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Fattyy acid oxidation 

Introductio n n 
Thee fatty acid oxidation (FAO) pathway degrades fatty acids. Fatty acids, obtained from 

ourr diet, synthesis by the liver or release from adipose tissue, are the most important 

energyy storage depot in man. Whereas the complete oxidation of fatty acids yields 37 kj 

perr gram or even more, proteins and carbohydrates yield only about 17 kJ per gram. 

Additionally,, fatty acids are non-polar and will be stored anhydrous, in contrast to 

proteinss and carbohydrates. Consequently, the intracellular storage of fatty acids is by far 

thee most economic energy storage depot in the human body. The oxidation of fatty acids 

iss stimulated during catabolic, aerobic circumstances, like fasting and prolonged mild 

exercise.. In some tissues, like myocardial tissue and renal cortex, fatty acids are preferred 

ass the main energy source under all circumstances. In the liver, acetyl-CoA produced by 

FAOO can also be used for the synthesis of ketone bodies. Ketone bodies can be used as 

fuell by several tissues, especially by the brain, which is not capable to oxidize fatty acids. 

FAOO takes place in both mitochondria and peroxisomes. Mitochondrial and peroxisomal 

FAOO show important similarities, but they differ in regulation, energy production and 

especiallyy substrate specificity. The mitochondria are responsible for the oxidation of the 

bulkk of the fatty acids derived from the diet and from fatty acids stored in adipocytes, 

mainlyy represented by long-chain fatty acids. The peroxisomes are responsible for the 

oxidationn of those fatty acids that cannot be oxidized in the mitochondria, like for 

examplee very long-chain fatty acids (VLCFA), bile acid intermediates, pristanic acid and 

long-chainn dicarboxylic fatty acids. Major differences in the clinical presentation of defects 

inn the mitochondrial and peroxisomal B-oxidation indicate that these B-oxidation systems 

havee to be considered as two separate systems with completely different physiological 

functions. . 

Mobilizatio nn and activatio n of fatt y acids 
Inn catabolic situations, the hormones glucagon, adrenalin and Cortisol will activate 

hydrolysiss of triacylglycerols, releasing glycerol and free fatty acids. Via the circulation 

mostt of the glycerol will be taken up by the liver to serve as a substrate for 

gluconeogenesis.. The fatty acids, in the circulation bound to albumin, will be taken up by 

differentt tissues. Inside the cell fatty acids are transported to the mitochondria both by 

passivee diffusion and by protein-mediated binding mechanisms by fatty acid transport 

proteinss (FATPs). Intracellular, fatty acids are bound by fatty acid binding proteins (FABPs), 

whichh are considered to be important carriers for intracellular fatty acids'. Cytosolic acyl-
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CoAA synthetases subsequently activate the fatty acids to form acyl-CoA esters, which may 

undergoo different fates, including incorporation into triglycerides, phospholipids and 

cholesteryll esters. Under catabolic circumstances, the acyl-CoA esters will primarily be 

channeledd into the mitochondrial matrix for B-oxidation via the carnitine cycle. 

Thee carnitine cycle 

Thee carnitine cycle (figure 1) transfers the long-chain acyl-CoA esters from the cytosol 

intoo the mitochondrial matrix, by binding carnitine to the acyl-CoA ester. Carnitine 

palmitoyll transferase (CPT) 1, located in the outer mitochondrial membrane, converts the 

acyl-CoAss to their acylcarnitine derivatives, which cross the outer mitochondrial 

membrane. . 

|ii - oxidatior 

FigureFigure /- Carnitine cycle 
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Thee long-chain acylcarnitine esters easily can be transported across the mitochondrial 

membraness by a specific carrier, carnitine-acylcarnitine-translocase (CACT). CPT2, located 

onn the matrix side of the inner mitochondrial membrane, reconverts the acylcamitines to 

theirr acyl-CoA esters. The acyl-CoA esters can now enter the 6-oxidation pathway (figure 

2).. The released carnitine is transported to the cytosol for reentering the carnitine cycle. 

LCC - acy; - CoA LC - acylcarnitine 

FigureFigure 2 - Enzymatic organisation ^-oxidation 

Medium-chainn fatty acids can enter the mitochondrial matrix without the involvement of 

thee carnitine cycle. They will be activated to their acyl-CoA esters in the mitochondrial 

matrixx by a medium-chain acyl-CoA synthetase. Liver CPT1 is very important in the 

regulationn of FAO, because it is inhibited by malonyl- CoA2, the first intermediate in fatty 

acidd synthesis. Via this mechanism, a high concentration of malonyl-CoA, synthesized 

fromm glucose in the fatty acid synthesis process, prevents fatty acids from being 

transportedd to into the mitochondrial matrix for FAO. 
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Thee B-oxidation pathway 

Insidee the mitochondrial matrix the acyl-CoA enters the B-oxidation pathway (figure 3). 

Thee B-oxidation pathway is cyclic and shortens the long-chain acyl-CoA with 2 carbons by 

thee formation of an acetyl-CoA unit each time a cycle is fully completed. The B-oxidation 

pathwayy involves four reactions: dehydrogenation, hydration, a second dehydrogenation 

andd thiolytic cleavage. For each reaction of the B-oxidation spiral several chain-length 

specificc iso-enzymes are known (figure 3). The reactions and the involved iso-enzymes are 

discussedd below. 

r.ro o 

long-chainn acyl - CoA 

:A:.-' ' 
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MCAD D 
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2-lrans-enoyll - CoA 
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FigureFigure 3 - ^-oxidationpathway 
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Fatt yy  acyl-Co A dehydrogenase s 

