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Thrush AB, Heigenhauser GJ, Mullen KL, Wright DC, Dyck
DJ. Palmitate acutely induces insulin resistance in isolated
muscle from obese but not lean humans. Am J Physiol Regul
Integr Comp Physiol 294: R1205–R1212, 2008. First published
February 27, 2008; doi:10.1152/ajpregu.00909.2007.—Exposure to
high fatty acids (FAs) induces whole body and skeletal muscle insulin
resistance. The globular form of the adipokine, adiponectin (gAd),
stimulates FA oxidation and improves insulin sensitivity; however, its
ability to prevent lipid-induced insulin resistance in humans has not
been tested. The purpose of this study was to determine 1) whether
acute (4 h) exposure to 2 mM palmitate would impair insulin signaling
and glucose transport in isolated human skeletal muscle, 2) whether
muscle from obese humans is more susceptible to the effects of
palmitate, and 3) whether the presence of 2 mM palmitate � 2.5
�g/ml gAd (P�gAd) could prevent the effects of palmitate. Insulin-
stimulated (10 mU/ml) glucose transport was not different, relative to
control, following exposure to palmitate (�10%) or P�gAd (�3%) in
lean muscle. In obese muscle, the absolute increase in glucose trans-
port from basal to insulin-stimulated conditions was significantly
decreased following palmitate (�55%) and P�gAd (�36%) exposure
(control vs. palmitate; control vs. P�gAd, P � 0.05). There was no
difference in the absolute increase in glucose transport between
palmitate and P�gAd, indicating that in the presence of palmitate,
gAd did not improve glucose transport. The palmitate-induced reduc-
tion in insulin-stimulated glucose transport in muscle from obese
individuals may have been due to reduced Ser Akt (control vs.
palmitate; P�gAd, P � 0.05) and Akt substrate 160 (AS160) phos-
phorylation (control vs. palmitate; P�gAd, P � 0.05). FA oxidation
was significantly increased in muscle of lean and obese individuals in
the presence of gAd (P � 0.05), suggesting that the stimulatory
effects of gAd on FA oxidation may not be sufficient to entirely
prevent palmitate-induced insulin resistance in obese muscle.

fatty acids; glucose transport; fat oxidation; adiponectin receptor
isoform 1; adiponectin; diabetes

IT IS WIDELY CONSIDERED THAT abnormal muscle fatty acid (FA)
metabolism, leading to the accumulation of intramuscular lip-
ids, may be an important factor in the development of insulin
resistance. Recent research suggests that reactive lipid species,
such as long-chain fatty acyl-CoA, diacylglycerol, and cer-
amide, play a causative role in the progression of insulin
resistance (9, 10, 34). Acutely, the infusion of a lipid emulsion
for several hours (4, 13, 16, 34) can induce whole body insulin
resistance. Exposure to high circulating FA for 4–6 h can
impair skeletal muscle insulin signaling in rodents (34) and
humans (16) and ex vivo in isolated rodent soleus muscle (1,

27). However, we are unaware of any study that has examined
the direct effects of FA on insulin-signaling and glucose
transport in an ex vivo isolated human muscle preparation,
thereby avoiding the systemic effects associated with lipid
infusion. The metabolic effects of high FA on skeletal muscle
have also not yet been compared between lean and obese
humans.

Adiponectin is a 30-kDa adipokine that improves insulin
sensitivity by affecting liver and skeletal muscle glucose and
lipid metabolism (11, 29, 32). Adiponectin circulates in plasma
primarily in a high molecular weight multimeric form, and its
concentration is reduced in obesity (14). However, it is the
truncated globular form of adiponectin (gAd) that has potent
metabolic effects in skeletal muscle (11, 29, 33). Skeletal
muscle expresses predominantly the adiponectin receptor iso-
form 1 (AdipoR1) to which gAd specifically binds (31). The
regulation of AdipoR1 expression in human muscle is contro-
versial; mRNA content has been demonstrated to be both
unchanged (23) and increased in obesity (3, 11) and decreased
in individuals with a family history of type 2 diabetes (12).
However, AdipoR1 protein content has not yet been compared
in skeletal muscle of lean and obese humans.

gAd elicits its insulin-sensitizing effects through increased
insulin-stimulated glucose uptake and FA oxidation (7, 32) and
increased GLUT4 translocation (8) in skeletal muscle. These
effects are likely mediated, in part, through the phosphoryla-
tion/activation of AMP-activated protein kinase (AMPK) (11,
29, 32). The stimulatory effects of gAd on AMPK activation
are blunted in muscle from obese humans with concomitant
reductions in the stimulation of FA oxidation and glucose
transport (7, 11). It is uncertain whether the insulin-sensitizing
effects of gAd are impaired in the presence of high palmitate or
whether gAd can prevent palmitate-induced insulin resistance.

The objectives of the present study were to determine
whether 1) 4 h of exposure to high concentrations of palmitate
would impair insulin signaling, glucose transport, and FA oxida-
tion in isolated human rectus abdominus muscle; 2) whether
muscle derived from obese subjects was more susceptible
to FA-induced insulin resistance than from lean subjects;
3) whether the presence of gAd in the incubation medium
could prevent/blunt the insulin desensitizing effects of palmi-
tate; and 4) finally, AdipoR1 protein content was measured in
muscles from lean and obese subjects, as this had not previ-
ously been reported and could potentially explain differences
in gAd action in skeletal muscle from lean and obese humans.
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We hypothesized that palmitate would induce insulin resis-
tance to a greater degree in muscle from obese individuals and
that this would be at least partially corrected by gAd. We also
hypothesized that AdipoR1 protein content would be reduced
in skeletal muscle from obese individuals and that this may, in
part, explain the reduced responsiveness to gAd in obese
muscle.

