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IN RODENT SKELETAL MUSCLE,

high-fat feeding impairs insulinstimulated glucose transport and uptake rates, in part, due to
decreased insulin receptor substrate-1 (IRS-1)-associated phosphatidylinositol-3 (PI-3) kinase activity and GLUT4 translocation to the plasma membrane (14, 23, 31, 33, 38 – 40). However, it has not been clearly elucidated why high-fat feeding
imparts these impairments on the insulin-signaling cascade.
Several recent studies have implicated suppressor of cytokine
signaling (SOCS) proteins as being capable of impairing insulin signaling (17, 27). Emanuelli et al. (9, 10) using 3T3-L1
adipocytes and COS7 cells have observed that insulin stimu-

lation causes translocation of SOCS-3 to the plasma membrane, where it interacts with phosphotyrosine 960 in the
juxtamembrane region of the insulin receptor (IR). Colocalization of SOCS-3 with the insulin receptor ␤-subunit (IR-␤)
prevents association of IRS-1 with IR-␤, resulting in decreased
activation of the downstream components of the insulin signaling cascade (9). It has been reported that overexpression of
SOCS-3 in liver decreases insulin-stimulated PI-3 kinase activity (34). Additionally, SOCS-3 can bind to tyrosine-phosphorylated IRS-1 (28), which may also contribute to impaired
insulin signaling. These observations when taken collectively
with reports that SOCS-3 expression is elevated in adipocytes
and liver of ob/ob and db/db mice (9, 35) and that in high-fatfed rodent skeletal muscle (32), SOCS-3 mRNA is elevated,
suggest that insulin resistance may result from a greater
SOCS-3 protein concentration, which, in turn, increasingly
binds to the IR-␤ and IRS-1, resulting in suppressed insulin
signaling in skeletal muscle. However, it has not been reported
whether the provision of a high-fat diet to rodents increases
SOCS-3 protein concentration in skeletal muscle. Thus, the
first aim of this investigation was to assess whether SOCS-3
protein concentration is increased in the skeletal muscle of
high-fat-fed rodents and whether in response to insulin stimulation, coimmunoprecipitation of SOCS-3 with IR-␤ and/or
IRS-1 is increased.
It has also been suggested that activation of the proinflammatory pathway may contribute to skeletal muscle insulin
resistance (4, 30). Itani et al. (18) showed that lipid infusioninduced insulin resistance in humans decreased skeletal muscle
IB␣ protein concentration, which is indicative of increased
IKK␤ activation. In contrast, the IKK␤ knockout mouse does
not develop insulin resistance in response to lipid infusion (21,
42). Activated IKK␤ has been shown to directly phosphorylate
IRS-1 on serine 307 (11). This is of interest, as increased IRS-1
serine phosphorylation prevents the insulin-signaling cascade
from becoming fully activated (16, 20, 36, 41). Despite the
possibility that the IB/NF-B proinflammatory pathway may
be involved in the pathogenesis of insulin resistance, it has not
been extensively explored whether chronic consumption of a
high-fat diet alters this pathway in rodent skeletal muscle.
Therefore, the second aim of this investigation was to assess
whether select components of the proinflammatory pathway
are altered in high-fat-fed rodent skeletal muscle.
METHODS

Experimental Design
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Thirty-two male Sprague-Dawley rats, ⬃6 wk of age weighing
between 185 and 220 g, were obtained from Harlan (San Diego, CA).
