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Increased p85/55/50 Expression and Decreased
Phosphotidylinositol 3-Kinase Activity in
Insulin-Resistant Human Skeletal Muscle
Gautam K. Bandyopadhyay, Joseph G. Yu, Jachelle Ofrecio, and Jerold M. Olefsky

Insulin resistance is predominantly characterized by
decreased insulin-stimulated glucose uptake into skeletal muscle. In the current study, we have assessed
various aspects of the phosphatidylinositol (PI) 3-kinase pathway in skeletal muscle biopsies obtained from
normal, obese nondiabetic, and type 2 diabetic subjects,
before and after a 5-h insulin infusion. We found a
highly significant inverse correlation between in vivo
insulin sensitivity (as measured by the glucose infusion
rate) and increased protein expression of p85/55/50,
protein kinase C (PKC)- activity, levels of pSer307
insulin receptor substrate (IRS)-1 and p-Jun NH2-terminal kinase (JNK)-1, and myosin heavy chain IIx fibers. Increased basal phosphorylation of Ser307 IRS-1 in
the obese and type 2 diabetic subjects corresponds with
decrease in insulin-stimulated IRS-1 tyrosine phosphorylation, PI 3-kinase activity, and insulin-induced activation of Akt and, more prominently, PKC-/. In
summary, increased expression of the PI 3-kinase adaptor subunits p85/55/50, as well as increased activity of
the proinflammatory kinases JNK-1, PKC-, and, to a
lesser extent, inhibitor of B kinase-␤, are associated
with increased basal Ser307 IRS-1 phosphorylation and
decreased PI 3-kinase activity and may follow a common
pathway to attenuate in vivo insulin sensitivity in insulin-resistant subjects. These findings demonstrate interacting mechanisms that can lead to impaired insulinstimulated PI 3-kinase activity in skeletal muscle from
obese and type 2 diabetic subjects. Diabetes 54:2351–
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I

nsulin resistance is a characteristic feature of type 2
diabetes, obesity, syndrome X, and a number of
other human disorders (1–3). Insulin resistance refers to a decreased ability of insulin to exert its
normal biological effects and a hallmark of this abnormality is decreased insulin-stimulated glucose disposal. Because ⬃80% of overall in vivo insulin-stimulated glucose
disposal in humans is into skeletal muscle, decreased
insulin-stimulated glucose transport into muscle is a central feature of human insulin resistance. Although the
mechanisms of insulin-stimulated glucose transport are
incompletely understood, it is uniformly agreed that normal activation of phosphatidylinositol (PI) 3-kinase plays a
central role (4 –7).
PI 3-kinase exists is a heterodimer composed of a p110
catalytic subunit and a p85 regulatory subunit. Insulin
causes tyrosine phosphorylation of insulin receptor substrate (IRS) proteins, which then associate with PI 3-kinase through the p85 regulatory domain, leading to
increased PI 3-kinase activity (1,8). This then leads to
activation of Akt2 and protein kinase C (PKC)-/, which
ultimately can result in insulin-stimulated GLUT-4 translocation and increased glucose transport (9 –14). Transcription of the p85 gene leads to the expression of the p85 ␣
protein, as well as two splice variants, p55 and p50; all
three of these can bind to p110 and to phosphotyrosine
motifs (15–17). Under normal conditions, p85 and its
splice variants are in excess compared with p110; therefore, free monomeric regulatory subunits are available to
compete with the p110/adaptor subunit heterodimer for
binding to target protein phosphotyrosine motifs (18). It
could be postulated that increased levels of p85/55/50
subunits might inhibit PI 3-kinase activity by competing
with phosphotyrosine targets. By doing this, the presence
of these excess subunits could contribute to insulin resistance. Consistent with this idea, a p85 knockout mouse
displays increased insulin sensitivity (19 –21). In addition,
overexpression of the p85 SH2 domains or deletion mutants of p85 that cannot bind to p110 leads to a decrease in
PI 3-kinase activity and insulin signaling (22,23). In a
model of insulin resistance caused by chronic exposure to
placental growth hormone, increased protein expression
of p85 was observed (24). Data from obese animal models
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TABLE 1
Subject characteristics

n
Age (years)
Weight (kg)
BMI (kg/m2)
Fasting plasma glucose (mmol/l)
Glucose infusion rate (mg 䡠 kg⫺1 䡠 min⫺1)
Basal insulin (pmol/l)
Insulin after 300-min clamping (pmol/l)
Basal plasma free fatty acids (mol/l)
Free fatty acids after insulin clamping (mol/l)
Triacylglycerol (mg/dl)

