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anisms regulating glucose oxidation at the level of the pyruvate dehy-
drogenase complex by PDKs. Am J Physiol Endocrinol Metab 284:
E855-E862, 2003; 10.1152/ajpendo.00526.2002.—The mitochondrial
pyruvate dehydrogenase complex (PDC) catalyzes the oxidative decar-
boxylation of pyruvate, linking glycolysis to the tricarboxylic acid cycle
and fatty acid (FA) synthesis. Knowledge of the mechanisms that regu-
late PDC activity is important, because PDC inactivation is crucial for
glucose conservation when glucose is scarce, whereas adequate PDC
activity is required to allow both ATP and FA production from glucose.
The mechanisms that control mammalian PDC activity include its phos-
phorylation (inactivation) by a family of pyruvate dehydrogenase kinases
(PDKs 1-4) and its dephosphorylation (activation, reactivation) by the
pyruvate dehydrogenase phosphate phosphatases (PDPs 1 and 2). Iso-
form-specific differences in kinetic parameters, regulation, and phos-
phorylation site specificity of the PDKs introduce variations in the
regulation of PDC activity in differing endocrine and metabolic states. In
this review, we summarize recent significant advances in our knowledge
of the mechanisms regulating PDC with emphasis on the PDKs, in
particular PDK4, whose expression is linked with sustained changes in
tissue lipid handling and which may represent an attractive target for
pharmacological interventions aimed at modulating whole body glucose,
lipid, and lactate homeostasis in disease states.
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THE MITOCHONDRIAL PYRUVATE DEHYDROGENASE COMPLEX
(PDC) catalyzes the oxidative decarboxylation of pyru-
vate. This reaction links glycolysis to the energetic and
anabolic functions of the tricarboxylic acid (TCA) cycle
(Fig. 1). As a consequence, adequate flux through PDC
is particularly important in tissues with a high ATP
requirement, including exercising muscle. Acetyl-CoA
production via PDC is also important in tissues that
are active in fatty acid (FA) synthesis (liver, lactating
mammary gland, and adipose tissue), since mitochon-
drial acetyl-CoA, via citrate formation and efflux, pro-
vides the precursor of cytosolic acetyl-CoA, which is
used for FA synthesis (Fig. 1). Because substrate com-
petition exists potentially between glucose and FAs,
PDC’s role in facilitating production of the lipogenic
intermediate malonyl-CoA under conditions where glu-
cose is abundant (Fig. 1) means that a high PDC
activity can limit mitochondrial FA uptake (and there-
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fore oxidation) via inhibition of carnitine palmitoyl-
transferase I. Conversely, because no pathway exists
for the conversion of acetyl-CoA to glucose in mam-
mals, suppression of PDC activity is crucial for conser-
vation of glucose (and facilitation of FA oxidation)
when glucose is scarce. This review describes recent
advances relating to the regulation of mammalian PDC
activity by reversible phosphorylation, with emphasis
placed on the acute and long-term modes of regulation
of pyruvate dehydrogenase kinase (PDK), which phos-
phorylates and inactivates PDC.

CHARACTERISTICS OF PHOSPHORYLATION AND
DEPHOSPHORYLATION OF PDC

In addition to the three components that catalyze the
conversion of pyruvate to acetyl-CoA [pyruvate dehydro-
genase (E1), dihydrolipoamide acetyltransferase (E2),
and dihydrolipoamide dehydrogenase (E3)], PDC con-
tains two specific regulatory enzymes, PDK and pyruvate
dehydrogenase phosphate phosphatase (PDP). PDK and
PDP together catalyze a phosphorylation-dephosphoryla-
tion cycle involving specific serine residues on the a-sub-
unit of E1 (Fig. 1). Importantly, because the phosphory-
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ylation, together with the reaction cat-
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lation of the a-subunits of E1 renders PDC completely
devoid of activity (31), the percentage of active PDC at
any one time reflects the percentage of a-subunits of E1
that are phosphorylated. The percentage of active PDC
thus reflects the activity of PDK (which catalyzes ATP-
dependent E1 phosphorylation) (71) and PDP (which cat-
alyzes E1 dephosphorylation) (56) (reviewed in Ref. 53).

Phosphorylation of E1 occurs at three specific serine
residues (45, 57, 71), serine-264 (designated phosphor-
ylation site 1), serine-271 (phosphorylation site 2) and
serine-203 (phosphorylation site 3) (57). Half-of-the-
site reactivity during phosphorylation of all three sites
has been reported, which implies that a maximum of
only three of the six potential phosphorylation sites
(three potential sites for each Ela subunit) can be
phosphorylated (26). Analysis of relative initial rates of
phosphorylation of each site on Ela by use of rat heart
complex demonstrated that site 1 phosphorylation is
the most rapid and site 3 phosphorylation the least
rapid (45). Construction of mutant human Els with
single functional phosphorylation sites has revealed
that phosphorylation of each site alone can cause PDC
inactivation (26). However, to reiterate the results ob-

tained with purified mammalian PDC (45), phosphor-
ylation of site 1 is 4.6-fold more rapid than that of site
2 and 16-fold more rapid than that of site 3 (26).
Studies using recombinant proteins with mutations in
the three phosphorylation sites have also revealed that
dephosphorylation of sites 1, 2, and 3 occurs randomly
(26). This implies that, in functional terms, phosphor-
ylation of sites 2 and 3 could retard the rate of dephos-
phorylation of all three sites through site competition
for PDP. Multisite phosphorylation of E1 leading to
impaired reactivation by PDP has been proposed as
one possible explanation for the delay in PDC reacti-
vation that is found in liver, heart, and oxidative skel-
etal muscle on refeeding after starvation (15, 17, 52).

