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ABSTRACT
The pyruvate dehydrogenase complex (PDC) is a multi-enzyme complex of the mitochondria that
provides a link between glycolysis and the Krebs cycle. PDC plays an essential role in producing
acetyl-CoA from glucose and the regulation of fuel consumption. In general, PDC enzyme is reg-
ulated in two different ways, end-product inhibition and posttranslational modifications (more ex-
tensive phosphorylation anddephosphorylation subunit E1). Posttranslationalmodifications of this
enzymeare regulatedby various factors. Sirtuins are the class III of histonedeacylatases that catalyze
protein posttranslational modifications, including deacetylation, adenosine diphosphate ribosyla-
tion, and deacylation. Sirt3, Sirt4, and Sirt5 are mitochondrial sirtuins that control the posttrans-
lational modifications of mitochondrial protein. Considering the comprehensive role of sirtuins in
post-translational modifications and regulation of metabolic processes, the aim of this review is to
explore the role of mitochondrial sirtuins in the regulation of the PDC. PDC deficiency is a com-
monmetabolic disorder that causes pyruvate to be converted to lactate and alanine rather than to
acetyl-CoA. because this enzyme is in the gateway of complete oxidation, glucose products enter-
ing the Krebs cycle and resulting in physiological and structural changes in the organs. Metabolic
blockage such as ketogenic diet broken up by β -oxidation and producing acetyl-CoA can improve
the patients. Sirtuins play a role in the production of acetyl-CoA through oxidation of fatty acids
and other pathways. Thus, we hypothesize that the targets and bioactive compounds targeting
mitochondrial sirtuins can be involved in the treatment of PDC deficiency. In general, this review
discusses the present knowledge on how mitochondrial sirtuins are involved in the regulation of
PDC as well as their possible roles in the treatment of PDC deficiency.
Keywords: Pyruvate dehydrogenase complex deficiency, Mitochondrial Sirtuins, protein deacety-
lation

INTRODUCTION
The human pyruvate dehydrogenase (PD) is a multi-
enzyme complex that is involved in the produc-
tion of nicotinamide adenine dinucleotide dehydro-
genase (NADH), carbon dioxide (CO2), and acetyl-
coenzyme A (CoA) by pyruvate decarboxylation. The
common pyruvate dehydrogenase complex (PDC)
has three main enzymes and five coenzymes1–7. The
three components enzymes PDC include pyruvate
dehydrogenase (E1, a heterotetramer of two types,
with EC 1.2.4.1), dihydrolipoamide acetyltransferase
(E2, EC 2.3.1.12) and dihydrolipoamide dehydroge-
nase (E3, EC 1.8.1.4,)8,9. E3 binding protein (E3BP)
is an additional subunit that exists in humans, and
integrates stable E3 into the E2 core of each assem-
bly9–11. Each assembly consists of five coenzymes,
including thiamine pyrophosphat, lipoic acid, CoA,
flavin adenine dinucleotide, and nicotinamide ade-
nine dinucleotide (NAD+). PDC and its regulatory

enzymes have an important role in all mitochon-
dria of higher eukaryotes. This complex is active in
aerobic conditions that require glucose decomposi-
tion to produce energy, and is suppressed when glu-
cose is in short supply. In general, this enzyme is
regulated in two different ways, end-product inhi-
bition by acetyl CoA and NADH12 and phospho-
rylation and dephosphorylation subunit E1, which
are a non-phosphorylated active form and a phos-
phorylated inactive form. However, its regulation
is not fully understood. PDC deficiency is a mito-
chondrial defect, whose gene is encoded in the nu-
cleus and themost identifiedmotive over neonatal en-
cephalopathies with primary lactic acidosis13. PDC
deficiency may be triggered by the defects of E1α ,
E1β , E2, or E3 subunits. This deficiency is often due
to alteration in the E1 gene located on X chromo-
some; all other causes are due to defects in recessive
genes14–16. Several strategies have been reported to
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be useful in the treatment of PDC deficiency. These
encompass the use of ketogenic diets (KD), adminis-
tration of dichloroacetate and thiamine supplements.
Unfortunately, none of these is generalized 14–16 .
Sirtuins are protected enzymes in most species, in-
cluding humans and bacteria. They rely on NAD+ for
their reaction (Figure 1). Recently, it has been ob-
served that sirtuins can catalyze reactions including
deacetylation, adenosine diphosphate (ADP) ribosy-
lation, and deacylation17. The mammalian deacety-
lases are divided into four classes I, II, III, and IV,
based on sequence homology 18. Classes I, II, and IV
mammalian deacetylases include enzymes that con-
tain zinc as a cofactor in their structure. The zinc co-
factor plays a role in activating water molecules as a
nucleophile and hydrolysis of the acetamide bond in
acetate and lysine ε-amino group19. Class III mam-
malian deacetylase proteins, which are called sirtuins,
have zinc molecules in their structure; however, the
zinc elements are not directly involved in the reac-
tion. Instead, Sirtuins utilize nicotinamide adenine
dinucleotide (NAD+) cosubstrate as a cofactor to pro-
duce ADP-ribose as a nucleophile20. ADP-ribose re-
mains for ADP-ribosylation of the substrate, alter-
natively on deacetylation, but this reaction is likely
to stay aside response21. In mammals, seven sirtu-
ins have been discovered, ranging from Sirt1 to Sirt7.
Sirt1 and Sirt2 are present both in the nucleus and in
the cytoplasm, while Sirt6 and Sirt7 are only seen in
the nucleus. Sirt3, Sirt4, and Sirt5 are known as mi-
tochondrial Sirtuins (Figure 2)22. Based on phylo-
genetic conservation of the core domain, sirtuins are
categorized into five subclasses (I–IV andU). Subclass
I contains Sirt1, Sirt2, and Sirt3 with deacetylase ac-
tivity. Subclass II sirtuins include Sirt4, which exhibits
ADP-ribosyltransferase activity 23,24. Subclass III sir-
tuins include Sirt5 that exhibits deacylase activity25

