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9 9 
Summaryy and discussion 

Thee disorders of mitochondrial fatty acid oxidation (FAO) present an important group of 

inherited,, autosomal recessive metabolic diseases. Probably the most common and widely 

knownn FAO disorder is medium-chain acyl-CoA dehydrogenase deficiency (MCADD). 

MCADD deficient patients usually present in infancy or early childhood, often during a 

minorr infectious disease, with clinical signs and symptoms related to the lack of energy 

forr metabolic functions. This results in what is often named a 'Reye like syndrome' 

consistingg of liver disease with hypoketotic hypoglycemia, raised ammonia levels, 

encephalopathyy and severe fatty infiltration of the liver. At present, more than ten FAO 

disorderss are recognized. Quantitatively, the long-chain FAO disorders are an important 

subgroupp of FAO disorders. Their clinical presentation can be very different from the 

classicall 'Reye-like' MCADD phenotype. Presentation is much more heterogeneous with a 

cardiac,, myopathic, neurological and a MCADD-like phenotype. Patients usually present 

att younger age than in MCADD, frequently already in the neonatal period. Since new 

diagnosticc tools like acylcarnitine profiling using Tandem Mass Spectrometry have made 
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thee diagnostics of patients presumably suffering from a long-chain FAO disorder easier, 

moree patients presenting with nonspecific signs and symptoms have been identified. 

Thiss thesis focuses on inborn errors of the mitochondrial trifunctional protein (MTP), an 

enzymee complex, that harbors the activity of three (LCEH, LCHAD and LCKAT) of the four 

enzymess involved in the mitochondrial oxidation of long-chain fatty acids. Two forms of 

MTPP deficiency (MTPD) can be recognized: complete MTPD, in which the whole protein is 

absent,, resulting in complete deficiency of all three enzyme activities, and isolated long-

chainn 3-hydroxyacyl-CoA dehydrogenase (LCHAD) deficiency in which the protein is 

normallyy present, but a defect in the ct-subunit results in solitary deficiency of the LCHAD 

activity.. A common mutation (1528G>C), causing this defect in the a-subunit, has been 

identifiedd in LCHAD deficient patients with an allele frequency of 87%. Isolated LCHAD 

deficiencyy (LCHADD) was reported in association with a MCADD like phenotype, but 

oftenn results in a more generalized disease including cardiomyopathy and skeletal 

myopathy.. Reported mortality is alarmingly high. In the course of the disease retinopathy 

andd peripheral neuropathy, symptoms not seen in any of the other FAO defects, occur in 

somee of the patients. Complete MTPD has until now only been described in a small 

numberr of patients, demonstrating a more heterogeneous mode of presentation. In 

general,, complete MTP deficient patients appear to present earlier in life and with more 

severee disease as compared to LCHAD deficient patients. 

AA striking association has been observed between the complications of end stage 

pregnancy,, hemolysis, elevated liver enzymes and Low Platelets (HELLP) syndrome and 

acutee fatty liver of pregnancy (AFLP) on the one hand and the carriage of a LCHAD 

deficientt child on the other hand. A common pathophysiological background causing the 

liverr disease in the child after birth as well as in its heterozygous mother during 

pregnancyy has been suggested because of the identical observations in histological 

studiess of the liver. The precise mechanisms causing this association between maternal 

pregnancyy complications and fetal disease remain unknown, but several mechanisms are 

consideredd to play a role. The most important mechanisms that are thought to be 

involved,, are the heterozygous state of the mother, theoretically resulting in a reduction 

off the capacity to oxidize long-chain fatty acids as well as the accumulation of potentially 

toxicc 3-hydroxyacyl-CoA esters produced by the fetus as a result of its metabolic defect. 

However,, the clinical and biochemical phenotype of both isolated LCHADD and complete 

MTPDD remain poorly defined, and a little is known about their natural history. 
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Chapterr 3 and 4 

Inn order to try to elucidate the clinical spectrum of both disorders, we studied a large 

cohortt of LCHAD deficient patients (N=50) and a cohort of MTP deficient patients (N=21). 

