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Abstract
In human metabolism, pyruvate dehydrogenase complex (PDC) is one of the most intricate and large multimeric protein 
systems representing a central hub for cellular homeostasis. The worldwide used antiepileptic drug valproic acid (VPA) may 
potentially induce teratogenicity or a mild to severe hepatic toxicity, where the underlying mechanisms are not completely 
understood. This work aims to clarify the mechanisms that intersect VPA-related iatrogenic effects to PDC-associated dihy-
drolipoamide dehydrogenase (DLD; E3) activity. DLD is also a key enzyme of α-ketoglutarate dehydrogenase, branched-
chain α-keto acid dehydrogenase, α-ketoadipate dehydrogenase, and the glycine decarboxylase complexes. The molecular 
effects of VPA will be reviewed underlining the data that sustain a potential interaction with DLD. The drug-associated 
effects on lipoic acid-related complexes activity may induce alterations on the flux of metabolites through tricarboxylic acid 
cycle, branched-chain amino acid oxidation, glycine metabolism and other cellular acetyl-CoA-connected reactions. The 
biotransformation of VPA involves its complete β-oxidation in mitochondria causing an imbalance on energy homeostasis. 
The drug consequences as histone deacetylase inhibitor and thus gene expression modulator have also been recognized. 
The mitochondrial localization of PDC is unequivocal, but its presence and function in the nucleus were also demonstrated, 
generating acetyl-CoA, crucial for histone acetylation. Bridging metabolism and epigenetics, this review gathers the evi-
dence of VPA-induced interference with DLD or PDC functions, mainly in animal and cellular models, and highlights the 
uncharted in human. The consequences of this interaction may have significant impact either in mitochondrial or in nuclear 
acetyl-CoA-dependent processes.
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Abbreviations
Acetyl-CoA  Acetyl-Coenzyme A
ACLY  ATP citrate lyase
ACSS  Acetyl-CoA synthetase

ALT  Alanine aminotransferase
ATP  Adenosine triphosphate
BCAA   Branched-chain amino acid
BCKA  Branched-chain α-ketoacid
BCKADC  Branched-chain α-ketoacid dehydroge-

nase complex
DCA  Dichloroacetate
E1  Pyruvate dehydrogenase (component E1)
E2  Dihydrolipoamide transacetylase (compo-

nent E2)
E3/DLD  Dihydrolipoamide dehydrogenase (com-

ponent E3)
E3BP  E3-binding protein
E3BD  E3-binding protein domains
FAO  Fatty acid β-oxidation
GCS  Glycine cleavage system
GDC  Glycine decarboxylase complex
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HAT  Histone acetyltransferase
HCC  Hepatocellular carcinoma
HDACi  Histone deacetylase inhibitor
hE3  Human E3
KAT  Protein lysine acetyltransferase
KDAC  Protein lysine deacetylase
KDACi  Protein lysine deacetylase inhibitor
α-KADC  α-Ketoadipate dehydrogenase complex
α-KGDC  α-Ketoglutarate dehydrogenase complex
LA  Lipoic acid
LDH  Lactate dehydrogenase
MICA  5-Methoxyindole-2-carboxylic acid
MPC  Mitochondrial pyruvate carrier
NAD(H)  Nicotinamide adenine dinucleotide 

(reduced form)
NAG  N-Acetylglutamate
OAA  Oxaloacetate
OXPHOS  Oxidative phosphorylation
PC  Pyruvate carboxylase
PDC  Pyruvate dehydrogenase complex
PDK  Pyruvate dehydrogenase kinase
PDP  Pyruvate dehydrogenase phosphatase
PTM  Post-translational modification
TCA   Tricarboxylic acid
TPP  Thiamine pyrophosphate
UC  Urea cycle
Valproyl-CoA  Valproyl-Coenzyme A
VDAC  Voltage-dependent anion channel
VPA  Valproic acid

Introduction

The liver is an essential organ that plays vital functions in 
the maintenance of metabolic homeostasis, which is cru-
cial for the biotransformation of many drugs. Mitochondrial 
energy metabolism is highly regulated to satisfy the meta-
bolic needs of the cell. The mechanisms of mitochondrial 
dysfunction have been the focus of our research interests, 
namely as the fundamental basis of drug-induced iatrogenic 
effects with impact on liver function. Mitochondria produce 
energy in the form of adenosine triphosphate (ATP) by the 
process of oxidative phosphorylation (OXPHOS) but other 
relevant processes, such as fatty acid β-oxidation (FAO), 
tricarboxylic acid (TCA) cycle, urea cycle, and ketone body 
production play a key role in mitochondrial bioenergetics 
[1, 2].

Pyruvate is an essential product of glycolysis that may 
enter the mitochondria for further oxidation. Pyruvate dehy-
drogenase complex (PDC) catalyzes the oxidation of pyru-
vate into acetyl-CoA, an irreversible reaction, connecting 
glycolysis to the TCA cycle [3]. This multienzyme system 
is composed of three distinct catalytic components: pyruvate 

dehydrogenase/decarboxylase (E1/PDH), dihydrolipoam-
ide transacetylase/acetyltransferase (E2/DLAT), and dihy-
drolipoamide dehydrogenase (E3/DLD), as well as one teth-
ering component, the E3-binding protein (E3BP) [4, 5]. It is 
important to underline that, besides PDC, the E3 protein is 
also part of four additional mitochondrial complexes namely, 
α-ketoglutarate dehydrogenase (α-KGDC), branched-chain 
α-keto acid dehydrogenase (BCKADC), α-ketoadipate dehy-
drogenase (α-KADC) and the glycine decarboxylase com-
plex (GDC) also known as glycine cleavage system (GCS). 
Considering the pivotal role of DLD at prominent catalytic 
clusters, we postulate that any drug-associated effect on this 
protein of widespread designation as E3, and/or on PDC 
activity may induce pleiotropic effects in cells and tissues. 
Pyruvate oxidation deficiencies secondary to acquired 
causes such as medicines are far from being recognized, 
whereas the genetic causes represent a well-defined group 
of mitochondrial diseases [6]. The localization of PDC has 
been thought for years to be strictly mitochondrial [7]. Inter-
estingly, its functional role in the nucleus was demonstrated, 
generating acetyl-Coenzyme A (CoA), a substrate for his-
tone acetylation [8]. The presence of PDC in the nucleus 
links metabolism and epigenetics, a determinant process for 
gene expression and energy homeostasis, and seems to be 
associated with mitochondrial stressors [8].

