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ruvate dehydrogenase (PDH) activity is a key component of the
glucose/fatty acid cycle hypothesis for the regulation of glucose
uptake and metabolism. We have investigated whether acute activa-
tion of PDH in muscle can alleviate the insulin resistance caused by
feeding animals a high-fat diet (HFD). The importance of PDH
activity in muscle glucose disposal under insulin-stimulated condi-
tions was determined by infusing the PDH kinase inhibitor dichloro-
acetate (DCA) into HFD-fed Wistar rats during a hyperinsulinemic-
euglycemic clamp. Acute DCA infusion did not alter glucose infusion
rate, glucose disappearance, or hepatic glucose production but did
decrease plasma lactate levels. DCA substantially increased muscle
PDH activity; however, this did not improve insulin-stimulated glu-
cose uptake in insulin-resistant muscle of HFD rats. DCA infusion
increased the flux of pyruvate to acetyl-CoA and reduced glucose
incorporation into glycogen and alanine in muscle. Similarly, in
isolated muscle, DCA treatment increased glucose oxidation and
decreased glycogen synthesis without changing glucose uptake. These
results suggest that, although PDH activity controls the conversion of
pyruvate to acetyl-CoA for oxidation, this has little effect on glucose
uptake into muscle under insulin-stimulated conditions.

glucose oxidation; hyperinsulinemic-euglycemic clamp; insulin resis-
tance; muscle insulin action; Randle cycle

INTRODUCTION

Over half a century ago, Randle, Garland, Hales, and New-
sholme (36) postulated that glucose and fatty acid uptake and
oxidation were controlled by a competitive glucose-fatty acid
cycle. This cycle was proposed to be an adaptation to nutrient
availability, so that high levels of either plasma glucose or fatty
acid could be preferentially utilized. Additionally, this hypoth-
esis was one of the first to attempt to explain the interaction
between muscle, the major site of insulin-stimulated glucose
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disposal in the body, and adipose tissue, the major site for fatty
acid release (16).

The cellular mechanisms of the glucose/fatty acid cycle
involve the regulation of pyruvate dehydrogenase (PDH), re-
sponsible for the production of glucose-derived acetyl-CoA in
the mitochondria for use in the tricarboxylic acid (TCA) cycle.
PDH is regulated both allosterically via mitochondrial acetyl-
CoA concentration as well as posttranscriptionally by both
phosphorylation and acetylation (32). Phosphorylation and
inactivation of PDH is carried out by PDH kinases (PDKs), of
which there are four isoforms with varying tissue distribution
in mammals (3). One of these isoforms, PDK4, is upregulated
in the muscle of high-fat diet-fed (HFD) rodents (14, 23, 37,
38, 48) and insulin-resistant human subjects (24, 28). Regula-
tion of PDH has therefore been hypothesized to be a possible
target in overcoming lipid-induced insulin resistance (25, 41).

To investigate the importance of PDH activity in the regu-
lation of glucose uptake and to test the hypothesis that in-
creased PDH activity can improve insulin sensitivity in muscle,
we utilized the PDK inhibitor, dichloroacetate (DCA), a struc-
tural analog of pyruvate, which itself inhibits PDKs at high
concentrations (20). DCA has been shown to lower fasting
blood glucose in both rodents (2, 41) and humans (43), inde-
pendently of insulin. However, to the best of our knowledge,
there are no studies investigating the effect of acute DCA
treatment on insulin-stimulated glucose disposal in vivo in the
context of an HFD. Therefore, we performed hyperinsuline-
mic-euglycemic clamps with glucose tracers on chow and HFD
rats given an infusion of DCA or an equal volume of saline
during the clamp to assess glucose homeostasis and measure
insulin sensitivity in vivo. We also acquired tissue-specific
glucose uptake and glycogen storage data and examined
changes in metabolite abundance. Further studies employing
ex vivo muscle incubations to further explore the role of DCA
on glucose oxidation confirmed that altering PDH activity
changes the balance between glucose and fatty acid oxidation
in muscle but has little effect on insulin-stimulated glucose
uptake.