and weak deacetylase activity26. Subclass IV sirtu-
ins contains Sirt6 and Sirt7 that have deacetylase and
ADP ribosyltransferase activity 27. SubclassU sirtuins
are exhibited in archaea and bacteria and are interme-
diate between classes I and IV 28.
Among the three sirtuins present in the mitochon-
dria matrix (Sirt3, Sirt4, and Sirt5), Sirt3 is the ma-
jor mitochondrial deacetylase and performs an im-
portant control for energy metabolism29,30. On the
other hand, Sirt4 is a regulator fuel used in the mito-
chondria 31,32. However, the role of Sirt4 in the reg-
ulation of mitochondrial metabolic pathways is un-
known. Sirt5 is another type of mitochondrial sirtu-
ins that has a role in demalonylase and desuccinylase
activities in mammals. These sirtuins play an impor-
tant role in metabolic, physiological, and biological

processes, generally through posttranslational modi-
fications33,34. Posttranslational modifications are in-
volved in the regulation of PDC, but their regula-
tion is not well-defined. Considering the comprehen-
sive role of sirtuins in post-translationalmodifications
and the regulation of metabolic processes, this review
was conducted to determine whether sirtuins are in-
volved in the regulation of PDC or not. Deficiency
of PDC causes pyruvate to be converted into lactate
and alanine instead of acetyl-CoA because this en-
zyme is in the gateway of complete oxidation of glu-
cose products entering the Krebs cycle. Metabolic
blockage such as ketogenic diet is broken up by β -
oxidation, and production of acetyl-CoA can improve
the condition. The therapies used for the treatment
of this deficiency have not been fully successful. Sir-
tuins are involved in the production of acetyl-CoA
through oxidation of fatty acids and other pathway
complexes. Thus, pharmacological targets and bioac-
tive compounds targeting mitochondrial sirtuins can
be involved in the treatment of PDC deficiency. This
review discusses the present knowledge on howmito-
chondrial sirtuins is involved in the regulation of PDC
as well as their possible roles in the treatment of PDC
deficiency.

PDC AND ITS REGULATORY
FACTORS
PDC catalyzes the oxidative decarboxylation reaction
of pyruvate to acetyl-CoA. The function of this en-
zyme is irreversible and has a regulatory role in the
entry of glucose products intomitochondria. This en-
zyme interlinks glycolysis to the Krebs cycle, and sub-
sequently to the respiratory chain, therefore, it can be
an important for the synthesis of adenosine triphos-
phate (ATP) by the transfer of electrons (NADH,
FADH) to the respiratory chain35. In lipogenic tis-
sues, PDC can produce fatty acids and cholesterol
through the production of acetyl-CoA. PDC plays an
important role in the choice of fuel and summarized
metabolic regulation, which is called the “glucose-
fatty acid cycle”36. This term shows the relationship
between the use of glucose or fatty acid inmuscle cells.
The PDC of each assembly includes three component
enzymes termed pyruvate dehydrogenase (PD) (E1),
dihydrolipoamide acetyltransferase (E2), and dihy-
drolipoamide dehydrogenase (E3) 8,9. Human PDC
also has an additional subunit called E3BP that in-
tegrates stable E3 into the E2 core of each assem-
bly9–11. PDC-E1 plays a role in the oxidative decar-
boxylation of pyruvate and subsequently causes the
production and transfer coenzyme A in the form of
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Figure 1: NAD+-dependent deacetylation andADP ribosyl-transferase of sirtuins. The sirtuins rely on nicoti-
namide adenine dinucleotide (NAD+) for their reaction. In the deacetylation process, sirtuins remove the acetate
group from the terminal amine of the lysine roots in the structure of a protein and add it to NAD+ and releases
NAM,2-OAADPr and the deacetylated protein. In the mono-ADP-ribosyl transferase process, the ADP ribosyl root
from the NAD+ added to the protein and releases NAM and ADP-ribosyl protein. Abbreviations: NAM: nicoti-
namide, 2-OAADPr: 2-O-acetyl-ADP-ribose.