Thee first d e hydrogen at ion of the B-oxidation is catalyzed by fatty acyi-CoA 

dehydrogenases,, located in the mitochondrial matrix. Most dehydrogenases are 

composedd of four identical subunits and are noncovalently carrying a flavine adenine 

dinucleotidee (FAD). The dehydrogenases insert a double bond between the second and 

thirdd carbon atom, resulting in reduction of FAD into FADH? and the formation of a 2-

trans-enoyl-CoA.. The enzyme bound FADH; is reoxidized to FAD via transfer of a pair of 

electronss to electron-transferring flavoprotein (ETF). The reduced ETF produced in this 

wayy is than reoxidized via the enzyme ETF dehydrogenase (ETFDH) finally resulting in the 

reductionn of co-enzyme Q of the respiratory chain (figure 2). A wide range of substrate 

specificc dehydrogenases is known: very long-chain acyl-CoA dehydrogenase (VLCAD), 

long-chainn acyl-CoA dehydrogenase (LCAD), medium-chain acyl-CoA dehydrogenase 

(MCAD),, short-chain acyl-CoA dehydrogenase (SCAD), short branched-chain acyl-CoA 

dehydrogenasee (SBCAD), isovaleryl-CoA dehydrogenase (IVD) and glutaryl-CoA 

dehydrogenase. . 

Althoughh the different dehydrogenases prefer substrates of different chain lengths, their 

substratee specificity shows some overlap. The membrane-bound VLCAD accepts CI 2-CoA 

too C24-CoA, preferring CI6-C0A as a substrate^. MCAD accepts acyl-CoAs ranging from 

C44 to C16, but is most active with C6- and C8-C0A. The short-chain enzymes, accept 

bothh C4- and C6-CoAs as substrate. For a long time the LCAD enzyme was thought to 

playy an important role in the degradation of long-chain fatty acids, but only recently it 

becamee clear that the role initially attributed to LCAD, is in fact performed by VLCAD. 

LCADD in contrast, mainly reacts with 2-methyl branched-chain acyl-CoAs4. SBCAD, 

preferentiallyy reacting with methylbutyryl-CoA and isobutyryl-CoA, appears to be the 

isoformm of LCAD, sequentially involved in the degradation of short-chain 2-

methylbrainched-chainn acyl-CoAs5. 

Enoyl-Co AA hydratase s 

Thee hydratation of 2-trans-enoyl-CoAs to their 3-hydroxyacyl-CoAs is catalyzed by 2-

enoyl-CoAA hydratases (figure 3). A short-chain and a long-chain hydratase are known, 

bothh localized in the mitochondrial matrix. The short-chain enzyme, a homohexamer 

calledd crotonase (SCEH), has a substrate specificity ranging from crotonyl-CoA (C4), 

whichh it prefers as a substrate, to 2-trans-hexadecenoyl-CoA (C16), on which it acts less 

efficient.. The long-chain enoyl-CoA hydratase (LCEH), which has appeared to be part of 

thee mitochondrial trifunctional protein (MTP)67, shows some overlap in substrate 

specificityy with crotonase and reacts with all 2-trans-enoyl-CoAs except for crotonyl-CoA. 

12 2 Chapterr 1 



3-Hydroxyacyl-Co AA dehydrogenase s 
Thee third step of the G-oxidation cycle, a second dehydrogenation, is catalyzed by 3-

hydroxyacyl-CoAA dehydrogenases. The dehydrogenation of 3-hydroxyacyl-CoA results in 

thee formation of a 3-ketoacyl-CoA and the reduction of nicotinamide adenine 

dinudeotidee (NAD) into NAD reduced form (NADH), which is subsequently oxidized by 

thee respiratory chain at the level of complex I. 

Inn mammals, two 3-hydroxyacyl-CoA dehydrogenases are known to be involved in the 

oxidationn of fatty acids: a short-chain enzyme (SCHAD), a dimer of two identical subunits 

formedd in the cytosol and subsequently transported into the mitochondrial matrix, and a 

long-chainn enzyme (LCHAD), associated with the inner mitochondrial membrane. The 

LCHADD enzyme is one of the three components of the MTP68, which will be discussed 

later. . 

Althoughh SCHAD can react with 3-hydroxyacyl-CoA esters ranging from C4 to C16, it is 

mostt active with C4-, C6-, C8- and C10-substrates9. LCHAD is active with medium- and 

long-chainn substrates from C6 and more carbons, but shows a rapidly increasing activity 

withh substrates containing more than 10 carbons10. 

3-Ketoacyl-Co AA thiolase s 

Thee fourth and final reaction is the thiolytic cleavage of the bond between the second 

andd third carbon atom, catalyzed by a 3-ketoacyl-CoA thiolase in the presence of a CoA-

unit. . 

Thee result is the production of an acetyl-CoA and the fatty acyl-CoA ester, shortened with 

twoo carbons. 

Inn mammalian two thiolases are known to be active in the oxidation of fatty acids. The 

medium-chainn enzyme, MCKAT or general thiolase, reacts with ketoacyl-CoA esters 

rangingg from C4 to C106. Its activity is rapidly decreasing with substrates longer than 

CIO.. The long-chain thiolase (LCKAT), part of the MTP6-8, prefers substrates ranging from 

C8toC16. . 

Mitochondria ll  Trifunctiona l Protei n (MTP) 

MTPP harbors the activity of three out of the four enzymes required for the oxidation of 

long-chainn fatty acids: the long-chain enoyl-CoA hydratase, the long-chain 3-hydroxyacyl-

CoAA dehydrogenase (LCHAD) and the long-chain thiolase (figure 3). MTP is a 

heterooctamerr of 4 a- and 4 B-subunits and is, like VLCAD, associated with the inner 

mitochondriall membrane (figure 2). The a-subunit carries the LCEH and the LCHAD 
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activities;; the B-subunit ha tes the LCOT activity. Th*<*- aiid S-SMbtinfeate'encoded by 
differehtt nuclear gëhës* cofitaininllQ &$ W$^te#e0wfyt which 'lay head^head, 
adjacentt to each other pfl ^römbsömè 2p23 t u \ probably they are transcribed from the 
samee bi-directional promoter region13, resulting in the possibility to coordinate expression 
off the two subunits14; 
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Ketonee body metabolism 

Introduction n 

Thee main ketone bodies, acetoacetate (AcAc) and G-hydroxybutyrate (3HB) are energy-

richh compounds that transport energy from the liver to other tissues, especially the brain. 

