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Abstract
Mitochondrial fatty acid oxidation provides an important energy source for cellular metabolism
and decreased mitochondrial fatty acid oxidation has been implicated in the pathogenesis of type 2
diabetes. Paradoxically, mice with an inherited deficiency of the mitochondrial fatty acid oxidation
enzyme, very long chain acyl-CoA dehydrogenase (VLCAD), manifested increased fatty acid
oxidation in liver, muscle and brown adipose tissue and a lower whole body respiratory quotient
compared to WT mice. Moreover, VLCAD−/− mice were protected from fat-induced liver and
muscle insulin resistance, which was associated with reduced intracellular diacylglycerol content
and decreased activity of protein kinase Cε and protein kinase Cθ in liver and muscle respectively.
The increased insulin sensitivity in the VLCAD−/− mice was associated with increased liver and
muscle AMPK activity and increased PPARα expression in muscle and brown adipose tissue.
Taken together these data suggest that VLCAD−/− mice were protected from diet-induced obesity
and insulin resistance due to chronic activation of AMPK (liver and muscle) and PPARα (muscle
and BAT) activity resulting in increased fatty acid oxidation and decreased intramyocellular and
hepatocellular diacylglycerol content. Furthermore these data demonstrate that mitochondrial
dysfunction can paradoxically result in increased insulin sensitivity due to these compensatory
mechanisms.
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Introduction
Mitochondrial dysfunction with impaired skeletal muscle oxidative phosphorylation has
been implicated in the pathogenesis of insulin resistance and type 2 diabetes mellitus
(T2DM) (Kelley et al., 2002, Petersen et al., 2003; Mootha et al., 2003; Patti et al., 2003;
Petersen et al., 2004). Mitochondrial dysfunction resulting from a deficiency of long chain
acyl-CoA dehydrogenase (LCAD) caused fatty liver and hepatic insulin resistance in mice
(Zhang et al., 2007). A closely related enzyme of the same pathway, very long chain acyl-
CoA dehydrogenase (VLCAD) is a mitochondrial membrane associated enzyme that is
upstream of long chain acyl-CoA dehydrogenase in the mitochondrial fatty acid β-oxidation
spiral. Previous studies in humans have found that VLCAD deficiency resulted in reduced
fatty acid oxidation and was associated with fasting intolerance, Reye syndrome-like
disease, cardiac and skeletal muscle disease (Cox et al., 2001). To further investigate the
relationship between fatty acid oxidation enzyme deficiency and insulin resistance, we
performed metabolic studies on VLCAD deficient (VLCAD−/−) mice after high-fat feeding.
Surprisingly, we found that the VLCAD−/− mice were resistant to high-fat diet induced
obesity and insulin resistance with a mechanism related to activation of AMPK in liver and
skeletal muscle and a compensatory increase in fatty acid oxidation.

Results
VLCAD−/− mice are resistant to high-fat diet induced obesity due to decreased energy
intake and decreased respiratory quotient

Preliminary hyperinsulinemic-euglycemic clamp study of the VLCAD−/− mice fed standard
diet showed no difference in insulin sensitivity compared to WT mice (Supplemental Data,
Fig.1). To investigate why a major fatty acid oxidation enzyme deficiency did not lead to
insulin resistance, we subjected the VLCAD−/− mice to a high-fat diet. Interestingly, two
weeks of ad lib feeding of the high fat diet caused a 40% increase in body weight in the WT
mice, while only causing a 10% increase in body weight in the VLCAD−/− mice within the
same period (Fig. 1A, Day 14). Another 3 months of high-fat feeding led to further body
weight gains in both groups with the WT gaining slightly more than the VLCAD−/− mice
(Fig. 1A, P<0.05 from day 9 to day 100). Food intake measurements showed that
VLCAD−/− mice had significantly less food intake than WT mice for the first two weeks of
the feeding period (Fig. 1B).

We next analyzed whole body energy homeostasis in these mice fed the same high fat diet
using indirect calorimetry. Interestingly, despite the absence of a key enzyme in
mitochondrial β-oxidation, VLCAD−/− mice had relatively higher percentage of fatty acid
oxidation compared to WT controls reflected by a 20% decrease in RQ (calculated from area
under the curves of Figure 1C, P<0.01). Overall energy expenditure was 15% lower
(calculated from area under the curves of Figure 1D, P<0.05) in the VLCAD−/− mice.
Measurements of intestinal fat absorption in VLCAD−/− and WT mice demonstrated no
differences in fat absorption between the two groups when fed the same high fat diet (Table
1).