acetyl-CoA to cellular metabolism. To do this, PDC-
E1 needs thiamine37,38. PDC-E2 is another com-
ponent that plays an essential role in the compart-
ment and function of this multi-enzyme complex39,
which needs lipoamide in its function. PDC-E3 is in-
volved in electron transfer reactions between flavin
adenine dinucleotide (FAD+) and NAD+ (Figure 3).
There are several copies of these three catalytic en-
zymes in the PDC. In addition to these enzymes, there
are two other enzymes called pyruvate dehydroge-
nase kinase (PDK, EC 2.7.1.99) and pyruvate dehy-
drogenase phosphatase (PDP, EC 3.1.3.43) that in-
teract with PDC complex and have a regulatory role
(Figure 4)9–11. In general, this enzyme is regulated
in two different ways including end-product inhibi-
tion by acetyl CoA and NADH12, and phosphoryla-
tion and dephosphorylation subunit E1, which are the
non-phosphorylated active form and phosphorylated
inactive form40. Nevertheless, PDC is mostly reg-
ulated by kinase and phosphatase 41, both of which,
the control mechanisms often depend on the same
metabolic effectors42. More substantial physiologi-

cal roles occur via phosphorylation and dephospho-
rylation of three serine residues located on the α-
subunit (E1) catalyzed by PDK and PDP. In mam-
malian tissues, there are four isoenzymes for PDKs
and two isoenzymes for PDP43. The basis of pyruvate
kinase is apparently unrelated tyrosine kinases and
serine-threonine kinases in other mammalian regula-
tory processes 43,44. Although PDK is associated with
the kinase family, the regulation of PDC activity by
PDK results from diverse allosteric modulators. To
increase the NADH ratio to NAD+, and acetyl-CoA
to CoASH, increases the activity of allosteric pyruvate
kinase, and results in the inhibition of PDC activity in
response to a lack ofmitochondrial demand3,4,6,45–47.
Elevated pyruvate and ADP levels inhibit the activity
of PDK (activating PDC). In general, PDC is activated
through its substrates, CoA-SH and NAD+, and ki-
nase inhibition, and is inhibited by its products, acetyl
CoA and NADH, and activation of the kinase. In ad-
dition, Mg2+ and Ca2+ regulate the catalytic activity
of PDP, which increases the activity of this enzyme 10
times in the presence of calcium. PDP is inactivated in
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Figure 2: Subcellular localization of the mammalian sirtuins. Sirt1, Sirt2, Sirt6, and Sirt7 are in the nucleus,
Sirt1 and Sirt2 are in the cytoplasm, and Sirt3, Sirt4 and Sirt5 are in the mitochondria.

the absence of Ca2+ andMg2+ 6–33,36–46,48. The enzy-
matic activity of PDP relies on the tissue type and the
mitochondrial matrix concentrations of Ca2+, Mg2+,
NADH, and insulin 49.

PDC DEFICIENCY
Mutation in the gene of PDC enzyme is well-known.
PDC deficiency occurs due to mutations in the cod-
ing genes of E1α , E1β , E2, or E3 subunits . The mu-
tation in the pyruvate dehydrogenase E1 (PDH)A1
gene, which encodes the alpha subunit of E1, is the
most common mutation50, but this mutation is rare
in the genes encoding subunits E1 β (PDHB)51,
E2 (DLAT)51, E3 (DLD)52, and E3-binding protein
(PDHX)53. The mutation in the gene encoding the
subunit E1 is located on X chromosome and the de-
fect observed in other genes of the subunits is reces-
sive14–16. The mutation in the X chromosome is X-
linked dominant when both females and males have
the same defect in the E1 gene. In 25% children with
PDHE1α deficiency, their mothers carry this muta-
tion. In the rest of most cases, the deficiency of PD is
due to new mutations in the E1α , and in general, its
recurrence is lowwithin any one of the same family 54.
The PDHB, which encodes the E1β subunit of PDC,
contains a small amount of PDC deficiency. Although