Unlikee other tissues, the brain is not capable to oxidize fatty acids, and is therefore 

completelyy dependent on glycolysis for all energy requirements under normal 

circumstances.. During prolonged fasting, the brain can utilize ketone bodies as a 

substrate. . 

Keiol)Keiol) m 
ExtrahepalhExtrahepalh tissues 

FigureFigure 4 - Ketogenesis and ketolysis 

Ketogenesis s 

Ketogenesiss is the mitochondrial process that converts acetyl-CoA, derived from the FAO 

pathway,, into the ketone bodies AcAc, 3HB and acetone (figure 4). The pathway is 

mainlyy hepatic, but to a lesser extent it is also active in kidney15, the intestines of suckling 

mammals166 and in the cortical astrocytes of neonates'718. 

Thee rate of ketogenesis is most likely determined by the concentration of acetyl-CoA in 

thee mitochondria and the availability of oxaloacetate. Acetyl-CoA can be derived from 
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bothh glycolysis and FAO. To enter the citric acid cycle acetyl-CoA will condense with 

oxaloacetate.. Oxaloacetate can be formed from pyruvate, the product of glycolysis, via 

thee enzyme pyruvate carboxylase. During fasting conditions oxaloacetate is, in addition to 

thee production from pyruvate now also produced from amino acids and lactate, used 

mainlyy for gluconeogenesis. Under these circumstances, the acetyl-CoA produced from 

intensifiedd FAO, can not condense with oxaloacetate, resulting in an increased acetyl-CoA 

concentrationn in the mitochondrial matrix. This condition results in an acceleration of 

ketogenesis. . 

Ketogenesiss involves four enzymatic steps and starts two acetyl-CoA units. Firstly, an 

acetoacetyl-CoAA is formed from two acetyl-CoA units by a reversible thiolase reaction. If 

thee inner mitochondrial acetyl-CoA concentration is high, the involved enzyme 

mitochondriall AcAc-CoA thiolase (T2) shifts the equilibrium to AcAc-CoA synthesis. 

Secondly,, a third acetyl-CoA unit is added to acetoacetyl-CoA by the highly regulated 

hepaticc mitochondrial 3-hydroxy-2-methylglutaryl-CoA (HMG-CoA) synthase (mHS), 

whichh results in the formation of 3-hydroxy-3-mehylglutaryl-CoA (HMG-CoA). HMG-CoA 

cann also be produced by leucine catabolism, using the same set of enzymes. Thirdly, 

HMG-CoAA is converted into AcAc and an acetyl-CoA unit by 3HMG-CoA lyase. Fourthly, 

aa NADH dependent reduction of AcAc, catalyzed by 6-hydroxybutyrate dehydrogenase, 

resultss in the formation of 3HB. Small amounts of AcAc will spontaneous decarboxylize to 

acetone,, a volatile ketone body. 

AcAcc and 3HB, both short-chain organic acids enter the circulation and are transported to 

thee tissues (figure 4). They pass the blood-brain barrier by the monocarboxylate carrier. 

Catabolicc states accompanied by low concentrations of insulin and subsequent reduced 

levelss of malonyl-CoA, will stimulate lipolysis, FAO and ketogenesis. In this, malonyl-CoA 

controlss ketogenesis as it controls FAO, by inhibiting substrate availability by regulation of 

CPT1.. Another site of regulation during prolonged fasting is at the level of the expression 

off genes encoding for CPT119 and hepatic mitochondrial HMG-CoA synthase20, one of 

thee enzymes involved in the ketogenesis. 

Ketolysi s s 

Ketolysiss is the mainly extrahepatic pathway, in which AcAc and 3HB back are converted 

backk again into acetyl-CoA (figure 4). Firstly, 3HB is reconverted into AcAc by the enzyme 

fi-hydroxybutyratee dehydrogenase, which was also involved in the final step of 

ketogenesiss (see above), reducing NAD into NADH. Transfer of a CoA-group from 

succinyl-CoA,, which is derived from the citric acid cycle, to AcAc catalyzed by succinyl-
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CoAA oxoacid transferase (SCOT), results in the formation of acetoacetyl-CoA and 

succinate.. Thirdly, the mitochondrial AcAc-CoA thiolase (T2) which was also involved in 

thee first step of ketogenesis (see above), cleaves acetoacetyl-CoA into acetyl-CoA units 

again.. The acetyl-CoA units will enter the citric acid cycle, producing the reducing 

equivalentss NADH and FADH2, which are finally oxidized by the mitochondrial respiratory 

chain,, resulting in the production of adenosine triphosphate (ATP) {figure 4). The rate of 

ketonee body utilization is proportional to the plasma concentration of AcAc and 3HB. 