MATERIALS AND METHODS

Animals. All surgical and experimental procedures performed were
approved by the Garvan Institute/St. Vincent’s Hospital Animal Eth-
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ics Committee and were in accordance with the National Health and
Medical Research Council of Australia’s guidelines on animal exper-
imentation. Adult male Wistar rats (Animal Resources Centre, Perth,
Australia) were communally housed in temperature-controlled (22 =
0.5°C) 12-h:12-h light-dark cycle rooms. Rats (100-120 g) were fed
ad libitum a standard chow diet (Rat Maintenance Diet; Gordon
Specialty Feeds, Sydney, Australia) or a lard-based high-fat, high-
sucrose diet [calorically, 48% fat, 34% carbohydrate (17% starch,
17% sucrose), 18% protein] (HFD) made in house, for 4 wk. After 3
wk of a diet, chronic cannulae were inserted into the right jugular vein
and left carotid artery. Rats recovered for 1 wk before the clamp
procedure.

Hyperinsulinemic-euglycemic clamp. Details of the clamp proce-
dure have been reported previously (30, 47). Animals (5 h fasted)
were studied over 2.5 h in the conscious state, and HFD animals were
randomly divided into groups to receive saline or DCA infusion. DCA
(Sigma-Aldrich, Castle Hill, Australia) was neutralized with NaOH,
filter sterilized, and made up for each animal so that they received 100
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and the animals received a bolus of either DCA (100 mg/kg) or an
equal volume of saline; then, an infusion of either saline or DCA (100
mg-kg-h~ 1) was started, which continued over the entire course of
the clamp procedure (Fig. 1). Blood samples were taken to determine
the effect of DCA on blood analytes in the basal period. After 30 min
of saline or DCA infusion, a constant infusion of insulin (Actrapid;
Novo Nordisk, Copenhagen, Denmark) was started (0.3 Ukg™"-h™ ")
and a variable rate of glucose were infused (30% wt/vol) to maintain
plasma glycemia between 7 and 8 mM. Once plasma glucose levels
reached steady state, a bolus of ['*C (U)]glucose, 2-deoxy[*H 1,2
(N)]glucose (PerkinElmer, Glen Waverly, Australia) tracer was ad-
ministered, and blood samples were taken over the next 45 min to
provide plasma disappearance curves for radioactive tracers. At the
conclusion of the clamp, animals were administered a lethal dose of
pentobarbital (intravenously), and tissues were rapidly dissected
(starting with heart and muscles) and freeze clamped for determina-
tion of glucose uptake, metabolite concentrations, and enzyme assays.
The glucose infusion rate (GIR) was measured as the volume of

mg-kg”"-h~ " in a volume of 2 ml/h. A basal blood sample was taken,  glucose infused into the animal during steady state (Fig. 14).
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Fig. 1. Systemic substrate handling during hyperinsulinemic-euglycemic clamp. Chow is shown by the open bar and solid line, high fat diet (HFD) is the dotted
bar and dashed line, and HFD dichloroacetate (DCA) is the hatched bar and dotted line. A: schematic of hyperinsulinemic-euglycemic clamp. B: plasma glucose
over clamp period. C: glucose infusion rate during stable clamp period. D: rate of glucose disappearance (Rq) during stable clamp period. E: rate of glucose
appearance (R,) during stable clamp period. F: basal (B) and clamped (C) plasma insulin. G: plasma lactate over clamp period. H: plasma nonesterified fatty acid
(NEFA) over clamp period, n = 8. Analyzed by 1-way ANOVA or repeated-measures, 2-way ANOVA for an effect of group and an effect of clamp. *P < 0.05,
P < 0.005, **¥*P < 0.0005, ****P < 0.0001 compared with chow. P < 0.005 main effect of clamp.
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Blood/plasma analysis. Blood glucose during the clamp was deter-
mined via glucometer (Accu-Chek Perfoma; Roche Diagnostics, Cas-
tle Hill, Australia), and plasma glucose was determined by glucose
oxidase assay (Infinity GOx; Thermo Fisher, Scoresby, Australia).
Plasma insulin was determined by ELISA (mouse ultrasensitive;
Crystal Chem, Elk Grove Village, IL), and nonesterified fatty acid
(NEFA) in the plasma was determined by NEFA kit (Wako Diagnos-
tics, Mountain View, CA). Lactate in plasma was determined after
protein precipitation with 6% perchloric acid (PCA) and neutralizing
using 1 M NaOH by measuring production of NADH from NAD™ by
lactate dehydrogenase in the presence of 0.4 M hydrazine hydrate as
previously described (10).

Tracer analytical methods. Plasma and tissue levels of *H- and
14C-labeled glucose tracers were measured to calculate whole body
glucose disposal rate (Rq), to estimate tissue glucose uptake (R;’), and
to measure incorporation of glucose into glycogen. Assays and cal-
culations for the glucose disappearance, glucose uptake into tissues,
and glucose incorporation into glycogen and glycogen content mea-
sures were as previously described (19, 31).