Taken together these data suggest that the VLCAD−/− mice are resistant to high-fat diet
induced obesity due to decreased food intake. Since previous studies with carnitine
palmitoyltransferase-1 inhibition in the hypothalamus have implicated increased
hypothalamic long-chain acyl-CoA concentrations in reducing food intake (Obici et al.,
2003) we examined hypothalamic long-chain acyl-CoA concentrations in fat fed VLCAD−/−

and WT mice but found no differences in long-chain acyl-CoA concentrations (Table 1).
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Since there was a marked difference in body weight between the two groups of mice after ad
lib high-fat feeding, which is known to impact insulin stimulated glucose metabolism we
subsequently studied VLCAD−/− and WT mice after 3 weeks of pair-feeding the high-fat
diet. As expected, VLCAD−/− mice and WT mice pair-fed the high-fat diet had a similar
body weight but VLCAD−/− mice had a 36% decrease in whole body fat content (P<0.01) as
compared to WT control mice (Table 1). Basal plasma concentrations of glucose, insulin,
triglyceride, β-hydroxybutyrate and cholesterol were similar in the two groups. However,
plasma fatty acid levels were 30% higher in the VLCAD−/− mice consistent with their
inborn error of metabolism as compared to the WT control mice. There were no differences
in plasma concentrations of IL-6, TNFα or resistin between the two groups of mice (Table
1). However, adiponectin and leptin concentrations were both 40% lower in the VLCAD−/−

mice compared to the WT controls.

VLCAD−/− mice were protected from high-fat diet induced insulin resistance
To investigate the effect of VLCAD−/− deficiency on glucose metabolism, we performed
hyperinsulinemic-euglycemic clamp studies on WT and VLCAD−/− mice pair-fed the high-
fat diet for 3 weeks. Reduced food intake in the WT mice (~450 kcal/kg/d) due to pair-
feeding, as compared to their ad lib intake, did not protect the mice from severe insulin
resistance caused by high-fat feeding (Fig. 2A). In stark contrast, VLCAD−/− mice required
a significantly higher glucose infusion rate (Fig. 2A) in order to maintain euglycemia during
the clamp reflecting increased whole body insulin sensitivity (Fig. 2B). This increased
whole body insulin responsiveness in the VLCAD−/− mice could be attributed to both
increased peripheral glucose uptake (Fig. 2B) and increased suppression of hepatic glucose
production during the clamp (Fig. 2C). Consistent with these data VLCAD−/− mice also had
significantly higher insulin stimulated 2-deoxy glucose uptake in skeletal muscle (Fig. 2D)
during the clamp compared to the WT mice.

Consistent with the increased insulin suppression of hepatic glucose production in liver and
insulin stimulated glucose uptake in muscle, insulin stimulated Akt2 activities in the liver
and muscle of the VLCAD−/− mice were increased by 50% and 120%, respectively,
compared to the WT controls (Figs. 2E and F). These data suggest that the VLCAD−/− mice
are protected from high-fat diet induced insulin resistance both in liver and in skeletal
muscle. This was further supported by glucose tolerance testing, with a significantly lower
plasma glucose levels (Fig. 2G) and a trend of lower plasma insulin levels measured during
the test (Fig. 2H).

Liver protein kinase Cε and muscle protein kinase Cθ activity are decreased in VLCAD−/−
mice along with reduced intracellular diacylglycerol content

To determine if decreased activation of protein kinase Cε in liver and protein kinase Cθ in
skeletal muscle played a role in protecting VLCAD−/− from fat induced insulin resistance
we next measured protein kinase Cε and protein kinase Cθ activity in these tissues as
reflected by the membrane to cytosol ratio of these proteins. Consistent with this hypothesis
we found that protein kinase Cε and protein kinase Cθ activity were reduced by 35% and
50% respectively in the VLCAD−/− mice compared to the WT mice (Fig. 3A).
Diacylglycerol (DAG) is a known activator of the novel PKCs and VLCAD−/− mice had
less intracellular diacylglycerol (DAG) and triglyceride (TG) content compared to the WT
mice (Figs. 3B and C). Acyl-CoA concentrations were significantly higher (P<0.01 [liver]
and P< 0.05 [muscle]) in the VLCAD−/− mice as compared to the WT mice (Fig. 3D);
however, ceramide, another putative mediator of fat induced insulin resistance, was not
different in either liver or skeletal muscle in the two groups (Fig. 3E).
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AMPK was activated in VLCAD−/− mice fed a high-fat diet
We found a 220% increase in liver and a 100% increase in muscle in AMPK activity in the
VLCAD−/− mice compared to WT controls (Fig. 4A). We hypothesized that AMPK
activation due to excess long-chain fatty acids in these tissues (Clark et al., 2004; Za’tara, et
al., 2008) might explain the increased AMPK activity and serve as a compensatory
mechanism to increase fat oxidation with a reduction in substrate available for DAG
synthesis. The AMPK downstream target, acetyl-CoA carboxylase (ACC), was found to be
phosphorylated 3 and 4 fold higher in the liver and muscle of the VLCAD−/− mice (Figs. 4C
and D). Consistent with increased ACC phosphorylation, which leads to decreased ACC
activity, liver malonyl-CoA content was also found to be lower in the VLCAD−/− mice (Fig.
3F). In contrast, there were no differences in liver or muscle AMPK activity in the LCAD
deficient mice (Fig. 4B). In vitro measurements with freshly isolated liver, muscle and
brown adipose tissue showed significantly higher rates of fatty acid oxidation in the
VLCAD−/− mice compared to WT control mice (Fig. 4E). These data suggest that increased
long-chain fatty acyl-CoAs (Fig. 3G) in the VLCAD−/− mice were able to activate AMPK
and compensate partially for the loss of function in fatty acid oxidation, while significantly
increasing insulin sensitivity in these mice. In contrast, however, the deficiency of fatty acid
oxidation in the LCAD−/− mice did not lead to activation of AMPK (Fig. 4B) in liver or
muscle, thus there was no compensation in fatty acid oxidation resulting in exacerbated
hepatic insulin resistance in these mice (Zhang. et al., 2007). The predominant substrates
that build up in LCAD deficiency are the medium-chain length C14:1 acyl-CoA and C14:1
acylcarnitine (Kurtz, et al, 1998; Zhang, et al., 2007).

