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Abstract: Pyruvate metabolism is critical for all mammalian cells. The pyruvate dehydrogenase com-
plex couples the pyruvate formed as the primary product of glycolysis to the formation of acetyl-CoA
required as the primary substrate of the citric acid cycle. Dysregulation of this coupling contributes to
alterations in metabolic flexibility in obesity, diabetes, cancer, and more. The pyruvate dehydrogenase
kinase family of isozymes phosphorylate and inactive the pyruvate dehydrogenase complex in the
mitochondria. This function makes them critical mediators of mitochondrial metabolism and drug
targets in a number of disease states. The liver expresses multiple PDKs, predominantly PDK1 and
PDK2 in the fed state and PDK1, PDK2, and PDK4 in the starved and diabetic states. PDK4 undergoes
substantial transcriptional regulation in response to a diverse array of stimuli in most tissues. PDK2
has received less attention than PDK4 potentially due to the dramatic changes in transcriptional gene
regulation. However, PDK2 is more responsive than the other PDKs to feedforward and feedback
regulation by substrates and products of the pyruvate dehydrogenase complex. Although under-
appreciated, this makes PDK2 particularly important for the minute-to-minute fine control of the
pyruvate dehydrogenase complex and a major contributor to metabolic flexibility. The purpose of
this review is to characterize the underappreciated role of PDK2 in liver metabolism. We will focus
on known biological actions and physiological roles as well as what roles PDK2 may play in disease
states. We will also define current inhibitors and address their potential as therapeutic agents in
the future.

Keywords: pyruvate dehydrogenase kinase; pyruvate dehydrogenase; metabolism; PDK2; cancer;
inflammation; diabetes

1. Introduction

The pyruvate dehydrogenase kinase (PDK) family of isozymes consists of four isozymes
whose primary known function is to phosphorylate and inactivate pyruvate dehydrogenase
(PDH), preventing the conversion of pyruvate to acetyl-CoA [1]. This leads to a shift in
metabolism away from the citric acid cycle and towards alternate metabolism of pyruvate.
This has far-reaching effects on metabolism and is a major point of regulatory control in
the body’s ability to shift fuel selection. Classically, one of the most well-known outcomes
of PDH phosphorylation is enhanced conversion of glucose to lactate and an increase in
ATP production by glycolysis relative to oxidative metabolism. This is commonly referred
to as aerobic glycolysis because it occurs in the presence of oxygen that could support
complete oxidation of glucose to CO2 and H2O. Aerobic glycolysis occurs in numerous cell
types, but is most well studied in cancer [2,3]. Increasingly though, research indicates that
PDK-mediated phosphorylation of PDH yields an array of metabolic changes designed
to support anabolism during times of cellular stress and proliferation [4,5]. PDKs are
not only critical for normal maintenance of metabolism, but are also critical regulators of
cellular homeostasis in a wide range of pathologies. Targeting PDKs therapeutically is
being investigated in multiple disease states.
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The four PDK isozymes are differentially expressed throughout the body [1]. As
their position on the genome also varies widely, we surmise that this may represent
evolutionary differences as individual tissue niches developed the capacity to regulate
PDH independently. Recent data indicate that most tissues are dominated enzymatically
by a single isozyme, confirming the hypothesis that there is widespread tissue-specific
regulation of PDKs [6]. A notable exception to the idea of a single PDK being primarily
responsible for most PDK activity is the liver [6]. The liver constitutively expresses high
levels of PDK1 and PDK2 and both likely contribute significantly to overall hepatic PDH
activity [6]. This is not overtly surprising because of the diverse metabolic capacities of
the liver and its need to be able to adapt. The liver also expresses lower quantities of
PDK4 natively; however, PDK4 is highly inducible and repressible by a number of different
stimuli [7,8]. Because of the highly inducible nature of PDK4, it has been extensively
examined in the liver as it is thought to function largely as a metabolic regulator during
times of cellular stress or during nutrient deprivation [4,5]. These drastic changes in
expression, in concert with functional studies demonstrating a role for PDK4 in metabolic
adaptation to diverse stimuli, have led researchers to extensively study PDK4 in multiple
tissues, including the liver [9–12]. In contrast, PDK2 has been less well studied, potentially
due to the fact that while its enzymatic activity is tantamount to liver function, it generally
does not undergo the same degrees of genetic regulation and its established functional
roles in diseases such as diabetes are relatively minor compared to PDK4. In spite of
this, recent studies with PDK2−/− mice and with inhibitors with preferential specificity
for PDK2 or PDK2/4 all indicate that constitutive PDK2 expression likely plays a role in
many pathogenic processes, similar to PDK4. More importantly, combined knockdown
or inhibition of PDK2/PDK4 provides more robust results than knockdown of either
component alone, yielding a rationale for advanced drug targeting of specific PDKs in
specific disease states. The purpose of this review is to understand how PDK2 activity
plays a role in a diverse array of liver diseases. We will describe the function and role
of PDK2, define transcriptional and allosteric regulators, address putative inhibitors and
identify diseases where PDK2 plays an active functional role.