REGULATION OF PDP

Dephosphorylation of PDC is catalyzed by two PDP
isoforms (PDP1 and PDP2), which are variably ex-
pressed in different tissues (11, 18, 40, 41, 44). PDP1,
the dominant isoform in Ca?'-sensitive tissues, re-
quires Mg?* and is stimulated by Ca2?" (18). Ca2"
stimulation of PDP1 arises in part because PDP1 binds
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to E2 via an interaction that requires micromolar con-
centrations of Ca®?" (38) and in part because Ca®"
decreases the K., of PDP1 for Mg®* (61). PDP1 com-
prises a catalytic and a regulatory subunit (42, 56). The
catalytic subunit (PDPlc) is in the phosphatase 2C
class (28). The regulatory subunit (PDP1r) is a fla-
voprotein with a bound flavin adenine dinucleotide
that influences the Mg2 ™" concentration that is required
for PDP1c activity (29, 69). The second PDP isoform,
PDP2, is found in liver and adipose tissue (18). Rat
PDP2 shares 55% sequence identity with rat PDPlc
but is not activated by Ca2?" (18). In adipose tissue,
insulin reduces the concentration dependence of
PDP(2) activity for Mg2™ (60).

REGULATION OF PDK

The activity of PDK is also highly regulated (see Fig.
1). Short-term mechanisms of PDK regulation by me-
tabolites include its inhibition by the E1 substrate
pyruvate (generated via glycolysis or from circulating
lactate) and its activation by acetyl-CoA and NADH,
products of both the PDC reaction and FA B-oxidation
(22). PDK consists of two dissimilar subunits (« and ).
Kinase activity resides in the a-subunit, as its selective
proteolytic cleavage results in loss of activity. The
B-subunit is a regulatory subunit.

Isolation of a cDNA encoding a 48-kDa form of PDK,
later termed PDK1, from a rat heart ¢cDNA library
allowed determination of the primary structure of PDK
(41). Analysis of the deduced amino acid sequences
demonstrated that the PDKs lack the signature se-
quence motifs found in other eukaryotic serine/threo-
nine protein kinases but contain highly conserved re-
gions in the COOH terminus resembling motifs
conserved in prokaryotic histidine protein kinases (41).
In addition, molecular modeling has suggested that the
PDKs are folded into a three-dimensional structure
resembling that of prokaryotic histidine protein ki-
nases (3). It has thus been suggested that the PDKs
belong to the ATPase/kinase superfamily (composed of
bacterial histidine protein kinases, DNA gyrases, and
molecular chaperone Hsp90) (2, 3, 47). To date, four
PDK isoenzymes have been identified in humans and
rodents. These have been designated PDK1, PDK2,
PDK3, and PDK4 (3, 39). Two PDK isoforms are found
in plants (58, 59), one in nematodes (5), and one in
Drosophila melanogaster (21). The primary structures
of the four PDK isoforms are extremely conserved, with
66—74% identity: PDK3 and PDK4 are the most dis-
tinct and PDK1 and PDK2 the most conserved (with
70% identity between PDK1 and PDK2) (40). There is
also very high sequence identity for the same PDK
isoform between species, and PDK1 and PDK2 are
>95% identical between rat and human. The amino
acid sequences of the human precursor PDKs vary,
with 436 residues for PDK1, 411 for PDK4, 407 for
PDK2, and 406 for PDKS3 (44). Similarly, the molecular
masses of the PDKs vary such that mature PDK1
corresponds to a 48-kDa subunit, whereas mature
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PDK2, PDK3, and PDK4 correspond to a 45-kDa sub-
unit.

Mammalian PDKs exhibit tissue-specific expression
(3). PDK1 has been detected in heart (3, 55, 68), the
pancreatic islet (48), and skeletal muscle (36). PDK2 is
ubiquitously expressed in the fed state, with particu-
larly high expression in heart, liver, and kidney (3).
PDKS3 has a relatively limited tissue distribution (tes-
tis, kidney, and brain) (3, 18). PDK4 is expressed at
high levels in heart (3, 55, 68), skeletal muscle (3, 14,
36, 54, 66), liver (3, 50, 51, 65), kidney (3, 49, 51, 65),
and the pancreatic islet (48).

Isoform-specific differences in kinetic parameters,
regulation, and phosphorylation site specificity intro-
duce variations in the regulation of PDC activity in
differing endocrine and metabolic states. Although all
four PDK isoenzymes can phosphorylate and inacti-
vate PDC in vitro, the relative catalytic activity of
recombinant isoenzymes toward wild-type E1 varies
(PDK2 < PDK4 < PDK1 < PDK3) (3). In addition,
individual recombinant PDK isoenzymes differ in their
acute regulation by metabolites (3). Recombinant
(r)PDK2 is the most sensitive (K; = 0.2 mM) to inhibi-
tion by the pyruvate analog dichloroacetate (DCA) (3)
(Fig. 2). In contrast, rPDK4 is relatively insensitive to
suppression by DCA (3) but more responsive to an
increased NADH-to-NAD* concentration ratio than
rPDK2 (3) (Fig. 2). However, further addition of acetyl-
CoA activates rPDK2, but rPDK4 does not show acti-
vation above that seen with NADH alone (3) (Fig. 2).

The specificity of the four mammalian PDKs toward
the three phosphorylation sites of E1 has been inves-
tigated using recombinant E1 mutant proteins with
only one functional phosphorylation site (25, 27). All
four PDKs phosphorylate sites 1 and 2; site 3 is phos-
phorylated only by PDK1 (25, 27) (Fig. 2). Although
PDK is activated by binding to E2 (70), all four PDKs
can phosphorylate sites 1 and 2, and PDK1 can phos-
phorylate site 3 in the absence of E2-E3 binding pro-
tein (27). All four PDKs exhibit higher activity toward
site 1 of free E1 compared with the other two phos-
phorylation sites, PDK2 exhibiting the highest activity
and PDK3 the lowest activity toward site 1 (27). In
contrast, in the free form, PDK4 exhibits a much higher
activity toward site 2 compared with PDK1, PDK2, and
PDKS (27).

LONG-TERM REGULATION OF MAMMALIAN
PDK EXPRESSION

PDK activity in several oxidative tissues is increased
in response to nutritional and endocrine manipulations
that increase lipid supply and utilization. Culture of
hepatocytes (9), cardiac myocytes (32, 35), and soleus
strips (46) with FAs increases PDK activity. PDK is
present in limited amounts in PDC (1-2 molecules per
complex), and, in the intact animal, the protein expres-
sion of one specific PDK isoenzyme, PDK4, is modified
when there is a sustained change in tissue lipid deliv-
ery and/or handling. PDK4 protein expression in heart,
skeletal muscle, and liver increases with starvation
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Fig. 2. Comparison of the kinetic pa- P Py "9
rameters of PDK1, PDK2, and PDK4.