Valproic acid (VPA) is a worldwide used antiepileptic 
drug that has been recognized as a lysine deacetylase inhibi-
tor (KDACi) of histones [9], whose potential anti-cancer 
effects are under evaluation in numerous clinical studies. 
Beyond its well-established clinical use, this drug has been 
reported to induce mild to severe hepatic toxicity and pos-
sible teratogenicity, but the underlying mechanisms are not 
completely understood. VPA is a simple branched-chain 
fatty acid and its overall metabolism, activation to valproyl-
CoA and respective drug effects on mitochondrial FAO have 
been reviewed [10]. Once inside mitochondria, and in the 
presence of ATP and CoA, VPA is converted to valproyl-
CoA (VP-CoA), an active intermediate that undergoes com-
plete β-oxidation in this organelle. The sequential enzyme-
mediated reactions of the cycle up to thiolytic cleavage, will 
produce propionyl-CoA and acetyl-CoA, that ultimately 
enter the TCA cycle to complete oxidation to  CO2 and  H2O. 
This metabolic pathway typically accounts for ca. 40% of 
the overall metabolism of the drug. Various targeted effects 
on mitochondrial processes were demonstrated including a 
VPA-induced decrease on FAO as an underlying cause of 
hepatic steatosis [10]. However, at the molecular level other 
consequences are noteworthy, where a clear inhibition of 
pyruvate oxidation in liver mitochondria has been reported, 
which may trigger undisputed effects on energy metabolism 
[11].

The present review focuses on the molecular effects of 
this drug as a potential inhibitor of DLD (E3) or overall 
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PDC with a clear impact on the flux of metabolites through 
TCA cycle and other acetyl-CoA dependent cellular reac-
tions. The understanding of the metabolic bases by which 
VPA or valproyl-CoA may interfere with all DLD-dependent 
complexes in cells is incomplete. Highlighting the function 
and intracellular localization of proteins or metabolites, this 
work will gather insights into the multiple mechanisms of 
drug-induced liver toxicity, where interference with E3 or 
PDC function will certainly play a pivotal role.

Pyruvate mitochondrial metabolism

Pyruvate is a key metabolite that intersects crucial pathways 
of energy metabolism. In the cytosol, pyruvate is produced 
from glucose through glycolysis, or is generated by transam-
ination of alanine. It may also represent a precursor for glu-
coneogenesis, synthesis of glycerol, fatty acids, and some 
amino acids, and thus regulatory mechanisms of the fate of 
pyruvate are fundamental for homeostasis. As a polar anion 
(conjugate base of the α-ketoacid, pyruvic acid), it does not 
easily penetrate nor freely diffuses across subcellular mem-
branes. To enter mitochondria, pyruvate needs to cross the 
outer mitochondrial membrane probably through the large, 
voltage-dependent anion channel (VDAC), attaining the 
intermembrane space. It is then transported, together with 
a proton, across the inner mitochondrial membrane through 
the mitochondrial pyruvate carrier (MPC), into the matrix. 
The existence of MPC has been studied for decades, but its 
molecular characterization was only achieved in 2012 [12, 
13]. In most mammalian cells, the active MPC is an obligate 
heterodimer that comprises two small hydrophobic integral 
membrane subunits, MPC1 and MPC2, essential and nec-
essary for pyruvate transport into the mitochondria. Thus, 
MPC serves as a unique gatekeeper for pyruvate entry into 
mitochondria linking glycolysis with mitochondrial respira-
tion and OXPHOS. The role of MPC in health or in disease 
[14], such as cancer or tumorigenesis [15, 16], is undisputed. 
It regulates the function of many organs in human, including 
the heart or brain [17–19].

Pyruvate is a main entry intermediate to the TCA cycle. 
Once inside mitochondria, two enzymes may direct pyruvate 
to two major and distinct reactions: i) carboxylation via pyru-
vate carboxylase (PC), the enzyme that catalyzes the ATP-
dependent conversion of pyruvate to oxaloacetate (OAA) 
or ii) oxidation via PDC, the enzymatic system that medi-
ates acetyl-CoA formation. The flux through the TCA cycle 
starts with the transfer of the two-carbon acetyl group from 
acetyl-CoA to OAA, the four-carbon acceptor compound, 
to form a six-carbon compound (citrate). This condensation 
is irreversible and catalyzed by citrate synthase represent-
ing the first committed step of TCA cycle. Considering the 
initial reactions of pyruvate, the role of PC mediating OAA 

formation represents a key anaplerotic pathway that contrib-
utes to replenish the intermediates of TCA cycle [20]. PC 
catalyzes, in a tissue-specific manner, the initial reactions of 
glucose (liver, kidney) and lipid (adipose tissue, liver, brain) 
synthesis from pyruvate. While irreversible decarboxylation 
of pyruvate catalyzed by PDC yielding acetyl-CoA occurs 
in mitochondria of all cell types, PC activity shows a greater 
cell-specific distribution with higher expression in liver and 
adipose tissue and much lower in the brain neurons.

Since cells contain mitochondrial and cytosolic isoforms 
of alanine transaminase (ALT), pyruvate can be converted to 
alanine in the cytosol, which enters the mitochondria via an 
alanine carrier and is transaminated back to pyruvate inside 
the mitochondrial matrix for further metabolism by PDC 
or PC [14, 21]. Interestingly, a study using liver-specific 
MPC2 knockout mice demonstrated a pyruvate-alanine 
cycling mechanism to avoid potential loss of MPC func-
tion, to maintain gluconeogenic flux and hepatic glucose 
homeostasis [22].

PDC and major regulatory enzymes

PDC and its regulatory enzymes play a crucial role in cel-
lular metabolism in all mitochondria of higher eukaryotes. 
This complex is active in aerobic conditions that require 
glucose decomposition to produce energy but is suppressed 
when glucose is limited [3–5]. PDC belongs to the family of 
often called 2-oxo or α-ketoacid dehydrogenase complexes, 
which are composed of several and different interacting 
enzymes that are connected and regulated by highly flex-
ible domains. Its structure, function and organization have 
been studied in several species, but the understanding of its 
overall assembly and dynamics remains challenging [23].

PDC is a large multienzyme system composed of three 
distinct catalytic components which work closely together 
(Table 1): E1, a heterotetramer of two α and two β subu-
nits (E1α and E1β); E2, a homotrimer or heterotrimer of 
E2-E3BP, and E3, a homodimer. PDC also comprises a 
structural component: E3BP, formerly referred as protein X 
that mediates stable E3 integration into the E2 core of the 
complex [24]. Overall, the protein subunits of the PDC com-
ponents are encoded by five genes, PDHA1, PDHB, DLAT, 
DLD, and PDHX. Moreover, important regulatory enzymes 
interact with PDC, which include E1-specific kinases (PDK) 
and E1 phosphatases (PDP) that regulate PDC activity by 
(de)phosphorylation [3–5, 25]. The global reaction catalyzed 
by PDC results in the irreversible decarboxylation of pyru-
vate, with the formation of reduced nicotinamide adenine 
dinucleotide (NADH),  CO2 and acetyl-CoA. This series 
of coordinated reactions involve five coenzymes: thiamine 
pyrophosphate (TPP), lipoic acid (LA), CoA, FAD and 
 NAD+.
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In brief, activities of E1 and E2 generate acetyl-CoA, 
whereas the FAD/NAD+-dependent E3 mediates redox recy-
cling [3, 26]. The first reaction is the irreversible decarboxy-
lation of pyruvate catalyzed by E1 that requires the cofactor 
TPP. The second reaction is catalyzed by E2 and requires 
CoA to generate an acyl-CoA. The transfer of electrons from 
the dihydrolipoyl moieties of E2 to FAD and then to  NAD+ 
is carried out by E3, a multifunctional oxidoreductase [27, 
28]. Thus, the third reaction is catalyzed by this enzyme 
(DLD), that is responsible for the regeneration of lipoamide, 
reduction of  NAD+, and oxidation of  FADH2 [3] (Table 1). 
The properties and characteristics of the latter enzyme will 
be discussed in more detail throughout this work.

