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Abstract

The aim of this investigation was to determine whether the CAP (Cbl-associated protein)/Cbl signaling cascade is present and responsive
to insulin in skeletal muscle and if high-fat feeding impairs insulin-stimulated activation of this signaling cascade. Sprague-Dawley rats were
assigned to either control (n = 16) or high fat-fed (n = 16) dietary groups. After a 12-week dietary period, animals were subjected to hind
limb perfusions in the presence (n = 8 per group) or absence (n = 8 per group) of insulin. High-fat feeding reduced rates of insulin-stimulated
skeletal muscle phosphatidylinositol 3-kinase activity and 3-O-methylglucose transport. In plasma membrane fractions, neither the high-fat
diet nor insulin altered the insulin receptor f§ subunit (IR-f3), APS (adaptor protein containing PH and SH2 domains), c-Cbl, or TC10 protein
concentration, but high-fat feeding did decrease CAP protein concentration. APS, c-Cbl, CAP, and TC10 messenger RNA were present in the
skeletal muscle and reflected the protein concentration of experimental groups. Despite insulin-stimulated plasma membrane IR-f8 tyrosine
phosphorylation being unaffected by high-fat feeding, c-Cbl tyrosine phosphorylation, the kinase activity of IR-f toward APS, and glucose
transporter 4 protein concentration were all significantly reduced in insulin-stimulated plasma membrane prepared from the skeletal muscle
of high fat—fed animals. These findings suggest that the CAP/Cbl signaling cascade is present in skeletal muscle, activated by insulin, and
impaired by high-fat feeding.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction In response to insulin, the adaptor protein APS (adaptor
containing PH and SH2 domains) recruits c-Cbl to the
insulin receptor along with a second adaptor protein CAP
(Cbl-associated protein) [10-12]. ¢-Cbl is then phosphory-
lated on multiple tyrosine residues, followed by the
disassociation and translocation of the CAP/c-Cbl complex
to the lipid rafts subdomains [10-12], which results in the
activation of small guanosine triphosphate—binding proteins
that facilitate GLUT4 translocation to the plasma membrane
[13-15]. Although the activation of the CAP/Cbl signaling
cascade has garnered some preliminary evaluation in skeletal
muscle obtained from genetic [16] and pharmacologically
induced models [17] of insulin resistance, to the best of our
knowledge, the involvement and activation of this pathway
have not been evaluated in skeletal muscle obtained from
high fat—fed rodents. It appears that this pathway is likely to
be involved in insulin-stimulated skeletal muscle glucose
transport as components of this pathway are highly
expressed in skeletal muscle [10,18,19]. Therefore, it is the
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Insulin-stimulated activation of insulin receptor sub-
strate-1 (IRS-1)-associated phosphatidylinositol 3-kinase
(PI3K) is required for glucose transporter translocation [1 -
3], and an extensive body of literature exists that implicates
defects of the PI3K-dependent or “classic” insulin signaling
cascade as the primary defect that contributes to insulin
resistance and impaired carbohydrate metabolism in skeletal
muscle. However, it appears that in insulin-sensitive tissues,
the activation of the PI3K-dependent pathway alone cannot
fully account for insulin-stimulated glucose transport and
glucose transporter 4 (GLUT4) translocation [4-6]. A body
of literature is beginning to emerge that implicates the
involvement of a “novel” insulin signaling pathway that
is also activated in response to insulin stimulation [7-9].
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rodent skeletal muscle under basal and insulin-stimulated
conditions and to determine if this pathway is altered in
skeletal muscle obtained from high fat—fed rodents.

2. Materials and methods
2.1. Experimental design

Thirty-two male Sprague-Dawley rats approximately
6 weeks of age, weighing between 185 and 220 g were
obtained from Harlan (San Diego, CA). Animals were
randomly assigned to either control (CON, n = 16) or high
fat-fed (HF, n = 16) dictary groups. The control diet
consisted of 20% fat-derived energy (no. 112386, Dyets,
Bethlehem, PA), and the high-fat diet consisted of 59% fat-
derived energy (no. 112387, Dyets). This high-fat diet has
previously been shown to induce skeletal muscle insulin
resistance [20-22].

All experimental procedures were approved by the
Institutional Animal Care and Use Committee at California
State University, Northridge, and conformed to the guide-
lines for the use of laboratory animals published by the US
Department of Health and Human Resources.