Nondiabetic

Obese

Type 2 diabetic

8
47.25 ⫾ 4.8
75.2 ⫾ 5.4
24.4 ⫾ 1.2
5.09 ⫾ 0.12
9.9 ⫾ 0.93
66.7 ⫾ 10
1,070 ⫾ 47
346 ⫾ 36
19 ⫾ 3.8
88.75 ⫾ 6.8

8
43.5 ⫾ 4.0
96.7 ⫾ 4.0
33.3 ⫾ 1.06*
5.1 ⫾ 0.1
7.0 ⫾ 0.37†
125.36 ⫾ 26‡
1,290 ⫾ 96
400 ⫾ 30§
16 ⫾ 3.5
128.6 ⫾ 21㛳

7
48.0 ⫾ 5.2
110.0 ⫾ 5.4
37.1 ⫾ 2.64*
11.3 ⫾ 1.5*
2.26 ⫾ 0.76*
315 ⫾ 78‡
1,090 ⫾ 74
750 ⫾ 120‡
270 ⫾ 100
390 ⫾ 127†

Data are means ⫾ SE. All P values were determined by comparing with nondiabetic subjects. *P ⬍ 0.005; †P ⬍ 0.05; ‡P ⬍ 0.02; §NS; 㛳P ⫽
0.05.