We then measured acylcarnitines in plasma, muscle and liver of these mice since
acylcarnitine measurement is an important clinical indicator for disorders in fatty acid
oxidation. Plasma long chain acylcarnitines (C14 to C18) were slightly increased, however,
liver and muscle long chain acylcarnitines were not statistically different (Supplemental Fig.
2).

In order to further understand the metabolic phenotype in these mice, we performed
quantitative RT-PCR to measure liver, muscle and brown adipose tissue expression of genes
involved in fatty acid metabolism in the WT and VLCAD−/− mice pair-fed high-fat diet. We
found a dramatic compensatory increase in muscle and brown adipose tissue gene
expression of PPARα and LCAD in the VLCAD−/− mouse group (Table 2). There was no
difference in liver gene expression of PPARα and LCAD, probably because these genes in
WT mice were also up regulated in liver due to high fat feeding. In addition, there was no
difference in gene expression of PGC1α, PPARδ and AOX in liver, muscle or brown
adipose tissue. Interestingly, muscle PGC1β and SREBP1 gene expression was down
regulated significantly, indicating a strong transcriptional mechanism that reduces
lipogenesis in skeletal muscle in the VLCAD−/− mice. In contrast, PGC1β and SREBP1
gene expression in liver and brown adipose tissue were not different. In addition, there was a
23% increase in UCP1 gene expression in brown adipose tissue of the VLCAD−/− mice.

Discussion
Characteristics of VLCAD deficiency in humans and mice

VLCAD deficiency is a potentially fatal disease, which frequently appears in the neonatal
period presenting with hypoketotic/hypoglycemia, fatty liver, and cardiac disease (Roe and
Ding, 2001). In direct side-by-side comparisons of the LCAD and VLCAD deficient mice
(Cox, et al. 2001), we found many similarities with the other VLCAD−/− model (Exil, et al.,
2003); however, we also found that the VLCAD deficient phenotype related to fatty acid
oxidation deficiency is distinctly much milder than the LCAD deficient mice. This is further
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borne out in a recent study (Cox, et al, 2009) that demonstrated a profound cardiac
hypertrophy in the LCAD−/− males; whereas, the VLCAD−/− males had a very mild
hypertrophy (Cox KB, et al., 2009). As described previously, the LCAD deficient mouse
model (Kurtz, et al., 1998) is an excellent model of fatty acid oxidation deficiency for
studying human VLCAD deficiency, as it has markedly elevated C14:1 acylcarnitine, the
hallmark acylcarnitine signature in human VLCAD deficiency; whereas, the VLCAD mouse
models demonstrated a predominantly increased concentration of C16 and C18 acylcarnitines
(Cox, et al, 2001; Spiekerkoetter, et al, 2004; Spiekerkoetter, et al, 2005), which are the
acylcarnitines found at lower concentrations in WT mice. Furthermore, at least regarding the
VLCAD deficient model (Cox, et al., 2001) used in the present studies, and in the previous
studies when fed a standard rodent diet, the heart, liver and skeletal muscle had a normal
level of palmitate oxidation despite there being no detectable VLCAD mRNA or protein,
thus it appears that mouse LCAD activity for the most part compensates for VLCAD
deficiency.