In eukaryotes, PDC comprises multiple copies of the 
three catalytic enzymes namely ca. 30 subunits of E1, 60 
subunits of E2, and 12 subunits of E3. This proportion does 
not seem to be altered in case of upregulation of DLD [29] 
and the gene knockdown of E1α or E1β appears not to alter 
expression of other proteins [30, 31]. The entire complex 
(≈ 9.5 MDa) exhibits icosahedral symmetry [3]. Hence, the 
multienzyme assembly of human PDC represents a highly 
intricate process that will influence its function, structure, 
and regulation.

PDC activity is highly regulated, essentially through two 
different mechanisms: (1) the end-products, acetyl-CoA and 
NADH, may directly inhibit PDC, apparently by binding 
to the E2 and E3 active sites, respectively [26], or (2) via 
reversible phosphorylation of the E1 component [4, 5]. This 
modification is mediated by the regulatory enzymes: pyru-
vate dehydrogenase kinases (PDK1 to 4) and pyruvate dehy-
drogenase phosphatases (PDP1 and PDP2) [32]. The kinases 
(PDKs) phosphorylate the E1α subunit and inactivate PDC. 
The phosphatases (PDPs) revert the phosphorylated PDC-
E1α to its active, dephosphorylated form [33]. Both the PDC 
kinases and the PDC phosphatases are  Mg2+-dependent and 
respective mediated reactions are conditioned by ATP and/
or ADP levels [5, 32, 33].

The activity of PDC is tightly influenced by the cellu-
lar levels of PDKs and PDPs in tissues, which are variable 
depending on normoxia or hypoxia conditions [34, 35] or 
different nutritional and disease states [3, 36–38]. Thus, 
PDKs and PDPs present exclusive tissue expression patterns, 
kinetic properties, and sensitivities to regulatory molecules. 
Dichloroacetate (DCA), omega-3 fatty acids and thiamine 
inhibit PDKs, thereby increasing PDC activity [26]. An 
upregulation of PDKs has been observed in patient´s tissues 
with metabolic diseases, suggesting that inhibition of these 
kinases might have beneficial effects in the treatment of 
metabolic diseases [34]. The influence exerted by PDPs and 
respective expression pattern have received much less atten-
tion compared to those of PDKs. PDP1, a  Ca2+-sensitive 
isoform, is expressed in rat heart, brain, and testis whereas 
PDP2, which is a  Ca2+-insensitive isoform, is abundantly Ta
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expressed in rat kidney, liver, heart, and brain [34]. In the 
absence of  Mg2+ or  Ca2+ ions, the PDP is inactivated [39].

In addition, several endogenous molecules can also mod-
ify PDC activity, such as pyruvate,  NAD+ and CoA, which 
lead to substrate activation of PDC by inhibiting PDKs [38]. 
The PDKs regulate PDC activity by responding to diverse 
allosteric modulators. High ratios of acetyl-CoA to CoASH 
and NADH to  NAD+ represent signals of saturation of mito-
chondrial demand. Elevations of these ratios are strong acti-
vators of PDKs, shutting down PDC activity [26].

Besides phosphorylation, other post-translational modi-
fications (PTMs) of PDC such as acetylation, glutathionyla-
tion, succinylation, or glycosylation have been referred [38] 
but the respective physiological implications need further 
elucidation.

The importance of PDC in disease pathophysiology is 
undisputed [26, 27], gaining an emergent attention in can-
cer biology [30, 37–41]. Clinical cases of hereditary PDC 
deficiency have been largely associated with mutations in 
the X-linked PDHA1 gene, encoding the E1α subunit, which 
reduce the catalytic activity of the enzyme or the stability 
of the overall complex. The phenotype typically presents 
between birth and infancy [6]. However, genetic deficiencies 
of PDC can also be caused by defects in the E1β, E2, E3 or 
E3BP subunits. [42].

Overall, a complex regulatory machinery synchronizes 
the expression, assembly, regulation and concerted function 
of all components of PDC. In this work, further focus will be 
given to E3 component because of its unique characteristics 
and relevance.

Dihydrolipoamide dehydrogenase (DLD) 
as a therapeutic target

In humans, the protein encoded by the DLD gene exists as 
a dimeric component (hE3) of PDC, and at least of four 
additional multienzyme systems. It was reported that dihy-
drolipoamide dehydrogenase (EC 1.8.1.4) (also abbrevi-
ated as DLD; LAD; LipDH; DLDD; DLDH; GCSL; PHE3; 
OGDC-E3), exists as a free enzyme in vivo and it is the most 
abundant flavoprotein in muscle and brain mitochondria 
[43]. DLD represents a resourceful enzyme with multiple 
roles in mitochondrial metabolism and redox equilibrium. 
It has been described as a moonlighting protein based on its 
ability to perform mechanistically distinct functions (oxi-
doreductase, diaphorase, protease, DNA complex formation) 
[43–45]. It is characterized by a ubiquitous expression in 
heart, kidney, liver, brain, and many other tissues. This pro-
tein has been also identified in human and rat serum, where 
no 2-oxoacid dehydrogenase complexes are detected, but 

Fig. 1  Structural representation of human dihydrolipoamide dehydro-
genase (hE3) homodimer (A). The position of NADH (in cyan) into 
the structure of a hE3 monomer is shown (B). Best docking poses 
of valproyl-CoA (in green) into a hE3 monomer (C). A One mono-
mer of hE3 is coloured according to the protein domains: the FAD 
and NAD binding domains in tan and blue, respectively, the central 
domain in purple and the interface domain in red; the second hE3 

monomer is coloured in grey; the FAD cofactor and the NADH are 
depicted in van der Waals representation and in dark blue and cyan, 
respectively. Figure was created with UCSF Chimera and by super-
posing the PDB structures 1ZMC and 3RNM. The models (B, C) 
were built with Autodock Vina and using the human E3 PDB ID 
6I4Q.
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the biochemical properties of serum E3 remain to be truly 
described [28].

The crystal structures for hE3 have been published, 
including those for specific disease-causing mutations 
[46–53]. Structurally, the mature form of hE3 subunit (474 
amino acid residues; 54 kDa) presents four domains: the 
N-terminal FAD-binding domain (1–149), the  NAD+/
NADH-binding domain (150–282), the central domain 
(283–350), and the C-terminal interface domain (351–474) 
[48–51] (Fig. 1). DLD is a protein homodimer that catalyzes 
the oxidation of dihydrolipoamide, using one FAD pros-
thetic group bound very tightly but non-covalently to each 
monomer of E3 (subunit), and a transiently bound substrate, 
 NAD+ [43, 48]. Nevertheless, the respective oligomeric 
state can change from dimeric to monomeric or tetrameric 
depending on the pH in the mitochondrial matrix [44, 54]. 
Thus, modifications of pH may alter oligomerization and 
DLD catalytic properties with potential consequences to the 
structure and function of the energy-producing mitochon-
drial complexes that contain this enzyme.