also suggest an association between obesity and increased
combined expression of p85/p55/p50 (25).
The tyrosine phosphorylation of IRS-1/2 is a highly
regulated process involving a balance between activation
and deactivation (26). Phosphorylation of Ser307 and
Ser1101 of IRS-1/2 can diminish its ability to undergo
tyrosine phosphorylation, subsequently causing impaired
PI 3-kinase activation (27,28). A number of serine/threonine kinases (most of which are components of the
proinflammatory pathway) such as PKC- (28), Jun NH2terminal kinase (JNK) (29), and inhibitor of B kinase-␤
(IKK-␤) (30) have been linked to serine phosphorylate
IRS-1, leading to inhibition of its activity (27–32). Similarly,
the role of PKC- activity and localization has been implicated in the development of insulin resistance (31–33)
To quantitatively assess the role of IRS-1/2 and PI
3-kinase function in human insulin resistance, we have
performed a number of biochemical analyses on muscle
biopsies obtained from lean (nondiabetic), obese, and type
2 diabetic patients before and after insulin infusion. All of
these subjects also underwent euglycemic-hyperinsulinemic clamp studies to provide a quantitative measurement
of in vivo insulin sensitivity. Our results show that elevated levels of all three splice variants of the PI 3-kinase
adaptor subunit (p85, p55, and p50) along with increased
basal mitogen-activated protein (MAP) kinases and PKC-
activities are features of insulin resistance in human
skeletal muscle. The degree of increase in these activities
is strongly correlated with the magnitude of the decrease
in in vivo insulin sensitivity. These human tissues also
show impaired IRS-1/2 function. Through increased serine
phosphorylation and decreased tyrosine phosphorylation,
this IRS-1/2 defect magnifies the decrease in insulin stimulated PI 3-kinase activity. As such, these results demonstrate the critical importance of decreased skeletal muscle
PI 3-kinase activity in these insulin-resistant states and
provide an underlying mechanism for this effect.
RESEARCH DESIGN AND METHODS
Muscle tissues from human subjects. Eight nondiabetic lean subjects,
seven obese subjects with type 2 diabetes, and eight obese subjects without
diabetes participated in the study. The clinical characteristics of the subjects
are given in Table 1. Studies in subjects with type 2 diabetes were performed
after discontinuation of their antihyperglycemic medications (five were taking
sulfonylureas and two were taking metformin plus sulfonylurea) for at least 2
weeks. All participants were in good general health and had normal kidney
and liver function. None of the control subjects were taking any medications
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to alter glucose tolerance. During the clamp study, a biopsy from the right leg
was performed before the insulin infusion was started (Humulin; Eli Lilly,
Indianapolis, IN) at a rate of 80 mU 䡠 m⫺2 䡠 min⫺1. After 300 min of infusion,
a second biopsy was performed from the left vastus lateralis. Tissues were
blotted free of blood and immediately frozen in liquid nitrogen. To reach a
steady state of insulin-stimulated glucose metabolism in the insulin-resistant
subjects, 4 –5 h of insulin infusion were required. Consequently, the muscle
biopsies were taken at time 0 and 5 h. However, previous results have
indicated that post–receptor signaling defects are observed as early as 2 h, 3 h,
and even 30 min after insulin infusion (34 –36). In a previous study, we showed
that defects in insulin-stimulated tyrosine phosphorylation were easily detected after 30 min of insulin stimulation and fully sustained throughout the
5-h time course (37).
The study protocol was approved by the Internal Review Board for Human
Subjects of the University of California at San Diego. Written informed
consent was obtained from each subject. The procedures for hyperinsulinemic-euglycemic clamps and analysis of clinical parameters were described
previously in detail (38,39).
Reagents. All buffer components, protease and phosphatase inhibitors, and
lipids were purchased from Sigma (St. Louis, MO). Phosphospecific antibodies
were from Cell Signaling Technology (Beverly, MA). Rabbit anti-pan p85 (no.
06-496), anti-IRS-1, and p110 were from Upstate Biotechnology (Lake Placid,
NY).
Tissue fractionation, immunoprecipitation, and immunoblotting. Muscle samples (50 –100 mg) were powdered under liquid nitrogen and homogenized by Polytron (3 ⫻ 15 s) in 2 ml ice-cold buffer containing 20 mmol/l
Tris/HCl, pH 7.5, 150 mmol/l NaCl, 0.25 mol/l sucrose, 1.2 mmol/l EGTA, 1
mmol/l EDTA, and a cocktail of protease and phosphatase inhibitors as
described previously (36). After centrifugation at 1,000g for 10 min at 4°C, the
supernatants were analyzed as homogenates and fractionated into total
membrane and cytosol by centrifugation at 100,000g for 1 h at 4°C. For
comparison of signal intensity between samples, equal amounts of protein
from each sample were loaded per lane during gel electrophoresis. Immunoblotting of the membranes after SDS-PAGE, enhanced chemiluminescence
detection, and quantitation of the signals by densitometry were carried out
following standard protocols.
For myosin heavy chain (MHC) analysis by SDS-PAGE, muscle homogenates were prepared by following the protocol described by Klitgaard et al.
(40) and electrophoresis was carried out at 100 V for 16 h using 6% separating
gel and standard running buffer containing 35% glycerol. Proteins were
visualized by silver staining with a kit from Pierce (Rockford, IL).
Measurement of PKC-/ and PKC- activities. To measure PKC activity,
0.5–1.0 mg proteins were immunoprecipitated with rabbit polyclonal anti–
COOH-terminal PKC-/ or anti–PKC- antisera or preimmune serum in the
presence of protein-A/G agarose (all from Santa Cruz Biotechnology, Santa
Cruz, CA). The washed immunobeads were assayed for PKC-/ and PKC-
activities following previously published methods (12,31,33,36).
PI 3-kinase assay. IRS-1– bound PI 3-kinase activity was assayed in the
immunobeads after anti–IRS-1 immunoprecipitation. The agarose beads were
washed following a procedure described by Caldwell et al. (41), and the PI
3-kinase activity was assayed as described by Kruszynska et al. (7) and Walsh
et al. (42).
Statistical calculations. Results are presented as means ⫾ SE. Significance
of a difference between two groups was determined by ANOVA and paired
two-tailed t tests. The linear regression and multivariate analyses (MINOVA
DIABETES, VOL. 54, AUGUST 2005
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FIG. 1. PI 3-kinase regulatory subunits in human muscle. A: A representative Western blot analysis of the basal muscle homogenates with
a pan anti-p85 antibody and antiactin antibody. B: The ratio subunit to
actin in lean, obese (Ob), and type 2 diabetic subjects for individual
subunits as well as for combined subunits. *P < 0.01, **P < 0.001 vs.
lean.
and discrimination function tests) were carried out by Minitab statistical
software. P values ⱕ0.05 were considered significant.