METHODS

Subjects. Nineteen lean (body mass index �26 kg/m2, mean 24.0 �
0.6 kg/m2) and 16 obese (body mass index �29 kg/m2, mean 35.4 �
2.1 kg/m2) women participated in this study. Subjects were admitted
to McMaster Medical Centre in Hamilton, ON, for abdominal hyster-
ectomies or other abdominal surgeries. Subjects gave informed writ-
ten consent prior to participating in this study. This study adhered to
the principles of the declaration of Helsinki Code and was approved
by McMaster University and University of Guelph ethics committees.
All subjects had maintained the same body mass for the past year,
were nondiabetic, nonsmokers, and sedentary. Subjects were screened
for any medications (e.g., to control blood pressure or lipids, glucose
tolerance, etc.) or diseases that might interfere with the results of the
study.

Sample preparation. Following an overnight fast (12–18 h) general
anesthesia was induced with a short-acting barbiturate and maintained
by a fentanyl and rocuronium volatile anesthetic mixture. Venous
blood samples were collected in a 5-ml sodium-heparinized tube
during anesthesia. A skeletal muscle biopsy (3 � 2 � 1 cm) from the
rectus abdominus was excised at resting length perpendicular to the
direction of the muscle fibers and placed immediately into gassed,
modified, ice-cold Krebs-Henseleit buffer (KHB) containing 8 mmol/l
glucose for transport to the laboratory (�5 min). In the same ice-cold
buffer solution, 6–11 muscle strips weighing �25 mg were separated
from the muscle sample and clamped at resting length. Any additional
tissue not used for incubations was immediately frozen in liquid
nitrogen and stored for the analysis of AdipoR1.

The experimental protocol is shown in Fig. 1. Muscle samples were
placed immediately in gassed (95%O2-5% CO2) preincubation KHB
containing 8 mmol/l glucose and 4% BSA (FA free), for 20 min in a
shaking water bath at 30°C. Muscle samples were then transferred into
incubation buffers of control (same as preincubation buffer, control);
2 mM palmitate or 2 mM palmitate � 2.5 �g/ml gAd (P�gAd;
recombinant human gAd; cat. no. 450-21; Peprotech, Ottawa, ON,
Canada) and incubated for 4 h. This concentration of palmitate is the
upper physiological limit observed in humans and can induce insulin
resistance in 4–6 h in isolated rodent muscle (1, 27). The supraphysi-
ological concentration of gAd used has previously been shown to

evoke a significant increase in glucose transport and FA metabolism
in isolated rodent and human muscle (7, 29, 32). Incubations were
conducted in 20-ml glass scintillation vials, and all buffers were
pregassed and maintained at a constant temperature of 30°C in a
shaking water bath. Muscles were regassed after 2 h of incubation. A
low concentration of insulin was included in all incubation (control,
palmitate, P�gAd) and experimental (basal and insulin-stimulated
glucose transport, FA oxidation, insulin signaling, muscle viability)
buffers (14.3 �U/ml) to maintain viability (30).

Muscle viability. In preliminary experiments, ATP and phospho-
creatine contents were measured spectrophotometrically (2) to con-
firm muscle viability (7). Muscle samples were frozen in liquid
nitrogen immediately following excision (0 min) or following 4 h of
incubation. Muscle ATP (0 min, 20.8 � 1.7; 4 h, 18.3 � 1.7 �mol/g
dry wt) and phosphocreatine (0 min, 56.0 � 2.3; 4 h, 52.4 � 5.4
�mol/g dry wt) content was maintained throughout the incubation.

Glucose transport. Six muscle strips were used to measure basal
(without insulin) and insulin-stimulated (insulin, 10 mU/ml) glucose
(3-O-methylglucose) transport, following each of the three conditions
(control, palmitate, P�gAd). The procedure for assessing glucose
transport has previously been described in more detail (24, 30).
Briefly, following the initial 4-h incubation, muscle strips were
transferred into 2 ml of pregassed KHB containing 8 mM glucose and
32 mM mannitol in the absence or presence of insulin (10 mU/ml;
maintained in all subsequent steps) in a gently shaking water bath.
Muscle strips were washed (2 � 10 min) with glucose-free KHB
containing 4 mM pyruvate and 36 mM mannitol. Muscle strips were
subsequently incubated for 20 min (insulin) or 40 min (basal) in KHB
containing 4 mM pyruvate, 8 mM 3-O-[3H]methyl-D-glucose (0.8
�Ci/ml) and 32 mM [14C]mannitol (0.3 �Ci/ml). Glucose transport
was determined as the accumulation of intracellular 3-0-[3H]methyl-
D-glucose.

FA metabolism. FA metabolism was assessed during the final hour
of the 4 h incubation period. Briefly, muscles incubated in either
palmitate or P�gAd were transferred to a 20-ml glass scintillation vial
containing 2 ml of the same incubation buffer, but with the addition
of 0.5 �Ci/ml of [1-14C]palmitate (Amersham, Oakville, ON, Canada)
to measure exogenous palmitate oxidation and the incorporation of
palmitate into endogenous lipid pools as previously described (25).

Western blot analysis. Following 4 h of incubation in either control,
palmitate, or P�gAd, muscle samples were transferred to a vial
containing the same incubation buffer with the addition of 10 mU/ml
of insulin for 10 min to measure phosphorylation and/or protein
content with insulin stimulation. Muscle samples were then blotted,
cut free of clamps, weighed, and immediately frozen in liquid N2 until
further analysis. Akt phosphorylated at Ser473 (Ser Akt; Santa Cruz
Biotechnology, Santa Cruz, CA), Akt phosphorylated at the Thr308

Fig. 1. Experimental protocol. C, control, P,
palmitate; gAd, globular adiponectin; pre-
inc, preincubation.
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(Thr Akt; Santa Cruz Biotechnology), unphosphorylated Akt (Santa
Cruz Biotechnology), and phosphorylated Akt substrate 160 (AS160)
at Thr642 (P-AS160; Medicorp, Montreal, QB, Canada) was mea-
sured. Thirty to fifty milligrams of nonincubated (untreated) muscle
was stored in liquid nitrogen for the analysis of AdipoR1 (ABCAM,
Cambridge, MA).

