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Abstract

Obese human subjects have increased protein—tyrosine phos-
phatase (PTPase) activity in adipose tissue that can dephos-
phorylate and inactivate the insulin receptor kinase. To ex-
tend these findings to skeletal muscle, we measured PTPase
activity in the skeletal muscle particulate fraction and cyto-
sol from a series of lean controls, insulin-resistant obese
(body mass index > 30) nondiabetic subjects, and obese in-
dividuals with non—insulin-dependent diabetes. PTPase ac-
tivities in subcellular fractions from the nondiabetic obese
subjects were increased to 140-170% of the level in lean
controls (P < 0.05). In contrast, PTPase activity in both
fractions from the obese subjects with non—insulin-depen-
dent diabetes was significantly decreased to 39% of the level
in controls (P < 0.05). By immunoblot analysis, leukocyte
antigen related (LAR) and protein—tyrosine phosphatase 1B
had the greatest increase (threefold) in the particulate frac-
tion from obese, nondiabetic subjects, and immunodepletion
of this fraction using an affinity-purified antibody directed
at the cytoplasmic domain of leukocyte antigen related nor-
malized the PTPase activity when compared to the activity
from control subjects. These findings provide further sup-
port for negative regulation of insulin action by specific
PTPases in the pathogenesis of insulin resistance in human
obesity, while other regulatory mechanisms may be opera-
tive in the diabetic state. (J. Clin. Invest. 1997. 100:449—
458.) Key words: insulin receptor « tyrosine kinase « signal
transduction . insulin resistance « protein phosphatase

Introduction

Resistance to the biological action of insulin in its target tissues
is a major feature of the pathophysiology of human obesity
and non-insulin-dependent diabetes mellitus (NIDDM)' (1-3).
Recent insights into the mechanism of insulin action have dem-
onstrated that reversible tyrosine phosphorylation of the insu-
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lin receptor and its cellular substrate proteins plays a central
role in the mechanism of insulin action (4), although it is still
not clear how these events are regulated and what cellular and
molecular defects may occur that cause the insulin resistance
observed in disease states.

Several recent studies have provided evidence that pro-
tein—tyrosine phosphatases (PTPases) have an important role
in the regulation of insulin signal transduction (5). Since the
autophosphorylated insulin receptor does not self-dephos-
phorylate, cellular PTPases are required to dephosphorylate
the receptor and attenuate the activity of the autophosphory-
lated insulin receptor tyrosine kinase. In addition, PTPases can
modulate postreceptor signaling by dephosphorylating cellular
substrate proteins for the insulin receptor such as IRS-1 and
Shc, which signal to downstream enzymes as docking proteins
that bind a number of src-homology 2 (SH2) domain-contain-
ing proteins, and activate their signaling capacity (4). Thus, the
opposing effects of phosphorylation by the insulin receptor ki-
nase, and dephosphorylation by cellular PTPases, will also bal-
ance the tyrosine phosphorylation state of postreceptor pro-
teins in the insulin action pathway, and will regulate their
downstream signaling potential.

From the expanding superfamily of protein—tyrosine phos-
phatases (6), work in our laboratory and others has implicated
the tandem-domain transmembrane enzymes leukocyte anti-
gen related (LAR) (7) and leukocyte common antigen-related
phosphatase (LRP)/RPTP-a (8), and the intracellular, single-
domain enzymes PTP1B (9, 10) and SH-PTP2/syp (11), as can-
didate PTPases for the regulation of the insulin action
pathway. In addition to being relatively prominent PTPases in
insulin-sensitive tissues, these enzymes have catalytic activity
towards the insulin receptor or its substrate proteins in studies
done both in vitro and in vivo (5, 12). Furthermore, studies in
cell systems have provided evidence that LAR, LRP, and
PTP1B can serve as negative regulators of insulin receptor
phosphorylation (13-19), while SH-PTP2 appears to be a posi-
tive mediator of distal insulin signaling (20-22).

In addition to the role for PTPases in the steady-state regu-
lation of cellular insulin action in normal physiology, we and
others have postulated that an elevation of specific PTPases
might be an etiologic factor in the tissue insulin resistance that
occurs in human obesity and other disease states, including
NIDDM. In studies testing this hypothesis, we have found re-
cently that adipose tissue from obese human subjects con-

1. Abbreviations used in this paper: BMI, body mass index; LAR, leu-
kocyte antigen related; LRP, leukocyte common antigen-related
phosphatase; NIDDM, non-insulin-dependent diabetes mellitus;
PTPase, protein—-tyrosine phosphatase; RCM, reduced, carboxamido-
methylated and maleyated; SH, src-homology.
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tained increased PTPase activity towards the insulin receptor
that was primarily due to an increase in the abundance of the
LAR PTPase (23). In a follow-up study, we also provided evi-
dence that the increased PTPase activity in the obese subjects
appeared to be reversible, with a significant decrease in the tis-
sue PTPase activity as well as the abundance of both LAR and
PTPIB in a series of obese subjects after a sustained loss of
10% of their body weight (24).

The present work extends these findings to skeletal muscle
to explore whether changes in PTPases in this tissue are also
associated with insulin resistance. This is of importance be-
cause skeletal muscle is regarded to be the major site of tissue
insulin resistance in obesity and diabetes with respect to glu-
cose disposal (25). We examined PTPase activity towards the
insulin receptor and the abundance of specific PTPase en-
zymes (LAR, LRP, PTP1B, and SH-PTP2) in a series of lean
and nondiabetic obese subjects as well as obese individuals
with NIDDM. We found a strong association between body
mass index (BMI) and PTPase activity towards the insulin re-
ceptor in skeletal muscle from nondiabetic obese subjects, and
immunoblot analysis showed that the abundance of several
candidate PTPases was increased. Immunodepletion of the
muscle protein lysate with antibodies to LAR normalized the
increased PTPase activity, suggesting that LAR and/or a re-
lated transmembrane PTPase enzyme play(s) an important
role in the augmented PTPase activity observed in obesity. In-
terestingly, in the obese subjects with diabetes, PTPase activity
and the abundance of several PTPase enzymes was signifi-
cantly decreased, suggesting that additional regulatory mecha-
nisms are apparent in the diabetic state.