the severity of the symptoms observed in PDHB is
similar to that of the PDHA1, it presents considerable
phenotypic variability and severity. Defects in other
sub-types such as PDP are rare and lead to acidosis in
the neonatal period51,55.
Sperl et al.56 showed that 75.5% of deficiency of PD
in their patients included the mutations in PDHE-
1α , which showed the same symptoms, and another
13.5% was due to deficiency of thiamin cofactor.
Therefore, an important reason of PDC deficiency is
X-linked. More than 120 different mutations have
been detected in the E1α subunit of PDC51,57–59.
PDC deficiency resulted from E3 deficiency is due
to a defect in several α-ketoacid dehydrogenases. In
general, the activity of PDC is low in these individ-
uals, which shows early clinical onset, and usually,
these people die during childhood. Because PDC de-
ficiency causes pyruvate to be converted into lactate
and alanine rather than to acetyl-CoA, this enzyme is
in the gateway of complete oxidation of glucose prod-
ucts before entering the Krebs cycle. The conversion
of glucose into lactate reduces the oxidation of glu-
cose and reduces the amount of ATP generated by the
cyclic electron transport and respiratory chain. PDC
deficiency causes aggravated hyperpyruvicaemia, lac-
tic acidaemia, and hyperalaninemia60.
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Figure3: Theoverall reactionmechanismof thepyruvatedehydrogenasecomplex (PDC)115 . ThePDCof each
assembly includes three component enzymes termed pyruvate dehydrogenase (E1), dihydrolipoamide acetyl-
transferase (E2), dihydrolipoamide dehydrogenase (E3). This enzyme catalyzes the oxidative decarboxylation re-
action of pyruvate to acetyl-CoA. PDC interlinks glycolysis to the Krebs cycle.

CLINICAL SIGNS OF CONGENITAL
PDC DEFICIENCY
Themutation in the PDHA1 gene, which encodes the
alpha subunit of E1, is the most commonmutation50.
Symptoms that are commonly seen in PDHE1α de-
ficiency include delayed growth, hypotonia, ataxia,
and seizures. In hemizygous males, the three main
symptoms are lactic acidosis during neonatal, Leigh’s
encephalopathy (the most important respiratory dis-
tress or episodic weakness), and periodic ataxia. Clin-
ical symptoms in females with PDHE1α deficiency
are usually uniform although the severity of the in-
cidence depends on variable lyonization61. These
symptoms include microcephaly, severe to moderate
mental retardation, dysmorphic features, and spas-
tic di- or quadriplegia. Deficiency of PDHE1β has
been reported in a few cases57,62–64. The cause of
this deficiency is an increase in proteasome-mediated
degradation, and a role of this proteasome is destroy-
ing ubiquitinated E1β subunits62. Symptoms that are
commonly seen in PDHE1α deficiency include lactic
acidosis (early-onset), severely delayed growth with
slowly progressive neurological features of the brain

stem, basal ganglia, and Leigh syndrome34. The most
common features of E3BP deficiency (formerly pro-
tein X) are delayed psychomotor progress, hypotonia,
and long-term survival 56,65–67. Neonatal lactic acido-
sis slowly progresses with thin corpus callosum and
subependymal cysts. Seven cases of E1-phosphatase
deficiency were found with hypotonia, feeding trou-
ble, delayed psychomotor progress, and a lethal phe-
notype in infantile. Mutations in the PDK isoenzyme
3 (PDK3) gene have been found in Charcot-Marie-
Tooth disease type 6. PDK3 mutates through hyper-
phosphorylation of the PDC, leading to peripheral
neuropathy68,69.
The genetic defect in the PDC further causes a de-
fect in the nervous system. However, it can lead to
abnormality in the function of other tissues such as
muscle and liver. In the brain and other tissues, glu-
cose normally generates ATP after oxidation in the
glycolysis and TCA cycle. Consequently, PDC defi-
ciency reduces the amount of ATP in the brain and
other organs. In addition to the decreased ATP in the
brain, the amount of neurotransmitter acetylcholine
production decreases and causes the symptoms to be
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Figure 4: Regulationof PDC by phosphatase and kinase activites115 .This enzyme is regulated by phosphory-
lation and dephosphorylation, which is a non-phosphorylated active form and phosphorylated in active form. In
general, PDC is activated through its substrates CoA-SHandNAD+ and kinase inhibitionor phosphatase activation
(PDP) (dichloroacetate, TPP, Ca2+ and pyruvate), is inhibited by its products acetyl CoA and NADH and activation
of kinase (PDK). Abbreviations: PDC: pyruvate dehydrogenase complex, PDK: pyruvatedehydrogenase kinase,
PDP: pyruvate dehydrogenase phosphatase TPP: thiamine pyrophosphate.

observed in the disease 70. The history and Biochem-
ical concomitants of congenital PDC deficiency, such
as mental retardation, peripheral neuropathy, hypo-
tonia, ataxia, and exercise intolerance in children, are
significantly similar to the disease observed during
aging71. No proven cure exists for the congenital de-
ficiency of PDC and most patients die in the first two
decades of life.