Enzyme assays. PDH assay was performed on crude extracts of
frozen tissue with the addition of kinase and phosphatase inhibitors (1
mM DCA, 10 mM NaF) by coupling with arylamine acetyltransferase
and following the change in absorbance of 4-aminoazobenzene-4’-
sulfonic acid (AABS) at 390 nm as it becomes acetylated as described
by Coore et al. (9). The assay was conducted in 100 mM Tris
containing 1.0 mM MgCl,, 1.0 mM EDTA, 0.2 mM CoA, 1.0 mM
NAD®, 1.0 mM thiamine pyrophosphate, 20.0 pg/ml AABS, and
excess arylamine acetyltransferase (extracted from pigeon liver ace-
tone powder; Sigma-Aldrich), pH 7.8 and initiated with the addition
of sodium pyruvate to a final concentration of 2.0 mM. Citrate
synthase activity was determined as previously described (45).

Immunoblotting. Frozen, powdered tissue was homogenized by
probe homogenizer in RIPA buffer containing protease inhibitor
cocktail (EDTA free; Roche) and phosphatase inhibitors (NaF,
NaszVO,). Tissue lysates were subjected to SDS-PAGE, transferred to
PVDF membranes, blocked in 2% BSA, and then immunoblotted with
antibodies for pPDH Ela (S293) (Millipore, Macquarie Park, Aus-
tralia), PDH Ela total H-131 (Santa Cruz Biotechnology, Santa Cruz,
CA), pAkt (S473), and pan Akt (Cell Signaling Technology, Beverly,
MA). Densitometry analysis was performed using ImageJ software
(NIH; https://imagej.nih.gov/ij/).

Metabolite extraction and liquid chromatography-mass spectr-
ometry. Amino acids and central carbon metabolite concentrations
were measured based on the positive/negative ion-switching liquid
chromatography-mass spectrometry (LC-MS) method described by
Yuan et al. (49). Briefly, 25 mg of powdered muscle tissue was
homogenized in 500 wl 50% (vol/vol) methanol:water mixture con-
taining internal standards 2-morpholinoethanesulfonic acid and
p-camphor-10-sulfonic acid at 2.5 uM. A sample (500 wl) of chloro-
form was added to the extracts and vortexed. The aqueous phase was
separated from the insoluble and organic layers by centrifugation and
was stored at —30°C. LC-MS analysis was performed using an
Agilent Infinity 1260 LC coupled to an AB Sciex QTRAP 5500 MS.
LC separation was achieved on a XBridge Amide column (2.1-mm
inner diameter, 100-mm length; Waters, Dundas, Australia) at ambi-
ent temperature using buffer A [95:5 (vol/vol) water:acetonitrile
containing ammonium hydroxide and ammonium acetate both at 20
mM (pH 9.3)] and buffer B (100% acetonitrile). A sample (2.5 pl) of
the supernatant was injected, and metabolites were eluted using flow
rate and gradients described by Yuan et al. (49). MS ion source
temperature was set at 350°C. Multiple reaction-monitoring acquisi-
tion was performed with a 40-ms dwell time. Calibration standards
were injected using the same set up. Raw data were extracted into text
files using ProteoWizard. Peak alignment and integration were per-
formed using in-house MATLAB (The MathWorks) scripts.