Data are taken from Refs. 3, 25, and
27. Thicknesses of the lines indicate
the relative activities of individual
PDK isoforms toward the phosphoryla-
tion sites on the pyruvate dehydroge-
nase a-subunit (Ela) of PDC.
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(13, 16, 50, 65, 68), insulin resistance induced by high-
fat feeding (14, 37, 55), streptozotocin diabetes (68),
and hyperthyroidism (16, 55). Hence, one long-term
mechanism of PDK regulation involves changes in the
relative expression of individual PDK isoforms. PDK2
activity may account for short-term inhibition of PDC
through phosphorylation of site 1. In contrast, the
longer-term increase in PDK4 protein observed in re-
sponse to a sustained increase in lipid delivery/oxida-
tion may be more important for phosphorylating site 2.
It would be predicted that, in the absence of increased
site 2 phosphorylation, PDC would be more rapidly
dephosphorylated and reactivated. In support of this
scenario, reactivation of PDC in liver, heart, and skel-
etal muscle is much slower when PDK4 expression is
enhanced by prolonged starvation than after acute
starvation (15, 17, 52). Similarly, because PDK1 alone
is capable of phosphorylating site 3, phosphorylation of
all three sites must be limited to tissues containing
PDKI1. From this, it follows that multisite phosphory-
lation of E1 in tissues expressing PDK1 would be
greater than in tissues expressing only PDK2, PDK3,
and/or PDK4, leading to even greater retardation of
dephosphorylation and reactivation. This is demon-
strated by greatly retarded reactivation of PDC in
heart, which expresses PDK1, PDK2, and PDK4, com-
pared with that in liver, which expresses only PDK2
and PDK4 (15, 52). Insulin suppresses hepatoma
PDK2 mRNA expression but is less effective at lower-
ing hepatoma PDK4 mRNA expression (19). Differen-
tial sensitivity of PDK2 and PDK4 to suppression by
insulin may possibly be extrapolated to other tissues.
Thus starvation increases only PDK4 in slow-twitch
muscle (54) but increases both PDK2 and PDK4 pro-
tein in fast-twitch skeletal muscle (54), which is rela-
tively less insulin sensitive than slow-twitch skeletal
muscle (20).

Low spccific activity

High specific activity

D /
Gie D

PDC

inactive

PDC
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Regulation of PDK expression may occur at the lev-
els of both mRNA and protein expression. The half-life
of the PDK4 mRNA in Morris hepatoma cells is rela-
tively short (~1.5 h) compared with that of PDK2 (¢, >
6 h) (19). Increases in PDK2 mRNA and protein ex-
pression evoked by prolonged starvation on PDK iso-
form expression in liver and kidney are relatively sim-
ilar (~2-fold) in magnitude, suggesting that regulation
of PDK2 expression occurs primarily at the level of
transcription (65). Conversely, the relative increases in
hepatic and renal PDK4 mRNA expression evoked by
prolonged starvation (3.0- and 8.9-fold, respectively)
are much higher than the corresponding increases in
PDK4 protein expression (1.9- and 3.8-fold, respec-
tively) (65). Hence, both transcriptional and transla-
tional mechanisms are likely to participate in the long-
term regulation of PDK4 expression in liver and kidney
(65). Interestingly, starvation increases PDK4 mRNA
expression in brain and white adipose tissue without
any corresponding increase in PDK4 protein expres-
sion, suggesting dominant regulation of PDK4 protein
expression in these tissues at the level of translation.

FUNCTIONAL SIGNIFICANCE OF PDK
ISOFORM SHIFTS

We have previously developed the hypothesis that
PDK4 is a “lipid status”-responsive PDK isoform, facil-
itating FA oxidation by “sparing” pyruvate for oxalo-
acetate formation (51). In heart and skeletal muscle,
increased anaplerotic entry of pyruvate into the TCA
cycle as oxaloacetate facilitates entry of acetyl-CoA
derived from FA p-oxidation into the TCA cycle
through increased citrate formation. In turn, citrate
formation acts as a signal of FA abundance to suppress
glucose uptake and glycolysis. Furthermore, by main-
taining acyl-CoA removal by B-oxidation, upregulation
of PDK4 would be predicted to allow continued uptake
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of long-chain fatty acyl-CoA into the mitochondria for
oxidation, preventing long-chain fatty acyl-CoA accu-
mulation in the cytoplasm, where it would be predicted
to exert deleterious effects on function. We have dem-
onstrated in skeletal muscle that enhanced PDK4 pro-
tein expression after prolonged starvation is associated
with a rightward shift in the sensitivity curve for
suppression of PDK activity by pyruvate and attenua-
tion of the maximal response of PDK to suppression by
pyruvate (54). A similar shift in sensitivity of PDK
activity to suppression by pyruvate is observed in re-
sponse to prolonged starvation in the heart (43). Thus
the relative insensitivity of PDK to suppression by
pyruvate in heart and skeletal muscle evoked by pro-
longed starvation (43, 54) correlates with selective in-
creases in PDK4 protein expression (16, 68). Insulin
resistance induced by prolonged high-fat feeding also
leads to a reduction in the sensitivity of skeletal muscle
PDK to inhibition by pyruvate (14). Thus it appears
that PDK isoform switching toward increased PDK4
expression can be associated with altered regulatory
characteristics of PDK in vivo, as would be predicted
from studies with the recombinant PDK4 protein (3).
Within the physiological context of intermittent feed-
ing, loss of sensitivity of skeletal muscle PDK to sup-
pression by pyruvate as a consequence of PDK4 up-
regulation may be geared to facilitate direction of
glycolytically derived pyruvate toward lactate output
rather than oxidation, with subsequent use for glucose
synthesis. Within the pathological context of prolonged
starvation, trauma, and sepsis, a further functional
consequence of altered muscle PDK4 expression may
relate to the fact that skeletal muscle protein, partic-
ularly fast-twitch muscle protein, is relatively expend-
able to generate carbon skeletons of amino acids to act
as additional gluconeogenic precursors. Skeletal mus-
cle amino acids are transaminated with pyruvate to
produce alanine, which is then released into the circu-
lation. Increased expression of PDK4, which is less
pyruvate sensitive (Fig. 2), may permit the mainte-
nance of adequately high pyruvate levels to ensure the
removal of amine nitrogen from muscle in states of
negative nitrogen balance. Finally, diversion of pyru-
vate from oxidation toward lactate or alanine output by
skeletal muscle may fuel excessive rates of endogenous
glucose production and ultimately the development of
hyperglycemia in insulin-resistant states. Thus phar-
macological suppression of skeletal muscle PDK4 ex-
pression/activity may represent a potential strategy to
oppose the development of hyperglycemia associated
with insulin resistance.