2. The PDKs and PDH

The PDH complex is a large multi-meric enzymatic complex that carries out three
separate reactions to convert pyruvate to acetyl-CoA [4]. The components, labeled as E1
(pyruvate dehydrogenase), E2 (dihydrolipol transacetylase), E3BP (E3 binding protein),
and E3 (dihydrolipoyl dehydrogenase), represent three different enzymatic complexes
which act in succession to generate acetyl-CoA from pyruvate. The PDKs phosphorylate
and inactivate the PDH complex through phosphorylation of the E1 subunit of PDH at
three serine sites, commonly referred to as site 1, 2 and 3 [4]. This is counter-regulated
enzymatically by two pyruvate dehydrogenase phosphatase enzymes (PDP1/PDP2) that
dephosphorylate and re-activate phosphorylated PDH [13]. The effects of PDKs, including
PDK2, are widely attributed to their ability to phosphorylate PDH. This topic has been re-
viewed extensively and many high quality resources are available for in-depth mechanistic
understanding of the interactions between the PDKs and PDH [4,5,14]. While it is possible
that one or more of the PDKs have other substrates that they can phosphorylate [15], by
far the most commonly proposed mechanism is phosphorylation of PDH with subsequent
changes in metabolism.

3. Physiological Roles of PDKs
3.1. PDKs in Normal Physiology

The primary roles of the PDKs is to constrain PDH activity and to divert energy
metabolism to alternative means when necessary through control of PDH [16]. The liver
PDH is less active (more phosphorylated) in the fasted state than in the well-fed state;
however, even in the very well-fed state, PDH is not fully dephosphorylated and not fully
active. In other words, a considerable reserve of PDH activity exists in the liver even in
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the well-fed state. The activity state of PDH is not static and changes rapidly depending
upon the availability of pyruvate and the need for acetyl-CoA. Maximum activation of the
pyruvate dehydrogenase by complete dephosphorylation would rapidly deplete the liver
of citric acid cycle intermediates and pyruvate and thus tight but flexible control of PDH
activity is required for normal tissue maintenance. Suppression of pyruvate dehydrogenase
activity by PDKs, even in the fed state, conserves pyruvate for synthesis of oxaloacetate by
pyruvate carboxylase (anaplerosis) and can thus fuel the citric acid cycle indirectly in the
event of a sudden drop in glucose/pyruvate availability [4].

During extended periods of minimal glucose availability or fasting, glucose levels
are reduced, and thus the primary fuel for many tissues, glucose, must come from other
sources. As glucose levels decrease, the PDH complex is rapidly inactivated in multiple
tissues via phosphorylation by PDKs to conserve pyruvate and other compounds readily
converted to pyruvate, namely lactate (via lactate dehydrogenase) and alanine (via alanine
aminotransferase) [4]. This is due to upregulation of PDKs in target tissues by serum
free fatty acids that are liberated from fat stores and reductions in serum insulin levels
that potently regulates PDK activity [9]. In addition to conservation of pyruvate for
anaplerosis, inhibition of PDH by PDKs increases the amount of three-carbon compounds
available (pyruvate/lactate, alanine) which partially fuels the continuous need for glucose
through gluconeogenesis. Thus, PDK activity is essential to life’s adaptation to nutrient
deprivation. This may explain why multiple PDK isozymes are present in many organisms,
as evolutionary pressure for organisms who cannot survive periods of nutrient scarcity
would likely be high. As such, PDKs in normal physiology serve as a brake on uncontrolled
mitochondrial oxidation of pyruvate in order to conserve three-carbon intermediates for
alternative energy production, fuel anaplerotic reactions such as those carried out by
pyruvate carboxylase, and provide stable sources of glucose during periods of low nutrient
availability.

3.2. Specific Roles for PDK2 in Normal Physiology:

PDK2 appears to be the PDK most capable of rapid regulation of PDH activity under
physiological conditions in the liver. Of the four PDKs, PDK2 is best suited to oppose
the activation of the pyruvate dehydrogenase by the PDPs. This is because PDK2 is
constitutively expressed, has greater activity than the other PDKs for phosphorylation
of site 1, the most important regulatory site, is more sensitive to inhibition by pyruvate
than the other PDKs, and is more sensitive to activation by NADH and acetyl-CoA via the
reduced and acetylated-lipoyl groups on the E2 subunit of the PDH complex [4,17,18]. The
liver has to respond rapidly to changes in the availability of glucose provided by the diet as
well as changes in other nutrients such as lactate, alanine, and pyruvate delivered from the
peripheral tissues by the blood. The constitutive expression and the kinetic characteristics
of PDK2 make it critically important for metabolic flexibility.