Interestinglyy SCOT, which has its highest activity in heart, kidney and brain, is 

downregulatedd by high concentrations of AcAc21 and subsequently causes increasing 

concentrationss of ketone bodies in the blood after periods of prolonged fasting (3 days to 

22 weeks). However, the exact mechanism and physiologic relevance of this regulation still 

remainss unknown. 
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Long-chai nn fatt y acid oxidatio n disorder s 

Introductio n n 
Thee disorders of mitochondrial FAO comprise a rapidly growing group of inherited, 

autosomall recessive metabolic diseases. After the first description of patients with 

deficienciess of enzymes involved in the carnitine cycle (the muscular form of CPT2 

deficiency)) in the 1970s22'23, it remained quiet for a long period. It took until the early 

1980ss until the discovery of MCAD deficiency24,25 caused a tremendous acceleration in 

thee recognition of many other FAO disorders. The delay between the discovery of patients 

withh disorders of the carnitine cycle and MCAD deficiency probably was caused by their 

completelyy different clinical manifestations and the lack of appropriate laboratory 

methods.. While patients with the muscular form of CPT2 deficiency usually present in 

adulthoodd with solitary myopathic features, patients with MCAD deficiency (MCADD) 

presentt in early childhood during a minor infection with clinical signs and symptoms 

relatedd to the lack of energy for metabolic functions. They usually present with what is 

oftenn called a 'Reye-like syndrome' consisting of liver disease with hypoketotic 

hypoglycemia,, raised ammonia levels, encephalopathy and severe fatty infiltration of the 

liver.. MCAD deficiency is now known as a relatively common metabolic disease26, and for 

mostt physicians this 'Reye-like syndrome' or hepatic type of presentation is the 'classical' 

clinicall manifestation to trigger them to be alert for a FAO disorder. 

Att present, more than 10 FAO disorders are recognized. The long-chain FAO disorders are 

quantitativelyy an important group, of which the clinical presentation can be very different 

fromm the classical MCAD phenotype. Patients appear to present at younger age, 

sometimess already in the neonatal period. Besides, clinical presentation is more 

heterogeneouss than the classical MCAD 'liver' phenotype, since also a 'cardiac' 

phenotypee consisting of cardiomyopathy or arrhythmias, a 'myopathic' phenotype with 

muscularr cramps and raised creatine kinase (CK) concentration and a 'neurological' 

phenotypee with profound peripheral neuropathy can be distinguished. The study of 

longchainn FAO disorders has resulted in new insights in several metabolic and 

pathophysiologicall mechanisms. So it became clear that some of the clinical features 

possiblyy can be attributed to long-chain acyl-CoA esters. These intermediates, 

accumulatingg in long-chain FAO disorders, appeared to have a role in regulating 

mitochondriall energy metabolism by inhibition of processes and enzymes as the 

mitochondriall oxidative phosphorylation27, the adenine nucleotide translocase (ANT) 

whichh catalyses exchange of ADP and ATP across the mitochondrial inner membrane26 

andd the citrate transporter2950. Long-chain acylcarnitines, long-chain acyl-CoA esters 
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boundd to carnitine, have appeared to play a role in the development of cardiac disease, 

sincee they have been demonstrated to be toxic to cultured myocytes in vitro31. Parallel to 

thee accelerated clinical recognition of FAO deficient patients following the discovery of 

MCADD,, a whole range of diagnostic tools became available to identify patients suffering 

fromm FAO disorders. 

Acyl-CoAA esters accumulate in the mitochondria in long-chain FAO disorders as a result of 

thee enzyme block. These acyl-CoAs can be metabolized via alternative pathways as the 

aoxidation,, which leads to the production of dicarboxylic acids. Demonstration of 

increasedd excretion of dicarboxylic acids, in urine by gas chromatography - mass 

spectrometryy (GC-MS), has been the main leading biochemical feature suggesting a FAO 

disorderr for a long time. The diagnosis can subsequently be confirmed by measuring 

activityy of the overall FAO and the activity of the involved separate enzymes in tissues 

suchh as liver and muscle or in separate cell such as in lymphocytes or cultured skin 

fibroblasts.. Molecular diagnosis by demonstating disease causing mutations is possible for 

aa number of FAO disorders. The introduction of Tandem Mass Spectrometry for example, 

whichh facilitates analysis of the acylcarnitine profile (the spectrum of the accumulating 

acyl-CoAss conjugated with carnitine), made rapid identification of patients feasible32" 

Thee tremendous expansion in knowledge and diagnostic tools in recent years has led to 

thee recognition of more and more patients with long-chain FAO disorders, especially of 

thosee patients presenting with nonspecific clinical features. This has resulted into a 

dramaticc shift in our knowledge about the clinical presentation of long-chain FAO 

disorders,, raising many new questions. As this thesis will focus on two of the long-chain 

FAOO disorders (isolated LCHAD deficiency (LCHADD) and MTP deficiency (MTPD)), the 

introductionn deals with the carnitine cycle and the B-oxidation pathway in general, as well 

ass with the known disorders of long-chain FAO. 

Disorder ss of the carnitin e cycl e 

Systemi cc or Primar y Carnitin e (OCTN2) deficienc y 
(OMIMM 212140) 

Thee carnitine cycle (figure 1) is completely dependent on sufficient supply of carnitine, 

whichh can be derived from dietary intake and de novo synthesis. Although the 

biosynthesiss of carnitine was recently completely unraveled, no patients suffering from a 

deficiencyy in the carnitine biosynthesis have been recognized yet. The clinical aspects of 

systemicc carnitine deficiency stress the importance of the carnitine transporter (0CTN2, 

organicc cation transporter 2), for the maintenance of carnitine homeostasis. The carnitine 
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transporterr facilitates co-transport of sodium and carnitine across the plasmalemmal 

membranee into the cell, and is independent on the extracellular carnitine concentration34. 

Inn systemic carnitine deficiency not only intracellular carnitine concentrations are very low, 

butt also the plasma concentration of carnitine. This is caused by failure of the kidney to 

reabsorbb carnitine as a consequence of the OCTN2 deficiency. The spectrum of clinical 

presentationss of systemic carnitine deficiency varies between severe cardiomyopathy on 

onee hand and a 'Reye-like syndrome' with hypoketotic hypoglycemia on the other 

hand3536.. The clinical presentation is often accompanied by signs and symptoms of 

generalizedd disease including involvement of the heart, liver and muscle. The first clinical 

featuress of the disorder usually manifest at neonatal age, infancy or childhood. Early 

diagnosiss is essential, because mortality is very high and can be prevented by high doses 

off oral carnitine supplementation. After start of therapy usually all clinical features, 

includingg cardiomyopathy, resolve36'7. Laboratory diagnosis Plasma and tissue 

concentrationss of total carnitine are usually extremely low (< 5 umol/L), thus providing a 

directt indication for systemic carnitine deficiency. Analysis of plasma acylcarnitines usually 

showss reduced levels of all acylcarnitines. Dicarboxylic aciduria often is absent or low. The 

diagnosiss can be established experimentally by showing the deficiency of sodium driven 

transportt of carnitine into the cells, in fibroblasts and for rapid diagnosis, in 

lymphocytes38.. The gene coding for the OCTN2 has been resolved39 and multiple private 

mutationss have been described404'-42. 