2.2. Surgical preparation and hind limb perfusions

After the 12-week dietary period, all animals were
subjected to hind limb perfusion as we have described
previously [20,21,23,24]. Perfusions were performed in the
presence (n = 8 per group) or absence (n = 8 per group) of
500 pU/mL insulin at a flow rate of 7.5 mL/min. The
perfusate consisted of 30% washed time-expired human
erythrocytes, Krebs Henseleit buffer (KHB), 4% dialyzed
bovine serum albumin (Fisher Scientific, Fair Lawn, NJ),
and 0.2 mmol/L pyruvate that was continuously gassed
with a mixture of 95% 0,-5% CO, and warmed to 37°C.
The hind limbs were washed out with perfusate containing
1 mmol/L glucose for 5 minutes in preparation for the
measurement of glucose transport. Glucose transport was
measured over an 8-minute period using an 8§ mmol/L
concentration of nonmetabolized glucose analogue 3-O-
methylglucose (3-MG) (32 uCi 3-[’H]MG per mmol/L,
PerkinElmer Life Sciences, Boston, MA) and 2 mmol/L
mannitol (60 pCi-[1-'*C]mannitol per mmol/L, PerkinElmer
Life Sciences). Perfusions were limited to 13 minutes
(5 minutes washout and 8 minutes transport), as it has
previously been shown in 3T3-L1 adipocytes that c-Cbl
phosphorylation significantly decreases after 15 minutes of
insulin stimulation [12]. Immediately after the transport
period, portions of the red and white quadriceps (RQ and
WQ, respectively) were excised from both hind limbs,
blotted on gauze dampened with cold KHB, freeze-clamped
in liquid nitrogen, and stored at —80°C for later analysis.

2.3. 3-O-Methylglucose transport

Rates of insulin-stimulated skeletal muscle 3-MG trans-
port were calculated as previously described [20,22,25].

2.4. Muscle homogenization

Muscle samples were weighed and homogenized 1:10 in
homogenization buffer (HB) that contained 50 mmol/L
HEPES, 150 mmol/L NaCl, 200 mmol/L sodium pyro-
phosphate, 20 mmol/L f-glycerolphosphate, 20 mmol/L
NaF, 2 mmol/L sodium vanadate, 20 mmol/L. EDTA, 1%
IGPAL, 10% glycerol, 2 mmol/L phenylmethylsufonyl
fluoride, 1 mmol/L MgCl,, 1 mmol/L CaCl,, 10 ug/mL
leupeptin, and 10 pug/mL aprotinin. Muscles were homog-
enized on ice using a glass Pyrex homogenizer and
centrifuged at 18300g for 15 minutes at 4°C (Micromax
RF, International Equipment, Needham Heights, MA). The
supernatant was collected and quantified for protein content
by the Bradford [26] method.

2.5. IRS-1-associated PI3K activity

IRS-1-associated PI3K activity was determined as have
been described previously [21].

2.6. Plasma membrane fractionation

Plasma membrane fractions were prepared as we
[21,25,27] and others [28-30] have described previously.
The final plasma membrane pellet was resuspended in
200 uL of HB per gram of original tissue weight, frozen
in liquid nitrogen, and stored at —80°C for later analysis.
The activity of the plasma membrane marker enzyme
Stnucleotidase was assessed as previously described [21]
in plasma membrane fractions and compared with the
activity in crude homogenate fractions to ensure that
purified plasma membrane fractions were being used for
analysis. Characterization of the membrane fractions
obtained is presented in Table 1.

2.7. Plasma membrane insulin receptor [ subunit, flotillin,
TC10, and GLUT4 protein concentrations

Insulin receptor f subunit (IR-f), flotillin, TC10, and
GLUT4 protein concentrations were determined in plasma
membrane fractions obtained from the RQ. Sample protein
(50 ug for IR-, flotillin, and GLUT4, and 70 pg for TC10)
was subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) run under reducing

Table 1
Membrane fractionation characterization
Basal Insulin
Normal High-fat Normal High-fat

diet (n = 8) diet (n = 8) diet (n = 8) diet (n = 8)

5'-Nucleotidase activity (nmol - min~"

- mg protein™")