Beyond integrating PDC, E3 (or DLD) also participates 
in the mitochondrial α-ketoacid dehydrogenases complexes 
α-KGDC, BCKADC, and GDC commonly designated as 
GCS [55]. More recently, it was reported that hE3 is also 
part of the α-KADC, responsible for the oxidative decar-
boxylation of α-ketoadipate to glutaryl-CoA, a product of 
the degradation pathway of l-lysine, l-hydroxylysine, and 
l-tryptophan [56, 57] (Fig. 2). All these enzyme systems 
are localized in the mitochondrial compartment and share 
similarities in structure and the same cofactor dependency, 
even though they participate in distinct metabolic pathways.

In the corresponding multienzyme complexes, the com-
mon E3 is responsible for transferring two electrons from 
dihydrolipoamide to  NAD+, mediated by FAD which is 
reduced to  FADH2. As depicted in Fig. 2 for PDC, the E3 
completes the final step in a series of synchronous co-oper-
ating catalytic reactions where it becomes a key enzyme to 
maintain the metabolic flow. The global reaction catalyzed 
by DLD (E3) is described as [58]:

Fig. 2  VPA interference with E3 (DLD) and E3-dependent multi-
enzyme systems may have impact in mitochondrial metabolic path-
ways generating acetyl-CoA. The role of FAD/NAD+-dependent E3 
on redox recycling is depicted on overall reactions of the mitochon-
drial oxidation of pyruvate to acetyl-CoA involving the PDC com-
ponents, as an example among the α-ketoacid dehydrogenase family. 
The mitochondrial activities of PDC, α-KGDC, BCKADC, and GDC 
may be altered in the presence of VPA, namely through valproyl-CoA 
(VP-CoA)-induced effect on E3 proteins. The scheme highlights the 
role of PDC, interlinking cytosolic glycolysis (pyruvate) to the TCA 
cycle (acetyl-CoA). The question mark underlines the lack of evi-

dence for this interaction. PDC pyruvate dehydrogenase complex; 
E1 Pyruvate dehydrogenase; E2 dihydrolipoamide transacetylase; 
E3 dihydrolipoamide dehydrogenase; E3BP E3-binding protein; 
TPP thiamine pyrophosphate; NADH/NAD+ nicotinamide adenine 
dinucleotide (reduced/oxidized forms); FADH2/FAD flavin adenine 
dinucleotide (reduced/oxidized forms); α-KGDC α-ketoglutarate 
dehydrogenase complex; BCAAs branched-chain amino acids; BCKAs 
branched-chain α-keto acids; BCKADC branched-chain α-keto acid 
dehydrogenase complex; GDC glycine decarboxylase complex; 
α-KADC α-ketoadipate dehydrogenase complex. TCA  tricarboxylic 
acid; NAG N-acetylglutamate; UC urea cycle
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E3 catalyzes the reduction of  NAD+ to NADH, trans-
forming dihydrolipoamide into lipoamide (forward direc-
tion). The catalytic reaction occurs through the redox center 
of the enzyme, which is constructed by the combination of 
a disulfide bridge coupled to the flavin ring of the cofactor 
FAD [59]. The reduced form  FADH2 is produced transiently 
in the first half-reaction and oxidized back to FAD, reduc-
ing  NAD+ to NADH in the last half-reaction (Fig. 2) [59]. 
Then, NADH can feed into the electron transport chain for 
OXPHOS and ATP synthesis.

E3 is present in the multienzyme complexes mentioned 
above as a homodimer, where it acts as an oxidoreductase. 
However, the enzyme can exist as a monomer and play a 
distinct role, namely acting as a protease [27]. It has been 
shown that in vitro, E3 can also act as a diaphorase, trans-
ferring electrons from NADH to electron acceptors, such as 
cytochrome c, ubiquinone, and nitric oxide [60].

It is relevant to note that E3 binding within the α-KGDC 
is approximately 30 times weaker than in the PDC, and the 
interaction with the remaining components of α-KGDC may 
be further weakened in acidosis [43]. These observations 
lead us to speculate that when a suboptimal quantity of hE3 
is present, as in cases of E3-deficiency or metabolic acidosis, 
the function of PDC will be more resilient and less prone to 
be affected than α-KGDC.

The molecular pathomechanisms of hE3 deficiency were 
revised under the recently published crystal structures for 
hE3 [55, 61]. E3 deficiency is a rare autosomal recessive 
genetic disorder, with symptoms frequently arising in neo-
natal age (early-onset) and that may lead to death. Affected 
children who live beyond the first 2–3 years may develop 
growth deficiencies and neurological abnormalities. The 
highest carrier rate has been found among Ashkenazi Jewish 
population with a disease frequency of 1:35,000–1:48,000. 
This disorder manifests mostly by neurologic, cardiac, and 
(adult-onset) hepatic symptoms. The phenotype includes, 
among others, hyperammonemia, encephalopathy, seizure, 
liver dysfunction, lactate acidosis, hypoglycemia, Leigh 
syndrome, and developmental delay [62]. The variable phe-
notype and clinical characteristics of DLD deficiency may 
be due to the involvement of E3 in several complexes, as 
described above, and consequences of their affected activi-
ties. Interestingly, although DLD also participates on the 
GCS where it is known as the l-protein, pathogenic muta-
tions in the DLD gene do not appear to impair the function 
of this system in vivo [62]. Nowadays, there is no cure for 
this disease due to the genetic condition, and management 
may be achieved through dietary restrictions avoiding fast-
ing/catabolism and liver-toxic medications, correction of 

(R)−N6- dihydrolipoyl-L-lysyl-[Protein] + NAD+
⇄

(R)−N6- lipoyl-L-lysyl-[Protein] + NADH + H+

metabolic acidosis, and also by administration of flavins, 
LA and TPP [55].

In terms of pathophysiology, E3 dysfunction can lead 
to the accumulation of pyruvate, lactate or branched-chain 
amino acids (BCAAs) in plasma and rise of branched-chain 
α-ketoacids (BCKAs) in urine [62, 63]. In addition, some 
studies have explored the involvement of DLD on redox sta-
tus. It has been described that DLD can either enhance or 
attenuate production of reactive oxygen species (ROS) and 
reactive nitrogen species (RNS), depending on experimental 
or pathophysiological conditions [27]. Studies in vitro using 
isolated mitochondria have shown that 2-oxoacid dehydro-
genases may produce superoxide/H2O2, reporting the maxi-
mum capacities as α-KGDC > PDC > BCKADC [64]. When 
E3 is fully functional it can scavenge nitric oxide, acting as 
a protective enzyme [65]. However, dysfunction of E3 may 
lead to an overproduction of ROS which, in turn, causes 
oxidative stress [66, 67]. The ROS-generating activity of 
the intact α-KGDC (and the PDC) had been attributed to the 
E3 component, potentiated by acidosis, but E1 and E2 have 
been also ascribed [68]. PDC seems to represent a much 
weaker source of ROS than α-KGDC, but PDC is also sen-
sitive to ROS, and its functional integrity is important for 
neuronal longevity [68–70].

