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α-KGDHC  α-Ketoglutarate dehydrogenase complex 

Δ
2(E)

-Vp-CoA  2-ene-valproyl-CoA (trans isomer) 

Δ
 4
-VPA    2-n-propyl-4-pentenoic acid 

Δ
4 
-PA    4-Pentenoic acid 

3-OH-IVA  3-Hydroxyisovaleric acid 

3-Keto-Vp-CoA 3-Ketovalproyl-CoA 

3-MCC   3-Methylcrotonyl-CoA carboxylase 

3-OH-Vp-CoA  3-Hydroxyvalproyl-CoA 

γ-BB     4-trimethylaminobutyrate  

γ-BBD    4-trimethylaminobutyrate dioxygenase 

ABD-F    4-(Aminosulfonyl)-7-fluorobenzofurazane 

AC   Acylcarnitine 

ACN   Acetonitrile 

ADP   Adenosine-5’-diphosphate 

AED   Antiepileptic drug 

AMP   Adenosine-5’-monophosphate 

A-SUCL   ATP - specific isoform of succinate:CoA ligase 

ATP   Adenosine-5’-triphosphate 

BCA   Bicinchoninic acid 

BCAA   Branched-chain amino acid 

BCKDHC   Branched chain -keto acid dehydrogenase complex 

BSA   Bovine serum albumin 

BTD   Biotinidase 

C0    Carnitine  

Cn-carnitine   Acyl residue with n carbons esterified with carnitine 

CACT   Carnitine acylcarnitine translocase 

CAT   Carnitine acetyltransferase 

CoA or CoASH  Coenzyme A 

CPT I / II  Carnitine palmitoyl-transferase I / II 

DephCoA  Dephospho-coenzyme A 

E3    Dihydrolipoamide dehydrogenase  

ECHS1   Short-chain enoyl-CoA hydratase, crotonase 

EDTA   Ethylene diamine tetraacetic acid 



Abbreviations 
 

 

x 

EGTA   Ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid 

ESI-MS/MS  Electrospray ionization tandem mass spectrometry 

FAO   Fatty acid β-oxidation 

FFA   Free fatty acid 

GABA   4-Aminobutyric acid, γ-aminobutyric acid 

GC-MS   Gas chromatography-mass spectrometry 

GDP   Guanosine-5’-diphosphate 

G-SUCL   GTP - specific isoform of succinate:CoA ligase 

GTP   Guanosine-5’-triphosphate 

HPLC   High performance liquid chromatography 

HSA   Human serum albumin 

HTML   3-Hydroxy-6-N-trimethyllysine 

IBD   Isobutyryl-CoA dehydrogenase 

IVD   Isovaleryl-CoA dehydrogenase 

IC50   Half maximal inhibitory concentration 

Ki   Inhibition constant 

Km   Michaelis-Menten constant 

LCAC   Long-chain acylcarnitine 

LDH   Lactate dehydrogenase 

MCAC   Medium-chain acylcarnitine 

MES   2-[N-morpholino]ethanesulfonic acid 

MHBA   2-methyl-3-hydroxybutyric acid 

MHBD   2-methyl-3-hydroxybutyryl-CoA dehydrogenase 

MOPS   3-[N-morpholino]propanesulfonic acid 

mtDNA   Mitochondrial DNA (deoxyribonucleic acid) 

NDPK    Nucleoside diphosphate kinase 

OXPHOS  Oxidative phosphorylation 

PDHC    Pyruvate dehydrogenase complex 

Pi   Inorganic phosphate 

RLM   Rat liver mitochondria 

SBCAD  Short branched-chain acyl-CoA dehydrogenase 

SCAC   Short-chain acylcarnitine 

SEM buffer   Sucrose/EGTA/MOPS buffer 

SUCL    Succinate:CoA ligase 

TCA   Tricarboxylic acid cycle, Krebs cycle 
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TMABA  4-Trimethylaminobutyraldehyde 

TMABA-DH  4-Trimethylaminobutyraldehyde dehydrogenase 

TML    6-N-trimethyllysine  

TMLD    6-N-trimethyllysine dioxygenase 

UPLC-MS/MS  Ultra-performance liquid chromatography tandem mass spectrometry 

VLAC   Very long-chain acylcarnitine 

Vmax   Maximum velocity 

VPA   Valproic acid or 2-n-propylpentanoic acid  
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Summary 

  

Microvesicular steatosis is a chronic hepatocellular change potentially induced by valproic acid 

(VPA). This effect has often been associated with a disturbed fatty acid metabolism and an 

altered dynamic balance of the essential co-factor coenzyme A (CoA). Furthermore, the parent 

drug or its metabolites may interact with mitochondrial metabolism at several sites, thereby 

deranging cellular functions. The experimental work presented in this thesis aimed to 1.) 

elucidate the impact of valproate on CoA and carnitine homeostasis, 2.) shed new light on the 

mitochondrial oxidative biotransformation of the drug and 3.) understand the interactions of 

valproyl-CoA with different functions of mitochondria.  

 

Valproate-induced mitochondrial dysfunction is often related to a potential secondary carnitine 

deficiency. The study of valproate interference on mitochondrial metabolism and CoA 

homeostasis was first focused on the evaluation of carnitine status in animal tissues using 

electrospray tandem mass spectrometry, since both cofactors are strictly related. Our studies 

showed a significant dose-related increase of free carnitine and total acylcarnitine levels in the 

livers of rats treated with a single dose of sodium valproate. However, these levels appeared to 

recover after a subchronic treatment, except from specific acylcarnitines derived from  

branched-chain-2-ketoacids and straight medium-chain fatty acids that remain elevated. In 

addition, γ-butyrobetaine dioxygenase activity was induced and γ-butyrobetaine levels were 

increased in the liver. The inter-organ redistribution of carnitine and stimulation of endogenous 

carnitine biosynthesis seem to be crucial for the immediate rescue of hepatic free carnitine 

levels. Moreover, the disturbances in rat liver acylcarnitines were suggestive of an altered CoA 

metabolism. The hepatocellular levels of free and total CoA were quantified in the biological 

samples. A clear depletion of hepatic free CoA was observed at the onset of VPA treatment in 

rats. The levels of CoA normalized after prolonged treatment with VPA probably due to active 

adaptive cellular mechanisms to valproate-induced stress on mitochondrial metabolism. 

However, the decreased availability of this cofactor may contribute to the adverse effects 

associated with VPA, often observed at the start of VPA therapy or in cases of overdose.  

 

The structural similarity between the intermediates derived from the β-oxidation of VPA and 

from the oxidative metabolism of branched-chain amino acids (BCAAs) suggested that VPA 

might use key enzymes from the BCAAs catabolic pathways for its own metabolism. We have 

demonstrated that two enzymes from the isoleucine and leucine catabolism, namely 

short-branched chain acyl-CoA dehydrogenase (SBCAD) and isovaleryl-CoA dehydrogenase 

(IVD), are involved in the first step of the β-oxidation of VPA, the dehydrogenation of  

valproyl-CoA into Δ
2
-valproyl-CoA. We have further demonstrated that short-chain enoyl-CoA 

hydratase (ECHS1) and 2-methyl-3-hydroxybutyryl-CoA dehydrogenase (MHBD) are the unique 

enzymes hydrating Δ
2
-valproyl-CoA and oxidizing 3-hydroxyvalproyl-CoA, respectively. 

Moreover, the activity of IVD and SBCAD were inhibited in the presence of the tested VPA 
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metabolites, valproyl-CoA and valproyl-dephosphoCoA. The drug metabolite 3-hydroxyvalproyl-

CoA also inhibited the activity of MHBD. This result is in accordance with the increased urinary 

excretion of the isoleucine metabolite 2-methyl-3-hydroxybutyric acid in patients under valproate 

therapy. 

 

It has been reported that patients treated with valproate reveal an increased excretion of 

3-hydroxyisovaleric acid in urine, a secondary metabolite of the leucine oxidative pathway. This 

finding has not been explained and its biochemical basis remains elusive. Our results suggest 

that valproyl-CoA inhibits the activity of 3-methylcrotonyl-CoA carboxylase (3MCC) through a 

direct effect on the enzyme, or through the inhibition of biotinidase. This is in agreement with the 

significant increased levels of 3-hydroxyisovaleric acid observed in urine of patients treated with 

valproate as well as with the skin rash and hair loss, which are side effects often reported in 

VPA-treated patients. 

 

To elucidate the underlying mechanisms of VPA-induced interferences on oxidative 

phosphorylation (OXPHOS), the effects of VPA and specific metabolites were studied both on 

the mitochondrial respiration and on the formation of ATP. Our results show that oxygen 

consumption and ATP synthesis were inhibited by both valproate and Δ
4
-VPA, when 

2-oxoglutarate or glutamate, were used as respiratory substrates. Accordingly, the results 

demonstrated a selective and mild inhibition of dihydrolipoyl dehydrogenase (DLDH) (E3 

subunit) activity by valproyl-CoA, which suggest that valproate might limit energy production in 

mitochondria. In addition, the measurement of the GTP- and ATP-specific succinate:CoA 

ligases (G-SUCL and A-SUCL) activity revealed that valproyl-CoA was found to inhibit the 

activity of SUCL, in particular the ATP-specific enzyme. Since SUCL is a crucial enzyme in the 

Krebs cycle, interference with its activity might derange the cellular energy status. Furthermore, 

valproate might induce an imbalance of nucleotides in mitochondria explaining the potential 

valproate-induced liver failure in patients with deficiencies within the mitochondrial DNA 

replicase such as polymerase γ 1. 

 

The elucidation of the interference of valproate with mitochondrial metabolism promoted by the 

present studies, may explain the potencial idiosyncratic reaction reported in patients treated 

with the drug. The prescription of valproate should be carefully considered in patients with 

inborn errors of metabolism affecting not only fatty acid oxidation and urea cycle but also the 

oxidative pathways of branched-chain amino acids, the krebs cycle and the DNA replicase 

system. 

 

 

Keywords: valproic acid, hepatotoxicity, drug metabolism, coenzyme A, carnitine, 

branched-chain amino acids, mitochondrial metabolism. 
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Sumário 

 

O uso terapêutico do ácido valpróico (VPA) pode induzir uma esteatose hepática microvesicular 

entre outros efeitos adversos. Este efeito toxicológico tem sido frequentemente associado a 

uma alteração no metabolismo dos ácidos gordos e do coenzima A (CoA), um cofactor crucial 

ao metabolismo celular. Por outro lado, o fármaco ou os seus metabolitos podem desencadear 

outros efeitos em vias importantes do metabolismo mitocondrial, comprometendo várias 

funções celulares.  

Os estudos apresentados nesta tese foram planeados de modo a contribuir para: 1.) esclarecer 

o impacto do VPA na homeostase de CoA e de carnitina; 2.) elucidar a biotransformação 

oxidativa mitocondrial do fármaco e 3.) aprofundar o conhecimento existente acerca da 

interacção do valproil-CoA com o metabolismo mitocondrial.  

 

A hepatotoxicidade induzida pelo VPA é frequentemente associada à disfunção mitocondrial e 

também a uma potencial deficiência secundária em carnitina. O estudo da interferência do VPA 

no metabolismo mitocondrial e na homeostase da coenzima A visou numa fase inicial a 

avaliação do status em carnitina, uma vez que ambos são estritamente interdependentes. 

Deste modo, os níveis de carnitina e perfis de acilcarnitinas foram estudados em tecidos 

(fígado, músculo, coração e rim) de ratos Wistar tratados com valproato de sódio, recorrendo a 

métodos por espectrometria de massa em série (tandem) com ionização electrospray. Os 

resultados demonstram que no fígado dos animais tratados com administrações únicas de VPA 

existe um aumento dos níveis de carnitina livre e acilcarnitinas totais, proporcional à dose de 

fármaco. Contudo, depois de um tratamento subcrónico, os níveis destes metabolitos não são 

significativamente diferentes dos controlos, com a excepção de certas acilcarnitinas derivadas 

dos intermediários da oxidação de 2-ceto-ácidos de cadeia ramificada e de ácidos gordos de 

cadeia média, que permanecem elevados. Observou-se igualmente uma indução da actividade 

da dioxigenase da γ-butirobetaína bem como um aumento nos níveis hepáticos de 

γ-butirobetaína. Os resultados sugerem uma redistribuição de carnitina entre os órgãos em 

análise, bem como uma estimulação da biossíntese de carnitina. Estes dois efeitos parecem 

cruciais à regulação dos níveis hepáticos de carnitina após tratamento com o fármaco, 

evidenciando-se como importantes mecanismos de adaptação in vivo às alterações no 

metabolismo mitocondrial induzidas pelo valproato.  

 

A hipótese de uma potencial depleção de CoA é muitas vezes colocada como uma das maiores 

causas de disfunção mitocondrial associada à terapêutica com valproato. As alterações 

verificadas nos níveis de acilcarnitinas sugerem uma interferência simultânea na homeostase 

de CoA provocada pelo fármaco. Deste modo, no sentido de elucidar os efeitos do valproato 

nos níveis hepatocelulares de CoA, foi desenvolvido um método analítico por HPLC e com 

detecção fluorimétrica para quantificar níveis de CoA livre e total em amostras biológicas com 

especial relevância para o tecido hepático. Os resultados obtidos demonstraram uma depleção 
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pronunciada na concentração de CoA livre no início do tratamento com valproato. Após um 

tratamento continuado a concentração de CoA livre não é significativamente diferente dos 

respectivos controlos, evidenciando uma activação de mecanismos celulares compensatórios. 

Contudo, o decréscimo da disponibilidade deste cofactor poderá contribuir para os efeitos 

adversos do VPA manifestados muitas vezes no início da terapia ou em casos de 

sobredosagem.  

 

A semelhança estrutural entre os intermediários da β-oxidação do ácido valpróico e os 

intermediários da degradação dos aminoácidos ramificados (BCAAs) sugere o envolvimento de 

enzimas chave da degradação dos BCAAs na biotransformação do próprio fármaco. Para 

clarificar a interferência do VPA no metabolismo dos BCAAs foram estudadas in vitro três 

enzimas humanas recombinantes: a desidrogenase do isovaleril-CoA (IVD), a desidrogenase 

do isobutiril-CoA (IBD) e a desidrogenase dos acil-CoAs de cadeia curta ramificada (SBCAD), 

participantes nas vias oxidativas da leucina, valina e isoleucina, respectivamente. Observou-se 

uma redução na actividade das enzimas IVD e SBCAD em presença dos metabolitos do 

fármaco, valproil-CoA e valproil-defosfoCoA, não se verificando porém alteração na actividade 

da IBD. No sentido de clarificar a primeira reacção de desidrogenação da β-oxidação do VPA, a 

actividade das três desidrogenases foi testada usando como substrato o valproil-CoA. A 

SBCAD foi a enzima que demonstrou maior actividade na biotransformação do valproil-CoA, 

sendo portanto a principal responsável pela primeira reacção de β-oxidação do fármaco. 

Subsequentemente, foram estudados os dois passos sequenciais da via oxidativa do 

metabolito produzido, Δ
2
-valproil-CoA. As actividades da desidrogenase do 

2-metil-3-hidroxibutiril-CoA (MHBD) e da hidratase do enoil-CoA de cadeia curta (ECSH1, 

crotonase) foram investigadas em presença dos intermediários da oxidação do VPA como 

potenciais substratos. Os resultados obtidos demonstraram que a MHBD é a única enzima 

responsável pela oxidação do 3-hidroxivalproil-CoA a 3-ceto-valproil-CoA, sendo o primeiro 

metabolito um inibidor da actividade da MHBD. Este efeito explica em parte o aumento do 

ácido 2-metil-3-hidroxibutírico, um metabolito secundário da oxidação da isoleucina, observado 

em urinas de doentes medicados com VPA, bem como o aumento na excreção de 

2-metil-3-hidroxibutirilcarnitina. Foi também demonstrado o envolvimento da crotonase, como 

única hidratase interveniente na β-oxidação do VPA.  

 

Vários estudos apresentados na literatura referentes a doentes medicados com valproato 

descrevem um aumento da excreção urinária do ácido 3-hidroxisovalérico, um metabolito 

secundário da via oxidativa da leucina. Para justificar esta alteração, investigaram-se os efeitos 

do VPA e do valproil-CoA na actividade da biotinidase e da carboxilase do 3-metilcrotonil-CoA 

(3MCC), uma enzima dependente de biotina. Demonstrou-se um decréscimo na actividade da 

3MCC através de dois mecanismos possíveis: uma inibição directa da actividade da enzima 

pelo valproil-CoA e um decréscimo de actividade da biotinidase. Estes resultados sugerem um 

efeito inibitório na actividade da 3MCC, contribuindo para o aumento da excreção urinária de 
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ácido 3-hidroxisovalérico. Este efeito justifica, pelo menos em parte, a observação clínica de 

rash cutâneo e queda de cabelo frequentemente reportados em doentes sob terapia com VPA.  

 

Para clarificar os mecanismos subjacentes aos efeitos do VPA na fosforilação oxidativa, os 

efeitos do fármaco e de dois intermediários insaturados do seu metabolismo foram testados na 

síntese de ATP e na respiração mitocondrial, na presença de alguns substratos respiratórios 

específicos. Os resultados obtidos revelaram que o VPA e o Δ
4
-VPA exercem um efeito 

inibitório significativo da síntese de ATP e do consumo de oxigénio na presença de glutamato e 

α-cetoglutarato. Uma explicação para estes resultados reside na inibição da desidrogenase da 

di-hidrolipoamida (subunidade E3) induzida pelos metabolitos do fármaco. Os resultados 

obtidos indicam um efeito moderado sobre este enzima, mas o impacto poderá ser significativo 

ao nível do equilíbrio energético da mitocôndria, dada a importância dos complexos 

multienzimáticos contendo a subunidade E3. Por outro lado, estudou-se também o efeito do 

VPA e do éster de CoA correspondente (valproil-CoA) na actividade das ligases sucinato:CoA 

dependentes de GTP e ATP (G-SUCL e A-SUCL). Observou-se um decréscimo na actividade 

das duas SUCLs na presença de valproil-CoA, particularmente da A-SUCL. Considerando o 

papel crucial da A-SUCL no ciclo de Krebs, a inibição desta enzima poderá ter consequências 

relevantes no metabolismo celular. Adicionalmente, o valproato poderá provocar um 

desequilíbrio do conteúdo em nucleótidos na mitocôndria, pois pensa-se que a proteína  

A-SUCL está fortemente ligada a uma cinase dos nucleósidos difosfato (NDPK). Este resultado 

é particularmente relevante para a compreensão da disfunção hepática, por vezes de 

consequências bastante graves, em doentes com deficiências no sistema de replicação de 

DNA mitocondrial, como por exemplo na polimerase γ 1.  

 

 A elucidação da interferência do ácido valpróico com o metabolismo mitocondrial, promovida 

pelos estudos apresentados nesta tese, pode explicar a potencial reacção idiossincrática 

manifestada em doentes tratados com o fármaco. A prescrição de valproato deve ser 

cuidadosamente ponderada em doentes com doenças hereditárias do metabolismo, afectando 

não só a oxidação mitocondrial dos ácidos gordos e ciclo da ureia como também as vias 

oxidativas dos aminoácidos ramificados, o ciclo dos ácidos tricarboxílicos e o sistema de 

replicação do DNA mitocondrial.  

 

 

Palavras-chave: ácido valpróico, hepatotoxicidade, metabolismo de fármacos, coenzima A, 

carnitina, aminoácidos ramificados, metabolismo mitocondrial 
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Valproic acid may affect many biochemical processes in mitochondria, either directly or 

indirectly, with potential deleterious implications for cellular metabolism. Sequestration of 

endogenous pools of free CoA and carnitine has frequently been suggested to derange 

mitochondrial functions. Furthermore, various key enzymes both in -oxidation and in energy 

production pathways may be directly inhibited by the drug or its metabolites.  

The main goal of the thesis is to elucidate the underlying mechanisms of valproate-induced 

hepatotoxicity and its interaction with CoA homeostasis. Therefore, our studies focused on: the 

interactions of valproic acid with CoA and carnitine homeostasis (Part II), the metabolism of 

valproic acid in mitochondria (Part III) and its interaction with the mitochondrial energy 

metabolism (Part III and IV). To this end, both in vivo / ex vivo experiments were conducted. 

Animal experiments were performed in Wistar rats submitted to either an acute or a subchronic 

treatment with sodium valproate, from which various autopsy tissues and biological fluids were 

collected for subsequent analysis. Additional models were used: heterologously expressed 

human proteins, human liver and cultured fibroblasts, rat hepatocytes and a human hepatoma 

cell line (HepG2).  

 

Part I includes the aims and an outline of the present thesis and of the experimental work 

described in greater detail in the subsequent chapters (Chapter 1). The introduction comprises 

a concise overview of the current knowledge of the major pharmacotoxicological aspects related 

with valproate. It also addresses the major biochemical aspects related with the metabolic 

pathways more relevant to the present studies, as well as with the mitochondrial metabolism of 

the drug (Chapter 2). 

 

VPA has major effects on mitochondrial energy metabolism, which is at the basis of the 

hepatotoxicity and liver microvesicular steatosis associated with this drug. The impairment of 

mitochondrial fatty acid oxidation and the inhibitory effects on target proteins by valproate have 

been demonstrated. However, very few studies report the effect in the content of essential 

cofactors such as CoA and carnitine, in tissues upon VPA treatment. The current information on 

this subject is contradictory and the effects of valproate on CoA and carnitine homeostasis have 

remained elusive. Important questions were raised and motivated our studies. Does VPA 

deplete in fact the cellular CoA content, limiting the availability of this cofactor? Is there a 

suitable analytical method that enables the accurate measurement of CoA in tissues and in liver 

in particular? Will a subchronic treatment with the drug induce a stronger CoA sequestration and 

correspond to a hepatotoxic effect in an animal model? As CoA homeostasis is closely linked to 

carnitine dynamics, what will be the impact of VPA treatment in vivo on the acylcarnitine profile 

in tissues?  

