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Acetyl–CoA carboxylase 2 (ACC)2 is a key regulator of mitochondrial fat oxidation. To examine the impact of ACC2 deletion on
whole-body energy metabolism, we measured changes in substrate oxidation and total energy expenditure in Acc2ⴚ/ⴚ and WT
control mice fed either regular or high-fat diets. To determine
insulin action in vivo, we also measured whole-body insulinstimulated liver and muscle glucose metabolism during a
hyperinsulinemic– euglycemic clamp in Acc2ⴚ/ⴚ and WT control
mice fed a high-fat diet. Contrary to previous studies that have
suggested that increased fat oxidation might result in lower
glucose oxidation, both fat and carbohydrate oxidation were
simultaneously increased in Acc2ⴚ/ⴚ mice. This increase in both fat
and carbohydrate oxidation resulted in an increase in total energy
expenditure, reductions in fat and lean body mass and prevention
from diet-induced obesity. Furthermore, Acc2ⴚ/ⴚ mice were protected from fat-induced peripheral and hepatic insulin resistance.
These improvements in insulin-stimulated glucose metabolism
were associated with reduced diacylglycerol content in muscle and
liver, decreased PKC activity in muscle and PKC activity in liver,
and increased insulin-stimulated Akt2 activity in these tissues.
Taken together with previous work demonstrating that Acc2ⴚ/ⴚ
mice have a normal lifespan, these data suggest that Acc2 inhibition is a viable therapeutic option for the treatment of obesity and
type 2 diabetes.
diet-induced obesity prevention 兩 intracellular diacylglycerol 兩
increased fat oxidation 兩 insulin resistance prevention

A

cetyl–CoA carboxylase (ACC) catalyses the synthesis of malonyl CoA, a precursor for fatty acid synthesis and an allosteric
inhibitor of carnitine palmitoyltransferase 1 (1–3). The fact that
carnitine palmitoyltransferase 1 regulates fatty acid transfer into
mitochondria for subsequent oxidation means that ACC regulates
both fatty acid synthesis and oxidation (1–4). There are two ACC
isoforms. ACC1 is highly expressed in adipose tissue and liver and
is essential for survival (5, 6). ACC2 is primarily expressed in
oxidative tissues, such as heart and skeletal muscle, but is also
expressed in liver, and adipose tissues (5). The regulation of ACC
can be at the level of gene expression or by modulation of enzymatic
activities either through allosteric regulation by citrate and
palmitoyl–CoA or by phosphorylation/dephosphorylation of specific serine residues by both cAMP-dependent PKA and AMPactivated PK (AMPK) (7–11).
Acc2 knockout (Acc2⫺/⫺) mice are viable but leaner than WT
controls, and ex vivo measurements of fat oxidation in muscle and
fat obtained from Acc2⫺/⫺ mice have revealed increased rates of fat
oxidation (12, 13). Given the potentially important role of intracellular fatty acid metabolites in mediating insulin resistance in liver
and skeletal muscle (14–17), one would predict that Acc2⫺/⫺ mice
should be protected from fat-induced insulin resistance. However,
the Randle hypothesis states that fat oxidation and carbohydrate
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oxidation are mutually inhibitory (18, 19). Because insulin-induced
changes in ACC activity are pivotal in switching between carbohydrate and fat oxidation during the fed-fasting transition, knocking
out Acc2, according to this model, would result in higher fat
oxidation and lower glucose oxidation, regardless of the nutritional
state leading to insulin resistance. Therefore, the aim of this study
was to examine each of these hypotheses by evaluating whole-body
insulin action in Acc2⫺/⫺ mice by the hyperinsulinemic–euglycemic
clamp in combination with detailed analyses of insulin signaling in
liver and muscle. In addition, we sought to examine the impact of
ACC2 deficiency on whole-body energy expenditure, activity, and
food intake in Acc2⫺/⫺ mice fed either a regular chow diet or a
high-fat diet (HFD).
Results
Fat Mass Was Reduced Secondary to Increased Energy Expenditure in
Acc2ⴚ/ⴚ Mice. Total body weights were significantly reduced in