RESULTS

PI 3-kinase regulatory subunits. Western blotting with
a pan-reactive anti-p85 antibody detected all three regulatory subunits (p85, p55, and p50) in the muscle lysates.
When normalized against actin, the content of the three

regulatory subunits together (p85/p55/p50) was significantly increased (⬃40 –50%) in muscle lysates from obese
subjects and even further increased (80 –90%) in type 2
diabetic patients compared with lean control subjects
(Fig. 1). In terms of individual subunits, the greatest
increase was in the level of p55 (P ⬍ 0.01), followed by p50
(P ⬍ 0.01) and p85 (P ⬍ 0.05). The protein expression level
of p85/p55/p50 was the same both in the basal state and
after the 5-h insulin infusion. Because there was a small
but significant (P ⬍ 0.05) decrease (10 –20% compared
with lean) in IRS-1 content in the insulin-resistant tissues
(Fig. 2A), the ratio of regulatory subunits to IRS-1 is even
higher than the ratio calculated with respect to actin
(results not shown). A similar decrease in IRS-1 level was
reported by Brozinick et al. (43) in obese muscle.
Phosphorylation of IRS-1 and PI 3-kinase activity.
The phosphorylation of IRS-1 at Ser307 was measured in
the muscle lysates by Western blotting with a phosphospecific anti-pSer307 IRS-1 antibody. As seen in Fig. 2B, basal
Ser307 phosphorylation is low in the lean subjects with a
two- to threefold increase after 5 h of in vivo insulin
stimulation. In the obese and type 2 diabetic subjects,
there is a marked fourfold increase in basal Ser307 phosphorylation and insulin stimulation was without further
effect. This increase in Ser307 phosphorylation would predict impaired insulin-stimulated IRS-1 tyrosine phosphorylation, which is precisely what is shown in Fig. 2C. Thus,
in lean subjects insulin treatment leads to a fivefold
increase in IRS-1 tyrosine phosphorylation; however, there
is a marked decrease in the obese group and an even
greater degree of impairment in the type 2 diabetic subjects.
The increased concentration of p85-derived regulatory

FIG. 2. Phosphorylation of IRS-1. A: A representative Western
blot for pSer307 IRS-1 and pY IRS-1. Areas representing insulinstimulated levels of pSer307 IRS-1/total IRS-1 (B) and pY-IRS1/total IRS-1 (C) in lean, obese (Ob), and type 2 diabetic
subjects are shown. *P < 0.001 vs. lean basal; **P < 0.001 vs.
lean insulin stimulated.
DIABETES, VOL. 54, AUGUST 2005
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FIG. 5. Insulin-stimulated activation of PKC-/. Insulin-stimulated
PKC activity was measured in the immune agarose beads obtained after
immunoprecipitation of PKC-/ from the lysates with anti–COOHterminal PKC- antiserum. *P < 0.01 vs. lean basal; **P < 0.005 vs. lean
insulin stimulated. CPM, counts per minute; Ob, obese.

FIG. 3. Interaction of p85 and p110 with IRS-1. A: Western blot analysis
of IRS-1 bound p85 and p110 in the IRS-1 immunoprecipitates is shown.
The signal intensities showing insulin-stimulated binding of p110 to
IRS-1 (B) and p85 to IRS-1 (C) are shown. *P < 0.05, **P < 0.001 vs.
lean. Ob, obese.

subunits, coupled with the decrease in IRS-1 tyrosine
phosphorylation, should lead to a substantial decrease in
insulin-stimulated IRS-1–associated PI 3-kinase activity.
As summarized in Fig. 3, we have measured the amount of
p85 and p110 protein recovered in IRS-1 immunoprecipitates before and after insulin stimulation in the three study
groups. A very large decrease in p110 association with
IRS-1 is observed in the insulin-resistant subjects (Fig. 3B),
fully consistent with the combination of increased regulatory subunit concentration and decreased IRS-1 tyrosine
phosphorylation. Interestingly, as demonstrated in Fig. 3C,
although a significant decrease in IRS-1–associated p85
protein was quite evident in the insulin-resistant groups,
the magnitude of the decrease was much less than the
decrease in p110 association. Most likely, this reflects the