Part II of the present thesis aims to elucidate the interactions of valproate with the homeostasis 

of these two crucial cofactors, carnitine and CoA. Chapters 3 and 4 describe the studies aiming 

at the analysis of these cofactors in different animal tissues with a particular emphasis on liver 

or using a human hepatoma cell line in culture exposed to VPA. 
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Mitochondrial β-oxidation is the major oxidative pathway of valproic acid metabolism. Previous 

studies have demonstrated the complete β-oxidation of valproic acid in mitochondria, but the 

specific enzymes catalyzing each step of this process have not been demonstrated so far. Thus 

we were especially focused to answer the following questions: Which enzymes do participate in 

the mitochondrial β-oxidation of VPA? Do the enzymes of the branched-chain amino acids 

(BCAAs) metabolic pathways have any active role on the biotransformation of the drug? Is there 

a specific inhibitory effect especially assigned to valproyl-CoA on the enzymes of leucine and / 

or isoleucine pathways? 

Part III aims to elucidate the oxidative metabolism of valproic acid and its interactions with the 

oxidative metabolism of BCAAs. This part is essential for a comprehensive insight on the 

molecular basis of valproate targeted toxicity, since the drug utilizes enzymes from the 

mitochondrial metabolism for its own oxidation. Chapters 5, 6 and 7 will address some of the 

raised hypotheses concerning the interplay between VPA metabolism / BCAAs oxidation and 

drug metabolizing enzymes using heterologously expressed human proteins from the BCAAs 

oxidation pathway. 

 

Besides the inhibition of the oxidation of fatty acids and branched-chain amino acids, valproate 

affects other pathways of energy production in mitochondria, which may compromise the 

mitochondrial metabolism leading to hepatic dysfunction. How does valproyl-CoA distress the 

energy metabolism? Does VPA or valproyl-CoA affect ATP synthesis in mitochondria according 

to the supply of different respiratory substrates? How would this interaction affect the respective 

oxygen consumption? Are there specific inhibitory effects upstream the oxidative 

phosphorylation (OXPHOS)? 

Part IV of this thesis aims to elucidate the mechanisms underlying the interactions of VPA with 

the mitochondrial energy metabolism, namely with the Krebs cycle and OXPHOS. The 

experimental work presented in Chapters 8 and 9 was designed to re-evaluate the effect of the 

drug on the mitochondrial OXPHOS by measuring ATP synthesis and oxygen consumption in 

the presence of VPA and its metabolites. Furthermore, the potential interference of valproyl-CoA 

was studied on the activity of specific enzymes. These studies were expected to clarify the 

toxicity of valproyl-CoA on mitochondrial function, a crucial mechanism underlying the hepatic 

adverse effects of this drug. 
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STUDY OF THE UNDERLYING BASIS FOR VALPROATE HEPATOTOXICITY: DRUG 

METABOLISM AND ITS INTERACTION WITH COENZYME A HOMEOSTASIS 

 

1. The major hallmarks of Valproic Acid  

 Valproic acid (2-n-propylvaleric acid, 2-n-propylpentanoic acid, n-dipropylacetic acid, VPA), is a 

branched medium-chain fatty acid mainly used as an anticonvulsant drug. Its therapeutic action 

involves multiple mechanisms. VPA seems to increase whole brain GABA levels and 

potentiates GABA responses, possibly by enhancing glutamic acid decarboxylase (GAD) activity 

and inhibiting GABA degradation [1]. Moreover, VPA attenuates N-Methyl-D-Aspartate-

mediated excitation [2, 3] and blocks Na
+
 channels, Ca

2+ 
channels, and voltage-gated K

+
 

channels [4].  

 

1.1.   Clinical use 

VPA is a broad-spectrum antiepileptic drug (AED), being effective against all types of seizures 

namely absence seizures [5, 6], tonic-clonic seizures, complex partial seizures [7], juvenile 

myoclonic epilepsy [8] and seizures associated with Lennox-Gastaut syndrome [9].  

In addition to its anticonvulsant properties, VPA exerts beneficial effects as a mood stabilizing 

drug [10], in clinical depression [11], migraine headaches, and schizophrenia. In the last 

decade, VPA has emerged for the treatment of several other nervous system pathologies, 

addictions, cancer and HIV infection [12]. 

 

Several studies have demonstrated the potential beneficial effect of valproate for the treatment 

of neurological diseases. VPA seems to be a promising candidate for treatment of spinal 

muscular atrophy [13]. Recent in vivo studies have shown positive effects of VPA in several 

models mimicking Parkinson’s disease, at different levels [14-16]. One study has also reported 

that a high dose of VPA (100 mg/kg/day) is capable of prolonging life expectancy and improving 

traction in a transgenic mouse model of Huntington’s disease [17]. 

Moreover, valproate is able to modulate central GABAergic neurotransmission, which is 

involved in psychostimulant sensitization, and has been suggested for the therapeutical 

treatment of several addictions, obsessive-compulsive disorders and compulsive sexual 

behaviors. 

VPA has been described during the last decade as a histone deacetylase inhibitor (HDACis), 

resulting in an increased interest for its use in cancer therapy. Histone deacetylation and DNA 

methylation, are known to contribute to the cancerous transformation of cells by silencing critical 

genes, leading to resistance to chemotherapy. HDACis represent a promising novel class of 

anti-cancer agents, several of which are currently undergoing clinical trials in malignant 

diseases. VPA, as well as other HDACis, is able to alter expression of many genes targeting 

specifically 2 of the 4 classes of HDACs [18].  

Histone deacetylase 1 (HDAC1) has also been implicated in maintaining HIV in infected cells. 

The inhibitory action of VPA upon HDAC1 makes it a good candidate for AIDS therapy. It has 
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been shown that VPA in addition to a highly active antiretroviral drug is able to reduce latent HIV 

infections [19]. However, prolonged monotherapy with valproate does not reduce the size of the 

latent HIV reservoir [20]. 

 

Valproic acid has been tested in more than two hundred clinical trials, sometimes in association 

with other drugs and involving various pathologies, ranging from mood disorders to different 

types of cancer, through treatment of narcotic addictions, muscle disorders, and the ability to 

reduce the viral load in AIDS patients [12]. However, concerning cancer prevention and therapy, 

a recent study on a population taking VPA over a long period (minimum 1500 g in the last 5 

years) demonstrated that it had no significant effect upon prevention of cancer development [21] 

and thus is not eligible for chemoprevention. 

 

1.2.  Side effects 

Despite its broad range of clinical applications, VPA has various side effects. These effects are 

quite diverse and ultimately may cause serious disorders or even death. Several mild side 

effects have been reported in patients during or after treatment with VPA. There seems to be an 

increase of sleep in young patients treated with the drug [22]. Case reports of VPA overdose, 

document somnolence, heart block or deep coma [23].  

 

Weight gain: Weight gain occurs in 20% of the patients and is associated with changed serum 

levels of insulin, triglycerides, cholesterol and fasting glucose [24, 25]. However, this side effect 

seems to occur scarcely in children and teenagers [26, 27]. Body mass index scores tend to 

increase during the first 16 months of treatment and then tend to stabilize, resulting in an 

increase in the proportion of young children in the clinically overweight category from 6.9% to 

16%. In older children, there was a 14% change to a higher weight category. However, the 

overall results showed no significant variation in the composition of fatty acids in serum. 

 

Dermatologic effects: Valproic acid has been associated with cases of stomatitis, cutaneous 

leukoclastic vasculitis and psoriasiform eruption [28]. It also induces transient alopecia (2.6% to 

12%), thinning of the hair, hair color and texture changes, and rarely skin rashes [29]. VPA was 

also implicated in Stevens-Johnson syndrome and toxic epidermal necrolysis (Lyell Syndrom) 

[30]. 

 

Teratogenic effects: When studied in mice VPA was found to decrease fertility index by 25% 

as well as the number of foetuses in murines. However, these adverse effects can be corrected 

by administration of folic acid, 5-formyltetrahydrofolate, and S-adenosylmethionine [31]. Various 

studies have demonstrated that VPA is a human teratogen, with an approximately threefold 

increase in major anomalies [32], which is greater than that observed for other AEDs [33]. The 

effects of VPA may also have impact on the child’s intellectual development, without description 

of malformation, autism syndrome or problems in communication. VPA seems to cause a 
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significant dose dependent decrease in IQ by 9 points on average, irrespective of maternal IQ 

[34]. 

 

Neurological effects: Different forms of VPA-associated encephalopathy have been described: 

encephalopathy with high serum levels of VPA, but normal ammonia [35]; hyperammonemic 

encephalopathy [36]; encephalopathy with impaired liver function and hyperammonemia [37]; 

and encephalopathy with hepatopathy, but with normal ammonia [38]. Encephalopathy, may 

derive from a possible direct action of VPA upon neurotransmitters, which would explain the 

emergence of the pathology in the absence of liver failure or hyperammonemia [39]. In cases of 

hyperammonemia [40], the urea cycle is inhibited by VPA or its metabolites [41]. Although this 

effect is generally associated with liver failure, it has also been reported in patients treated with 

VPA without liver failure [42], resulting in vomiting, ataxia, behavioral changes, lethargy, 

somnolence or coma. However, it seems that the majority of VPA-induced hyperammonemia 

cases in children, are asymptomatic and can be detected only by blood tests or psychomotor 

speed, reaction time and memory assessment [43]. It should be noted that long-term 

hyperammonemia can induce encephalopathy. Valproate-induced Parkinsonism was also 

recently described in the literature [44].  

 

Gastrointestinal effects: Nausea and vomiting are sometimes associated with valproate 

therapy. Diarrhea, weight loss and abdominal pain appear less frequently however, cases of 

VPA-induced gastritis were reported [45]. 

 

Hepatic effects: A potential response of the liver to insults is fat accumulation, termed 

macrovacuolar and microvesicular steatosis. The former is characterized by a single large 

vacuole of fat in hepatocytes, resulting frequently from alcohol abuse, obesity and diabetes, 

whereas the latter consists of numerous small-lipid vesicles composed of triglycerides. The 

formation of these microvesicles is primarily due to the disruption of mitochondrial fatty acid 

β-oxidation (FAO). As a consequence, mitochondrial ATP synthesis is decreased giving rise to 

a compromised energy production. In this regard, microvesicular steatosis has been considered 

to represent a hallmark of severe metabolic perturbation potentially leading to energy shortage 

in hepatocytes [46]. 

The incidence of fatal VPA-induced hepatotoxicity varies in relation to age, associated therapy, 

metabolic disorders, development delay, ketogenic diets and coincident previous liver 

dysfunction [47-49]. The prevalence of hepatotoxicity could be as high as 1/800-1/500 in these 

high-risk groups. However, overall incidence is estimated at 1/5,000-1/50,000 [50]. For a long 

time, it has been shown that hepatotoxicity induced by VPA is greatest in children under 2 years 

old subjected to polytherapy [51-53]. Exposure of the liver to the VPA degradation products is 

the most likely explanation for cases of hepatotoxicity observed during treatment, particularly for 

young children. Fatalities most often take place within the first 3-6 months of therapy [54]. 

Moreover, the occurrence of acute VPA poisoning, whether resulting from intentional or 
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accidental overdose is increasing [55-57] possibly as a consequence of the emerging use of the 

drug in several pathologies.  

 

Pancreatic effects: VPA may induce pancreatitis [58-60]. However, this complication is rare 

and occurs mainly during the first year of treatment or after increase in the dose, with higher 

incidence in young individuals undergoing polytherapy. The supposed pathogenic mechanism 

seems to involve a direct toxic effect of free radicals in the membranes of the pancreatic cell 

[61]. The onset can be a slight asymptomatic hyperamylasemia which can develop into a fatal 

necrohemorragic pancreatitis [62]. The mortality varies from 17 to 20%, with many 

complications in the non-lethal cases (pseudocysts, infections, septic shock, chronic pancreatitis, 

endocrine pancreatic insufficiency) [61]. 

 

Hematological effects: Coagulopathies have been described in children treated with VPA [63]. 

Symptoms found include, platelet dysfunction, Von Willebrant disease, Factor XIII deficiency, 

hypofibrinogenemia, and vitamin K-dependent factor deficiency. An additional hematological 

side effect is the development of aplastic anemia after VPA treatment [64].  

 

1.3.  Drug metabolism and disposition 

The age or weight of the patient has no influence on the serum concentration of VPA. There is 

no proportional relationship between the dose administrated and the serum concentration [65]. 

Diet also plays a role in the rate of absorption since VPA is more rapidly available when 

ingested before feeding. The serum concentration of VPA can also be strongly influenced by 

combination with phenytoin (49.5%), carbamazepine (66.2%) or phenobarbital (76.3%) as 

compared to when given alone (100%). On average, 250 mg of ingested VPA gives rise to a 

serum concentration of 54.6 ug/mL (0.34mM) [66]. 

 

A vast number of drugs undergo metabolism in vivo, which in principle, function as a self-

defense mechanism in the human body. The biotransformation of a drug tends to lead to the 

formation of more hydrophylic metabolites promoting their excretion. Drug metabolism is 

historically categorized into two major pathways or ―phases‖: the first entails mostly oxidation 

and reduction reactions, whereas the second consists of the conjugation reactions. Besides 

these, drug transport systems across membranes represent a third important area of study on 

drug metabolism, which has gained great relevance in recent years. Oxidative metabolism, 

catalyzed primarily by the cytochrome P450 enzymatic system, peroxidases, amine oxidases 

and flavin-containing monooxygenases, may lead to the formation of reactive electrophiles such 

as α,β-unsaturated carbonyls, epoxides, isocyanates and isothiocyanates, quinones, quinone 

imines and quinone methides [67]. These metabolites are capable of covalent modification of 

proteins or nucleic acids through nucleophilic addition or substitution, potentially leading to 

organ toxicities as a result of disruption of critical cellular functions or elicitation of immunologic 

responses [67].  
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The metabolism of valproate occurs manly in the liver, which is the target organ of valproate 

toxicity. In adult patients on monotherapy with VPA, 30–50% of the dose appears in the urine as 

a glucuronide conjugate. Mitochondrial β-oxidation typically accounts for over 40% of the dose 

and less than 15–20% of the dose is eliminated by other oxidative mechanisms [68].  

 

Phase I – Oxidative reactions of VPA 

As a simple branched-chain fatty acid, VPA is a substrate for fatty acid oxidation, which takes 

place predominantly in mitochondria [69-73]. β-Oxidation is the most significant pathway of the 

oxidative metabolism of therapeutic VPA levels, accounting for nearly 70% of phase I reactions 

[74].  

Figure 1 – Schematic representation depicting the mitochondrial β-oxidation of valproic acid. The parent 

drug (VPA) is activated by a medium-chain acyl-CoA synthetase (MCAS) to valproyl-CoA which is 

converted to Δ
2(E)

-valproyl-CoA by short branched-chain acyl-CoA dehydrogenase (SBCAD). 

Δ
2(E)

-valproyl-CoA is hydrated by an enoyl-CoA hydratase (ECHS1) to 3-hydroxyvalproyl-CoA which is 

converted to 3-ketovalproyl-CoA by 2-methyl-3-hydroxybutyryl-CoA dehydrogenase (MHBD). 

 

The mechanism used by VPA to cross the highly regulated mitochondrial membrane is not 

clearly defined yet. However, a carnitine independent process seems to be the most likely 

mechanism. Its biotransformation by means of β-oxidation (Fig. 1) involves the activation of 

valproic acid into valproyl-CoA inside the mitochondria, most probably by a medium-chain 

acyl-CoA synthetase [68].  In vitro studies performed by our group have also reported the 

activation of both VPA and Δ
4
-VPA in the extramitochondrial compartment [75]. The 
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valproyl-CoA and Δ
4
-valproyl-CoA formed in the cytosol may possibly enter the mitochondria 

through the carnitine shuttle. These VPA acyl-CoA esters may act as potential inhibitors in the 

two different subcellular compartments [75].  

In the mitochondria, valproyl-CoA is converted into Δ
2(E)

-valproyl-CoA. Recent studies by our 

group, using purified human enzymes have shown that this dehydrogenation step is 

predominantly performed by short branched-chain acyl-CoA dehydrogenase (SBCAD) [76, 77] 

and to a lesser extent by isovaleryl-CoA dehydrogenase (IVD) [77]. These studies will be 

presented in this thesis as part of chapter 5. The following reaction, is the hydration of 

Δ
2(E)

-valproyl-CoA into 3-hydroxyvalproyl-CoA. Immunoprecipitation studies of short-chain 

enoyl-CoA hydratase (ECHS1, crotonase) in human liver, have shown that ECHS1 is the unique 

enzyme responsible for the hydration of Δ
2(E)

-valproyl-CoA [78]. Subsequently, 

3-hydroxyvalproyl-CoA is converted to 3-ketovalproyl-CoA exclusively by the heterologously 

expressed human 2-methyl-3-hydroxybutyryl-CoA dehydrogenase (MHBD). In vitro studies 

performed in fibroblasts of a patient with MHBD deficiency have shown no detectable MHBD 

activity when 3-hydroxyvalproyl-CoA was used as substrate demonstrating indisputably that 

MHBD is the only enzyme responsible for the dehydrogenation of 3-hydroxyvalproyl-CoA [78]. 

These studies will be presented in this thesis as part of chapter 6. The final reaction of the 

β-oxidation of VPA consists of the thiolytic cleavage of 3-ketovalproyl-CoA by a mitochondrial 

thiolase, with the subsequent formation of propionyl-CoA and pentanoyl-CoA [72]. The enzyme 

involved in this reaction remains undefined, however. Through another cycle of β-oxidation, 

pentanoyl-CoA is further cleaved into acetyl-CoA and propionyl-CoA. Both metabolites will 

ultimately enter the tricarboxylic acid cycle for complete oxidation to CO2 and H2O.  

 

VPA also undergoes oxidative metabolism by P450s, including hydroxylations and 

4,5-desaturation. The latter reaction is responsible for the synthesis of Δ
4
-valproic acid (Δ

4
-VPA), 

which is a structural analogue of hypoglycin and 4-pentenoic acid, both of which are proven liver 

toxins that produce microvesicular steatosis [79]. Δ
4
-Valproic acid is a potential substrate for 

β-oxidation, possibly resulting in the formation of the toxic metabolite, Δ
2,4

-valproic acid, which is 

an electrophile [80].  

 

Phase II – Conjugation reactions of VPA 

Conjugation with glucuronic acid  mediated by uridine 5’-diphosphate (UDP)-

glucuronosyltransferase (UGT1A6), is the principal pathway of the hepatic extramitochondrial 

metabolism of VPA and its metabolites [68]. Conjugation with glutathione (GSH) and 

N-acetylcysteine (NAC) has been demonstrated in rats [80-82]. Formation of valproylglycine in 

mitochondria via glycine N-acylase, was identified as a urinary metabolite of VPA [68]. 

Valproyl-L-carnitine [83, 84] and valproyl-glutamate are two further conjugates of the parent 

drug that have also been identified in VPA-treated patients. Less than 3 % of the VPA dose is 

excreted unchanged in the urine [1, 85].  
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2. Coenzyme A: Metabolism and functions 

Coenzyme A (CoA) is an essential cofactor that carries carboxylic acid substrates and supports 

a multitude of oxidative and synthetic metabolic reactions, including those involved in the citric 

acid cycle, sterol biosynthesis, amino acid metabolism, fatty acid biosynthesis and oxidation [86]. 

The complete oxidation of all major energy producing carbon substrates as well as synthesis of 

many of the structural components of the cell require its participation [87].  

 

Figure 2 – Biosynthetic pathway of coenzyme A (CoA) and its involvement in the mitochondrial 

metabolism associated with carnitine in the transport of mitochondrial fatty acids and regulation of the 

intramitochondrial acyl-CoA/CoA ratio. 

 

As depicted in figure 2, the endogenous biosynthesis of CoA involves vitamin B5 (pantothenate), 

cysteine plus ATP and is assembled in five steps. Pantothenate is phosphorylated to 

4-phosphopantothenate by pantothenate kinase. The condensation of 4-phosphopantothenate 

with cysteine is followed by a decarboxylation reaction to yield 4-phosphopantetheine. 
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Afterwards, the AMP moiety of ATP is added to form dephospho-CoA, which is subsequently 

phosphorylated on the 3-hydroxyl group producing CoA [86].  

 

2.1. Tissue levels and intracellular distribution of CoA 

The heart (an organ with a high rate of substrate oxidation) and the liver (an active synthetic 

organ), are the two organs with the highest content of CoA followed by kidney, adrenal glands 

and white skeletal muscle [88]. 

The levels of CoA in animal tissues are sensitive to various extracellular stimuli, including 

hormones, nutrients and cellular metabolites. Hepatic CoA levels are among the most 

responsive to changes in metabolic state and range from 136 to 434 nmol/g tissue [89]. Liver 

CoA levels are undoubtedly important in metabolic function, as hepatic total pantothenate 

kinase activity and CoA content are altered in response to nutritional state [90-92], insulin [93], 

glucagon or glucocorticoids [91], fibrate drugs [92, 94, 95] and diabetes [96, 97]. 

CoA is distributed in the cell primarily between the cytosol and mitochondria. The exchange 

between these compartments is very slow or does not take place at all [87]. The transfer of 

activated acyl moieties across organelle membranes, to and from the CoA pools in mitochondria 

and peroxisomes, is achieved through the carnitine system. Changes in total cellular content of 

CoA may occur. The compartment where these changes take place is not known but most 

probably occurs in the cytosol, where the concentration of CoA is normally very low and 

significant effects on fatty acid metabolism and other pathways utilizing CoA might be expected 

[87]. 

In mammals, mitochondrial CoA is used as a cofactor in the tricarboxylic acid cycle, 

branched-chain amino acid oxidative metabolism and fatty acid β-oxidation. These three 

pathways are studied in the present thesis. The concentrations of free CoA together with its 

thioesters regulate the rates of these processes [98]. 