Insulin sensitivity and resistance to high-fat diet induced obesity in VLCAD−/− mice
VLCAD−/− mice had better glucose tolerance in response to a glucose tolerance test and
were protected from developing high fat diet-induced insulin resistance as found in the WT
control group. Interestingly, even though plasma fatty acids were higher in the VLCAD−/−

mice, as is characteristic of their inherited enzyme deficiency, they were more insulin
sensitive than the WT controls, thus disassociating insulin sensitivity from plasma fatty acid
concentrations.

To investigate whether protection from diet-induced obesity in the VLCAD−/− mice was due
to downstream effects of VLCAD deficiency and hypothalamic control of feeding behavior
due to increased long chain acyl-CoAs as suggested by Obici and colleagues (Obici et al.,
2003), we measured acyl-CoAs in the hypothalamus and found no significant differences
between the genotypes. Furthermore, we found no differences in digestive fat absorption.
We also evaluated fat utilization and energy expenditure. Surprisingly, we found a higher
percentage of fat oxidation as reflected in the lower respiratory quotient (RQ) values in the
VLCAD−/− mice as compared to the WT controls.

VLCAD−/− mice were resistant to developing whole body insulin resistance as reflected by
a higher glucose infusion rate required to maintain euglycemia during the hyperinsulinemic-
euglycemic clamp compared to the WT control mice. This increased whole body insulin
responsiveness could be attributed to both increased insulin-stimulated skeletal muscle
glucose uptake and increased insulin-stimulated suppression of hepatic glucose production
in the VLCAD−/− mice compared to the pair fed WT control mice. This increased insulin
action in liver and muscle could in turn be attributed to increased activation of Akt2 in both
of these tissues. The increased insulin sensitivity was commensurate with decreased PKCε
and PKCθ activity in liver and skeletal muscle respectively associated with decreased liver
and muscle DAG and triglyceride concentrations in the VLCAD−/− mice. Increases in tissue
ceramide content have been implicated in fat-induced insulin resistance (Holland et al.,
2007) however in contrast to the increase in liver and muscle DAG concentrations of insulin
resistant WT mice, there were no differences in liver or skeletal muscle ceramide
concentrations between the VLCAD−/− and WT mice.

Activation of AMPK in VLCAD−/− mice
We found a significant elevation in AMPK activity in both liver and muscle of the
VLCAD−/− mice as compared to WT control mice. We hypothesize that in mouse VLCAD
deficiency AMPK is activated by elevated long-chain fatty acids (Table 1), as previously
described (Clark et al., 2004; Za’tara, et al., 2008). The net effect of increased AMPK
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activity was increased phosphorylation and inactivation of acetyl-CoA carboxylase in both
liver and muscle, and this resulted in a significant reduction in malonyl-CoA in liver and a
similar trend in muscle (data not shown). The resulting change in fat metabolism would be
increased fatty acid oxidation (Fig. 4E), via LCAD activity as an alternative step to the
deficient VLCAD step, resulting in a net reduction of DAG, which has been implicated in
the pathogenesis of muscle and liver insulin resistance (Yu et al. 2002, Samuel et al. 2004).

Regulation of metabolic gene transcription in the VLCAD−/− mice
Previous studies have shown compensatory up regulation of PPARα activity on its target
genes in response to a deficiency of the peroxisomal fatty acid oxidation enzyme acyl-CoA
oxidase (AOX) (Fan et al., 1998). Likewise, we found significant increased expression of
genes in the mitochondrial fatty acid oxidation pathway in the VLCAD−/− mice including
genes for PPARα and LCAD in both skeletal muscle and brown adipose tissue (BAT) (Table
2). There were no differences in gene expression of PPARδ in liver, muscle or brown
adipose tissue in the VLCAD−/− mice compared to the WT mice, suggesting that PPARα
activated mitochondrial fatty acid oxidation in muscle and BAT of the VLCAD−/− mice is a
compensatory mechanism to increase energy production in these tissues. In addition, we
found an approximately 25% increase in UCP1 and peroxisomal AOX gene expression in
BAT of the VLCAD−/− mice, which would also promote increased fat oxidation and energy
dissipation.

In summary, we found that VLCAD−/− mice, when challenged by a high-fat diet, were
significantly resistant to developing insulin resistance as compared with WT control mice
fed the same diet. The pivotal changes that likely explain these results include a significantly
increased rate of fatty acid oxidation rate due to both increased PPARα stimulation of
peroxisomal fatty acid oxidation gene expression and increased AMPK activity in liver and
muscle that would reduce malonyl-CoA suppression of fatty acid oxidation, as well as
reduce substrate for endogenous fatty acid synthesis. The net result was significantly
reduced DAG concentrations in liver and skeletal muscle commensurate with reduced PKCε
and PKCθ activity respectively, which have been shown to cause insulin resistance in these
tissues (Griffin et al., 1999; Yu et al., 2002; Samuel et al. 2004, Neschen et al., 2005,
Savage et al. 2006, Samuel et al. 2007) (Fig. 5). Taken together these studies support the
hypothesis that fat-induced insulin resistance is due to an imbalance of fatty acid delivery/
synthesis versus mitochondrial/peroxisomal fatty acid oxidation and that reductions in
specific steps, such as VLCAD, mitochondrial fatty acid oxidation as observed in the
VLCAD−/− mice and other mouse models (Wredenberg et al., 2006; Pospisilik et al., 2007)
can promote increased insulin-stimulated glucose metabolism by compensatory mechanisms
involving activation of AMPK and PPARα.