Methods

Human subjects. The experimental protocol was approved by the
East Carolina University Policy and Review Committee on Human
Research, and informed consent was obtained from all patients. Pa-
tients were categorized as lean, obese nondiabetic, or obese NIDDM
according to BMI (obese if BMI > 30 kg/m?) and National Diabetes
Data Group Criteria (26). At the time the tissue sample was ob-
tained, only one of the diabetic subjects had received any insulin ther-
apy for an elevated glucose level. Oral medications for diabetes were
withheld before the surgical procedure. Each of the lean subjects and
two of the obese subjects were undergoing total abdominal hysterec-
tomy for benign conditions; three of the obese subjects and all of the
diabetic individuals were undergoing gastric bypass surgery.

Muscle biopsy. Muscle biopsies were obtained from elective ab-
dominal surgical procedures on female patients. Surgery was per-
formed on the patients after an overnight fast. General anesthesia
was initiated with a short-acting barbiturate, and was maintained with
fentanyl and nitrous oxide/oxygen inhalation. A 3 X 2 X 0.5-cm mus-
cle biopsy was obtained from the rectus abdominus muscle after entry
into the abdominal cavity. A portion of the muscle was snap-frozen in
liquid nitrogen and stored at —85°C after a sample was taken for
analysis of glucose transport, as indicated below.

Glucose and insulin assay. Blood samples for insulin and glucose
levels were taken intraoperatively. Plasma glucose was analyzed by
the glucose oxidase method (glucose analyzer II; Beckman Instru-
ments, Inc., Fullerton, CA). Insulin was measured using an auto-
mated microparticle enzyme immunoassay (IMX analyzer; Abbott
Laboratories Diagnostic Division, Abbott Park, IL).

Glucose transport into skeletal muscle strips. Immediately after
removal, a portion of each freshly isolated muscle sample was trans-
ported to the laboratory in an airtight container with oxygenated
Krebs-Henseleit buffer. Muscle strips weighing ~ 25 mg were teased

450 Ahmad et al.

from the sample, and insulin-stimulated transport of 2-deoxyglucose
was measured using an incubation system and methods described
previously (27).

Preparation of skeletal muscle homogenates. Approximately 200
mg of frozen powdered skeletal muscle from each patient was ho-
mogenized in 2 ml of ice-cold buffer containing 1 mM DTT, 4 mM
EDTA, 2.5 mM benzamidine, 1 pM leupeptin, 1 pM pepstatin,
0.15 uM aprotinin, and 2 mM PMSF in 25 mM Hepes, pH 7.4, with
eight up and down strokes (Polytron; Brinkman Instruments, West-
bury, NY) at a setting of seven. The crude homogenate was centri-
fuged at 350,000 g for 30 min, and the resulting supernatant was taken
as the soluble cytosol fraction. Proteins in the particulate fraction
were then solubilized by treating the pellet with ice-cold buffer A
containing 1% (vol/vol) Triton X-100 and 0.6 M KClI, stirring for 45
min at 4°C, and then centrifuging at 150,000 g for 1 h. The resulting
supernatant was dialyzed against the homogenization buffer over-
night. Previous work in rat skeletal muscle showed that the portion of
the particulate fraction that was insoluble in Triton X-100 and 0.6 M
KClI lacked detectable expression of LAR, LRP, PTP1B, and SH-
PTP2 by immunoblotting, and was not studied further in the present
work (Ahmad, F., and B.J. Goldstein, unpublished observations).
Protein was assayed by the method of Bradford (28), and the tissue
fractions were diluted to 1 pg protein per pl before use.

FPLC analysis of skeletal muscle PTPases. Protein extracted from
the solubilized particulate fraction was dialyzed against 10 mM imida-
zole-HCl buffer, pH 7.0, containing 50 mM NaCl, 2 mM EDTA, 1 mM
benzamidine, 2 mM PMSF, 0.1% (vol/vol) B-mercaptoethanol, and
10% (vol/vol) glycerol. Samples of 2 ml, containing 7.5 mg protein,
were applied to Superose 6-12-12 fast protein liquid chromatography
(FPLC) columns (Pharmacia LKB Biotechnology Inc., Piscataway,
NJ) set in series, and chromatography was performed in the dialysis
buffer at a flow rate of 0.3 ml per min. Fractions of 1 ml were col-
lected, and 50 pl of each fraction was assayed for PTPase activity with
RCM-lysozyme as substrate. Columns were calibrated with myosin,
BSA, ovalbumin, and lysozyme protein size standards.