Plasma 330.22+£57.3 405.72+72.2 31435+ 66.7 354.22 £ 68.8
membrane
Crude 57.72+11.0 50.33+9.9 57.00x11.4 4836+14.0
homogenate
Fold increase 7.2+2.1 82+28 89+2.6 10.8+2.4
Percentage 13.5+£5.2 16.6+7.2 162+7.4 224+48
of yield

Values are expressed as means + SE.
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Antisense

Table 2
Primer sequences

Sense
APS 5’-CTCCTGACAGAAGCAGA-3'
¢-Cbl 5'- AGAATGTTCATCCTCCTATTGC-3’
CAP 5’-AAGCCTCGTCCACCTAAG-3’
TCI10 5’-TATGCCAACGACGCCTTC-3’
p-Actin 5’-GCCTTCCTTCCTGGGTATG-3’

5'-CTGACACCACCTGAAGAC-3’
5'-TCCTCGTGTGGCTGATTATAG-3’
5’-CTGCCTGCCAAGTCAATC-3’
5'-ACGATCATAGTCTTCCTGTCC-3’
5'-ATCTCCTTCTGCATCCTGTC-3

conditions on either a 10% (IR-f3, flotillin, GLUT4) or a
12.5% (TC10) resolving gel using a MiniProtean 3 dual slab
cell (BioRad) and transferred to a polyvinylidene difluoride
(PVDF) membrane using a semidry transfer unit. The
membranes were blocked in 5% nonfat dry milk (NFDM)/
Tris-Tween—buffered saline and incubated with affinity-
purified rabbit polyclonal anti—IR-f subunit (cat. no.
06-492, Upstate USA [UBT], Charlottesville, VA), mouse
monoclonal anti—flotillin-1 (cat. no. 610820, BD Transduc-
tion Laboratories, BD Biosciences Pharmingen, San Diego,
CA), goat polyclonal anti-TC10 (sc-12637, Santa Cruz
Biotechnology [SCBT], Santa Cruz, CA), or rabbit poly-
clonal anti-GLUT4 (donated by Dr Samuel W. Cushman,
National Institute of Diabetes and Digestive and Kidney
Diseases, Bethesda, MD) followed by the species-specific
immunoglobulin (Ig) G secondary antibody conjugated to
horseradish peroxidase (HRP). Antibody binding was visu-
alized by enhanced chemiluminescence in accordance to the
manufacturer’s instructions (West Femto, Pierce Chemical,
Rockford, IL). Images were captured by using a charge-
coupled device camera in a ChemiDoc system (BioRad,
Hercules, CA) and saved to a Macintosh G4 computer.
Density of the bands was quantified with Quantity One
analysis software (BioRad) and expressed as a percentage of
a standard run on each gel.

2.8. Plasma membrane APS, c-Cbl, and
CAP protein concentrations

APS, c-Cbl, and CAP protein concentrations were
determined in plasma membrane fractions obtained from
the RQ. Sample protein (400 pg for APS, 300 ug for c-Cbl,
200 ug for CAP) was incubated with anti-APS (sc-8894,
SCBT), anti—c-Cbl (cat. no. 05-440, UBT), or anti-CAP
(cat. no. 06-994, UBT) overnight at 4°C. After the overnight
incubation, 100 uL of protein A—sepharose (PRO-A) slurry
(Amersham Pharmacia Biotechnology, Piscataway, NJ) was
added to the immunoprecipitates and rotated for 1.5 hours at
4°C. The immunocomplexes were then washed as previ-
ously described [21]. After the last wash, 20 uL of a 1:1
solution of 2X treatment buffer and HB was added to each
sample, boiled for 5 minutes at 100°C, and centrifuged for
20 seconds in a minicentrifuge. Ten microliters of superna-
tant were subjected to SDS-PAGE run under reducing
conditions on either a 7.5% (c-Cbl, CAP) or a 10% (APS)
resolving gel. The resolved proteins were transferred to a
PVDF membrane and blocked in 5% NFDM/TTBS. The
membranes were then incubated with affinity-purified anti-

APS (sc-8894, SCBT), anti—c-Cbl, (cat no. 05-440, UBT),
or anti-CAP (cat. no. 06-994, UBT), followed by incubation
with the species-specific IgG secondary antibody conjugat-
ed to HRP. Antibody binding was visualized and quantified
as described above.