Acc2⫺/⫺ mice fed either a regular diet or HFD despite increased
food consumption (Table 1). NMR analysis of body composition
suggested that this was a result of a reduction in both fat and lean
body mass (Table 1). High-fat feeding (3 weeks) increased body
weight in WT littermates to a greater extent than in Acc2⫺/⫺ mice
(3.6 ⫾ 0.4 g vs. 2.0 ⫾ 0.4 g; P ⫽ 0.02), the difference being exclusively
attributable to greater fat gain (WT vs. Acc2⫺/⫺ mice: 3.62 ⫾ 0.4 g
vs. 2.4 ⫾ 0.5 g; P ⫽ 0.05). To evaluate the prevention of HFDinduced obesity in Acc2⫺/⫺ mice, energy balance of the mice was
assessed in an animal metabolic monitoring system for 4 days (2
days of acclimation followed by 2 days of measurements). Although
locomotor activity was similar in the WT and Acc2⫺/⫺ mice, total
energy expenditure was 15 and 19% higher in Acc2⫺/⫺ mice fed the
regular diet or HFD, respectively (Fig. 1 A and B and Table 1). As
we reported previously (5), there was a significant increase in food
intake in Acc2⫺/⫺ mice compared with the WT. These results are
consistent with the role of malonyl–CoA in regulating food intake
in mice (20).
Substrate Selection in Acc2ⴚ/ⴚ Mice. Because knocking out ACC2

would be expected to promote fat oxidation regardless of the
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Table 1. Basal metabolic parameters of energy balance
Regular diet
WT (n ⫽ 11)

Metabolic parameter

30.5 ⫾ 0.3
2.86 ⫾ 0.27
22.9 ⫾ 0.3
19.8 ⫾ 0.4
23.8 ⫾ 1.7
67.9 ⫾ 9.7
0.925 ⫾ 0.013

Body weight, g
Fat mass, g
Lean body mass, g
Total energy expenditure
Food intake
Activity, counts
RQ

HFD

Acc2⫺/⫺

(n ⫽ 10)

26.2 ⫾ 0.5*
2.24 ⫾ 0.26
20.0 ⫾ 0.5*
23.5 ⫾ 1.4‡
30.9 ⫾ 1.3‡
84.1 ⫾ 21.1
0.933 ⫾ 0.008

WT (n ⫽ 10)

Acc2⫺/⫺ (n ⫽ 10)

34.1 ⫾ 0.4
6.37 ⫾ 0.28
23.11 ⫾ 0.32
22.8 ⫾ 0.6
25.5 ⫾ 3.0
79.4 ⫾ 5.3
0.793 ⫾ 0.007

28.2 ⫾ 0.8*
4.65 ⫾ 0.37†
19.67 ⫾ 0.47*
26.0 ⫾ 0.7‡
26.2 ⫾ 2.2
75.7 ⫾ 10.0
0.798 ⫾ 0.007

nutritional state, we examined respiratory quotient (RQ) profiles,
which reflect the relative contributions of carbohydrate and fat
oxidation to total energy expenditure. Surprisingly, RQ was similar
in regular-diet-fed (60% carbohydrate, 10% fat, 30% protein
calories) Acc2⫺/⫺ and WT mice during both the light (fasting) and
dark (fed) phase (Fig. 1C and Table 1). Switching the mice from a
regular diet to a HFD (24% carbohydrate, 55% fat, 21% protein
calories) reduced RQ to the same extent in WT and Acc2⫺/⫺ mice
(Fig. 1D). Given the marked increase in total energy expenditure
in Acc2⫺/⫺ mice (Fig. 1 A), the similar RQ profiles of both groups
suggest that fat and carbohydrate oxidation were significantly
increased in the Acc2⫺/⫺. Plasma ketone concentrations, which
reflect hepatic fat oxidation, were increased in Acc2⫺/⫺ mice in both
the fed and fasting state (Table 2). We also measured liver glycogen
content in both states. After overnight fasting, liver glycogen stores
were almost totally depleted in WT and Acc2⫺/⫺ mice (data not
shown). Five hours after refeeding, glycogen stores were replenished in both groups, but Acc2⫺/⫺ mice stored less glycogen in the
liver [WT (n ⫽ 8) vs. Acc2⫺/⫺ mice (n ⫽ 6): 4.5 ⫾ 0.24 vs. 3.0 ⫾
0.43 g per 100 g of liver; P ⫽ 0.008].
Hepatic and Peripheral Insulin Sensitivities Are Increased in High-FatFed Acc2ⴚ/ⴚ Mice. Fasting plasma glucose and insulin concentra-