Assay of tissue PTPase activity with autophosphorylated insulin
holoreceptors as substrate. Partially purified insulin holoreceptors
were obtained by wheat germ agglutinin agarose chromatography
(29) of solubilized plasma membranes from Chinese hamster ovary
(CHO) cells overexpressing the recombinant human insulin receptor
(30). Aliquots of 4 mg protein were autophosphorylated in a 0.45-ml
reaction containing 1 mM insulin, 5 mM MnCl,, 0.1 mM ATP, 180 n.Ci
of y-[¥*P]ATP (3,000 Ci/mmol) and 0.1% (vol/vol) Triton X-100 in
50 mM Hepes buffer, pH 7.6, at 4°C for 120 min, and unincorporated
[**P]ATP was removed (Bio-Gel P6 spin column; Bio-Rad Laborato-
ries, Richmond, CA). Aliquots of 25 pl of the labeled receptors were
incubated with 40 pl of solubilized human muscle particulate en-
zymes in a 125-pl reaction containing 1 mM DTT and 2 mM EDTA
in 50 mM Hepes, pH 7.6, at 30°C. The reactions were terminated by
the addition of 0.5 ml of ice-cold stop solution containing 10 mM
ATP, 10 mM sodium pyrophosphate, 4 mM EDTA, 100 mM NaF,
2 mM sodium vanadate, 0.1 mg/ml aprotinin, and 2 mM PMSF in 50 mM
Hepes buffer, pH 7.6. After boiling in gel sample buffer containing
100 mM DTT, aliquots were subjected to electrophoresis in gel con-
taining SDS and 7.5% (wt/vol) polyacrylamide (31). Dephosphoryla-
tion of the 95-kD B-subunit of the insulin receptor was analyzed by
PhosphorImager analysis of the dried gel (Molecular Dynamics Inc.,
Sunnyvale, CA).

Reduced, carboxamidomethylated, and maleyated (RCM)-lysozyme
as PTPase substrate. For use as a PTPase substrate, RCM-lysozyme
was tyrosine phosphorylated as described (32) using insulin receptors
purified from the CHO-hIR cells. PTPase activity was assayed using
20 pl of the indicated tissue fraction diluted to < 1 U/ml in buffer,
and preincubated for 5 min at 30°C. The reaction was initiated by the
addition of 20 pl of phosphotyrosyl RCM-lysozyme (10 mM). The
reaction was terminated with the addition of 0.9 ml of acidic char-
coal mixture (0.9 M NaCl, 90 mM sodium pyrophosphate, 2 mM
NaH,PO,, 4% [vol/vol] Norit A; Sigma Chemical Co., St. Louis,



MO). After centrifugation in microfuge for 1 min, the amount of ra-
dioactivity in 0.4 ml of supernatant was measured by Cerenkov count-
ing in a liquid scintillation counter. 1 U of PTPase activity was de-
fined as the amount releasing 1 nmol of phosphate per min.

Immunoblot analysis of PTPase abundance. Aliquots of the skel-
etal muscle particulate and cytosol fractions (40 wg protein) were
fractionated on SDS-polyacrylamide gels, transferred to nitrocellulose
filters, and immunoblotted with antibodies to LAR, LRP, PTP1B,
and SH-PTP2 as described in our previous work (23). Immunoreac-
tive proteins were visualized and quantitated by PhosphorImager
analysis.

Immunodepletion studies with PTPase antibodies. Aliquots of sol-
ubilized skeletal muscle particulate fractions from the lean, obese,
and diabetic subjects were incubated in separate experiments with ex-
cess antibody to individual or a mix of the four PTPases (LAR, LRP,
PTP-1B, and SH-PTP2), and the complexed PTPases were precipi-
tated (Trisacryl protein-A beads; Pierce, Rockford, IL) to deplete the
supernatant of the enzymes. Normal rabbit IgG was used as control.
Experiments performed in parallel with recombinant LAR protein
determined that 4 ng of affinity-purified LAR antibody provided
~ 100-fold excess of antibody that resulted in depletion of 90-95% of
the LAR enzyme from 30 pg of homogenate protein. Similarly, 65—
70% of PTP1B protein was immunoprecipitated by 5 pg of our poly-
clonal antibody, and the commercially available LRP and SH-PTP2
antibodies (Transduction Laboratories, Lexington, NY) deplete 80—
85% of the LRP or SH-PTP2 content from the tissue particulate frac-
tion.

Statistical methods. Data are presented as mean+SEM with the
indicated number of samples in each group. Correlations were ana-
lyzed by linear regression analysis, and where applicable, two groups
were compared by Student’s ¢ test, and three or more groups were an-
alyzed by ANOVA with Bonferroni’s correction to evaluate the sig-
nificance of the observed differences. Calculations were performed
(SigmaStat PC computing software; Jandel Scientific, San Rafael, CA).

Results

Human subjects. Skeletal muscle was obtained during elective
surgery from six normal weight (lean) women, five obese
women without diabetes, and four obese women with NIDDM
(Table I). The mean age of the three groups did not differ. The
mean BMI values from the two groups of obese patients were
significantly different from the lean group. The mean plasma
glucose values of the nondiabetic obese group were not differ-
ent from the lean controls, while the glucoses of the obese sub-
jects with NIDDM were significantly elevated. As a marker of
physiological insulin resistance, the plasma insulin levels were
elevated significantly in both groups of obese subjects, with the
highest level in the diabetic subjects (Table I).

Glucose uptake into skeletal muscle in vitro. Insulin-stimu-
lated uptake of 2-deoxyglucose was also measured to evaluate

Table I. Characteristics of the Study Patients

Patient group n Age BMI Glucose Insulin
yr kg/m? mg/dl wU/ml
Lean 6 393*x14 21912 84=*4 21+04
Obese 5  434%39  39.8%£2.9% 955 8.7x2.3%
Diabetic 4 46.5%20 51.5£84*  146x28*  17.9%3.8%

The BMI is the weight in kilograms divided by the square of the height
in meters. The data are presented as mean*standard error. *P < 0.05
compared to the lean group.

2-deoxyglucose transport
(umol/g/min)

Obese Diabetic

Lean

Figure 1. 2-Deoxyglucose transport in muscle fiber strips from non-
obese subjects, obese subjects, and obese subjects with NIDDM.
Muscle samples from each of the control (lean), obese, and obese
NIDDM subjects as indicated in Table I were isolated as described in
Methods. Muscle fiber strips were prepared, and rates of glucose
transport were measured under basal conditions (0 insulin) and after
60 min of maximal insulin stimulation (100 nM), and reported as
wmol/g dry weight of tissue per min as described previously (27). The
error bars indicate the SE for the mean values shown. *P < 0.05 by
Student’s ¢ test between the basal and insulin-stimulated samples. In-
sulin, shaded bar; basal, black bar.

insulin action directly in the skeletal muscle strips from the
study patients (Fig. 1). Skeletal muscle strips from the lean in-
dividuals showed a 2.3-fold increase in glucose uptake after in-
sulin stimulation. There was no significant difference in the
level of basal glucose transport among the three groups. The
skeletal muscle strips from both of the obese groups failed to
respond to insulin treatment, demonstrating a significant resis-
tance to insulin action at the tissue level.