Muscle samples were homogenized as previously described (28).
Fifty micrograms of the tissue lysate for insulin-signaling proteins and
60 �g for AdipoR1 were solubolized in 4� Laemmeli’s buffer, boiled
at 95°C for 5 min, and then resolved by SDS-PAGE. Lean and obese
muscle samples were run on the same gels. Gels were wet transferred
to polyvinylidene difluoride (insulin-signaling proteins) or nitrocellu-
lose (AdipoR1: 200 mA/1.5 h) membranes. Insulin-signaling mem-
branes were blocked for 3 h [2.5% BSA (Ser Akt, Thr Akt, Akt), 7.5%
BSA (P-AS160)], and AdipoR1 membranes were blocked for 1 h (5%
nonfat milk) all in Tris-buffered saline with 0.01% Tween. Mem-
branes were incubated overnight at 4°C with primary antibodies
(insulin signaling 1:500, AdipoR1; 1:1,000, in blocking buffer). Mem-
branes were washed and then incubated for 1 h with the secondary
antibody (insulin-signaling anti-rabbit, AdipoR1 donkey anti-goat
horseradish peroxidase). Membranes were washed again, and proteins
were detected using enhanced chemiluminescence method (Syngene
Chemigenius2; PerkinElmer, Waltham, MA). Immunoreactive bands
were quantified using densitometry (Gene Tools software, PerkinElmer).
Equal loading was confirmed using nonspecific protein staining with
Ponceau-S stain (Sigma Aldrich, Oakville, ON, Canada).

Blood biochemistry. Two hundred microliters of whole blood were
added to 1 ml of ice-cold 0.6 mM perchloric acid and immediately
centrifuged at 10,000 g for 2 min. The perchloric acid extract was
frozen at �80°C for subsequent flourometric analysis of blood glu-
cose (2). The remaining blood was centrifuged at 10,000 g for 2 min
and aliquots of plasma were collected and frozen. Plasma insulin,
adiponectin, and leptin were measured using commercially available
radioimmunoassay kits (Linco Research, St. Charles, MO). Plasma
free FA was measured using a commercially available colorimetric
assay kit (NEFA C test kit; Wako, Richmond, VA).

Calculations and statistical analyses. All data are presented as
means � SE. Two-way repeated-measures ANOVA was performed to
detect differences in basal vs. insulin-stimulated glucose uptake be-
tween incubation conditions (control vs. palmitate vs. P�gAd). A
one-way ANOVA was used to analyze within-group (lean, obese)
differences of Western blot analysis (control vs. palmitate vs.
P�gAd). A Student-Newman-Keuls post hoc test was used to check
significant differences revealed by the ANOVA. One-tailed paired
t-tests were used for within group (palmitate vs. P�gAd in lean or
obese) analysis of FA metabolism. A one-tailed, unpaired t-test was
used for between-group (lean vs. obese) analysis of body composition,
blood parameters, and AdipoR1 protein analysis. Significance was
accepted at P � 0.05, and trends were marked in parentheses (0.05 �
P � 0.10).

The homeostasis model of assessment was used to compare insulin
resistance [HOMA-IR 	 (fasting glucose � fasting insulin)/22.5]
between lean and obese, where a larger number indicates a greater
level of insulin resistance (17, 22).

RESULTS

Subject characteristics. Subject characteristics are shown in
Table 1. Obese individuals had significantly greater body mass
and body mass index (�34%, and �32%, respectively, P �
0.0001) compared with lean individuals. Blood glucose and
plasma free FA were not different between lean and obese
individuals. Fasting plasma insulin and leptin were signifi-
cantly higher in obese individuals (�33% and �67%, respec-
tively, P � 0.01) compared with lean individuals, whereas
plasma adiponectin was significantly lower (�42%, P � 0.01).

The homeostasis model of assessment used to compare insulin
resistance was significantly greater in obese individuals (P �
0.05), indicative of whole body insulin resistance in this
population.

Skeletal muscle glucose transport. Basal glucose transport
was not different following exposure to palmitate or P�gAd in
lean or obese individuals (Fig. 2, A and B). Insulin-stimulated
glucose transport was significantly increased compared with
basal glucose transport under all conditions in both lean and
obese individuals (P � 0.001; Figs. 2, A and B).

In lean individuals, there was no significant difference in
insulin-stimulated glucose transport with exposure to palmitate
(�10%) or P�gAd (�3%) compared with control (Fig. 3A).
The absolute increase in glucose transport from basal to insu-
lin-stimulated conditions (Fig. 2C) was not significantly dif-
ferent among the three incubation conditions in this population
(P 	 0.66).

In contrast, insulin-stimulated glucose transport was reduced
by 20% in isolated muscle from obese individuals when ex-
posed to palmitate (palmitate vs. control, P 	 0.003). When
gAd was also included (Fig. 2B), there was a trend toward a
reduction in insulin-stimulated glucose transport compared
with control (control vs. P�gAd, �12%, P 	 0.09). The
inclusion of gAd tended to increase insulin-stimulated glucose
transport compared with palmitate (�15%), but this also did
not reach significance (P�gAd vs. palmitate, P 	 0.07). When
glucose transport was expressed as an absolute increase in
response to insulin, both palmitate and P�gAd conditions were
significantly lower than control, (palmitate vs. control, �55%;
P�gAd vs. control, �36%, P � 0.05). There was no signifi-
cant difference in the absolute increase in glucose transport
between palmitate and P�gAd in skeletal muscle from obese
individuals (P�gAd vs. palmitate, P 	 0.3). This indicates that
palmitate induced insulin resistance in skeletal muscle from
obese individuals, but the inclusion of gAd was unable to
completely prevent this.