 

2.2. Coenzyme A homeostasis in cellular toxicity 

The limited cellular total coenzyme A content and the broad spectrum of metabolic processes 

requiring CoA suggest that accumulation of an individual, specific acyl-CoA due to an enzyme 

defect or unusual substrate presentation may interfere with cellular metabolic function.  

Coenzyme A biosynthesis is regulated by the cytosolic concentrations of both CoA thioesters 

and CoA, and by inhibition of pantothenate kinase (PanK) [94, 99, 100]. Subsequently, 

sequestration of CoA by accumulation of specific or several acyl-CoAs can lead directly to an 

increased biosynthesis of the cofactor [101] through activation of PanK upstream of the pathway. 

Moreover, the build up of acyl-CoAs in the mitochondrial matrix, can induce a shift of coenzyme 

A from the cytosol to the mitochondria which would further increase CoA biosynthesis [102]. 

Carboxylic acid-xenobiotics, as VPA, are possible substrates for acyl-CoA synthetases. Once 

the respective acyl-CoA is formed the xenobiotic may then be metabolized by enzymes of the 

intermediary metabolism, generating xenobiotic intermediate species that may potentially inhibit 

specific enzymes or deplete essential cofactors such as CoA and carnitine. The accumulation of 
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specific acyl-CoAs may lead to the sequestration of CoA and/or carnitine and this is indeed a 

typical biochemical feature in a number of the inherited organic acidemias where specific 

enzymes are not functional. Acyl-CoA accumulation may sequester cellular coenzyme A, 

limiting free CoA availability. Furthermore, the increased concentration of the CoA ester, 

acyl-CoA, may induce potential inhibitory effects on target  enzymes, either by mimicking 

physiologically relevant signals or as a direct inhibitor [103].  

 

2.2.1. Coenzyme A sequestration by valproate 

It has been reported that patients with compromised liver function and FAO, accumulate hepatic 

acyl-CoA esters with severe depletion of free CoA [47, 104]. As mentioned before, VPA is 

converted into an acyl-CoA ester to allow its β-oxidation in the mitochondria. Formation of 

valproyl-CoA occurs either in the cytosol [75] or in the mitochondria presumably by a 

medium-chain acyl-CoA synthetase. This is followed by formation of intramitochondrial CoA 

ester metabolites of valproyl-CoA [71, 72] which may inhibit CoA-dependent metabolic 

processes [105, 106]. Moreover, the branched-chain acyl-CoA esters formed during VPA 

biotransformation seem to have a greater resistance to hydrolysis than straight-chain acyl-CoAs, 

probably due to steric hindrance [70, 71], which may exacerbate CoA depletion. 

Interestingly, the hepatic microvesicular steatosis was reproduced in rats treated with Δ
4
-VPA 

but not in those receiving α-fluoro-Δ
4
-VPA. The fluorinated analogue cannot be β-oxidized but it 

undergoes conjugation with glutamine, presumably via an acyl-CoA thioester intermediate [107]. 

These findings support the hypothesis that reactive metabolite formation rather than CoA 

depletion constitutes a key step in the events leading to VPA-induced hepatotoxicity. 

 

2.3. Carnitine 

Carnitine (L-3-hydroxy-4-N,N,N-trimethylaminobutyrate) is a crucial metabolite for energy 

metabolism  that can be obtained from the diet or biosynthesized from the essential amino acids 

lysine and methionine. Lysine provides the carbon backbone of carnitine [108, 109] and the 

4-N-methyl groups originate from methionine [110]. Lysosomal hydrolysis of proteins such as 

calmodulin, myosin, actin, cytochrome c and histones, results in the release of 

N
6
-trimethyl-lysine (TML), which is the first metabolite of carnitine biosynthesis [111, 112]. TML 

is first hydroxylated on the 3-position by TML dioxygenase (TMLD) to yield 3-hydroxy-TML 

(HTML). HTML aldolase (HTMLA) catalyses the aldolytic cleavage of HTML into 

4-trimethylaminobutyraldehyde (TMABA) and glycine. Dehydrogenation of TMABA by TMABA 

dehydrogenase (TMABA-DH) results in the formation of 4-N-trimethylaminobutyrate 

(γ-butyrobetaine). In the last step, γ-butyrobetaine is hydroxylated on the 3-position by 

γ-butyrobetaine dioxygenase (BBD) to yield carnitine [113].  

This co-factor is crucial for the transport of activated long-chain fatty acids from the cytosol to 

the mitochondrial matrix, where β-oxidation takes place [114, 115]. Carnitine is also implicated 

in the transport of the products from peroxisomal β-oxidation, including acetyl-CoA, to the 

mitochondria for oxidation to CO2 and H2O in the Krebs cycle [116, 117]. Other functions of 
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carnitine include regulation of the acyl-CoA/CoA ratio [114, 118], storage of energy as 

acetylcarnitine [118, 119] and the modulation of toxic effects of poorly metabolized acyl groups 

by excreting them as carnitine esters [120].  

 

2.4. Regulation of mitochondrial free CoA/acyl-CoA ratio by carnitine 

Within the mitochondria, carnitine acetyltransferase (CAT) permits a rapid equilibrium between 

the acetyl-CoA/CoA and acetylcarnitine/carnitine ratios. The carnitine acyltransferase reactions 

operate near equilibrium in vivo [121, 122], and hence any putative increase in acyl-CoA 

content will result in increased acylcarnitine production if the acyl-CoA is a substrate for one of 

the carnitine acyltransferases. Consequently, the entire carnitine reservoir of the tissue is able 

to buffer the acetylation state of the limited mitochondrial CoA pool. Quantitatively, acetyl-CoA is 

the most important CoA ester for the buffering function of mitochondrial CoA pool by carnitine.  

Changes in hepatic carnitine homeostasis are reflected in the plasma and urine [121, 123, 124]. 

Screening for changes in urinary carnitine or acylcarnitine is an effective approach to detect 

abnormalities in acyl-CoA metabolism. Chronic increased acylcarnitine production and excretion 

may leave the intracellular compartment with inadequate carnitine levels to continue 

acylcarnitine production or support fatty acid oxidation [103, 124]. Thus, carnitine deficiency or 

insufficiency may be another consequence of chronic acyl-CoA accumulation. 

In case of sustained overproduction or underutilization of certain fatty acids, such as in inborn 

errors of metabolism, as well as after treatment with certain prodrugs which lead to the 

accumulation of non-metabolizable acyl-CoAs, carnitine circumvents the accumulation of these 

acyl groups by transporting the acyl moieties out of the tissue with excretion in the urine. 

 

2.4.1. Carnitine sequestration by VPA 

Several studies have reported depletion of carnitine stores, especially during long-term or 

high-dose therapy, through various synergistic mechanisms. 1.) As a branched-chain fatty acid, 

VPA combines with carnitine to form valproylcarnitine, which is excreted in urine [83, 84]. This 

represents only a minor route of elimination and therefore it is unlikely that excretion of VPA 

alone is sufficient to produce carnitine deficiency in well nourished patients [125]. 2.) Reduction 

in tubular reabsorption of both free carnitine and acylcarnitine has been reported during VPA 

treatment [126]. 3.) VPA reduces endogenous synthesis of carnitine by inhibiting 

γ-butyrobetaine hydroxylase [127]. 4.) Valproylcarnitine inhibits the membrane carnitine 

transporter, decreasing the transport of extracellular carnitine into the cell and the mitochondria 

[128]. 5.) VPA metabolites combine with mitochondrial CoA consequently decreasing the pool of 

free CoA, so that free mitochondrial carnitine stores cannot be restored from acylcarnitine 

(including valproylcanitine) under the action of CPTII. 6.) Depletion of mitochondrial free CoA 

impairs β-oxidation of fatty acids and ATP production. ATP depletion further impairs the function 

of the ATP-dependent membrane carnitine transporter.  
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Although systematic assessment of the carnitine status in VPA-treated patients has been 

recommended [83], hypocarnitinaemia has not been confirmed in all studies. For example, 

considering a study conducted in 43 paediatric patients taking VPA [129], only two were found 

to have plasma carnitine levels below the reference range, suggesting that routine carnitine 

determination is not justified. Indeed, VPA-treated patients may be carnitine depleted in tissue 

despite having normal carnitine levels in serum [130].  

Intravenous dosing of carnitine has been recommended as a clinical antidote with a rationale 

that carnitine should react with valproyl-CoA to release free CoA, thereby normalizing cellular 

CoA concentrations and restoring β-oxidation capacity [50]. 

 

3. Mitochondrial metabolism 

Mitochondria are essential organelles that produce 95% of the total ATP used by typical 

vertebrate cells [131] by coupling of oxidative phosphorylation (OXPHOS) with respiration. Liver, 

brain, cardiac muscle and skeletal muscle cells are particularly  rich in mitochondria and tend to 

be susceptible to chemicals that adversely affect mitochondria leading to hepatic steatosis, 

myopathies and neurological syndromes [132]. 

Mitochondria have a central function in cellular energy production and contain multiple 

metabolic pathways which may represent drug targets either for a pharmacological effect or for 

a toxic effect. The major metabolic pathways which are the object of our studies occur within the 

mitochondrial matrix and they include (1). the Krebs (TCA) cycle which comprises soluble 

enzymes in the matrix plus succinate dehydrogenase which is part of the membrane-bound 

complex II from OXPHOS, and (2). the β-oxidation of fatty acids, a four step process linked to 

the Krebs cycle via acetyl-CoA. In addition, the liver mitochondrion plays a significant role in 

amino acid metabolism plus its participation in the urea cycle [133].  

 

3.1.  Fatty acid β-oxidation  

A requirement for β-oxidation is the uptake of fatty acids into mitochondria. Short- and medium-

chain fatty acids may cross through the mitochondrial membrane directly, whereas long-chain 

fatty acids need the assistance of a CoA/carnitine-dependent system in order to enter the 

organelle. Once inside the mitochondria, the fatty acid is converted to a CoA thioester in the 

presence of ATP and acyl-CoA synthases, then undergoes dehydrogenation to (E)-2-enoyl-CoA 

catalyzed by an acyl-CoA dehydrogenases, followed by hydration to 3-hydroxyacyl-CoA 

catalyzed by enoyl-CoA hydratase and dehydrogenation to 3-ketoacyl-CoA catalyzed by 

3-hydroxylacyl-CoA dehydrogenase. The 3-ketoacyl-CoA is subject to cleavage by 

3-ketoacyl-CoA thiolase at the β-position, leading to the formation of acetyl-CoA and an 

acyl-CoA that is two carbons shorter than the initial molecule. 

Impairment of β-oxidation may involve, among other mechanisms of gene regulation, either 

depletion of CoA concentration or inhibition of enzymes involved in any step of this chain of 

reactions.  
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3.2. Branched-chain amino acids 

The three branched-chain amino acids (BCAAs), leucine, isoleucine and valine are neutral 

aliphatic amino acids, each with a methyl branch in the side chain. Since animals are unable to 

synthesize these amino acids de novo, BCAAs are essential nutrients and must be continuously 

supplied and available for protein synthesis [134]. Leucine seems to be of special interest 

because it promotes protein synthesis, inhibits protein degradation and stimulates insulin 

release [135]. The free form of these amino acids are stored in small amounts in mammalian 

tissues, therefore BCAAs obtained in excess are immediately catabolized. In humans, the 

BCAAs are metabolized in mitochondria, except from the transaminase reaction. The oxidation 

of these amino acids can be divided into two sequential series of reactions i.e. the common and 

the distal pathways.  

The transport of BCAAs occurs via a Na
+
-dependent L-amino acid specific transport protein 

across the plasma membrane. In the cytosol the BCAAs can be transaminated by the reversible 

action of a cytosolic branched-chain aminotransferase and the resulting 2-keto acids are 

transported through the mitochondrial innermembrane via a specific transporter. The BCAAs 

can also enter the mitochondria via a neutral amino acid carrier protein and converted into the 

respective 2-keto acids by a mitochondrial aminotransferase. In the mitochondria, the 

branched-chain 2-keto acids are oxidatively decarboxylated by the branched-chain 2-keto acid 

dehydrogenase complex (BCKADH) to form the respective branched-chain acyl-CoA thioesters. 

This reaction is irreversible and considered the rate-limiting step in the oxidative pathway of the 

BCAAs. After the oxidative decarboxylation step, the degradation of the three BCAAs diverges 

into separate enzyme-catalyzed steps, the distal pathways that will eventually lead into the citric 

cycle. Carbon originating from leucine enters as acetyl-CoA for complete disposal as CO2 

whereas isoleucine and valine provide carbon for the anaplerotic conversion of propionyl-CoA to 

succinyl-CoA. There are many analogies between the catabolic pathways of these three amino 

acids and the oxidation of fatty acids [136]. 

 

Isoleucine oxidative pathway: Isoleucine is transaminated into 2-keto-3-methylvaleric acid, 

followed by an oxidative decarboxylation to 2-methylbutyryl-CoA. Short branched-chain 

acyl-CoA dehydrogenase (SBCAD) dehydrogenates 2-methylbutyryl-CoA to tiglyl-CoA which is 

hydrated by crotonase to 2-methyl-3-hydroxybutyryl-CoA. Sequentially 2-methylacetoacetyl-CoA 

is formed by means of 2-methyl-3-hydroxybutyryl-CoA dehydrogenase (MHBD). Finally, a 

thiolytic cleavage takes place to produce acetyl-CoA and propionyl-CoA. This four-step reaction 

sequence constitutes a complete cycle of fatty acid β-oxidation [136]. 

 

Leucine oxidative pathway: Leucine is transaminated to 2-ketoisocaproic acid and afterwards 

converted in isovaleryl-CoA by oxidative decarboxylation. Isovaleryl-CoA is dehydrogenated by 

isovaleryl-CoA dehydrogenase (IVD) to 3-methylcrotonyl-CoA which is converted to 

3-methylglutaconyl-CoA by 3-methylcrotonyl-CoA carboxylase (3MCC). 3-Methylglutaconyl-CoA 
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hydratase (3MGH) converts 3-methylglutaconyl-CoA into 3-hydroxy-3-methylglutaryl-CoA 

(HMG-CoA) which is converted in acetyl-CoA and acetoacetic acid by HMG-CoA lyase [136]. 

 

Valine oxidative pathway: Valine is transaminated into 2-ketoisovaleric acid, followed by an 

oxidative decarboxylation step which yields 2-isobutyryl-CoA which is then converted to 

methacrylyl-CoA by isobutyryl-CoA dehydrogenase (IBD). Crotonase hydrates methacrylyl-CoA 

into 3-hydroxyisobutyryl-CoA, which is hydrolyzed to 3-hydroxyisobutyric acid by a 

3-hydroxyisobutyryl-CoA hydrolase (HIBCH). The free acid is converted to methylmalonic 

semialdehyde by 3-hydroxyisobutyrate acid dehydrogenase (HIBADH) and sequentially 

converted to propionyl-CoA by methylmalonic semialdehyde dehydrogenase (MMSDH) [136]. 

 

3.3. Tricarboxylic acid cycle and the electron transfer chain 

The tricarboxylic acid cycle (TCA), also called the citric acid cycle or Krebs cycle, is a central 

pathway of metabolism and its main role is the oxidation of acetyl-CoA derived from 

carbohydrates, amino acids and fatty acids. TCA generates reducing equivalents in the form of 

NADH and FADH2, which comprises the first step of oxygen‐dependent energy production. The 

TCA cycle also functions in a biosynthetic capacity, primarily in the synthesis of glucose, heme 

and amino acids. TCA cycle flux appears to be limited by the availability of oxaloacetate and 

α‐ketoglutarate. This has led to the proposal of a model dividing the TCA cycle into two 

minicycles that are interconnected by these substrates and their transamination products [137, 

138]. Many of the TCA enzymes—aconitase, isocitrate dehydrogenase (IDH), fumarase (FH), 

malate dehydrogenase (MDH) and yeast citrate synthase (CS) have cytosolic counterparts that 

participate in extramitochondrial reactions. Aconitase, α‐ketoglutarate subunits, succinyl-CoA 

synthase (SCS) and IDH are associated with the mitochondrial nucleoid and may play a role in 

stabilizing the mitochondrial DNA (mtDNA) [139]. On the other hand, IDH, lipoamide 

dehydrogenase, aconitase, succinate dehydrogenase (SDH) and FH are associated with 

mitochondrial mRNA translation, oxidative stress, iron metabolism or tumor suppression. The 

TCA enzymes are located in the mitochondrial matrix, organized into a supramolecular complex 

that interacts with mitochondrial membranes and the mitochondrial electron transfer chain [140]. 

The transfer of electrons takes place on the inner mitochondrial membrane via complexes I 

(NADH: ubiquinone oxidoreductase), II (succinate:ubiquinone oxidoreductase), III 

(ubiquinol:ferrocytochrome c oxidoreductase) and IV (ferrocytochrome:oxygen oxidoreductase, 

generally referred to as cytochrome c oxidase or COX). As part of the mitochondrial respiratory 

chain, complexes I, III and IV, pump protons from the mitochondrial matrix to the extra-

mitochondrial space. These highly specialized structural differences result in distinct properties 

for each membrane and allows the production of ATP through the respiratory chain [133]. 

 

3.4. Interference of VPA with the mitochondrial metabolism  

Besides the inhibition of mitochondrial fatty acid β-oxidation [68], VPA also hampers the 

oxidative metabolism of BCAAs. Increased serum levels of BCAAs and their intermediates, as 
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well as an increase in urinary excretion of these amino acids, have been reported in patients 

treated with valproate [77, 78, 141, 142]. Recent reports have demonstrated a specific 

interference of metabolites from the mitochondrial oxidation of VPA with SBCAD and MHBD [77, 

78] from the isoleucine catabolism and IVD [77] from the oxidative pathway of leucine. VPA 

utilizes these enzymes for its own oxidation thereby deranging the flux through the leucine and 

isoleucine catabolism. 

The impairment of oxidative phosphorylation by VPA is also an important mechanism, leading to 

mitochondrial dysfunction [143, 144]. However, several studies have reported different 

mechanisms including an impairment in mitochondrial adenosine triphosphate (ATP) synthesis, 

by inhibition of mitochondrial pyruvate uptake or by an inhibitory effect on specific transport 

systems embedded in the inner mitochondrial membrane [143, 145]. Moreover, the impaired 

rate of oxygen consumption and ATP synthesis in mitochondria, driven by 2-oxoglutarate or 

glutamate, reflects a limited flux through the citric acid cycle [143]. The energetic metabolism 

can also be disturbed by inhibition of complexes I and IV, and cytocrome c, from the electron 

transfer chain [146, 147]. In summary, the mechanisms underlying the drug-induced effects on 

oxidative phosphorylation are still elusive and not completely defined. 

 

4. Idiosyncratic toxicity 

An idiosyncratic drug reaction may be defined as ―any adverse effect that cannot be explained 

on the basis of a known mechanisms of action of the drug and occurs mostly unpredictably in 

susceptible individuals only, irrespective of dosage‖ [148]. Although idiosyncratic effects only 

account for 6-10 % of all adverse drug reactions in general, they are a major source of morbidity 

and mortality [149]. This is especially true for antiepileptic drugs (AEDSs), which in one survey 

have been found to be the class of drugs most frequently responsible for idiosyncratic reactions 

with a fatal outcome in children [150].  

Idiosyncratic toxicity usually escapes detection by preclinical safety assessment and clinical 

trials partially due to its low frequency of occurrence (< 1 in 10,000 patients) [67]. A plausible 

cause for idiosyncratic toxicity is drug metabolism to reactive electrophiles, which are capable of 

covalent modification of proteins or nucleic acids. Since the liver is a rich source of drug 

metabolizing enzymes, the proposed mechanism is particularly relevant to hepatotoxicity that 

may precipitate as a result of covalent protein binding-related disruption of critical cellular 

functions, such as reduced ATP synthesis, compromised fatty acid β-oxidation, decreased 

mitochondrial membrane potential and perturbed calcium homeostasis [67]. 

Age may be a risk factor for many idiosyncratic reactions as a consequence of age related 

differences in drug metabolism [151]. Reduced glucuronide conjugation and faster rates of 

CYP-mediated reactions in infants and children as compared with adults, may result in 

increased production of reactive metabolites and increased susceptibility of idiosyncratic effects 

in younger age groups [152]. Young age has been identified as a major risk factor for 

VPA-induced hepatic injury, for which infants below two years are at highest risk [153]. This 

might be due to a higher prevalence of predisposing conditions such as inborn errors of 
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metabolism in infants, as well as to pharmacokinetic factors such as accumulation of the toxic 

metabolite 4-ene-VPA, whose concentration is negatively correlated with age [154].  

Several metabolic disorders are known to represent a risk factor for severe idiosyncratic 

reactions to VPA like liver toxicity [51]. These disorders include fatty acid oxidation defects [53, 

155], urea cycle defects [156, 157], organic acidurias, multiple carboxylase deficiency, 

mitochondrial or respiratory chain dysfunction, cytochrome aa3 deficiency in muscle, pyruvate 

carboxylase deficiency and pyruvate dehydrogenase complex deficiency [158]. Patients with 

GM1 gangliosidosis type 2, spinocerebellar degeneration, Friedreich ataxia, Lafora body 

disease, Alpers–Huttenlocher disease and myoclonic epilepsy with ragged red fiber (MERRF) 

disease are also more susceptible to VPA hepatotoxicity [52, 158].  

Death with severe hyperammonemic encephalopathy may be a serious toxic effect associated 

with valproate therapy in patients with urea cycle disorders, particularly those with ornithine 

transcarbamylase deficiency [156]. Patients with cerebral damage and intellectual disability may 

also be more prone to VPA-induced encephalopathy [52]. 