In liver and kidney, PDK4 upregulation during star-
vation (49, 50, 65, 67) may again participate in direct-
ing available pyruvate toward oxaloacetate formation,
but in this case for entry into the gluconeogenic path-
way and glucose synthesis. Concomitant upregulation
of PDK2 may couple suppression of pyruvate oxidation
with stimulation of pyruvate carboxylation via the
common effector acetyl-CoA. Conversely, impaired up-
regulation of PDK4 protein expression, resulting in an
inappropriately high PDK2-to-PDK4 activity ratio,
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could result in increased flux via PDC at the expense of
entry of pyruvate into gluconeogenesis. Support for
this possibility comes from studies of peroxisome pro-
liferator-activated receptor-a (PPARa)-null mice where
pharmacological inhibition of mitochondrial FA oxidation
results in severe hypoglycemia (7). Upregulation of PDK2
protein expression, in addition to that of PDK4, in liver
after prolonged starvation may subserve a further func-
tion in that it could permit activation of PDC should
pyruvate accumulate. Such circumstances might include
vigorous exercise (where lactate efflux from fast-twitch
muscle contributes to a greatly enhanced hepatic lactate
supply) or suppression of FA oxidation.

REGULATION OF MAMMALIAN PDK4 EXPRESSION
BY PPARS

PPARs are ligand-activated transcription factors
that have hypolipidemic actions (reviewed in Ref. 23).
PPARYy, the predominant molecular target for the in-
sulin-sensitizing thiazolidinediones, is most abun-
dantly expressed in adipose tissue, where it induces
adipocyte genes that increase FA delivery (e.g., lipopro-
tein lipase) or uptake and sequestration (e.g., fatty acid
transporter 1) (reviewed in Ref. 23). Through its action
to facilitate lipid trapping in adipose tissue, lipid de-
livery to tissues other than adipose tissue, including
those that express PDK4 at relatively high levels, is
reduced. Use of PCR differential mRNA display, DNA
microarrays, and related techniques has shown that
skeletal muscle PDK4 gene expression is suppressed
by treatment of insulin-resistant rats with PPAR~y ago-
nists (64). This observation supports a direct inverse
relationship between lipid entrapment in adipose tis-
sue and tissue PDK4 expression.

PPARa is the molecular target for the fibrate class of
lipid-modulating drugs (reviewed in Ref. 23). Like
PPARYy, PPAR«a has a hypolipidemic action. However,
in this case, the lipid-lowering effect results from en-
hanced FA uptake, activation, and oxidation by tissues
other than white adipose tissue (4, 6, 7, 12, 33, 62, 63).
Because of the clear correlation between altered lipid
homeostasis and tissue PDK4 protein expression and
the resulting impact that this might have on rates of
glucose oxidation, much current interest has been fo-
cused on the potential regulation of PDK4 expression
by PPARa.

PPAR« is expressed at high levels in the liver and
kidney (8). PPARa-deficient mice exhibit an impaired
ability to upregulate hepatic FA oxidation in response
to fasting, despite suppression of insulin levels and
increases in FA supply (24, 30). Activation of PPAR« by
WY-14643 in vivo enhances hepatic and renal PDK4
protein expression in the fed state (19, 51). Further-
more, the upregulation of hepatic and renal PDK4
protein expression normally evoked in response to pro-
longed starvation is markedly impaired in PPARa-
deficient mice (49, 50, 67). Incubation of Morris hepa-
toma 7800C1 cells with WY-14643 or an FA (palmitate
or oleate) increases PDK4 mRNA and protein (19).
Thus there is compelling evidence that FAs, acting at
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least in part via PPARq, are important factors in the
regulation of hepatic and renal PDK4 expression.

Cardiac PDK4 mRNA and protein expression are
enhanced in response to dietary administration of WY-
14643 for 3 days in wild-type mice but not in PPAR«a-
deficient mice (67). Cardiac-specific overexpression of
PPAR« also results in enhanced cardiac PDK4 mRNA
expression, which is further augmented when the
PPARwa-overexpressing transgenic mice are chronically
treated with WY-14643 as a component of the diet (10).
Conversely, cardiac PDK4 mRNA expression is sup-
pressed in pressure overload cardiac hypertrophy (72),
where cardiac PPARa expression and activity are sup-
pressed (1). These data indicate that modulation of
PPARa expression can influence PDK4 expression.
Nevertheless, the enhancement of cardiac PDK4 pro-
tein expression elicited by starvation is only modestly
attenuated by PPAR«a deficiency in PPARa-null mice
(16, 34, 67). Thus mechanisms in addition to signaling
via PPARa contribute to the regulation of cardiac
PDK4 expression in starvation. Within this context,
both prolonged starvation and experimental diabetes,
conditions associated with increased cardiac FA utili-
zation, have been reported to suppress cardiac PPAR«a
expression (72). A comparison of the responses of car-
diac PDK isoform protein expression to PPAR« activa-
tion by WY-14643 in fed and starved rats over a time-
scale comparable to that over which effects of
starvation can be observed (24 h) failed to demonstrate
an effect of PPAR«a activation on cardiac PDK4 protein
expression (16). The apparent lack of impact of acute
(24 h) WY-14643 treatment on cardiac PDK4 protein
expression (16) compared with the increased cardiac
PDK4 mRNA expression observed after longer periods
of treatment with WY-14643 (67) probably reflects the
fact that the adult rat heart is a relatively poor target
for PPAR« activators compared with other tissues, in
particular liver. It should be appreciated that, in
PPARa-null mice, FA oxidation is not completely sup-
pressed; rather, the ability to increase the required
rate of FA oxidation sufficiently to avoid tissue accu-
mulation of lipid is impaired (24, 30). PPAR«-null mice
fed ad libitum on a standard high-carbohydrate, low-
fat rodent diet do not exhibit any obvious cardiac ab-
normalities (24, 30).