Insulin-signaling proteins. The effects of palmitate and
P�gAd conditions relative to control on Ser- and Thr-phos-
phorylated Akt, unphosphorylated Akt, and P-AS160 follow-
ing acute insulin stimulation in lean and obese individuals are
shown in Fig. 3. Palmitate or P�gAd did not significantly
affect insulin-signaling protein content or phosphorylation in
muscle from lean individuals (total Akt, Thr Akt, Ser Akt,
P-AS160; Fig. 3, A, C, E, and G, respectively). In skeletal

Table 1. Subject characteristics

Characteristics Lean Obese

Age, yr 47�2 47�2
Body mass, kg 61.0�2.5 94.8�6.3‡
BMI, kg/m2 24.0�0.6 35.4�2.1‡
Fasting blood glucose, mmol/l 5.0�0.1 5.5�0.4
Fasting plasma insulin, pmol/l 22.2�1.0 33.2�4.8†
HOMA-IR 5.0�0.3 8.0�1.2*
Fasting free fatty acid, mmol/l 0.89�0.06 0.92�0.03
Fasting plasma adiponectin, �g/ml 13.0�0.5 7.5�1.5*
Fasting plasma leptin, ng/ml 12.2�2.6 36.6�5.4*

Data are means � SE. BMI, body mass index; HOMA-IR, homeostasis
model of assessment comparing insulin resistance. *Significantly different
from lean, 1-tailed unpaired t-test (P � 0.01); †significantly different from
lean, 1-tailed unpaired t-test (P � 0.05), ‡significantly different from lean,
1-tailed unpaired t-test (P � 0.0001).
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muscle from obese individuals, total Akt was not different
following palmitate or P�gAd exposure relative to control
(Fig. 3B). There was a nonsignificant reduction in Thr Akt
phosphorylation following treatment with palmitate (�35%)
and P�gAd (�37%) compared with control (Fig. 3D, P 	
0.13). Ser Akt phosphorylation was significantly reduced
(�58%) when exposed to palmitate in skeletal muscle of obese
individuals (Fig. 3F, control vs. palmitate, P � 0.001). When
gAd was included with palmitate, Ser Akt phosphorylation
remained significantly reduced (�39%) compared with control
(control vs. P�gAd, P � 0.001). In the presence of gAd, Ser
Akt phosphorylation tended to be increased compared with
palmitate (palmitate vs. P�gAd, P 	 0.07). Phosphorylated
AS160 (Fig. 3H) was also significantly reduced following
exposure to palmitate (�32%) and P�gAd (�38%) in muscle
from obese individuals (control vs. palmitate, control vs.
P�gAd, P � 0.05).

Skeletal muscle FA metabolism. The effects of palmitate and
P�gAd on FA metabolism are shown in Table 2 and Fig. 4. The
inclusion of gAd resulted in increased palmitate oxidation (Fig.
4) and total palmitate uptake (Table 2) in muscle from both
lean and obese individuals (Fig. 4, P � 0.05). There was no
significant difference in FA incorporation into lipid pools in the
presence of gAd in skeletal muscle of lean or obese individuals
compared with palmitate (Table 2).

AdipoR1. AdipoR1 protein content was 20% lower in skel-
etal muscle of obese individuals; however, this was not signif-
icant (Fig. 5).

DISCUSSION

This study demonstrated that 4 h of 2 mM palmitate expo-
sure can induce insulin resistance in isolated rectus abdominus

muscle from obese but not lean individuals; this coincided with
impaired Ser Akt and AS160 phosphorylation, which were also
only apparent in the obese muscle. The inclusion of gAd did
not restore insulin-stimulated glucose transport to control val-
ues or prevent the reduced phosphorylation of Ser Akt and
AS160. In the presence of high palmitate, gAd was still able to
stimulate FA oxidation in both lean and obese muscle, sug-
gesting that the inability to restore insulin sensitivity was not
fully a function of gAd resistance. It may be possible that under
acute (4 h) conditions, either stimulating FA oxidation was
insufficient, or the magnitude of the stimulation was not large
enough to prevent palmitate-induced insulin resistance in obese
individuals. There was a small, nonsignificant reduction (�20%) in
AdipoR1 protein content in obese muscle compared with lean.
It is uncertain whether this was a physiologically relevant
reduction. Perhaps indicative of the change in AdipoR1 being
nonrelevant was our observation that gAd was still able to
stimulate FA oxidation, although this was slightly lower in
obese than in muscle from lean individuals.

Isolated rectus abdominus muscle strips, as used in the
present study, are a unique model that allows for the in vitro
assessment of human muscle metabolism in isolation of sys-
temic influences (15). Rectus abdominus muscle has a rela-
tively even distribution of Type I and IIa fibers, with a small
portion of Type IIb fibers, making it slightly less glycolytic but
comparable to the more commonly used vastus lateralis muscle
(26). Furthermore, citrate synthase activity is similar between
rectus abdominus and vastus lateralis, which indicates a com-
parable oxidative capacity (7). It should be recognized that, as
with any in vitro model, extrapolation to the in vivo condition
must be cautious. Furthermore, other skeletal muscles/fiber
types may not necessarily respond similarly.