Alll included patients presented in infancy or in childhood, with a mean age of 

presentationn within the first six months of life (5.8 months in LCHADD and 3 months in 

completee MTPD). Complete MTPD often presents already in the neonatal period: almost 

halff of the patients (48%) presented before the age of 6 weeks. Surprisingly, many 

patientss (22% in LCHADD and 57% in MTPD} initially did not present with the rapidly 

progressivee clinical deterioration which is generally considered to be 'classical' for FAO 

disorders,, namely the MCADD-like liver phenotype resulting in a 'Reye-like' syndrome. In 

contrast,, they presented with a more insidious disease with nonspecific chronic problems, 

suchh as cholestasis, failure to thrive and hypotonia, making the clinical recognition of 

patientss suffering from a long-chain FAO disorder very difficult. 

Hypotoniaa and signs of cardiomyopathy were the main presenting symptoms in many of 

thee MTP deficient patients showing slowly progressing disease. Therefore the differential 

diagnosiss of a child with otherwise unexplained nonspecific symptoms such as failure to 

thrive,, cholestasis, hypotonia and cardiomyopathy, should include MTPD and appropriate 

diagnosticc tests to rule out a long-chain FAO disorder should be performed in these 

patients.. Additional laboratory studies may help in the initial diagnostic workup of a 

patientt with a suspected MTPD. Increased plasma CK- and lactate levels were found to be 

presentt in many of the studied patients. Mortality in our series was high (38% in LCHAD 

andd 76% in MTPD). In survivors, recurrent episodes of clinical deterioration were 

observed,, but these were less severe and less frequent than before the diagnosis was 

made.. Retinopathy was observed in isolated LCHADD as well as in complete MTPD 

(respectivelyy 29% and 12.5%). Peripheral neuropathy was detected in 12% of the 

LCHADD deficient patients and in 79% of the MTP deficient patients. In complete MTPD 

neuropathyy seen at a younger age than in isolated LCHADD. It is not easy to explain the 

differencess in clinical presentation and course between isolated LCHADD and complete 

MTPD.. Presumably, accumulation of 2-trans enoyl-CoA esters and 3-ketoacyl-CoA esters 

inn complete MTPD, due to the additional enzymatic defects in LCEH and LCKAT, causes 

thee observed differences. However, the plasma acylcarnitine profile does not make a 

differentiationn possible, even during acute metabolic decompensation, between the two 

disorders. . 

Alsoo in our studies, we observed a significant association between isolated LCHADD and 

completee MTPD and the pregnancy complications HELLP syndrome and AFLP, although 
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bothh had a lower incidence in our series than in other reports. Remarkable is the 

observationn that 40% of the MTP deficient patients in our series were small for 

gestationall age, not related to maternal pregnancy complications. 

Mostt LCHAD and MTP deficient patients were treated with a LCT restricted diet in 

combinationn with avoidance of fasting and supplementation with medium-chain 

triglyceridess (MCT). However, this dietary therapy could not prevent clinical deterioration 

inn all patients, as some of the patients, including the two prenatally diagnosed neonates, 

diedd despite treatment. A possible explanation may be that myocardial energy 

metabolismm remains dependent on FAO, irrespective of the carbohydrate intake. Ongoing 

accumulationn of toxic long-chain acyl-CoA esters, which are presumed to be 

arrhythmogenicc and toxic to cardiomyocytes, may thus result in progression of the 

cardiomyopathyy despite dietary treatment. 

Thee remarkable effect of creatine supplementation in one complete MTP deficient patient 

inn our study, which has also been reported in a patient with LCHADD, is encouraging. 

Recentt studies by Roe and coworkers (J Clin Invest 2002;100:259-269) demonstrated 

encouragingg results of treatment of patients with long-chain FAO defects, with a 

medium-chainn triglyceride with heptanoic acid rather than octanoic acid, as in MCT. In 

contrastt to octanoic acid, which only produces acetyl-CoA units, heptanoic acid generates 

acetyl-CoAA and proprionyl-CoA. It is hypothesized that proprionyl-CoA increases 

gluconeogenesiss by acting as an anaplerotic substrate for the citric acid cycle in all tissues, 

sincee proprionyl-CoA generates oxaloacetate. 