Skeletal muscle PTPase activities. Skeletal muscle samples
were fractionated to obtain a soluble cytosol and a solubilized
particulate fraction that were tested for PTPase activity with
the insulin receptor and derivatized lysozyme as substrates.
Since the PTPase assay was performed with matching amounts
of protein from each sample, the results reflect the specific ac-
tivity of the cytosol or particulate fraction PTPase activity to-
wards the indicated substrate. A representative experiment
showed that the dephosphorylation of the insulin receptor was
increased markedly when incubated with either the skeletal
muscle cytosol or particulate fraction from the obese individu-
als (Fig. 2). As a group, the PTPase activities in both subcel-
lular fractions from the nondiabetic obese subjects were in-
creased to 135-137% and 147-167% of the level in lean
controls when tested against the insulin receptor and RCM-
lysozyme, respectively (P < 0.05) (Fig. 2 C). As shown in Fig.
3, the association between BMI and the PTPase activity in the
particulate fraction from the lean and obese subjects also dem-
onstrated a significant linear correlation (R = 0.86; P =
0.0007).

In contrast, skeletal muscle PTPase activity from both the
cytosol or the solubilized particulate fraction from the obese
subjects with NIDDM demonstrated a significantly decreased
level of PTPase activity when assayed with either the insulin
receptor or RCM-lysozyme (Fig. 2). When quantitated as a
group, the PTPase activities in both subcellular fractions from

Protein-Tyrosine Phosphatases in Human Skeletal Muscle 451



A c Lean Obese Diabetic B G Lean Obese Diabetic
IR — ‘.hl-lllilum-----uncpCDC' IR —+—lﬂ._____,_,,_____ﬁ‘h_“-.--—_,
abcdefghiijkI! mno abcdefghijkI|!mno
C Cytosol fraction Particulate fraction
2500 10000 *

=
'S @ 2000 8000 —
"6 c

3
© 5 1500 6000 —
5 s
&5 1000 4000 —
=
o 500 2000

0 0 -

IR RCML IR RCML
Figure 2. Insulin receptor dephosphorylation by skeletal muscle subcellular fractions from nonobese subjects, obese subjects, and obese subjects
with NIDDM. Cytosol and solubilized particulate fractions were prepared from intraoperative specimens of skeletal muscle from each subject,
and PTPase activity was assayed by incubation with autophosphorylated, recombinant human insulin receptors as described in Methods. A rep-
resentative phosphorimage of the dephosphorylated insulin receptors is shown. Lane a, control incubation with no muscle fraction added; lanes
b—f, lean subjects; lanes g—k, obese subjects; lanes /-0, obese subjects with NIDDM. (A) Soluble cytosol fraction of skeletal muscle; (B) solubi-
lized particulate fraction of skeletal muscle. IR, insulin receptor kinase domain (95 kD B-subunit). (C) Quantitation of PTPase activities against
the insulin receptor and RCM-lysozyme in subcellular fractions from nonobese subjects, obese subjects, and obese subjects with NIDDM. Data
tabulated from Phosphorlmager analysis of insulin receptor dephosphorylation shown in A and B are presented as a bar graph and designated
with the label IR. PTPase activity was also assessed for each fraction with the labeled RCM-lysozyme substrate as described in Methods; these
data are indicated by the label RCML. The error bars indicate the SE for the mean values shown. *P < 0.05 by ANOVA for each cluster of sam-
ples from the three groups. Lean, black bars; obese, light gray bars; diabetic, dark gray bars.

5500 the obese subjects with NIDDM were decreased to 39-60%
T ° and 63-66% of the level found in the lean controls when tested
; 5000 - against the insulin receptor and RCM-lysozyme, respectively
N (P < 0.05). In addition to the comparison with lean controls, it
>2 is interesting to note the striking decrease in PTPase activity in
S s 4500 the obese subjects with NIDDM compared to the obese nondi-
O CE:) abetic individuals, which ranges between 40 and 44% of the el-
@© € evated level seen in the obese individuals without NIDDM.
3 g 4000 - Molecular sieving chromatography of skeletal muscle
O 5 PTPases. With either substrate, the PTPase activity in the sol-
& § 3500 ubilized particulate fraction from skeletal muscle of any of the
oo three groups of patients consistently demonstrated a 3.9-4.5-
2 fold higher specific activity than the cytosol fraction (Fig. 2).
5_ 3000 — This relatively high specific activity enabled us to perform mo-
- lecular sieving chromatography on the particulate fraction to
2500 T T T T
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phorylation of RCM-lysozyme for the solubilized particulate fraction
BMI (kg/ m2) of each of the lean and obese subjects were plotted against the BMI,

and a linear regression line was calculated (SigmaStat; Jandel Scien-

Figure 3. Correlation between PTPase activity in the particulate frac-
tion, and BMI in the lean and obese subjects. Data from the dephos-
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tific). Statistical analysis of the regression parameters revealed R =
0.86 with P = 0.0007.
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Figure 4. Molecular sieving analysis of solubilized particulate skeletal
muscle PTPases from nonobese subjects, obese subjects, and obese
subjects with NIDDM. As described in Methods, 7.5-mg samples of
solubilized particulate fraction protein were subjected to FPLC chro-
matography. Fractions were analyzed for PTPase activity using
RCM-lysozyme as substrate. Lean, open circles; obese, filled triangles;
diabetic, closed circles.