Recent studies have shown that certain mutations in the gene coding for the catalytic subunit of 

mitochondrial DNA (mt DNA) polymerase γ (POLG) can lead to a range of clinical phenotypes 

which predispose to development of fatal liver failure after exposure to VPA [159, 160], although 

a number of these mutations may be associated with reversibility of the hepatotoxicity [161]. 

Other single case reports have also suggested an association between mitochondrial myopathy, 

encephalopathy, lactic acidosis and stroke-like acidosis (MELAS) and VPA-induced seizure 

aggravation [162]. Overall, these findings reinforce the need to consider the possibility of a 

genetic defect whenever systemic idiosyncratic-like disorders occur in VPA treated patients. 

Future research is likely to identify other predictors of adverse reactions and the mechanisms 

underlying these reactions. Ultimately, this should lead to improved personalization of therapy 

and development of safer drugs. 
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Abstract

The hepatotoxic effects frequently associated with the use of valproic acid (VPA), are related to mitochondrial 
dysfunction and a potential secondary carnitine deficiency. The in vivo distribution of free and esterified carnitine 
after valproate treatment remains unclear. In this study, we investigated the acylcarnitine profile in tissues of 
Wistar rats subjected to a single injection of sodium valproate (100 or 500 mg/kg) or to a subchronic regimen 
of the drug (100 mg/kg/day for two weeks). The content of liver, muscle, kidney and heart was assessed using 
electrospray tandem mass spectrometry.  A single administration of valproate resulted in a significant dose-
related increase of free carnitine and total acylcarnitine levels in the liver. In addition the carnitine/acylcarnitine 
ratio was significantly reduced in all tissues. Furthermore, γ-trimethylaminobutyrate dioxygenase activity was 
induced and γ-butyrobetaine levels were increased in the liver. Interestingly, the disturbances in liver carnitine 
homeostasis reversed following subchronic treatment with valproate, except for some acylcarnitines derived 
from branched-chain organic acids and straight medium-chain fatty acids which remained significantly elevated. 
Our results suggest that the stimulation of carnitine biosynthesis plays an effective role in the immediate rescue 
of hepatic free carnitine levels as an adaptive mechanism to the valproate-induced stress on mitochondrial 
metabolism.

Keywords:  Valproic acid; carnitine; acylcarnitines; drug-induced liver injury; hepatic steatosis; mitochondrial fatty acid oxidation

INTRODUCTION

Valproic acid (VPA) is an anticonvulsant drug that 

has been used widely for more than 30 years in the 

treatment of several types of partial and generalized 

seizures. It is also increasingly prescribed to control 

bipolar and schizoaffective disorders, social phobias, 

neuropathic pain, as well as for prophylaxis or 

treatment of migraine [1, 2]. In addition, VPA has also 

been tested in the management of certain types of 

cancer [3, 4] and in HIV-positive patients [5].

VPA is a branched-chain 8-carbon carboxylic acid 

(2-propylpentanoic acid) and is therefore similar 

to medium-chain fatty acids. It is a substrate for 

the mitochondrial fatty oxidation (mitFAO) pathway 

[6, 7]. In general, VPA therapy is well tolerated but 

serious complications including fatal hemorrhagic 

pancreatitis, bone marrow suppression, hepatotoxicity 

and hyperammonemic encephalopathy may occur. 

Some reports have suggested that hepatotoxicity 
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and encephalopathy may be promoted either by a 

preexisting carnitine deficiency or by a deficiency 

induced by VPA [8]. Carnitine deficiency associated 

with VPA has been documented [9, 10]. However, 

there are also studies reporting no statistical difference 

in plasma carnitine concentrations between patients 

receiving VPA monotherapy and controls [11, 12]. The 

relevance of carnitine supplementation for patients 

receiving VPA is therefore still a subject of debate [13].

Carnitine exerts various metabolic functions, thereby 

playing a central role in the metabolism of fatty 

acids and mitochondrial energy production. In brief, 

carnitine is known to: [a.] facilitate the transport of 

fatty acyl groups into mitochondria and [b.] regulate 

the mitochondrial ratio of acyl-CoA to free CoA [14] by 

transforming acyl-CoAs into acylcarnitines. For these 

reasons carnitine is an essential compound to protect 

the cell from 1) membrane-destabilizing effect of toxic 

acyl groups, as well as 2) their restraining effects 

on several enzymes that participate in intermediary 

metabolism and energy production in the mitochondria 

[8].

The analysis of acylcarnitines provides a quantitative 

evaluation of individual species and is actually one of 

the best approaches to identify defects in mitFAO [15]. 

It plays an important role in the laboratory diagnosis of 

inherited FAO disorders and organic acidemias. A study 

of acylcarnitine formation has rarely been performed 

in pathological conditions caused by non-genetic 

factors, i.e. adverse effects of drugs. Mitochondrial 

dysfunction and a compromised energy production 

system are actually recognized as fundamental 

mechanisms of drug-induced liver disease. VPA has 

major effects on mitochondrial energy metabolism 

which forms the basis of the hepatotoxicity and liver 

microvesicular steatosis associated with this drug. A 

clear impairment of mitFAO plus inhibitory interactions 

with target proteins by VPA or valproyl-CoA has been 

demonstrated [7, 16-18]. Thus, two studies have 

reported plasma acylcarnitine levels in patients under 

VPA therapy [19, 20]. However, no studies have 

been performed in liver, the prime target organ of  

VPA-associated toxicity [21] or any other tissues. 

The present study aims to elucidate the effect of VPA 

on the acylcarnitine profile in tissues, with particular 

emphasis in liver, but also in muscle, kidney and heart 

tissue using an animal model.  To enable an integrated 

approach to FAO in vivo, Wistar rats were treated with 

sodium valproate, either with one single administration 

or a subchronic regimen. The levels of free carnitine 

as well as short-, medium-, long-chain, dicarboxylic, 

unsaturated and 3-hydroxylated acylcarnitines were 

determined in tissues after valproate treatment. The 

results of this study provide novel insights in the 

characterization of in vivo carnitine homeostasis, 

secondary to the initiation of valproate treatment.

EXPERIMENTAL PROCEDURES

Materials

Valproic acid (VPA) was obtained from Sigma 

Chemical Co. (St. Louis, MO, USA). LC/MS grade 

acetonitrile and methanol were obtained from 

Biosolve (Valkenswaard, The Netherlands). The 

[2H]3-C3-, [2H]3-C8-, [2H]3-C16-acylcarnitines and 

[2H9]-carnitine internal standards were obtained from 

Dr. H. J. ten Brink (VUMC – Vrije University Medical 

Center, Amsterdam, The Netherlands). Propanol 

and acetylchloride were from Merck (Darmstadt, 
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Germany). All other reagents were of analytical grade. 

6-N-Trimethyllysine (TML) was obtained from 

Sigma Chemical Co. (St. Louis, MO). [2H9]-TML and 

[2H3]-γ-butyrobetaine (γ-BB) were synthesised as 

described previously [22]. [2H9]-HTML (3-hydroxy-

6-N-trimethyllysine) was prepared enzymatically by 

incubating [2H9]-TML with Neurospora crassa TMLD, 

heterolougously expressed in Saccharomyces 

cerevisiae as described by Swiegers et al [23]. The 

resulting mixture of [2H9]-HTML and [2H9]-TML was 

applied to Amicon Ultra 30-kDa filters (Millipore, 

Ireland) and the deproteinized filtrate was used as 

internal standard for TML and HTML. 

Animal studies

The study was conducted according to the regulations 

of the Portuguese national legislation for the care and 

use of laboratory animals (Faculty of Pharmacy), in 

agreement with the European Directives 86/609/EEC 

and 2003/65/CE. Male Wistar rats (approx. weight 100 

g) were supplied by Harlan Laboratories (Barcelona, 

Spain). Animals were kept on a standard diet with ad 

libitum access to food and water. Two groups of rats 

(n=2×10) received a single intraperitoneal injection 

of sodium valproate in two doses (100 and 500  

mg/kg). A third group of animals (n=10) was submitted 

to subchronic treatment (100 mg/kg/day of VPA for two 

weeks). The respective control groups were treated 

similarly with 0.9 % saline solution (n=10 single 

dose, and n=12 subchronic regimen). The animals 

were sacrificed after mild anesthesia with urethane, 

approximately one hour after the single injection or 

after the last drug administration in the subchronic 

regimen. The livers, muscles, kidneys and hearts 

were immediately collected and freeze-clamped to 

storage at 80 °C until further use. 

Sample preparation 

Lyophilized rat tissues were ground to powder and 

weighed into Eppendorf tubes. Internal standards 

(1 mL of 80 % acetonitrile containing 480 pmol 

[2H]3-carnitine, 125 pmol [2H]3-propionylcarnitine, 

50 pmol [2H]3-octanoylcarnitine and 50 pmol  

[2H]3-palmitoylcarnitine) were added to the powdered 

tissue, mixed very well with a glass pipette and placed 

on ice. Homogenates were sonicated with 2 cycles of 

40 joules under constant cooling in ice-water. Samples 

were centrifuged at 16000 x g for 10 min at 4 °C and 

the supernatants collected and dried at 45 °C under a 

nitrogen flow. The samples were propylated at 60 °C 

for 15 min using 100 μL of 1-propanol/acetylchloride 

(4:1). The propylation reagent was evaporated at  

45 °C under a nitrogen flow and the residues were 

taken up in 200 µL of acetonitrile and stored at 4 °C 

until analysis.

Acylcarnitines isomers analysis was carried out without 

prior derivatization. A solution of methanol (80 % in 

water) containing the internal standards (300 μL) was 

added to the powdered tissues. Thereafter, a similar 

procedure as described above was followed until the 

evaporation of the supernatants. The dried residues 

were taken up in 200 μL 0.1% heptafluorobutyric acid 

in water.

Quantitative analysis of free carnitine and acylcarniti-

nes using ESI-MS/MS

Quantitative determination of free carnitine and 

acylcarnitines was performed using tandem mass 

spectrometry according to a published procedure 

[24]. A Quattro II triple-quadrupole mass spectrometer 
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(Micromass, Manchester, U.K.), fitted with a Gilson 

231XL autosampler and a HewlettPackard HP-1100 

HPLC pump, was used for analysis of the acylcarnitines. 

To detect all the propylated acylcarnitines, the scan 

range for parent ions of m/z 85 was extended to m/z 

180–600. MassLynx 3.3 (Micromass) was used for 

data analysis and quantification of the acylcarnitine 

levels. 

Analysis of acylcarnitine isomers

Acylcarnitine isomers were analysed using an ultra-

performance liquid chromatography (UPLC) system 

and tandem mass spectrometry. The samples were 

injected into a Waters Acquity BEH C18 column 

(100 mm x 2.1 mm, 1.7 µm) using a Waters Acquity 

Binary Solvent System and a Waters Acquity Sample 

Manager. The flow rate was set at 500 µL/min. 

Separation of acylcarnitines was performed at a 

column temperature of 50 °C and a gradient elution 

based on a binary system involving solvent A (0.1% 

heptafluorobutyric acid in water) and solvent B (100 

% methanol). For elution of the acylcarnitine esters 

solvent B was allowed to increase up to 60 % in  

12 min followed by a 2 min washing step with 100% 

solvent B in a total run time of 16 min. The analysis 

was performed using a Micromass Quattro Premier 

XE tandem mass spectrometer (MS/MS) in the 

positive electrospray ionization (ESI) mode. Nitrogen 

was used as nebulizing gas while argon was used as 

collision gas at a pressure of 2.5e-3 mbar. The capillary 

voltage was 3.5 kV. The cone voltage was set at  

35 V with a collision voltage of 25 V. Acylcarnitine esters 

were measured using multiple reaction monitoring 

(MRM) in the positive ionization mode, using the 

transitions: m/z 288.2 > 85.0 for C8-carnitine, m/z 

246.2 > 85.0 for C5-carnitine and m/z 232.2 > 85.0 for 

C4-carnitine. The system was controlled by Masslynx 

Software (v.4.1).

Preparation of liver homogenates

Liver tissues were homogenized in 10 mM Mops buffer 

containing 9 g/L NaCl, 100 g/L glycerol, and 5mM 

dithiothreitol (DTT), pH 7.4. The protein concentration 

was determined by the method of Bradford [25] using 

human serum albumin (HSA) as standard. 

6-N-trimethyllysine dioxygenase (TMLD) and  

4-trimethylaminobutyrate dioxygenase (γ-BBD) 

activity measurement

The reaction mixture consisted of 20 mM 

potassium phosphate buffer plus 50 mM KCl, 3 mM 

2-oxoglutarate, 10 mM sodium ascorbate, 0.5 mM 

DTT, 0.5 mM ammonium iron sulfate, 2.5 mg/ml BSA, 

2 mM TML and 200 µM [2H3]γ-BB, pH 7.4 with a final 

volume of 250 µl. The reaction was started by adding 

50 µl of homogenate (final protein concentration of 

1 mg/ml) to the reaction mixture and was incubated 

37 °C for 30 minutes. The reaction was terminated 

by the addition of ZnCl2 to a final concentration of 1 

mM and the reaction mixtures were placed on ice. 

The ZnCl2 solution contained the internal standards: 

50 pmol [2H9]-HTML and 560 pmol [2H9]-carnitine. 

Subsequently, the reaction mixture was loaded 

onto an Amicon Ultra 30-kDa filter and centrifuged 

at 14000xg for 20 min to separate the metabolites 

(TML, HTML, γ-BB and carnitine) from the enzymes 

and remove most of the proteins. 100 µl of the filtrate 

was derivatized with methylchloroformate, and the 

produced HTML and [2H3]-carnitine was quantified 

using ion-pair UPLC–tandem mass spectrometry 
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essentially as previously described [22].

Determination of carnitine biosynthesis intermediates 

in liver homogenates

Internal standards (50 pmol [2H9]-HTML, 80 pmol  

[2H9]-TML, 550 pmol [2H3]γ-BB and 560 pmol 

[2H3]-carnitine) were added to each sample and 

derivatization was performed as described above. 

Samples were deproteinized using an Amicon 

Ultra 30-kDa filter. TML, HTML, carnitine and γ-BB 

were quantified using ion-pair UPLC–tandem mass 

spectrometry as previously described [22].

Statistical analysis

The statistical difference between groups was 

determined using two-tailed unpaired Student’s t test 

with the confidence intervals set at 95 %. Data with 

p values less than 0.05 and 0.01 are indicated in the 

figures with asterisk and cardinal, respectively. 

RESULTS 

Levels of free carnitine and acylcarnitines in liver, 

muscle, kidney and heart of rats treated with a single 

administration of VPA

Free carnitine (C0) and a range of acylcarnitines 

(C2 to C20) were quantified in liver, muscle, kidney 

and heart tissues from rats treated with either saline 

(controls) or a single administration of either 100 or 

500 mg/kg VPA (Fig. 1-A to 1-D). Free carnitine in the 

liver, the prime organ for drug metabolism, increased 

upon the administration of a non-physiological dose 

but remained unchanged after the physiological 

dose of 100 mg/kg (Fig 1 A-1). The sum of all 

acylcarnitines increased steadily in this tissue (Fig 1 

A-2) and the latter increase was of such importance 

that the carnitine/acylcarnitine ratio showed an 

ongoing decrease (Fig 1 A-3). In contrast, the muscle 

free carnitine decreased upon VPA administration 

whereas its acylcarnitine content increased on the 

non-physiological dose (Fig 1-B). The changes 

observed in kidney and heart tissue were far more 

straightforward, the only memorable finding being the 

decrease of the carnitine/acylcarnitine ratio (Fig 1-C 

and 1-D). 

The changes of the acylcarnitines in the liver are 

depicted in Fig. 2 (A to E). Most of the short-chain, 

medium-chain and long-chain acylcarnitines were 

found to be significantly increased in the livers of 

rats subjected to VPA treatment  Interestingly, a clear 

increase (130%) of acetylcarnitine (C2), was observed 

in animals treated with the highest dose of VPA (Fig. 

2-A). In addition, the increment in propionylcarnitine 

(C3) and (iso)butyryl-carnitine (C4) is striking in this 

group of animals (Fig. 2-B). Virtually all increments 

were statistically significant at the p<0.01 level 

following the supra-physiological dose.

Levels of free carnitine and acylcarnitines in liver, 

muscle, kidney and heart of rats under subchronic 

treatment with VPA

Two weeks of VPA treatment with the physiological 

dose of 100 mg/kg/day caused the levels of free 

carnitine and the sum of all acylcarnitines to return 

to normal (Fig 3-A to 3-D). However, in liver, some 

short-chain and medium-chain acylcarnitines 

were found to differ significantly from controls. 

Table 1 summarizes the changes of these 

acylcarnitines. Only malonylcarnitine (C3-DC), 
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Figure 1 – Free carnitine (1), total acylcarnitines (2) and the carnitine/acylcarnitine ratio (3) as determined in liver (A), 
muscle (B), kidney (C) and heart (D) tissues of control rats (white bars, n = 10) and rats treated with a single dose of 100 
mg of VPA/Kg (grey bars, n = 10) or 500 mg of VPA/Kg (dashed bars, n = 10). ( * and # represent a statistically significant 
difference between controls and rats treated with VPA  with p<0.05 and p<0.01, respectively).

pentanoyl-/isovaleryl-/2-methylbutyryl-carnitine (C5 

isomers), 3-hydroxyisovalerylcarnitine (C5-OH), 

adipoylcarnitine (C6-DC), cis-4-decenoylcarnitine 

(C10:1) and decanoylcarnitine (C10) accumulated in 

liver after a subchronic regimen with VPA during two 

weeks.

Isomer separation of C8-, C5- and C4-acylcarnitines 

in livers of rats

The analysis of acylcarnitines implies propylation of 

samples, as a pre-analytical procedure. However, 

several acylcarnitines have identical molecular 

masses. In order to distinguish the different 
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Figure 2 – Short- (A and B), medium- (C), long- (D) and very long- (E) chain acylcarnitines as determined in liver tissues 
of control rats (n = 10, white bars) and rats treated with a single dose of 100 mg of VPA/Kg (n = 10, grey bars) or 500 mg 
of VPA/Kg (n = 10, dashed bars). ( * and # represent a statistically significant difference between controls and rats treated 
with VPA  with p<0.05 and p<0.01, respectively). Abbreviations: DC = dicarboxylic; OH = hydroxyl; Cn:x = acyl residues 
with n carbons and x double bonds.

acylcarnitine isomers, we have used a different 

analysis method to differentiate the C8-, C5- and C4-

acylcarnitine isomers by coupling high performance 

liquid chromatography with tandem mass 

spectrometry. Therefore, a reanalysis of underivatized 

samples from a subset of 20 livers (5 rats treated with 

100 mg/kg of VPA for 2 weeks, 5 rats treated with a 

single dose of 500 mg/kg and 2x5 control rats) was 

undertaken. Using this method, C8-carnitine (m/z 

288.2 → 85.0) could be separated into valproyl- and 

octanoyl-carnitine, C5-carnitine (m/z 246.2 → 85) 

was separated into valeryl-, isovaleryl- and (R/S)-
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Figure 3 – Free carnitine (1) and total acylcarnitines (2) and carnitine/acylcarnitine ratio (3) determined in rat liver (A), 
muscle (B), kidney (C) and heart (D) tissues of control rats (white bars, n = 10) and rats treated with 100 mg of VPA/Kg/
day (grey bars, n = 12) for 2 weeks. 

2-methylbutyryl-carnitine ((R/S)-2MeC4-carnitine) 

and C4-carnitine (m/z 232.2 → 85) into butyryl- and 

isobutyryl-carnitine. Their quantification is shown in 

figure 4 and figure 5 (A and B). Only a small fraction 

of the total C8-carnitine, estimated before separation 

of isomers, represented the drug’s carnitine ester, i.e. 

valproylcarnitine. Moreover, the results show that VPA 

treatment is associated with a significant increase of 

both (R+S)-2MeC4 and C5OH-carnitines.
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Table 1 – List of the concentration of acylcarnitines (pmol/mg dry tissue) in liver tissues of rats treated with a single i.p. 
injection of sodium valproate (100, 500 mg/kg) (n = 2x10) and rats treated with 100 mg of VPA/Kg (n = 12) for 2 weeks 
and respective controls (n = 2x10); p values were calculated against the respective control. All significantly increased 
acylcarnitines are in bold.  Abbreviations: DC = dicarboxylic; OH = hydroxyl; Cn:1 = acyl residues with n carbons and 
monounsaturated. 