Oxidative stress has been associated with ageing and 
brain dysfunction. It is noteworthy that impairment of human 
α-KGDC activity in brain represents a common sign in several 
age-associated neurodegenerative diseases, including Alzhei-
mer’s and Parkinson’s diseases, as well as Friedreich’s ataxia 
[69]. Specific antioxidants, flavins or lipoic acid are proposed 
for therapy [43]. However, studies in rodents suggest that 
senescence is not associated with clear changes in the activity 
of DLD or its susceptibility to inactivation by mitochondrial 
oxidative stress [71]. Interestingly, oxidative stress is a patho-
logical mechanism of type 2 diabetes and it was proposed that 
chronic E3 inhibition could serve as a protective approach to 
manage oxidative stress in this specific disease [27]. A recent 
study in cancer cells suggests that DLD is closely linked to 
ferroptosis, induced by cystine deprivation or import inhibi-
tion [72], where the α-KGDC-dependent oxidative stress could 
profoundly affect the redox state of cancer cells [72]. Treat-
ments with bioengineered DLD in a subcutaneous melanoma 
mice model resulted in significant tumor inhibition [73].

The understanding and the targeting of mitochondrial 
pyruvate metabolism for cancer therapies remains a challenge 
[74]. Considering the above-mentioned studies, whether E3 is 
a potentially “druggable” target for any disease is one hypoth-
esis that has not been fully explored yet.
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Valproic acid as a potential inhibitor of DLD 
and DLD‑dependent complexes

Studies on design and development of potential specific 
E3 modulators have been scarce. There are several known 
activators: TPP, pyruvate, DCA, and LA, which are rec-
ognized inhibitors of PDKs that thus activate PDC and 
in turn the E3 component [26, 75], beyond the known E3 
cofactors,  NAD+ and FAD. However, few molecules were 
reported as specific inhibitors of E3 activity. Besides the 
inactivating effect of some inorganic species such as zinc 
[76, 77], arsenite [78] or phosphine gas [79], the inhibi-
tory effect of two small organic molecules were described, 
the 5-methoxyindole-2-carboxylic acid (MICA) [80] and 
valproic acid (VPA) metabolites [81].

The first inhibitor, MICA, has been described as a 
hypoglycemic agent with potential antidiabetic properties 
[80]. Our focus will be on the second, VPA (2-n-propyl-
pentanoic acid), also used as a valproate salt of sodium or 
magnesium. It is a well-known drug in clinical practice 
for decades, and one of the most prescribed antiepileptic 
drugs in the world.

VPA was synthesized as a derivative of valeric acid, a 
component of the herbal medicine Valeriana officinalis 
[82]. It is a C8-branched medium-chain fatty acid with 
significant pharmacological effects, such as antiepilep-
tic, anticonvulsant and mood-stabilizing drug [83, 84]. 
Its anticonvulsant effect may be related to an increase in 
gamma-aminobutyric acid (GABA) levels in brain and 
subsequent blockage of VDAC [85]. Valproate is also 
included in various clinical guidelines as one of the rec-
ommended therapies for migraine prophylaxis [86, 87]. In 
addition, it has integrated various clinical trials for cancer 
therapy.

Herein, some evidence that intersect valproic acid, as 
a potential inhibitor of E3, with pyruvate metabolism, 
PDC function or other E3-dependent complexes, will be 
described.

VPA teratogenicity and hepatotoxicity

VPA is a first-line option in the treatment of generalized 
epilepsies, unless safety-related contraindications are 
present [82]. There are two major potential problems that 
still remain, teratogenicity and hepatotoxicity [88–91], but 
other VPA adverse drug reactions have been systematically 
reviewed [92]. The mechanisms by which the drug exerts 
these unwanted effects are still unclear but it is consensual 
that interactions with mitochondrial energy metabolism 
and/or inhibition of histones deacetylases (HDAC) may 
play an important role. Exposure to VPA in utero has 

been reported to cause severe birth defects and impaired 
postnatal development. Currently, available evidence sug-
gests that the risk of congenital malformation after VPA 
exposure is around 11% up to 24% depending on the dose 
[91]. Moreover, VPA induces mild to severe hepatic dys-
function characterized by microvesicular steatosis, weight 
gain, insulin resistance, and hyperammonemia [92]. Hepa-
totoxicity is a serious and complicated side effect that can 
become lethal, especially in children. Some risk factors for 
severe VPA-induced hepatotoxicity are young age, devel-
opmental delay, congenital metabolic disorders (namely 
mitochondrial enzyme deficiencies) or even ketogenic diet 
[93–95]. Numerous studies reported over the last 5 dec-
ades, the occurrence of a Reye-like syndrome in epileptic 
patients treated with valproic acid (VPA), an adverse event 
at hepatic level due to mitochondrial dysfunction [94].

Several molecules have been investigated in coadministra-
tion with VPA with the aim to minimize adverse effects of the 
drug. Carnitine is one of the most important examples, show-
ing protective effects in animal models [95–97]. Moreover, 
drug-induced hepatotoxicity has been shown to be accom-
panied by an inflammatory reaction and ellagic acid, a poly-
phenol, has revealed antioxidant, antiviral, and antibacterial 
properties. It was claimed that this acid, when administered 
orally, protects liver from VPA toxicity [98]. The same was 
observed for melatonin, which also acts as an antioxidant, and 
protective agent against hepatotoxicity caused by VPA [99].

VPA metabolism and mitochondrial dysfunction

The detailed mechanisms that explain why VPA causes tera-
togenicity and hepatotoxicity have not yet been fully estab-
lished. It is known that this drug induces pleiotropic effects 
and interferes with several pivotal metabolic pathways 
namely pyruvate-driven oxidative phosphorylation, FAO 
and urea synthesis [10, 11]. In this context, it is relevant to 
understand the potential implications on PDC, which inter-
connects these pathways, on acetyl-CoA levels and redox 
balance.

The interactions between VPA metabolism and bioener-
getics were clarified with the identification of the complete 
β-oxidation of the drug in mitochondrion [100]. Before 
this report, the reactions mediated by microsomal-linked 
enzymes attracted most studies on VPA metabolism. Then, 
based on its unique properties of branched-chain fatty acid, 
reports on the extra-mitochondrial formation or mitochon-
drial accumulation of valproyl-CoA (VP-CoA) [101, 102] 
and the interaction with BCAA oxidative pathway [103, 
104], gave unequivocal evidence that this drug has important 
effects on mitochondrial metabolism.