Carnitin ee Palmitoy l Transferas e (CPT) 1 deficienc y 
(OMIMM 255120) 

Twoo isoforms of CPT1, a hepatic and a muscle isoform have been recognized. Until now, 

onlyy deficiency of the hepatic isoform has been described. In line with the defect, 

presentationn of all patients reported in literature (approximately 15) is indeed limited to 

hepaticc symptomatology. No cardiac or muscle involvement has been reported. 

Presentation,, triggered by prolonged fasting during a period of an intercurrent illness, 

mostlyy consists of hepatomegaly and hypoketotic hypoglycemia, sometimes accompanied 

byy the whole spectrum of 'Reye-like syndrome"13. Some of the patients showed renal 

tubularr acidosis4445, a symptom not seen in any other defect of mitochondrial FAO. Most 

likelyy the renal involvement in CPT1 deficiency is explained by the fact that the hepatic 

isoformm of CPT1 is also expressed in the kidney. 

Acutee episodes of hepatic disease often can successfully be treated by intravenous 

administrationn of glucose. Patients can be prevented from developing episodes of acute 
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diseasee by a dietary regimen, consisting of avoidance of fasting. Additionally medium 

chainn triglycerides (MCT) can be given. 

Laboratoryy diagnosis Liver disease with elevated transaminases is often observed in 

combinationn with hypoketotic hypoglycemia and absence of dicarboxylic aciduria. 

Additionallyy raised FFA concentrations and acidosis can be observed. Total plasma 

carnitinee concentration is usually remarkably high, but may also be normal. Acylcarnitine 

profilingg mostly shows reduced levels of C18:1, C18:0 and C16:0 acylcarnitines. 

Diagnosiss of hepatic CPT1 deficiency is established by enzymatic studies in lymphocytes or 

fibroblasts.. Only in isolated cases mutations in the gene coding for the hepatic isoform of 

CPT11 have been reported4647. 

Carnitin ee Acylcarnitin e Transferas e (CACT) deficienc y 
{OMIMM 212138) 

Soo far CACT deficiency has been reported in about 25 patients. Most had a neonatal 

onsett of disease, with life threatening episodes often characterized by cardiac arrhythmias 

ass a first symptom and frequently accompanied by cardiomyopathy. The neonatal disease 

oftenn also included muscle disease resulting in severe hypotonia and raised CK 

concentrations,, and liver disease with raised liver enzymes, markedly elevated ammonia 

levelss and sometimes hypoketotic hypoglycemia48. Most patients died before the age of 

twoo months. Survival was only described in a few patients showing mild disease4950. The 

underlyingg basis for this diversity in the clinical spectrum of the disorder remains 

unknown48.. Treatment consists of a diet low in fat, supplemented with MCT and frequent 

mealss to avoid periods of prolonged fasting. Acute episodes are handled with continuous 

administrationn of glucose thereby suppressing lipolysis and subsequent FAO. 

Laboratoryy diagnosis Routine laboratory investigations may show hypoketotic 

hypoglycemia,, acidosis, hyperammonemia and raised FFAs, transaminases, lactate and CK 

concentrations.. Profiling of the acylcarnitines usually demonstrates raised long-chain C16 

andd C18 acylcarnitines in combination with a low total carnitine. If present, dicarboxylic 

aciduriaa is subtle. Definitive evidence for the diagnosis of CACT deficiency is provided by 

enzymee analysis in lymphocytes or fibroblasts followed by molecular studies which have 

shownn a variety of different mutations '̂-52. 

Carnitin ee Palmitoy l Transferas e (CPT) 2 deficienc y 
(OMIMM 255110) 

CPT22 deficiency is the most common of the known disorders of the carnitine cycle. A 

widee spectrum of clinical presentations has been reported, often divided in two or three 
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groupss based on the age of presentation. The most common form, referred to as the 

'adult',, 'muscular' or 'classical' form, presents with clinical features affecting skeletal 

muscle,, during adolescence or adulthood. In these patients prolonged exercise and 

extremee environmental temperature fluctuations trigger episodes of rhabdomyolysis and 

myoglobinuria,, eventually followed by renal failure*3. The second, 'neonatal' or 

'hepatocardiomuscular'' form can be compared with the neonatal presentation seen in 

CACTT deficiency, frequently showing cardiac arrhythmia as the first clinical feature. Most 

patientss die within a few weeks due to complications of this initial episode, often 

showingg a combination of severe cardiac-, liver- and muscle disease43. Renal dysgenesis 

hass been described in several individuals with neonatal onset"54. This phenomenon, 

whichh has been reported in multiple acyl-CoA dehydrogenase deficiency, is unique for a 

singlee enzymatic defect in the carnitine cycle or mitochondrial FAO pathway. A milder 

presentationn of this generalized, 'hepatocardiomuscular' form of CPT2 deficiency, by 

somee described as a separate third form, was seen in a few patients at a late infantile age 

andd therefore called 'infantile' type38. Treatment, like in CACT deficiency, is based on 

preventionn of periods of prolonged fasting and excessive muscular exercise by frequent 

mealss and sometimes supplementation of MCT. In acute disease FAO has to be 

suppressedd by continuous administration of carbohydrates, by intravenous glucose 

infusion, , 

Laboratoryy diagnosis CPT2 deficiency often shows hypoketotic hypoglycemia in 

combinationn with raised concentrations of CK and transaminases, as can be observed in 

manyy other defects of FAO. Dicarboxylic aciduria is only seen incidentally. Additionally the 

acylcarnitinee profile resembles closely that of CACT deficiency, with accumulation of C16-

