addition, we have evi-
dence, by both immunopurification and cross-linking
studies, that PC-1 may directly associate with the in-
sulin receptor (B.Maddux, I.D.Goldfine, unpub-
lished observation). We believe, therefore, that one
possible mechanism by which PC-1 inhibits the insu-
lin receptor tyrosine-kinase activity is by physical as-
sociation of the two molecules.

In contrast to PC-1, no relationship between TNF-
a expression and insulin sensitivity was found, either
in vivo or in vitro. These observations suggest, there-
fore, that adipose tissue TNF-a does not play a role
in human insulin resistance when neither obesity nor
NIDDM are present. These data are agree with previ-
ous studies suggesting that TNF-a overexpression
plays a major role in the pathophysiology of obesity-
associated human insulin resistance [32–34, 54]. How-
ever, since we have not measured TNF-a protein lev-
els, our data should be interpreted with caution.

Finally, confirming previous observations [19] we
found no relationship between insulin receptor con-
tent in adipose tissue and whole body insulin sensitiv-
ity.

As a general comment, it should be pointed out
that in our study (as well as in all studies dealing
with tissue biopsies) surgery and anaesthesia may
have affected the parameters measured. However,
the interference(s), if any, is likely to be similar in all
subjects studied, not altering, therefore, the observed
linear relationship between insulin sensitivity and
PC-1 content.

It is likely that insulin resistance is a multifacto-
rial process involving both genetic and acquired
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Fig. 6. Insulin stimulation of insulin receptor tyrosine-kinase
activity from adipose tissue of 4 relatively insulin-sensitive sub-
jects (T, Kitt value higher than 6) and 4 relatively insulin-resis-
tant subjects (m, Kitt values lower than 6). Data are expressed
as mean ± SEM



components [1–2]. The present study in adipose tissue
and our previous study in muscle tissue [27] demon-
strate that, in non-obese, non-diabetic subjects, ele-
vated membrane glycoprotein PC-1 content in insulin
target tissues is associated with reduced insulin sensi-
tivity, both in vivo and in vitro. These observations
raise the possibility, therefore, that PC-1 may play a
primary or early role in the pathophysiology of hu-
man insulin resistance.
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