assess whether there were any differences in PTPases of a cer-
tain molecular size that could account for the observed
changes in total PTPase in this fraction. FPLC of the solubi-
lized particulate fraction from each of the subjects tested dem-
onstrated two relatively sharp peaks, corresponding to relative
molecular mass values of ~ 160,000 and ~ 80,000 D, respec-
tively, followed by a complex trailing peak with a shoulder
(Fig. 4). Analysis of gel filtration profiles of PTPase activity

A

from the solubilized particulate fraction from obese nondia-
betic and NIDDM subjects confirmed our results indicated
above that for each fraction tested, the nondiabetic obese sub-
jects had a higher PTPase specific activity than the lean sam-
ples, while the obese NIDDM subjects demonstrated lower
PTPase levels than the lean group. Furthermore, there were
no striking differences in the overall profile of PTPase activity
from the gel filtration analysis, indicating that the changes
among the three groups involved multiple PTPase enzymes, or
complexes of individual PTPase enzymes that were altered in a
similar fashion.

Quantitation of specific PTPases in the soluble muscle cyto-
sol fraction. In previous work, we demonstrated that PTP1B
and SH-PTP2 are present in the soluble muscle cytosol, and
are distributed between the cytosol and the particulate fraction
of muscle (33). To determine whether changes in these en-
zymes might account for the alterations noted above in PTP-
ase activity in the cytosol fraction from the obese and diabetic
subjects, we performed immunoblotting with a protein lysate
of muscle cytosol using specific antibodies to PTP1B and SH-
PTP2 (Fig. 5). In muscle cytosol from obese, nondiabetic sub-
jects, PTP1B and SH-PTP2 were both increased by 1.9- and
2.0-fold respectively, compared to the lean individuals. In con-
trast, in the obese subjects with NIDDM the abundance of
PTP1B and SH-PTP2 was significantly decreased to 34 and
51% of the value observed in the lean controls. Thus, both of
these cytosolic PTPases may participate in the altered skeletal
muscle PTPase activity exhibited by the obese nondiabetic
subjects as well as those with NIDDM.

Quantitation of specific PTPases in the solubilized muscle
particulate fraction. The particulate fraction of skeletal muscle
contains high levels of the transmembrane PTPase enzymes
LAR and LRP, as well as the intracellular enzymes PTP1B
and SH-PTP2 (33). To determine whether the abundance of
these enzymes may be altered in the obese subjects with and
without NIDDM, we performed immunoblotting with samples
of solubilized skeletal muscle proteins using specific antibodies
to these four PTPases (Fig. 6). In the particulate fraction from
obese, nondiabetic subjects, LAR and PTP1B demonstrated

PTP1B =%

<— SH-PTP2

PTPase mass
(phosphorimager units)

PTP1B

SH-PTP2
PTPase

Figure 5. Abundance of PTP1B and SH-PTP2 in the cytosol fraction of
skeletal muscle from the study subjects. (A) Immunoblot analysis of
PTP1B (lanes a—f) and SH-PTP2 (lanes g-/) protein abundance in rep-
resentative duplicate samples from lean (L), obese (O), and obese
NIDDM (D) subjects. PTP1B is identified as two protein bands con-
sisting of the full-length form (~ 50 kD) and the truncated form (~ 37
kD) that lacks a COOH-terminal segment (37). SH-PTP2 migrates as a
single protein of ~ 67 kD. (B) Quantitation of PTP1B and SH-PTP2
abundance in the cytosol fraction from lean, obese, and obese NIDDM
subjects. Data obtained from PhosphorImager analysis of PTPase im-
munoblots on all of the patients in each group were tabulated and pre-
sented here in bar graph format. The error bars indicate the SE for the
mean values shown. *P < 0.05 by ANOVA for each cluster of samples
from the three groups. Lean, black bars; obese, light gray bars; dia-
betic, dark gray bars.
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Figure 6. Abundance of LAR, LRP, PTP1B, and SH-PTP2 in the sol-
ubilized particulate fraction of skeletal muscle from the study sub-
jects. (A) Immunoblot analysis of LAR (a¢—c), LRP (d-f), PTP1B (g—i),
and SH-PTP2 (j-I) protein abundance in representative samples from
the lean (L), obese (O), and obese NIDDM (D) subjects. The trans-
membrane, or P subunit of LAR migrates at ~ 85 kD, and LRP is
identified as a single protein at ~ 125 kD (37). PTP1B and SH-PTP2
appear as described in the legend to Fig. 5. The full-length form of
PTP1B is more prominent as would be expected in the particulate
fraction (37). (B) Quantitation of LAR, LRP, PTP1B, and SH-PTP2
abundance in the solubilized particulate fraction from lean, obese,
and obese NIDDM subjects. Data obtained from PhosphorImager
analysis of PTPase immunoblots all of the patients in each group
were tabulated and presented in bar graph format. The error bars in-
dicate the SE for the mean values shown. *P < 0.05 by ANOVA for
each cluster of samples from the three groups. Lean, black bars;
obese, light gray bars; diabetic, dark gray bars.

the greatest increase over the level observed in the lean con-
trols; 3.0- and 3.1-fold, respectively. LRP and SH-PTP2 were
also increased in the obese individuals, but less markedly, by
1.8- and 2.0-fold, respectively. As observed for the overall PTP-
ase activity in the particulate fraction, the abundance of each
of the PTPases tested was decreased in the samples from the
obese subjects with NIDDM compared to the level in lean
controls. The greatest change occurred with LAR and PTP1B,
which were decreased to 44 and 37% of the abundance in the
lean individuals, respectively. A smaller decrease, to 56% of
the control level, was observed for SH-PTP2; the slight de-
crease observed for LRP did not reach statistical significance.
These data indicated that in the particulate fraction, which
contains the highest specific PTPase enzyme activity, alter-
ations in the abundance of LAR and PTP1B correlated with
the observed changes in overall tissue PTPase activity.
Immunodepletion of PTPases from skeletal muscle frac-
tions. To further establish which of the several enzymes tested
could account for the increased tissue PTPase activity in the