C188 acylcarnitines and a very low free carnitine concentration. Definitive diagnosis only 

cann be established with enzymatic studies in lymphocytes or fibroblasts. Although a 

heterogeneouss group of mutations in the CPT2 gene have been reported to be causative 

forr the disease43, a common mutation (S113L) with an allele frequency of approximately 

60%% has appeared to be related to a higher residual enzyme capacity in patients55. This 

suggestss a genotype/phenotype relationship in the relatively mild 'adult' or 'muscular' 

formm of CPT2 deficiency. 
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Disorder ss of th e 6-oxidatio n pathwa y 

Veryy Long-Chai n Acyl-Co A Dehydrogenas e (VLCAD) deficienc y 
(OMIMM 201475) 

AA complete overview of the incidence and clinical spectrum of VLCAD deficiency is 

lackingg at the moment, but generally three phenotypes can be differentiated5657. The first 

iss an 'early neonatal' or 'infantile' type with profound cardiomyopathy and arrhythmias, 

oftenn in combination with features of generalized disease including hepatic and muscular 

symptomatology.. Mortality and morbidity is high among these patients, although a good 

resultt of continuous administration of glucose in acute situations has been reported. A 

secondd phenotype, showing its first symptoms in early childhood, is mainly characterized 

byy hepatic involvement with hypoketotic hypoglycemia presenting in periods of 

prolongedd fasting, sometimes accompanied by cardiomyopathy and muscular 

symptomatology.. The third and relatively mild 'muscular' phenotype, presents in 

childhood,, adolescence or even adulthood. This muscular type resembles the 'muscular' 

typee described in CPT2 deficiency, characterized by episodes of rhabdomyolysis induced 

byy exercise or prolonged fasting. Management consists of a dietary regimen including 

avoidancee of fasting and replacement of long-chain triglycerides (LCT) by MCT in case of 

cardiacc disease5859. Additionally carnitine supplementation is sometimes given, despite 

thee risk of a subsequent rise of potentially toxic intracellular long-chain acylcarnitines. 

Acutee disease is treated with intravenous glucose administration covering energy 

requirements,, and thus suppressing lipolysis and subsequent FAO. Laboratory diagnosis 

Routinee plasma analysis can show elevation of transaminases and/or CK, hypoglycemia 

andd low ketone bodies. Additional laboratory investigations have to be performed to 

differentiatee VLCAD deficiency from many other FAO defects. Typical for VLCAD 

deficiencyy is the combination of profound medium-chain dicarboxylic aciduria (C6-C12) 

onn organic acid analysis of the urine, and the presence of C14:1, C14:2 and C 16:1 

acylcarnitiness on acylcarnitine profiling and a low free carnitine concentration in plasma. 

Definitivee diagnosis is made by enzyme measurements in lymphocytes or fibroblasts. 

Althoughh mutation analysis in more than fifty patients pointed out multiple private 

mutations,, a genotype/phenotype relationship was suggested57. Mitochondrial 

trifunctionall protein (MTP) and long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) 

deficiencyy MTP and LCHADD are disorders based on a defect of the same protein (MTP). 

Inn MTPD, the whole protein is absent, resulting in complete deficiency of all three of the 

enzymee activities catalyzed by MTP, which include: LCEH, LCHAD and LCKAT. In contrast, 

inn LCHADD, the protein is normally present, but a defect in the a-subunit results in an 
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isolatedd deficiency of the LCHAD enzyme. The activities of LCEH and LCKAT are normal 

orr siightly reduced compared to controls (60% of wild-type levels) in isolated LCHADD. 

LCHADD deficienc y 
(OMIMM 143450) 
Sincee the first description of a biochemically proven patient in 198960, LCHADD always 

hass drawn a lot of interest. At first there was confusion about the precise biochemical 

mechanisms,, until it became clear that LCHAD and MTPD have to be considered as 

distinctt disorders. Furthermore, it later appeared that several of the clinical aspects 

involvedd in LCHADD are unique among the group of FAO defects. Over the years, more 

thann 80 patients have been reported in literature. Clinical presentation appeared to be 

relativelyy uniform with profound liver disease, often presenting with hypoketotic 

hypoglycemiaa and hepatomegaly precipitated by prolonged fasting during a minor 

infectiouss disease in infancy or young childhood61. Retrospectively, some patients showed 

alreadyy in the neonatal period, clinical features probably related to their FAO disorder. 

Acutee episodes of rapid progressive disease can also be observed and show more 

generalizedd pathology, including cardiomyopathy, encephalopathy and muscular disease 

withh raised CK levels. LCHADD has been reported as a rare cause of Sudden Infant Death 

Syndromee (SIDS)60. Mortality appears to be alarmingly high (92% in series of 13 patients) 

mostlyy due to acute metabolic derangement6'. Surviving patients often suffer from 

recurrentt attacks of predominantly hepatic or muscular symptomatology, without 

showingg any clinical features of the FAO defect in between. Remarkable is the slowly 

progressingg peripheral neuropathy and pigmentary retinopathy which is seen in surviving 

patients.. Both symptoms are not known in any other FAO defect. Nerve conduction 

velocityy (NCV) was performed in a patient with peripheral neuropathy and was strikingly 

abnormal62.. Electromyography (EMG) in this patient showed a myogenic pattern and 

signss of denervation. Nerve biopsy revealed demyelinisation and axonal neuropathy02. 