Fig. 2. Glucose transport in skeletal muscle of lean and obese humans. Effects of long-term exposure (4 h) of control, 2 mM palmitate, and 2 mM palmitate �
2.5 �g/ml gAd (P�gAd) on basal and insulin-stimulated glucose uptake in skeletal muscle of lean (n 	 8; A) and obese (n 	 8; B) humans. C and D: absolute
change in glucose uptake in lean and obese skeletal muscle, respectively, in response to palmitate and P�gAd. Data was calculated by subtracting the respective
rate of basal glucose uptake from insulin-stimulated glucose uptake. Basal and insulin-stimulated glucose transport was assessed over 40 and 20 min, respectively.
Data is expressed over 5 min. Data are means � SE. #All groups significantly different from basal. a,b,cBars that have different letters are significantly different,
P � 0.05; bars that share the same letter are not significantly different from each other. Trends are indicated in parentheses (0.05 � P � 0.10).
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Effect of palmitate and gAd on skeletal muscle glucose
transport. The exposure of skeletal muscle to 2 mM palmitate
for 4 h induced insulin resistance in skeletal muscle of obese,
but not lean, individuals. Skeletal muscle of obese individuals
is often characterized by impaired glucose transport (7, 19) and
abnormal FA metabolism (20), including increased sarcolem-
mal FAT/CD36 content (6, 21) and increased lipid content (6,
18). Due to an increased tendency to take up and store FA, it

is reasonable to hypothesize that this population is more
susceptible to palmitate-induced insulin resistance, which is
demonstrated by the findings of this study. It is perhaps
surprising that we did not demonstrate a palmitate-induced
decrease in insulin-stimulated glucose transport in muscle from
lean individuals. However, it is possible that a longer exposure
to palmitate, i.e., �6 h, would indeed have induced insulin
resistance, which has previously been shown in isolated soleus

Fig. 3. Insulin signaling in skeletal muscle
of lean and obese humans. The effect of 4 h
of incubation in control, 2 mM palmitate, or
(P�gAd) on insulin-signaling protein con-
tent and phosphorylation in skeletal muscle
from lean (n 	 7) and obese (n 	 8) hu-
mans. Each muscle sample underwent insu-
lin stimulation during the last 10 min of the
incubation. Unphosphorylated Akt (A and
B), Thr phosphorylated Akt (C and D), Ser
phosphorylated Akt (E and F), and phos-
phorylated AS160 (P-AS160; G and H) are
shown here. Data are means � SE, ex-
pressed as %control within each group (lean,
obese). a,b,cBars that have different letters
are significantly different from each other,
P � 0.05, one-way ANOVA; bars that share
the same letter are not significantly different.
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muscle from lean nondiabetic rodents (1). Nonetheless, the
important finding of our study is that in a defined 4-h period,
palmitate was able to induce insulin resistance in muscle from
obese, but not lean, individuals.

An unexpected observation in this study was that insulin-
stimulated glucose transport was not different between lean
and obese individuals in the absence of palmitate. Certainly, it
is well recognized that glucose transport may be reduced in
skeletal muscle of obese individuals (7, 19). The pharmaco-
logical dose of insulin used in this study was chosen because it
is known to maximally stimulate glucose transport in an
isolated muscle preparation. Thus, we cannot dismiss the
possibility that this maximal stimulation may have overcome
any impairment in insulin-stimulated glucose transport, and
that this impairment may have been evident in the presence of
a lower, submaximal insulin dosage.

It has previously been shown that gAd stimulates glucose
transport in skeletal muscle from lean and obese individuals
and that this effect is additive to insulin (7). In the present
study, the inclusion of gAd did not completely prevent palmi-
tate-induced insulin resistance in obese muscle. The absolute
increase in glucose transport from basal to insulin-stimulated
conditions was slightly greater when gAd was included (P�gAd)
compared with palmitate, but this remained significantly dif-
ferent from control, indicating that gAd did not restore insulin-
stimulated glucose transport. In lean individuals, insulin-stim-
ulated glucose transport was also unaffected by the presence
of gAd.

In the present study, the stimulatory effects of gAd in the
absence of palmitate were not measured due to the limited
number of viable strips that could be procured for incubation
from a given rectus abdominus sample. As a result, we cannot
conclude whether gAd was able to independently stimulate
glucose transport. However, it has previously been shown in
rectus abdominus muscle strips that gAd increases basal and
insulin-stimulated glucose transport (7). It is quite possible that
the presence of a high palmitate concentration (P�gAd con-
dition) may have prevented this additive effect, i.e., induced
gAd resistance.

Effects of palmitate and gAd on insulin-signaling proteins.
The present study demonstrated that exposure to palmitate
significantly reduced Ser Akt phosphorylation (�58%) and
tended to reduce Thr Akt phosphorylation (�35%) under
insulin-stimulated conditions. This is in agreement with previ-
ous studies in rat soleus muscle (27) and C2C12 muscle cells
(9). In accordance with the reduction in Akt phosphorylation,
AS160 phosphorylation was also reduced by 35%, which has
also been shown in rodent soleus muscle (1). In C2C12
myocytes exposed to palmitate, ceramide content increased
and inhibited insulin signaling by stimulating the dephosphor-
ylation of Akt (9), therefore preventing the phosphorylation of
AS160. In the present study, the impaired insulin-stimulated
glucose transport in muscle from obese individuals may also
have been the result of palmitate-induced ceramide production,
which prevented the phosphorylation of Akt and AS160. In
skeletal muscle from lean individuals, palmitate exposure had

Table 2. Fatty acid incorporation into DAG and TAG pools

Fatty Acid
Metabolism

Lean Obese

Palmitate P�gAd Palmitate P�gAd

Lipid Incorporation

DAG 29.0�4.2 27.5�4.9 25.9�4.4 22.7�3.8
TAG 50.2�8.3 61.4�8.7 48.2�9.1 45.1�10.2
Total 81.1�12.3 81.7�13.2 75.4�12.1 67.5�14.2
Total palmitate

uptake 108.9�10.4 162.8�21.3* 125.4�15.7 156.5�21.8*

Oxidation-to-Esterification Ratio

OX/DAG 1.8�0.3 2.8�0.8 2.4�0.4 3.7�1.0
OX/TAG 1.0�0.1 0.9�0.1 1.4�0.2 2.4�0.4

Data are means � SE in nmol/g; lean individuals, n 	 5; obese individuals,
n 	 8. DAG, diacylglycerol; TAG, triacylglycerol; P�gAd, palmitate �
globular adiponectin; OX, oxidation. Oxidation-to-esterification ratio: palmi-
tate oxidation, nmol/g (shown in Figure 5): *P vs. P � gAd, P � 0.05, 1-tailed
paired t-test.