increased adaptor subunit concentration in the muscle
lysates, which leads to competition between monomeric
regulatory subunits (p85, p55, and p50) with the heterodimers (p110/p85, p110/p55, and p110/p50) for binding
to tyrosine phosphorylated IRS-1. This leads to a greater
decrease in formation of the trimeric complex (IRS-1–p110
adaptor protein) compared with the dimeric IRS-1–adaptor protein complex.
We also measured the PI 3-kinase enzymatic activity in
the IRS-1 precipitates, and these data show a remarkable
decrease in insulin-stimulated IRS-1–associated PI 3-kinase activity (Fig. 4), fully consistent with the decrease in
formation of IRS-1/p110 complexes.
Akt and PKC/ activity. Akt and PKC-/ are two
enzymes downstream of PI 3-kinase that mediate PI 3-kinase– directed signals to facilitate GLUT-4 translocation in
skeletal muscle and adipocytes. In lean subjects, in vivo
insulin stimulation led to a twofold increase in PKC-/
activity, and this effect was markedly blunted in the
insulin-resistant groups (Fig. 5). Insulin also caused a
marked stimulation of Akt phosphorylation in the lean
subjects, and this effect was only modestly blunted in the
insulin-resistant groups (Fig. 6). These results are consistent with previous studies (36,44,45), including an earlier
report that showed a dissociation between decreased PI
3-kinase and Akt activity (4,7). It should be noted that Akt2

FIG. 4. PI 3-kinase activity. A: A representative autoradiogram
showing PI 3-phosphate (PI-3P) formed by the kinase activity in
the anti-IRS-1 immunoprecipitates. B: Quantitative comparison
of insulin-stimulated PI 3-kinase activity in human muscle from
lean, obese (Ob), and type 2 diabetic subjects. *P < 0.05, **P <
0.01 vs. lean. CPM, counts per minute.
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FIG. 6. Insulin-stimulated phosphorylation of Akt in human
muscle. Comparison of insulin-stimulated phosphorylation
of Thr (308)-Akt (A and B) and Ser (473)-Akt (C and D) in
human muscle from lean, obese (Ob), and type 2 diabetic
subjects.

is more directly related to stimulation of glucose transport
(46,47), and the available antibodies do not distinguish
between Akt1 and Akt2. Therefore, it is possible that if we
were able to measure Akt2 activity separately, a greater
defect would be observed.
Proinflammatory kinase activity. As shown earlier,
IRS-1 Ser307 phosphorylation is elevated in the insulinresistant groups. It is widely held that activation of the
proinflammatory pathway contributes to insulin resistance
(27,29 –33) and that specific kinases in this pathway can
phosphorylate IRS-1 at positions 307 and 1101 (27–30).
Three of these candidate kinases were assessed. As seen
in Fig. 7A, basal PKC- activity was elevated in the
insulin-resistant groups compared with lean control subjects. More strikingly, when subcellular fractionation was
performed (Fig. 7B), the appearance of PKC- activity in
the skeletal muscle membrane fraction is enhanced in the
obese subjects and is even further increased in the type 2
diabetic group. These results on PKC- activity are consistent with a previously published report (33).
We also assessed JNK-1 activity by measuring the JNK
phosphorylation state using a phosphospecific antibody
(Fig. 7C and D). We found a two- to threefold elevation in
the level of activated JNK-1 in the insulin-resistant groups.
In contrast, levels of phosphorylated IKK-␤, which is also
a proinflammatory serine/threonine kinase implicated in
IRS-1 serine phosphorylation, were only minimally increased in the insulin-resistant subjects (Fig. 7E and F).
Composition of the muscle fiber types in human
vastus lateralis. Electrophoretic analysis of MHC comDIABETES, VOL. 54, AUGUST 2005