Studies in vitro showed that VPA can clearly interferes 
with pyruvate transport, using mitochondrial membranes 
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[105] or brain mitochondria [106], and with pyruvate oxi-
dation rate [11]. The clear inhibitory effects of VPA on 
pyruvate-, α-ketoglutarate-, and glutamate-driven oxygen 
consumption and ATP synthesis were explained through 
the hypothesis of a DLD-targeted inhibition [81, 107]. In 
fact, the major mitochondrial derivative of VPA, valproyl-
CoA, was shown to induce a mild inhibition of DLD activity, 
using purified α-KGDC and PDC as enzyme sources [81]. 
Valproyl-CoA was shown to be the most abundant CoA ester 
of the drug, formed in mitochondrial matrix, with higher 
resistance to hydrolysis than endogenous acyl-CoAs of 
linear-chain fatty acids [101, 102]. This fact suggests the 
longer residence time in mitochondria of valproyl-CoA, with 
potential sequestration of free CoA, although it was shown 
that valproyl-CoA is also a substrate of short branched-chain 
acyl-CoA dehydrogenase (SBCAD) [103, 104]. Figure 1C 
depicts the best molecular docking of valproyl-CoA on DLD, 
suggesting a localization of this ligand on the  NAD+ binding 
site of the protein. Thus, it is legitimate to hypothesize that 
a potential targeted effect on E3 may occur. Interestingly, 
in rat brain mitochondria, the pyruvate and 2-oxoglutarate 
oxidation rates appear to be unaffected by VPA [107]. This 
discrepancy is consistent with the report that valproyl-CoA 
could not be detected in rat brain, using animals exposed to 
the drug, but further studies in brain are needed [108].

VPA metabolism, PDC, and other E3‑dependent 
complexes

In human, the putative interaction between valproyl-CoA 
and DLD activity, remains unclear. This metabolite is strictly 
intracellular and ethical considerations are involved in the 
sample collection and challenging study of drug metabo-
lites levels in patient tissues. Evidence of this interaction is 
provided when VPA administration triggers specific meta-
bolic abnormalities. As a paradigm, there is a case report 
of a child under neurodevelopment therapy sessions, with 
uncontrolled seizures despite antiepileptic medication [109]. 
The observed increase in BCAAs, ornithine, blood lactate, 
pyruvate, and ammonia were suggestive of an inherited 
metabolic disorder, the E3-dihydrolipoamide dehydrogenase 
deficiency. Metabolomic approaches of serum in epileptic 
patients treated with VPA sustain this pattern of metabolites 
changes which may reflect disturbances on respective meta-
bolic pathways [110, 111].

VPA-treated patients have been reported to show higher 
levels of glycine in serum and especially in urine, suggesting 
a clear reduced GCS activity [110, 112]. The hyperglycine-
mia and hyperglycinuria, associated with VPA treatment, are 
most likely due to enzymatic inhibition of GCS [112, 113]. 
Since E3 is a component of the GCS structure (Fig. 2), it can 
be hypothesized that drug-induced changes on glycine levels 
may be assigned to E3 inhibition within GCS. As far as we 

know none of these reports linked the inhibitory effects of 
VPA on GCS with a potential decrease in E3 activity or 
protein levels induced by valproyl-CoA [81]. Still, glycine 
levels are normal in almost all patients with E3 deficiency, 
with the exception of one report of reduced GCS in a liver 
sample of a E3 deficient patient [114, 115].

Patients harboring mutations in the DLD gene, encoding 
the E3 proteins of all α-ketoacid dehydrogenase systems, 
presented reduced activity of the α-KGDC and BCKADC 
complexes [62]. Glycine accumulation has not been reported 
in individuals with PDC or α-KGDC deficiency [116, 117]. 
Overall, further studies will be essential to unveil the mech-
anisms underlying VPA-associated hyperglycinemia and 
inherent dysfunction of E3 or GCS.

BCAAs, such as leucine, isoleucine, and valine, are 
essential amino acids that are not only necessary for pro-
tein synthesis but also play important physiological roles. 
Their catabolism is controlled by the mitochondrial BCK-
ADC [118, 119]. The administration of VPA in vivo clearly 
interacts with BCAAs catabolism, where first reactions cor-
respond to a cycle of β-oxidation, explained also by their 
similar branched carbon-chain structures [81, 103, 104]. It 
has already been demonstrated that patients receiving VPA 
showed an increase in serum levels of BCAAs and their 
intermediates as well as an increase in urine levels of spe-
cific BCAAs derivatives [104, 120, 121]. The purified mam-
malian BCKADC is essentially devoid of the E3 component, 
so the absence of E3 is associated with the low affinity of the 
subunit-binding domain of human BCKADC for hE3 [51]. 
Thus far, there is no X-ray crystal structure for any of the 
2-oxo acid dehydrogenase complexes in their intact state, 
possibly due to their size and flexible attachment of the E1 
and E3 components to the core [122, 123]. The hypothesis 
of VPA interference with BCKADC is reinforced by anal-
ogy with the reported inactivation of purified mammalian 
α-KGDC by valproate or its metabolites [124]. Therefore, it 
can be speculated whether there is an altered activity of both 
complexes, namely through valproyl-CoA mediated effect 
on E3 (Fig. 2) but further studies are needed because little 
is known about this interaction.

The role of α-KGDC in human brain is very important 
to neurotransmission and it is fundamental as a regula-
tory enzyme within the tricarboxylic acid cycle (TCA). 
A competitive inhibition of purified beef brain α-KGDC 
by valproyl-CoA, was demonstrated in vitro [124]. In 
silico studies supported the prevalent hypothesis of a 
minor involvement of α-KGDC in the anticonvulsant 
activity of VPA [125]. DLD was shown to be present in 
neurons and glia as well as non-neuronal cells in vari-
ous regions of human brain [126]. α-KGDC is sensi-
tive to ROS and inhibition of this enzyme may be criti-
cal in metabolic deficiencies induced by oxidative stress 
[127]. A decline in α-KGDC activity is associated with 
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various neurodegenerative diseases but the molecular 
mechanism(s) linking this multienzyme complex to neu-
rodegeneration are far from being elucidated [126, 127].

The subcellular communication between cytosolic glyco-
lysis and mitochondrial FAO is ensured through PDC activ-
ity and by common metabolites such as acetyl-CoA and the 
 NAD+/NADH ratio. The intracellular  NAD+/NADH ratio 
contributes to the activation/inhibition of PDC by affect-
ing DLD activity, which is critically dependent on pH [54, 
128]. Interestingly, administration of VPA in vivo has been 
reported to interfere with liver  NAD+ concentration affect-
ing  NAD+ availability or their precursors at several levels 
[110, 129]. These alterations show a potential disruption of 
 NAD+ cofactor homeostasis, but the transient VPA-associ-
ated  NAD+ depletion may involve distinct unknown mech-
anisms [110]. Therefore, a significant decrease of matrix 
 NAD+ pool has an inhibitory effect on enzymatic reactions 
that require  NAD+ as a cofactor and, as a consequence, the 
activity of PDC may be compromised [130]. A recent study 
in E. coli has shown that PDC sensitivity to NADH resides 
in the E3 component, as only this enzyme interacts with 
 NAD+ as a substrate [131]. The ability of the E3 component 
to regenerate oxidized lipoic acid is controlled by the  NAD+/
NADH ratio within the mitochondria. When the availability 
of  NAD+ is diminished,  FADH2 within the E3 component 
can readily be oxidized by  O2 generating a semiquinone 
 (FADH•) and superoxide  (O2

•−) [132]. The emergent role 
of lipoic acid metabolism has been recently reviewed, under-
lining the importance of lipoylation-dependent enzymes to 
mitochondrial redox regulation [132]. Furthermore, the role 
of SIRT4 (Sirtuin 4) as a cellular  NAD+-dependent lipoami-
dase was shown to regulate PDC and this catalytic efficiency 
for lipoyl-lysine modifications seems to be superior to its 
deacetylation activity [133].