    Single dose treatment    Subchronic treatment  

 Controls 100 mg VPA/Kg 500 mg VPA/Kg  Controls 100 mg VPA/Kg  

 Mean SD Mean SD P value Mean SD P value Mean SD Mean SD P value

C0 439 65.3 449 82.4 7.6E-01 763 211 2.0E-04 350 42.1 410 112 1.2E-01

C2 212 36.2 243 35.6 7.0E-02 482 132 6.9E-06 187 24.9 204 67.6 4.8E-01

C3 12.3 2.36 20.6 9.77 1.8E-02 58.6 25.0 1.6E-05 13.7 4.12 13.5 5.40 9.5E-01

C3DC 0.78 0.13 1.08 0.44 5.2E-02 0.80 0.17 7.7E-01 0.78 0.19 0.96 0.13 1.7E-02

C4² 61.4 19.5 58.5 17.5 7.3E-01 101 37.8 8.4E-03 56.1 19.0 68.2 30.4 2.9E-01

C4-3OH 1.37 0.41 2.10 0.81 1.9E-02 1.77 0.31 2.4E-02 1.30 0.35 1.39 0.23 5.2E-01

C4DC 0.59 0.14 0.71 0.18 1.1E-01 1.80 0.68 3.0E-05 0.58 0.13 0.59 0.13 9.7E-01

C5² 3.76 0.74 7.37 2.16 9.2E-05 15.6 6.19 1.1E-05 3.96 0.91 5.69 1.67 8.4E-03

C5-OH 1.17 0.16 1.50 0.32 9.4E-03 3.04 1.35 3.6E-04 1.23 0.40 1.57 0.34 4.1E-02

C6 2.71 2.19 2.53 1.49 8.3E-01 7.58 3.25 9.8E-04 2.53 1.85 1.87 1.16 3.2E-01

C6DC 0.76 0.16 1.57 0.91 1.3E-02 3.09 1.28 2.0E-05 0.56 0.16 0.88 0.27 3.6E-03

C7DC 0.55 0.17 0.63 0.22 3.7E-01 1.18 0.38 1.5E-04 0.47 0.12 0.45 0.15 7.1E-01

C8:1 0.15 0.04 0.19 0.08 1.9E-01 0.33 0.14 7.8E-04 0.11 0.06 0.14 0.05 1.2E-01

C8² 1.15 0.47 1.70 0.92 1.1E-01 2.64 1.10 1.0E-03 0.84 0.34 0.90 0.22 6.0E-01

C8-DC 0.57 0.09 0.81 0.43 1.0E-01 2.77 1.14 9.6E-06 0.41 0.15 0.51 0.20 1.9E-01

C10:1 0.11 0.05 0.31 0.20 6.5E-03 0.39 0.20 4.5E-04 0.12 0.05 0.21 0.11 2.8E-02

C10 0.93 0.40 2.89 0.97 1.4E-05 2.39 0.85 1.1E-04 0.85 0.28 1.77 0.55 1.2E-04

C11 0.42 0.12 0.53 0.18 1.1E-01 0.41 0.16 8.7E-01 0.25 0.06 0.34 0.14 7.3E-02

C12:1 0.51 0.41 1.12 0.85 5.4E-02 1.95 0.99 4.5E-04 0.51 0.31 0.38 0.28 3.3E-01

C12 1.06 0.63 2.41 1.53 1.9E-02 4.13 1.58 2.0E-05 1.08 0.54 0.92 0.51 4.8E-01

C12-OH 0.57 0.09 0.81 0.43 1.0E-01 2.77 1.14 9.6E-06 0.41 0.15 0.51 0.20 1.9E-01

C14:2 0.25 0.18 0.82 0.71 2.5E-02 1.36 0.56 1.2E-05 0.22 0.13 0.19 0.15 6.1E-01

C14:1 1.32 1.32 3.68 2.91 3.2E-02 6.68 2.74 2.7E-05 1.35 1.00 1.11 0.94 5.6E-01

C14 2.70 1.76 7.78 5.64 1.4E-02 14.9 5.25 1.8E-06 3.13 1.65 2.53 1.79 4.3E-01

C14-OH 0.11 0.07 0.26 0.14 4.5E-03 0.61 0.28 2.4E-05 0.10 0.06 0.16 0.09 7.7E-02

C16:2 0.32 0.23 1.07 0.93 2.4E-02 1.93 0.65 6.9E-07 0.34 0.16 0.28 0.22 5.0E-01

C16:1 1.83 2.20 7.69 6.74 1.8E-02 13.0 3.50 8.9E-08 2.48 2.35 1.86 2.17 5.3E-01

C16 3.81 3.58 19.6 15.4 5.3E-03 40.9 13.4 1.1E-07 5.60 4.13 3.74 3.50 2.7E-01

C16-OH 0.04 0.06 0.26 0.15 5.5E-04 0.59 0.21 2.9E-07 0.06 0.07 0.05 0.07 8.2E-01

C18:2 0.64 0.63 5.25 4.66 6.2E-03 12.6 3.28 1.3E-09 0.88 0.71 0.83 0.98 8.9E-01

C18:1 2.42 2.48 14.3 11.1 4.0E-03 30.3 6.98 5.6E-10 3.61 3.02 2.98 3.34 6.5E-01

C18 0.94 0.51 3.60 2.36 2.6E-03 7.48 4.04 7.9E-05 1.26 0.62 0.96 0.50 2.3E-01

²	The indicated values represent undifferentiated acylcarnitine isomers. A more accurate quantification of the different isomers 
is presented in figure 4 and 5.

Analysis of the carnitine biosynthesis in livers of rats

To elucidate the cause of the increased free carnitine 

in liver following the single dose of VPA, we measured 

the activity of two key-enzymes in the carnitine 

biosynthesis as well as the intermediates of the 

carnitine biosynthetic pathway (Fig. 6-A).

TMLD and γ-BBD activities were determined in 

liver tissue of rats treated with a single dose of 500  

mg/kg VPA. No significant differences were found in 

the activity of TMLD in livers of VPA-treated rats as 

compared with controls (Fig. 6-B). However, Fig. 6-C 

shows a significant increase of the activity of γ-BBD 

in livers of rats treated with VPA (27 ± 7.6 pmol/(mg 

prot·min) for controls vs 47 ± 12 pmol/(mg prot·min) 

for rats treated with 500 mg/kg).  

The intermediates of the carnitine biosynthesis 
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Figure 5 – Isomer acylcarnitine separation 
in rat liver tissues of control rats (white 
bars, n = 5) and rats treated with 100 mg 
of VPA/Kg/day for 2 weeks (grey bars, n = 
5). Graphs A and B show the isomers with 
acyl residues containing 5 and 4 carbons, 
respectively. (* represent a statistically 
significant difference between controls 
and rats treated with VPA with p<0.05). 
Abbreviations: Me = methyl; Cn = acyl 
residues with n carbons.
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Figure 4 – Isomer separation of acylcarnitines containing an acyl 
residue with 8 carbons in rat liver tissues of control rats (white bars, 
n = 5) and rats treated with 500 mg of VPA/Kg/day rats (dashed 
bars, n = 5). ( * and # represent a statistically significant difference 
between controls and rats treated with VPA  with p<0.05 and 
p<0.01, respectively). Abbreviations: Cn = acyl residues with n 
carbons; VP = valproyl.

pathway were also quantified in liver tissue of the 

same animals. Out of the four quantified intermediates 

only γ-BB (Fig. 6-D) and carnitine (Fig. 6-E) were 

significantly increased in livers of rats treated with 500 

mg/kg (γ-BB: 29 ± 3.9 vs 47 ± 11 pmol/mg prot and 

carnitine: 759 ± 174 vs 1352 ± 329 pmol/mg prot, data 

obtained in controls and treated rats, respectively).  

DISCUSSION 

Our results have demonstrated that the administration 

of valproate seriously interferes with the homeostasis 

of carnitine and the acylcarnitines in the liver and the 

muscle of rats. With some probability this conclusion 

can be extrapolated to humans. We have unequivocally 

shown that valproate administration, either acute or 

subchronically, does not result in carnitine depletion 

in liver, probably as a result of rapid upregulation 

of the endogenous carnitine biosynthetic system. 

Notwithstanding these general remarks, several 

specific changes were observed. 

Free carnitine is not depleted in liver and heart of  

valproate-treated rats

Our study shows that free carnitine in the liver of rats 

treated with the lower dose of valproate is not altered 

either following a single dose or after the subchronic 

treatment. Interestingly, there is even a remarkable 

increase of carnitine in rats treated with a single high 

dose of sodium valproate. In contrast, free carnitine 

was significantly decreased in the muscle of rats 

treated with a single dose of valproate. Levels of free 

carnitine were not affected in the heart after valproate 

treatment. These results are in agreement with 

previously published data showing that VPA did not 

affect serum free carnitine concentrations of patients 

with epilepsy on a normal diet [20, 26]. The reports 

supporting the hypothesis of carnitine depletion 

induced by VPA especially during longterm or high-

dose therapy, are mostly based on the suggested 

mechanism of valproylcarnitine formation [13, 

27]. However, it is important to emphasize that the 

identification of valproylcarnitine has not (or rarely) 
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Figure 6 – The carnitine biosynthesis pathway (scheme A). Graphs B, C, D and E show the activity of TMLD, γ-BBD and the quantification 
of carnitine and γ-BB (4-trimethylaminobutyrate) respectively, in liver tissues of control rats (n = 5) and rats treated with a single dose of 
500 mg of VPA/Kg (n = 4). (* represent a statistically significant difference between both groups of animals, with p<0.05). 
Abbreviations: TMLD = 6-N-trimethyllysine dioxygenase; HTMLA = 3-hydroxy-6-N-trimethyllysine aldolase; TMABADH = 
4-trimethylaminobutyraldehyde dehydrogenase; γ-BBD = 4-trimethylaminobutyrate dioxygenase.

been demonstrated in most of those studies, since 

its analysis requires specialized procedures [28]. 

Valproylcarnitine is an isomer of octanoylcarnitine. 

Our results show elevated levels of C8-carnitine in the 

liver of rats treated with a single dose of valproate, 

a mixture containing both isomers. The resolution 

of both isomers allowed us to demonstrate that the 

levels of valproylcarnitine were not impressive and 

did not affect the levels of free carnitine.

Carnitine biosynthesis in liver is immediately induced 

after valproate intake

One possible explanation for the results discussed 

above suggests a redistribution of carnitine from 

muscle to the liver, an organ highly dependent on 

carnitine availability and long-chain FAO for energy 

production. The import of carnitine into the liver can 

occur through the organic cation transporters, OCTN 1 

and OCTN 2. Since rat OCTN 1 has a low affinity for 

carnitine [29, 30], the transport most probably occurs 

via OCTN 2. Considering that OCTN 2 is poorly 

expressed in liver [31], another possible explanation 

of the remarkable increase of hepatic carnitine levels 

would be a stimulation of the endogenous biosynthesis 

of carnitine. Our results clearly support this latter 

hypothesis, since the activity of γ-BBD, the final 

enzyme of the biosynthetic pathway of carnitine (Fig. 

6-A), is significantly increased in the liver of treated 
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rats. γ-BBD is not expressed in extrahepatic tissues 

(except testis) and the substrate γ-BB produced in 

these tissues must be transferred to the liver through 

at least two transporters [32, 33] for conversion into 

carnitine. Since carnitine is depleted in the muscle 

of rats treated with a single high dose of VPA, the 

significant increase of γ-BB in liver of the same rats 

suggests the transport of this metabolite from muscle 

to the liver to meet the metabolic requirements of 

carnitine in liver. An up-regulation of hepatic γ-BBD 

could not be excluded, but the time elapsed after the 

drug intake (1 h) to tissue sampling is too short to 

justify this mechanism. The reversible change in the 

covalent structure of γ-BBD such as (de)acylation 

may act as a switch in regulating enzyme activity thus 

driving the activation of the carnitine biosynthesis 

pathway. This hypothesis needs further clarification 

[34].

Esterified fraction of carnitine (acylcarnitines)  

increased significantly at the initiation of VPA treat-

ment

There is a significant increase of all acylcarnitines in 

liver, muscle and kidney of rats treated with a single 

high dose of valproate that may be due to the direct or 

indirect interference of the drug with several metabolic 

pathways, including mitFAO. Since liver is the target 

organ for valproate toxicity, we focused on this set 

of individual acylcarnitines. A possible explanation 

for the unexpected acylcarnitine increase in the liver 

of rats treated with a single dose of VPA comprises 

the organ’s immediate need for free coenzyme A to 

be used in the esterifying reaction of VPA resulting 

in VPA-CoA. This liberation of CoA can be achieved 

by generalized carnitine acyltransferase catalyzed 

reaction affecting all acyl-CoA’s, both the mitochondrial 

membrane bound species and the acyl-CoA’s present 

in the mitochondrial matrix. The carnitine/acylcarnitine 

ratio reflects changes in the hepatic CoA/acyl-CoA 

ratio [35]. Our group is currently investigating the 

potential depletion of hepatic CoA levels associated 

with valproate therapy. 

Some branched-chain acylcarnitines remain elevated 

in liver tissue after a subchronic treatment with VPA

After repeated VPA administrations, some acylcarnitines 

remained increased in liver. Our results demonstrate 

a clear rise of 3-hydroxy-isovalerylcarnitine (C5-OH) 

in the liver which is in agreement with the increased 

plasma and urine concentration of C5-OH (both as 

free acid and carnitine ester) in VPA treated patients 

[20]. Excessive 3-hydroxy-isovaleric acid is a marker 

for 3-methylcrotonyl-CoA carboxylase, biotinidase or 

holocarboxylase synthetase deficiency [36], which 

may suggest that valproate interferes with the activity 

of these enzymes, a hypothesis that is currently being 

investigated in our laboratories.

Furthermore, there was a tendency of isovaleryl 

carnitine to accumulate, together with a significant 

increase of (R+S)-2-methylbutyrylcarnitine in the rats 

treated with valproate for 15 days, suggesting an 

interference of the drug with the oxidative metabolism 

of leucine and isoleucine, respectively. This result is 

in agreement with previously published work from 

our group, showing that valproyl-CoA inhibits both 

human isovaleryl-CoA dehydrogenase (IVD) and  

short-branched chain acyl-CoA dehydrogenase 

(SBCAD) by a competitive mechanism [17]. 

Interestingly, valproyl-CoA did not affect  

isobutyryl-CoA dehydrogenase (IBD) [17] and 
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consequently our present results do not reveal any 

increase of isobutyrylcarnitine. Our results also 

show increased malonylcarnitine (C3-DC) and 

adipoylcarnitine (C6-DC) upon subchronic treatment 

with VPA. The latter likewise C8-DC most probably 

reflects the in vivo induction of fatty acid ωoxidation 

[37] caused by VPA. In the liver of rats treated with 

a single dose of VPA, the higher levels of both C6-

DC and C8-DC support this hypothesis, which 

clearly reflects the VPA-induced inhibition of mitFAO. 

Moreover, increased decanoylcarnitine (C10) and 

cis-4-decenoylcarnitine (C10:1) in the subchronically 

treated rats indicates the interference of VPA with 

medium-chain FAO, namely through an inhibition 

of  medium-chain acyl-CoA dehydrogenase (MCAD) 

[38]. Unfortunately, the absence of an increase of 

additional straight medium-chain acylcarnitines (C8, 

C6) does not endorse this hypothesis. 

Valproate induces significant changes in carnitine  

homeostasis at the onset of treatment, but immediate 

compensatory mechanisms are promoted in vivo

While this study demonstrates the changes in free 

carnitine and acylcarnitine species in VPA treated 

rats, some questions remain unanswered. The 

true mechanisms underlying a global increase of 

acylcarnitines in the rats treated with a single high 

dose of VPA are still not known. Our results show that 

there are important mechanisms of in vivo adaptation 

to valproate restoring free carnitine levels in all 

tissues, and possibly leading to the normalization of 

the acylcarnitines. Nevertheless, there are a number 

of acylcarnitines that remain increased in the liver 

during the subchronic treatment with VPA, suggesting 

an interference of the drug with the oxidation of 

leucine and isoleucine, and mitFAO. 

In conclusion, the present work provides new insights 

on the effect of VPA on fatty acid metabolism and 

carnitine homeostasis in vivo, which may contribute 

to the understanding of the pathogenic mechanisms 

of steatosis associated with VPA treatment. Valproate 

induced unequivocal changes in free carnitine and 

total acylcarnitine in liver, muscle and kidney at the 

onset of the treatment, which may account for the 

adverse effects associated either with the start of VPA 

therapy or with cases of overdose. However, carnitine 

homeostasis attains a different equilibrium state after 

a subchronic treatment with VPA at therapeutic doses. 

The induction of endogenous carnitine biosynthesis 

may well be an important adaptive mechanism to 

rescue hepatic free carnitine levels after drug-induced 

stress on mitochondrial metabolism. 
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Abstract

The depletion of coenzyme A (CoA) is believed to be one of the main causes of the liver toxicity and 
microvesicular steatosis caused by valproate (VPA). Aims: To study the effect of VPA on hepatocellular CoA 
levels. Methods: HepG2 cells were incubated with or without VPA (10 mM) or 4-pentenoic acid (1 mM). Wistar 
rats were treated with one single i.p. injection of sodium valproate (100, 500 mg/kg; n=2x10). Another group 
of rats was subjected to a subchronic regimen (100 mg/kg/day for two weeks). The respective control groups 
were treated similarly with 0.9% saline solution. Free and total levels of CoA were determined in HepG2 cells 
and rat liver tissues by HPLC with fluorescence detection using a newly devised method. Results: A rapid 
decrease of free CoA occurred after a short incubation of HepG2 cells with 10 mM VPA when compared with 
the respective control. However, after 3 hours incubation, free CoA had returned to supra-normal levels. A 
significant dose dependent decrease of free CoA was detected in liver tissues of rats treated with a single dose 
of valproate as compared to controls. No significant changes were seen in livers of rats treated subchronically 
with VPA. Discussion: Our results clearly show the depletion of free CoA, during the early phase of VPA 
treatment. However, upon prolonged treatment with VPA, CoA levels normalized. The decreased bioavailability 
of this cofactor, may account for the pathogenesis of the adverse effects associated with the start of VPA 
therapy or with cases of overdose.

Keywords:  Valproic acid, mitochondrial fatty acid oxidation, coenzyme A, drug-induced liver injury, liver steatosis

INTRODUCTION

Valproic acid (VPA) is the generic or non-brand name 

of a widely used medicine for seizure treatment [1]. 

More recently several studies have shown that VPA 

is a histone deacetylase inhibitor [2] with potential 

benefit for the control of several types of carcinoma 

[3-5]. Despite its worldwide use in different clinical 

situations and the expanding therapeutic applications 

of VPA, there are numerous case reports in literature 

describing exposure to this drug to be associated with 

vomiting, fatty liver, encephalopathy, coma or even 

death. The incidence of acute VPA poisoning, whether 

resulting from intentional or accidental overdose, 

is increasing [6-8] probably as a consequence of 

the use of VPA also in psychiatric disorders. VPA 

may cause Reye’s-like syndrome, triggering serious 

systemic reactions associated with hepatic injury 

[9;10]. Microvesicular steatosis induced by VPA has 

been associated with decreased mitochondrial fatty 

acid β-oxidation (FAO) [11]. The mechanisms of FAO 

impairment associated with this drug have been 

studied in vivo and in vitro [12;13]. Mitochondrial 

FAO may be impaired in the liver through various 

mechanisms [12;14-16]. Being a branched-chain 

organic acid drug, VPA is converted into an acyl-CoA 

ester to allow its β-oxidation in the mitochondria. It 
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is first converted to valproyl-CoA (VP-CoA) in the 

cytosol [17] or in the mitochondria by a medium-chain 

acyl-CoA synthetase followed by the formation of the 

subsequent intramitochondrial CoA ester metabolites 

[18;19]. VPA administration may potentially result in 

depletion of CoA especially in the liver. This decrease 

of CoA could lead to the inhibition of CoA-dependent 

metabolic processes involving other endogenous 

fatty acids [20-23], branched-chain amino acids as 

well as pyruvate and 2-oxoglutarate. Furthermore, the 

branched-chain acyl-CoA esters formed during VPA 

biotransformation seem to have a greater resistance 

to hydrolysis than straight-chain acyl-CoAs, probably 

due to steric hindrance [18;24;25], a fact that could 

exacerbate CoA depletion. The increased acyl-CoA/

CoA ratio associated with lower levels of acetyl-CoA 

is thought to be a consequence of either β-oxidation 

of the VP-CoA in the mitochondrial matrix or direct 

inhibition of FAO enzymes [26]. Moreover, it has 

been reported that patients with compromised fatty 

acid oxidation have hepatic accumulation of long and 

medium-chain acyl-CoA esters with possible severe 

depletion of free CoASH [14;27-29] and decreased 

formation of acetyl-CoA. 

The decrease of the in vivo CoA pool after VPA 

administration is frequently mentioned as one of 

the causes of VPA induced-hepatotoxicity, however 

this hypothesis has never been adequately 

documented. In the present study we have developed 

a sensitive method to quantify free and total CoA in 

biological samples using a fluorescent probe, i.e. 

4-(Aminosulfonyl)-7-fluorobenzofurazane (ABD-F). 

Subsequently, in vitro studies were performed with 

HepG2 cells incubated with VPA and 4-pentenoic 

acid (Δ4-PA), a known chemical inducer of coenzyme 

A depletion [30]. Moreover, an in vivo study was 

performed with Wistar rats treated with VPA. These 

animals were divided into two groups where one 

group receiving VPA subchronically and while the 

other group was treated with a single dose of VPA. 

The latter group included animals subjected to a 

therapeutic and a supra-therapeutic dose.  The free 

and total CoA content was quantified in the respective 

liver tissues. 

EXPERIMENTAL PROCEDURES

Materials

Valproic acid, human and bovine serum 

albumin, bicinchoninic acid, 4-(Aminosulfonyl)-7-

fluorobenzofurazane (ABD-F) and CoA trilithium 

salt were obtained from Sigma Chemical Co. (St. 

Louis, MO). Perchloric acid (PCA), EDTA, TRIS, 

potassium hydroxide and lichrosolvgrade solvents 

for high performance liquid chromatography (HPLC) 

were obtained from Merck (Darmstadt, Germany). All 

cell culture media and supplements were purchase 

from Gibco (Invitrogen, Breda, The Netherlands). 

Lichrosolv-grade solvents for HPLC were obtained 

from Biosolve (Valkenswaard, The Netherlands). 

Synthesis of valproyl-CoA

Valproyl-CoA and valproyl-dephosphoCoA were 

synthesized from VPA, CoA and dephosphoCoA 

according to published procedures [18;31].

Cellular studies

HepG2 cells were cultured in DMEM with glutamine, 

10% fetal bovine serum, 10% Hepes, 1% mixture of 

penicillin, streptomycin, fungizone and incubated in a 
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humidified CO2 incubator (5% CO2, 95% air) at 37 ºC. 

HepG2 cells were seeded in 6 well plates and 

following attachment, incubations were performed 

with or without VPA 10 mM or Δ4-PA 1 mM at 37 ºC. 

Incubation times varied from 0 to 180 min. 