On arrival, animals were randomly assigned to either control (CON,
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SOCS-3, IKK␣/␤ phosphorylation and decreases PI-3 kinase activity in muscle. Am J Physiol Regul Integr Comp Physiol 296:
R1709 –R1715, 2009. First published April 22, 2009;
doi:10.1152/ajpregu.00117.2009.—Suppressor of cytokine signaling (SOCS) proteins and/or activation of the proinflammatory
pathway have been postulated as possible mechanisms that may
contribute to skeletal muscle insulin resistance. Thus, the aims of
the present investigation were to determine in high-fat-fed skeletal
muscle: 1) whether SOCS-3 protein concentration is increased,
2) whether coimmunoprecipitation of SOCS-3 with the insulin
receptor-␤ subunit and/or IRS-1 is increased, and 3) whether select
components of the proinflammatory pathway are altered. Thirtytwo male Sprague-Dawley rats were assigned to either control
(CON, n ⫽ 16) or high-fat-fed (HF, n ⫽ 16) dietary groups for 12
wk and then subjected to hind limb perfusions in the presence (n ⫽
8/group) or absence (n ⫽ 8/group) of insulin. Insulin-stimulated
skeletal muscle 3-MG transport rates and PI-3 kinase activity were
greater (P ⬍ 0.05) in CON. IRS-1 tyrosine phosphorylation was
decreased (P ⬍ 0.05), and IRS-1 serine 307 phosphorylation was
increased (P ⬍ 0.05) in HF. Insulin receptor-␤ (IR-␤) subunit
coimmunoprecipitation with IRS-1 was reduced in HF. SOCS-3
protein concentration and SOCS-3 coimmunoprecipitation with
both the IR-␤ subunit and IRS-1 was increased (P ⬍ 0.05) in HF.
IKK␣/␤ serine phosphorylation was increased (P ⬍ 0.05), IB␣
protein concentration was decreased (P ⬍ 0.05) and IB␣ serine
phosphorylation was increased (P ⬍ 0.05) in HF. Increased colocalization of SOCS-3 with both the IR-␤ subunit and IRS-1 may
provide steric hindrance that prevents IRS-1 from interacting with
IR-␤, while increased IKK␤ serine phosphorylation may contribute
to increasing IRS-1 serine phosphorylation, both of which independently can have deleterious effects on insulin-stimulated PI-3
kinase activation in high-fat-fed rodent skeletal muscle.
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n ⫽ 16) or high-fat-fed (HF, n ⫽ 16) dietary groups. The control diet
consisted of 20% fat-derived calories (coconut oil) (#112386; Dyets,
Bethlehem, PA), and the high-fat diet consisted of 59% fat-derived
calories (coconut oil) (#112387 Dyets ) Throughout the 12-wk investigation, both groups received water and their respective diets ad
libitum. This high-fat diet has previously been shown to induce
skeletal muscle insulin resistance (23, 31, 40). Animals were housed
two per cage in a temperature-controlled environment at 21°C with an
artificial 12–12-h light-dark cycle.
All experimental procedures were approved by the Institutional
Animal Care and Use Committee at California State University,
Northridge, and conformed to the guidelines for the use of laboratory
animals, published by the U.S. Department of Health and Human
Services.

Following the 12-wk dietary period, all animals were prepared for
hind limb perfusions. Animals were anesthetized with an intraperitoneal injection of pentobarbital sodium (6.5 mg/100 g body wt) and
surgically prepared for hind limb perfusion as previously described by
Ruderman et al. (27a) and modified by Ivy et al. (19). Following
surgical preparation, cannulas were inserted into the abdominal aorta
and vena cava, and the animals were killed via an intracardiac
injection of pentobarbital sodium, as the hind limbs were washed out
with 30 ml of Krebs-Henseleit buffer (KHB) (pH 7.55). The cannulas
were placed in line with a nonrecirculating perfusion system, and the
hind limbs were allowed to stabilize during a 5-min washout period.
The perfusate was continuously gassed with a mixture of 95% O2-5%
CO2 and warmed to 37°C. Perfusate flow rate was set at 7.5 ml/min
during the stabilization and subsequent perfusion, during which rates
of glucose transport were determined.
