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The pyruvate dehydrogenase complex (PDH) has been hypothesized
to link lipid exposure to skeletal muscle insulin resistance through
a glucose-fatty acid cycle in which increased fatty acid oxidation
increases acetyl-CoA concentrations, thereby inactivating PDH and
decreasing glucose oxidation. However, whether fatty acids induce
insulin resistance by decreasing PDH flux remains unknown. To
genetically examine this hypothesis we assessed relative rates of
pyruvate dehydrogenase flux/mitochondrial oxidative flux and
insulin-stimulated rates of muscle glucose metabolism in awake
mice lacking pyruvate dehydrogenase kinase 2 and 4 [double
knockout (DKO)], which results in constitutively activated PDH.
Surprisingly, increased glucose oxidation in DKO muscle was
accompanied by reduced insulin-stimulated muscle glucose uptake.
Preferential myocellular glucose utilization in DKO mice decreased
fatty acid oxidation, resulting in increased reesterification of acyl-
CoA:s into diacylglycerol and triacylglycerol, with subsequent activa-
tion of PKC-0 and inhibition of insulin signaling in muscle. In con-
trast, other putative mediators of muscle insulin resistance,
including muscle acylcarnitines, ceramides, reactive oxygen species
production, and oxidative stress markers, were not increased. These
findings demonstrate that modulation of oxidative substrate selec-
tion to increase muscle glucose utilization surprisingly results in
muscle insulin resistance, offering genetic evidence against the glu-
cose-fatty acid cycle hypothesis of muscle insulin resistance.

insulin action | diacylglycerol | protein kinase C theta | nuclear magnetic
resonance | liquid chromatography mass spectrometry

Lipid-induced muscle insulin resistance plays a major role in
the pathogenesis of type 2 diabetes (T2D), but the cellular
mechanisms remain unknown (1, 2). More than 50 y ago Randle
et al. (3) postulated the glucose-fatty acid cycle to explain the
impairment of insulin-stimulated glucose disposal by fatty acids in
muscle. In this model, fat oxidation increases mitochondrial ace-
tyl-CoA/CoA and NADH/NAD™ ratios. Acetyl-CoA and NADH
allosterically inhibit pyruvate dehydrogenase complex (PDH), the
mitochondrial enzyme that links glycolysis to the TCA cycle
by converting pyruvate to acetyl-CoA. Additionally, fatty acid-
derived acetyl-CoA produces citrate, which inhibits phosphofructo-
kinase. This in turn increases glucose-6-phosphate (G6P), a potent
allosteric inhibitor of hexokinase. By these mechanisms, increased
fatty acid oxidation was hypothesized to reduce glycolytic flux and
prevent further muscle glucose uptake. However, in vivo studies of
human skeletal muscle metabolism have challenged the Randle
hypothesis. Five hours of a lipid infusion, combined with heparin
to activate lipoprotein lipase, raised plasma fatty acids and induced
muscle insulin resistance in healthy individuals, yet intramyocellular
Go6P and glucose concentrations were reduced compared with
control glycerol infusion studies, implicating defects in insulin-
stimulated glucose transport activity (4, 5). An alternative hypoth-
esis to explain the muscle insulin resistance associated with lipid
exposure posits that accumulation of bioactive lipid intermediates
initiates signaling cascades that impair insulin action. Lipid species
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implicated include diacylglycerols (DAGs) (6-10), ceramides (11,
12), and long-chain acyl-CoAs (13). DAG activation of PKC-0 in
skeletal muscle has been shown to impair canonical insulin signal-
ing at the level of insulin receptor substrate-1 (IRS-1) tyrosine
phosphorylation through increased IRS-1 serine phosphorylation at
the 1101 position (2, 6, 7, 14).