Animal studies

The study was conducted according to the Portuguese 

National legislation for the care and use of laboratory 

animals (Faculty of Pharmacy). Male Wistar rats 

(approx. weight 100 g) were acquired from Harlan 

Laboratories (Barcelona, Spain). Animals were kept 

on a standard diet with ad libitum access to food and 

water. Two groups of rats (n=2x10) received a single 

intraperitoneal injection of sodium valproate (100 

or 500 mg/kg). A third group of animals (n=10) was 

submitted to a subchronic regimen (100 mg/kg/day 

of VPA for two weeks). The respective control groups 

were administered similarly with 0.9% saline solution 

(n=10 single dose, and n=12 subchronic regimen). 

The animals were sacrificed after mild anesthesia 

with urethane, approximately one hour after the single 

dose injection or after the last drug administration in 

the subchronic regimen. The livers were immediately 

collected and freezeclamped with liquid nitrogen and 

stored at -80 ºC until further use. 

Sample preparation 

For quantification of free CoA, lyophilized rat liver 

tissues were grinded to powder and weighed into 

Eppendorf tubes prior to extraction. PCA 0.5 M 

was added to the powdered tissue, mixed well and 

placed on ice. For the determination of free CoA in 

HepG2 cells, cells were washed twice with ice-cold 

PBS and PCA (0.5 M) was added to the wells and 

the plates were placed on ice. The cells were scraped 

and the respective homogenates were transferred 

to Eppendorf tubes. Samples were centrifuged at 

20,000 X g for 10 min at 4 ºC and the supernatants 

were transferred to a new Eppendorf tube and 

neutralized with KOH/TRIS (0.5 M/0.1 M). Following 

a new centrifugation again at 20,000 X g for 10 min at 

4 ºC, aliquots from the supernatants were transferred 

to glass tubes for CoA determination by HPLC with 

fluorescence detection whereas other aliquots were 

used for valproyl-CoA determination by HPLC-ESI-

MS/MS.

For quantification of total CoA the samples were 

subjected to alkaline hydrolysis. Therefore, KOH 

0.5 M was added to the powdered tissue or to the 

plated cells and hydrolysis was carried out at 60 ºC 

for 30 min. After hydrolysis the cell homogenates 

were transferred to an eppendorf tube. All samples 

were neutralized with PCA/TRIS (0.5 M/0.1 M) and 

centrifuged at 20,000 X g for 5 min at 4ºC. The 

respective supernatants were transferred to glass 

tubes for CoA determination. 

The CoA standards were prepared in water prior to 

derivatization. To calculate the respective standard 

concentration accurately, the stock solutions of CoA 

were measured spectrophotometrically at 263 nm 

using a molar extinction coefficient of 6.200 M-1.cm-1.

Assay of CoA determination in rat liver tissue and 

HepG2 cells

After sample preparation the supernatants were 

incubated with 100 μL of 5 mM ABD-F in 0.4 M 

borate buffer containing 2 mM EDTA (final pH 9.2) at  

50 ºC for 30 min. ABD-CoA adduct was quantified 

by HPLC using a method adapted from Whittle et 
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al. [32]. The chromatographic system consisted of a 

Hewlett Packard pump (series 1100) and a Gilson 231 

X-sampling injector. A 150 mm x 4.60 mm x 3 micron, 

Luna C18 100 A column and a security guard cartridge 

filled with the same packing material (Phenomenex) 

were used. Eluted analytes were detected by a 

fluorescence detector (FP2020 Plus, Jasco) set at 

an excitation wavelength of 380 nm and an emission 

of 510 nm. Separation was achieved using a binary 

system of solvent A (10 % acetonitrile and 90 % 0.1 

M potassium phosphate pH 6.2) and solvent B (60 % 

acetonitrile and 40 % 0.1 M potassium phosphate pH 

6.2) at a flow rate of 1.0 mL·min-1. For gradient elution 

of CoASH, solvent B was increased to 70% in 20 min 

followed by a washing step. Volume injection was  

75 µL.

Peak identification in rat liver homogenate and HepG2 

cells 

For the determination of CoA, incubations were 

performed after extraction of free CoA either from rat 

liver tissue or HepG2 cell homogenate. Supernatants 

were incubated with 10 mM TRIS pH 8 and 0.025 mg 

of alkaline phosphatase for 1 hour. The reactions were 

terminated by adding 10 mL 2 M HCl and afterwards 

the samples were placed on ice. After neutralization 

with a solution containing 2 M KOH plus 1 M MES 

pH 6.0, free CoA was determined using the method 

previously described. Protein curves and recovery 

studies were performed with and without a CoA spike 

using the study models, rat liver tissue and HepG2 

cells.

Quantitative analysis of acyl(C8)-CoA using  

HPLC-ESI-MS/MS

The samples were injected onto an YMC-Pack 

Pro C4 column (3 μm x 2.1 mm x 100 mm, YMC 

Europe GMBH) using a HPLC system consisting of 

a Surveyor MS-pump with degasser and a Surveyor 

autosampler with column oven (Thermo Finnigan). 

The flow rate was set at 250 µL/min. Elution of  

acyl-CoAs was performed at 40 ºC with a tertiary 

system using solvent A (50 mM ammoniumacetate, 

pH 7.0), solvent B (100 % acetonitrile) and solvent 

C (20 mM ammoniumbicarbonate). For elution of 

the acyl-CoA esters solvent A decreases 29 % with 

the respective increase of solvent B in 5 min. In 4.9 

min solvent B increases 40 % with the concomitant 

decrease of solvent C from 70 to 30 %. After 5 min 

the washing step takes place in a total run time of 

20 min. The analysis was performed using a triple-

quadrupole TSQ Quantum HPLC tandem mass 

spectrometer (MS/MS) from Thermo Finnigan in the 

negative electrospray ionization (ESI) mode. 

Nitrogen was used as nebulizing gas while argon 

was used as collision gas at a pressure of 1.5 mTorr. 

The capillary voltage was 2.5 kV and the respective 

temperature was 350 ºC, with optimal collision energy 

of 30 eV. Acyl-CoA esters were measured using 

multiple reaction monitoring (MRM) in the negative 

ionization mode, using the transitions: m/z 445.5 → 

79.0 for C8-CoA and measuring the [M-2H]2- ion. The 

system was controlled by Xcalibur Software (v.2.0).

Statistical analysis

The analysis of data was performed using the t-test 

and Graph Pad Prism software (Prism 5 Demo).
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RESULTS

 

Assay of Coenzyme A 

In order to quantify free or non-esterified CoA 

(CoASH) in HepG2 cells and rat liver tissues, we 

selected ABD-F as derivatization agent.  First we 

tested several concentrations of ABD-F and the 

derivatization of CoA was shown to be complete 

in the presence of 1 mM of ABD-F after 30 min at  

50 ºC using either rat liver tissues or HepG2 cells. The 

elution of the derivatization product (ABD-CoA), eluted 

in about 10 min (Fig. 1) and complete resolution of the 

chromatographic peak of interest was obtained. The 

ABD-F derivative was stable for at least one week at 

4 ºC. 

Figure 1 shows that all free CoA in both samples was 

converted to dephosphoCoA by alkaline phosphatase. 

This result suggests that the peak eluting as CoASH is 

indeed CoASH and guarantees the absence of other 

ABD-F derivatives eluting at the same time point as 

ABD-CoA. We were not able to identify the peak that 

elutes at 10 min in figure 1-A and 1-B. This compound 

Figure 1 – HPLC chromatograms relative to the identification of free CoA in HepG2 (A) rat liver tissues (B) and aqueous solution (C). 
After CoA extraction of 10 mg of dry liver tissue or 10 mg of dried HepG2 cell homogenate, the respective supernatants were incubated 
with 10 mM Tris pH 8 and 0.025 mg of alkaline phosphatase for 1 hour (······) or 0 min (——) (corresponding blank). Peak identification: 
1 – CoA and 2 – dephosphoCoA.

Figure 2 – Free (filled columns) 
and total (dashed columns) CoA 
amounts determined by HPLC 
in homogenates of HepG2 cells 
incubated at 37 ºC with VPA 
10 mM or Δ4-PA 1 mM  and the 
respective controls, for 15 min 
(black columns) and 3 hours (grey 
columns). The 100 % of CoA levels 
in homogenates of HepG2 cells 
incubated for 15 min and 3 hours 
are 0.25 ± 0.0003 and 0.27 ±  0.025 
nmol CoA/mg protein, respectively.
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should derive from the biological matrixes since it is 

not present in the aqueous solution (Fig. 1-C).

In rat liver tissues CoA quantification was linear up to 

20 mg of dry tissue in the presence and absence of 2.4 

nmol of CoA spike. In HepG2 cells, CoA quantification 

was linear up to 10 mg in the presence and absence of 

0.6 nmol of CoA spike. Recovery of CoA as ABD-CoA 

using rat liver tissues and HepG2 cells with spikes of 

0.6 and 0.2 nmol of CoA, respectively, was about 100 

% for total CoA and 120 % for free CoA.

Effect of VPA on CoA levels using HepG2 cells

The effect of VPA on free and total CoA levels was 

tested in HepG2 cells using 4-pentenoic acid (Δ4-PA), 

a compound which decreases the pool of CoA [30]. 

Free CoA levels in samples incubated with 1 mM  

Δ4-PA, decreased by about 60 and 75 % after 15 min 

and 3 hours, respectively (Fig. 2). In contrast 10 mM 

VPA induced a 30 % decrease of free CoA after 15 

min incubation while after 3 hours the amount of free 

CoA showed a 100 % increase. 

Figure 3 – Free CoA (A), total CoA (B) and acyl-CoA (C) determined in rat liver tissues of control rats (n = 10) and rats treated with a 
single dose of 100 mg of VPA/kg (n = 10) or 500 mg of VPA/kg (n = 10). (** and *** represent a statistically significant difference between 
controls and rats treated with VPA  with p<0.005 and p<0.0001, respectively).

Figure 4 – Free CoA (A), total CoA (B) and acyl-CoA (C) content determined in liver tissues of control rats (n = 10) and rats treated with 
100 mg of VPA/kg per day (n = 12) for 2 weeks.     
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Effect of VPA on the levels of free and total CoA in rat 

liver tissues 

In our studies, one hour evolved after the injection of a 

single dose of sodium valproate to Wistar rats followed 

by decapitation and immediate liver collection. There 

was a significant decrease of hepatic free CoA levels 

(Fig. 3 – A). Free CoA levels dropped about 40 and 

60 % in the rats treated with a single dose of 100 and 

500 mg/kg of VPA, respectively. The total CoA content 

was analysed in the same samples. Figures 3 – B 

and C show a significant increase in total CoA and 

acyl-CoA content in liver tissues of the treated rats. 

Furthermore, no significant differences were found 

between the free CoA, total CoA and acyl-CoA levels 

as measured in liver tissues of rats under subchronic 

treatment for 2 weeks as compared to untreated rats 

(Fig. 4).

Analysis of acyl(C8)-CoA in rat liver tissues 

The amount of acyl(C8)-CoA (valproyl-CoA plus 

octanoyl-CoA) was analysed by HPLC-ESI-MS/MS in 

liver tissues of treated and untreated rats. A significant 

amount of acyl(C8)-CoA was observed in the livers of 

the rats treated with a single dose of VPA which was 

proportional to the drug dosage accounting for 20 and 

35 % of the total acyl-CoA pool. No detectable amount 

was found in the tissues of non-treated rats (Fig. 5). 

Figure 6 shows that acyl(C8)-CoA remains high in 

livers of rats submitted to subchronic VPAtreatment.

DISCUSSION

VPA is an effective anticonvulsant with expanding 

therapeutic applications. However, the potential liver 

toxicity is still a major problem. Despite its structural 

simplicity, the metabolism of valproate is complex 

[33-35]. It has often been reported that depletion of 

essential co-factors such as coenzyme A and carnitine 

is one of the major causes of valproate liver toxicity 

[36-38]. Nevertheless, the biochemical mechanisms 

underlying the reported toxicity have remained 

unclear. This study aims to clarify the effect of VPA on 

liver free CoA homeostasis.

Figure 5 – Valproyl-CoA (and octanoyl-CoA) determined in rat liver 
tissues of control rats (n = 10) and rats treated with a single dose 
of 100 mg of VPA/kg (n = 10) or 500 mg of VPA/kg (n = 10). *** 
Significant difference between controls and rats treated with VPA 
(p<0.0001). 

Figure 6 – Valproyl-CoA (and octanoyl-CoA) concentration 
determined in liver tissues of control rats (n = 10) and rats treated 
with 100 mg of VPA/kg per day (n = 12) for 2 weeks. ** Significant 
difference between controls and rats treated with VPA (p<0.005).
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A simple, sensitive and robust method was developed 

to quantify the free and total CoA in crude rat liver 

tissues and HepG2 cell homogenates, using the thiol-

specific ABD-F fluorogenic reagent. The samples 

containing the ADF-derivatized CoA were analyzed by 

reverse-phase HPLC within 10 min. This procedure 

is a fast and useful alternative to other published 

analytical methods [39;40]. 

We have analyzed the free and total CoA content 

in livers of rats treated with VPA. Our results clearly 

show that VPA induces depletion of free CoA at 

least during the early phase of treatment and is 

proportional to the dosage of drug administered in 

vivo. The dose-dependent decrease in free CoA 

is most likely due to an increase in the levels of  

valproyl-CoA (Fig. 5). Valproyl-CoA is the predominant 

CoA ester of VPA formed in mitochondria [18] where 

it will be a substrate for β-oxidation. CoA esters of 

VPA and its metabolites are much more resistant 

to hydrolysis than endogenous straight-chain fatty 

acyl-CoAs [18;24;25], explaining at least in part the 

observed free CoA depletion. Moreover, total CoA 

was increased in the livers of the treated rats probably 

as a consequence of cellular adaptation metabolic 

processes to overcome the observed drug induced 

depletion. The mechanisms underlying these effects 

are not known but may include: 1) de novo synthesis 

of CoA [29], 2) activation of carnitine acyltransferases 

and synthesis of acylcarnitines to liberate the acyl 

moieties from CoA [41;42], 3) activation or increases 

in the expression of thioesterases [41] or 4) inhibition 

or decreased expression of synthetases and/or 

thiolases.

Interestingly, in the livers of rats subjected to the single 

dose regimen, total CoA did not increase with the drug 

dose. This may well be due to the fact that all cellular 

mechanisms are already being used to overcome the 

CoA depletion induced by a single dose of VPA.

CoA levels were found to be restored upon subsequent 

VPA administrations. There is no difference in 

the free CoA content between controls and rats 

undergoing subchronic VPA treatment. The present 

study provides new evidence that mechanisms of 

adjustment in vivo attempt to maintain CoA levels 

in liver tightly regulated, sustaining the key role of 

CoA in intermediary metabolism. Our in vitro studies 

demonstrate that at an early onset of VPA treatment, 

a clear decrease in free CoA was observed. After 3 

hours free CoA reached a higher level as compared 

with the respective controls. Total CoA seems to 

increase in the samples incubated with the free acid, 

VPA after prolonged incubation. These results are in 

agreement with our in vivo study and suggest that 

HepG2 cells can activate compensatory mechanisms 

to rescue the levels of CoA. 

Sequestration of mitochondrial CoA has been reported 

by Ponchaut et al. [22] using an in vitro model, i.e. 

isolated mitochondria. In these studies rat liver 

mitochondria were exposed to VPA for 2.5 min. After 

20 sec of incubation, free CoA had decreased by 80% 

when compared with controls [22]. However, as these 

incubations were performed for very short periods of 

time, no increase of free CoA content was observed 

preceding the observed depletion. Nevertheless, 

these results are in agreement with our in vitro studies 

where we have shown a very rapid CoA decrease in 

the presence of VPA. 

The effect of clinical doses of valproate, on several 

cofactors including CoA, in infant mice has been 

related to the valproate-associated syndrome 
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of hepatic failure and Reye-like encephalopathy 

observed in some infants and children [36]. However, 

both our in vivo and in vitro results show that there 

are active adaptation mechanisms to restore free 

CoA levels. Although there is a significant group of 

patients suffering from side effects, VPA induced 

hepatotoxicity seems to be idiosyncratic and only 

affects a small group of patients. Therefore, we 

suggest that free CoA depletion might trigger severe 

consequences in individuals with a defect in these 

rescue mechanisms or with other abnormalities 

that exacerbate CoA depletion, such as inherited 

FAO defects. Pantothenate supplementation in the 

beginning of VPA treatment might be beneficial to 

stimulate de novo synthesis of CoA.

In summary, our results clearly provide unequivocal 

evidence showing CoA depletion by VPA at the onset 

of VPA treatment. The decreased bioavailability of this 

cofactor, may limit mitochondrial energy generation 

[43;44]. Flux through pyruvate dehydrogenase 

and α-ketoglutarate dehydrogenase, two enzymes 

involved in ATP production, are regulated by CoA 

levels. Since ureagenesis, gluconeogenesis and other 

essential anabolic processes require mitochondrial 

ATP, secondary inhibition of these pathways could 

also result from energy deficiency [45]. These effects 

may account for the pathogenesis of adverse effects 

associated either with the start of VPA therapy or with 

cases of overdose. 
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Abstract

Valproic acid (VPA) is a widely used anticonvulsant drug which affects mitochondrial metabolism including 
the catabolism of fatty acids and branched-chain amino acids. Aims: To elucidate the effect of valproate on 
the leucine pathway through a targeted metabolomics approach and the evaluation of the effects of valproate 
on the activity of biotinidase and 3-methylcrotonyl-CoA carboxylase (3MCC).  Methods: Urine organic acid 
analysis was performed in patients under VPA therapy and healthy controls using gas-chromatography/
mass spectrometry (GC-MS). Biotinidase activity was determined in plasma samples of both groups using an 
optimized spectrophotometric assay. After immunoprecipitation of short-chain enoyl-CoA (crotonase, ECHS1), 
3MCC activity was measured in human liver homogenate using high-performance liquid chromatography 
(HPLC), in the absence and presence of valproyl-CoA. Results: The levels of 3-hydroxyisovaleric acid  
(3OH-IVA), one secondary metabolite of the leucine pathway, were significantly elevated in human urine after 
VPA treatment. Biotinidase activity in plasma samples ranged from very low to normal levels in treated patients 
as compared with controls. Enzyme activity measurements revealed inhibition of 3-methylcrotonyl-CoA 
carboxylase by valproyl-CoA (IC50 = 1.36 mM). Furthermore, we show that after complete immunoprecipitation 
of crotonase in a human liver homogenate, 3-hydroxyisovaleryl-CoA is not formed. Discussion: Our results 
suggest the interference of VPA with the activity of 3MCC through a potential cumulative effect: direct inhibition 
of the enzyme activity by the drug metabolite valproyl-CoA and the inhibition of biotinidase by valproate and/
or its metabolites. These interactions may be associated with the skin rash and hair loss which are side effects 
often reported in VPA-treated patients.

Keywords: valproic acid, leucine metabolism, 3-methylcrotonyl-CoA carboxylase, biotinidase, mitochondrial dysfunction

Introduction

Valproic acid (VPA) is an anticonvulsant drug which is 

prescribed worldwide as a broad-spectrum antiepileptic 

drug with indications for many forms of epilepsy and 

many types of seizures, both in children and adults. 

Although this drug is well tolerated by most patients, a 

wide range of secondary effects has been reported in 

literature (Silva et al. 2008). Fatal VPA hepatotoxicity 

is a rare idiosyncratic dose-unrelated adverse 

reaction that has been reported incidentally (Wallace 

1996). The more common dose-related phenomena 

specific of VPA include weight gain, tremor, skin rash, 

and hair loss (alopecia). These signs usually do not 

decrease with continued treatment, but may respond 

to a lowering of the dosage or to a change in the 

dosing regimen (McKinney et al. 1996; Wallace 1996). 

Valproic acid is extensively metabolized and many of 
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its non-conjugated metabolites are excreted in urine, 

appearing as acids in the urine organic acids profile. It 

has been recognized for many years that VPA-induces 

increased urinary excretion of  3-hydroxyisovaleric 

acid, a secondary leucine metabolite (Mock and 

Dyken 1997).

Inherited biotinidase deficiency has been reported 

to be associated with characteristic skin lesions 

such as hair loss and skin rash, which have also 

been reported as side effects of VPA. Moreover, 

several studies have described the effect of 

valproate on biotinidase activity in both humans  

(Castro-Gago et al. 2010;Schulpis et al. 2001;Yilmaz 

et al. 2009) and rats (Arslan et al. 2009;Korkmazer et 

al. 2006). Results show either a decrease or a normal 

biotinidase activity. Biocytin, the lysine ε-amino-amide 

of biotin, is considered to be the natural substrate of 

biotinidase and probably arises from the proteolysis 

of the biotindependent carboxylases. Biotin is bound 

to the apocarboxylases via the ε-amino group of an 

α-lysine residue in all carboxylases (Baumgartner and 

Suormala 1997) which  include: pyruvate carboxylase,  

acetyl-CoA carboxylase isoforms 1 and 2,  

propionyl-CoA carboxylase and 3-methylcrotonyl-CoA 

carboxylase (3MCC). These enzymes play a crucial 

role in amino acid, fatty acid and glucose metabolism 

(Bartlett et al. 1985; Sweetman et al. 1982). 

The aim of this study was to elucidate the effect of 

valproate on the leucine pathway using a targeted 

metabolomics approach involving the quantitative 

analysis of the acidic metabolic products of leucine. To 

our knowledge, the effect of valproate on the activity 

of 3MCC has never been reported and therefore, it 

will be object of the present study. 