Perfusions were performed in the presence (n ⫽ 8/group) or
absence (n ⫽ 8/group) of 500 U/ml of insulin. The basic perfusate
medium consisted of 30% washed time-expired human erythrocytes
(Ogden Medical Center, Ogden, UT), KHB, 4% dialyzed BSA (Fisher
Scientific, Fair Lawn, NJ) and 0.2 mM pyruvate. The hind limbs were
washed out with perfusate containing 1 mM glucose for 5 min in
preparation for the measurement of glucose transport. Glucose transport was measured over an 8-min period using an 8 mM concentration
of nonmetabolized glucose analog 3-O-methylglucose (3-MG) (32
Ci 3-[3H] MG/mM; PerkinElmer Life Sciences, Boston, MA) and 2
mM mannitol (60 Ci-[1-14C] mannitol/mM; PerkinElmer Life Sciences). Rates of basal and insulin-stimulated skeletal muscle 3-MG
transport were calculated as previously described (36). Immediately
after the transport period, portions of the red (RQ) and white quadriceps (insulin-signaling analysis) and red (RG) and white gastrocnemius (SOCS-3 and proinflammatory signaling analysis) were excised
from both hind limbs, blotted on gauze dampened with cold KHB,
freeze-clamped in liquid N2, and stored at ⫺80°C for later analysis.
The white tissue was not further analyzed when rates of 3-MG
transport were observed to be similar between groups (data not
shown).
Muscle Lysate Preparation
Muscle samples were weighed and homogenized 1:10 in homogenization buffer that contained 50 mM HEPES, 150 mM NaCl, 200
mM sodium pyrophosphate, 20 mM ␣-glycerolphosphate, 20 mM
NaF, 2 mM sodium vanadate, 20 mM EDTA, 1% IGEPAL, 10%
glycerol, 2 mM PMSF, 1 mM MgCl2, 1 mM CaCl2, 10 g/ml
leupeptin, and 10 g/ml aprotinin. Muscles were homogenized on ice
using a glass Pyrex homogenizer and centrifuged at 18,300 g for 15
min at 4°C (Micromax RF; International Equipment, Needham
Heights, MA). The supernatant was collected and quantified for
protein content by the Bradford Method using a Benchmark microplate reader (Bio-Rad, Richmond, CA).

Western blot analysis. Western blot analysis for insulin receptor-␤
subunit (IR-␤) and IRS-1 was determined using lysate samples, as we
have described previously (3, 39).
IR-␤ tyrosine phosphorylation, IRS-1 tyrosine phosphorylation,
and IRS-1 serine phosphorylation. Phosphorylation of the IR-␤ subunit and IRS-1 was determined using immunoprecipitation followed
by Western blot analysis, as we have previously described (3, 39).
Coimmunoprecipitation of IRS-1 with IR-␤. Sixty microliters of
PRO-A bead slurry were incubated with 5 g of anti-phospho-IRS-1
(cat. no. 07– 848; Millipore, Billerica, MA) overnight at 4°C with
rotation. Following the overnight incubation, the conjugated IRS-1/
PRO-A beads were washed 3 times with PBS. Five hundred micrograms of muscle lysate protein were then incubated overnight with the
conjugated IRS-1/PRO-A beads followed by single washes of PBS,
2% Triton X-PBS, a final PBS wash followed by the addition of 30 l
of Laemmli sample buffer and 5 min incubation at 100°C. Ten
microliters of eluted sample were loaded in duplicate and subjected to
SDS-PAGE run under reducing conditions on a 7.5% resolving gel.
Resolved proteins were transferred to polyvinylidene difluoride
(PVDF) membranes, blocked with 5% nonfat dry milk-Tris-Tween
buffered saline, incubated overnight at 4°C with anti-IR-␤ (cat. no.
07–724; Millipore) followed by incubation with a species-specific
secondary antibody conjugated to horseradish peroxidase (HRP).
Antibody binding was visualized and quantified, as we have described
previously (3, 39).
IRS-1-associated PI-3 kinase activity. IRS-1-associated PI-3 kinase
activity was determined, as we have described previously (31).