Materials and Methods
Animals

Male VLCAD−/−, LCAD−/− and WT controls were produced as described previously (Cox
et al., 2001) and studied at approximately 12 weeks of age. VLCAD−/− and WT mice had a
129S6/B6 mixed background. Animals were housed under controlled temperature (23°C)
and lighting (12 hours of light and 12 hours of dark) with free access to water and standard
rodent diet (Harlan Teklad 2018S). All mice were fasted for 6 hours starting at 8 am before
experiments. Body composition measurements were performed on awake mice using Bruker
Mini-spec Analyzer (Bruker, TX). To examine the diet-induced changes in glucose and fat
metabolism, male VLCAD−/−, LCAD−/− 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
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were measured. For glucose tolerance test, 1 g glucose/kg was introduced intraperitoneally
for each mouse with blood samples collected at indicated time intervals from the tail tips.

A comprehensive animal metabolic monitoring system (CLAMS; Columbus Instruments,
Columbus, OH) was used to evaluate RQ and energy expenditure in mice after 3 weeks of
high-fat pair feeding. Energy expenditure 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. We studied five to eight male mice per group. All procedures were approved by
the University of Alabama at Birmingham and the Yale University Animal Care and Use
Committees.

Hyperinsulinemic-euglycemic clamp
At least 4 days before hyperinsulinemic-euglycemic clamp experiments, mice were
anesthetized with an intraperitoneal injection of ketamine (100 mg/kg body weight) and
xylazine (10 mg/kg body weight), and an indwelling catheter was inserted in the left internal
jugular vein. The catheters were externalized through an incision in the skin flap behind the
head, and the mice were returned to individual cages after the surgery. To conduct
experiments in awake mice with minimal stress, a tail restraint method was used (Kim et al.,
2000). A 120-min hyperinsulinemic-euglycemic clamp was conducted with a prime-
continuous infusion of human insulin (Humulin, Eli Lilly) at a rate of 2.5 mU/kg/min (15
pmol/kg/min) to raise plasma insulin levels. Blood samples (20 μl) were collected at 20 min
intervals for the immediate measurement of plasma glucose concentration, and 20% glucose
was infused at variable rates to maintain plasma glucose at basal concentrations. Insulin-
stimulated whole-body glucose flux was estimated using a prime-continuous infusion of
[3-3H] glucose (10 μCi bolus, 0.1 μCi/min; NEN Life Science Products Inc.) throughout the
clamps. All infusions were done using microdialysis pumps (CMA/Microdialysis, North
Chelmsford, Massachusetts, USA). To estimate insulin-stimulated glucose uptake and
metabolism in individual tissues, 2-[14C]-deoxyglucose (NEN Life Science Products Inc.)
was administered as a bolus (10 μCi) at 75 minutes after the start of clamps. Blood samples
(20 μl) were taken at 80, 85, 90, 100, 110, and 120 minutes after the start of clamps for the
determination of plasma [3H]glucose, 3H2O, and 2-[14C]-deoxyglucose concentrations.
Additional blood samples were obtained before the start and at the end of clamps for
measurement of plasma insulin and free fatty acid concentrations. At the end of clamps,
mice were anesthetized with sodium pentobarbital overdose. Within 5 minutes, four muscles
(soleus, gastrocnemius, tibialis anterior, and quadriceps) from both hind limbs, epididymal
white adipose tissue, intrascapular brown adipose tissue and liver were taken. Each tissue,
once exposed, was dissected out within 2 seconds, frozen immediately using liquid N2-
cooled aluminum blocks, and stored at −70°C for later analysis.