The presence of multiple PDKs in many tissues, including liver, has made understand-
ing the role of each individual PDK more difficult. PDK2 is constitutively expressed at
high levels and controls a considerable degree of basal PDH activity in the liver [6,8,19].
PDK1 is also functionally expressed in liver and exerts some control over PDH phosphory-
lation [6]. PDK1 is regulated by a number of factors, including hypoxia-inducible factor-1α
(HIF-1α) [20]. PDK2 is likely also regulated by HIF-1α, but possibly to different degrees in
different tissues, and PDK2 and PDK1 are known to co-regulate PDH activity in animal
models of genetic loss [21,22]. Knockout of PDK2 reduces overall hepatic PDK activity by
approximately 40% [6]. It was hypothesized that this reduction is compensated heavily
by increases in PDK1 activity in the liver during loss of PDK2; however, this could not
be confirmed in PDK1−/− animals as PDK1−/− animals also have dramatic reductions in
PDK2 expression [6]. The authors hypothesized that this may be due to stabilization of
PDK2 by PDK1, although this has not been directly tested [6]. While these data may argue
in part for a co-dominant role for PDK1, understanding this effect will require a better
delineation of PDK1 and PDK2. Given their similarity in activity and that the common
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losses seen in one protein when the other is knocked down or otherwise depleted, it is pos-
sible that PDK1 and PDK2 form heterodimers that are more stable than the corresponding
homodimers. While this may make understanding their effects challenging, experiments
directly demonstrating this would be highly useful to the field.

In spite of the obvious effects of PDK2 on physiologic PDH activity, delineating
clear effects of PDK2 in vivo has been difficult. For example, PDK2 is only minimally
involved in regulating blood glucose during fasting. In contrast to PDK4−/− animals,
PDK2−/− animals have no obvious phenotype and their response to fasting is similar to
WT animals with no change in blood glucose [12]. This is likely due to heavy compensation
by PDK1 [6,22] and upregulation of PDK4 during periods of nutrient deprivation in
multiple tissues [8,9,19]. These data support a hypothesis where PDK4, as the highly
inducible form of PDK, primarily regulates PDH during periods of stress and is responsible
for the liver’s capacity to adapt to external changes to alternate fuel selection, whereas
PDK2 serves as a rapid tuning agent for fuel selection during both homeostasis and during
periods of cellular stress or pathology, potentially in concert with PDK1.

4. Transcriptional Regulators of PDK2 Expression

While PDK4 levels are inducible to much higher levels than PDK2, both enzymes are
transcriptionally regulated by a number of factors in addition to regulation by substrates
and products of PDH which generate tight control over PDH phosphorylation. Primarily,
starvation or a “fasted state” is an inducer of PDK activity including PDK2 and, to a larger
degree, PDK4 [12,23]. This is an important physiological mechanism as upregulation of
PDK2 (and PDK4) during starvation reduces conversion of pyruvate to acetyl-CoA during
periods of starvation and conserves pyruvate for gluconeogenesis, glycogen storage, and
anaplerotic reactions as previously mentioned [8,19]. While PDK4 is potently regulated by
factors such as insulin, thyroid hormone, peroxisome proliferator-activated receptor pro-
teins (PPARs), and more, PDK2 is less extensively transcriptionally regulated [7,24]. Even
still, we will briefly discuss signaling pathways which regulate PDK2 and the implications
thereof.

Insulin regulates PDK2 expression although not to the same degree as it does PDK4.
Importantly, it should be noted that despite the relatively lower degree of regulation,
physiological PDK2 expression often remains elevated above PDK4 levels, even during
starvation/insulinemia [25]. Reduced insulin levels consistent with diabetes and starvation
modestly upregulate PDK2 in the liver [12]. In the heart, these effects are reversible
through either re-feeding or administration of insulin, confirming a mechanistic role of
insulin [26]. These data are supported by studies in the Pima Native American population
demonstrating reductions in PDK2 when insulin is given to non-insulin-dependent diabetes
mellitus patients [27]. The increase in PDKs associated with diabetes or starvation is
likely mediated through forkhead box protein O1 (FOXO1) [28,29]. Insulin is a potent
negative regulator of FOXO1 through phosphorylation events catalyzed by protein kinase
B [30]. FOXO1 is a transcription factor activated during starvation broadly regulates gene
expression, including upregulation of other genes involved in glycolysis [31]. Regulation
of PDKs by insulin and FOXO1 thus complete a signaling loop that allows for detection of
nutrient status and a subsequent response. Because this pathway is dysregulated in patients
with insulinemia or diabetes, inhibition of PDKs has been proposed as a means for treating
diabetes (see section PDK2 and the metabolic syndrome). Other potential regulators include
the peroxisome proliferator-activated receptors and their ligands although the degree to
which they regulate PDK2 may be tissue dependent [32].

A diverse array of transcription factors regulate PDK4, but many of these did not
extend to PDK2 [7,24]. A notable exception is RORalpha, as genetic overexpression of
RORα downregulates PDK2 through p21 [33]. This was somewhat surprisingly found not
to occur through p53, despite the fact that p53 is a major regulator of p21, and regulates
PDK2 in carcinoid cancer [34]. Little effect was found on PDK1, PDK3 or PDK4 and thus
RORα may be a PDK2-specific regulator. Conditions that damage DNA, such as chronic
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inflammation in obesity and aging, may activate p53, which indirectly increases PDH
activity by downregulating expression of PDK2.