454 Ahmad et al.

skeletal muscle fractions from obese subjects, we used neutral-
izing antibodies to immunoprecipitate and deplete specific
PTPase enzymes, and measured the PTPase activity remaining
in the immunoprecipitation supernatant. As we have reported
in previous work (23), under the immunoprecipitation condi-
tions, the excess LAR, LRP, and SH-PTP2 antibody removed
80-90% of the individual enzymes, and the PTP-1B antibody
removed 65-70% of the PTP1B present in the initial subcellu-
lar fractions.

Depletion of LAR, LRP, PTP-1B, and SH-PTP2 reduced
the PTPase activity against RCM-lysozyme in the particulate
enzyme samples of the control subjects to 71, 73, 85, and 80%,
respectively, of the level observed after mock immunodeple-
tion with nonimmune IgG, indicating that each of these PTP-
ases contributes substantially to the total activity observed in
the solubilized particulate fraction (Fig. 7). In the particulate
fraction from obese subjects, depletion of LAR, LRP, PTP-1B,
and SH-PTP2 reduced the PTPase activity against RCM-
lysozyme to 61, 84, 90, and 83%, respectively, of the level ob-
served after mock immunodepletion with nonimmune IgG.
The most significant change was the reduced PTPase activity
in the sample immunodepleted of LAR; this was the only ma-
neuver that normalized the difference between the samples
from control subjects and the elevated level observed in the
obese nondiabetic subjects. After immunodepletion of any of
the other PTPases, the statistical significance of the quantita-
tive difference between the lean controls and the obese sub-
jects was maintained (Fig. 7).

The results from the LAR immunodepletion experiment
with the RCM-lysozyme substrate were confirmed using the
autophosphorylated insulin receptor as a PTPase substrate and
the solubilized particulate fraction from each group (Fig. 8). Af-
ter mock immunodepletion with control IgG, insulin receptor
dephosphorylation with samples from the obese subjects was
increased by 32% over the level in lean controls, and the re-
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Figure 7. PTPase activity remaining in the solubilized particulate
fraction of skeletal muscle from the study subjects after immunode-
pletion with the indicated PTPase antibodies. Aliquots of the particu-
late fractions were incubated with excess antibody to each of the four
PTPases as indicated or with normal rabbit IgG, and immunocom-
plexes were isolated on Trisacryl-protein A beads to deplete the su-
pernatant of the enzymes as described in Methods. The PTPase activ-
ity remaining was determined with the RCM-lysozyme substrate. The
error bars indicate the SE for the mean values shown. *P < 0.05 by
Student’s ¢ test between the samples from lean controls or obese sub-
jects. Lean, black bars; obese, light gray bars.
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Figure 8. PTPase activity against the insulin receptor remaining in
the solubilized particulate fraction of skeletal muscle from the study
subjects after immunodepletion with LAR antibodies. Aliquots of the
particulate fractions were incubated with excess LAR antibody or
with normal rabbit IgG as indicated in duplicate. The immunocom-
plexes were isolated on Trisacryl-protein A beads to deplete the su-
pernatant of the enzymes as described in Methods. The remaining
PTPase activity was determined with the autophosphorylated insulin
receptor as described in Methods. A representation phosphorimage
of the dephosphorylated insulin receptors is shown. a—b, Control in-
cubation with no muscle fraction added; c—f, lean subjects; g—j, obese
subjects; k—n, obese subjects with NIDDM. IR, insulin receptor ki-
nase domain (95 kD B-subunit).

ceptor dephosphorylation by the subjects with NIDDM was
decreased to 78% of the control value, similar to the changes
noted above in Fig. 2 B. After LAR immunodepletion, the
samples from lean, obese, and NIDDM subjects were reduced
to 78, 64, and 71% of the level observed after mock depletion
(Fig. 8). This result indicated that in each of the samples, LAR,
or a closely related PTPase susceptible to immunodepletion
with the anti-LAR antibodies, comprises a significant fraction
of the insulin receptor dephosphorylating activity in the partic-
ulate fraction. Furthermore, these results confirmed that after
immunodepletion with the LAR antibodies, the difference in
insulin receptor dephosphorylation between the lean and
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Figure 9. PTPase activity remaining in the cytosol fraction of skeletal
muscle from the study subjects after immunodepletion with antibod-
ies to either SH-PTP2 or PTP1B. Aliquots of the cytosol fractions
were incubated with normal rabbit IgG or with excess antibody to the
indicated PTPases, and immunocomplexes were isolated on
Trisacryl-protein A beads to deplete the supernatant as described in
Methods. The remaining PTPase activity was determined with the
RCM-lysozyme substrate. The error bars indicate the SE for the
mean values shown. *P < 0.05 by Student’s ¢ test between the sam-
ples from lean controls or obese subjects.

obese subjects was eliminated; the level of insulin receptor de-
phosphorylation for equivalent amounts of particulate fraction
protein were 50 and 54% for the lean and obese samples, re-
spectively. These findings also supported the conclusion that
the increased receptor dephosphorylating activity in the partic-
ulate fraction was largely due to an increase in LAR or a
closely related PTPase.