tions were reduced by ⬇30% in high-fat-fed Acc2⫺/⫺ mice (Table
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Fig. 1. Energy balance and substrate selection. Energy expenditure (A and
B) and RQ (C and D) were assessed by a comprehensive animal metabolic
monitoring system (CLAMS) in Acc2⫺/⫺ and WT mice fed a regular diet and a
HFD. Metabolic parameters were measured over a 48-h period, and equivalent
time points, which were collected during the first and second 24-h periods,
were averaged together. The results are a profile of the average energy
expenditure of each group per hour during the 24-h course. The data are
expressed as mean values ⫾ SEM of five to eight mice per group. *, P ⬍ 0.05
(Acc2 ⫺/⫺ vs. WT).
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2) compared with high-fat-fed WT mice, whereas plasma fatty
acids, triglycerides, and cholesterol were similar in both groups
(Table 2). To gain further insight into insulin action on wholebody and tissue-specific glucose metabolism, we performed
hyperinsulinemic–euglycemic clamps with radioisotope-labeled
glucose infusion. Consistent with previous studies (21, 22),
high-fat feeding induced severe liver (Fig. 2C) and muscle (Fig.
2D) insulin resistance in the WT mice. Insulin responsiveness in
the Acc2⫺/⫺ mice was markedly increased, as reflected by a
2-fold increase in the steady-state glucose infusion rate to
maintain euglycemia during the hyperinsulinemic–euglycemic
clamps (Fig. 2 A and B). This improvement in insulin-stimulated
glucose metabolism in the Acc2⫺/⫺ mice could be attributed to
a 78% increase in insulin-induced suppression of hepatic glucose
production (Fig. 2C) and a 42% increase in insulin-stimulated
whole-body glucose uptake (Fig. 2D). The increase in wholebody glucose uptake was associated with significant increases in
whole-body glycolysis (26%) and glycogen synthesis (75%) (Fig.
2D). Glucose uptake in skeletal muscle (SKM) and white
adipose tissue were increased by 66% and 100%, respectively, in
Acc2⫺/⫺ mice (Figs. 2 E and F). The ability of insulin to suppress
peripheral lipolysis and reduce fatty acid concentration, which
serves as an index of adipose tissue insulin sensitivity, was also
higher by 42% in Acc2⫺/⫺ mice than the WT control mice during
the hyperinsulinemic–euglycemic clamps (Fig. 2G). Although
insulin was infused at a constant and identical rate throughout
the clamp studies, plasma insulin concentrations were 26% lower
in the Acc2⫺/⫺ mice, suggesting increased insulin clearance
(Table 2).

novel (n)PKC activity in muscle (PKC) and liver (PKC) in
mediating fat-induced insulin resistance in these tissues (17, 23–28).
Consistent with this hypothesis, improved insulin sensitivity in
muscle and liver of high-fat-fed Acc2⫺/⫺ mice was associated with
a 30–40% reduction in the membrane translocation of PKC and
PKC in muscle and liver, respectively (Fig. 3 A and B), and a
30–40% increase in insulin-stimulated Akt2 activity (Fig. 3 C
and D).
Decreased Triglycerides, Diacylglycerol, and Long-Chain Acyl–CoAs
but Not Ceramide in Acc2ⴚ/ⴚ Mice. Intracellular concentrations of

triglyceride and long-chain acyl–CoAs were lower in the liver and
skeletal muscle of Acc⫺/⫺ mice compared with WT mice (Fig. 4 A,
B, E, and F). More importantly, the concentrations of diacylglycerol
in liver and the membrane/cytosol ratio of skeletal muscle diacylglycerol were decreased by ⬇50% in the high-fat-fed Acc2⫺/⫺ mice
compared with the high-fat-fed WT mice (Figs. 4 C and D).
Ceramides have also been suggested to be mediators of insulin
resistance (29, 30). In contrast to the observed difference in
diacylglycerol, there was no difference in ceramide content of
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Total energy expenditure and food intake were measured in kilocalories (1 cal ⫽ 4.18 kJ) per hour per kilogram
of lean body mass. *, P ⬍ 0.001; †, P ⬍ 0.01; ‡, P ⬍ 0.05 (Acc2⫺/⫺ vs. WT).