2.9. Plasma membrane IR- and c-Cbl
tyrosine phosphorylation

Insulin receptor § subunit and ¢-Cbl tyrosine phosphor-
ylation was determined in plasma membrane fractions
obtained from the RQ. Sample protein (500 pg for IR-f,
300 ug for c-Cbl) was incubated with 4 ug of either anti—
IR-f3 subunit (cat. no. 06-492, UBT) or anti—c-Cbl (cat. no.
05-440, UBT) overnight at 4°C. After the overnight
incubation, 100 pL of PRO-A slurry was added to the
immunoprecipitates and treated as described above. Ten
microliters of supernatant was subjected to SDS-PAGE run
under reducing conditions on either a 7.5% (c-Cbl) or a 10%
(IR-p) resolving gel. The resolved proteins were transferred
to a PVDF membrane and blocked in 5% NFDM/TTBS.
The membranes were then incubated with affinity-purified
polyclonal antiphosphotyrosine (cat. no. 06-427, UBT),
followed by incubation with goat antirabbit IgG (sc-2004,
SCBT) conjugated to HRP. Antibody binding was visual-
ized and quantified as described above.

2.10. APS, c-Cbl, CAP, and TC10 mRNA

Total RNA was isolated from portions of the RQ from the
non—insulin-stimulated (basal) animals using the RNA Wiz
reagent isolation kit (Ambion, Austin, TX). Total isolated
RNA was quantified using UV spectrophotometry at 260 and
280 nm. Only samples with an Absjgg-to-Abs,gg ratio of
1.7:2.2 were used for further analysis. After quantification,
RNA integrity was determined by electrophoresis and
UV visualization.

Table 3

Rates of 3-MG transport

Muscles Basal Insulin
Control High fat-fed Control High fat-fed
(n=28) (n = 8) (n = 38) (n =38

RQ 392 £ 0.17 3.40 £ 0.24 7.04 £ 0.40%*%%%% 507 £ 0.28%**
WwQ 1.95 £ 0.34 1.97 £ 0.29 2.35 + 0.34 2.26 £ 0.32

Values are expressed as means + SE (umol - h™' - g™ ).
* P < .05, significantly different from CON BAS.
** P < .05, significantly different from HF BAS.
*HEk P < .05, significantly different from HF INS.
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Contaminating DNA was removed from samples using a
DNA-free kit (Ambion). Samples were then requantified as
described above to determine the concentration of total
purified RNA. Two micrograms of total purified RNA was
reverse transcribed using a Retroscript kit (Ambion) with
oligo dT primers (Ambion) according to the manufacturer’s
instructions. The reverse transcription (RT) products were
stored at —20°C until further analysis by quantitative
polymerase chain reaction (qQPCR).

2.11. Rattus norvegicus

APS, c¢-Cbl, CAP, TC10, and f-actin gene sequences
were obtained from GenBank and imported to Beacon
Designer primer design software version 3.0 (Lab Veloc-
ity, San Francisco, CA). Primers for APS, c-Cbl, CAP,
TC10, and f-actin (Table 2) were synthesized by
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Fig. 1. Plasma membrane IR-f subunit protein concentration (A) and
tyrosine-phosphorylated IR-f subunit (B) obtained from the RQ of CON
BAS (n = 8), CON INS (n = 8), HF BAS (n = 8), or HF INS (n = 8)
animals. Values are expressed as means = SE. * P < .05, significantly
different from CON BAS; T P < .05, significantly different from HF BAS.
STD indicates standard.
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Fig. 2. IRS-1-associated PI3K activity obtained from the RQ of CON BAS
(n = 8), CON INS (n = 8), HF BAS (n = 8), or HF INS (n = 8) animals.
Values are expressed as means = SE. * P < .05, significantly different
from CON BAS; fp< .05, significantly different from HF BAS; #p<.05,
significantly different from HF INS.

Integrated DNA Technologies (Carlsbad, CA). [S-Actin
messenger RNA (mRNA) served as the housekeeping
gene for quantification purposes. Two microliters of RT
product were used in a real-time PCR reaction with the
1-umol/L primers listed above and IQ Supermix (BioRad)
at a final volume of 30 pL. Annealing temperatures were
optimized for each primer pair to ensure the absence of
secondary product formation.

