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Abstrac t t 

Patientss with very long-chain acyl-CoA dehydrogenase (VLCAD) and long-chain 3-

hydroxyacyl-CoAA dehydrogenase deficiency / mitochondrial trifunctional protein 

deficiencyy {LCHADD/MTPD), disorders of the mitochondrial long-chain fatty acid oxidation 

(FAO),, can present with hypoketotic hypoglycemia, rhabdomyolysis and cardiomyopathy. 

Inn addition, patients with LCHADD/MTPD may suffer from retinopathy and peripheral 

neuropathy.. Until recently there was no indication of intra-uterine morbidity in these 

disorders.. This observation was in line with the widely accepted view that FAO does not 

playy a significant role during fetal life. However, the high incidence of the gestational 

complicationss acute fatty liver of pregnancy (AFLP) and hemolysis elevatid liver enzymes 

andd low platelets (HELLP) syndrome observed in mothers carrying a LCHAD/MTP deficient 

childd and the recent reports of fetal hydrops due to cardiomyopathy in MTP deficiency 

(MTPD),, as well as the high incidence of intra-uterine growth retardation (IUGR) in 

childrenn with LCHADD/MTPD, suggest that FAO may play an important role during fetal 

development.. In this study, using in situ hybridization of the VLCAD and the LCHAD 

genes,, we report on the expression of genes involved in the mitochondrial of long-chain 

fattyy acids during early human development. Furthermore, we measured the enzymatic 

activityy of the VLCAD and LCHAD enzymes in different human fetal tissues. Human 

embryoss {at days 35 and 49 of development) and separate tissues (5-20 weeks of 

development)) were used. The results show a strong expression of VLCAD and LCHAD 

mRNAA and a high enzymatic activity of VLCAD and LCHAD in a number of tissues, such 

ass liver and heart. In addition, high expression of LCHAD mRNA was observed in the 

neurall retina and central nervous system. The observed pattern of expression during early 

humann development is well in line with the spectrum of clinical signs and symptoms 

reportedd in patients with VLCAD or LCHADD/MTPD. 
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Introduction n 

Mitochondriall oxidation of fatty acids plays a critical role in energy metabolism after birth. 

Thee heart preferentially uses fatty acids as substrate for energy production. In addition, 

duringg moderately severe exercise, skeletal muscle predominantly utilizes fatty acids as 

energyy source. In the liver, FAO is used during fasting to produce ketone bodies that are 

exportedd from the liver and can be used for energy production by peripheral tissues such 

ass the brain. Mitochondrial FAO of long-chain fatty acids involves the concerted action of 

aa multitude of enzymes. This process starts with the carnitine-mediated transfer of the 

long-chainn fatty acids, activated to their CoA esters, over the mitochondrial inner-

membrane.. This involves the activity of three enzymes: carnitine palmitoyl-CoA 

transferasee 1 (CPT1), carnitine acyl-carnitine translocase (CACT) and carnitine palmitoyl-

CoAA transferase 2 (CPT2). Once inside the mitochondria, the fatty acyl-CoA esters 

undergoo p-oxidation via a four-step mechanism, involving dehydrogenation, hydration, 

anotherr dehydrogenation and thiolytic cleavage. Oxidation of long-chain fatty acids starts 

withh the first dehydrogenation catalyzed by the very long-chain acyl-CoA dehydrogenase 

{VLCAD)) enzyme. The next three steps are catalyzed by the mitochondrial trifunctional 

proteinn (MTP). MTP is a hetero-octamer of 4 a- and 4 p-subunits. It harbors the activity of 

threee out of the four enzymes required for the oxidation of long-chain fatty acids: the 

long-chainn enoyl-CoA hydratase (LCEH), the LCHAD and the long-chain thiolase. The a-

subunitt carries the LCEH and the LCHAD activities, whereas the p-subunit harbors the 

long-chainn 3-ketoacyl-CoA thiolase activity. The importance of the mitochondrial FAO is 

stressedd by the existence of a variety of different genetic disorders in which mitochondrial 

FAOO is impaired1. In general, clinical signs and symptoms of FAO disorders are related to 

thee lack of energy for metabolic functions, resulting in hypoketotic hypoglycemia and 

multiplee organ failure. In addition, patients with inborn errors of long-chain FAO, such as 

VLCADD deficiency", isolated LCHAD deficiency (LCHADD)4, as well as complete MTPD5 

presentt with a variety of severe clinical problems, such as cardiomyopathy, retinopathy 

andd peripheral neuropathy, presumably due to the accumulation of toxic long-chain acyl-

CoAA esters. 

Inn contrast, before birth, the fetus is considered to be primarily dependent on glucose 

oxidationn for energy production6. There are four reasons for this. 

Firstly,, glucose is abundantly supplied by the mother and rapidly crosses the placenta. 

Secondly,, in animal studies (e.g. in rat, rabbit and lamb) a low mRNA expression and a 

loww activity of FAO enzymes is detected in fetal heart and liver, with a rapid rise of mRNA 
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levelss and subsequent increase in enzymatic activity directly after birth7"9. 