Calculations
Rates of basal endogenous glucose production and insulin-stimulated whole-body glucose
uptake were determined as the ratio of the [3H]glucose infusion rate (disintegrations per
minute [dpm]/min) to the specific activity of plasma glucose (dpm/μmol) during the final 30
minutes of basal and clamp periods, respectively. Endogenous glucose production during
clamps was determined by subtracting the glucose infusion rate from the whole-body
glucose uptake (Rossetti et al., 1990). Glucose uptake in individual tissues was calculated
from plasma 2-[14C]-deoxyglucose profile, which was fitted with a double exponential curve
using MLAB (Civilized Software, Bethesda, Maryland, USA) and tissue 2-deoxyglucose-6-
phosphate content as described previously (Kim et al., 1996).
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Biochemical Assays
Plasma glucose concentrations during clamps were measured using 10 μl plasma by a
glucose oxidase method on a Beckman glucose analyzer II (Beckman Instruments Inc.,
Fullerton, California, USA), and plasma insulin concentrations were measured by RIA using
kits from Linco Research Inc. (St. Charles, Missouri, USA). Plasma fatty acid
concentrations were determined using an acyl-CoA oxidase-based colorimetric kit (Wako
Chemicals USA Inc., Richmond, Virginia, USA). Fat absorption in the gut was measured
according to (Jandacek et al., 2004). For the determination of plasma [3-3H]glucose and 2-
[14C]-deoxyglucose concentrations, plasma was deproteinized with ZnSO4 and Ba(OH)2,
dried to remove 3H2O, resuspended in water, and counted in scintillation fluid (Ultima Gold;
Packard Instrument Co., Meriden, Connecticut) on dual channels for separation of 3H
and 14C. The plasma concentration of 3H2O was determined by the difference between 3H
counts without and with drying. For the determination of tissue 2-[14C]-deoxyglucose-6-
phosphate content, tissue samples were homogenized, and the supernatants were subjected
to an ion-exchange column to separate 2-deoxyglucose-6-phosphate from 2-deoxyglucose,
as described previously (Kim et al., 2000). Skeletal muscle and liver triglyceride
concentrations were determined using triglyceride assay kit (Sigma Chemical Co.) and a
method adapted from (Storlien et al., 1991). Long-chain acyl-CoA and diacylglycerol
concentrations in skeletal muscle and liver were measured as previously described (Yu et al.,
2002). Akt2 (Alessi et al., 1996), AMPK (Reznick et al., 2007) and PKCε (Samuel et al.,
2004) assays were performed as previously described. For in vitro tissue fatty acid oxidation
analysis, the liver, gastrocnemius muscle and brown adipose tissue were removed from
anesthetized mice just prior to sacrifice. Approximately 115 mg of tissue were immediately
placed in 1 mL of homogenization buffer (250 mM sucrose, 1 mM EDTA, and 10 mM tris-
HCl, pH 7.4) on ice. After mincing with scissors, the tissues were homogenized in a Kontes
duall 21 glass homogenizer for 15 passes across 30 sec at 800 RPM with a motor driven
Teflon pestle. The homogenates were then flushed with 95% oxygen/5% CO2 for 15
minutes on ice. The palmitate oxidation was then determined by adding 600 uL of the
homogenate to 2.65 mL of reaction mixture (100 mM sucrose, 10 mM Tris-HCl, 5 mM
potassium phosphate, 80 mM potassium chloride, 1 mM magnesium chloride, 2 mM L-
carnitine, 0.1 mM malate, 2 mM ATP, 0.05 mM coenzyme A, 1 mM dithiothreitol, 0.2 mM
EDTA, 0.5 uCi 1-14C-Palmitate, and 0.3% bovine serum albumin), sealing the flasks
immediately with kontes rubber stoppers, and lightly shaking the mixture for 60 minutes in a
30°C water bath. The CO2 in the reaction mixture was then liberated by the addition 300 uL
of 12 M HCL and trapped with whatman paper soaked with 300 uL of 2 M sodium
hydroxide. The trapped 14CO2 was then measured by liquid scintillation counting using a
Perkin Elmer Tri-Carb 3100TR scintillation counter (Doh et al., 2005).