In the cytosol fraction of the lean subjects, immunode-
pletion of PTP-1B and SH-PTP2 reduced the PTPase activity
against RCM-lysozyme to 87 and 74%, respectively, of the
level observed after the control incubation with nonimmune
IgG, indicating that these PTPases contribute to the overall
PTPase activity observed in the skeletal muscle cytosol frac-
tion (Fig. 9). In the cytosol fraction from obese subjects, deple-
tion of PTP-1B and SH-PTP2 reduced the PTPase activity
against RCM-lysozyme to 94 and 77%, respectively, of the
level observed after mock immunodepletion with nonimmune
IgG. Moreover, the immunodepleted samples from the obese
subjects retained a significant difference when compared to
the lean control subjects, suggesting that neither PTP1B nor
SH-PTP2 alone could account for the increase in cytosol PTP-
ase activity in the skeletal muscle samples from obese subjects.

Discussion

Various mechanisms that can potentially influence postbinding
events in insulin signaling have been hypothesized to cause the
insulin resistance observed in skeletal muscles in human obe-
sity and NIDDM (34-36). One mechanism that has been re-
ceiving increasing attention involves modulation of the steady-
state level of tyrosine phosphorylation of the insulin receptor
and its cellular substrate proteins by PTPases (37). The recent
discovery of a family of PTPase enzymes expressed in insulin-
sensitive tissues has provided the basis for detailed studies to
examine the role that these enzymes play in the regulation of
reversible tyrosine phosphorylation in insulin receptor signal-
ing as well as their potential involvement in insulin-resistant
disease states.

In the present work, we have extended our previous find-
ing in adipose tissue that PTPase activity and the abundance of
specific PTPase enzymes is increased in obese, insulin-resistant
subjects (23). We now find a similar result in skeletal muscle,
that PTPase activity against the insulin receptor in the particu-
late and soluble cytosol subcellular fractions of muscle from
nondiabetic obese subjects was increased significantly by 40—
70% compared to the level in lean controls. Also, similar to
our results in adipose tissue, the increased PTPase activity in
the skeletal muscle particulate fraction appeared to be prima-
rily due to an increase in LAR or a closely related PTPase, since
immunodepletion of this PTPase normalized the elevated PTP-
ase activity in the solubilized particulate fraction towards the
insulin receptor (Fig. 7). These data are supported by previous
work by McGuire et al. (38), who reported that skeletal muscle
from insulin-resistant Pima Native American subjects had a
33% higher basal PTPase activity towards phosphorylated
RCM-lysozyme in the particulate fraction compared to insulin-
sensitive controls. Furthermore, insulin infusion in vivo pro-
duced a rapid 25% suppression of soluble PTPase activity in
muscle of insulin-sensitive subjects, a response that was im-
paired severely in the insulin-resistant subjects, suggesting ab-
normal regulation of muscle PTPases (38). Together, these
data provide evidence for the hypothesis that increased PTP-
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ase activity, in particular involving LAR, may play an impor-
tant role in insulin resistance in both skeletal muscle and adi-
pose tissue in insulin-resistant states.

The observation that LAR is increased in human obesity is
of interest, since evidence from a variety of experimental ap-
proaches has suggested that this widely expressed transmem-
brane PTPase is a major candidate for the physiological regu-
lation of the insulin receptor (5, 37). In addition to its tissue
distribution and membrane localization, biochemical studies
have demonstrated that the cytoplasmic domain of LAR has a
catalytic preference for the dephosphorylation of regulatory
phosphotyrosines in the insulin receptor, and it can efficiently
deactivate the receptor kinase activity (30). In transfection
studies, LAR has been shown to act as a negative regulator
of insulin signaling in intact cells. These experiments have in-
cluded the use of LAR antisense mRNA expression in hepa-
toma cells to reduce the LAR mass, which significantly en-
hances insulin receptor autophosphorylation, receptor kinase
activity, and insulin-stimulated phosphatidylinositol 3'-kinase
activity (16). In addition, overexpression of the full-length
LAR protein at the plasma membrane in both hepatoma cells
and CHO cells significantly reduces insulin receptor autophos-
phorylation and kinase activity in situ (13, 14). Recently, we
have also demonstrated a physical association between LAR
and the insulin receptor by coimmunoprecipitation from cell
lysates and using chemical cross-linking techniques (39). Over-
all, the available evidence suggests that the functional effects
of LAR on insulin signaling are likely to be mediated by a di-
rect interaction with the insulin receptor.

Additional PTPases may also be involved in the regulation
of the insulin action pathway. When microinjected into oo-
cytes, PTP1B, a widely expressed, single domain intracellular
PTPase, blocked insulin-stimulated S6 peptide phosphoryla-
tion, and retarded insulin-induced oocyte maturation (40, 41).
In cultured cells, transfection of PTPase cDNAs has also shown
that PTP1B can regulate negatively receptors for insulin as
well as IGF-1, PDGF, and EGF (19). We have shown by os-
motic loading of neutralizing antibodies into insulin-sensitive
hepatoma cells, that PTP1B negatively regulates insulin recep-
tor activation (18). Since PTP1B has a role in the negative reg-
ulation of insulin signaling and acts, at least in part, directly at
the level of the receptor kinase, it may function in concert with
LAR in the physiological regulation of the insulin receptor.
Other PTPases have been implicated in a few studies as nega-
tive regulators of insulin action, including LRP and the closely
related transmembrane enzyme RPTP-e (15). In contrast, SH-
PTP2, a widely expressed homolog with two NH,-terminal
SH2 domains, has been implicated as a positive mediator of in-
sulin signaling as a downstream site (21, 42, 43).