More information is needed to understand how PDK2 is regulated. A brief figure
summarizing transcriptional regulation of PDK2 is presented here (Figure 1). While
we have hypothesized currently that levels of PDK2 are less overtly regulated at the
transcriptional level, it is also possible that we do not yet understand what molecules
transcriptionally regulate PDK2 efficiently, i.e., RORα, p21, and p53. As we have noted
previously, PDK2 is far more responsive to allosteric regulators such as ADP, acetyl-CoA,
and pyruvate than it is to transcriptional control [35]. Minimal transcriptional control of
PDK2 emphasizes the idea that PDK2 is primarily regulated by both the substrates and
products of the PDH complex. Further understanding how PDK2 is regulated will likely
benefit future studies in many diseases. This is discussed in greater detail in later sections.
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Figure 1. Transcriptional regulation of PDK2. PDK2 is primarily regulated by allosteric regulators.
Known transcriptional regulators include proteins such as p21 and p53. Per Figure 1, the majority of
regulation of PDK2 is through regulation by its co-factors and other substrates/products. PPARs—
peroxisome proliferator-activated receptor, PDK—pyruvate dehydrogenase kinase, PDH—pyruvate
dehydrogenase, RORα—RAR-related orphan receptor alpha, and FOXO1—forkhead box protein O1.

5. PDK2 Inhibitors

A number of PDK2 inhibitors have been identified (Table 1). Unfortunately, because
of substantial overlap between the PDKs, as well as similarity to other kinases, some PDK2
inhibitors also have activity against other proteins [17]. We have tried to identify the
most relevant inhibitors based on their binding site, potency and potential as prototypical
therapeutic agents.
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Table 1. Prototypical PDK2 inhibitors. PDK2 inhibitors listed by efficacy, and target site of action.

Inhibitor Target Efficacy Notes Refs

Dichloroacetate pyruvate binding site millimolar common inhibitor [4]

PS10 ATP binding site micromolar high specificity for PDKs 2 and 4, and to a
lesser degree PDK1 [36]

azd7545 PDH E2 lipoyl domain micromolar higher specificity for PDK1 and PDK2 [37,38]
2-chloropropionate pyruvate binding site millimolar DCA analog [4]

radicicol ATP binding site micromolar also inhibits HSP90 [39]
VER-246608 ATP binding site millimolar pan-isoform inhibitor [40]

Compound 17, PS10
derivative

ATP binding site
inhibitor micromolar poorly defined thus far [36,41]

5.1. Dichloroacetate

The pyruvate binding site is located at the N-terminal site of PDK2 and serves as a
molecular sensor for pyruvate, a major allosteric regulator of PDKs [42,43]. As pyruvate
is the primary substrate metabolized by the PDH complex, negative allosteric regulation
by pyruvate serves to enhance the production of acetyl-CoA through inhibition of PDK
isozymes [35,42]. In simpler terms, when intracellular pyruvate levels are high, PDKs
are typically inhibited and the PDH complex becomes more active. Pyruvate and other
endogenous physiological inhibitors such as NAD+ and ADP all serve similar roles in this
regard [44]. PDK2 is highly sensitive to these mechanisms, displaying synergistic inhibition
by pyruvate and other endogenous inhibitors such as ADP [35,42].

Dichloroacetate (DCA) is a pan-PDK inhibitor that affects PDKs 1–4; however, it
inhibits PDK2 more potently than the other PDKs [1,4]. DCA binds to the N-terminal
putative pyruvate binding site and allosterically inhibits the action of all PDKs, including
PDK2 [17,45]. All PDKs contain an “ATP-lid” like structure that provides access to the
nucleotide binding region. Specific amino acid residues (R250, T302 and Y320) mediate
the interaction between DCA and PDK2 by allowing the open and closed confirmations of
the ATP-lid that are associated with either activity or inactivity [18]. This is accomplished
by allosteric interactions that alter the shape of the active site and prevent PDKs from
phosphorylating PDH E1α [4,17,18,45]. The effects of DCA are partially mediated by
interactions between the N-terminal and C-terminal ends of the protein, as mutations in
Aspartate-382 and Tryptophan-383 increase DCA IC50s substantially due to altered binding
with N-terminal partners Tyrosine-145 and Arginine-149 [17,45]. DCA inhibits PDK2 with
an IC50 of ~290 µM and is a prototypical inhibitor of PDK2 [4].

DCA is a chlorinated analogue of acetic acid that does not demonstrate particularly
strong drug-like characteristics [1]. Because of its small size and weak affinity for PDKs
as well as the DCA binding site being “buried” or largely inaccessible to inhibitors, DCA
typically requires millimolar concentrations to initiate an effect in vitro [1,4,46]. This may
also be in part due to the need for active uptake by the sodium transporter SLC5A8 as
well as degradation of the compound through metabolism by glutathione transferase zeta
intracellularly [47–49]. These data are supported by studies in isolated mitochondria and
perfused rat hearts, which demonstrate intact cells require far higher concentrations for
inhibition of PDKs than isolated mitochondria [46]. This is largely due to lack of cellular
uptake, a problem removed in isolated mitochondria, but may also be in part due to DCA
concentrating in the mitochondrial matrix when it does enter the cell [46]. Regardless,
DCA is rapidly absorbed in vivo and widely distributed to various tissues, particularly
upon repeat dosing due to inhibition of glutathione S-transferase zeta [50]. Prior clinical
trials indicate that effective clinical doses of 10 mg/kg and above result in reduction in
serum lactate in less than an hour and is consistent with data demonstrating that the PDH
complex is widely stimulated within 15 min in patients [50,51]. As such, although DCA is
not what would classically be considered “drug-like”, its actions in vivo are established.
Unfortunately, DCA pharmacokinetics in vivo present challenges in using DCA as a drug.
Patient genotype plays very directly into its utility as a drug as patients with increased
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glutathione transferase activity metabolize the drug dramatically more rapidly which alters
bioavailability [52]. Moreover, the use of DCA as a therapeutic is further complicated by
reversible peripheral neuropathy that occurs near doses that are effective in vivo [53,54].
DCA has been used clinically in a number of disease states through early phase clinical
trials; however, due to either modest toxicity or lack of potency, it is not currently indicated
for any specific disease.