SOCS and Proinflammatory Signaling
Skeletal muscle TNF-␣. TNF-␣ concentration was determined in
lysate samples. Protein-A conjugated beads (50 l slurry) were
incubated with anti-TNF-␣ antibody (cat. no. ARC3012; Biosource,
Camarillo, CA) overnight at 4°C, while rotating. Following the
overnight incubation, samples were washed 3 times with PBS. Samples were then incubated overnight with lysate (250 g of protein)
followed by washing once with PBS, once with 2% Triton X-PBS and
a final PBS wash before the addition of Laemmli solution. Ten
microliters of supernatant were loaded in duplicate and subjected to
SDS-PAGE under reducing conditions on a 15% resolving gel. Resolved proteins were transferred to PVDF membranes and blocked
with 5% NFDM-TTBS. The membranes were then incubated overnight at 4°C with affinity-purified rabbit polyclonal anti-TNF-␣ (cat.
no. ARC3012, Biosource) primary antibody followed by incubation
with species-specific secondary antibody conjugated to HRP. Antibody binding was visualized and quantified as we have described
previously (3, 39).
Analysis of select components of the IB/NF-B proinflammatory pathway. Skeletal muscle lysate samples were used for Western
blot analysis of IKK␣, IKK␤, IKK␣/␤ pS, IB␣, and IB␣ pS.
Protein samples were combined with Laemmli sample buffer (1:1)
and heated at 100°C for 5 min. One hundred micrograms of muscle
lysate protein were subjected to SDS-PAGE run under reducing
conditions on a 10% resolving gel and transferred to PVDF membranes. The PVDF membranes were blocked using a 5% NFDMTTBS solution followed by incubation with either anti-IKK␣ (cat. no.
2682; Cell Signaling, Beverly, MA), anti-IKK␤ (cat. 05–535; Millipore), anti-IKK␣/␤ pS (cat. no. 2694S; Cell Signaling), anti-IB␣
(cat. no. sc-371; Santa Cruz Biotechnology, Santa Cruz, CA), or
anti-IB␣ pS (cat. no. 9246L; Cell Signaling), primary antibody
solutions followed by incubation with species-specific secondary
antibody conjugated to HRP. Images were captured and quantified, as
we have described previously (3, 39).
SOCS-3 protein concentration. SOCS-3 protein content was determined in lysate samples. Fifty micrograms of skeletal muscle lysate
were subjected to SDS-PAGE run under reducing conditions on a
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rosine phosphorylation was greater (P ⬍ 0.05) in the CON
animals (178.89 ⫾ 7.4 AU) compared with HF animals
(82.18 ⫾ 6.3 AU). IRS-1 serine 307 phosphorylation was
significantly elevated (P ⬍ 0.05) in the HF animals compared
with CON animals under both basal (CON: 64.47 ⫾ 4.3 AU vs.
HF: 85.57 ⫾ 5.7 AU) and insulin-stimulated (CON: 102.29 ⫾
1.2 AU vs. HF: 120.78 ⫾ 3.0 AU) conditions.
Coimmuniprecipitation of IRS-1 with IR-␤. We assessed
IRS-1 coimmunoprecipitation with IR-␤ only in insulin-stimulated muscle. We observed that IRS-1 coimmunoprecipitation
with IR-␤ in the CON animals was significantly (P ⬍ 0.05)
greater (108.8 ⫾ 6.0 AU) compared with the HF animals
(67.2 ⫾ 6.7 AU). Our rationale for limiting this measurement
to insulin-stimulated tissue was that as both IR-␤ and IRS-1
protein concentrations were not different between groups either
in the absence or presence of insulin, potential differences in
protein-protein interaction would, therefore, not likely be due
to alterations in protein expression, and additionally, this interaction predominantly occurs in the presence of insulin.
PI-3 kinase activity. PI-3 kinase activity was similar between the CON (69.55 ⫾ 17.8 AU) and HF (53.94 ⫾ 18.3 AU)
animals in the absence of insulin. Insulin increased PI-3 kinase
activity in both the CON and HF animals, but the insulinstimulated activity was significantly lower (P ⬍ 0.05) in the
HF (134.07 ⫾ 25.4 AU) animals compared with CON
(255.99 ⫾ 31.7 AU) animals.

RESULTS

Skeletal muscle TNF-␣. Skeletal muscle TNF-␣ concentration was significantly elevated (P ⬍ 0.05) in the HF animals
compared with CON animals (Fig. 1A).