MITOCHONDRIAL SIRTUINS
Sirt3, Sirt4, and Sirt5 with targeting sequences in
their N-terminal, which are found in the mitochon-
drial matrix, are known as mitochondrial sirtuins.
Among the three sirtuins present in the mitochon-
dria matrix, Sirt3 is the major mitochondrial deacety-
lase, which perform an important control for energy
metabolism29. For this reason, Sirt3 is highly ex-
pressed in many active tissues, such as heart, brain,
kidney, liver, brown adipose tissue and muscle72.
Sirt3 is initially synthesized as an inactive enzyme
protein and enters the mitochondrial matrix because

of the targeting sequence in N-terminal. After the
translocation of this protein, the mitochondrial ma-
trix cleavage in the mitochondria by peptidase 73,
which results in the processed 142 amino acids from
the N terminal and subsequently activates it74,75.
Sirt4, which is localized in the mitochondria, is a
regulator fuel used in the mitochondria 31,32 and is
highly expressed in tissues such as pancreatic beta
cells, liver, heart, brain, and kidney 22,24,32. Sirt4 have
mono ADP ribosyltransferase and lipoamidase activ-
ity (Figure 5)32. Sirt4 is involved in regulating en-
ergy consumption andmetabolic processes in the mi-
tochondria31,32. However, its complete mechanism is
unknown.
Sirt5 is another type of mitochondrial sirtuins that
plays a role in demalonylase and desuccinylase ac-
tivities in mammals (Figure 6 )76. Sirt5 has shown
poor deacetylase activity and it lacks ADP ribosyl-
transferase activity77. Sirt5 is able to remove acyl
modifications such as succinylation, acetylation, and
malonylation on lysine residues. Therefore, Sirt5 ap-
pears to be a deacylase rather than a deacetylase 25.
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Figure5: Lipoamidase andbiotinylase activity of Sirt4. Sirt4 results in the hydrolysis of lipoyl andbiotin groups
of protein.

Figure 6: Demalonylase and Desuccinylase activity of Sirt5. Sirt5 results in the hydrolysis of Succinate and
malonyl groups of protein.

MITOCHONDRIAL SIRTUINS AND
THEIR REGULATORY ROLE IN PDC
DEFICIENCY
Protein posttranslational modifications (PTMs) are
indicators of key regulation of cellular processes and
proteome diversity. Recently, high-resolution mass
spectrometry (MS) has a great contribution to un-
derstand an array of modern PTM. In particular, Lys
residues are the targets of numerous PTM. Lys groups
can fall under acetylation, methylation, biotinylation,
ubiquitination76,78,79, and other ubiquitination pro-
cesses like butyrylation, crotonylation, propionyla-
tion, succinylation and malonylation76,78–81. PDC
is known to be regulated through phosphorylation
and dephosphorylation by specific PDK and PDP82.

PDK1 inactivates PDC by phosphorylation of ser-
ine residues, especially in the S293, S300, and S232
positions of PDHA1, whereas PDP1 activates PDC
through PDHA1 dephosphorylation. Phosphory-
lation of the E1 subunit can affect its E1 acetyla-
tion83–86. Previous studies have reported that Lys
acetylation in PDHA1 and PDP1 happens in various
cancer cells and epidermal growth factor (EGF) stim-
ulated cells. K321 acetylation of PDHA1 causes the
employment of PDK1 to PDHA1, thereby improv-
ing PDHA1 phosphorylation. PDHA1 phosphory-
lation will inhibit it. On the other hand, the PDP1
acetylation inhibits the PDP1, and thereby, dissoci-
ates its substrate PDHA1. As a result, it will not be
able to dephosphorylate and activate PDHA1. Both
of these factors play important roles in promoting
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or inhibiting glycolysis in cancerous cells and tumor
growth. Studies have shown that mitochondrial Sirt3
and acetyl-CoA acetyltransferase 1 (ACAT1) regulate
deacetylase and acetyltransferase. ACAT1 causes Lys
acetylation, and consequently, inhibits PDHA1 and
PDP (In general, inhibition of PDC). However, Sirt3
activates Lys deacetylase, and consequently, PDHA1
and PDP1 (In general, activation of PDC). Since
the cancer cells are dependent on glycolysis, these
metabolic changes are important to them. There-
fore, ACAT1 and SIRT3 regulate PDHA1 and PDP1
in themitochondria through acetylation and deacety-
lation84,87.
The transcription factor of hypoxia inhibitory factor1-
α (HIF1-α) is involved in the transcription of numer-
ous genes involved in encoding glycolysis enzymes,
includingmetabolism and glucose transporters. It has
been shown that HIF1-α reduces PDC and oxidative
phosphorylation (OXPHOS) activity through trans-
activation of PDKs88. Overexpression of HIF1-α oc-
curs in tissues with defective PDC.The production of
oxidative stress by complex III leads to increased ex-
pression of HIF1-α in PDC deficiency 89. Sirt3 leads
to inhibition of HIF-1α activity by decreasing ROS
production90. Sirt3 reduces the production of ROS in
mitochondria and cytoplasm through deacetylation
of complex III of ETC91 and inhibits HIF-1α activity.
Inhibition of HIF-1α activity leads to reduced trans-
activation of PDKs, and as a result, increases PDC ac-
tivity. Therefore, Sirt3 leads to an increase in PDC ac-
tivity by inhibition of HIF-1α and transactivation of
PDKs.
The lipoamide cofactors are bound to E2 transferase
enzymes (Figure 2) and are required for PD activ-
ity 92, forming PD catalytic core. The activity of
deacetylase Sirt4 is low and most of its role is through
lipoyl and biotinyllysine modifications. Conversely,
Sirt3, Sirt4 regulate the PDC via the hydrolysis of
the lipoamide cofactors in the E2 component. Sirt4
decreases the PDC activity by lipoamidase activity,
which subsequently generates acetyl-CoA in human
cell lines and mouse models87.
One of the post-translational modifications is suc-
cinylation of proteins. Succinylation occurs on Lys
residues and its origin succinyl-CoA 93. Succinyla-
tion can decrease or increase the activity of enzymes.
For example, succinylation of PDC and succinate
dehydrogenase complexes increases the complex ac-
tivity 94. Conversely, succinylation of 3-hydroxy-3-
methylglutaryl-CoA synthetase 2 (HMGCS2) reduces
the activity of the enzymes95. Sirt5 is another type of
mitochondrial sirtuin that is capable to move desuc-
cinylated Lys residues in proteins96. As a result, Sirt5