Quantitative RT-PCR-based Gene Expression
RNA was isolated from tissues using a commercially available kit (Qiagen RNeasy Kit,
Qiagen Inc, Valencia, CA) in combination with DNase I treatment. After 2 μg of total RNA
were reverse transcribed (Stratagene, La Jolla, CA) with random primers, quantitative PCR
was performed with a DNA Engine Opticon 2 System (MJ Research, Boston, MA) using
SYBR green QPCR dye kit (Stratagene, La Jolla, CA). The following primers were used:
PPARα: 5′-GCAGCTCGTACAGGTCATCA-3′ (F) and 5′-
CTCTTCATCCCCAAGCGTAG-3′ (R); PPARδ: 5′- CTGAAGGGAAGGGGGTAGAG-3′
(F) and 5′-TTCCTGGTACTGGGATCTGC-3′ (R); PPARγ: 5′-
ATGCCAAAAATATCCCTGGTTTC-3′ (F) and 5′-GGAGGCCAGCATGGTGTAGA-3′
(R); MCAD: 5′-GCATCAACATCGCAGAGAAA-3′ (F) and 5′-
CATTGTCCAAAAGCCAAACC-3′ (R); LCAD: 5′- GCATCAACATCGCAGAGAAA-3′
(F) and 5′-GGCTATGGCACCGATACACT-3′ (R); CPT1a: 5′-
AACCCAGTGCCTTAACGATG-3′ (F) and 5′- GAACTGGTGGCCAATGAGAT-3′ (R);
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CPT1b: 5′- TTGTGCAGATTGCCCTACAG-3′ (F) and 5′-
GTCATGGCTAGGCGGTACAT-3′ (R); CPT2: 5′- GAAGAAGCTGAGCCCTGATG-3′
(F) and 5′- GCCATGGTATTTGGAGCACT-3′ (R); AOX: 5′-
AGCTCCGATCAGCCAGACAT-3′ (F) and 5′-TTCTTGAAACAGAGCCCAGAATG-3′
(R); SREBP1: 5′-CAGCTCAGAGCCGTGGTGA-3′ (F) and 5′-
TTGATAGAAGACCGGTAGCGC-3′ (R); CHREBP: 5′-
ACCTGTCTCCCCCTCAAACT-3′ (F) and 5′-TGTCTTCTGAAGCGTGGTTG-3′ (R);
PGC1α: 5′-ATGTGTCGCCTTCTTGCTCT-3′ (F) and 5′-
ATCTACTGCCTGGGGACCTT-3′ (R); PGC1β: 5′- AACCCAACCAGTCTCACAGG-3′
(F) and 5′-CTCCTAGGGGCCTTTGTTTC-3′ (R); SCD1: 5′-
AGATCTCCAGTTCTTACACGACCAC-3′ (F) and 5′-
GACGGATGTCTTCTTCCAGGTG-3′ (R); ACC1: 5′- ATTGGGCACCCC AGAGCTA-3′
(F) and 5′- CCCGCTCCTTCAACTTGCT-3′ (R); ACC2: 5′-
GGGCTCCCTGGATGACAAC-3′ (F) and 5′- TTCCGGGAGGAGTTCTGGA-3′ (R);
DGAT1: 5′- GTTCCGCCTCTGGGCATT-3′ (F) and 5′-GAATCGGCCCACAATCCA-3′
(R); DGAT2: 5′- ACTCTGGAGGTTGGCACCAT-3′ (F) and 5′-
GGGTGTGGCTCAGGAGGAT-3′ (R); LXRα: 5′- AGCGTCCATTCAGAGCAAGT-3′ (F)
and 5′- CCCTTCTCAGTCTGCTCCAC-3′ (R); CYP7A1: 5′-
GGTCCTCCAGCAGAGAGCTA-3′ (F) and 5′- TTGCTTAAGCTACGCGGAAT-3′ (R);
FXR: 5′- AAAAGGGGATGAGCTGTGTG-3′ (F) and 5′-
ACATCCCCATCTCTCTGCAC-3′ (R); ABCB11: 5′-GGCTTGCTACAGATGCTTCC-3′
(F) and 5′- GCCAAAAAGGGGAAGAAGAC-3′ (R); UCP1: 5′-
GGGCCCTTGTAAACAACAAA-3′ (F) and 5′- GTCGGTCCTTCCTTGGTGTA-3′ (R);
UCP2: 5′- GTAGCACCCGACCTCTGAAG-3′ (F) and 5′-
ATGGGTCGTGGAGACTTGAC-3′ (R); UCP3: 5′-TGCTGAGATGGTGACCTACG-3′ (F)
and 5′- GCGTTCATGTATCGGGTCTT-3′ (R); 18S rRNA: 5′-TTC CGA TAA CGA ACG
AGA CTC T-3′ (F) and 5′-TGGCTGAACGCCACTTGTC-3′ (R). Product specificity was
verified by running products on an agarose gel. Messenger RNA levels (ΔCT values),
normalized to 18S rRNA were expressed using the comparative method. 18S rRNA levels
showed no statistical difference between genotypes.