Fig. 4. Fatty acid oxidation in skeletal mus-
cle of lean and obese humans. The effects of
long-term exposure (4 h) of 2 mM palmitate
and (P�gAd) on fatty acid oxidation in skel-
etal muscle of lean (n 	 5; A) and obese
(n 	 8; B) humans. Data are means � SE.
*P � 0.05, significantly different from palmi-
tate, 1-tailed paired t-test; **P � 0.01, signif-
icantly different from palmitate, 1-tailed paired
t-test.

Fig. 5. Adiponectin receptor isoform 1 (AdipoR1) protein content in skeletal
muscle from lean and obese humans. Skeletal muscle AdipoR1 receptor
protein content in skeletal muscle from lean (n 	 8) and obese (n 	 7) humans.
Data are means � SE.
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no significant effect on any of the insulin-signaling proteins
that were measured, consistent with the lack of impairment in
insulin-stimulated glucose transport. Due to tissue constraints,
ceramide content and other lipids were not measured in this
study, and so a definitive role of reactive lipid species cannot
be determined.

Effects of palmitate and gAd on FA metabolism. gAd stim-
ulates FA oxidation in human (7, 11) and rodent (24, 32)
muscle. However, obesity may reduce the sensitivity of muscle
to the acute stimulatory effects of gAd on AMPK activation
and FA oxidation. For example, a greater concentration of gAd
is required to stimulate FA oxidation in myotubes cultured
from obese human muscle (11). Also, gAd-stimulated FA
oxidation is blunted in isolated muscle from obese, compared
with lean, humans (7). In addition to this, gAd fails to stimulate
FA oxidation in isolated rat soleus muscle following 4 wk of
high-fat feeding (24).

In the present study, gAd stimulated FA oxidation in the
presence of high palmitate in muscle from both lean and obese
individuals. This finding differs from our previous report (7) in
which gAd-induced FA oxidation was significantly impaired in
obese muscle. However, in our previous study, which used a
0.5 mM palmitate incubation medium, and a shorter period of
exposure, gAd stimulated FA oxidation in skeletal muscle of
lean and obese humans by 69% and 30%, respectively (7). In
the present study, the relative increase in FA oxidation was
much less: �30% in lean, and �20% in skeletal muscle from
obese individuals. Indirectly, this suggests that the longer
exposure to a high palmitate concentration may have reduced
the stimulatory effects of gAd on FA oxidation.

The fact that palmitate-induced insulin resistance was not
alleviated in obese muscle by gAd strongly suggests that the
stimulatory effects of gAd on FA oxidation were insufficient to
prevent insulin resistance. Whether a greater increase in palmi-
tate oxidation would have proved beneficial is unknown. How-
ever, it should be noted that the stimulatory effect of gAd on
palmitate oxidation was slightly reduced in obese (�20%)
compared with lean (�30%) individuals; Accordingly, we did
not observe any impairment in insulin-signaling proteins in the
presence of palmitate, with or without gAd in muscle from lean
individuals. Overall, the data indicates that obese muscle is
more susceptible to the detrimental effect of palmitate, and this
could not be rescued with gAd. Furthermore, our data suggests
that high palmitate impairs the ability of gAd to independently
stimulate glucose transport prior to any loss of stimulation of
FA oxidation, i.e., acute development of gAd resistance.

AdipoR1. The regulation of AdipoR1 expression in human
skeletal muscle is controversial. Findings of decreased, un-
changed, and increased mRNA content in muscle from obese
and type 2 diabetic individuals have been reported (3, 11). To
the best of our knowledge, ours is the first study to examine
AdipoR1 protein content in lean and obese human skeletal
muscle. Here, we demonstrate a nonsignificant 20% reduction
in AdipoR1 content in skeletal muscle from obese individuals.
It is uncertain whether this modest reduction in AdipoR1
protein content in obese individuals translates into a physio-
logical reduction in the stimulatory effects of gAd; however, it
has previously been shown that the stimulatory effects of gAd
are reduced in obesity (7). The fact that we were able to
demonstrate gAd-induced stimulation of palmitate oxidation in
obese muscle, albeit to a somewhat lesser extent than was

observed in lean muscle, suggests that there may not have been
a physiologically important reduction in this receptor. Unfor-
tunately, this finding does not clarify the current controversy
regarding the regulation of AdipoR1 in lean and obese muscle.

Perspectives and Significance

There are several important and novel findings of this study.
First and most importantly, we demonstrated that in a 4-h
period, 2 mM palmitate directly induces insulin resistance in
isolated skeletal muscle from obese, but not lean, individuals.
This is consistent with our observed palmitate-induced inhibi-
tion of AS160 and Akt phosphorylation in the obese group.
Also of significance was the inability of gAd to restore skeletal
muscle insulin-stimulated glucose transport in the presence of
high palmitate in this group, despite a small, albeit significant,
stimulation of palmitate oxidation. The accumulation of lipid
species (ceramide and diacylglycerol) have not yet been mea-
sured in intact human muscle exposed to palmitate, and should
be assessed as a potential mediator of lipid-induced insulin
resistance in this model.

ACKNOWLEDGMENTS

We acknowledge the invaluable contribution of the surgeons Drs. Sibley
and Lightheart and particularly the contribution of Dr. Loopstra who recently
passed away. We also acknowledge the contribution of the individuals who
participated in this study. Finally, the authors acknowledge Ian Ritchie for his
technical assistance in this study.