Oxidative skeletal muscle is a major site of FA ca-
tabolism in mammals, for example during starvation
and exercise, when circulating lipid delivery increases.
However, most evidence suggests that signaling via
PPARa may be more important for the regulation of
PDK4 expression in fast-twitch muscle, which does not
oxidize FA as avidly as slow oxidative muscle. Al-
though dietary administration of WY-14643 for 3 days
selectively upregulates PDK4 in gastrocnemius muscle
(a fast glycolytic skeletal muscle) (66) and activation of
PPARa with WY-14643 in vivo for 24 h increases PDK4
protein expression in anterior tibialis (a predominantly
fast oxidative-glycolytic skeletal muscle), PPAR«a acti-
vation does not significantly increase PDK4 protein
expression in soleus (a slow oxidative skeletal muscle)
(13). Conversely, the response of PDC activity to phar-
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macological inhibition of PDK with DCA in vivo is less
in fast-twitch than in slow-twitch muscle, suggesting a
higher functional PDK activity in slow-twitch muscle
in the fed state (13). Activation of PPAR« by WY-14643
during prolonged starvation does not further enhance
upregulation of PDK4 protein expression in either fast
oxidative glycolytic or slow oxidative skeletal muscle
(13), and the effect of 24-h starvation to increase PDK4
mRNA and protein expression in skeletal muscle is
intact in PPARa-null mice (13, 34). These data demon-
strate that there is no obligatory participation of sig-
naling via PPAR«. Ablation of PPAR« results in ab-
normally high accumulation of neutral lipid in heart
and liver in response to physiological or pharmacolog-
ical interventions that influence FA metabolism (6, 7).
In contrast, starvation of PPARa-null mice leads to
only minor abnormalities of skeletal muscle FA metab-
olism and no accumulation of neutral lipid (34). These
observations have been attributed to a relatively low
level of PPARa expression in mouse skeletal muscle,
where PPARS is the major PPAR subtype expressed (8)
and may substitute for PPAR«a (34). Activation of ei-
ther PPARa or PPARS leads to marked increases in
PDK4 mRNA expression in both primary human skel-
etal muscle cultures and L.6 myotubes (34).

CONCLUDING REMARKS

In this review, we have presented strong evidence
that the mechanisms regulating PDK4 protein expres-
sion differ significantly among tissues in a manner that
may reflect individual tissue responses to altered lipid
supply and/or oxidation. Further studies in this area
will refine and expand our knowledge of the mechanis-
tic impact of chronic changes in expression of specific
regulatory kinases, such as PDK, with a view to poten-
tial therapeutic uses in the correction of hyperglycemia
and metabolic acidosis as well as metabolic disorders in
which tissue ATP generation from glucose is inade-
quate.

Our work cited in this review was supported by funding from the
British Heart Foundation, Diabetes UK, and the UK Medical Re-
search Council.

REFERENCES

1. Barger PM, Brandt JM, Leone TC, Weinheimer CJ, and
Kelly DP. Deactivation of peroxisome proliferator-activated re-
ceptor-alpha during cardiac hypertrophic growth. J Clin Invest
105: 1723-1730, 2000.

2. Bowker-Kinley M and Popov KM. Evidence that pyruvate
dehydrogenase kinase belongs to the ATPase/kinase superfam-
ily. Biochem JJ 344: 47-53, 1999.

3. Bowker-Kinley MM, Davis WI, Wu P, Harris RA, and
Popov KM. Evidence for existence of tissue-specific regulation
of the mammalian pyruvate dehydrogenase complex. Biochem J
329: 191-196, 1998.

4. Brandt JM, Djouadi F, and Kelly DP. Fatty acids activate
transcription of the muscle carnitine palmitoyltransferase I gene
in cardiac myocytes via the peroxisome proliferator-activated
receptor alpha. J Biol Chem 273: 23786-23792, 1998.

5. Chen W, Huang X, Komuniecki PR, and Komuniecki R.
Molecular cloning, functional expression, and characterization of
pyruvate dehydrogenase kinase from anaerobic muscle of the
parasitic nematode Ascaris suum. Arch Biochem Biophys 353:
181-189, 1998.

AJP-Endocrinol Metab « VOL 284 « MAY 2003 « www.ajpendo.org

LTOZ ‘€T 1890100 U0 £°€£°022°0T Aq /B10"ABojoisAyd-opuadfe//:dny woly pspeojumod



http://ajpendo.physiology.org/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

INVITED REVIEW

. Djouadi F, Brandt JM, Weinheimer CJ, Leone TC, Gonza-

lez FJ, and Kelly DP. The role of the peroxisome proliferator-
activated receptor alpha (PPAR alpha) in the control of cardiac
lipid metabolism. Prostaglandins Leukot Essent Fatty Acids 60:
339-343, 1999.

. Djouadi F, Weinheimer CdJ, Saffitz JE, Pitchford C, Bastin

J, Gonzalez FdJ, and Kelly DP. A gender-related defect in lipid
metabolism and glucose homeostasis in peroxisome proliferator-
activated receptor alpha-deficient mice. J Clin Invest 102: 1083—
1091, 1998.

. Escher P, Braissant O, Basu-Modak S, Michalik L, Wahli

W, and Desvergne B. Rat PPARs: quantitative analysis in
adult rat tissues and regulation in fasting and refeeding. Endo-
crinology 142: 4195-4202, 2001.