Table 2. Plasma metabolite, hormone, and cytokine data from high-fat-fed WT and Acc2ⴚ/ⴚ mice
Fast
Parameter
Glucose, mg/dl
Insulin, microunits/ml
Fatty acids, mEq/liter
Triglycerides, mg/dl
Cholesterol, mg/dl
␤ -Hydroxybutyrate, mM
Resistin, pM
TNF-␣ , pM
IL-6, pM
Leptin, pM
Adiponectin, g/ml

WT (n ⫽ 9)
131 ⫾ 8
16.6 ⫾ 1.2
1.05 ⫾ 0.11
115 ⫾ 15
100 ⫾ 10
1.76 ⫾ 0.13
1,607 ⫾ 333
2.31 ⫾ 0.25
4.75 ⫾ 0.81
3,499 ⫾ 1,627
7.5 ⫾ 1.6

Clamp
Acc2⫺/⫺

(n ⫽ 9)

96 ⫾ 8*
11.7 ⫾ 1.0*
1.15 ⫾ 0.05
113 ⫾ 8
109 ⫾ 7
2.83 ⫾ 0.35*
1,498 ⫾ 172
3.19 ⫾ 0.67
6.25 ⫾ 1.86
2,869 ⫾ 981
9.3 ⫾ 1.8

WT (n ⫽ 9)
118 ⫾ 2
77.9 ⫾ 3.3
0.74 ⫾ 0.08
ND
ND
ND

Acc2⫺/⫺

Fed
(n ⫽ 9)

124 ⫾ 3
57.4 ⫾ 6.4†
0.43 ⫾ 0.06*
ND
ND
ND

WT (n ⫽ 8)

Acc2⫺/⫺ (n ⫽ 6)

214 ⫾ 6
ND
0.45 ⫾ 0.04
107 ⫾ 18
116 ⫾ 13
0.26 ⫾ 0.03

189 ⫾ 12
ND
0.46 ⫾ 0.05
99 ⫾ 5
105 ⫾ 13
0.48 ⫾ 0.11†

*, P ⬍ 0.01; †, P ⬍ 0.05 (Acc2⫺/⫺ vs. WT); ND, not determined.

skeletal muscle between WT and Acc2⫺/⫺ mice [WT (n ⫽ 8) vs.
Acc2⫺/⫺ mice (n ⫽ 5): 51.1 ⫾ 3.5 vs. 55.4 ⫾ 4.2 nmol/g, P ⫽ 0.45].
Plasma Adipocytokines and AMPK-␣2 Activity in Skeletal Muscle.

Recent studies have suggested that circulating adipocytokines can
modulate insulin sensitivity and fat content of liver and muscle
(31–34). Thus we measured plasma concentrations of resistin,
TNF␣, IL-6, leptin, and adiponectin but found no significant
differences in plasma concentrations of these adipocytokines between Acc2⫺/⫺ and WT mice (Table 2). In addition, because an
increase in AMPK activity could also explain many of the observations in Acc2⫺/⫺ mice, we also measured AMPK-␣2 activity in the
Acc2⫺/⫺ and WT mice. However, there was no difference in
AMPK-␣2 activity in the tibialis anterior (TA), a mixed fiber-type
muscle, between the two groups [WT, 0.75 ⫾ 0.14 (n ⫽ 9) vs.
Acc2⫺/⫺ 0.45 ⫾ 0.10 pmol/min䡠mg⫺1 (n ⫽ 8); P, not significant].
Discussion
Recent studies have strongly implicated increases in intracellular
lipid content in liver and skeletal muscle because of increased fatty
acid delivery and/or decreased fat oxidation in causing insulin
resistance in these tissues (17). This hypothesis has generated
interest in potential therapeutic strategies aimed at increasing
mitochondrial fat oxidation to decrease the intracellular lipid
contents. By controlling malonyl–CoA levels at the mitochondrial
carnitine palmitoyltransferase 1, ACC2 regulates fatty acid transfer
into mitochondria where they are subsequently oxidized. Previous
studies have demonstrated that knocking out Acc2 in mice results
in significant increases of fat oxidation in fat, muscle, and liver in
vitro (12, 13). In this study, we assessed body composition and
energy balance in these mice and found that fat and lean mass were
reduced in Acc2⫺/⫺ mice and that this could be attributed to 19 and
14% increases in whole-body energy expenditure in Acc2⫺/⫺ mice
fed either a regular diet or HFD, respectively (Table 1). The fact
that energy expenditure was increased throughout the light and
dark cycle and that physical activity was similar in WT and Acc2⫺/⫺
mice suggests that substrate oxidation is continuously higher in the
Acc2⫺/⫺ mice. Fat oxidation and carbohydrate oxidation are
thought to be mutually inhibitory; in fact, this competition was a key
element in the Randle hypothesis, which originally offered an
attractive explanation for fatty acid-induced insulin resistance (18,
19). However, we observed identical RQ measurements throughout
the light and dark cycle, despite higher energy expenditure in the
Acc2⫺/⫺ mice, suggesting that knocking out Acc2 increased carbohydrate oxidation to the same extent as fat oxidation. This observation is supported by the increase in glucose and fat oxidation
noted previously in adipocytes obtained from Acc2⫺/⫺ mice (13).
Taken together, these data suggest that there is a simultaneous
16482 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0706794104