Materials and Methods

Materials 

Valproic acid, human and bovine serum albumin, 

bicinchoninic acid, N,O-bis-trimethylsilyl-

trifluoroacetamide (BSTFA), trimethylchlorosilane 

(TMCS), Protein A sepharose beads, N-(1-naphthyl)

ethylenediamine, sodium nitrite, N-biotinyl-p-

aminobenzoate, ammonium sulphamate, crotonyl-

CoA and 3-methylcrotonyl-CoA lithium salt were 

obtained from Sigma Chemical Co. (St. Louis, 

MO). Pyridine was obtained from Pierce Chemicals 

(Rockford, IL). 2-Phenylbutyric acid and ethoxyamine 

hydrochloride were obtained from Fluka Chemie (AG, 

Buchs SG, Switzerland). Potassium chloride, sodium 

chloride, adenosine-5’-triphosphate disodium salt 

trihydrate (ATP), magnesium chloride hexahydrated, 

sodium carbonate, potassium hydroxide, potassium 

phosphate, ethyl acetate, sodium sulphate 

anhydrous, trichloroacetic acid, EDTA, TRIS and 

lichrosolvgrade solvents for high performance liquid 

chromatography (HPLC) were obtained from Merck 

(Darmstadt, Germany). Polyclonal antibodies were 

raised in rabbits against pig crotonase. Valproyl-CoA 

was synthesized according to published procedures 

from VPA (Silva et al. 2001a).

Sample collection  

Urine and blood samples (using tubes with lithium 

heparin as an anticoagulant) were collected from 

patients under long-term treatment with VPA and from 

non-treated individuals (controls). In general, 12 hours 

had elapsed since the last valproate intake in the 

group under treatment. These samples were obtained 

through a standard clinical protocol established 
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between the Hospital Pediátrico de Coimbra and the 

Research Institute for Medicines and Pharmaceutical 

Sciences.

Human liver biopsy material  was from a patient 

undergoing abdominal surgery with informed consent 

of the patient to use this material for scientific research 

as described elsewhere (Sanders et al. 2008).

Quantitative analysis of 3-hydroxyisovaleric acid  

using GC-MS

Organic acids were analyzed in urine samples from 

VPA-treated patients and controls. To this end, the 

internal standard (2-phenylbutyric acid, 0.5 μmol), 

was added to about 1 mL of urine sample followed 

by acidification with hydrochloric acid (2 M). Ketoacid 

stabilization was carried out with ethoxyamine 

hydrochloride (4 mg/mL) and the samples were 

incubated at 60 °C for 30 min. The solution was 

saturated with sodium chloride and the organic 

acids were extracted twice with ethyl acetate. The 

organic phases were dried with anhydrous sodium 

sulfate and subsequently evaporated at room 

temperature under constant nitrogen gas flow. The 

dried residue was derivatized with a mixture of N,O-

bis-trimethylsilyl-trifluoroacetamide (BSTFA), pyridine 

and trimethylchlorosilane (TMCS) (5:1:0.05)  for 1 

hour at 60°C. 

The organic acids were analyzed by gas 

chromatography (GC) coupled to mass spectrometry, 

GC-MS (Shimadzu, Mod QP5050). A CPSil-19CB 

capillary column from Chrompack Varian was used. 

A split injection with 1/50 ratio was performed and the 

injection volume was 1 µL. The initial temperature 

of the column oven was 75 °C which was increased 

at a rate of 5 °C/min to 250 °C and this temperature 

was held for 15 min. The injector and transfer line 

temperature was 250 °C. Helium was used as a 

carrier gas and the ionization energy was 70 eV.

Biotinidase activity determination 

Serum biotinidase activities were determined by 

colorimetric measurements of paminobenzoate 

released from N-biotinyl-p-aminobenzoate through 

an adapted method (Hymes et al. 1997). 950 μL of 

a mixture containing 100 mM potassium phosphate 

buffer, pH 6.0, 10 mM EDTA, 0.25 mg/mL serum 

albumin and 0.15 mM N-biotinyl-p-aminobenzoatewas 

added to 100 μL of plasma diluted 5 times and the 

mixture was incubated for 30 min at 37 ºC. The 

reaction was terminated by the addition of 100 μL of  

30 % trichloroacetic acid and the mixture was 

centrifuged at 10000xg for 5 min. 750 μL of the 

supernatant was added to 250 μL of water. The 

following freshly made solutions were added, at room 

temperature, with at least 3 min intervals, 100 μL of  

0.1 % sodium nitrite, 100 μL of 0.5 % ammonium 

sulfamate and 100 μL of 0.1 % N-(1-naphthyl)

ethylenediamine hydrochloride. The mixture was 

allowed to incubate for 10 min prior to the measurement 

of the absorbance at 546 nm. 

Immunoprecipitation of human crotonase

Protein A sepharose beads were incubated 

endoverend at 4 ºC with and without 50 μL of 

antibody, anticrotonase, to form the complex protein  

A-anti-crotonase. Incubations were also performed 

with preimmune rabbit serum as a control. 

Afterwards, 100 µL of 0.7 mg/mL of human liver 

homogenate was incubated with the complex protein  

A-anti-crotonase, end-over-end, for 2 h and 30 min at 4 
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ºC. After centrifugation of the samples, the supernatants 

were analysed spectrophotometrically for hydratase 

activity using crotonyl-CoA as a substrate and for  

Δ2-valproyl-CoA hydration activity by HPLC 

through the measurement of the product,  

3-hydroxyvalproyl-CoA.

Hydratase activity using crotonyl-CoA as a substrate  

Hydratase (crotonase) activity was measured 

spectrophotometrically by following the decrease of 

absorbance at 263 nm of the unsaturated substrate, 

crotonyl-CoA, using a molar extinction coefficient of 

6.280 mol.L-1.cm-1. The reaction mixture contained 

100 mM TRIS pH 8 and 100 μM crotonyl-CoA. 

Incubations were carried out at 37 ºC.

3-Methylcrotonyl-CoA carboxylase activity in human 

liver tissue

3MCC activity was measured in human liver tissue 

after immunoprecipitation of crotonase. Tissue 

was homogenized with a small plastic piston and 

sonicated with 3 cycles of 40 joules under constant 

cooling in ice-water. The standard enzyme assay 

mixture contained 100 mM TRIS·HCl pH 7.5, 100 mM 

KCl, 5 mM ATP, 5 mM MgCl2, 120 mM NaCO3, 40 µM 

3-methylcrotonyl-CoA in the presence or absence of 

valproyl-CoA (0 – 2 mM). Reactions were started by 

adding the homogenate suspension to the previous 

mixture. After 15 min at 37 ºC, the reactions were 

terminated by adding 10 µL 2 M HCl and afterwards 

the samples were placed on ice. The pH of the 

solution was adjusted to 5.0 using 2 M KOH prepared 

with 1 M MES pH 6.0. The samples were centrifuged 

at approx. 20000xg for 5 min and the metabolites in 

the supernatants were analysed by high-performance 

liquid chromatography (HPLC). 

Quantitative analysis of acyl-CoA esters using HPLC

Acyl-CoA esters were analysed by an automated 

HPLC method with reverse-phase separation and 

UV-detection (Gilson 234 auto-sampling injector; 

Perkin Elmer 200 solvent delivery system and 

a Shimadzu UV-detector SPD-10A VP UV-VIS). 

Separation was performed at room temperature on a 

4.6 mm x 250 mm Supelcosil LC-18-DB (5 µm) and 

a 4.6 mm x 20 mm guard column filled with the same 

packing material was used. The acyl-CoA esters were 

detected at 260 nm. For the separation of branched-

chain acyl-CoAs a gradient elution based on a binary 

system of methanol and 50 mM potassium phosphate 

(V/V, solvent A:10/90, solvent B: 50/50), pH 5.3 was 

used (Luis et al. 2011b). The flow rate was 2 mL/min 

and integration of the peaks was carried out using 

Chromeleon software (Dionex).

Data analysis

For the determination of the kinetic parameters 

of 3MCC, Michaelis-Menten kinetics was 

used to calculate the apparent Km for  

3-methylcrotonyl-CoA. The relative inhibition constant 

(IC50), drug concentration causing 50 % of inhibition, 

was calculated using GraphPrism (v. 5.0). 

The significance of VPA treatment was determined 

using two-tailed unpaired t test with the confidence 

intervals set at 95 %. Data with p values less than 

0.05 are indicated in the figure with an asterisk. 
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Results

Organic acid analysis 

As shown in figure 1, urinary 3-hydroxyisovaleric 

acid levels were significantly increased in 

patients under therapy with VPA (163 ± 95 mmol/

mol creatinine for VPA-treated patients (n=16) 

versus 46 ± 29 mmol/mol creatinine for controls 

(n=28)). Since 3-hydroxyisovaleric acid is known to 

accumulate in patients with a defect in the leucine 

degradation pathway, especially at the level of  

3-methylcrotonyl-CoA carboxylase, the results of 

figure 1 suggest that VPA interferes with the oxidative 

pathway of the branched-chain amino acid, leucine.

Biotinidase enzyme activity 

Since 3MCC is a biotin dependent enzyme we further 

investigated the hypothesis that the accumulation of 

3-hydroxyisovaleric acid could be due to decreased 

biotinidase activity resulting in a reduced 3MCC 

activity. The biotinidase activity was significantly 

lower in plasma from patients under valproate therapy 

(n=57) when compared with controls (n=25). The 

mean value of the enzyme activity in the former group 

was approximately 25 % reduced as compared to 

controls (229 ± 104 vs. 297 ± 76 nmol/h/mL plasma, 

respectively). Although a wide range of values was 

observed among VPA-treated patients, a significant 

difference (p<0.05) between the two groups was 

obtained.

Figure 1 – 3-hydroxyisovaleric acid levels in urine samples of 
patients under treatment with VPA (n = 16) and controls (n = 28).  
Results are expressed as mmol/mol creatinine. Each bar represents 
the mean ± SD. Significant difference between represented values: 
* p<0.05.

Figure 2 - Metabolic origin of 3-hydroxyisovaleric acid formed by a secondary reaction from the 
leucine intermediate, 3-methylcrotonyl-CoA.
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3-Methylcrotonyl-CoA carboxylase activity  

measurements 

In order to evaluate the activity of 3MCC we 

developed a HPLC based method to measure the 

substrate 3-methylcrotonyl-CoA and the product 

3-methylglutaconyl-CoA, giving rise to two well 

separated chromatographic peaks, as shown in figure 

3. Initial experiments using this method revealed that 

much of the 3-methylcrotonyl-CoA was converted 

into 3-hydroxyisovaleryl-CoA, thereby complicating 

reliable enzyme measurements. Since crotonase 

could very well be responsible for this phenomenon 

as depicted in figure 2, we removed crotonase from 

the homogenate by means of immunoprecipitation, 

using a specific antibody against bovine crotonase. 

Using this antibody, more than 95 % of the crotonase 

in human liver samples was removed from the 

homogenate, as shown by specific hydratase activity 

measurements, using crotonyl-CoA (Fig. 3). All 

subsequent experiments to evaluate 3MCC activity 

were performed in homogenates from which crotonase 

was removed by means of immunoprecipitation. 

3MCC activity in human liver homogenate 

was determined with the natural substrate, 

3-methylcrotonyl-CoA. The respective apparent 

kinetic parameters were determined (KM
app = 40 μM 

and  Vmax
app = 6.9 nmol/mg protein·min) using the 

Lineweaver-Burk plot. 

Effect of valproyl-CoA on the activity of 3MCC 

The effect of valproyl-CoA (0 - 2 mM) on the activity 

of 3MCC was further investigated, using human 

liver homogenate. Figure 4 shows a decrease of 

3MCC activity with increasing concentrations of 

Figure 3 - HPLC chromatogram relative to the activity of 3MCC using 200 µM 3-methylcrotonyl-CoA as substrate. 
Incubations were carried out at 37 ºC for 15 min before (----) and after (──) immunoprecipitation of crotonase. Peaks: 1: 
3-methylglutaconyl-CoA, 2: 3-hydroxyisovaleryl-CoA and 3: 3-methylcrotonyl-CoA. Input signal range: a: decreased by a 
5 fold factor, b: decreased by an 8 fold factor.

Figure 4 – 3MCC activity after immunoprecipitation of crotonase, 
with increasing concentrations of valproyl-CoA (0 – 2 mM). 
Experimental details: Incubations were carried out at 37 ºC for 15 
min, using 40 µM 3-methylcrotonyl-CoA as substrate and 1.75 µg 
of protein of human liver homogenate.
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valproyl-CoA, which is linear up to 1 mM of inhibitor. 

A clear inhibitory effect was observed, and the 

IC50 value was determined to be 1.36 mM at a  

3-methylcrotonyl-CoA concentration of 40 µM. The 

relative IC50 value was calculated by plotting the 

percentage of 3MCC activity versus Log[valproyl-

CoA].

Discussion

The interference of the branched-chain amino acid 

oxidative pathways by valproate has been previously 

demonstrated by our group (Luis et al. 2011a;Luis et 

al. 2011b). However, the increased urinary excretion 

of 3-hydroxyisovaleric acid in patients on valproate 

therapy has never been resolved.

3-Hydroxyisovaleric acid has two metabolic origins; 

it can either derive from isovaleryl-CoA (Tanaka et 

al. 1968) or from 3-methylcrotonyl-CoA (Pasquali 

et al. 2006). Since it is one organic acid that is 

primarily excreted in patients on VPA therapy, its 

presence suggested an interference of this drug with 

3MCC, a biotindependent enzyme that catalyses 

the fourth step in the leucine catabolic pathway, 

i.e. the carboxylation of 3-methylcrotonyl-CoA to  

3-methylglutaconyl-CoA (Baumgartner 2005). In fact, 

we demonstrated previously that IVD activity was not 

primarily affected (Luis et al. 2011a).

First we tested the hypothesis of VPA interference 

with the biotin recycling metabolism, affecting 

indirectly 3MCC activity. The results show a 

significant decrease of biotinidase activity in plasma 

of subjects under valproate therapy when compared 

with controls, in accordance with other studies 

on the activity of biotinidase (Pabuccuoglu et al. 

2002;Schulpis et al. 2001), the enzyme responsible 

for biotin recycling (Schulpis et al. 2001). Although the 

effect is statistically significant (p<0.05), its metabolic 

consequences may perhaps be less relevant. Results 

of newborn screening programs have shown that 

much lower levels of biotinidase activity due to gene 

mutations not necessarily lead to 3-hydroxyisovaleric 

acid accumulation in urine. However, the in vivo 

impact of valproate treatment remains elusive and 

disturbances of biotin homeostasis may be either 

subtle or differentially affecting various organs (brain, 

liver, kidney). These effects may even precede 

the clear abnormalities of organic acid excretion 

(Suormala et al. 2008).

Biotinidase deficiency may cause late-onset 

multiple carboxylase deficiency (MCD) and lead 

to 3-hydroxyisovaleric acid accumulation in urine 

(Pindolia et al. 2011; Wolf et al. 1983). On the other 

hand, decreased serum biotinidase activity has 

also been associated with severe impairment of 

hepatocellular function in patients with chronic liver 

diseases (Pabuccuoglu et al. 2002).

Holocarboxylase synthetase (HCS) is an essential 

enzyme that activates all biotin-dependent 

carboxylases including 3MCC by promoting the 

covalent attaching of biotin. Deficiency of the 

mitochondrial carboxylases due to either biotinidase 

deficiency or HCS deficiency is associated with a 

characteristic organic aciduria. The present results do 

not exclude a possible interaction between valproate 

or one of its metabolites with HCS.

We then tested the potential interference of 

valproyl-CoA with the activity of 3MCC. Our 

results demonstrate that 3-methylcrotonyl-CoA 

can undergo two biotransformation reactions, i.e. 



94

Chapter 7

the formation of either 3-hydroxyisovaleryl-CoA or  

3-methylglutaconyl-CoA. The activity measurement 

of 3MCC is hampered by the presence of 

crotonase in the homogenate that consumes the 

substrate 3-methylcrotonyl-CoA. Therefore, an 

immunoprecipitation of crotonase was successfully 

performed in order to block the formation of 

3-hydroxyisovaleryl-CoA. 

In this work, we have proven for the first time 

that crotonase is the only hydratase responsible 

for the conversion of 3-methylcrotonyl-CoA into 

3-hydroxyisovaleryl-CoA, a metabolic conversion that 

is often assumed but has never been shown. 

Our results clearly show an inhibition of 3MCC activity 

by valproyl-CoA which is in agreement with the 

significant increased levels of 3-hydroxyisovaleric acid 

observed in urine of patients treated with valproate. 

High levels of plasma 3-hydroxyisovalerylcarnitine 

have also been reported in subjects under VPA 

therapy (Silva et al. 2001b). Several studies of 

biotin deficient patients have shown that increased 

urinary excretion of 3-hydroxyisovaleric acid (Mock 

et al. 2011; Mock and Mock 1992; Mock et al. 1997) 

and 3-hydroxyisovalerylcarnitine (Mock et al. 2011; 

Pabuccuoglu et al. 2002) can indicate reduced activity 

of the 3MCC. 

Biotin supplementation has been suggested as a co-

therapy to valproate treatment to avoid some of the 

side effects reported in patients receiving the drug, 

such as skin rash and alopecia (Arslan et al. 2009; 

Korkmazer et al. 2006; Schulpis et al. 2001). However, 

Arslan et al. has reported no significant difference of 

biotinidase activity in serum and liver of VPA-treated 

rats with or without biotin (Arslan et al. 2009). It is still 

controversial whether VPA-treated patients should 

undergo biotin co-therapy. More studies are needed 

to test the importance of biotin supplementation on 

the amelioration of VPA side effects. 

In this study we report the interference of VPA 

metabolism with the activity of 3MCC through a 

significant inhibition of the activity of 3MCC by 

valproyl-CoA. Our present results provide additional 

insight in the effect of VPA on leucine catabolism 

and is a logical follow-up of a  previous report from 

our group (Luis et al. 2011a) demonstrating the 

inhibitory effect of valproate on the dehydrogenation 

of isovaleryl-CoA, the proximal leucine metabolite. 

Since both enzymes are crucial for the successful 

catabolism of leucine, valproate may aggravate the 

impairment of pathways with genetic defects and 

induce a toxic condition (Silva et al. 2008). We have 

provided additional arguments that VPA treatment 

should be carefully considered in patients with inborn 

errors of the leucine oxidative pathways (Vockley and 

Ensenauer 2006). 

It is difficult to evaluate the implications of the herein 

described specific inhibitions and to correlate them with 

valproateassociated hepatotoxicity. Nevertheless, 

patients with a genetic deficiency in the branched-

chain amino acid oxidative pathway may be more 

vulnerable to the therapy with valproate. Screening 

for a genetically determined organic aciduria in any 

patient who is a candidate for VPA treatment should 

be part of the metabolic work-up prior to the first 

administration of this drug. 
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Abbreviations: 
VPA: 2-n-propylpentanoic acid or valproic acid 

Abbreviations of enzymes: 
SUCL: succinate:CoA ligase; A-SUCL: ATP-specific isoform 
of succinate:CoA ligase (EC 6.2.1.5); G-SUCL: GTP - specific 
isoform of succinate:CoA ligase (EC 6.2.1.4); NDPK: nucleoside 
diphosphate kinase (EC 2.7.4.6)

Abstract

Background: The impairment of mitochondrial function may be an important side-effect of valproic acid 
(VPA) treatment with potential adverse consequences. Objectives: To investigate the influence of VPA on 
the activity of GTP- and ATP-specific succinate:CoA ligases (G-SUCL and A-SUCL). Methods: The GTP- and 
ATP-specific SUCL activities were measured in human fibroblasts in the reverse direction, i.e. the formation of 
succinyl-CoA at different concentrations of succinate in the presence of VPA, valproyl-CoA and zinc chloride an 
established inhibitor of the enzymes. Activities were measured using an optimized HPLC procedure. Results: 
Valproyl-CoA (1mM) inhibited the activity of A-SUCL and G-SUCL by 45-55% and 25-50%, respectively. VPA 
(1mM) had no influence on the activity of the two enzymes. Discussion: Valproyl-CoA appears to interfere 
with the activity of SUCL, especially with the ATP-specific enzyme. Considering the key role of SUCL in the 
Krebs cycle, interference with its activity might impair the cellular energy status. Moreover, A-SUCL is bound 
to the nucleoside diphosphate kinase (NDPK), which is responsible for the mitochondrial (deoxy)nucleotide 
synthesis.  An inhibition of A-SUCL might influence the activity of NDPK inducing an imbalance of nucleotides 
in the mitochondria and eventually mitochondrial DNA depletion. This may explain the potential liver failure 
associated with valproate therapy, reported in patients with deficiencies within the mitochondrial DNA replicase 
system such as polymerase γ 1.

Keywords:  Valproic acid; succinate:CoA ligase; succinyl-CoA synthetase; SUCLA2; SUCLG2

INTRODUCTION

Succinate:CoA ligase (SUCL) also known as 

“succinyl-CoA synthetase” is a mitochondrial 

enzyme that catalyses the reversible conversion of  

succinyl-CoA to succinate and coenzyme A. The 

hydrolysis of the thioester bond of succinyl-CoA is 

coupled to the phosphorylation of GDP or ADP [1].

There are two SUCL isoforms that share a common 

α-subunit but have different β-subunits. In fact, 

SUCL is a dimeric protein composed of an α subunit, 

encoded by SUCLG1, and a β subunit, encoded 

either by SUCLA2 or SUCLG2. The α subunit 

forms a heterodimer with either of the β subunits, 

resulting in an ADP-forming SUCL (A-SUCL) and a 

GDP-forming SUCL (G-SUCL), respectively. The β 

subunit determines the nucleotide specificity of the 

two isoforms while the α subunit harbors the binding 

site. The enzymes are located in the mitochondrial 

matrix and they are probably part of the Krebs cycle 

although this has not been established with certainty 

for G-SUCL. They both catalyse the only known step 

of the Krebs cycle that directly yields a high-energy 

phosphate bond. Alternatively, the two enzymes 

may catalyse the reverse reaction involving the 
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synthesis of succinyl-CoA, which is an activator for  

HMG-CoA (3-hydroxy-3-methylglutaryl-CoA) 

synthase, supplying the substrate for heme synthesis 

and ketone body activation [1-3]. 