In laboratory models, DCA has routinely been used to validate findings demonstrated
after genetic knockdown or knockout of PDK2. It should be noted that while DCA is an
effective inhibitor of PDK2, its effect is not limited to PDK2. In contrast, DCA blocks the
action of all PDKs and thus is a highly potent stimulator of the PDH complex regardless of
its actions on PDK2. Furthermore, the degree to which some of DCA’s effects on diseases
such as cancer are sometimes poorly linked to its metabolic effects and may be more
complex [55,56]. Moreover, conflicting data on the role of PDK:PDH have led to confusion
about mechanisms and potential usefulness of PDK inhibitors in cancer. Loss of PDH,
the presumed target of the PDKs, has been reported to reduce cancer growth in prostate
cancer [57]. Anchoring these data, an inhibitor of PDH, CPI-613 reduces cancer growth in a
number of different cellular models [58]. This is surprising as the assumption would be that
loss of PDH, the target of PDKs, would have the opposite effect. A potential explanation for
these findings is that metabolic disruption generally adversely affects cancer. It has been
proposed that cancer cells require not only high rates of precursor material but also the high
capacity for the generation of precursor material, i.e., high rates of metabolic flux [59]. It is
possible that disturbing either PDK or PDH alters metabolic flux rates in critical pathways
despite the seemingly paradoxical nature of the findings [59]. Regardless, DCA is the
prototypical inhibitor used in a variety of models and has commonly been demonstrated
to impact disease states or synergize with other treatments to further their effects.

5.2. ATP Binding Site/PS10

The ATP binding site represents a ubiquitously targeted site for inhibition of kinases,
including PDK2. Because of this, many inhibitors may have overlapping activity as a
PDK inhibitor due to similarity with the ATP binding site of other proteins. Furthermore,
the PDK superfamily of isozymes belongs to the GHKL (gyrase B, HSP90, Hisitidine
kinase-like mutL) family of enzymes [36,60]. As such, many inhibitors of the PDK family
of isozymes also have known activity against HSP90, and likely other kinases, and vice
versa [17,40]. Shared motifs between these members include the ATP binding site and the
“ATP lid” structure that participates in protein–protein interactions, and allows access to
the nucleotide binding pocket [36,60]. Similarities between the PDK family and HSP90
family are potentially best exemplified by evidence that change in a single functional
group of an HSP90 inhibitor results in a dramatic switch from an HSP90 inhibitor to a
PDK inhibitor, with relatively high specificity [41]. Dual PDK/HSP90 inhibitors have
also been generated both incidentally (radicicol) and intentionally for the treatment of
cancer [37]. The similarities between HSP90 and PDKs complicates drug development as
the diverse affects found by heat shock inhibition complicate mechanistic understanding
of experiments and may have detrimental effects in some disease states. Moreover, HSP90
inhibition can cause an undesirable heat-shock response that paradoxically alters cellular
signaling and interferes with disease progression in diseases such as cancer.

Some recent work at developing inhibitors with improved potency have focused on
the ATP binding site. ATP competitive inhibitors such as VER-246608 have demonstrated
anti-cancer activity and inhibit PDH phosphorylation [38]. The compound PS10 has
improved potency (PDK2 IC50 < 1 µM), improved pharmacokinetics as compared to DCA
(T1/2~3 h vs. 1 h), and as of yet few known major side effects [41,50]. In contrast to
the allosteric inhibition generated by DCA, PS10 directly binds to and inhibits the ATP
binding site [41]. Kinome inhibition analysis indicates that PS10 has much higher affinity
for PDKs (particularly 2 and 4) versus other kinases with minimal effect at HSP90 [37].
Further medicinal chemistry efforts have generated an improved candidate for inhibition
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of liver PDK2 [61]. Compound 17 (lead compound) is cleared from plasma faster than
PS10; however, it rapidly distributes to liver where it is cleared slowly, resulting in better
pharmacokinetics for inhibition of PDK2 (and PDK4) in the liver [61]. Studies in models of
diet-induced obesity indicate that PS10 reduces hepatic steatosis, reduces blood glucose
levels after glucose challenge and reduces serum lactate levels indicative of activation of the
PDH complex [41]. Similar results were found when animals were treated with Compound
17 instead of PS10 [61]. These compounds remain under development; however, the initial
findings indicate that these compounds are more likely to specifically inhibit PDK2 than
DCA and may have therapeutic usage in diabetes, cancer, and more.