reduces the activity of PDC through desuccinylase ac-
tivity.
Consequently, Sirt3 increases the activity of PDC
through deacetylation of PDHA1 and PDP1, while
Sirt4 decreases the PDC activity through lipoamidase
activity and Sirt5 through desuccinylase activity.

METABOLIC AND PHARMACOLOGIC
MANAGEMENT OF PDC
In general, people with PDC deficiency are not very
recognizable and their treatment is not adequately ef-
fective. Because PDC deficiency causes pyruvate to be
converted to lactate and alanine rather than to acetyl-
CoA, this enzyme is in the gateway of complete oxi-
dation glucose products entering the Krebs cycle. The
conversion of glucose to lactate reduces the oxidation
of glucose and reduces the amount of ATP generated
by the cyclic cycle and respiratory chain. PDC de-
ficiency causes aggravated hyperpyruvicaemia, lactic
acidaemia, and hyperalaninemia 60. Several strategies
have been reported to be useful in the treatment of
PDC deficiency, which encompass the use of keto-
genic diet, administration of dichloroacetate, and thi-
amine supplements97. However, none of these strate-
gies are generalized, and they have been reported with
variable success.

METABOLICMANAGEMENT OF
DICHLOROACETATE IN PDC
DEFICIENCY ANDHYPOTHESES
RELATED TO THE ROLE OF SIRTUINS
IN THIS DISEASE
PDC is regulated through phosphorylation and
dephosphorylation by specific PDK and PDP82.
PDK1 inactivates PDC by phosphorylation of serine
residues, especially in S293, S300, and S232 positions
of PDHA1, whereas PDP1 activates PDC through
PDHA1 dephosphorylation87. The regulation of
PDC activity by PDKs and PDPs results from diverse
allosteric modulators. One of these allosteric modu-
lators is pyruvate, which inhibits the activity of PDKs.
Many drugs inhibit all PDK isoforms except PDK3
(testes-specific PDK3) and result in changes in the
phosphorylation of the E1 subunits in PDC.
Due to the structural similarity (structural analog) be-
tween dichloroacetate (DCA) and pyruvate, DCA can
be thought to: 1) Inhibit E1 kinase, and consequently
PDC phosphorylation98, 2) Increase the transferring
of pyruvate into mitochondria, and 3) Reduce lactate
levels in the serum 99, leading to increased activity of
PDC. DCA is used primarily for the treatment of lac-
tic acidemia in PDC deficiency or respiratory chain
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defects 63,68. It has been observed that the combina-
tion of phenylbutyrate with DCA results in increased
activity of PDC in mice 100. Studies have shown that
phenylbutyrate in the fibroblasts of patients with PDC
deficiency can also increase the PDC activity 101.
Sirt3 causes dephosphorylation of PDC by deacety-
lation PDHA1 and PDP1, and thus, activating PDC
(Lys acetylation is inhibiting PDHA1 and PDP1). On
the other hand, Sirt3 decreases PDK activity by reduc-
ingHIF-1α and leads to activation of PDC.Therefore,
Sirt3 functions similarly to DCA through these two
mechanisms.
Short-term consumption of DCA is beneficial for pa-
tients with PDC deficiency 102. However, long-term
treatmentwithDCA causes reversible peripheral neu-
ropathy. For this reason, DCA treatment has re-
mained controversial. Perhaps giving the compounds
that activate Sirt3 does not have this harm.