The activity of α-KADC on lysine degradation also 
requires lipoic acid and depends on E3 role. Recently, a 
functional and regulatory crosstalk between the human 
α-KGDC, the regulatory enzyme at the TCA cycle men-
tioned above, and this novel α-KADC system (participating 
on the catabolism of l-lysine, l-hydroxylysine and l-trypto-
phan) has been reported [134]. Remarkably, the “backbone” 
of lipoic acid is octanoic acid, the linear-chain eight-carbon 
fatty acid [117]. Whether and how VPA, the branched-chain 
eight-carbon fatty acid, interferes with this lipoic acid- and 
DLD-dependent enzyme remains an unanswered question 
that, in our perspective, deserves elucidation (highlighted 
in Fig. 2).

In summary, VPA and/or its intermediates as valproyl-
CoA, affect mitochondrial energy metabolism (Fig.  2) 
through multiple pathways or targets where interference with 
PDC activity, more specifically, with its E3 component, may 
play a pivotal role in mechanisms of drug-induced liver tox-
icity or in other prenatal adverse effects.

Nuclear acetyl‑CoA and valproate 
interactions as an inhibitor of KDAC

Nuclear acetyl‑CoA and PDC

The identification of PDC in the nucleus links acetyl-CoA 
formation with lysine acetyltransferases/deacetylases 
(KATs/KDACs) activities, where histones are the major 
protein target. Therefore, we will discuss VPA-induced 
alterations on histone acetylation status, to bring some 
light into the yet obscure mechanisms linking metabo-
lism and epigenetics. Further research is needed to clarify 
whether VPA-induced effects on E3 component of mito-
chondrial PDC, may also occur at the level of nuclear 
PDC, creating an additional control mechanism of sub-
strate availability for histone acetylation enzymes.

The reversible acetylation of histones is one of the 
main modifications with crucial importance for epigenetic 
control of gene expression [135]. Lysine acetylation is a 
reversible and conserved PTM that changes the charge 
on lysine residues and thereby modifies protein structure. 
PTMs may occur not only in nuclear histones but also in 
numerous non-histonic proteins such as enzymes of inter-
mediary metabolism present in different cellular organelles 
including mitochondria. Concerning histonic proteins, 
acetyl-CoA is bound to histone tails by histone acetyltrans-
ferase (HAT) altering chromatin dynamics and thus gene 
expression [136]. Thereby, acetylation is directly depend-
ent of acetyl-CoA levels, further indicating that acetyl-
CoA is a limiting factor for several acetylation events and 
a crucial regulatory metabolite [136, 137]. And because 
organelle membranes are impermeable to this large mol-
ecule, the mitochondrial and non-mitochondrial pools of 
acetyl-CoA are independently produced. Mitochondrial 
acetyl-CoA is generated by PDC, as well as by FAO and 
amino acid metabolism (Fig. 3). On the other hand, the 
non-mitochondrial pool of acetyl-CoA is produced in the 
cytosol by ATP citrate lyase (ACLY) and acetyl-CoA syn-
thetase (ACSS), and in the nucleus by the nuclear PDC 
(Fig. 3) [138, 139]. Thus, acetyl-CoA (Figs. 2 and 3) has 
a dual role as the acetyl-donor for protein acetylation 
(histones and non-histones) and as a central regulatory 
metabolite connecting acetylation, metabolism and epi-
genetics [140, 141].

It was shown that all protein components of the mito-
chondrial PDC are also present and functional in the 
nucleus, since the knockdown of nuclear PDC in iso-
lated functional nuclei decreased the de novo synthesis 
of acetyl-CoA and acetylation of core histones [8, 35, 
142]. Though the dynamic translocation of mitochondrial 
PDC in the nucleus is yet to be fully conceived [143], 
its correlation with acetylation of histones underscores 
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its role in epigenetic regulation [8, 35, 143]. The inhi-
bition of nuclear PDC leads to hypoacetylation of core 
histones [144]. PDC has been found to enter the nucleus 
during conditions of mitochondrial stress, in response to 
growth factors, mitochondrial inhibitors (e.g. rotenone) or 
oncogenic signaling [8, 35, 140]. This suggests a poten-
tial role in disease states that involve proliferative signals 
or mitochondrial dysfunction. Interestingly, inhibition of 
ACLY has been shown to suppress tumorigenesis [145, 
146]. Whether mitochondrial or cytosolic valproyl-CoA 
is translocated in the nucleus and interferes with nuclear 
DLD and PDC are hypotheses under investigation (Fig. 3).

Nuclear KDAC and VPA

In general terms, acetylation of proteins is controlled by 
the following two groups of enzymes (Fig. 3): KATs and 
KDACs (including HDACs) [137, 138, 147]. KATs may 
promote the transference of an acetyl group from acetyl-
CoA to the ε-amino group in the side chain of lysine resi-
dues. The reverse reaction, the deacetylation process, is 
accomplished by KDACs which use  Zn2+ as a cofactor, or 
by sirtuins which are a specific group of  NAD+-dependent 
KDACs also present in cytosol and mitochondria [143, 148]. 

Considering the pivotal role of KDACs on the regulation of 
histone acetylation and gene expression, compounds capable 
of inhibiting the activity of these enzymes may have thera-
peutic potential [147, 149].

VPA was identified as an inhibitor of class I and II 
HDACs [83, 150] Since then, VPA has been recognized 
as a KDAC inhibitor (KDACi) (Fig. 3), which is related to 
its potential anti-cancer and neuroprotective effects [151, 
152]. These properties have opened new perspectives for the 
repurposing of this drug, especially in cancer therapy, with 
inclusion in numerous clinical trials and emerging studies 
[152–154]. Whether valproyl-CoA exists in the nucleus and 
interferes with HDAC activity are unanswered questions and 
hypotheses to elucidate (Fig. 3).