GRANTS

This research was funded by Natural Sciences and Engineering Research
Council of Canada Discovery (to D. J. Dyck and D. C. Wright), Canadian
Institute of Health Research (to D. J. Dyck and G. J. Heigenhauser), and
Alberta Heritage Foundation for Medical Research (to D. C. Wright).

REFERENCES

1. Alkhateeb H, Chabowski A, Glatz JF, Luiken JF, Bonen A. Two
phases of palmitate-induced insulin resistance in skeletal muscle: impaired
GLUT4 translocation is followed by a reduced GLUT4 intrinsic activity.
Am J Physiol Endocrinol Metab 293: E783–E793, 2007.

2. Bergmeyer HU. Methods of Enzymatic Analysis. New York: Academic,
1974.

3. Bluher M, Bullen JW Jr, Lee JH, Kralisch S, Fasshauer M, Kloting N,
Niebauer J, Schon MR, Williams CJ, Mantzoros CS. Circulating
adiponectin and expression of adiponectin receptors in human skeletal
muscle: associations with metabolic parameters and insulin resistance and
regulation by physical training. J Clin Endocrinol Metab 91: 2310–2316,
2006.

4. Boden G, Chen X, Ruiz J, White JV, Rossetti L. Mechanisms of fatty
acid-induced inhibition of glucose uptake. J Clin Invest 93: 2438–2446,
1994.

6. Bonen A, Parolin ML, Steinberg GR, Calles-Escandon J, Tandon NN,
Glatz JF, Luiken JJ, Heigenhauser GJ, Dyck DJ. Triacylglycerol
accumulation in human obesity and type 2 diabetes is associated with
increased rates of skeletal muscle fatty acid transport and increased
sarcolemmal FAT/CD36. FASEB J 18: 1144–1146, 2004.

7. Bruce CR, Mertz VA, Heigenhauser GJ, Dyck DJ. The stimulatory
effect of globular adiponectin on insulin-stimulated glucose uptake and
fatty acid oxidation is impaired in skeletal muscle from obese subjects.
Diabetes 54: 3154–3160, 2005.

8. Ceddia RB, Somwar R, Maida A, Fang X, Bikopoulos G, Sweeney G.
Globular adiponectin increases GLUT4 translocation and glucose uptake
but reduces glycogen synthesis in rat skeletal muscle cells. Diabetologia
48: 132–139, 2005.

9. Chavez JA, Knotts TA, Wang LP, Li G, Dobrowsky RT, Florant GL,
Summers SA. A role for ceramide, but not diacylglycerol, in the antag-
onism of insulin signal transduction by saturated fatty acids. J Biol Chem
278: 10297–10303, 2003.

R1211EFFECTS OF PALMITATE AND gAd IN HUMAN MUSCLE

AJP-Regul Integr Comp Physiol • VOL 294 • APRIL 2008 • www.ajpregu.org

Downloaded from journals.physiology.org/journal/ajpregu (069.255.170.218) on March 17, 2022.



10. Chavez JA, Summers SA. Characterizing the effects of saturated fatty
acids on insulin signaling and ceramide and diacylglycerol accumulation
in 3T3–L1 adipocytes and C2C12 myotubes. Arch Biochem Biophys 419:
101–109, 2003.

11. Chen MB, McAinch AJ, Macaulay SL, Castelli LA, O’Brien PE,
Dixon JB, Cameron-Smith D, Kemp BE, Steinberg GR. Impaired
activation of AMP-kinase and fatty acid oxidation by globular adiponectin
in cultured human skeletal muscle of obese type 2 diabetics. J Clin
Endocrinol Metab 90: 3665–3672, 2005.

12. Civitarese AE, Jenkinson CP, Richardson D, Bajaj M, Cusi K,
Kashyap S, Berria R, Belfort R, DeFronzo RA, Mandarino LJ,
Ravussin E. Adiponectin receptors gene expression and insulin sensitivity
in non-diabetic Mexican Americans with or without a family history of
Type 2 diabetes. Diabetologia 47: 816–820, 2004.

13. Cline GW, Petersen KF, Krssak M, Shen J, Hundal RS, Trajanoski Z,
Inzucchi S, Dresner A, Rothman DL, Shulman GI. Impaired glucose
transport as a cause of decreased insulin-stimulated muscle glycogen
synthesis in type 2 diabetes. N Engl J Med 341: 240–246, 1999.

14. Cote M, Mauriege P, Bergeron J, Almeras N, Tremblay A, Lemieux I,
Despres JP. Adiponectinemia in visceral obesity: impact on glucose
tolerance and plasma lipoprotein and lipid levels in men. J Clin Endocri-
nol Metab 90: 1434–1439, 2005.

15. Dohm GL, Tapscott EB, Pories WJ, Dabbs DJ, Flickinger EG, Meel-
heim D, Fushiki T, Atkinson SM, Elton CW, Caro JF. An in vitro
human muscle preparation suitable for metabolic studies. Decreased insu-
lin stimulation of glucose transport in muscle from morbidly obese and
diabetic subject. J Clin Invest 82: 486–494, 1988.

16. Dresner A, Laurent D, Marcucci M, Griffin ME, Dufour S, Cline GW,
Slezak LA, Andersen DK, Hundal RS, Rothman DL, Petersen KF,
Shulman GI. Effects of free fatty acids on glucose transport and IRS-1-
associated phosphatidylinositol 3-kinase activity. J Clin Invest 103: 253–
259, 1999.

17. Haffner SM, Kennedy E, Gonzalez C, Stern MP, Miettinen H. A
prospective analysis of the HOMA model. The Mexico City Diabetes
Study. Diabetes Care 19: 1138–1141, 1996.