More recently, incomplete fat oxidation and subsequent ac-
cumulation of mitochondrially derived acylcarnitines has been
proposed to contribute to lipid-induced muscle insulin resistance
(15-17). According to this model, insulin resistance stems from
increased fat oxidation, leading to increased conversion of acyl-
CoA to medium- and long-chain acylcarnitines, which may mediate
insulin resistance via unknown mechanisms. In contrast, short-chain
acylcarnitines have been suggested to promote metabolic flexibility.
The shortest acylcarnitine, acetylcarnitine, is synthesized from
acetyl-CoA and carnitine by carnitine acetyltransferase (CrAT),
a mitochondrial matrix enzyme, and is responsible for buffering
the mitochondrial acetyl-CoA pool and mitigating acetyl-CoA
inhibition of PDH (18). Consistent with the notion that CrAT
regulates substrate selection by modulating PDH flux, mice with
muscle-specific deletion of CrAT exhibited reduced PDH activ-
ity during the fed-to-fasted transition, resulting in glucose in-
tolerance and metabolic inflexibility, a term coined by Kelley and
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Mandarino (19) to explain the impairment in the ability to adjust
fuel oxidation to fuel availability.

Although these studies emphasize the importance of PDH in
the promotion of metabolic inflexibility, the role of PDH and
mitochondrial oxidative substrate selection in the regulation of
basal and insulin-stimulated muscle glucose metabolism has not
been directly assessed in vivo. To examine this question, we
sought to determine whether modulation of oxidative substrate
selection in a genetic mouse model with constitutively active
PDH activity would affect insulin sensitivity in skeletal muscle.

Results

Reduced PDH Phosphorylation Promotes Increased in Vivo Vppy/Vrca
in the Muscle of Double-Knockout Mice. PDH activity is regulated
by four pyruvate dehydrogenase kinases (PDK1-4), which phos-
phorylate and inhibit PDH. Because PDK2 and PDK4 are the
most highly expressed isoforms in skeletal muscle (20, 21), we
hypothesized that mice with global deletion of PDK2 and PDK4
(double knockout, DKO) would preferentially oxidize glucose in
muscle. Consistent with this hypothesis, muscle PDH was highly
dephosphorylated in both basal and insulin-stimulated conditions
in DKO mice (Fig. 14). To assess PDH activity in vivo, we mea-
sured PDH flux (Vppy) relative to TCA cycle flux (Vrca) in
skeletal muscle by proton-observed carbon-edited (POCE) mag-
netic resonance spectroscopy (22, 23). This ratio represents the
relative contribution of glucose oxidation to TCA cycle flux. As
anticipated, on the basis of the highly dephosphorylated PDH
state, Vppu/VTca Was increased by ~fourfold in the skeletal muscle
of fasted DKO mice (Fig. 1B). Basal Vppu/Vrca Was 88% + 12%
in DKO mice, suggesting near-maximal utilization of glucose for
oxidation. Upon insulin stimulation, Vppu/Vrca increased by
~twofold in skeletal muscle of WT mice, reflecting a substrate
switch toward increased muscle glucose oxidation (Fig. 1B).
However, insulin had no effect on Vppp/Vrca in skeletal muscle of
DKO mice, indicating that glucose oxidation was maximal in both
basal and insulin-stimulated conditions. An impaired capacity to
increase muscle glucose oxidation during the insulin stimulated
state in the DKO mice reflects metabolic inflexibility.

DKO Mice Are Insulin Resistant Owing to Impaired Insulin-Stimulated
Muscle Glucose Uptake. To further examine whether the increased
muscle glucose oxidation of DKO mice affected whole-body
glucose metabolism and muscle insulin sensitivity, we performed
hyperinsulinemic-euglycemic clamp studies combined with radi-
olabeled glucose to assess basal and insulin-stimulated rates of
whole-body glucose turnover. Overnight-fasted DKO mice had
reduced fasting plasma glucose concentrations (Fig. 24), with no
differences in plasma insulin concentrations in the basal state or
during the clamp (Fig. 2B) and a modest increase in plasma
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glucagon concentrations (Fig. 2C) compared with WT mice.
Surprisingly, despite striking increases in skeletal muscle glucose
oxidation, DKO mice manifested impaired insulin-stimulated
whole-body glucose metabolism, as reflected by a lower glucose
infusion rate required to maintain euglycemia during the hyper-
insulinemic-euglycemic clamp (Fig. 2 D-F). This impaired whole-
body response to insulin in the DKO mice could mostly be
attributed to ~25% reduction in insulin-stimulated peripheral
glucose uptake (Fig. 2G), which in turn could be attributed to
a 50% reduction in insulin-stimulated muscle glucose uptake
(Fig. 2H). Myocellular G6P levels were reduced in DKO mice in
the basal state (Fig. 2I). Taken together, these data indicate that
PDK2/PDK4 deficient mice are insulin resistant owing to im-
paired insulin-stimulated muscle glucose uptake.