Two microliters of the RT product was used in a PCR
reaction using the iQ Superscript SYBR Green Mix
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Fig. 3. Plasma membrane GLUT4 protein concentration obtained from the
RQ of CON BAS (n = 8), CONINS (n = 8), HF BAS (n = 8), or HF INS
(HF INS, n = 8) animals. Values are expressed as means + SE. * P < .05,

significantly different from CON BAS; ' P < .05, significantly different
from HF BAS; ¥ P < .05, significantly different from HF INS.
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Fig. 4. Lysate and plasma membrane c-Cbl (A) and CAP protein
concentrations (B) obtained from the RQ of control insulin (CON
INS) animals.

(BioRad) according to the manufacturer’s instructions in
an iCycler (BioRad) equipped with an optical module
(BioRad). Final primer concentration for each primer pair
was 250 nmol/L. With the optimized annealing temper-
atures for each primer pair, qPCR was carried out using
SYBR Green—based quantification. A standard curve was
created for each PCR product amplified using a serial
dilution (1:3) of the complementary DNA sample used
for optimization. Polymerase chain reaction efficiency
for each amplification was determined from the serial
dilution by comparing the differences in critical threshold
(Ct) values for each standard. Reactions with at least
85% efficiency were considered suitable for reliable
data acquisition. Ct values for APS, c-Cbl, CAP, and
f-actin were imported into the g-gene macro to deter-
mine the relative gene expression, as described by Muller
et al [31].
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T
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2.12. IR-f kinase activity toward APS

The IR-f kinase activity toward APS was determined in
insulin-stimulated plasma membrane fractions obtained from
the RQ. IR-f kinase activity toward APS was not detectable
under basal conditions. Two hundred fifty micrograms of
sample protein was incubated with 4 y1g of anti—IR-f subunit
(cat. no. 06-492, UBT) overnight at 4°C. After the overnight
incubation, 100 uL of PRO-A slurry was added to the
immunoprecipitates and placed on rotation for 1.5 hours at
4°C. The immunocomplexes were then washed once in
buffers A and B and twice in buffer C, as previously
described [21]. After the final wash, the supernatant was
completely removed. Twenty microliters of assay dilution
buffer (UBT) was added to the immunocomplex in addition
to 10 uL of an APS substrate. The APS substrate, amino acid
sequence 610 to 621 (ARAVENQYSFY) of the APS SH2
domain containing a single tyrosine that is phosphorylated in
response to insulin stimulation, was synthesized by Invi-
trogen (Carlsbad). The kinase reaction was initiated by the
addition of assay dilution buffer (UBT), 75 mmol/L MgCl,,
1 mol/L adenosine triphosphate, and [y->’P] adenosine
triphosphate (PerkinElmer Life Sciences), and warmed to
37°C with constant mixing for 10 minutes. The reaction was
terminated by the addition of Tris-tricine sample buffer and
heating at 95°C for 5 minutes. Fifteen microliters were
loaded onto a 20% Tris-tricine polyacrylamide gel in
duplicate and electrophoresed for 150 minutes at 110 V
using a MiniProtean electrophoresis system (BioRad). After
electrophoreses, gels were wrapped in plastic wrap and
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Fig. 5. APS (A), c-Cbl (B), CAP (C), and TC10 (D) mRNA expression obtained from the RQ of CON (n = 8), or HF (n = 8) basal animals. Values are

expressed as means + SE. * P < .05, significantly different from CON.
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exposed to a phosphor screen (BioRad) overnight. Images
were captured and quantified as described above.

2.13. Statistical analysis

A 1-way analysis of variance was used on all variables to
determine whether significant differences exist between
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groups. When a significant F ratio was obtained, a Tukey
HSD post hoc test was used to identify statistically
significant differences (P < .05) among the means.
Statistical analyses were performed using JMP software
(SAS Institute, Cary, NC), and all values were expressed as
means *+ SE.
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Fig. 6. Plasma membrane APS (A), c-Cbl (B), CAP (C), flotillin (D), and TC10 (E) protein concentrations obtained from the RQ of CON BAS (n = 8), CON
INS (n = 8), HF BAS (n = 8), or HF INS (n = 8) animals. Values are expressed as means = SE. * P < .05, significantly different from CON BAS; TP <.05,
significantly different from HF BAS; * P < .03, significantly different from HF INS.
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3. Results
3.1. Body and epididymal fat pad mass