METABOLICMANAGEMENT OF KD
IN PDC DEFICIENCY AND
HYPOTHESES RELATED TO THE
ROLE OF SIRTUINS IN THIS DISEASE
Most probably, the best way to treat patients with
PDC deficiency is the use of ketogenic supple-
ments103. Consumption of KD provides the long-
chain saturated triglycerides. Providing high-fat
foods, instead of glucose-rich foods, reduces gly-
colysis and increases the production of acetyl-CoA
through the beta-oxidation pathway. The increased
production of acetyl-CoA due to oxidation of fatty
acids leads to the production of hydroxybutyrate
and acetoacetate through ketogenesis. Acetyl-CoA
produced by ketone bodies provides acetyl-CoA for
the Krebs cycle, which should be provided through
PDC60.
Several theories have suggested that KD reduces
seizures104,105. Because ATP generation via mi-
tochondria instead of glycolysis selectively activates
the potassium channel, it has stabilizing effects on
the neuronal cell membrane106,107. KD may facili-
tate this reaction by increasing the production of γ-
aminobutyric acid in the brain tissue. Hence, the
hyper-polarization of neurons stabilizes the synaptic
function and reduces seizures in the brain.
Acetoacetate, β -hydroxybutyrate, and acetone are
known as ketone bodies that are made from Acetyl-
CoA. Acetyl-CoA is converted to 3-hydroxy-3-
methylglutaryl-CoA (HMGCoA) by methylglutaryl-
CoA synthase 2 (HMGCS2), the rate-limiting step
in ketone body biosynthesis. Eventually, HMGCoA
is converted into ketone bodies. Sirt3 and Sirt5

activate the HMGCS2 enzyme and produce ketone
bodies through deacetylation and desuccinylation of
HMGCS2, respectively108. Therefore, Sirt3 and Sirt5
play a role in the treatment of PDC by producing ke-
tone bodies. PDC deficiency inhibits the production
of Acetyl-CoA by glucose. Thus, acetyl-CoA of the
TCA cycle needs to be achieved through oxidation of
fatty acids. Sirt3 produces acetyl-CoA during star-
vation by deacetylation of the long-chain acyl-CoA
dehydrogenase (LCAD), activation of this key en-
zyme, and beta-oxidation of fatty acids109. Sirt3 also
produces acetyl-CoA in extracellular tissues through
deacetylation and activation of acetyl-CoA synthetase
2110,111. As a result, Sirt3 can improve the symptoms
of PDC through fatty acid catabolism in the liver and
the production of acetyl-CoA from acetate in extra-
liver tissues.
Sirt4 is another critical regulator of fatty acid
metabolism and leads to inhibition of oxidation of
fatty acids. Sirt4 causes deacetylation of malonyl
CoA decarboxylase (MCoAD), thereby activating it.
MCoAD plays an important role in themetabolism of
fatty acids112. Studies on mice have shown that Sirt4
knock-out increases fatty acid oxidation in different
tissues31,112. Thus Sirt4, in contrast to Sirt3, is a neg-
ative regulator of fatty acid oxidation, indicating that
Sirt3 and Sirt4 are mutually involved in the regulation
of lipid metabolism.
Sirt5 is also involved in the regulation of fatty acid
metabolism via desuccinylation. It is known that 60%
of the proteins involved in themetabolismof lipids are
succinylated. One of the important enzymes involved
in the oxidation of fatty acids is hydroxyl coenzyme
A dehydrogenase, which is regulated by succinylation
and desuccinylation. Sirt5 activates this enzyme via
desuccinylation94. The overall consequence is that
Sirt3 and Sirt5 improve the condition of the disease by
activating the key enzymes of the ketone body path-
way and fatty acid oxidation, resulting in increased
production of acetyl-CoA. However, Sirt4 works the
opposite.

OTHER HYPOTHESES RELATED TO
THE ROLE OF SIRTUINS IN THE
TREATMENT OF PDC DEFICIENCY
Glucose is converted to pyruvate and lactic acid via
the glycolysis pathway. The production of lactic acid
increases the PDC deficiency. As a result, reduc-
ing glycolysis in PDC is desirable and reduces the
amount of lactic acid production. Sirt3 can reduce
the coupling of hexokinase to the voltage-dependent
ion channels through cyclophilin D deacetylation,
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and thus the mitochondria membrane113. Prevent-
ing hexokinase II binding to the mitochondrial mem-
brane reduces glucose-6-phosphate production, and
thus, the glycolysis pathway. Pyruvate kinase M1/M2
is another key enzyme of the glycolysis pathway,
which is regulated by succinylation. Sirt5 is in-
volved in the glycolysis pathway regulation through
the desuccinylation of K498 Lys residue of this en-
zyme94. Consequently, Sirt3 and Sirt5 are regulated
by the glycolysis pathway and can serve as important
therapeutic targets.