Reduced Rate of Fatty Acid Oxidation Attributes to DAG Activation of
PKC-0 with Subsequent Inhibition of Insulin Signaling in Muscle of
DKO Mice. To examine this apparent paradox, we next exam-
ined whether the enhanced muscle glucose oxidation of DKO
mice affected fatty acid catabolism owing to the reciprocal re-
lationship between fat oxidation and glucose oxidation. As
expected, rates of fatty acid oxidation were 15-20% lower in
isolated skeletal muscle from DKO mice (Fig. 34). To gain
further insight into the effects of PDK deficiency on fatty acid
oxidation, we measured concentrations of key allosteric regu-
lators of fatty acid oxidation. We hypothesized that some of the
excess acetyl-CoA produced by PDH activation would be converted
to malonyl-CoA, an allosteric inhibitor of carnitine palmitoyl-
transferase 1 (CPT1, the rate-controlling enzyme of mitochondrial
fatty acid oxidation). Indeed, muscle from DKO mice had in-
creased concentrations of acetyl-CoA (Fig. 3B) and malonyl-CoA
(Fig. 3C) in both overnight-fasted and insulin-stimulated con-
ditions. To address whether reduced fatty acid oxidation might be
explained by changes in the expression of fatty acid oxidation
enzymes, we measured mRNA levels of key fatty acid oxidative
enzymes and found no differences in CPT1, acetyl-CoA car-
boxylase 2, peroxisome-proliferator-activated receptor a, long-
chain acyl-CoA dehydrogenase, and medium-chain acyl-CoA
dehydrogenase between the two groups (Fig. S14). These find-
ings suggest that allosteric inhibition by malonyl-CoA of mito-
chondrial fatty acid uptake is the mechanism responsible for
reduced fatty acid oxidation in the skeletal muscle of DKO mice.
Next, we investigated whether the reduced fat oxidation in the
muscle of DKO mice caused intramyocellular lipid accumula-
tion. Intramuscular triacylglycerol (TAG) and membrane DAG
content were increased by approximately twofold in DKO mice,
whereas ceramide content was unchanged (Fig. 3 D-F). How-
ever, mRNA levels of key enzymes regulating lipid synthesis
were similar in the muscle of WT and DKO mice (Fig. S1B).
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mean + SEM. n = 8 mice per group.
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Because DAG has been well documented to cause muscle insulin
resistance through activation of PKC-6, we measured membrane
translocation of PKC-0 and found it to be increased in DKO mice
(Fig. 3G). Further, insulin-stimulated Akt Ser473 phosphorylation
was reduced in muscle from DKO mice (Fig. 3H). Together, these
data suggest that the reduced insulin-stimulated glucose uptake of
DKO mice may be attributed at least in part to DAG activation of
PKC-6, leading to inhibition of insulin signaling (6-10).

Energy Expenditure and Intramyocellular Glycogen Content Is Unchanged
in DKO Mice. To examine whether increased TAG levels could be
attributed to alterations in whole-body energy expenditure, we
performed metabolic cage studies in chow-fed WT and DKO mice.
Interestingly, we observed no differences in whole-body oxygen
consumption, carbon dioxide production, respiratory quotient,
energy expenditure, food intake, or activity (Fig. S2 A-F) in the
dark or light cycle. Additionally, accumulation of TAG in the
muscle was not a result of greater glycogen stores, as reflected
by similar glycogen content in the quadriceps of WT and DKO
mice (Fig. S3A4).