18. Hulver MW, Berggren JR, Cortright RN, Dudek RW, Thompson RP,
Pories WJ, MacDonald KG, Cline GW, Shulman GI, Dohm GL,
Houmard JA. Skeletal muscle lipid metabolism with obesity. Am J
Physiol Endocrinol Metab 284: E741–E747, 2003.

19. Kelley DE, Mintun MA, Watkins SC, Simoneau JA, Jadali F,
Fredrickson A, Beattie J, Theriault R. The effect of non-insulin-
dependent diabetes mellitus and obesity on glucose transport and phos-
phorylation in skeletal muscle. J Clin Invest 97: 2705–2713, 1996.

20. Kim JY, Hickner RC, Cortright RL, Dohm GL, Houmard JA. Lipid
oxidation is reduced in obese human skeletal muscle. Am J Physiol
Endocrinol Metab 279: E1039–E1044, 2000.

21. Luiken JJ, Arumugam Y, Dyck DJ, Bell RC, Pelsers MM, Turcotte
LP, Tandon NN, Glatz JF, Bonen A. Increased rates of fatty acid uptake
and plasmalemmal fatty acid transporters in obese Zucker rats. J Biol
Chem 276: 40567–40573, 2001.

22. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and beta-
cell function from fasting plasma glucose and insulin concentrations in
man. Diabetologia 28: 412–419, 1985.

23. McAinch AJ, Steinberg GR, Mollica J, O’Brien PE, Dixon JB, Ma-
caulay SL, Kemp BE, Cameron-Smith D. Differential regulation of

adiponectin receptor gene expression by adiponectin and leptin in myo-
tubes derived from obese and diabetic individuals. Obesity (Silver Spring)
14: 1898–1904, 2006.

24. Mullen KL, Smith AC, Junkin KA, Dyck DJ. Globular adiponectin
resistance develops independently of impaired insulin-stimulated glucose
transport in soleus muscle from high-fat-fed rats. Am J Physiol Endocrinol
Metab 293: E83–E90, 2007.

25. Smith AC, Bruce CR, Dyck DJ. AMP kinase activation with AICAR
simultaneously increases fatty acid and glucose oxidation in resting rat
soleus muscle. J Physiol 565: 537–546, 2005.

26. Tanner CJ, Barakat HA, Dohm GL, Pories WJ, MacDonald KG,
Cunningham PR, Swanson MS, Houmard JA. Muscle fiber type is
associated with obesity and weight loss. Am J Physiol Endocrinol Metab
282: E1191–E1196, 2002.

27. Thompson AL, Lim-Fraser MY, Kraegen EW, Cooney GJ. Effects of
individual fatty acids on glucose uptake and glycogen synthesis in soleus
muscle in vitro. Am J Physiol Endocrinol Metab 279: E577–E584, 2000.

28. Thrush AB, Chabowski A, Heigenhauser GJ, McBride BW, Or-
Rashid M, Dyck DJ. Conjugated linoleic acid increases skeletal muscle
ceramide content and decreases insulin sensitivity in overweight, non-
diabetic humans. Appl Physiol Nutr Metab 32: 372–382, 2007.

29. Tomas E, Tsao TS, Saha AK, Murrey HE, Zhang Cc C, Itani SI,
Lodish HF, Ruderman NB. Enhanced muscle fat oxidation and glucose
transport by ACRP30 globular domain: acetyl-CoA carboxylase inhibition
and AMP-activated protein kinase activation. Proc Natl Acad Sci USA 99:
16309–16313, 2002.

30. Wallberg-Henriksson H, Zetan N, Henriksson J. Reversibility of de-
creased insulin-stimulated glucose transport capacity in diabetic muscle
with in vitro incubation. Insulin is not required. J Biol Chem 262:
7665–7671, 1987.

31. Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S,
Sugiyama T, Miyagishi M, Hara K, Tsunoda M, Murakami K, Ohteki
T, Uchida S, Takekawa S, Waki H, Tsuno NH, Shibata Y, Terauchi Y,
Froguel P, Tobe K, Koyasu S, Taira K, Kitamura T, Shimizu T, Nagai
R, Kadowaki T. Cloning of adiponectin receptors that mediate antidia-
betic metabolic effects. Nature 423: 762–769, 2003.

32. Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S,
Yamashita S, Noda M, Kita S, Ueki K, Eto K, Akanuma Y, Froguel P,
Foufelle F, Ferre P, Carling D, Kimura S, Nagai R, Kahn BB,
Kadowaki T. Adiponectin stimulates glucose utilization and fatty-acid
oxidation by activating AMP-activated protein kinase. Nat Med 8: 1288–
1295, 2002.

33. Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K, Mori
Y, Ide T, Murakami K, Tsuboyama-Kasaoka N, Ezaki O, Akanuma
Y, Gavrilova O, Vinson C, Reitman ML, Kagechika H, Shudo
K, Yoda M, Nakano Y, Tobe K, Nagai R, Kimura S, Tomita M,
Froguel P, Kadowaki T. The fat-derived hormone adiponectin reverses
insulin resistance associated with both lipoatrophy and obesity. Nat Med 7:
941–946, 2001.

34. Yu C, Chen Y, Cline GW, Zhang D, Zong H, Wang Y, Bergeron R,
Kim JK, Cushman SW, Cooney GJ, Atcheson B, White MF, Kraegen
EW, Shulman GI. Mechanism by which fatty acids inhibit insulin
activation of insulin receptor substrate-1 (IRS-1)-associated phosphatidyl-
inositol 3-kinase activity in muscle. J Biol Chem 277: 50230–50236,
2002.

R1212 EFFECTS OF PALMITATE AND gAd IN HUMAN MUSCLE

AJP-Regul Integr Comp Physiol • VOL 294 • APRIL 2008 • www.ajpregu.org

Downloaded from journals.physiology.org/journal/ajpregu (069.255.170.218) on March 17, 2022.