Pigmentaryy retinopathy was observed during follow up in some patients varying in age, 

andd was suggested to be caused by low plasma concentrations of polyunsaturated fatty 

acidss (PUFA) like docosahexanoic acid (DHA)63. Another, recent study of Tyni and 

coworkers,, showed evidence for presence of FAO in retinal pigment epithelium64. This 

suggestss a possible role in the etiology of the pigmentary retinopathy for potentially toxic 

3-hydroxyacyl-CoAA esters, the long-chain acyl-CoA esters accumulating in LCHADD. 

However,, the exact etiology, incidence and the course of both the peripheral neuropathy 

andd pigmentary retinopathy still remain unknown. A few additional patients have been 

reportedd presenting with a remarkable symptomatology generally not seen as a 
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presentingg symptom in FAO defects. Cholestatic liver disease was reported in three 

cases6165.. Hypoparathyroidism was detected in one individual case and probably was 

causedd by hypoplasia of the parathyroid glands66. Pathologic studies in LCHAD deficient 

patientss show gross fat accumulation in muscle, heart and especially liver as can be seen 

inn most other FAO disorders. Besides microvesicular hepatosis, fibrotic and cirrhotic 

changess have been observed in the livers of a few individual cases67,68. Clinical 

heterogeneityy in LCHADD was addressed as exemplified by the family described by 

Schaeferr et al69. This family showed an adult onset muscular presentation resembling 

CPT22 and VLCAD deficiency, with recurrent episodes of muscle pains and myoglobinuria 

inn three sibs, eventually resulting in renal failure, and generalized areflexia as sole 

symptomm in a fourth family member. The family members, originally reported to be MTP 

deficient,, actually were LCHAD deficient as concluded from the biochemical data 

obtainedd from fibroblasts. All were compound heterozygous for the common LCHAD 

mutation. . 

MTPP deficienc y 
(OMIMM 600890) 
Inn contrast to the large number of LCHAD deficient patients, only a few MTP deficient 

patientss were reported since its first description in 1992. At first, clinical presentation 

appearedd to closely resemble LCHADD but with a first manifestation earlier in life. Close 

inspectionn of the symptomatology at onset however, shows a broader clinical spectrum 

thann reported in isolated LCHADD, with a more generalized disease. This includes liver, 

muscularr and cardiac involvement in some, and profound liver- or muscular disease as 

firstt clinical features in others. None of the patients was reported to have signs of 

retinopathy.. Most patients died shortly after their first presentation. Some remarkable 

casess address the heterogeneity in the clinical manifestation of MTPD. A profound 

muscularr presentation was described in two individual children and one adolescent70-71. 

Thee two children in their first report were presented to be LCHAD deficient, but 

additionall studies showed both to be MTP deficient72. The first child initially was known 

withh a delay of gross motor development and intermittent episodes characterized by 

bulbarr weakness, hypotonia and myoglobinuria. Later in childhood he developed 

polyneuropathyy and a slowly progressive limb girdle myopathy70. The second child71 was 

knownn with cardiomyopathy in infancy, but after recovery showed a similar course as the 

firstt child. Nerve conduction velocity in both patients showed axonal neuropathy with 

sensoryy predominance7071. Nerve biopsy in one of them revealed axonal degeneration 

andd normal myelin70. A late onset muscular presentation as seen in the LCHAD deficient 
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familyy described by Schaefer et al69 was reported in an MTP deficient adolescent, who 

experiencedd attacks of muscle pain and myoglobinuria after prolonged exercise since the 

agee of 1573. His medical history revealed several episodes of minor infections that passed 

withoutt any complication, and a normal motor development. Since fasting and prolonged 

exercisee was avoided, he did not experience any complaints anymore. Like in LCHADD, 

onee individual case was reported with hypoparathyroidism of unknown origin74. In acute 

episodess administration of sufficient amounts of carbohydrates is essential in both LCHAD 

andd MTPD, but cannot always prevent lethal outcome or serious morbidity. Treatment 

duringg the intervals between acute episodes consists of a dietary regimen of frequent 

mealss to avoid lipolysis and subsequent activation of long-chain FAO, in combination with 

replacementt of long-chain fatty acids by MCT to prevent accumulation of potentially toxic 

long-chainn FAO intermediates. Observations in one individual LCHAD deficient patient 

showedd normalization of the acykarnitines if LCT intake was limited to 10% of total 

energyy intake. After introduction of MCT supplementation up to 15% of total energy 

intake,, lactate concentrations of the patient completely normalized63. Essential Fatty Acids 

(EFA)) should be monitored closely because of the LCT restriction, and supplemented if 

necessary.. Major beneficial effects of carnitine supplementation were never reported in 

long-chainn FAO disorders. Carnitine supplementation in long-chain FAO disorders is even 

consideredd inappropriate, since they probably increase long-chain acylcarnitine 

concentrations,, which are reported to cause cardiac arrhythmias3175. Laboratory diagnosis 

Inn patients presenting with the more generalized mode of presentation, hepatic 

involvementt with elevation of transaminases and often hypoketotic hypoglycemia is seen, 

oftenn in combination with increased ammonia and lactate concentrations. Also, raised CK 

concentrationss as a result of muscle involvement are frequently involved. The biochemical 

diagnosiss of LCHAD and MTPD is usually suggested by demonstration of 3-hydroxy-

dicarboxylicc aciduria by gas-chromatography analysis in the urine from periods of acute 

illness.. In exceptional cases these dicarboxylic acids were absent76. The acylcarnitine 

profilee is mostly dominated by the raised C 16:0, C16:1, 0 8 : 0 and C18:1 acykarnitines". 

Subsequentt enzyme analysis to establish the diagnosis requires measurement of all three 

componentss of MTP. LCHAD activity is absent in both isolated LCHADD and MTPD. 