High-Fat Diet Feeding Abrogated Insulin-Stimulated Increases in PDH

Flux in Both Wild-Type and DKO Mice. Next, we examined the effect
of enhanced PDH activation on diet-induced insulin resistance

16510 | www.pnas.org/cgi/doi/10.1073/pnas.1419104111

by feeding WT and DKO mice a high-fat diet (HFD) for 4 wk.
We found that HFD feeding abrogated insulin-induced increases
in PDH flux in muscle of both WT and DKO mice, although
DKO mice maintained higher PDH flux in both conditions (Fig.
S44). As with chow-fed mice, HFD-fed DKO mice displayed
similar lower fasting plasma glucose concentrations, whereas
insulin concentrations remained unchanged compared with WT
mice (Fig. S4 B and C). We next performed hyperinsulinemic-
euglycemic clamp studies to assess the effect of PDK2/4 de-
ficiency on HFD-induced insulin resistance. High-fat feeding
induced similar degrees of peripheral insulin resistance in both
the WT and DKO mice, as reflected by similar reductions in the
glucose infusion rate required to maintain plasma glucose con-
centrations during the hyperinsulinemic-euglycemic clamp and
similar reductions in insulin-stimulated peripheral and muscle
glucose uptake in both WT and DKO mice (Fig. S4 D-F). We
next assessed intramuscular lipid content in high-fat-fed WT and
DKO mice and found that high-fat feeding induced an accu-
mulation of intramuscular TAG and DAG in both groups of
mice (Fig. S5 4 and B). Furthermore, membrane translocation of
PKC-0 in the muscle was not different among high-fat DKO and
WT mice but was increased compared with WT chow-fed mice
(Fig. S5C). Taken together these data demonstrate that the
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muscle insulin resistance observed in the chow-fed DKO mice
was not further exacerbated by high-fat feeding.

Intramuscular Acylcarnitine Profile Is Altered in DKO Mice. Because
accumulation of acylcarnitines resulting from incomplete fat
oxidation has been associated with muscle insulin resistance in
rodent models of obesity and diabetes (15-17, 24), we next
measured muscle acylcarnitines in WT and DKO mice. Whereas
total acylcarnitine levels (Fig. 44) in muscle were similar between
WT and DKO mice, short-, medium-, and long-chain species were
all significantly decreased in the quadriceps of DKO mice (Fig. 4
B-D). As observed in chow-fed mice, DKO mice fed an HFD for
8 wk displayed significant decreases in short-, medium-, and long-
chain acylcarnitines, but increases in total and C2-acylcarnitines
(Fig. S6 A-D). Previous studies have reported that intramuscular
accumulation of acylcarnitines, particularly long-chain species,
contributes to insulin resistance (17, 24). However, the present
data, which show that muscle insulin resistance is accompanied by
decreases in both the medium- and long-chain acylcarnitine spe-
cies, do not support this hypothesis.

Acetyl-carnitine is of particular interest because it has been hy-
pothesized to control the fate of acetyl-CoA during substrate
switching and promote increased insulin sensitivity (18). Accumu-
lation of acetyl-carnitine has been proposed to buffer the mito-
chondrial acetyl-CoA pool and abrogate acetyl-CoA inhibition of
PDH, resulting in metabolic flexibility and improved glucose tol-
erance. Contrary to this hypothesis we found that acetyl-carnitine
(C2) levels were increased by more than twofold in the insulin-
resistant muscle of DKO mice (Fig. 44). Despite the decreased
muscle acylcarnitine levels, plasma acylcarnitines were similar in
DKO mice compared with WT mice except for short-chain
acylcarnitines, which were decreased (Fig. S7 A-D), suggesting
that the plasma acylcarnitine profile does not reflect the profile

Rahimi et al.

of skeletal muscle acylcarnitines and cannot be used as a surro-
gate marker of muscle acylcarnitines.

Reactive Oxygen Species Production Rates Are Similar Between Wild-
Type and DKO Mice. Because the generation of reactive oxygen
species (ROS) via PDH and 2-oxoglutarate dehydrogenase has
been strongly associated with muscle insulin resistance (25-29),
we measured myocellular ROS in three separate assays. We
found no differences in ROS production (Fig. 54), oxidative
damage as assessed by aconitase activity (Fig. 5B), or NADPH
oxidase activity (Fig. 5C) in the muscle of WT and DKO mice,
providing evidence against a role of ROS in the muscle insulin
resistance of this model. Additionally, redox balance was not al-
tered in the muscle of DKO mice, as reflected by similar NADH
to NAD™ ratios in WT and DKO mice (Fig. 5D).