5.3. Lipoyl-Binding Domain/AZD7545

PDKs bind the L2 lipoyl-binding domain of PDH E2 and subsequently phosphorylate
and inactivate PDH E1α. Inhibitors of binding to the L2 domain of PDH E2 serve as
inhibitors of PDKs by preventing binding with the PDH complex. Experimentally, these
inhibitors typically demonstrate substantial shifts in IC50 values when the E2:E3BP core
is added in addition to PDH E1 in order demonstrate their effect, which further solidi-
fies the dependence on E2:E3BP [17,62]. AZD7545 is one of the most potent PDK1 and
PDK2 inhibitors currently known, but is dependent on inhibition at the PDH E2 domain.
AZD7545 dramatically inhibits PDK2 activity when the E2 complex is added to assays
assessing PDK/PDH activity, an effect which is lost when E2 is not added indicating an
E2-specific effect [17]. AZD7545 inhibits PDK1 and PDK2 activity at similar levels (~36 and
6 nM, respectively) by directly inserting in the lipoyl-binding pocket that binds the lipoyl-
binding domains in PDH E2 [62,63]. In isolated rat hepatocytes, AZD7545 increases PDH
phosphorylation at a concentration of 5 nM [63]. In Zucker rats, a single dose of 10 mg/kg
AZD7545 increased muscle PDH activity and chronic treatment improves blood glucose
profiles [63]. Notably, this is dependent upon the animal being well fed, as fasted animals
dramatically upregulate PDK4 which is not inhibited by AZD7545 and may circumvent
this effect.

Although AZD7545 is a potent inhibitor of PDK2, it is surprisingly a stimulator of
PDKs in the absence of the E2P/E3BP core [64]. In the case of PDK4, this appears to be
due to the locking of PDK4 into a open confirmation when complexed with AZD7545
that enhances its activity. Given this surprising change in activity, it has been proposed
that AZD7545 is unlikely to be a successful PDK inhibitor long term as its PDK inhibitory
activity is highly dependent on which PDK is being expressed [6]. AZD7545 may be useful
for diseases where PDK2 is the predominant enzyme and has a major pathological role
as increased PDK4 activity would not necessarily cause any direct harm. PDK and the
interactions with notable PDK inhibitors is noted in Figure 2.
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Figure 2. Regulation of PDK2 by allosteric regulators and known inhibitors. Pyruvate is converted
to acetyl-CoA by the PDH complex. PDK2 phosphorylates and inhibits pyruvate dehydrogenase
in the pyruvate dehydrogenase complex. PDP dephosphorylates PDH and re-activates it. PDK2 is
inhibited (red arrow) by pyruvate, NAD+ and more. PDK2 is stimulated (green arrow) by acetyl-
CoA, NADH and more. The primary purpose of PDK2 is sustained regulation of PDH to allow
for metabolic adaptation to alterations in nutrient conditions. These allosteric regulators keep
tight control. Inhibition of PDK2 by DCa, PS10 or AD7545 has been proposed as a means for
preventing disease in multiple disorders. PDH—pyruvate dehydrogenase, CoA—coenzyme A,
PDK2—pyruvate dehydrogenase kinase 2, DCA—dichloroacetate, PDP—pyruvate dehydrogenase
phosphatase, E1—pyruvate dehydrogenase E1 complex, E2—pyruvate dehydrogenase E2 complex,
and E3/E3BP—pyruvate dehydrogenase E3 complex or E3 binding protein.

6. Pathophysiological Roles of PDKs in Disease

Constantly converting pyruvate to acetyl-CoA is highly dependent on stable levels of
glucose intake. During many different disease states, and during periods of normal fasting
or nutrient insufficiency, glucose becomes less available (fasting/starvation), excessive
(dietary overconsumption) or dysregulated intracellularly (cancer, others). During these
periods, the body uses other mechanisms to adapt and the PDK isozymes serves as a
switch to mediate this change. Metabolic dysregulation is common in these disorders, and
targeting PDK has become a common theme for potentially normalizing metabolism and
reducing disease phenotype.

6.1. PDK2 and the Metabolic Syndrome
PDK2 and Nutrient Excess

Non-alcoholic fatty liver disease (NAFLD) and the more progressive form known
as non-alcoholic steatohepatitis (NASH) are thought to be the result of excess nutrient
accumulation [65,66]. This alters metabolism, resulting in accumulation of triglycerides in
the liver and leads to insulin resistance, prominent inflammation, and subsequent activation
of stellate cells, resulting in liver fibrosis and eventual cirrhosis [65]. NASH/NAFLD are
commonly associated with insulin resistance, or type 2 diabetes due to overconsumption of
nutrients. As of yet, there are no small-molecule inhibitors that have been approved for the
treatment of NAFLD/NASH although clinical trials with the synthetic bile acid obeticholic
acid are promising [66].
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Similar to physiological nutrient deprivation, PDK4 appears to be the primary regu-
lator of the liver’s response to nutrient excess. This extends to both metabolic syndrome
classically identified by insulin resistance and diabetes, but also nutrient/calorie excess
leading hepatic steatosis and eventually steatohepatitis. Although PDK4 has been studied
more extensively, PDK2 also appears to potentially play a role in these disease states,
especially in concert with PDK4 during loss or inhibition of PDK4. Dual inhibition of
PDK2/PDK4 may present a more rationale drug response.