increase in both glucose and fatty acid oxidation rather than fuel
competition between fat and carbohydrate in Acc2⫺/⫺ mice.
Although protection from diet-induced obesity is clearly beneficial, the loss of lean body mass and increased fatty acid oxidation,
as seen in Acc2⫺/⫺ mice, may not be beneficial in terms of insulin
sensitivity, raising concerns about the metabolic consequences of
ACC2 inhibition. To address this, we performed hyperinsulinemic–
euglycemic clamps in high-fat fed Acc2⫺/⫺ mice and WT littermates
to assess hepatic and peripheral insulin sensitivity. As in our
previous studies (21, 22), high-fat feeding induced severe insulin
resistance in the WT mice, as reflected by lack of suppression of
hepatic glucose production and markedly decreased peripheral
glucose uptake during the clamp under physiological insulin levels.
In contrast, insulin responsiveness in both liver and peripheral
tissues was improved in Acc2⫺/⫺ mice compared with the WT mice.
Notably, insulin-stimulated glucose uptake was increased in skeletal
muscle, where ACC2 is most highly expressed, and its deficiency
induces fat oxidation. In keeping with the idea that fuel competition
is not operating in the Acc2⫺/⫺ mice, tissue insulin sensitivity was
improved rather than inhibited despite increased fat oxidation.
Whole-body glycolysis, which accounts for the majority of insulinstimulated glucose disposal in mice, was increased by 26%, and
glycogen synthesis was increased by 75%. Although the latter data
suggest that glucose was preferentially stored as glycogen in
Acc2⫺/⫺ mice, the absolute changes in glycolytic flux and glycogen
synthesis flux were similar (5.9 vs. 7.4 mg/kg䡠min⫺1). These changes
in whole-body insulin-stimulated glucose flux were accompanied by
concordant improvements in insulin signaling in liver and muscle
tissue. Fasting plasma concentrations of fatty acids, triglyceride, and
cholesterol were similar in both groups; this observation may reflect
increased flux of lipids from adipose tissue to liver and other
oxidative tissues. HFD-induced or obesity-related insulin resistance
is usually accompanied by impaired insulin clearance (35–37), and
weight loss enhances insulin clearance (35, 38). Consistent with
these findings, we observed lower plasma insulin concentrations in
Acc2⫺/⫺ mice during the hyperinsulinemic–euglycemic clamp.
The above data strongly suggest that ectopic lipid accumulation
causes insulin resistance and that increased fat oxidation improves
insulin sensitivity. However, the molecular mechanisms responsible
for this relationship remain uncertain. We have suggested that
fat-induced insulin resistance in muscle and liver is caused by
intracellular accumulation of diacylglycerol, which activates PKC
in muscle and PKC in liver, which, in turn, activate a serine kinase
cascade that leads to impaired insulin signaling in these tissues (17,
23–28, 39). We therefore predicted that any metabolic change that
reduces the accumulation of intracellular fatty acid metabolites and,
in particular, diacylglycerol (a potent activator of nPKCs) might
result in amelioration of insulin resistance in liver and skeletal
muscle (17). Consistent with this hypothesis, we found that knockChoi et al.
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Fig. 2. Knocking out of ACC2 significantly improved hepatic and peripheral
insulin sensitivity in high-fat-fed mice. Peripheral and hepatic insulin sensitivity was assessed by means of hyperinsulinemic– euglycemic clamps. (A) Plasma
glucose. (B) Glucose infusion rates. (C) Hepatic glucose production during
hyperinsulinemic– euglycemic clamps. (D) Whole-body glucose uptake,
whole-body glycolysis, and whole-body glycogen synthesis. (E) Skeletal muscle
(gastrocnemius) glucose uptake. (F) Epididymal white adipose tissue (WAT)
glucose uptake. (G) Suppression of plasma fatty acid concentrations during
the clamps. The data are expressed as mean values ⫾ SEM for nine mice per
group. *, P ⬍ 0.05; †, P ⬍ 0.01; ‡, P ⬍ 0.001 (Acc2 ⫺/⫺ vs. WT); 2DG, 2-deoxy
glucose.