ACTIVATING PDH DOES NOT INCREASE GLUCOSE UPTAKE IN MUSCLE

Ex vivo glucose uptake, glucose oxidation, glycogen synthesis, and
oleate oxidation. Soleus muscles from a separate cohort of HFD rats
were dissected tendon to tendon into strips (~30 mg) and incubated in
warmed (30°C), pregassed (95% 0,-5% CO,, pH 7.4), modified
Krebs-Henseleit buffer (KHB) containing 5 mM glucose, 10 mM
HEPES, and 1% BSA. Following a 30-min preincubation period = 1
mM DCA, muscle strips were transferred to a new vial containing 1.5
ml of the above medium plus 37.0 kBg/ml 2-deoxy[*H] glucose and
37.0 kBg/ml ["*C]glucose = insulin (1.0 mU/ml) = 1.0 mM DCA for
60 min, containing an open microfuge tube of 200.0 pl of 1.0 M
NaOH. At the conclusion of the incubation period, muscle strips were
blotted dry and snap frozen. Media in the scintillation vials was
acidified with the addition of 200 wl of 25% PCA, and the lid was
quickly screwed back on. The vials were left for 2 h for the capture of
released *CO, by the NaOH solution, which was determined by
liquid scintillation counting. Muscle strips were halved and weighed
for glucose uptake and glucose incorporation into glycogen as previ-
ously described (19, 31). Oleate oxidation was carried out identically
to glucose oxidation, in the same modified KHB buffer but with the
inclusion of 2.0% BSA, 0.5 mM oleic acid (conjugated to the BSA at
37°C for 1 h), and 37.0 kBq/ml [1-'*C] oleic acid (without glucose
tracers), in separate soleus strips. '“C-labeled acid-soluble metabolites
resulting from oleate oxidation were determined by liquid scintillation
counting of the acidified media.

Statistical analysis. Data are presented as means = SE. Statistical
significance was determined by one- or two-way ANOVA as appro-
priate using GraphPad Prism (Version 7; San Diego, CA). When
ANOVA reached significance, Tukey’s post hoc test was conducted to
test comparisons. Metabolomics data were corrected for multiple
comparisons by the Holm-Sidak test. Significance was set at P <
0.05.

RESULTS

Acute DCA treatment does not affect systemic glucose dis-
posal under insulin-stimulated conditions. Animals in the HFD
control and DCA-treated groups were matched for body
weight, and there was no significant difference between the
body or fat pad weights of saline- and DCA-treated HFD rats.
HFD animals had significantly increased fat pad weights com-
pared with chow controls (Table 1). To assess the effects of
acutely activating PDH in vivo, we performed hyperinsuline-
mic-euglycemic clamps on Wistar rats infused with either
saline or 100 mg-kg~-h~! of DCA (Fig. 1A). Because of its
short half-life (42), DCA-administered animals were given a
priming bolus (100 mg/kg) followed by an infusion of DCA
(100 mg-kg~"-h™"). This dose is at the high end of those that
have been used clinically; however, similar doses have been
reported to be well tolerated in humans (11) and shown to

Table 1. Body and fat pad weights and metabolic
characteristics of clamped rats

Chow Saline HFD Saline HFD DCA

320.6 = 4.6 337.1 £7.3 340.1 =113

Group

Body weight, g

Epididymal fat pad weight, g 22+02 36+ 04% 41 *04%
Inguinal fat pad weight, g 3.7+03 5.6 £0.6%¥ 6.1 £0.6F
Retroperitoneal fat pad weight, g 2.9 = 0.2 5.1 £04% 5.1 *04%
Clamped plasma glucose, mM 73 %03 73 %03 73+0.2

Basal NEFA, mM 045 £0.04 041 £0.02 0.37 =0.03
Clamped NEFA, mM 0.11 £0.02 0.14 £0.02 0.11 £0.01
NEFA suppression, % 73940 633*48 673*39

Values are means * SE, n = 8, analyzed by 1-way ANOVA. HFD, high-fat
diet; DCA, dichloroacetate; NEFA, nonesterified fatty acid. *P < 0.05, TP <
0.005, £P < 0.0005 compared with chow controls.
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provide good bioavailability after oral administration in rats
(39). Basal glucose levels did not change significantly over 30
min of DCA infusion compared with saline-infused animals
(Fig. 1B). During the clamp, plasma glucose was successfully
clamped between 7 and 8 mM (Fig. 1B). HFD animals had a
decreased glucose infusion rate during the hyperinsulinemic-
euglycemic clamp (~70% of chow); however, there was no
difference between DCA-and saline-treated animals (Fig. 1C).
The rate of whole body glucose disappearance showed a
similar pattern with a decrease with fat feeding (~80% of
chow); however, DCA treatment had no effect (Fig. 1D).
Hepatic glucose output was completely suppressed in chow
animals and was not different between DCA- and saline-treated
HFD rats (Fig. 1E). Plasma insulin levels during the clamp
were comparable between HFD groups but were slightly lower
in chow animals, possibly reflecting lower basal insulin levels
in the chow animals. Basal insulin levels were not different
between saline- and DCA-treated HFD groups (Fig. 1F).
Plasma lactate levels were increased by the clamp procedure
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compared with basal levels in the chow and HFD groups (Fig.
1G). The chow animals had significantly higher plasma lactate
compared with HFD animals at the end of the clamp, reflecting
the higher glucose disposal. DCA treatment completely sup-
pressed the increase in plasma lactate produced by the hyper-
insulinemic-euglycemic clamp without altering glucose dis-
posal, suggesting a possible reduction in nonoxidative glucose
utilization. Plasma NEFA levels were suppressed by the clamp
with no differences between groups (Fig. 1H).