Discussion

Activation of PDH, through inhibition of PDKs, has been pro-
posed to be a potentially important therapeutic target for the
treatment of T2D (30-33). Interest in targeting the inhibition of
PDKs was based on several studies that showed that PDK2 and
PDK4 were responsible for inactivation of PDH in T2D (34),
genetic animal models of T2D (35), animals fed HFDs (36), and
humans consuming HFDs (37). Previous studies also explored
this hypothesis by feeding PDK4 knockout mice and WT mice an
HFD enriched with unsaturated fatty acids (38) and saturated
fatty acids (38, 39). On both diets, PDK4 KO mice had lower
plasma glucose levels and improved glucose tolerance, despite
induction of hyperinsulinemia after 8§ mo of high-fat feeding
(39). These studies proposed that PDH activation through PDK
inhibition would reduce available substrate for glucose pro-
duction, resulting in lower blood glucose levels and improved
glucose tolerance. However, this study and previous studies have
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not evaluated the effect of knocking down PDKs on in vivo rates
of PDH flux or the effect of PDH activation on insulin re-
sponsiveness in skeletal muscle. Importantly, these studies did
not assess the impact of constitutively increased PDH flux on
insulin action in skeletal muscle in vivo.

In this study, we applied POCE NMR spectroscopy in com-
bination with [1-'3C] glucose and [1-'*C]-2-deoxyglucose tracers
during hyperinsulinemic-eugylycemic clamp studies to address
these questions in awake mice lacking both PDK2 and PDK4.
We show that knocking out PDK2 and PDK4 results in consti-
tutively active PDH activity and increased muscle glucose oxi-
dation. Furthermore, we show in vivo that insulin stimulates the
shifts of substrate for oxidative metabolism from fatty acids to
glucose in the skeletal muscle of WT mice, as reflected by in-
creased Vppu/Vrca. These findings are consistent with previous
studies in the perfused working heart, in which insulin did not
cause a significant increase in glucose utilization at high work-
load when glucose was the sole substrate (40).
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Fig. 4. Acylcarnitine profiling in the skeletal mus-
cle of DKO mice. (A-D) Total acylcarnitine and
acetylcarnitine (A), short-chain acylcarnitines (B),
medium-chain acylcarnitine (C),and long-chain acyl-
carnitine (D) levels in the quadriceps taken from
overnight fasted WT and DKO mice (n = 6-8 mice
per group) were measured by mass spectroscopy.

Surprisingly, DKO mice manifested profound muscle insulin
resistance despite marked increases in muscle glucose oxidation.
The muscle insulin resistance in the DKO mice could be at-
tributed to increased DAG content, from increased acetyl-CoA
production secondary to increased PDH activity, leading to ac-
tivation of PKC-0 and inhibition of insulin signaling. Although
previous studies have implicated increased ceramide content
(12), ROS (25-27), and long-chain acylcarnitines (17, 24) in
causing insulin resistance, we found no relationship between these
factors and muscle insulin resistance in DKO mice. Furthermore,
medium-chain and long-chain chain acylcarnitines were decreased
in the skeletal muscle of DKO mice, despite reports implicating
increased long-chain acylcarnitines in promoting insulin resistance.
Finally, it has also been proposed that acetylcarnitines buffer the
mitochondrial acetyl-CoA pool and abrogate acetyl-CoA in-
hibition of PDH, resulting in increased metabolic flexibility and
improved glucose tolerance (18). Contrary to this hypothesis, we
found that DKO mice had severe muscle insulin resistance despite
a twofold increase in muscle acetylcarnitine content.

T
wT DKO

Fig. 5. Oxidative stress and redox state in the
skeletal muscle of DKO mice. (A) Reactive oxygen
species production measured in isolated mitochon-
dria, (B) aconitase activity, (C) NADPH oxidase ac-
tivity, and (D) NADH/NAD™" in the gastrocnemius
taken from overnight fasted WT and DKO mice (n =
6-8 mice per group).
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Taken together these studies demonstrate that modulation of
oxidative substrate selection to increase muscle glucose utiliza-
tion surprisingly results in muscle insulin resistance, offering
genetic evidence against the glucose-fatty acid cycle hypothesis
of muscle insulin resistance. Furthermore, these findings have
important clinical implications for novel antidiabetic therapies
that are currently being developed to activate PDH and enhance
glucose oxidation in skeletal muscle.

Methods

SI Methods provides a detailed description of the methods used. The methods
describe animal, basal, and insulin-stimulated glucose turnover studies, tissue
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