One of the most striking results in our study was that the
obese subjects with NIDDM exhibited a significantly de-
creased level of skeletal muscle PTPase activity in both soluble
and particulate subcellular fractions, to as low as 39% of the
level found in the lean controls. This result suggests that a
major alteration in this regulatory system occurs in obese indi-
viduals after the onset of diabetes with overt hyperglycemia.
Alternatively, the subjects with NIDDM may be inherently
different from the obese nondiabetic group, with an altogether
different pathophysiologic mechanism that may account for
their underlying insulin resistance. A few recent studies have
also suggested that skeletal muscle PTPase activity might be
decreased in patients with NIDDM. Worm et al. (44) noted a
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marked decrease in soluble PTPase activity in skeletal muscle
biopsies from patients with NIDDM, to 42% of the activity
in the control subjects. In the study by Kusari et al. (45), skele-
tal muscle particulate fraction PTPase activity against RCM-
lysozyme was also reduced by ~ 20% in subjects with NIDDM;
this was associated with an average decrease of 38% in the
abundance of PTP1B protein abundance in the diabetic sub-
jects, similar to our results reported here.

Kusari et al. (45) also reported a decrease in PTPase activ-
ity in their sample of obese, nondiabetic subjects, although
their patient population and assay methodology differed from
that reported in the present work in several respects. Their
obese subjects represented a different population since they
were only moderately overweight (mean BMI 33.0), a factor
that may have obscured detection of increased PTPase activity
in subjects with BMI values as high as those of the morbidly
obese individuals in our population. In addition, the PTPase
assay for the obese subjects in the study by Kusari et al. (45)
used a phosphorylated peptide derived from the kinase do-
main of the insulin receptor. The use of this peptide substrate
may cause confusing results because the level of tissue PTPase
activity detected depends heavily on the phosphotyrosyl form
of the peptide (46). Thus, their results for obese nondiabetic
subjects may not be comparable to our data obtained using the
intact insulin receptor protein as substrate, or RCM-lysozyme.
Furthermore, in their work, the abundance of protein mass for
PTP1B was measured only in the subjects with NIDDM and
not the obese nondiabetic individuals as we have reported
here, so our two studies cannot be compared directly in this re-
gard.

Alterations in tissue PTPases similar to those reported in
the present work have been noted in some diabetic animal
models. Particulate fraction PTPase activity towards the insu-
lin receptor or artificial substrates has been shown in several
studies to be decreased significantly in livers of insulin-defi-
cient rats generated by streptozotocin (47, 48) or alloxan (49)
treatment, with a recovery to normal levels after insulin injec-
tions. In our own work, we have also found that the particulate
fraction PTPase activity towards the insulin receptor in strep-
tozotocin-treated rats was decreased to 65-70% of control in
diabetic liver and muscle, and increased to 115-120% of con-
trol after insulin treatment (50).

The results in subjects with NIDDM suggest that in states
of relative insulin deficiency, or with defective insulin action, in
both human and animal studies, PTPase activity in muscle may
be diminished. These findings raise the question whether the
observed alterations in PTPase abundance are primary or may
result secondarily from the deranged metabolic milieu in long-
standing obesity or frank diabetes. For example, an increase in
PTPase activity that negatively regulates the insulin signaling
system, as we have observed in adipose tissue and skeletal
muscle, may be causally related to insulin resistance in simple
obesity without diabetes, and may occur as an initial defect that
leads to the hyperinsulinemia. Alternatively, hyperinsulinemia
from tissue insulin resistance caused by an unrelated defect
may lead to increased PTPase abundance in skeletal muscle
and adipose tissue. In this regard, insulin infusion has been
shown to modulate tissue PTPase activities in normal subjects,
and that this regulation may be disrupted in insulin-resistant or
diabetic individuals (38, 44). Insulin has been shown to in-
crease significantly the particulate fraction PTPase activity in
rat hepatoma cells (51, 52) and in rat L6 muscle cells (53).



In summary, these studies lend further support to the hy-
pothesis that specific PTPases are increased in skeletal muscle
in human obesity, and may play an important role in the
pathogenesis of insulin resistance in this tissue, similar to the
findings we have reported previously for adipose tissue. Inter-
estingly, we also provide evidence for reduced expression of
PTPases in skeletal muscle in individuals with NIDDM, as has
been reported in previous work from other laboratories. The
clear distinction in the level of tissue PTPase activities in our
obese subjects compared to those with NIDDM suggests that
this effect may have an entirely different pathophysiological
basis in these two groups of individuals. Such divergent regula-
tory mechanisms may differentially lead to insulin resistance in
obesity, or to NIDDM in susceptible individuals. It remains to
be determined whether the increased PTPase activity in obe-
sity is a primary alteration that leads to insulin resistance, or
results secondarily from a metabolic alteration that occurs with
obesity and contributes to the insulin-resistant state. In a simi-
lar fashion, the decreased PTPase activity observed in NIDDM
may be part of the underlying pathogenesis of this entity,
which might be expected to impact on insulin signaling through
the development of the diabetes. Alternatively, a decrease in
PTPase activity may occur as a secondary response to the dia-
betic milieu. In fact, incubation of insulin-resistant skeletal
muscle from nondiabetic obese subjects in a high glucose me-
dium leads to enhanced insulin responsiveness towards several
aspects of glucose disposal, including glycogen synthesis, glu-
cose oxidation, and nonoxidative glycolysis (54). The possibil-
ity that elevated glucose leads to enhanced insulin signaling by
reducing PTPase expression in muscle from obese subjects re-
mains to be determined.

Further studies in skeletal muscle and adipose tissue from
obese subjects and patients with NIDDM in which glucose and
insulin are regulated, as well as additional work in cultured hu-
man adipocytes and skeletal muscle strips, will be necessary to
elucidate further the mechanism of altered PTPase activity and
changes in the abundance of specific PTPase enzymes as we
have observed in this work. It will also be important to deter-
mine whether the increased PTPase levels in skeletal muscle in
the nondiabetic obese subjects are reversed after weight loss,
as we have observed for PTPases in adipose tissue, adding fur-
ther support to the hypothesis that they have an important role
in the tissue insulin resistance observed in this group of sub-
jects.
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