Acute DCA treatment activates muscle PDH without chang-
ing glucose uptake. DCA treatment significantly and substan-
tially increased PDH activity in the red quadriceps (RQ) and
tibialis cranialis (TC) muscles (~8-fold) and heart (~2-fold)
(Fig. 2A). HFD muscle had significantly reduced PDH activity
compared with chow; however, this was not seen in the heart.
Additionally, phosphorylation of PDH Ela at the serine 293
residue was markedly reduced after DCA treatment in both RQ
and TC muscle; however, there was no effect of diet (Fig. 2, B
and C). This suggests that the dose of DCA was sufficient to
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Fig. 2. Dichloroacetate (DCA) increases pyruvate dehydrogenase (PDH) activity in muscle without changing glucose uptake. Chow is the open bar, high-fat diet
(HFD) is the dotted bar, and HFD DCA is the hatched bar. A: active PDH activity normalized to citrate synthase activity in red quadriceps (RQ) and tibialis
cranialis (TC) muscles and heart. B: representative immunoblot of phospho (S293) and total PDH Ela and phospho (S473) and total Akt in RQ and TC muscle.
C: densitometry of PDH and Akt phosphorylation (phospho/total). D: rate of glucose uptake (total bar) and the proportion of this rate incorporated into glycogen
(bottom bar) in RQ and TC muscles. E: percent of glucose uptake incorporated into glycogen in RQ and TC muscles. F: rate of glucose uptake into epididymal
white adipose tissue (epiWAT), brown adipose tissue (BAT), and heart. Rate of glucose uptake normalized to clamp plasma insulin in muscle (G), epiWAT, BAT,
and heart (H) (Rg’/plasma insulin); n = 8, analyzed by 1-way ANOVA. *P < 0.05, **P < 0.005, ****P < 0.0001 compared with chow. TP < 0.05 for an effect
of diet over both muscles (2-way ANOVA). §P < 0.05 for glucose incorporation into glycogen compared with chow. P = 0.06 for glucose incorporation into

glycogen compared with chow.
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control.

substantially increase PDH activity in vivo. Akt phosphoryla-
tion at the serine 473 residue measured in both the RQ and TC
muscle at the end of the clamp was not altered by either diet or
DCA treatment (Fig. 2, B and C). Fat feeding significantly
reduced the rate of glucose uptake into the RQ (77% of chow
control), and this was not altered with DCA treatment (Fig.
2D). The rate of glucose incorporation into glycogen was
significantly reduced in the RQ of DCA-treated HFD animals
compared with chow controls. The whiter TC muscle did not
show a significant effect of diet or DCA on glucose uptake;
however, TC from DCA-treated animals tended to have a
lower rate of glucose incorporation into glycogen than chow
controls (P = 0.06) (Fig. 2D), and the percentage of the rate of
glucose uptake that was stored as glycogen was significantly
reduced in both the RQ and TC of DCA-treated animals
compared with chow-fed controls (Fig. 2E). The rate of glu-
cose uptake was not significantly different in the epididymal
white adipose tissue, brown adipose tissue (BAT), or heart of
HFD animals (Fig. 2F). However, if glucose uptake was
corrected for the circulating insulin level during the clamp
(which was slightly higher in HFD animals compared with
chow) (Fig. 1F), then glucose uptake was significantly lower in
all tissues studied except the heart (Fig. 2, G and H). Overall,
this suggests that, in DCA-treated muscle, glucose is being
directed toward oxidation at the expense of glycogen synthesis
and without altering total glucose input.