. Fatania HR, Vary TC, and Randle PJ. Modulation of pyru-

vate dehydrogenase kinase activity in cultured hepatocytes by
glucagon and n-octanoate. Biochem J 234: 233-236, 1986.
Finck BN, Lehman JdJ, Leone TC, Welch MJ, Bennett MdJ,
Kovacs A, Han X, Gross RW, Kozak R, Lopaschuk GD, and
Kelly DP. The cardiac phenotype induced by PPARalpha over-
expression mimics that caused by diabetes mellitus. J Clin
Invest 109: 121-130, 2002.

Gudi R, Bowker-Kinley MM, Kedishvili NY, Zhao Y, and
Popov KM. Diversity of the pyruvate dehydrogenase kinase
gene family in humans. J Biol Chem 270: 28989-28994, 1995.
Gulick T, Cresci S, Caira T, Moore DD, and Kelly DP. The
peroxisome proliferator-activated receptor regulates mitochon-
drial fatty acid oxidative enzyme gene expression. Proc Natl
Acad Sci USA 91: 11012-11016, 1994.

Holness MdJ, Bulmer K, Gibbons GF, and Sugden MC.
Up-regulation of pyruvate dehydrogenase kinase isoform 4
(PDK4) protein expression in oxidative skeletal muscle does not
require the obligatory participation of peroxisome-proliferator-
activated receptor alpha (PPARalpha). Biochem J 366: 839—846,
2002.

Holness MdJ, Kraus A, Harris RA, and Sugden MC. Targeted
upregulation of pyruvate dehydrogenase kinase (PDK)-4 in slow-
twitch skeletal muscle underlies the stable modification of the
regulatory characteristics of PDK induced by high-fat feeding.
Diabetes 49: 775-781, 2000.

Holness MdJ, MacLennan PA, Palmer TN, and Sugden MC.
The disposition of carbohydrate between glycogenesis, lipogene-
sis and oxidation in liver during the starved-to-fed transition.
Biochem J 252: 325-330, 1988.

Holness MdJ, Smith ND, Bulmer K, Hopkins T, Gibbons GF,
and Sugden MC. Evaluation of the role of peroxisome-prolif-
erator-activated receptor alpha in the regulation of cardiac pyru-
vate dehydrogenase kinase 4 protein expression in response to
starvation, high-fat feeding and hyperthyroidism. Biochem J
364: 687-694, 2002.

Holness MdJ and Sugden MC. Pyruvate dehydrogenase activ-
ities during the fed-to-starved transition and on re-feeding after
acute or prolonged starvation. Biochem J 258: 529-533, 1989.
Huang B, Gudi R, Wu P, Harris RA, Hamilton J, and Popov
KM. Isoenzymes of pyruvate dehydrogenase phosphatase. DNA-
derived amino acid sequences, expression, and regulation. J Biol
Chem 273: 17680-17688, 1998.

Huang B, Wu P, Bowker-Kinley MM, and Harris RA. Reg-
ulation of pyruvate dehydrogenase kinase expression by perox-
isome proliferator-activated receptor-a ligands, glucocorticoids,
and insulin. Diabetes 51: 276—-283, 2002.

James DE, Jenkins AB, and Kraegen EW. Heterogeneity of
insulin action in individual muscles in vivo: euglycemic clamp
studies in rats. Am J Physiol Endocrinol Metab 248: E567-E574,
1985.

Katsube T, Nomoto S, Togashi S, Ueda R, Kobayashi M,
and Takahisa M. cDNA sequence and expression of a gene
encoding a pyruvate dehydrogenase kinase homolog of Drosoph-
ila melanogaster. DNA Cell Biol 16: 335-339, 1997.

Kerbey AL, Randle PJ, Cooper RH, Whitehouse S, Pask
HT, and Denton RM. Regulation of pyruvate dehydrogenase in
rat heart. Mechanism of regulation of proportions of dephospho-
rylated and phosphorylated enzyme by oxidation of fatty acids
and ketone bodies and of effects of diabetes: role of coenzyme A,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

E861

acetyl-coenzyme A and reduced and oxidized nicotinamide-ade-
nine dinucleotide. Biochem J 154: 327-348, 1976.

Kersten S, Desvergne B, and Wahli W. Roles of PPARs in
health and disease. Nature 405: 421-424, 2000.

Kersten S, Seydoux J, Peters JM, Gonzalez FJ, Desvergne
B, and Wahli W. Peroxisome proliferator-activated receptor
alpha mediates the adaptive response to fasting. J Clin Invest
103: 1489-1498, 1999.

Kolobova E, Tuganova A, Boulatnikov I, and Popov KM.
Regulation of pyruvate dehydrogenase activity through phos-
phorylation at multiple sites. Biochem J 358: 6977, 2001.
Korotchkina LG and Patel MS. Mutagenesis studies of the
phosphorylation sites of recombinant human pyruvate dehydro-
genase. Site-specific regulation. J Biol Chem 270: 14297-14304,
1995.

Korotchkina LG and Patel MS. Site specificity of four pyru-
vate dehydrogenase kinase isoenzymes toward the three phos-
phorylation sites of human pyruvate dehydrogenase. J Biol
Chem 276: 37223-37229, 2001.

Lawson JE, Niu XD, Browning KS, Trong HL, Yan J, and
Reed LdJ. Molecular cloning and expression of the catalytic
subunit of bovine pyruvate dehydrogenase phosphatase and se-
quence similarity with protein phosphatase 2C. Biochemistry 32:
8987-8993, 1993.

Lawson JE, Park SH, Mattison AR, Yan J, and Reed LdJ.
Cloning, expression, and properties of the regulatory subunit of
bovine pyruvate dehydrogenase phosphatase. J Biol Chem 272:
31625-31629, 1997.

Leone TC, Weinheimer CJ, and Kelly DP. A critical role for
the peroxisome proliferator-activated receptor alpha (PPARal-
pha) in the cellular fasting response: the PPARalpha-null mouse
as a model of fatty acid oxidation disorders. Proc Natl Acad Sci
USA 96: 7473-7478, 1999.