Moree research is needed to establish the value of the different therapeutic options in 

bothh isolated LCHADD and complete MTPD. Therapy should be aimed at both the 

preventionn of recurrent episodes of clinical deterioration as well as the prevention of 

long-termm sequelae such as retinopathy and peripheral neuropathy. 

Inn recent years expansion of neonatal screening programs by Tandem Mass Spectrometry, 

includingg long-chain FAO disorders have been introduced in a number of countries. Our 

resultss demonstrate that this will not result in a truly diagnosis in all patients with MTPD, 

ass some of them already present with a devastating disorder in already the first days after 

birth.. Furthermore, we have shown for MTPD that the current mode of therapy will not 

alwayss prevent morbidity and even mortality. On the other hand, this does not hold true 

forr LCHADD as a timely diagnosis seems to result in increased survival. 
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Chapterr 5 
Ass from our study the clinical presentation of LCHADD appears to be more 

heterogeneouss than initially was reported, it may well be that many patients are missed 

forr diagnosis, and that the true incidence of LCHADD is much higher. We therefore 

testedd the prevalence of the common LCHAD mutation in the Dutch population by 

analyzingg Guthrie cards and found the carrier frequency to be low. The observed 

prevalencee of 1:680 was consistent with the observed low incidence of the disorder in the 

Netherlands.. LCHADD thus remains a very rare inborn error, and it is not likely that many 

patientss are not properly diagnosed. 

Thee etiology of the remarkable association between a long-chain FAO disorder in the 

fetuss and severe complications of pregnancy in their mothers has tong remained unclear. 

Inn order to try to unravel (parts of) the involved pathophysiological mechanisms, we first 

focusedd on the possible role of the heterozygosity of the mothers as a single cause. We 

thereforee performed analysis for the common LCHAD mutation in an otherwise 

unselectedd group of women who had previously suffered from the HELLP syndrome. Only 

onee of the 113 women tested was found to be heterozygous, which does not differ 

significantlyy from the observed low carrier frequency in the Dutch population. 

Heterozygosityy for the common LCHAD mutation is therefore not a major cause for the 

HELLPP syndrome. Recently, Yang and coworkers (JAMA 288:2163-2166) made the 

recommendationn to screen all families from women suffering from AFLP for the presence 

off the common LCHAD mutation, excluding mothers suffering from only a HELLP 

syndrome.. Although our results support this recommendation, we still believe that in the 

casee of a very severe HELLP syndrome screening for long-chain FAO disorders is indicated, 

sincee HELLP syndrome and AFLP are suggested to present different stages of the same 

disease. . 

Furthermore,, screening for the common 1528G>C mutation will fail to detect HELLP 

syndromee and or AFLP due to a MTP deficient unborn child. We therefore prefer the use 

off acylcarnitine profiling by Tandem Mass Spectrometry in the child, in combination with 

molecularr screening. 

Chapterr 6 

Additionallyy we performed a long-chain triglyceride (LCT) loading test in female carriers 

forr the common LCHAD mutation, studying their in vivo capacity to metabolize fatty acids 

andd compared them with healthy controls. The results indeed showed a normal capacity 

too metabolize fatty acids. 

Chapterr 9 123 3 



Thiss strongly suggests that long-chain FAO capacity is normal and that these mothers 

shouldd be able to rapidly metabolize any fetally produced long-chain acylcarnitines, 

enteringg their circulation. We therefore concluded that the heterozygous state of the 

motherr in itself does not play a major role, if any, in the pathogenesis of the gestational 

complications. . 
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Ann alternative explanation for the association between the carriage of a child with a long-

chainn FAO defect and the maternal HELLP syndrome and AFLP therefore is the possible 

productionn of long-chain acyl-CoA esters by the feto-placental unit. As the fetus is 

consideredd to be primarily dependent on glucose oxidation for energy production, it is 

unlikelyy that fetal production of long-chain acyl-CoA esters plays an important role. 