DCA treatment channels pyruvate into acetyl-CoA at the
expense of other pathways. To determine the effect of DCA
treatment on the concentrations of glucose catabolites in vivo,
targeted metabolomics was undertaken on the RQ muscle from
clamped animals. DCA treatment significantly and substan-
tially increased muscle acetyl-CoA by approximately fivefold

(Fig. 3A), indicating increased flux through PDH, similar to
reports in human muscle (15). Alanine and aspartate levels in
DCA-treated muscle were half that of HFD controls (Fig. 3B),
suggesting preferential decarboxylation of pyruvate by PDH at
the expense of other pathways. This could also be seen in the
abundance of TCA cycle intermediates; a-ketoglutarate and
succinate were elevated with DCA administration (Fig. 3C),
whereas fumarate and malate were lowered (Fig. 3D). DCA
administration increased muscle NADH levels (Fig. 3E), pre-
sumably as a result of increased PDH activity; however, ATP
levels were unchanged (Table 2). Glycerol-3-phosphate levels
were also increased, perhaps attributable to increased glycerol-
3-phosphate dehydrogenase activity in response to an elevated
NADH/NAD™ ratio (Fig. 3E). Interestingly, DCA treatment
did not significantly change the concentration of either
pyruvate or lactate (Fig. 3F) or the abundance of glycolytic
intermediates apart from phosphoenolpyruvate, which was
significantly decreased in the muscle of DCA-treated ani-
mals (Table 2).

To further investigate the effect of DCA treatment on
glucose uptake and oxidation, we examined the effect of
insulin and DCA in isolated muscle strips ex vivo. Insulin
stimulated glucose uptake and glycogen synthesis in soleus
strips by approximately twofold but had a minimal effect on
glucose oxidation (20% increase) (Fig. 4). Adding 1 mM
DCA was sufficient to double the rate of glucose oxidation
under both insulin-stimulated and basal conditions in HFD
soleus muscle (Fig. 4A) without any change in glucose
uptake (Fig. 4B) but a significant effect to reduce glucose
conversion to glycogen (Fig. 4C). These results are similar
to those obtained in vivo, wherein DCA treatment did not
significantly affect the rate of glucose uptake but signifi-
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Table 2. Abundance of metabolites in red quadriceps from
clamped animals
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oxidation in muscle does not necessarily result in a corre-
sponding increase in glucose uptake.

Group Chow Saline HFD Saline HFD DCA DISCUSSION

Threonine 154 =07 259 = 22% 284 = 18 The glucose/fatty acid cycle hypothesis for the regulation
Glutamine 1991 = 95 2167 = 88 2526 * 54% f ol d fatt id idati in ti d ibed
Glutamate 1074 + 33 1050 = 38 1106 + 53 of glucose and fatty acid oxidation in tissues was describe

Citrate 93.7 + 10.1 852 + 7.1 86.6 =59 over half a century ago (36), but there is still significant
NAD™ 264 = 15 248 = 12 251 = 14 debate about the role this cycle plays in the modulation of
ATP 4977 = 244 4603 = 193 4718 = 146~ insulin-stimulated glucose uptake in skeletal muscle in nor-
G6P/F6P 1557 =227 1342 % 64 14972136 191 and insulin-resistant states (8, 13, 33, 35). Skeletal
F1,6BP 124 = 34 141 =24 159 = 22 . . . .

DHAP/GAP 761 + 113 722 + 84 797 + 50 muscle IIljclkeS a relatlvely large contribution to postprandial
3PG/2PG 525+ 6.6 548 +5.5 61.1 =39  glucose disposal (5) and is therefore an attractive target for
PEP 105+ 1.2 9.0x038 6.5+ 037 novel insulin sensitizers to combat the increasing problem

Values are nanomoles/gram (wet weight), means = SE, n = §, analyzed by
individual 1-way ANOVAs adjusted for multiple comparisons using the
Holm-Sidak test. Peaks of some metabolites could not be differentiated
between one another and are denoted with a slash between them. HFD, high-fat
diet; DCA, dichloroacetate; G6P, glucose-6-phosphate; FO6P, fructose-6-phos-
phate; F1,6BP, fructose-1,6-bisphosphate; DHAP, dihydroxyacetone-phos-
phate; GAP, glyceradelhyde-3-phosphate; 3PG, 3-phosphogycerate; 2PG,
2-phosphoglycerate; PEP, phosphoenolpyruvate. *P < 0.05 compared with
chow control. TP < 0.05 compared with HFD control.