ing out ACC2 increased whole-body fat oxidation, resulting in a
⬇50% reduction in diacylglycerol content in liver and in the
membrane-to-cytosol ratio of diacylglycerol in skeletal muscle.
These changes were also associated with decreased PKC activity
in liver and PKC activity in skeletal muscle and increased insulinstimulated AKT activity in these tissues. Furthermore, these
changes were not associated with any changes in plasma concentrations of IL-6, TNF-␣, adiponectin, or resistin, suggesting that
these adipocytokines were not involved in mediating insulin resistance in this mouse model.
Several pharmacological attempts have been made to inhibit
ACC (40). Major difficulties have included problems in generating
ACC isoform specific inhibitors. The ACC1 knockout is embryonic
lethal, suggesting that ACC2 is a better therapeutic target than
ACC1. Although we have effectively used isoform specific antisense
oligonucleotide inhibitors or combinations thereof in a rat model of
nonalcoholic fatty liver disease, target knockdown was confined to
liver and fat, leaving ACC2 in muscle unchanged (28). Because
muscle is a major oxidative tissue, this likely explains why we did not
observe any similar reductions in body weight in the ACC1/ACC2
antisense oligonucleotide inhibitor studies (28). The data presented
suggest that further attempts to target ACC2 in at least fat, muscle,
and liver are warranted.
In summary, we have shown that constitutively promoting fat
oxidation by knocking out Acc2 increases energy expenditure and
reduces fat and lean mass in mice. Reassuringly, these changes are
associated with improved peripheral and hepatic insulin sensitivity.
Choi et al.