Acting as an epigenetic drug, VPA increases the expres-
sion of many genes involved in various cancer-related 
processes, leading to differentiation, inhibition of cell 
growth and increased apoptosis and immunogenicity [151, 
154, 155]. The drug leads to a decrease in metastatic and 
angiogenic potency of tumor cells [152]. It also increases 
the acetylation of histone proteins and relaxes chromatin 
conformation [156]. VPA down-regulates HDAC activity 
in teratocarcinoma and neuroblastoma cells [152]. Stud-
ies have shown that VPA inhibits HDAC activity in human 

Fig. 3  Acetyl-CoA production and dynamic acetylation and deacety-
lation of histones. Acetyl-CoA is produced in the cytosol and nucleus 
by ATP citrate lyase (ACLY) using citrate exported from TCA cycle 
and by acetyl-CoA synthetase (ACSS) from acetate. Mitochondrial 
PDC can translocate to the nucleus and produce nuclear acetyl-CoA 

directly from pyruvate. Acetyl-CoA provides the necessary acetyl 
groups to enable the protein acetylation reactions. HAT histone 
acetyltransferase; KAT lysine acetyltransferase; HDAC histone deacet-
ylase; KDAC lysine deacetylase; Ac acetate; CoA Coenzyme A; VP-
CoA valproyl-CoA; VPA valproic acid
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hepatocellular carcinoma (HCC) cells [153], as well as 
selectively inhibits HCC cells proliferation without harm-
ing normal hepatocytes [155]. VPA sensitizes cancer cells 
against radiation, thus making it a beneficial radio-sensitizer 
in breast cancer radiotherapy [157]. This drug is being tested 
in phase II clinical trial for the treatment of leukemia and 
solid tumors [158]. Curiously, KDAC inhibition by systemic 
administration of VPA has been shown to protect neurons by 
modulating neuroinflammation and to improve Parkinson’s 
disease-like behaviors [159].

Metabolic alterations on acetyl-CoA levels have also 
been shown to be associated with metastatic phenotype in 
several cancers [160]. Additionally, high nuclear acetyla-
tion levels have been observed in cancer cells resulting from 
the increased activity of acetyltransferases and the ectopic 
synthesis of acetyl-CoA in the nucleus [161]. For meta-
bolic reprogramming in cancer metabolism, PDC is highly 
regulated through transcription factors and oncogenes in 
most cancers [30, 31]. PDC acetylation has been reported 
to inactivate the protein complex, leading cancer cells to 
depend on glycolysis for cell survival [162, 163]. Inhibi-
tion of PDC activity has been reported to contribute to the 
malignant phenotype in human head and neck squamous 
cell carcinoma [164]. Acetylation inhibits PDC through 
increased expression of PDK-1, which results in inhibitory 
phosphorylation of the PDC-E1α subunit [164, 165]. On 
the other hand, PDC-E1α and the PDC activator, PDP1, are 
often overexpressed at both transcript and protein levels in 
prostate tumors [166].

While the involvement of PDC-E1α subunit in cancer 
metabolism is often studied, the role of DLD is seldom 
investigated with PDC activity in metabolic reprogramming 
in cancer [72, 73, 167] and to our knowledge, no intersec-
tions exist with VPA-associated epigenetic interactions. To 
conclude, regulation of PDC in different organs and tissues 
is crucial in proliferative cancers, but it must be emphasized 
that it is also prominent in age-related diseases such as obe-
sity, diabetes, neurological disorders including Alzheimer’s 
and Parkinson’s diseases [136].

Mitochondrial metabolism, epigenetics, and VPA

The importance of protein (and histones in particular) acety-
lation was highlighted in previous paragraphs. Nevertheless, 
it is relevant to underline that the modifications of lysine 
residues in proteins are not limited to acetylation, since ubiq-
uitination, methylation, glutarylation, succinylation or other 
acyl groups deserve great attention. Much fewer selective 
modulators for these modifications are known as compared 
with acetylation [147]. Importantly, a tight link between 
metabolism and epigenetic regulation of gene expression by 
succinylation and glutarylation was recently reviewed [134], 
which is clearly related with DLD-dependent complexes. 

The signaling role of mitochondrial metabolites to control 
cell fate and function is well-recognized and how the metab-
olites variations in their abundance may control physiology 
and disease were recently reviewed [141].

Therefore, the hypothesis of VPA-induced effects on all 
E3-dependent multienzyme complexes may well interfere 
with the levels of relevant metabolites such as 2-ketoglu-
taric, glutaric and succinic acids with impact at epigenetic 
level. Novel findings concerning these hypotheses will cer-
tainly be reported in a near future.

Conclusions and perspectives

The underlying genetic background of a patient and the 
clinical condition that justifies VPA administration, do not 
facilitate the clear separation of drug effects per se (phar-
macological or toxic) from cellular metabolism in vivo. The 
hepatic phenotypic presentation of certain cases of DLD 
gene mutations associated with Reye-like syndrome [168, 
169] has clear similarities with reported cases of VPA-asso-
ciated hepatotoxicity [92–94]. In these specific clinical cases 
of E3 deficiency confirmed by genome analysis, biochemical 
investigations were normal and only histologic examination 
of liver and muscle showed mild lipid inclusions [168, 169]. 
Authors conclude that DLD deficiency should be considered 
in patients with Reye-like syndrome or liver failure even 
in the absence of suggestive biochemical findings. These 
aspects underscore the potential liver susceptibility of VPA-
induced inhibitory effect on DLD function and reinforce the 
great importance of considering an inborn error of metabo-
lism as a genetic underlying cause for the VPA-associated 
hepatic toxicity [10].

Epilepsia is emerging as a metabolic disease, where mito-
chondrial dysfunction or energy metabolism dysfunction is 
associated with epileptic seizures [170, 171]. Therefore, 
an in-depth understanding of metabolism and its role in 
pathophysiology is essential not only to advance on novel 
therapeutic targets, but also to improve the safety of exist-
ing drugs.

In conclusion, the mechanisms of VPA-associated inhibi-
tion of pyruvate oxidation and E3-dependent multienzyme 
systems are multiple and elusive. The implications of a 
dual inhibition on PDC and FAO on limiting mitochondrial 
acetyl-CoA production were discussed. Whether the VPA-
associated interaction with the E3 component of PDC or 
α-KGDC can be extrapolated to the potential inhibition of 
BCKACD, GDC and 2KADC complexes remains to be elu-
cidated. The characteristic hyperglycinuria of VPA-treated 
patients supports the hypothesis of an E3-decreased activity 
on GDC. The relevance of VPA is undisputed, with a grow-
ing spectrum of pharmacologic claims in neuropsychiatric 
or other disorders, including as coadjuvant in anti-cancer 



7463Dihydrolipoamide dehydrogenase, pyruvate oxidation, and acetylation‑dependent mechanisms…

1 3

combinatory schemes. However, the potential hepatotoxic-
ity or teratogenicity needs to be further addressed, where 
the role of nuclear E3/PDC and drug interaction as a recog-
nized KDAC inhibitor are not fully elucidated. Considering 
the published results and valuable reviews, now revisited, 
it is clearly demonstrated that VPA stands as a powerful 
metabolic and epigenetic modulator through mitochondrial 
function. The consequences to LA metabolism and whether 
and how VPA alters the pattern of protein acetylation or 
protein lipoylation are still unclear. Additional studies are 
required to clarify the importance of E3 as a potential drug 
target [172] and of the molecular bases of iatrogenic effects 
of VPA, with added interest to other KDACi or other FAO 
inhibitors. This future perspective will provide novel insights 
into the regulatory mechanisms of acetyl-CoA dependent 
mitochondrial energy homeostasis involving protein PTMs, 
enzyme activity, and gene expression.
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