At the onset of the dietary period, the body mass of
control basal (CON BAS; 202.1 + 6.1 g), control insulin
(CON INS; 198.1 £ 3.0 g), high fat-fed basal (HF BAS;
204.2 £ 3.3 g), and high fat—fed insulin (HF INS; 203.0 *
3.5 g) animals were similar. Although the body mass of all
animals increased throughout the study, no significant
differences in body mass were observed among CON
BAS (472.8 + 10.3 g), CON INS (477.3 + 12.3 g), HF
BAS (488.1 = 11.3 g), and HF INS (491.7 + 119 g)
animals at the end of the 12-week dietary period. At the end
of the dietary period, the epididymal fat pad mass of the HF
BAS (11.6 = 1.0 g) and HF INS (12.3 £ 1.1 g) animals
exhibited a trend (P = .09) to be heavier than the CON
BAS (10.0 £ 1.2 g) and CON INS (9.0 £+ 0.5 g) animals.

3.2. Glucose transport

Rates of 3-MG transport were similar across fiber types
and experimental groups in the absence of insulin (Table 3).
In the presence of insulin, 3-MG transport was increased
above basal levels in the RQ of the control and high fat—fed
animals. However, rates of 3-MG transport in the RQ of the
high fat—fed animals were less than that of the control-diet
animals. The high-fat diet had no effect on rates of insulin-
stimulated 3-MG transport in the WQ. As the high-fat diet
did not affect rates of 3-MG transport in the WQ, we
restricted all additional measurements to the RQ.

3.3. Insulin signaling
Plasma membrane IR-f subunit protein concentration

(Fig. 1A) and tyrosine phosphorylation (Fig. 1B) were
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Fig. 7. Plasma membrane tyrosine-phosphorylated c-Cbl obtained from the
RQ of CON BAS (n = 8), CON INS (n = 8), HF BAS (n = 8), or HF INS
(HF INS, n = 8) animals. Values are expressed as means + SE. * P < .05,
significantly different from CON BAS; T P < .05, significantly different
from HF BAS; # P < .05, significantly different from HF INS.
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Fig. 8. Plasma membrane IR-f kinase activity toward APS obtained from
the RQ of CON INS (n = 8) or HF INS (HF INS, n = 8) animals. Values
are expressed as means + SE. * P < .05, significantly different from
HF INS.

unchanged by high-fat feeding, and insulin significantly
increased IR-f subunit phosphorylation in both the CON
INS and HF INS animals compared with basal groups.
However, insulin receptor phosphorylation stimulated by
insulin was not affected by high-fat feeding.

We have previously shown that impaired IRS-1-associ-
ated PI3K activity is a defect of the classic insulin signaling
cascade in high-fat diet-induced insulin-resistant rodent
skeletal muscle [20-22]. To provide confirmation that the
high-fat diet did affect components of the classic pathway
and glucose transporter translocation, we assessed insulin-
stimulated skeletal muscle IRS-1-associated PI3K activity
and plasma membrane GLUT4 protein concentration. In the
absence of insulin, IRS-1-associated PI3K activity was not
different in the skeletal muscle assessed (Fig. 2). Although
insulin increased PI3K activity above basal levels in both
the CON INS and HF INS animals, rates of activity were
greater in the skeletal muscle of the CON INS animals
compared with HF INS animals. Similarly, insulin increased
the plasma membrane GLUT4 protein concentration, but the
high-fat diet resulted in a reduced number of glucose
transporters becoming associated with the plasma mem-
brane (Fig. 3).

Although c-Cbl (Fig. 4A) and CAP (Fig. 4B) were not
detectable in muscle lysates, APS (Fig. SA), c-Cbl (Fig. 5B),
CAP (Fig. 5C), and TC10 (Fig. 5D) mRNA were
quantifiable. The high-fat diet did not alter APS, c¢-Cbl,
flotillin, or TC10 mRNA, but did decrease CAP mRNA.
Plasma membrane protein concentration mirrored the
mRNA. Specifically, the high-fat diet did not affect APS
(Fig. 6A), c-Cbl (Fig. 6B), flotillin (Fig. 6D), or TC10
(Fig. 6E), but did decrease CAP (Fig. 6C) protein
concentration. Insulin did not alter the plasma membrane—
associated APS, c-Cbl, CAP, flotillin, or TC10 protein
concentration in either the CON or the HF animals when
compared with the absence of insulin.