Statistical analysis
Data are expressed as means ± standard error. The significance of the differences in mean
values between WT and VLCAD−/−, LCAD−/− mice were evaluated by using the unpaired
Student’s t test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) VLCAD−/− mice have significantly lower body weight (P<0.05) than WT mice when
fed a high-fat diet ad lib for 100 days. (B) VLCAD−/− mice have significantly lower food
intake (P<0.05) as compared to WT mice fed a high-fat diet ad lib for the first two weeks of
feeding. (C) VLCAD−/− mice have significantly lower RQ (P<0.001) and (D) lower energy
expenditure (P<0.02) as compared to WT controls measured over 24 hours. RQ and energy
expenditure measurements were performed on mice pair-fed high-fat diet for 3 months. Both
groups n=7. Values are mean ± SEM.
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Figure 2.
VLCAD−/− mice are resistant to high-fat induced insulin resistance as demonstrated by (A)
a significantly higher glucose infusion rate, (B) significantly higher whole body glucose
uptake (Rd), (C) significantly higher insulin-mediated suppression of hepatic glucose
production (HGP), and (D) a significantly higher skeletal muscle glucose uptake as
compared to WT controls pair-fed high fat diet. The downstream effects include
significantly increased Akt2 activity in the liver (E) and muscle (F) of VLCAD−/− mice.
VLCAD−/− mice also had improved glucose tolerance during IPGTT, as shown by a
significantly lower glucose curve (G) as compared to WT, while the insulin curve was also
trending lower (H). *, P<0.05. **, P<0.01. Both groups n=7 and were pair-fed the high-fat
diet. Values are mean± SEM.
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Figure 3.
(A) Protein kinase Cε or θ membrane translocation (activation) in liver and muscle of
VLCAD−/− mice was significantly decreased as compared to WT controls; (B)
diacylglycerol (DAG) and (C) triglyceride (TG) concentrations in liver were significantly
lower in the VLCAD−/− mice; (D) VLCAD−/− mice had significantly higher total acyl-CoA
concentrations in liver (P< 0.01) and muscle; (E) there were no significant differences in the
liver ceramide concentrations; (F) Liver malonyl-CoA significantly lower in VLCAD−/−

mice. (G) Liver acyl-CoA profile. Open bars are WT and black filled bars indicate
VLCAD−/− mice. *, P<0.05. **, P<0.01. Both groups n=7 and were pair-fed the high-fat
diet. Values are mean± SEM.
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Figure 4.
AMPK activity and phospho-acetyl-CoA carboxylase. AMPK activity is significantly
elevated in (A) VLCAD−/− liver and skeletal muscle; but not in (B) LCAD−/− liver and
skeletal muscle; VLCAD−/− mice have significantly increased phosphorylated (inactivated
form) ACC in both (C) liver and (D) skeletal muscle. (E) fatty acid oxidation is significantly
increased in VLCAD−/− mouse liver, brown adipose tissue (BAT) and skeletal muscle. *,
P<0.05. **, P<0.01. ***, P<0.001. All groups have n=7. Values are mean± SEM.

Zhang et al. Page 16

Cell Metab. Author manuscript; available in PMC 2011 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Schematic summary of increased fatty acid oxidation and insulin sensitivity in high fat fed
VLCAD−/− mice. We hypothesize that due to the build-up of long-chain fatty acids in the
mouse VLCAD deficient state with enzymatic compensation provided by intact LCAD
activity, there is a stimulation of fatty acid oxidation via (1) direct activation of AMPK and
(2) stimulation of PPAR-α with the collective downstream activation of mitochondrial fatty
acid oxidation. The net effect is a resistance in the VLCAD −/− mice to the build-up of DAG
and the insulin resistant state found in the high-fat fed WT mice.
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Table 1

Metabolic profile in plasma of the WT and VLCAD−/− mice pair-fed high-fat diet for 3 weeks

WT VLCAD−/−

Body Weight (g) 28.3 ± 1.4 29.2 ± 0.5

Fat Mass (g) 4.7 ± 0.7 3.0 ± 0.2*

Glucose (mg/dl) 172 ± 7.3 168 ± 7.4

Insulin (pM) 167 ± 33 137 ± 16

Adiponectin (mg/ml) 7.9 ± 0.7 4.9 ± 0.5*

Leptin (ng/ml) 7.1 ± 1.3 3.8 ± 0.5*

IL-6 (pg/ml) 17 ± 3.6 28 ± 4.4

TNFα (pg/ml) 6.8 ± 1.6 9.3 ± 1.1

Resistin (ng/ml) 2.7 ± 0.4 2.1 ± 0.1

Triglyceride (mg/dl) 38 ± 2.5 41 ± 2.5

NEFA (mM) 0.62 ± 0.03 0.81 ± 0.03*

β-Hydroxybutyrate (mM) 0.33 ± 0.07 0.23 ± 0.04

Total Cholesterol (mg/dl) 64 ± 4.9 77 ± 7.6

Fat absorption (%) 99.0 ± 0.3 99.5 ± 0.1

Hypothalamus Acyl-CoA (nmol/g) 48.2 ± 3.8 51.7 ± 6.1

Fat mass and lean mass were obtained from awake mice with a Bruker Mini-spec Analyzer. Plasma glucose and insulin were basal values before
the hyperinsulinemic-euglycemic clamp. Data represent mean ± SEM of 9 mice per group.

*
P < 0.01 compared with wild type controls.
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