position showed a significant increase in the percent
composition of MHC IIx fibers (P ⬍ 0.005) in the insulinresistant muscle (from 5.0 ⫾ 1.2% in lean to 15.9 ⫾ 2.7%
and 16.1 ⫾ 1.9% in obese and type 2 muscles, respectively).
The increase in MHC IIx was accompanied by a decrease
in both MHC I and IIa fibers. MHC IIa decreased from
56.4 ⫾ 1.0% in lean to 46.4 ⫾ 4.9% and 52.5 ⫾ 3.7% in obese
and type 2 diabetic muscles, respectively. In comparison
to lean subjects, the proportion of MHC I did not change in
obese muscle, whereas it fell from 38.5 ⫾ 0.8% in lean to
31.4 ⫾ 3.1% in type 2 diabetic muscle. These observations
are consistent with other reports (48 –50) showing that
insulin resistance is associated with a decrease in oxidative and an increase in glycolytic fiber types in muscle.
Although the decreased oxidative and increased glycolytic
types of fibers in type 2 diabetic subjects has been
previously observed, it is unclear whether this represents
a primary or secondary event and further studies into this
question seem warranted.
Correlation between in vivo insulin sensitivity and in
vitro measurements. Linear regression analyses were
carried out using glucose infusion rate as the dependent
variable and the ratio of p85/55/50 to actin, basal PKC-
activity, phosphorylation of JNK and Ser307 IRS-1, and the
percent composition of MHC IIx fiber type as the independent variables. Pairwise analysis (glucose infusion rate
versus a variable) showed significant inverse correlations
between glucose infusion rate values and the levels of
p85/55/50 (r ⫽ ⫺0.88, P ⬍ 0.0001), PKC- activity (r ⫽
⫺0.89, P ⬍ 0.0001), pJNK-1 (r ⫽ ⫺0.66, P ⬍ 0.001), pSer307
2355
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FIG. 7. Insulin-stimulated PKC- activity and phosphorylation of JNK-1 and IKK-␤. PKC- activities in the lysates from muscle obtained before
and after insulin infusion (A) and the cytosol and membrane fractions (B). *P < 0.01 vs. lean basal. Representative Western blots for
phospho-JNK (p-JNK) and total JNK (C) and phospho-IKK-␤ (pIKK␤) and total IKK-␤ signals (E). Results from densitometric scans for pJNK
(D) and pIKK-␤ signals (F). *P < 0.05, **P < 0.01 vs. lean basal. Ob, obese.

IRS-1 (r ⫽ ⫺0.65, P ⬍ 0.001), and the proportion of type
IIx fibers (r ⫽ ⫺0.6, P ⬍ 0.004). Multilinear regression and
multivariate analyses (MANOVA and discrimination function tests) showed that a combination of all five independent variables accounted for 82% of the variation (r2 ⫽
0.82, F ⫽ 14.7, P ⬍ 0.001) in the glucose infusion rate
value. The residual errors, t, and F values produced by the
regression model suggest that the predictive ability of the
variables would be PKC- activity ⬎ p85/55/50 expression ⬎ pJNK ⬎ pSer307 IRS-1 ⬎ MHC IIx fiber content.
Activation of extracellular-related kinase-1 and p38
kinase. Because insulin-resistant patients become hyperinsulinemic, the increased circulating insulin levels could
lead to overstimulation of the MAP kinase pathways. We
measured extracellular signal–related kinase (ERK)-1 and
-2 phosphorylations in our experimental groups, and the
results are seen in Fig. 8A and B. The results show that
ERK-2 content and phosphorylation state are relatively
constant in the basal and insulin-stimulated states and are
the same across the various study groups. In contrast,
ERK-1 phosphorylation was markedly stimulated (fivefold) by insulin in the lean subjects, whereas in the
hyperinsulinemic insulin-resistant subjects, the basal level
of ERK-1 phosphorylation was increased three- to fourfold
with little further effect of insulin infusion. Qualitatively
similar results were seen when phospho-p38 was measured, with modestly elevated levels seen in the insulinresistant groups compared with the lean control subjects
(Fig. 8C and D). Interestingly, after insulin stimulation
there was a small effect to increase phospho-p38 levels in
the lean subjects, whereas insulin led to a paradoxical
2356

decrease in phospho-p38 in the insulin-resistant subjects,
similar to a previous report (51).
DISCUSSION