210 J.R. Bernard et al. / Metabolism Clinical and Experimental 55 (2006) 203-212

The high-fat diet also affected the activation of the CAP/
Cbl signaling cascade. c-Cbl tyrosine phosphorylation
(Fig. 7) was decreased in the plasma membrane of the HF
INS animals compared with CON INS animals. Similarly,
the insulin-stimulated IR-f kinase activity toward an APS
substrate (Fig. 8) was significantly decreased in plasma
membrane fractions of the HF INS animals compared with
CON INS animals.

4. Discussion

Providing confirmation that the high-fat diet induced
skeletal muscle insulin resistance, we show that 3-MG
transport was reduced in the RQ of the high fat—fed animals
and is in excellent agreement with a number of previous
investigations that have also shown a high-fat diet to
decrease insulin-stimulated glucose uptake and 3-MG
transport in rodent skeletal muscle [20,21,25,32-37].
Reduced rates of insulin-stimulated 3-MG transport in
skeletal muscle of high fat—fed rodents have been attributed
to reduced total GLUT4 protein concentration and/or the
impaired ability to effectively translocate GLUT4 to the
plasma membrane [22,25,33,38]. Consistent with these
previous reports is our observation that insulin-stimulated
plasma membrane GLUT4 protein concentration was
reduced in the high fat—fed animals. Furthermore, it has
been reported that PI3K activity is decreased in the skeletal
muscle of high fat-fed rodents and is associated with
decreased rates of insulin-stimulated 3-MG transport
[20-22,38,39], which is supported by our finding that
PI3K activity was significantly reduced in response to high-
fat feeding. However, there has been controversy regarding
the effect of high-fat feeding on the insulin receptor. It has
been previously shown that 8 weeks of high-fat feeding may
[40] or may not [33] impair IR-f phosphorylation. In the
present investigation, we observed no difference in plasma
membrane IR-f protein concentration or IR-f tyrosine
phosphorylation between the CON INS and HF INS
animals. Collectively, these observations support the con-
tention that the high-fat diet induced insulin resistance, in
part, by impairing components of the classic insulin
signaling cascade and glucose transporter translocation.

As the CAP/Cbl signaling cascade has not been
extensively evaluated in skeletal muscle, we first investi-
gated components of this pathway in normal rodent skeletal
muscle. It should be noted though that there is some
controversy as to whether the CAP/Cbl signaling pathway
even exists in skeletal muscle. Although it has been reported
that L6 myoblasts express very little CAP [41], others
[18,41] have reported CAP to be readily detectable in L6
myotubes. In addition, CAP may [16] or may not [17] exist
in rodent skeletal muscle. We report here that APS, CAP,
flotillin, and TC10 proteins exist in skeletal muscle, and it
appears that each protein is primarily associated with the
plasma membrane as the presence or absence of insulin had
no effect on their plasma membrane concentration. These

findings are in agreement with previous reports using
adipocytes, indicating that APS [11], CAP [11], flotillin
[12], and TCI10 [42] are constitutively localized to the
plasma membrane under basal and insulin-stimulated con-
ditions. In contrast, c-Cbl associates with the plasma
membrane of 3T3-L1 adipocytes in response to insulin,
but appears to be localized to the low-density microsomal
fraction under basal conditions [12,13].

We next assessed whether a high-fat diet altered
components of the CAP/Cbl signaling cascade in skeletal
muscle and found that neither basal and insulin-stimulated
plasma membrane protein concentration nor mRNA of APS,
c-Cbl, flotillin, or TC10 protein was altered by high-fat
feeding. However, the high-fat diet did decrease both
plasma membrane CAP protein concentration and CAP
mRNA. Although we observed no difference in plasma
membrane c-Cbl protein concentration in the presence or
absence of insulin, it is possible that c-Cbl localization may
not be altered in skeletal muscle. It should also be
highlighted that Thirone et al [17] were unable to detect
CAP in skeletal muscle lysates. In agreement with this
group, we too were unable to detect quantifiable amounts of
either ¢-Cbl or CAP in muscle lysates from either basal or
insulin-stimulated animals in the experimental groups.
However, when plasma membrane fractions were used, as
opposed to lysates, the components of this pathway were
detectable. In addition, we found that the mRNA for
components of the CAP/CDbI signaling cascade did exist in
skeletal muscle and paralleled our findings with respect to
the plasma membrane concentration of these proteins. Of
interest, Molero et al [43] reported that whole-body insulin
action and skeletal muscle glucose uptake were improved in
c-Cbl—deficient mice. Why these differences exist among
investigations is not readily apparent but may be related to
the ¢-Cbl knockout mice having reduced adipose mass and
increased circulating levels of leptin, which we have shown
can contribute to increased rates of insulin-stimulated
glucose transport in skeletal muscle [21,25].