Mice were housed under controlled temperature (22 ⫾ 2°C) and
lighting (12 h of light, 0700–1700 hours; 12 h of dark, 1700–0700
hours) with free access to water and food. To examine the dietinduced changes in glucose and fat metabolism, male Acc2⫺/⫺ and
WT mice were fed a regular diet (TD2018; Harlan Teklad, Madison, WI) or HFD (55% fat by calories; TD 93075; Harlan Teklad)
ad libitum at the age of 17–18 weeks for 3 weeks, and metabolic
parameters and insulin action were measured. Mice were maintained in accordance with the Institutional Animal Care and Use
Committee of the Yale University School of Medicine.
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These data suggest that ACC2 inhibitors remain a potentially useful
therapeutic option for treatment of obesity and type 2 diabetes.
Animals. Acc2⫺/⫺ mice were generated as described previously (5).
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resonance spectroscopy (Bruker BioSpin, Billerica, MA) before
and after 3 weeks of high-fat feeding. A comprehensive animal
metabolic monitoring system (CLAMS; Columbus Instruments,
Columbus, OH) was also used to evaluate activity, food consumption, and energy expenditure before and after 3 weeks of high-fat
feeding. Energy expenditure and food intake data were normalized
with respect to lean body weight. Energy expenditure and RQ were
calculated from the gas exchange data [energy expenditure ⫽
(3.815 ⫹ 1.232 ⫻ RQ) ⫻ VO2]. RQ is the ratio of VCO2 to VO2,
which changes depending on the energy source the animal is using.
When carbohydrates are the only substrate being oxidized, the RQ
will be 1.0, and it will be 0.7 when only fatty acids are oxidized.
Activity was measured on x and z axis by using infrared beams to
count the beam breaks during a specified measurement period.
Feeding is measured by recording the difference in the scale
measurement of the center feeder from one time point to another.
We studied five to eight male mice per group. Additional blood
samples were obtained for the measurement of plasma lipid and
ketone body concentrations at the overnight fasting states.
Hyperinsulinemic–Euglycemic Clamp Study. Seven days before the
hyperinsulinemic–euglycemic clamp studies, indwelling catheters
were placed into the right internal jugular vein extending to the right
atrium. After an overnight fast, [3-3H]glucose (HPLC purified;
PerkinElmer, Boston, MA) was infused at a rate of 0.05 Ci/min for
basal 2 h to assess the basal glucose turnover. After the basal period,
hyperinsulinemic–euglycemic clamp was conducted for 120 min
with a primed/continuous infusion of human insulin (126 pmol/kg,
prime; 18 pmol/kg䡠min⫺1, infusion) (Novo Nordisk, Princeton, NJ)
to raise plasma insulin within the physiological range. Blood
samples (10 l) were collected at 10- to 20-min intervals for
immediate measurement of plasma glucose, and 20% dextrose was
infused at various rates to maintain plasma glucose at basal
concentrations (⬇6.7 mM). To estimate insulin-stimulated wholebody glucose fluxes, [3-3H]glucose was infused at a rate of 0.1
Ci/min throughout the clamps and 2-deoxy-D-[1-14C]glucose
(PerkinElmer) was injected as a bolus at minute 75 of the clamp to
estimate the rate of insulin-stimulated tissue glucose uptake, as
described previously (22). Blood samples (10 l) for the measurement of plasma 3H and 14C activities were taken at the end of the
basal period and during the last 45 min of the clamp. Additional
blood samples were obtained for the measurement of plasma
insulin and free fatty acid concentrations at the end of basal and
clamp periods. At the end of the clamp, mice were anesthetized with
pentobarbital sodium injection and tissues were taken for biochemical measurements within 4 min. Each tissue, once exposed, was
dissected out within 2 sec, frozen immediately by using liquid
N2-cooled aluminum blocks, and stored at ⫺80°C for subsequent
analysis.
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Fig. 3. Knocking out of Acc2 increased Akt2 activity and decreased PKC
membrane translocation. (C and D) Improved muscle and hepatic insulin sensitivity are associated with increased Akt2 activity in muscle (C) and liver (D). (A and
B) Reduced membrane translocation of PKC in muscle (A) and PKC in liver (B)
may be directly involved in improving muscle and hepatic insulin signaling. Akt2
activity was assessed 14 min after i.p. insulin injection of 1 unit per kilogram of
body weight. Data are expressed as mean values ⫾ SEM for four to five mice per
group. *, P ⬍ 0.05; †, P ⬍ 0.01; ‡, P ⬍ 0.001 (Acc2 ⫺/⫺ vs. WT).

E

glucose, plasma was deproteinized with ZnSO4 and Ba(OH)2, dried
to remove 3H2O, resuspended in water, and counted in scintillation
fluid (Ultima Gold; PerkinElmer) on a scintillation counter (Beckman, Fullerton, CA). Rates of basal and insulin-stimulated wholebody glucose turnover were determined as the ratio of the
[3-3H]glucose infusion rate (dpm) to the specific activity of plasma
glucose (dpm per milligram) at the end of the basal period and
during the final 30 min of the clamp experiment, respectively.
Hepatic glucose production was determined by subtracting the
glucose infusion rate from the total glucose appearance rate.
The plasma concentration of 3H2O was determined by the
difference between 3H counts without and with drying. Wholebody glycolysis was calculated from the rate of increase in
plasma 3H2O concentration divided by the specific activity of
plasma 3H-glucose, as described previously (41). Whole-body
glycogen synthesis was estimated by subtracting whole-body
glycolysis from whole-body glucose uptake, assuming that
glycolysis and glycogen synthesis accounted for the majority of
insulin-stimulated glucose uptake (42).
For the determination of individual tissue glucose uptake, tissue
samples were homogenized and the supernatants were subjected to
an ion-exchange column to separate tissue 14C-2-deoxy glucose
(14C-2-DG)-6-phosphate from 14C-2-DG. Tissue glucose uptake
was calculated from the area under curve of plasma 14C-2-DG
profile and muscle 14C-2-DG-6-phosphate content, as described
previously (41).
Biochemical Analysis. Plasma glucose was analyzed during the
clamps by using 10 l of plasma by a glucose oxidase method on a
Glucose Analyzer II (Beckman). Plasma insulin levels were determined by RIA by using a RIA kit from Linco Research (St. Louis,
MO). Plasma FFA was determined by using an acyl–CoA oxidase
based colorimetric kit (Wako Pure Chemical Industries, Osaka,
Japan). Plasma resistin, leptin, TNF␣, and IL-6 were measured by
16484 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0706794104
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Fig. 4. Decreased triglycerides, diacylglycerol, and long-chain acyl–CoAs in
Acc2⫺/⫺ mice. (A, B, E, and F) Triglyceride and long-chain acyl–CoA levels were
significantly decreased in muscle (A and E) and liver (B and F) in Acc2⫺/⫺ mice.
(C and D) Skeletal muscle membrane-to-cytosol ratio of diacylglycerols (C) and
hepatic diacylglycerols (D) were significantly lower in Acc2⫺/⫺ mice compared
with WT mice. Data are expressed as mean values ⫾ SEM for five to eight mice
per group. *, P ⬍ 0.05, †, P ⬍ 0.01; ‡, P ⬍ 0.001 (Acc2 ⫺/⫺ vs. WT).