cantly decreased insulin-stimulated glucose incorporation
into glycogen by ~30%. Oleate oxidation was significantly
decreased by DCA treatment but was not affected by insulin
(Fig. 4D). Overall this indicates that increasing glucose

of obesity-related insulin resistance. At the center of the
glucose/fatty acid cycle is the regulation of the activity of
PDH. Much of the recent work investigating PDH regulation
has utilized various forms of PDK knockout animals, which
have had varying effects on insulin sensitivity from benefi-
cial (17, 21, 44) to adverse (35). If the glucose/fatty acid
cycle is important in substrate regulation, long-term activa-
tion of PDH could lead to a reciprocal reduction in fatty acid
oxidation, potentially increasing stored lipid. Therefore,
genetic models such as the PDK knockout mice might
introduce confounding factors, such as increased muscle
lipid or other possible transcriptional changes resulting from
long-term modulation of substrate oxidation. We believed
that acute activation of PDH by DCA infusion provides a
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Fig. 4. Dichloroacetate (DCA) increases glucose oxidation and decreases fatty acid oxidation without changing glucose uptake in isolated soleus. Control muscles
are dotted bars, and DCA-treated muscles are hatched bars. A: rate of glucose oxidation. B: rate of glucose uptake. C: rate of glucose incorporation into glycogen,
n = 6. D: rate of oleic acid oxidation; bottom bars are acid-soluble metabolites, top bars are *CO, production, analyzed by 2-way ANOVA. *P < 0.05, **P <
0.005, #**P < 0.0005, ****P < 0.0001 compared with control muscles. TP < 0.05, 1P < 0.0001, main effect of insulin.
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good model to investigate the glucose/fatty acid cycle in
vivo without introducing these confounding factors.

DCA has been investigated over the last half century for
multiple diseases of metabolism, such as PDH deficiency and
lactic acidosis, and there is significant literature on its pharma-
cology and pharmacodynamics. DCA has been shown to con-
sistently lower fasting blood glucose in rodents (2) and humans
(4, 43) and may have additive effects with insulin on systemic
substrate utilization (1). However, to the best of our knowl-
edge, our study is the first to look at the effects of acutely
activating PDH on insulin-stimulated glucose disposal in vivo.
Infusion of DCA was sufficient to substantially activate muscle
PDH demonstrated by both the loss of phosphorylation at the
Serine 293 residue of the Ela subunit and by enzymatic
activity (Fig. 2, A-C). This was accompanied by an increased
amount of acetyl-CoA (Fig. 3A), which is indicative of an
increased conversion of pyruvate to acetyl CoA by active PDH.
Interestingly, this increased activity of PDH had no effect on
systemic glucose disposal during a hyperinsulinemic-euglyce-
mic clamp (Fig. 1C) or insulin-stimulated glucose uptake in
muscle during the clamp (Fig. 2, D and G). Akt phosphoryla-
tion at the serine 473 residue, which is often used as an
indication of insulin signaling, was unchanged by DCA ad-
ministration (Fig. 2, B and C). Similarly, there was no differ-
ence in Akt phosphorylation in the muscle of HFD animals
compared with chow controls at the end of the clamp, which
has previously been reported by our group (46).

In isolated soleus muscle, DCA treatment did not affect
muscle glucose uptake (Fig. 4B) despite substantially increas-
ing glucose oxidation (Fig. 4A), consistent with previous stud-
ies in isolated muscle (6). In ex vivo muscle experiments under
basal conditions (Fig. 4), glucose oxidation accounted for
~25% of glucose taken up, which increased to ~45% with DCA
treatment. However, under insulin-stimulated conditions, the
contribution of glucose oxidation to glucose utilization was
reduced to ~17%, and the doubling of glucose oxidation by
DCA administration only increased the percentage of glucose
taken up that is oxidized to ~30%. This suggests that complete

Fig. 5. Schematic of our interpretation of the effect of
dichloroacetate in muscle using the above metabolomics and
tracer data. Thicker arrows represent an increase in flux
compared with control. Dashed arrows represent a decrease
in flux compared with control. G-6-P, glucose-6-phosphate;
DHAP, dihydroxyacetone-phosphate; TCA, tricarboxylic
acid.