CONCLUSION AND FUTURE
PERSPECTIVES
PD is a multi-enzymatic mitochondrial complex that
converts pyruvate into acetyl-CoA, CO2, and NADH.
This complex consists of three main enzymes (pyru-
vate dehydrogenase, dihydrolipoamide acetyltrans-
ferase, and dihydrolipoamide dehydrogenase) and
two regulatory enzymes (PDK and PDP). In general,
this complex is regulated in two different ways includ-
ing end-product inhibition12 and posttranslational
modifications (phosphorylation and dephosphoryla-
tion of subunit E1). Phosphorylation is catalyzed
by PDK and dephosphorylation is catalyzed by PDP.
The regulation of PDC activity by PDK and PDP re-
sults in diverse allosteric modulators such as NAD+,
NADH, CoASH, acetyl-CoA, pyruvate, ADP, Ca2+,
and Mg2+ 3,4,6,45–47,49. Sirtuins are the class III of
histone deacylatases that catalyze protein posttrans-
lational modifications, including deacetylation, ADP
ribosylation, and deacylation. Sirt3, Sirt4, and Sirt5
are mitochondrial sirtuins that control PDC by al-
losteric regulation. Sirt3 enhances the activity of PDC
through deacetylation of PDHA1 and PDP1 and inhi-
bition of HIF-1α 84,87. Sirt4, which regulates the PDC
via lipoamidase, hydrolyzes the lipoamide cofactors
in the E2 component of DLAT and decreases PDC
activity. Succinylation of PDC increases the com-
plex activity94. Sirt5 is another type of mitochondrial
sirtuins that causes desuccinylation of Lys residues
in proteins96. It reduces the activity of this en-
zyme through desuccinylation of PDC. Consequently,
Sirt3 increases the activity of PDC by deacetylation of
PDHA1 and PDP1, while Sirt4 and Sirt5 inhibit PDC
activity via lipoamidase and desuccinylase activity, re-
spectively.
Mutation in the genes of the PDC enzyme includes
a mutation in the PDHA1 gene encoding the alpha
subunit of E1, DLAT gene encoding E2114, DLD
gene encoding E352, and PDHX gene encoding E3-
binding protein53. In the PDC deficiency, the acetyl-
CoA production decreases for the Krebs cycle. In

the treatment of PDC deficiency, the use of KD, ad-
ministration of dichloroacetate and thiamine supple-
ments are recommended to activate PDC and pro-
duce acetyl-CoA. Sirt3 enhances the activity of PDC
through deacetylation of PDHA1, PDP1, and inhibi-
tion of HIF-1α , which appears to be similar to the ac-
tion of dichloroacetate. Sirt3 can improve the symp-
toms of PDC by fatty acid catabolism in the liver and
the production of acetyl-CoA from acetate in extra-
liver tissues. Desuccinylation of β -oxidation enzymes
by Sirt5 94 increases the production of acetyl-CoA.
The overall consequence is that Sirt3 and Sirt5 im-
prove the condition of the disease by activating the
key enzyme of the ketone body pathway and fatty acid
oxidation, and elevate the production of acetyl-CoA,
while Sirt4 works in the opposite manner. In conclu-
sion, mitochondrial sirtuins are involved in regulat-
ing the activity and treatment of PDC deficiency. The
compounds can possibly regulate mitochondrial sir-
tuins, which can be involved in the regulation of PDC.
However, extensive studies are required to discover
the role of sirtuins in the regulation of PDC.

ABBREVIATIONS
ACAT1: Acetyl-CoA acetyltransferase 1
ADP: Adenosine diphosphate
ATP: Adenosine triphosphate
CO2: Carbon dioxide
CoA: Coenzyme A
DCA: Dichloroacetate
FAD+: flavin adenine dinucleotide
HIF-1α : Hypoxia inhibitory factor1-α
HMGCoA: 3-hydroxy-3-methylglutaryl-CoA
HMGCS2: 3-hydroxy-3-methylglutaryl-CoA syn-
thetase 2
KD: Ketogenic diet
MCoAD: Malonyl CoA decarboxylase
NAD+: Nicotinamide adenine dinucleotide
NADH: Nicotinamide adenine dinucleotide dehydro-
genase
PD: Pyruvate dehydrogenase
PDC: Pyruvate dehydrogenase complex
PDH: Pyruvate dehydrogenase E1
PDK: Pyruvate dehydrogenase kinase
PDP: Pyruvate dehydrogenase phosphatase
PTM: Protein posttranslational modifications
Sirt: Sirtuin
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