To date, mutations have been identified in both 

SUCLA2 [4-6] and SUCLG1 [7;8] genes. These 

mutations are associated with mitochondrial DNA 

(mtDNA) depletion syndrome (MDS), suggesting 

the involvement of SUCLA2 and SUCLG1 genes 

in mitochondrial DNA maintenance. It is suggested 

in literature that the phenotype linked to SUCLG1 

mutations is more severe than the one caused by 

SUCLA2 mutations [9]. The pathophysiology of 

MDS associated with SUCL deficiency remains to be 

elucidated [10]. 

Apart from the primary deficiencies of the SUCL 

enzyme proteins, several secondary effects can be 

envisaged to interfere with the activity of SUCL. As 

an example propionyl-CoA was demonstrated to be a 

powerful inhibitor of SUCL [11], possibly contributing 

to the mitochondrial dysfunction which may occur in 

patients with propionic academia. Other short-chain 

or medium-chain acyl-CoA esters may have similar, 

albeit less pronounced, effects.   

Valproic acid (VPA) is an anticonvulsive drug used 

in the treatment of several partial and generalized 

seizures and is also used for the treatment of 

psychiatric disorders [12]. Despite its broad range of 

clinical use, VPA has been associated with rare cases 

of liver failure [13;14]. The hepatotoxicity of VPA 

may well due to the interference with mitochondrial 

metabolic pathways. The drug has often been 

suggested to inhibit the Krebs cycle activity but this 

notion has only rarely been studied.  Some reports 

have shown VPA-inhibition of the Krebs cycle in rat 

brain extracts [15], a specific reduction of the activity 

of succinate dehydrogenase in livers of rats treated 

with VPA [16] and the inhibition of dihydrolipoyl 

dehydrogenase present in purified α-ketoglutarate 

dehydrogenase by VPA intermediates as described 

by our group [17].

The aim of this study was to investigate the influence 

of VPA and its corresponding CoA ester, valproyl-CoA 

(VP-CoA), on the activity of GTP- and ATP-dependent 

SUCL. In order to test the hypothesis that SUCL 

activities are affected by this intramitochondrial drug 

metabolite, human fibroblasts were used to assess 

the SUCL-mediated dephosphorylation reaction (ATP 

or GTP). 

EXPERIMENTAL PROCEDURE

Materials

VPA, human and bovine serum albumin, bicinchoninic 

acid, ATP, GTP, zinc chloride, succinate and CoA 

were obtained from Sigma Chemical Co. (St. Louis, 

MO). Potassium phosphate, magnesium chloride, 

perchloric acid and TRIS were obtained from Merck 

(Darmstadt, Germany). Lichrosolvgrade solvents for 

high performance liquid chromatography (HPLC) 

were obtained from Biosolve (Valkenswaard, 

The Netherlands). All media and supplements for 

fibroblasts culture were obtained from Gibco (Grand 

Island, NY).

Synthesis of valproyl-CoA

Valproyl-CoA (VP-CoA) was prepared by the mixed 

anhydride method using VPA and CoA, as published 

earlier [18].

http://en.wikipedia.org/wiki/3-hydroxy-3-methylglutaryl-CoA
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Cell culture

Human skin fibroblasts were cultured in Ham’s F10 

medium with glutamine, 10% fetal bovine serum, 1% 

mixture of penicillin, streptomycin, fungizone and 

incubated in a humidified CO2 incubator (5% CO2, 

95% air) at 37 ºC. Primary human fibroblast cell lines 

were obtained from normal control subjects. Cells 

were harvested with trypsin and washed twice with 

PBS and once with 0.9% NaCl. Cell pellets were 

stored at -80 ºC until further use.

Measurement of SUCL activity

SUCL activity was measured in the direction of 

succinyl-CoA formation by quantification of the 

production of succinyl-CoA of succinate either driven 

by ATP (for A-SUCL) or GTP (for G-SUCL).  

The standard assay mixture contained 83 mM TRIS 

pH 8.0, 17 mM succinate, 1.7 mM magnesium 

chloride, 1.7 mM ATP or GTP, 833 mM CoA and 1.0 

mM VPA, VP-CoA or zinc chloride. The reactions 

were started by adding the assay mixture to a human 

control fibroblast homogenate, previously sonicated 

(2 cycles of 40 joules). After 10 min incubation at  

37 ºC the reaction was terminated with the addition of 

0.7 M perchloric acid and the samples were placed on 

ice. The pH was adjusted to neutrality with a solution 

containing 2 M KOH plus 1.0 M citrate pH 6.0. 

Afterwards the samples were centrifuged at 14000 

rpm for 5 min at 4 ºC and the reaction products in 

supernatants were analysed by high-performance 

liquid chromatography (HPLC). 

Quantitative analysis of acyl-CoA esters using HPLC

Succinyl-CoA was analysed by an automated HPLC 

method with reverse-phase separation and UV-

detection (Gilson 234 auto-sampling injector; Perkin 

Elmer 200 solvent delivery system and a Shimadzu 

UV-detector SPD-10A VP UV-VIS). Separation was 

performed at room temperature on a 4.6 mm x 250 

mm Supelcosil LC-18-DB (5um) column fitted with a 

4.6 mm x 20 mm guard column filled with the same 

packing material. The acyl-CoA esters were detected 

at 260 nm. For succinyl-CoA separation a gradient 

elution based on a binary system of acetonitrile and 

100 mM potassium phosphate (V/V, solvent A: 0/100, 

solvent B: 20/80), pH 4.0, was used.  

RESULTS

First we determined the apparent kinetic parameters of 

both A-SUCL and G-SUCL. To this end, homogenates 

of control skin fibroblasts were prepared as source 

of A-SUCL and G-SUCL activity and incubated in the 

Figure 1 – ATP-specific SUCL activity in the 
presence and absence (controls: 100%) of VPA 
and valproyl-CoA. Experimental conditions: 
human control fibroblasts were incubated for 10 
min, with 1mM of valproyl-CoA, VPA and ZnCl2 
in the presence of 0.1 mM   (    ), 1.0 mM (    ) and 
10 mM  (    ) of succinate and 1.0 mM of ATP as a 
cofactor. Incubations with ZnCl2 were performed 
with the higher concentration of succinate. Final 
protein concentration was 1.2 mg/mL. Values 
are the average of at least 2 incubations and are 
represented as a percentage of control values. 
The absolute values for 100 % activity using 0.1, 
1 and 10 mM of succinate correspond to 0.12, 
0.25 and 0.33 nmol/mg prot/min, respectively.
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standard reaction medium with either ATP or GTP 

present in variable concentrations. These experiments 

revealed Km
app values of 0.25 mM and 0.63 mM for 

ATP and GTP, respectively and Vmax
app values of 0.03 

nmol/mg protein/min and 0.12 nmol/mg protein/min. 

Subsequently, the effect of VPA and valproyl-CoA 

on the activity of both A-SUCL and G-SUCL was 

investigated. The results as shown in figure 1 suggest 

that VPA did not interfere with the activity of the ATP-

dependent SUCL. In contrast, VP-CoA was found 

to inhibit the ligase activity, attaining about 45 to  

55 % of control values at three different concentrations 

of succinate (0.1, 1.0 and 10 mM). ZnCl2 was used 

as a positive control since it is a known inhibitor of 

SUCL activity [19]. The results demonstrate complete 

inactivation of A-SUCL by ZnCl2, supporting the 

specificity of our assay conditions.

Figure 2 shows that the GTP-dependent SUCL 

activity was also not influenced by VPA. Nevertheless,  

VP-CoA decreased the GTP-dependent ligase 

activity albeit to a lesser extent than A-SUCL. Within 

the tested concentration range of succinate, G-SUCL 

activity was decreased by 25 to 50 % of control values, 

in the presence of 1 mM of VP-CoA. ZnCl2 completely 

inhibited the GTP-specific SUCL activity.

DISCUSSION

VPA has been shown to interfere with several metabolic 

pathways including oxidative phosphorylation [17], 

gluconeogenesis [20], ureagenesis [21], branched-

chain amino acid (BCAA) catabolism [22] and fatty 

acid oxidation (FAO) [23;24]. These biochemical 

effects may contribute to some unwanted side-

effects such as hepatotoxicity, hyperammonemia 

and encephalopathy. However, they may potentially 

facilitate other therapeutic applications of this drug, 

such as cancer, representing a benefit in the treatment 

of this complex disorder.

In the present study, we have shown a clear inhibitory 

effect of valproyl-CoA (but not VPA) on the activity of 

succinate:CoA ligase, in particular  the ATP-specific 

enzyme. Considering the key involvement of SUCL 

in the Krebs cycle, a subtle or mild interference with 

its activity might impair the cellular energy status 

deranging mitochondrial metabolism, with unpredicted 

consequences. 

To our knowledge, most of the biochemical 

abnormalities characteristic for SUCL deficiency 

have not been explained in patients treated with VPA, 

namely the mild methylmalonic aciduria, lactic acidosis 

0 20 40 60 80 100 120

VP-CoA
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ZnCl2

Succinyl-CoA synthesis (% of control) 

Figure 2 – GTP-specific SUCL activity in 
the presence and absence (controls: 100%) 
of VPA and valproyl-CoA. Experimental 
conditions: human control fibroblasts were 
incubated for 10 min, with 1mM of valproyl-
CoA, VPA and ZnCl2 in the presence 
of 0.1 mM (   ), 1.0 mM (   ) and 10 mM 
(   ) of succinate and 1.0 mM of GTP as 
a cofactor. Incubations with ZnCl2 were 
performed with the higher concentration of 
succinate. Final protein concentration was 
0.75 mg/mL. Values are the average of at 
least 2 incubations and are represented 
as a percentage of control values. The 
absolute values for 100 % activity using 
0.1, 1 and 10 mM of succinate correspond 
to 0.10, 0.37 and 0.78 nmol/mg prot/min, 
respectively.



115

Valproyl-CoA inhibits ATP- and GTP-dependent SUCL

and excessive excretion of succinylcarnitine. Patients 

on valproate medication and SUCL-deficient patients 

have one biochemical abnormality in common, i.e. the 

increased urine excretion of the leucine metabolite 

3-hydroxyisovaleric acid. This anomaly has not 

been explained completely in either condition, but 

is uniformly present [25]. The interference of this 

drug with mitochondrial DNA maintenance has been 

clearly demonstrated [26]. The impact of a secondary 

SUCL deficiency induced by valproyl-CoA on the 

pathophysiological mechanisms underlying valproate 

hepatotoxicity and mutations in mitochondrial DNA 

polymerase γ has not been established.

In fact, A-SUCL is tightly associated in a complex with 

nucleoside diphosphate kinase (NDPK). Results from 

immunoprecipitation, experiments in mitochondrial 

extracts from rat pancreatic β-cells have shown 

that an antiserum against succinate-CoA ligase 

coprecipitates NDPK [27]. In addition, NDPK has been 

shown to co-elute with SUCL in rat liver mitochondria 

[28], as well as in Pseudomonas aeruginosa 

[29]. NDPKs are ubiquitous protein kinases that 

use ATP to synthesize nonadenylic nucleosides 

triphosphates (NTPs) for nucleic acid synthesis by 

exchanging the terminal phosphates between tri- 

and di-phosphoribonucleosides. Their role is crucial 

for maintaining the homeostasis of ribonucleotides 

and deoxyribonucleotides. Mitochondria are unable 

to synthesize deoxyribonucleosides triphosphate 

(dNTPs) de novo and therefore NDPK activity is 

essential for the replication of mitochondrial DNA 

(mtDNA). Scheme 1 illustrates the link between 

NDPK and SUCL activities. Since mtDNA is replicated 

throughout the whole cell cycle, there is a constant 

need of nucleotides for mtDNA replication [30;31]. 

A decreased activity of NDPK associated with an 

impairment of SUCL activity would explain the 

mtDNA depletion that often occurs in genetic SUCL 

Scheme 1 - Hypothetical scheme for the interference of VP-CoA with the hydrolysis of succinyl-CoA to succinate in 
the Krebs cycle. SUCL-GTP: GTP-specific succinate:CoA ligase; SUCL ATP: ATP-specific succinate:CoA ligase; NDPK:  
nucleoside diphosphate kinase.
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deficiencies. Elpeleg et al. postulated that mutations 

in the SUCLA2 gene could exert an effect on the last 

step of the mitochondrial dNTP salvage pathway, 

which might explain the mtDNA depletion observed in 

patients with SUCLA2 mutations [32].

The present work provides new insight into 

the mechanisms involved in the mitochondrial 

dysfunction triggered by valproate treatment. SUCL 

inhibition by valproyl-CoA, the primary metabolite of 

VPA that accumulates in mitochondria [18], might 

concomitantly influence the activity of NDPK, thereby 

inducing a nucleotide imbalance in the mitochondria. 

This may be especially detrimental to patients with 

deficiencies in the mtDNA replication machinery. In 

support of this hypothesis, it has been reported that 

mutations within the mtDNA replicase polymerase γ 

1 (POLG) [33;34] and mtDNA helicase Twinkle [35] 

have been associated with proven VPA induced liver 

failure. Consequently, to avoid adverse reactions, 

POLG DNA testing has been proposed for patients 

with pediatric seizure disorders before the start of VPA 

therapy [36]. However, the underlying mechanism by 

which VPA induces toxicity in these patients has not 

been elucidated yet and needs further investigation. 

We propose that the valproyl-CoA induced impairment 

of A-SUCL activity may well contribute to the 

mitochondrial dysfunction associated with the drug 

in patients with mutations in the mtDNA replication 

machinery. 
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Studies on drug metabolism provide important information on the mechanisms underlying 

drug-related (hepato)toxicity. Valproic acid (VPA) is a well known broad-spectrum anti-epileptic 

drug that has been associated with an idiosyncratic hepatotoxicity which is characterized by 

microvesicular steatosis. The main aim of this thesis was to elucidate part of the mitochondrial 

metabolism of valproate as well as the underlying mechanisms of valproate-induced hepatic 

dysfunction associated with CoA homeostasis. The results presented in this thesis did provide 

novel data to answer the formulated queries. 

 

Although biotransformation of drugs is generally a detoxification process, new chemical species 

can be formed and display a toxic potential. Valproic acid undergoes mitochondrial oxidation 

using endogenous enzymes and generating acyl-CoA species. Depletion of essential cofactors 

such as coenzyme A and carnitine has frequently thought to be associated with 

valproate-induced hepatotoxicity. However, the present in vivo studies show depletion of free 

CoA only at the onset of VPA treatment with a recovery of CoA levels upon prolonged treatment 

with the drug. The transient decrease in the availability of hepatic free CoA seems to prompt a 

concomitant increase of free carnitine as well as virtually all acylcarnitines at the start of 

valproate therapy. The induction of endogenous carnitine biosynthesis appears to be an 

important mechanism to regulate carnitine homeostasis. Nevertheless, some acylcarnitines 

remained increased after a subchronic treatment with valproate, suggesting an interference of 

the drug with the mitochondrial oxidation of branched-chain amino acids (BCAAs) and fatty 

acids. Overall, this work discloses the ability of the hepatic metabolism to overcome 

drug-induced stress by means of adaptive mechanisms.  

 

Valproic acid, as a branched-fatty acid, undergoes mitochondrial metabolism utilizing enzymes 

from the oxidation pathway of BCAAs. The present studies elucidated three steps of the 

β-oxidation of valproate, clarifying the involvement of three enzymes participating also on the 

isoleucine oxidative pathway. Both short-branched chain acyl-CoA dehydrogenase (SBCAD) 

and isovaleryl-CoA dehydrogenase (IVD), enzymes from the oxidation of isoleucine and leucine, 

correspondingly, are involved in the first dehydrogenation step of the mitochondrial β-oxidation 

of valproic acid [1]. Moreover, short-chain enoyl-CoA hydratase (crotonase) and 

2-methyl-3-hydroxybutyryl-CoA dehydrogenase (MHBD) are the sole enzymes responsible for 

the hydration and second dehydrogenation steps of the β-oxidation of the drug [2].  

 

In addition, organic acid and acylcarnitine analysis in biological samples of patients treated with 

valproate revealed increased 3-hydroxyisovaleric acid, 2-methyl-3-hydroxybutyric acid and 

OHC5-carnitine (metabolites from the intermediary oxidative metabolism of BCCAs). These 

findings strongly suggested an interference of the drug with the oxidative pathway of BCAAs. 

Indeed, the results presented in this thesis show a clear interference of several intermediates 

from the β-oxidation of VPA with the activity of specific enzymes present in the leucine oxidation 
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pathway, such as IVD and 3-methylcrotonyl-CoA carboxylase (3MCC) and the isoleucine 

catabolic pathway, namely SBCAD and MHBD. 

 

Apart from the inhibition of mitochondrial oxidation of BCAAs, valproate interferes with the 

oxidative phosphorylation (OXPHOS) which may be a crucial mechanism for the steatohepatitis 

induced by valproate [3]. Our results show that a specific inhibition in dihydrolipoamide 

dehydrogenase (E3 subunit common to the pyruvate and 2-oxoglutarate dehydrogenases and 

glycine decarboxylase complexes) by valproyl-CoA or its dephosphorylated ester impairs 

2-oxoacids-driven OXPHOS and respiration rates [4]. Moreover, valproyl-CoA inhibits the 

activity of succinate:CoA ligase (SUCL) which may also compromise the energetic metabolism 

by impairing the flux through the krebs cycle. Additionally, mitochondrial DNA synthesis might 

be influenced by valproate since the ATP dependent SUCL seem to be part of a complex 

together with the nucleoside diphosphate kinase, which synthesizes mitochondrial 

(deoxy)nucleotide, potentially affecting the DNA replication as seen in SUCLA deficiency.   

 

Valproic acid seems to utilize the isoleucine degradation pathway for its own oxidation. The drug 

and its metabolites inhibit several enzymes from different mitochondrial pathways. The 

consequences of these specific inhibitions remain elusive but might explain several side effects 

reported in patients treated with the drug. Furthermore, screening for inborn errors of 

metabolism is recommended in patients before treatment with valproate.  

 

These comprehensive studies embracing targeted metabolomics are essential for the rational 

use of medicines in which beneficial effect of the drug is maximized whereas toxicity is 

minimized. 

 

Future perspectives 

The results presented in this thesis provide new insights on the mitochondrial metabolism of 

valproic acid and shed new light on the underlying mechanisms of valproate-induced 

hepatotoxicity concerning the interactions of the drug with CoA metabolism and homeostasis. 

Nevertheless, several questions arose during the elaboration of this work that requires further 

research. 

 

 The levels of CoA and carnitine in liver tissues of Wistar rats tend to normalize upon 

prolonged treatment with valproate, most likely due to de novo synthesis of both cofactors. To 

verify the present hypothesis, quantification of the expression levels of the genes, as well as the 

corresponding mRNA levels of the enzymes from both biosynthetic pathways of CoA and 

carnitine should be performed in liver tissues after treatment with the drug. Moreover, to 

overcome the adverse effects associated with the start of VPA therapy or with overdose, co-

administration of panthothenic acid (CoA precursor) and carnitine together with valproate should 

be considered in future studies either in vitro or in vivo. 
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 Although the present work contributed greatly to the elucidation of the β-oxidation of 

valproate, the enzyme catalyzing the ultimate step of the pathway i.e. the thiolytic cleavage of 

3-ketovalproyl-CoA, remains unknown. Valproic acid appears to use the catabolic pathway of 

isoleucine for its own oxidation. Though, there are several thiolases in the mitochondrial 

metabolism, the most probable candidate would be the thiolase of the isoleucine oxidative 

pathway, 2-methylacetoacetyl-CoA thiolase. Fibroblasts from patients with 

2-methylacetoacetyl-CoA thiolase deficiency [5] may be a useful model to study this hypothesis.  

 

 VPA-treatment is associated with liver failure in subjects with mutations within the mtDNA 

replicase polymerase γ 1 (POLG1) [6], an essential enzyme for the replication and repair of 

mitochondrial DNA. However, the mechanisms underlying this well known interference remain 

vague and any relation with the SUCL inhibition by valproate remains hypothetical. Studies with 

mammalian cells with partial deficiency in POLG1 and valproate would certainly give new 

insights on the true impact of the drug for instance in mitochondrial DNA synthesis (unraveling a 

potential DNA depletion) or in the function or dysfunction of the oxidative phosphorylation since 

mtDNA encodes 13 key subunits which provide the core elements for OXPHOS.  

 

 The relevant role of valproyl-CoA (and its metabolites) in mitochondrial toxicity is reinforced 

with the present thesis. However, it is difficult to evaluate the implications of these specific 

inhibitions in valproate-induced hepatotoxicity. Biochemical and histological liver studies should 

be performed in valproate-treated animal models with specific deficiencies, for instance in the 

oxidative pathway of BCAAs (e.g. transgenic mice). Hopefully, these studies could lead to a 

more comprehensive approach of the complications associated with VPA treatment. Certainly 

the access to human liver biopsies of valproate-treated patients would be of great interest, 

although extremely difficult. 

 

 Valproate may have direct or indirect inhibitory effects on OXPHOS compromising energy 

metabolism. To elucidate the impact of valproate treatment in the global energy yield, real-time 

monitoring of ATP levels [7] in different cellular compartments of living cells or real-time 

measurement of bioenergetics (glycolosis, O2 consumption, etc) using an extracellular flux 

analyzer, should be considered in the plan of future research work. 

 

 Resistance to both insulin and leptin has been suggested to be the main mechanism 

underlying VPA-induced weight gain [8]. Moreover, high flux through BCAA catabolic pathways 

may contribute to the development of obesity-associated insulin resistance [9]. The inhibition of 

certain enzymes in the catabolic pathway of BCAAs by valproate my trigger responsive 

mechanisms such as upregulation of genes encoding enzymes from the BCAA metabolism. 

Further research is required to elucidate the association between the inhibitory effects of 

valproate on the oxidative metabolism of BCAAs and VPA-induced weight gain. 
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