IKK␣ and IKK␤ protein concentration and IKK␣/␤ serine phosphorylation. IKK␣ and IKK␤ protein concentration was similar
between the CON and HF animals (Fig. 1B). Serine phosphorylation of IKK␣/␤ was significantly (P ⬍ 0.05) increased in
the HF animals (Fig. 1C).
IB␣ protein concentration and IB␣ serine 32/36 phosphorylation. High-fat feeding significantly (P ⬍ 0.05) decreased skeletal muscle IB␣ protein concentration (Fig.
1D). To further investigate the decrease in IB␣ protein
content, IB␣ serine phosphorylation was evaluated and
was observed to be significantly (P ⬍ 0.05) increased in HF
animals (Fig. 1D).
SOCS-3 protein concentration and coimmunoprecipitation
of SOCS-3 with IRS-1 and IR-␤. High-fat feeding significantly
increased (P ⬍ 0.05) SOCS-3 protein concentration (Fig. 2A).
In the presence of insulin SOCS-3 colocalization with IR-␤
(Fig. 2B) and IRS-1 (Fig. 2B) was significantly increased (P ⬍
0.05) in the HF animals compared with CON animals. To
further explore the relationship between SOCS-3 and components of the insulin-signaling cascade, we ran a correlational
analysis and found the following: IR-␤ coimmunoprecipitated
with SOCS3 correlated to total SOCS3 protein concentration
(r ⫽ 0.79, P ⫽ 0.01), IRS-1 coimmunoprecipitated with
SOCS3 correlated to total SOCS3 protein concentration (r ⫽
0.68, P ⫽ 0.04), IRS-1 coimmunoprecipitated with IR-␤ correlated to total SOCS3 protein concentration (r ⫽ 0.77, P ⫽
0.01), and PI-3 kinase activity correlated to total SOCS3
protein concentration (r ⫽ ⫺0.68, P ⫽ 0.03).

Skeletal Muscle 3-MG Transport
Basal rates of 3-MG transport (mol䡠g⫺1 䡠h⫺1) of the CON
and HF animals were not different in the RG (CON: 3.92 ⫾ 0.1
vs. HF: 3.40 ⫾ 0.2) and RQ (CON: 4.82 ⫾ 0.1 vs. HF 4.14 ⫾
0.3). In the presence of insulin, 3-MG transport rates of the
CON animals were greater (P ⬍ 0.05) than that of the HF
animals in both the RG (CON: 7.04 ⫾ 0.4 vs. HF: 5.06 ⫾ 0.3)
and RQ (CON: 6.92 ⫾ 0.2 vs. HF: 5.07 ⫾ 0.3).
Insulin-Signaling Cascade
IR-␤ subunit protein concentration and tyrosine phosphorylation. IR-␤ protein content was similar between groups under
both basal [CON: 91.58 ⫾ 7.2 arbitrary units (AU) vs. HF:
91.23 ⫾ 9.9 AU] and insulin-stimulated (CON: 102.90 ⫾ 8.2
AU vs. HF: 102.5 ⫾ 11.2 AU) conditions. Tyrosine phosphorylation of the IR-␤ subunit was similar between both groups in
the absence (CON: 45.56 ⫾ 4.1 AU vs. HF: 44.65 ⫾ 5.6 AU)
and the presence of insulin (CON: 89.69 ⫾ 3.8 AU vs. HF:
89.96 ⫾ 5.6 AU) but was significantly elevated (P ⬍ 0.05)
above basal levels in both groups.
IRS-1 protein content, tyrosine phosphorylation, and serine
307 phosphorylation. IRS-1 protein concentration was similar
in the CON and HF animals in the presence (CON: 52.64 ⫾ 4.1
AU vs. HF: 53.20 ⫾ 5.8 AU) and absence of insulin (CON:
47.30 ⫾ 3.2 AU vs. HF: 50.80 ⫾ 5.5 AU). IRS-1 tyrosine
phosphorylation was similar between the CON (72.03 ⫾ 6.9
AU) and HF (65.04 ⫾ 3.8 AU) animals under basal conditions.