Linn TC, Pettit FH, and Reed LdJ. Alpha-keto acid dehydro-
genase complexes. X. Regulation of the activity of the pyruvate
dehydrogenase complex from beef kidney mitochondria by phos-
phorylation and dephosphorylation. Proc Natl Acad Sci USA 62:
234-241, 1969.

Marchington DR, Kerbey AL, and Randle PdJ. Longer-term
regulation of pyruvate dehydrogenase kinase in cultured rat
cardiac myocytes. Biochem J 267: 245-247, 1990.

Motojima K, Passilly P, Peters JM, Gonzalez FJ, and La-
truffe N. Expression of putative fatty acid transporter genes are
regulated by peroxisome proliferator-activated receptor alpha
and gamma activators in a tissue- and inducer-specific manner.
J Biol Chem 273: 16710-16714, 1998.

Muoio DM, MacLean PS, Lang DB, Li S, Houmard JA, Way
JM, Winegar DA, Corton JC, Dohm GL, and Kraus WE.
Fatty acid homeostasis and induction of lipid regulatory genes in
skeletal muscles of peroxisome proliferator-activated receptor
(PPAR) alpha knock-out mice. Evidence for compensatory regu-
lation by PPAR delta. o/ Biol Chem 277: 26089-26097, 2002.
Orfali KA, Fryer LG, Holness MdJ, and Sugden MC. Long-
term regulation of pyruvate dehydrogenase kinase by high-fat
feeding. Experiments in vivo and in cultured cardiomyocytes.
FEBS Lett 336: 501-505, 1993.

Peters SJ, Harris RA, Heigenhauser GJ, and Spriet LL.
Muscle fiber type comparison of PDH kinase activity and isoform
expression in fed and fasted rats. Am J Physiol Regul Integr
Comp Physiol 280: R661-R668, 2001.

Peters SJ, Harris RA, Wu P, Pehleman TL, Heigenhauser
GdJ, and Spriet LL. Human skeletal muscle PDH kinase activ-
ity and isoform expression during a 3-day high-fat/low-carbohy-
drate diet. Am J Physiol Endocrinol Metab 281: E1151-E1158,
2001.

Pettit FH, Roche TE, and Reed LdJ. Function of calcium ions
in pyruvate dehydrogenase phosphatase activity. Biochem Bio-
phys Res Commun 49: 563-571, 1972.

Popov KM, Hawes JW, and Harris RA. Mitochondrial alpha-
ketoacid dehydrogenase kinases: a new family of protein ki-
nases. Adv Second Messenger Phosphoprotein Res 31: 105—-111,
1997.

AJP-Endocrinol Metab « VOL 284 « MAY 2003 « www.ajpendo.org

LTOZ ‘€T 1890100 U0 £°€£°022°0T Aq /B10"ABojoisAyd-opuadfe//:dny woly pspeojumod



http://ajpendo.physiology.org/

E862

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Popov KM, Kedishvili NY, Zhao Y, Gudi R, and Harris RA.
Molecular cloning of the p45 subunit of pyruvate dehydrogenase
kinase. J Biol Chem 269: 29720-29724, 1994.

Popov KM, Kedishvili NY, Zhao Y, Shimomura Y, Crabb
DW, and Harris RA. Primary structure of pyruvate dehydro-
genase kinase establishes a new family of eukaryotic protein
kinases. J Biol Chem 268: 26602—26606, 1993.

Pratt ML, Maher JF, and Roche TE. Purification of bovine
kidney and heart pyruvate dehydrogenase phosphatase on
Sepharose derivatized with the pyruvate dehydrogenase com-
plex. Eur J Biochem 125: 349-355, 1982.

Priestman DA, Orfali KA, and Sugden MC. Pyruvate inhi-
bition of pyruvate dehydrogenase kinase. Effects of progressive
starvation and hyperthyroidism in vivo, and of dibutyryl cyclic
AMP and fatty acids in cultured cardiac myocytes. FEBS Lett
393: 174-178, 1996.

Rowles J, Scherer SW, Xi T, Majer M, Nickle DC, Rom-
mens JM, Popov KM, Harris RA, Riebow NL, Xia J, Tsui
LC, Bogardus C, and Prochazka M. Cloning and character-
ization of PDK4 on 7q21.3 encoding a fourth pyruvate dehydro-
genase kinase isoenzyme in human. J Biol Chem 271: 22376—
22382, 1996.

Sale GJ and Randle PdJ. Analysis of site occupancies in
[32P]phosphorylated pyruvate dehydrogenase complexes by as-
partyl-prolyl cleavage of tryptic phosphopeptides. Eur J Biochem
120: 535-540, 1981.

Stace PB, Fatania HR, Jackson A, Kerbey AL, and Randle
PdJ. Cyclic AMP and free fatty acids in the longer-term regula-
tion of pyruvate dehydrogenase kinase in rat soleus muscle.
Biochim Biophys Acta 1135: 201-206, 1992.

Steussy CN, Popov KM, Bowker-Kinley MM, Sloan RB Jr,
Harris RA, and Hamilton JA. Structure of pyruvate dehydro-
genase kinase. Novel folding pattern for a serine protein kinase.
J Biol Chem 276: 37443-37450, 2001.

Sugden MC, Bulmer K, Augustine D, and Holness M.
Selective modification of pyruvate dehydrogenase kinase isoform
expression in rat pancreatic islets elicited by starvation and
activation of peroxisome proliferator-activated receptor-alpha:
implications for glucose-stimulated insulin secretion. Diabetes
50: 2729-2736, 2001.

Sugden MC, Bulmer K, Gibbons GF, and Holness MdJ. Role
of peroxisome proliferator-activated receptor-alpha in the mech-
anism underlying changes in renal pyruvate dehydrogenase ki-
nase isoform 4 protein expression in starvation and after refeed-
ing. Arch Biochem Biophys 395: 246-252, 2001.

Sugden MC, Bulmer K, Gibbons GF, Knight BL, and Hol-
ness Md. Peroxisome-proliferator activated receptor (PPAR)
deficiency leads to dysregulation of hepatic lipid and carbohy-
drate metabolism by fatty acids and insulin. Biochem J 364:
361-368, 2002.