PDK2 deficiency reduces hepatic steatosis and insulin resistance in a model of high fat
diet-induced steatosis [25]. While diet-induced steatosis dramatically upregulates PDK4
in skeletal muscle, it downregulates PDK4 in the liver [25]. In contrast, PDK2 levels
are upregulated in the liver during diet-induced steatosis [25].This effect was eventually
attributed to increased ketogenesis and increased ß-oxidation due to reduced numbers
of TCA cycle intermediates (reduced anaplerosis) as increased ß-oxidation would break
down fat stores and reduce steaosis. In contrast, while similar results were later found after
diet-induced obesity was treated therapeutically with PS10, or initiated in double knockout
PDK2−/−/PDK4−/− animals, these results were not attributed to reduced anaplerotic input,
but rather increased anaplerotic flux [67]. This distinction is important as it indicates that
the primary mechanism is increased usage of fatty acids to meet energy demands, and the
apparent reduction in TCA intermediates is a result of rapid usage. Recent improvements
to PS10 have yielded compounds with preferential uptake in the liver that also combat diet-
induced obesity, and thus may avoid off-target toxicity in other tissues [61]. Importantly
either PS10 treatment, knockout of the individual PDKs 2 or 4, or knockout of both PDK2
and PDK4 are all protective against hepatic steatosis and insulin insensitivity; although,
more severe forms of the disease may not be responsive to this treatment. NAFLD is a
largely silent disease that is difficult to identify in patients and does not always progress to
NASH. It will be important to determine whether early intervention against the “metabolic
phenotype” and reductions in steatosis can also prevent long-term progression to the more
severe phenotype. It should be noted that bariatric surgery is an effective treatment for
NASH, and thus it stands to reason that management of metabolism may be an effective
treatment for reducing NASH progression and improving outcomes [68].

6.2. PDK2 in Cancer

Since the initial report that DCA might be an effective cancer therapeutic, PDKs
have been widely examined as mediators of cancer biology [69]. Otto Warburg originally
proposed in the 1950s that cancer cells preferentially used glycolysis to fuel ATP produc-
tion [2,3]. While modern research indicates that this is only true in part, what is increasingly
agreed upon is that alterations in cancer metabolism are broadly aimed at promoting cancer
cell proliferation and resistance to apoptosis through metabolic flexibility [4,5,70]. PDKs,
including PDK2, are primary mediators of Warburg metabolism [5]. Because of extensive
regulation of the expression of PDKs, overexpression or suppression of PDKs has been
consistently cited as both a means through which some mediators regulate the growth of
cancer, and as potential drug targets for inhibiting the growth of cancer [5,70].

Different mechanisms have been proposed for how overexpression of PDKs might
enhance the formation of cancer. One of the primary explanations is that inactivation of
the pyruvate dehydrogenase complex by the PDKs increases production of ATP by aerobic
glycolysis [2,3]. Blocking the oxidation of pyruvate conserves pyruvate for reduction to
lactate, therefore regenerating NAD+ required for the reaction catalyzed by glyceraldehyde
3-dehydrogenase without a requirement for the malate/aspartate or glycerol phosphate
shuttle nor oxygen for the oxidation of cytoplasm NADH. Reducing acetyl-CoA formation
also reduces citrate formation and ATP production, minimizing regulation of phospho-
fructokinase, the rate-limiting enzyme of glycolysis which could enhance ATP production
through glycolysis. Mitochondria in cancer are highly active though, and it would be
expected that they are highly capable of producing ATP [71]. It has been proposed that
the likely advantage provided by aerobic glycolysis is through generation of metabolic
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necessities such as NAD+ or other agents through altered means [70]. Thus, another re-
cent explanation is that it is likely that PDK overexpression alters pyruvate metabolism
sufficiently such that cancer cells can increase production of TCA intermediates through
anaplerotic reactions carried out by pyruvate carboxylase and glutamate dehydrogenase
that propel cellular growth [72–74]. In support of these arguments, inhibition of pyruvate
carboxylase can dramatically reduce cancer proliferation, and recent data indicate that
NADH/NAD ratio alterations caused by inhibition of PDKs are partially responsible for
their effect [70,72,73]. There also remains the possibility that PDKs can phosphorylate other
targets than simply PDH; however, this has been only minimally studied thus far [15].
This is an area of intense research interest as a better understanding of the detailed mecha-
nisms associated with PDK expression and cancer is needed to progress both a mechanistic
understanding of cancer metabolism and drug development in this area.

PDK2 in Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is a devastating disease with incredibly poor out-
comes. Surgical intervention remains the primary form of treatment as chemoresistance is
common with HCC, and the only known effective small-molecule inhibitor is sorafenib,
which offers only modest increases in lifespan [75]. Interventions against PDKs, particularly
PDK2, have proven to be potentially therapeutic in laboratory models of HCC.