Although insulin increased IRS-1 tyrosine phosphorylation in
both the CON and HF animals, insulin-stimulated IRS-1 ty-
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15% resolving gel. Resolved proteins were transferred to PVDF
membranes and blocked overnight at 4°C with 5% BSA-TTBS.
Membranes were then incubated with affinity-purified rabbit polyclonal anti-SOCS-3 (cat. no. sc-9023; Santa Cruz Biotechnology)
primary antibody solutions for 2 h at room temperature followed by
incubation with goat anti-rabbit IgG-HRP secondary antibody solution. Antibody binding was visualized and quantified as we have
previously described (3, 39).
Coimmunoprecipitation of SOCS-3 with IR-␤ and IRS-1. Lysate
samples (250 g of protein) were subjected to immunoprecipitation
with 4 g of either anti-IR-␤ (cat. no. 06 – 492; Millipore) antibody or
anti-IRS-1 (cat. no. 06 –248; Millipore). Immunocomplexes were
allowed to form overnight at 4°C. Following overnight incubation,
samples were loaded with 80 l of Protein-A bead slurry and rotated
for 3 h at 4°C. Samples were then washed, 25 l of Laemmli buffer
were added, and samples were boiled for 5 min at 100°C. Ten
microliters of eluted sample were loaded in duplicate onto a 15%
SDS-PAGE resolving gel. Following electrophoresis, resolved proteins were transferred onto PVDF membranes, blocked with 5%
NFDM-TTBS and then probed with anti-SOCS-3 (cat. no. sc-9023,
Santa Cruz Biotechnology) primary antibody for 2 h followed by
incubation with species-specific secondary antibody conjugated to
HRP. Antibody binding was visualized and quantified, as we have
previously described (3, 39).
Statistical analysis. An ANOVA was used on all variables to
determine whether significant differences existed between groups.
When a significant F ratio was obtained, a Tukey honestly significant
difference post hoc test was used to identify statistically significant
differences (P ⬍ 0.05) among the means. Statistical analyses were
performed using JMP software (SAS Institute, Cary, NC), and all
values are expressed as means ⫾ SE.
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DISCUSSION

The high-fat-fed animals exhibited significantly impaired
insulin-stimulated skeletal muscle carbohydrate metabolism as
evidenced by decreased rates of 3-MG transport and PI-3
kinase activity compared with animals on the normal diet.
These observations are in agreement with a number of previous
reports that have also shown a high-fat diet to decrease insulinstimulated glucose transport (1, 7, 13, 14, 22, 23, 31, 37–39)
and PI-3 kinase activity (23, 24, 31, 33, 40). We have previously reported that insulin-stimulated plasma membrane-associated aPKC and aPKC protein concentration and activity,
and cytosolic Akt2 and aPKC activities are reduced in the
skeletal muscle of the rodents that were used in the present
investigation (15). While activation of these downstream components of the insulin-signaling cascade were reduced by
high-fat feeding, it appeared that the impairments were largely
a result of an insufficient activation of PI-3 kinase. On the basis

of this observation, it was of interest to ascertain whether a
mechanism could be identified that could account for why the
provision of a high-fat diet decreases insulin-stimulated PI-3
kinase activity.
Our first line of inquiry was directed toward determining
whether SOCS-3 could account for the reduced insulin-stimulated PI-3 kinase activity. Our interest in this molecule as a
potential modulator of PI-3 kinase activity was based on
reports that SOCS-3 is elevated in adipocytes and liver obtained from ob/ob and db/db mice (9, 35), and overexpression
of SOCS-3 in liver decreases insulin-stimulated PI-3 kinase
activity (34). We are unaware of any investigations that have
evaluated whether the chronic consumption of a high-fat diet
affects skeletal muscle SOCS-3 protein concentration in rodents. Thus, our observation that SOCS-3 protein concentration was elevated in the skeletal muscle of the high-fat-fed
animals appears novel. Of note, although it has been reported

Fig. 2. SOCS-3 protein concentration (A),
and SOCS-3 coimmunoprecipitation (B) with
insulin receptor ␤-subunit and SOCS-3 coimmunoprecipitation with IRS-1 in skeletal
muscle obtained from CON and HF animals.