Sugden MC, Bulmer K, and Holness Md. Fuel-sensing mech-
anisms integrating lipid and carbohydrate utilization. Biochem
Soc Trans 29: 272-278, 2001.

Sugden MC and Holness MdJ. Effects of re-feeding after pro-
longed starvation on pyruvate dehydrogenase activities in heart,
diaphragm and selected skeletal muscles of the rat. Biochem J
262: 669-672, 1989.

Sugden MC and Holness MdJ. Interactive regulation of the
pyruvate dehydrogenase complex and the carnitine palmitoyl-
transferase system. FASEB oJ 8: 54-61, 1994.

Sugden MC, Kraus A, Harris RA, and Holness MdJ. Fibre-
type specific modification of the activity and regulation of skel-
etal muscle pyruvate dehydrogenase kinase (PDK) by prolonged
starvation and refeeding is associated with targeted regulation
of PDK isoenzyme 4 expression. Biochem J 346: 651-657, 2000.
Sugden MC, Langdown ML, Harris RA, and Holness MdJ.
Expression and regulation of pyruvate dehydrogenase kinase
isoforms in the developing rat heart and in adulthood: role of
thyroid hormone status and lipid supply. Biochem J 352: 731—
738, 2000.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

INVITED REVIEW

Teague WM, Pettit FH, Wu TL, Silberman SR, and Reed
LdJ. Purification and properties of pyruvate dehydrogenase phos-
phatase from bovine heart and kidney. Biochemistry 21: 5585—
5592, 1982.

Teague WM, Pettit FH, Yeaman SJ, and Reed LdJ. Function
of phosphorylation sites on pyruvate dehydrogenase. Biochem
Biophys Res Commun 87: 244—252, 1979.

Thelen JJ, Miernyk JA, and Randall DD. Pyruvate dehydro-
genase kinase from Arabidopsis thaliana: a protein histidine
kinase that phosphorylates serine residues. Biochem J 349:
195-201, 2000.

Thelen JJ, Muszynski MG, Miernyk JA, and Randall DD.
Molecular analysis of two pyruvate dehydrogenase kinases from
maize. J Biol Chem 273: 26618-26623, 1998.

Thomas AP and Denton RM. Use of toluene-permeabilized
mitochondria to study the regulation of adipose tissue pyruvate
dehydrogenase in situ. Further evidence that insulin acts
through stimulation of pyruvate dehydrogenase phosphate phos-
phatase. Biochem <J 238: 93—-101, 1986.

Thomas AP, Diggle TA, and Denton RM. Sensitivity of pyru-
vate dehydrogenase phosphate phosphatase to magnesium ions.
Similar effects of spermine and insulin. Biochem J 238: 83-91,
1986.

Van Bilsen M, de Vries JE, and van der Vusse GdJ. Long-
term effects of fatty acids on cell viability and gene expression of
neonatal cardiac myocytes. Prostaglandins Leukot Essent Fatty
Acids 57: 39-45, 1997.

Van der Lee KA, Vork MM, de Vries JE, Willemsen PH,
Glatz JF, Reneman RS, van der Vusse GdJ, and van Bilsen
M. Long-chain fatty acid-induced changes in gene expression in
neonatal cardiac myocytes. J Lipid Res 41: 41-47, 2000.

Way JM, Harrington WW, Brown KK, Gottschalk WK,
Sundseth SS, Mansfield TA, Ramachandran RK, Willson
TM, and Kliewer SA. Comprehensive messenger ribonucleic
acid profiling reveals that peroxisome proliferator-activated re-
ceptor gamma activation has coordinate effects on gene expres-
sion in multiple insulin-sensitive tissues. Endocrinology 142:
1269-1277, 2001.

Wu P, Blair PV, Sato J, Jaskiewicz J, Popov KM, and
Harris RA. Starvation increases the amount of pyruvate dehy-
drogenase kinase in several mammalian tissues. Arch Biochem
Biophys 381: 1-7, 2000.

Wu P, Inskeep K, Bowker-Kinley MM, Popov KM, and
Harris RA. Mechanism responsible for inactivation of skeletal
muscle pyruvate dehydrogenase complex in starvation and dia-
betes. Diabetes 48: 1593—1599, 1999.

Wu P, Peters JM, and Harris RA. Adaptive increase in pyru-
vate dehydrogenase kinase 4 during starvation is mediated by
peroxisome proliferator-activated receptor alpha. Biochem Bio-
phys Res Commun 287: 391-396, 2001.

Wu P, Sato J, Zhao Y, Jaskiewicz J, Popov KM, and Harris
RA. Starvation and diabetes increase the amount of pyruvate
dehydrogenase kinase isoenzyme 4 in rat heart. Biochem J 329:
197-201, 1998.

Yan J, Lawson JE, and Reed LdJ. Role of the regulatory
subunit of bovine pyruvate dehydrogenase phosphatase. Proc
Natl Acad Sci USA 93: 4953-4956, 1996.

Yang D, Gong X, Yakhnin A, and Roche TE. Requirements
for the adaptor protein role of dihydrolipoyl acetyltransferase in
the up-regulated function of the pyruvate dehydrogenase kinase
and pyruvate dehydrogenase phosphatase. J Biol Chem 273:
14130-14137, 1998.

Yeaman SJ, Hutcheson ET, Roche TE, Pettit FH, Brown
JR, Reed LJ, Watson DC, and Dixon GH. Sites of phosphor-
ylation on pyruvate dehydrogenase from bovine kidney and
heart. Biochemistry 17: 2364-2370, 1978.

Young ME, Patil S, Ying J, Depre C, Ahuja HS, Shipley GL,
Stepkowski SM, Davies PdJ, and Taegtmeyer H. Uncoupling
protein 3 transcription is regulated by peroxisome proliferator-
activated receptor (alpha) in the adult rodent heart. FASEB J
15: 833-845, 2001.

AJP-Endocrinol Metab « VOL 284 « MAY 2003 « www.ajpendo.org

LTOZ ‘€T 1890100 U0 £°€£°022°0T Aq /B10"ABojoisAyd-opuadfe//:dny woly pspeojumod



http://ajpendo.physiology.org/