Decreased insulin sensitivity is a widely described metabolic characteristic of patients with obesity and type 2
diabetes, and in the current studies we have explored the
cellular mechanisms underlying this phenomenon. Because a major manifestation of insulin resistance is decreased insulin-stimulated glucose disposal by skeletal
muscle, we have focused our attention on the mechanisms
of skeletal muscle insulin resistance. To do this, we
analyzed skeletal muscle biopsies taken from normal lean,
nondiabetic obese, and obese type 2 diabetic subjects in
the basal state and after a 5-h insulin infusion in the course
of a euglycemic glucose clamp experiment.
One major finding in this study is increased expression
of p85 protein and its splice variants p55 and p50 in the
insulin-resistant groups, in the order of p55 ⬎ p50 ⬎ p85.
This finding of increased p85/55/50 expression and the
excellent correlation with decreased in vivo insulin sensitivity (glucose infusion rate values) suggest that increased
expression of these PI 3-kinase adaptor subunits represents an important cellular mechanism that contributes to
skeletal muscle insulin resistance in obesity and type 2
diabetes. A previous report in animals is consistent with
the human data, as the combined levels of p85, p55, and
p50 in liver of ob/ob mice were elevated compared with
lean controls (25). Because the published data on the
expression of regulatory subunit mRNA in human muscle
DIABETES, VOL. 54, AUGUST 2005
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FIG. 8. Insulin-stimulated phosphorylation of ERK-1 and p38 kinase.
Representative Western blots for phospho-ERK (A) and phospho-p38
(C). B and D: The results after densitometric quantitation. *P < 0.05
vs. lean basal (B) or P ⴝ 0.05 vs. lean basal (D). **P < 0.05 vs. lean
basal; §P < 0.01 vs. lean insulin stimulated.

showed discordant results (52,53) and changes in protein
expression are often not reflective of changes in mRNA
levels, we have restricted our analysis to protein expression. Furthermore, free p85 subunits are degraded more
rapidly than p110-bound p85 (54), creating an additional
complicating issue in attempting to correlate p85/55/50
proteins to mRNA levels. In a previous study with control
and diabetic groups matched for obesity (BMI values of
26 –27 kg/m2), Tsuchida et al. (52) did not find statistically
significant changes in protein expression of the regulatory
subunits. Because the obese and diabetic subjects in our
study had significantly higher BMI values than the nonobese lean subjects (Table 1), obesity might be a key
factor magnifying the differences in subunit protein expression between lean and insulin-resistant subjects. Alternatively, it is possible that other unknown clinical or
physiological differences between our patients and those
in the earlier report might be responsible.
If competition between the excessive adaptor protein
expression and the p85/55/50-p110 heterodimer occurs,
then one would predict a greater decrease in IRS-1–
associated p110 content compared with IRS-1–associated
p85. As seen in Fig. 3, this is precisely what we observed,
consistent with the view that excessive adaptor subunits
compete with the PI 3-kinase heterodimer for binding to
protein targets such as IRS-1, contributing to decreased
insulin-stimulated PI 3-kinase activity.
The ability of IRS-1 to interact with the PI 3-kinase
heterodimer is even further impaired due to abnormalities
DIABETES, VOL. 54, AUGUST 2005