*Significantly different from CON (P ⬍
0.05). Values are expressed as means ⫾ SE.
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Fig. 1. TNF-␣ protein concentration (A),
IKK␣/␤ protein concentration (B), IKK␣/␤
serine phosphorylation (pS) (C), and IB␣
protein concentration and IB␣ serine phosphorylation (pS) (D) in skeletal muscle obtained from control (CON) and high-fat fed
(HF) animals. *Significantly different from
CON (P ⬍ 0.05). Values are expressed as
means ⫾ SE.
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proinflammatory cascade being activated and contributing to
increased IRS-1 serine phosphorylation.
Thus, our second line of inquiry was to assess whether select
components of the proinflammatory pathway are activated in
high-fat-fed rodent skeletal muscle. We initially evaluated
whether components of the IB kinase complex were altered
by high-fat feeding due to IKK␤ being implicated as an IRS-1
serine kinase. The IB kinase complex exists as a trimolecular
complex that contains a regulatory subunit, IB kinase gamma
(IKK␥), and two catalytic subunits IB kinase ␣ (IKK␣) and
IKK␤ (12). Although IKK␣ and IKK␤ protein concentration
was not altered by the high-fat diet, we did note that IKK␣/␤
serine phosphorylation was significantly increased in the HF
animals, which indicated that the IKKs were activated.
The next question of interest was why IKK␣ and IKK␤
serine phosphorylation was increased. DiDonato et al. (8) have
reported that TNF-␣ increases IKK activity. Thus, our observation that skeletal muscle TNF-␣ concentration was increased
in the high-fat-fed rodents provides a plausible mechanism that
accounts for the increased IKK serine phosphorylation. Additionally, our finding that skeletal muscle TNF-␣ content was
increased is consistent with that of Borst and Conover (6), who
have reported that Wistar rats that consumed a high-fat diet
exhibited elevated TNF-␣ levels in the RG. However, NF-B
can autoregulate the inflammatory cascade, and thus, the possibility exists that TNF-␣ was increased as a consequence
rather than a cause of NF-B activation (2). On a side note,
TNF-␣ also activates JNK, a member of the MAPK family, and
when activated, JNK can also induce IRS-1 serine 307 phosphorylation (16). It has been reported that a high-fat diet
increases JNK activation in rodent skeletal muscle (25). Thus,
it is possible that a portion of the IRS-1 serine 307 phosphorylation observed in the present investigation may have also
resulted from TNF-␣-induced JNK activation.
To this point, our measurements did not directly address
whether, in fact, the proinflammatory pathway was fully activated in the high-fat-fed skeletal muscle. It is well known that
in the proinflammatory pathway, IKK␤ is the catalytic subunit
that activates NF-B. NF-B and IB␣ exist as a complex
under steady-state conditions until acted on by IKK␤, causing
phosphorylation of IB␣ on serine residues 32 and 36. This, in
turn, causes the IB␣/NF-B complex to disassociate, allowing NF-B to translocate to the nucleus and targets IB␣ to the
proteosomal degradation pathway. Our finding that high-fat
feeding decreased skeletal muscle IB␣ protein concentration
and increased IB␣ serine 32/36 phosphorylation confirms that
the proinflammatory pathway was indeed activated, and consistent with the model, whereby activation of the proinflammatory pathway contributes to the development of skeletal
muscle insulin resistance (30).
Perspectives and Significance
In summary, we identified two independent mechanisms that
were altered in the skeletal muscle of high-fat-fed rodents that
could have deleterious effects on insulin-stimulated activation
of PI-3 kinase. We found that high-fat feeding increased the
expression of SOCS-3 and coimmunoprecipitation of SOCS-3
with both the IR-␤ subunit and IRS-1. Colocalization of
SOCS-3 with both the IR-␤ subunit and IRS-1 may result in a
steric hindrance that possibly prevents IRS-1 from interacting
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in human skeletal muscle myotubes that an increase in SOCS-3
mRNA may not be related to insulin resistance (26).