ACTIVATING PDH DOES NOT INCREASE GLUCOSE UPTAKE IN MUSCLE

oxidation accounts for less than half of insulin-stimulated
glucose disposal in muscle and may explain the reported lower
fasting blood glucose levels after DCA treatment because of
the higher relative contribution of glucose oxidation to glucose
disposal under basal conditions. Interestingly, the reduction in
glucose incorporation into glycogen seen in DCA-treated mus-
cle is quantitatively similar to the increase in glucose oxida-
tion, suggesting that the increase in glucose oxidation is sup-
ported by changes in intramyocellular glucose partitioning
rather than marked changes in glucose uptake into the muscle.
A decreased rate of glucose incorporation into glycogen was
also observed in the muscle of the DCA-treated rats in vivo
(Fig. 2, D and E). This, together with the substantially de-
creased plasma lactate as a result of DCA infusion (Fig. 1G),
suggests that activating PDH increases the oxidation of glucose
(Fig. 4A), at the expense of fatty acids (Fig. 4D), and, to
support this, the tissue diverts glucose metabolism away from
glycogen storage and lactate production into oxidation without
any alteration in glucose uptake. Interestingly, DCA only
affected '*CO, production from oleate and not the production
of *C-labeled acid-soluble metabolites resulting from incom-
plete fatty acid oxidation (Fig. 4D). This may suggest that entry
of fatty acids into the mitochondria and beta oxidation were not
affected by DCA. Instead, because of the large increase in
acetyl-CoA abundance after DCA administration (Fig. 3A),
fatty acid-derived acetyl-CoA must compete with glucose-
derived acetyl-CoA for oxidation.

DCA administration did not change muscle lactate concen-
tration (Fig. 3F), which is consistent with previous literature in
resting human muscle that reported no effect of DCA on lactate
and pyruvate concentrations (15). This may be due to increased
lactate utilization/uptake with DCA treatment, which has been
reported at a systemic level during a lactate clamp after DCA
administration (12). The increase in plasma lactate during the
clamp (which was greater in the chow animals) indicates that
much of the increase in glucose uptake under insulin-stimulated
conditions is metabolized via nonoxidative pathways, and a loss
of insulin sensitivity may result from a defect in nonoxidative
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glucose metabolism. This idea is supported by both the reduction
in insulin-stimulated glycogen synthesis, which is relatively well
established (40), as well as reduced lactate appearance that has
also been reported in insulin-resistant individuals in response to a
glucose load (18, 26, 27, 34).

Both the in vivo glucose tracer and metabolomics data indicate
that the main effect of DCA treatment in muscle is to alter the
balance of substrate metabolism. DCA treatment increased the
abundance of acetyl-CoA (Fig. 3A) while decreasing alanine and
aspartate (Fig. 3B). The reduction in muscle aspartate may reflect
diminished malate/oxaloacetate abundance (malate/aspartate
shuttle) (Fig. 3B). Lower abundance of the TCA cycle inter-
mediates around oxaloacetate after DCA treatment (Fig. 3C)
may reflect a reduction in flux through pyruvate carboxylase. A
simplified schematic of our interpretation of these findings is
shown in Fig. 5, where the increased conversion of pyruvate to
acetyl-CoA results in a compensatory decrease in glucose
metabolism by other pathways.

In resting muscle, the oxidative metabolism of glucose will
be linked via oxidative phosphorylation to synthesis of ATP to
support the energy requirements of the tissue. The amount of
glucose oxidation required to fuel ATP production may there-
fore only be a small fraction of the total glucose uptake into the
muscle, particularly under insulin-stimulated conditions. With-
out a change in energy demand (e.g., exercise), the increased
glucose uptake that occurs in muscle after insulin stimulation is
likely to be far greater than required for oxidative metabolism,
and therefore therapies aimed at increasing glucose oxidation
may not result in meaningful increases in insulin-stimulated
glucose uptake. It is possible that tissues with a greater ener-
getic demand such as the heart or activated BAT may benefit
from pharmacologically activating PDH, as they are signifi-
cantly more oxidative than resting muscle. Potentially, in
conjunction with exercise (muscle contraction), which can be a
more potent stimuli for muscle glucose uptake than insulin
alone (29), PDH activation may alter glucose homeostasis (7).
On the other side of the glucose/fatty acid cycle, pharmaco-
logical inhibition of fatty acid oxidation has been employed
with some success to increase glucose uptake into muscle (22,
31). However, this study suggests that these effects are not
driven by activation of PDH but by limiting of the major source
of energy substrate for muscle in the resting state, fatty acids.

In conclusion, we have shown that acutely activating PDH
can increase muscle glucose oxidation and alter nonoxidative
glucose metabolism. However, this has little impact on insulin-
stimulated glucose uptake into the muscle or on systemic
glucose disposal under insulin-stimulated conditions. These
data provide evidence against a central role for the glucose/
fatty cycle in regulating glucose uptake although a significant
role for PDH in the reciprocal regulation of glucose and fatty
acid oxidation is still evident. Additionally, we believe that
therapies that increase glucose oxidation in muscle may not
have a meaningful impact on glucose uptake unless paralleled
by an increase in energy expenditure.
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