in insulin-stimulated IRS-1 tyrosine phosphorylation. Thus,
the infused insulin had a four- to fivefold effect to stimulate
IRS-1 tyrosine phosphorylation in the lean control subjects, and this effect was blunted by ⬃50% in the obese
subjects and even further impaired in the type 2 diabetic
patients. It is well known that phosphorylation of IRS-1 at
Ser307 can impair subsequent insulin-stimulated tyrosine
phosphorylation (26,27). In lean subjects, we found low
levels of Ser307 phosphorylation in the basal state, which
was stimulated approximately threefold by insulin. In the
insulin-resistant obese and type 2 diabetic subjects, basal
Ser307 phosphorylation was markedly increased (fivefold)
with no further effect of insulin. Based on the known
effects of Ser307 phosphorylation to impair tyrosine phosphorylation (26,27), it is likely that this increased basal
level of Ser307 phosphorylation is responsible for the
defect in insulin-stimulated tyrosine phosphorylation of
IRS-1.
The results also provide evidence on the mechanism of
the increased Ser307 phosphorylation. Thus, PKC-, JNK-1,
and IKK-␤ are three serine/threonine kinases in the proinflammatory pathway (27,29 –33), and all three were assessed in the muscle samples before and after insulin
stimulation. There was a threefold increase in basal JNK-1
phosphorylation and three- and fivefold increases in basal
activity in the muscle samples from the obese and type 2
diabetic subjects, respectively, compared with the lean
control subjects. Interestingly, in the lean control subjects,
activation of PKC- was stimulated by insulin, whereas
basal PKC- activity was three- to fivefold higher in the
insulin-resistant subjects with no further stimulation by
insulin. These results demonstrate that these components
of the proinflammatory pathway are hyperactivated in
skeletal muscle from insulin-resistant subjects, providing a
plausible explanation for the increased phosphorylation of
IRS-1 at Ser307. Thus, a combination of two deleterious
effects, decreased IRS-1 tyrosine phosphorylation and
increased p85/55/50 expression, could coordinately impair
insulin stimulation of PI 3-kinase activity.
It is possible that competition with the PI 3-kinase
heterodimer is not the only way in which an excessive
adaptor protein subunit concentration can lead to impaired insulin action (54). In mice, it has been observed
that inactivation of the p85 gene leads to impaired activation of JNK-1 (55) and that restoration of the p85-␣ level
stimulates JNK-1 activity (55), suggesting that p85 can
directly regulate JNK-1 activity without requiring PI 3-kinase activity. This may be relevant to our finding that JNK1
was hyperactivated in the insulin-resistant subjects concomitant with the increased expression of the adaptor
subunits, despite a decrease in PI 3-kinase activity.
Linear regression analysis indicated that the increased
expression of p85/55/50, PKC- activity, phosphorylation
levels of Ser307 IRS-1 and JNK-1, and the proportion of
MHC IIx fiber can predict 82% of the decrease in insulin
sensitivity (glucose infusion rate values). When the relationship between the five independent variables was examined, a remarkably high correlation (r ⫽ 0.92, P ⬍
0.0001) was noted between p85/55/50 and PKC- activity.
This may suggest a currently unknown biological correlation between these two signaling proteins.
PI 3-kinase mediates insulin-stimulated glucose trans2357
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port, which results in enhanced glucose disposal into
skeletal muscle in vivo (1,4 – 8). Although the precise
mechanisms whereby activation of PI 3-kinase leads to
glucose transport stimulation are incompletely understood, stimulation of PI 3-kinase leads to downstream
activation of Akt and PKC-, and numerous reports exist
implicating these kinases in stimulation of GLUT-4 translocation and glucose transport (9 –14). The results presented here demonstrate a modest decrease in Akt
phosphorylation in insulin-resistant subjects, with a much
more dramatic decrease in PKC- activation. Although it is
clear that inhibition of either Akt2 or PKC- will lead to
reduced insulin-stimulated glucose transport (9 –13), the
relative role and importance of these two kinases are
unknown. Although our results would suggest a more
dominant role for PKC- compared with Akt in the insulinresistant state, it should be noted that the phosphospecific
antibody used does not distinguish between Akt1 and
Akt2. It has been shown that Akt2 is more important for
glucose transport stimulation than Akt1 (46,47). If Akt1 is
more abundant in muscle tissue and if no defect in Akt1
exists, then despite the mild decrease in total phosphoAkt, a large decrease in Akt2 phosphorylation and activation might be present. Along these lines, Brozinick et al.
(43) demonstrated a decrease in insulin-stimulated Akt2
and Akt3 (but not Akt1) activities in muscle from obese
subjects.
Another important result from these studies is the
marked increase in basal levels of activated ERK-1 as well
as p38 kinase in the obese and type 2 diabetic subjects.
Because obese and type 2 diabetic subjects were hyperinsulinemic, it is possible that this contributed to the higher
basal phosphorylation of JNK-1, ERK-2, and p38 by hyperstimulation of these pathways. It is also possible that
elevated levels of p85/55/50 may inhibit the interaction of
p85/p110 complexes with their normal SH2-binding partners, directing a greater proportion of the p85/p110 complexes to p21 Ras, where it will stimulate downstream
activation of the ERK pathway.
In summary, we have observed a strong inverse correlation between in vivo insulin sensitivity and increase in
the expression of PI 3-kinase adaptor subunits, basal
phosphorylation in Ser307 IRS-1 and JNK-1, basal PKC-
activity, and MHC IIx fiber type in skeletal muscle of obese
and type 2 diabetic subjects. These increases correspond
with a decrease in IRS-1 tyrosine phosphorylation, leading
to marked impairment of the ability of insulin to activate
PI 3-kinase in skeletal muscle from insulin-resistant subjects, and probably represent an important cellular mechanism for decreased insulin sensitivity in obesity and type
2 diabetes.
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