However, simply increasing the expression of this protein
may not be directly accountable for impairments in PI-3 kinase
activation. Rather, it appears that for SOCS-3 to impair the
insulin-signaling cascade, it must colocalize with phosphotyrosine 960 in the juxtamembrane region of the insulin receptor
␤-subunit (IR-␤) (9, 10). This, in turn, has been observed in
3T3-L1 adipocytes and COS7 cells to prevent association of
IRS-1 with IR-␤, which results in decreased activation of the
downstream components of the insulin-signaling cascade (9,
10). Consistent with this report, we noted that when we
immunoprecipitated the insulin receptor ␤-subunit from lysates
prepared from insulin-stimulated skeletal muscle and probed
for SOCS-3, there was a significantly greater coimmunoprecipitation of SOCS-3 with the IR-␤ subunit in the high-fat-fed
skeletal muscle. Similarly, we observed that there was a greater
coimmunoprecipitation of SOCS-3 with IRS-1 in the high-fatfed skeletal muscle, which is in agreement with a previous
report, indicating that SOCS-3 can also bind to tyrosine phosphorylated IRS-1 (28). Thus, our data suggest that in skeletal
muscle, the chronic consumption of a high-fat diet increases
the expression of SOCS-3 and colocalization of SOCS-3 with
both the IR-␤ subunit and IRS-1 under insulin stimulation. In
turn, this colocalization possibly results in a physical barrier
that impairs IRS-1 from interacting with the IR-␤ subunit.
Although we cannot definitively confirm this hypothesis, we
did note that IR-␤ subunit and IRS-1 coimmunoprecipitation
was reduced in insulin-stimulated skeletal muscle collected
from the HF animals. Furthermore, we observed that PI-3
kinase activity was decreased in the HF animals. As IRS-1
must associate with the IR-␤ subunit to activate PI-3 kinase, it
is not implausible to suggest that reduced colocalization between the IR-␤ subunit and IRS-1 in the HF animals was a key
factor that contributed to the decreased PI-3 kinase activity and
reduced rates of 3-MG transport. Alternatively, increased
SOCS-3 mRNA has been reported to inhibit leptin signaling
and fat oxidation in skeletal muscle (32), which, in turn, may
impair insulin signaling by other related mechanisms.
We have previously observed that a high-fat diet increases
IRS-1 serine phosphorylation in skeletal muscle (39) and again
show this effect in the present investigation. The observation
that IRS-1 serine phosphorylation was increased in the HF
animals is of interest, as it has been reported that increased
IRS-1 serine phosphorylation prevents the insulin signaling
cascade from becoming fully activated (16, 20, 36, 41) and is
related to increased diacylglycerol (DAG) accumulation in the
skeletal muscle (20, 29). Additionally, we have found that
high-fat feeding increases DAG accumulation because of increased rates of palmitate uptake without a concomitant increase in fatty acid oxidation (24). Although it has not been
investigated in skeletal muscle, it has been reported that accumulation of DAG in hepatocytes activates components of the
proinflammatory cascade and contributes to the development
of insulin resistance (5). Of interest, a component of the
proinflammatory cascade, IB kinase ␤ (IKK␤), when activated, has been reported to directly phosphorylate IRS-1 on
serine 307 (11). Taken collectively, these data suggest that
high-fat feeding might also impair the insulin-signaling cascade in skeletal muscle as a result of components of the
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with the IR-␤ subunit, thereby reducing PI-3 kinase activity.
Additionally, we observed that components of the proinflammatory pathway were activated in the skeletal muscle collected
from high-fat-fed animals. Of particular note, IKK serine
phosphorylation was significantly increased, which may have
contributed to increasing IRS-1 serine phosphorylation, and, in
turn, may also prevent PI-3 kinase from being fully activated in
response to insulin stimulation.
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