However,, since the human placenta is mainly of fetal origin, and since the placental mass 

representss a relatively high proportion of the fetal-placental unit at term, an alternative 

explanationn would be that the defective FAO in placental tissue is directly responsible for 

thee severe pregnancy complications in the mother. Recently, Rakheja and coworkers 

(Placentaa 2002;23: 447-450) were the first to demonstrate activity of the FAO enzymes 

LCHADD and SCHAD in human placenta, giving support to this hypothesis. In order to 

expandd on these results, we studied the activity of a whole range of different enzymes 

involvedd in FAO (CPT2, VLCAD, LCEH, LCHAD, LCKAT, MCAD, SCEH and SCHAD) in 

normall term placenta, as well as in chorionic villus biopsies and compared them with the 

activitiess in control human liver. All enzymes studied were found to be expressed in term 

humann placenta as well as in chorionic villus samples. Interestingly, the mean activity of 

thee enzymes CPT2 and VLCAD, both involved in long-chain FAO, was found to be even 

higherr than in human liver tissue, which is known for a very high capacity for FAO. These 

resultss strongly suggest an important role for placental production of toxic long-chain 

acyl-CoAA esters in the pathogenesis of HELLP syndrome and AFLP in mothers carrying a 

fetuss with a long-chain FAO disorder. The long-chain acyl-CoA esters produced by the 

placentaa can be transferred as long-chain acyl-carnitine esters to the maternal circulation 

andd taken up by maternal liver and other tissues. The first suggested explanation for the 

maternall liver disease is the inability of the liver of the heterozygous mother to rapidly 

metabolizee these long-chain acyl-CoA esters, but our study in chapter 4 suggests that this 

explanationn is less likely. A second explanation is that accumulation of long-chain acyl-

CoAA esters in the placenta directly results in placental damage, due to inhibition of a 

varietyy of essential metabolic processes. Inhibition of the oxidative phosphorylation for 

example,, might result in the production reactive oxygen species (ROS) and enhanced lipid 
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peroxidee formation, which couid ieaci to endothelial dysfunction, which has been 

consideredd as an important etiological factor for preeclampsia and the HELLP syndrome. 

Moreover,, placental damage by long-chain acyl-CoA esters may promote shedding of 

micropartt ides into the maternal circulation, resulting in a systemic immunological 

responsee causing multiorgan disease, as this has been described as an important 

pathophysiologicall mechanism for the development of preeclampsia and the HELLP 

syndrome. . 

Chapterr 8 

AA second observation suggesting an important role for FAO in the feto-placental unit is 

thee high frequency of intra-uterine growth retardation (IUGR) and prematurity reported in 

patientss with isolated LCHADD or complete MTPD. This observation is in line with the 

reportedd IUGR in MTP deficient knock-out mice, which can not be attributed to maternal 

pregnancyy complications. As the role of FAO had never been studied in the human 

embryo,, we investigated the expression of two enzymes involved in the long-chain FAO, 

VLCADD and LCHAD, during in situ hybridization as well as by enzymatic studies and 

demonstratedd significant mRNA expression and high enzymatic activity of LCHAD and 

VLCADD in a number of different tissues such as myocardium and the developing nervous 

systemm including the retina. The observed IUGR in LCHAD deficient and in MTP deficient 

patientss can thus be well explained by defective FAO prenatally. The fetal hydrops due to 

intra-uterinee cardiomyopathy reported in one patient from our MTP study (chapter 4), in 

combinationn with the high expression of VLCAD and LCHAD in fetal heart, makes it likely 

thatt intra-uterine cardiomyopathy can be the result of a defective FAO. Therefore, the 

differentiall diagnosis of unexplained hydrops fetalis should include long-chain FAO 

disorders.. Another unexplained complication of LCHAD and MTPD, pigmentary 

retinopathyy which has been observed in some patients is in line with the high expression 

off LCHAD mRNA in early human development as detected by our study (chapter 8), 

suggestingg that this retinal damage may already start in utero. Remarkable are the 

observedd discrepancies between the high expression of LCHAD on the one hand and the 

loww of expression of VLCAD in the developing central nervous tissue on the other hand, 

ass the mitochondrial FAO involves the concerted action of all involved enzymes. An 

explanationn might be that the MTP or one of its constituting enzyme activities (LCEH, 

LCHADD and LCKAT) has an additional role in the (developing) nervous system, including 

thee retina. 
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