It has been questioned whether insulin activates the CAP/
Cbl signaling cascade in skeletal muscle [16-18,43]. Alcazar
et al [18] recently reported that insulin caused tyrosine-
phosphorylated c-Cbl in L6 myotubes, but in skeletal
muscle lysates, insulin caused moderate, but not statistically
significant, c-Cbl tyrosine phosphorylation. Thirone et al
[17] also reported that insulin did not stimulate c-Cbl
tyrosine phosphorylation in muscle lysate. In contrast, when
we assessed insulin-stimulated c-Cbl tyrosine phosphoryla-
tion in plasma membrane fractions prepared from CON INS
animals, we observed enhanced tyrosine-phosphorylated
¢-Cbl compared with CON BAS animals. Moreover, in high
fat—fed skeletal muscle, insulin-stimulated tyrosine phos-
phorylation of c-Cbl was significantly reduced compared
with the CON INS animals. In addition, we have also
recently found that insulin-stimulated skeletal muscle ¢-Cbl
tyrosine phosphorylation is enhanced in response to long-
term aerobic exercise [23]. However, it has been observed in
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adipocytes that the CAP/Cbl pathway may not be required
for insulin-stimulated GLUT4 translocation [44,45]. Never-
theless, our findings do indicate that insulin does stimulate
tyrosine phosphorylation of c-Cbl and high-fat feeding
impairs insulin-stimulated c-Cbl tyrosine phosphorylation in
skeletal muscle, but the functional significance of this
observation remains to be elucidated.

In an attempt to provide an explanation for this
observation, we assessed the kinase activity of IR-f toward
APS, an adaptor protein that facilitates c-Cbl recruitment to
the insulin receptor. Despite no difference existing between
the CON INS and HF INS animals in plasma membrane
IR-f protein concentration and IR-f tyrosine phosphoryla-
tion, the substrate specific activity of IR-f toward APS was
impaired in high fat—fed skeletal muscle. Of interest, it has
been reported that a CAP mutant blocks insulin-stimulated
tyrosine phosphorylation of Cbl in 3T3-L1 adipocytes by
possibly mistargeting ¢-Cbl or APS [46]. Although we
observed that the high-fat diet decreased CAP concentra-
tion, the functional significance of this observation was not
readily apparent. However, it is plausible to suggest that the
decreased CAP concentration may have also contributed to
decreasing c-Cbl tyrosine phosphorylation in the high fat—
fed skeletal muscle.

In summary, high-fat feeding reduced insulin-stimulated
skeletal muscle PI3K activity and rates of 3-MG transport.
In plasma membrane fractions prepared from perfused
skeletal muscle, it was found that neither the high-fat diet
nor insulin altered IR-f, APS, c-Cbl, flotillin, or TC10
protein concentrations. However, plasma membrane CAP
protein concentration was reduced in the skeletal muscle
from high fat-fed animals, but was unaffected by insulin
stimulation. In addition, APS, c¢-Cbl, CAP, and TCI10
mRNA were present in the skeletal muscles and reflected
the protein concentration of experimental groups. Despite
insulin-stimulated IR-f tyrosine phosphorylation being
unaffected by high-fat feeding, plasma membrane c-Cbl
tyrosine phosphorylation, the kinase activity of IR-f toward
APS, and GLUT4 protein concentration were significantly
reduced in the skeletal muscle of high fat-fed animals.
Collectively, these findings suggest that in skeletal muscle
the CAP/CbI signaling cascade is present, activated by
insulin, and that components of the CAP/Cbl signaling
cascade are impaired by high-fat feeding.
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