Differentiationn of the two disorders is facilitated by measurement of LCKAT activity, 

showingg near normal activity of the enzyme in isolated LCHADD and absence of activity 

inn MTPD. Additionally immunoblot analysis shows the normal presence of MTP in isolated 

LCHADD,, while in MTPD the a- or 6-subunits of the MTP protein are usually markedly 

deficientt (see chapter 4 for an introduction on MTP). In patients with isolated LCHADD a 

commonn mutation 1528G>C in the a-subunit of the protein has been reported77'7879 with 
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ann allele frequency of 87%78. The common 1528G>C mutation inactivates the LCHAD 

enzyme,, without affecting the formation of the a- or 6-subunit thus resulting in near 

normall LCEH and LCKAT activities. Molecular studies in MTP deficient patients show a 

widee range of private mutations in both the a- or 6-subunit. None of the patients was 

reportedd to carry the 1528G>C mutation. The two children reported to present with a 

moree insidious disease with myopathy and slowly progressing polyneuropathy both were 

reportedd to have a mutation in exon 9 of the a-subunit7;. Exon 9 encodes for a linker 

domainn between the hydratase and dehydrogenase component, suggesting a 

genotype/phenotypee relationship in these relatively mildly affected patients". 

Pregnanc yy complication s and LCHA D deficienc y 

Soonn after description of the first proven LCHAD deficient patients, a striking association 

becamee clear between carriage of a LCHAD deficient child and the end stage pregnancy 

complicationss hemolysis elevated liver enzymes and low platelets (HELLP) syndrome and 

acutee fatty liver of pregnancy <AFLP)8a8\ HELLP syndrome often presents with clinical 

featuress of severe systemic disease including liver involvement with raised transaminases 

andd clotting disturbances. It occurs in 0.1- 0.6% of all pregnancies and in 4 to 20% of 

womenn with severe preeclampsia82,8384. AFLP is a devastating and progressive liver disease 

presentingg with severe abdominal pains and biochemical features including raised liver 

enzymes,, cholestasis, hypoglycemia, clotting disturbances and raised ammonia 

concentrations.. AFLP is very rare and occurs in 1:7000- 1:13000 pregnancies, frequently 

inn combination with features of preeclampsia or HELLP syndrome8283. Both HELLP 

syndromee and AFLP carry a high risk for serious morbidity and even mortality for the 

affectedd mother and her child82,83. Histologically microvesicular or macrovesicular steatosis 

dominatess in liver biopsies of patients suffering from HELLP syndrome as well as from 

AFLP.. Because of their clinical and histological similarities, preeclampsia, HELLP syndrome 

andd AFLP are suggested to present different stages of the same disease8485. Their exact 

pathogenesiss still remains unknown, although it has been suggested previously that 

generalizedd maternal endothelial dysfunction may be involved. Prompt delivery remains 

thee treatment of choice for either of these pregnancy complications. Schoeman and 

coworkerss suggested that the compromised oxidation of long-chain fatty acids is the 

commonn pathophysiological background causing the liver disease in both the 

heterozygouss mother as well as her FAO deficient fetus, because of the identical 

observationss in histological studies of the liver80. Later, this hypothesis was supported by 

twoo extensive studies which suggested that the common 1528G>C mutation possibly is 

causativee for this compromised FAO8687. In the first study86 63 pregnancies in 18 carriers 
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forr LCHADD were studied. Preeclampsia, HELLP syndrome and AFLP occurred in 3 1 % of 

thee pregnancies, and were only diagnosed in mothers carrying an affected fetus. The 

secondd study87 confirmed these observations and found 15 out of 19 (79%) pregnancies 

carryingg a LCHAD deficient fetus, to be complicated by HELLP syndrome or AFLP. All the 

LCHADD deficient fetuses involved in the latter study were either homozygous or 

compoundd heterozygous for the common LCHAD mutation. Very recently this was 

confirmedd in an extensive study from the same group, reporting the pregnancy outcomes 

inn 35 families with MTP mutations88. The exceptional high incidence of AFLP (49%) and 

HELLPP syndrome (11 %) in women carrying a fetus with isolated LCHADD was addressed, 

andd again no maternal complications were associated with heterozygous or normal fetal 

genotypes.. Only in one study it remained uncertain if the risk for the gestational 

complicationss indeed is limited to those pregnancies in which the fetus is homozygous 

affected89.. During the last years strong recommendations are given for molecular 

screeningg in the families of women suffering from HELLP syndrome or AFLP90. However, 

inn another report91 the results of prospective molecular screening for MTP mutations in a 

largee cohort, did not justify screening of newborns in pregnancies complicated by HELLP 

syndrome.. The same study documents a highly significant (19%) association between 

AFLPP and LCHADD in the fetus, and concludes that prospective molecular screening for 

LCHADDD should be implemented universally in all families of women suffering from AFLP. 

Fivee additional pregnancies in mothers carrying a MTP deficient fetus, studied in the 

extensivee study from Ibdah and coworkers87, were uneventful, in accordance with the 

observationn that only women carrying a LCHAD deficient child are at risk to develop 

pregnancyy related disease. However, both Chakrapani and coworkers (2000) and Walter 

(2000)) reported liver disease during late gestation in three mothers carrying fetuses with 

completee MTPD92'93. Additionally several individual cases linked other fetal FAO defects 

thann LCHAD or MTPD to maternal pregnancy complications949596. Besides the induction 

off the maternal gestational complications, fetal complications such as growth retardation 

andd prematurity are increased in LCHAD deficient patients, and is unrelated to the 

maternall gestational complications86. The precise mechanisms causing the association 

betweenn maternal pregnancy complications and fetal disease remains unknown. A range 

off possibilities has been suggested to be of influence. At first the heterozygous state of 

thee mother, which theoretically reduces her capacity to oxidize long-chain fatty acids to 

50%% of normal, has been suggested to play an important role in combination with the 

metabolicc stress experienced at end stage pregnancy. In addition, the increase in the 

concentrationn of estrogens occurring in the later stages of pregnancy, may potentially 

furtherr suppress mitochondrial FAO, as estrogens have been shown in animal studies to 
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