multiplexed biomarker immunoassays (Lincoplex), and adiponectin
was measured by an RIA kit from Linco Research.
Insulin Signaling and PKCs. Akt2 activity was assessed in protein

extracts from muscle and liver harvested after short-term insulin
stimulation. Akt2 assays were performed according to methods
described previously (25, 43–45). The primary antibody used for
experiments was rabbit polyclonal IgG. Antibodies for Akt2 were
obtained from Upstate (Charlottesville, VA). For PKC membrane
translocation, 50 g of crude membrane and cytosol protein
extracts were resolved by SDS/PAGE by using 8% gel and electroblotted onto PVDF membrane (DuPont, Wilmington, DE) by using
a semidry transfer cell (Bio-Rad, Hercules, CA). The membrane
was then blocked for 2 h at room temperature in PBS–Tween (10
mM NaH2PO4/80 mM Na2HPO4/0.145 mM NaCl/0.1% Tween 20,
pH 7.4) containing 5% (wt/vol) nonfat dried milk, washed twice,
and then incubated overnight with rabbit anti-peptide antibody
against PKC and PKC (Santa Cruz Biotechnology, Santa Cruz,
CA) diluted 1:100 in rinsing solution. After further washings,
membranes were incubated with horseradish peroxidaseconjugated IgG fraction of goat anti-rabbit IgG (Bio-Rad), diluted
1:5,000 in PBS–Tween for 2 h. Membrane translocation of PKC
and PKC was expressed as the ratio of membrane bands over
cytosol bands (arbitrary units).
Tissue Lipid Measurement. The solid-phase extraction and purifica-

tion of medium, long-chain, and very long-chain fatty acyl–CoAs
Choi et al.

benzamidine/1 mM PMSF/glycerol (10% vol/vol)/Triton X-100 (1%
vol/vol)]. Homogenates were spun at 20,800 ⫻ g for 10 min at 4°C,
and protein concentrations were determined. AMPK-␣2 was immunoprecipitated overnight from cell lysates containing 1 mg of
protein by using 1 l of AMPK-␣2 antibody (Santa Cruz Biotechnology). Skeletal muscle AMPK-␣2 activity was determined by
following the incorporation of [32P]ATP into a synthetic peptide
containing the AMARA sequence on the following day.
Data Analysis and Presentation of Results. All results are expressed

as means ⫾ SEM of n observations. Statistical differences between
the means were assessed by Student’s t test.

anterior muscles were freeze clamped in situ. Skeletal muscle
samples were kept in liquid nitrogen until analyzed. Muscles were
ground with a mortar and pestle and mixed with 1 ml of lysis buffer
[50 mM Tris䡠HCl buffer (pH 7.5 at 4°C)/50 mM NaF/5 mM sodium
pyrophosphate/1 mM EDTA/1 mM EGTA/1 mM DTT/1 mM
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from liver and muscle have been described previously (46, 47). After
purification, fatty acyl–CoA fractions were dissolved in methanol/
H2O (1:1; vol/vol) and subjected to liquid chromatography/tandem
MS analysis. A turbo ion spray source was interfaced with an API
4000 tandem mass spectrometer (Applied Biosystems, Foster City,
CA) in conjunction with two 200 Series micropumps and a 200
Series autosampler (PerkinElmer). The diacylglycerol and ceramide extraction and analysis were performed as described previously (24, 26). Total diacylglycerol and ceramide contents are
expressed as the sum of individual species. Tissue triglyceride was
extracted by using the Bligh and Dyer method (46) and measured
by using a DCL Triglyceride Reagent (Diagnostic Chemicals Ltd.,
Oxford, CT).