Expression of PDKs in HCC remains a topic of interest, although no consensus has
been achieved as of yet. Retinoic acid-related orphan receptor α (RORα) has been demon-
strated to regulate PDKs in HCC cells. Activation of RORα downregulates PDK2 in HepG2
and Hep3B cells and also reduces phosphorylation of PDH E1α [33]. Either activation of
RORα or knockdown of PDK2 also slows tumor growth, and importantly, the activation
of RORα appears to be specific to PDK2 as no differences in PDK1, PDK3 or PDK4 were
observed [33]. These data indicate that the use of PDK2 inhibitors directly may be useful in
HCC, with or without concurrent chemotherapy. The situation may be more complicated
though. There is also evidence that PDKs are suppressed in HCC [10,11,76]. Moreover, in
orthotopic H4IIE hepatoma bearing rats, PDH activity was found to be higher as PDK2 and
PDK4 were both natively downregulated [76]. If PDKs are already downregulated prior to
attempts at enzymatic inhibition, it does not seem likely that inhibition of PDKs will be an
effective means for blocking tumor growth as they are natively suppressed. In spite of the
aforementioned changes, genetic inhibition of PDK2 or pharmacological inhibition of all
PDKs with DCA reduces growth of hepatic tumors [77–79]. Moreover, inhibition of PDKs
with DCA helps overcome sorafenib resistance and enhances the effect of the common
chemotherapeutic agent adriamycin [78,79]. Similarly, DCA was found to enhance the
efficacy of oncolytic Newcastle Disease virus and improved its capacity to kill HCC cells in
murine models [80]. PDK inhibition seems to improve various liver treatments despite the
native downregulation of PDK2 and PDK4. Whether or not PDK2 inhibition could serve
as a therapeutic target, with or without co-inhibition of PDK4, remains to be determined.
PDK2 inhibition has been proposed as a therapeutic in other cancers and thus this may be
tissue and cancer type dependent.

7. PDKs in Inflammation, a Growing Area of Interest

Immune populations require massive proliferative capacity in response to infection.
The metabolic demands for this proliferative capacity mimic other hyper-proliferative
phenotypes such as what is seen with cancer [81]. Not surprisingly, the metabolic demands
of this proliferative effort can be limiting if cells cannot find sufficient resources to duplicate.
Moreover, activation of T cells and switching between pro-inflammatory (M1) and anti-
inflammatory (M2) macrophage polarization have recently been linked to PDKs [82,83].
PDK upregulation is linked to M1 polarization checkpoint in macrophages [84]. In contrast
to changes observed with blood glucose levels, neither PDK2- nor PDK4-deficient mice have
any issue with conversion to M1; however, combined inhibition of PDK2 and PDK4 results
in prevention of conversion to M1 phenotype [83]. This is critical as M2 macrophages are
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thought to require higher levels of oxidative phosphorylation than their M1 counterparts
which primarily use glycolysis [85]. Recent reports have identified PDKs as direct negative
regulators of IL-10, although mechanistically this may not occur through IL-10:PDK interac-
tions, but rather broad metabolic regulation through adenosine monophosphate-activated
protein kinase (AMPK) [86]. Inhibition of PDK2/4 should enhance oxidative phosphoryla-
tion and reduce glycolysis, consistent with the observed phenotype. Inhibition of PDKs
may be an novel means for enhancing immune resolution by preventing the conversion to
M1 phenotype in macrophages.

PDK effects in immune cells may be underappreciated relative to their effects on
the liver in disease. Importantly, prior observed protection against insulin resistance in
PDK2/PDK4 double knockout mice was still observed when PDK2/PDK4 were only
knocked out of the hematopoietic cells, indicating that adipose tissue inflammation may
be critically involved in this process, possibly due to reduced cytokine secretion from
PDK2/PDK4-deficient macrophages [83]. Macrophages are also critical regulators of
disease in both alcoholic hepatitis and NAFLD/NASH [65,66,87]. Promotion of a pro-
resolution phenotype is likely to benefit both disease states due to note chronic and unre-
solved inflammation through inhibition of PDKs in cells other than hepatocytes. It should
be noted that T cells in which PDK1 is inhibited similarly have issues with release of
cytokines, and thus cytokine secretion may be partially dependent on PDKs, likely through
some sort of metabolic function [82]. Other studies indicate that administration of DCA
or AZD7545 may also functionally prevent Th17 differentiation and push cells towards
Treg differentiation. This would likely be deleterious to cancer treatment, as Tregs are an
immunosuppressive population that would dampen T cells responses and normal cancer
immunity. This is a fairly novel area of research, and more studies are desperately needed
to better understand if PDK inhibition adversely affects some of these other factors.

8. Conclusions

Because of the highly inducible nature of PDK4, it is has been the focus of considerable
research in the liver field. During this period, PDK2 has been relatively understudied in
comparison. In spite of this, PDK2 obviously shares many of the same actions as PDK4
and, given its expression, will likely have to be considered as an additional therapeutic
necessity if therapeutic PDK inhibition is to be achieved in the liver. Fortunately, in part
due to substantial overlap in their homology, current inhibitors have significant activity
at both PDK2 and PDK4. Activation of the PDH complex by inhibition of PDK2, PDK4,
or both is likely to be beneficial in numerous disease states, especially if effective, safe
inhibitors can be identified. Increased understanding of the dual roles of PDK2 and PDK4
is needed to further refine inhibitors and develop successful preclinical candidates.
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