Thirdly,, the abundance of glucose as a substrate for the fetus results in high 

concentrationss of malonyl-CoA, which inhibits CPT1. This prevents the entry of long-

chainn fatty acids via the CPT1-CACT-CPT2 system into the mitochondria and thus results 

inn a low activity of long-chain FAO. In addition, fetal CPT1 levels are low and highly 

sensitivee to malonyl-CoA8. Fourthly, although inborn errors of mitochondrial FAO can 

presentt with clinical signs and symptoms immediately after birth, fetal disease has, until 

recently,, not been reported in this group of disorders'. 

Inn the last decade, however, several reports have linked the presence of two defects in 

thee mitochondrial long-chain FAO in the fetus, namely isolated LCHADD and MTPD, to 

thee severe pregnancy complications AFLP and the HELLP syndrome410"13. In addition, 

recentt studies have noticed a higher frequency of prematurity, IUGR and intra-uterine 

deathh in association with isolated LCHADD and MTPD5,11,14. These findings suggest that 

FAOO plays an important role in the human fetal-placental unit, which would be in 

contrastt to the results obtained in animal studies. 

Ass to our knowledge, the role of mitochondrial long-chain FAO has not been investigated 

duringg early human development, we investigated the expression of two genes involved 

inn long-chain FAO, VLCAD and LCHAD, in the human embryo during development, using 

inn situ hybridization as well as enzymatic studies. 
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Material ss  and method s 

Section s s 

Humann embryos and fetal tissues were collected from legally terminated pregnancies in 

agreementt with the French law as well as the recommendations of the local Ethics 

Committee.. Written informed maternal consent was obtained after termination of 

pregnancy.. Tissues were prepared as described previously15. For the in situ hybridization 

studiess in sections of intact embryos, two embryos, at Carnegie stage 14 (day 35 of 

development)) and stage 18 (day 49 of development), were used. For later hybridization 

studies,, heart, lung and eye from 3 fetuses (8, 9 and 20 weeks of development) were 

used.. Also, separate frozen organs from 5 different fetuses (5, 6, 7.5, 8 and 8.5 weeks of 

development)) were used for enzymatic studies. 

Hybridizatio nn probe s 

Templatess used for the generation of hybridization probes for VLCAD and LCHAD were 

amplifiedd by PCR from human genomic DNA using the following oligonucleotide primers: 

VLCAD-forwardd 5'-AAT TGT GGT GGA GAG GGG C-3'; VLCAD-reverse 5'-AAA CTG 

GGTT ACG AH AGT GGC-3'; LCHAD-forward 5'-AAT TCT TCC TGT ACG AH GGG G-3'; 

LCHAD-reversee 5'-AAT CTA ATG GTC TTA ATT CAG GC-3'. After amplification, the DNA 

fragmentss were purified and subdoned into the pGEM-T vector (Invitrogen, The 

Netherlands),, which contains both a T7 and a SPG promoter. The inserts were verified by 

sequencingg to exclude PRC-introduced errors. To generate a sense or an antisense RNA 

probe,, the pGEM-T vector containing VLCAD and LCHAD was digested with Sail for the 

T77 promoter or Sphl for the 5p6 promoter, respectively. The linearized plasmids were 

purifiedd with phenol/chloroform extraction and dissolved in TE at 200 ng/ml. cc[35S]UTP 

labeledd probes were generated from these templates as described previously15. 

Hybridizatio n n 

Hybridizationn and post-hybridization washes were carried out according to standard 

protocols15.. Slides were dehydrated, exposed to Biomax MR X-ray films (Amerscham) for 

33 days, dipped in Kodak NTB2 emulsion for 3 weeks at . Developed and toluidine 

bluee counterstained slides were analyzed with dark and bright field illumination. Adjacent 

slidess were hematoxylin/eosin/saffron stained for histological studies. 

Noo hybridization signal was detected with the a[35S]-labeled sense probes. 
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Enzymati cc  studie s 

Tissuee samples, stored at -70 , were thawed. The activity of VLCAD was measured as 

describedd elsewhere17, using phenylpropionyl-CoA and palmitoyl-CoA as substrates, 

respectively.. The activity of LCHAD was determined as previously described18. 

Controll values for enzymatic activity in human liver were measured in our laboratory, 

usingg the same techniques as used for embryonic studies. 
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Fig .. 1: VLCA D and LCHA D gen e expressio n in huma n embryos . 

a.d.gj,ma.d.gj,m are hematoxylin-eosin (HE) stained sections, adjacent to the slides hybridized 

withh the VLCAD {b,e,k.k,n) and LCHAD (cf,i,l,o) genes respectively. 

a-f.a-f. sagittal sections of a CS14 (35 days) human embryo {d-f are enlarged part of a-c), 

showingg the ubiquitous VLCAD gene expression, with a strong signal in liver (e, arrow), 

andd a weak but specific LCHAD expression in heart and liver if, arrows). 

g-o:g-o: Transverse sections through a CS18 (49 days) human embryo at the abdominal (g-/) 

andd caudal region level (m-o). j-l are enlarged part of g-i. The VLCAD gene is still 

ubiquitouslyy expressed with a strong signal in liver (h, k). 

i-o:i-o: LCHAD gene expression is observed in the metanephros (metaN), gonads (gon, arrow 

inn /), gut epithelium (/, u open arrows), liver, dorsal root ganglia (DRG), and anterior part 

off the spinal cord (Sp) as shown by arrowheads in o. 

Ad:: adrenal glands 

DR:: dorsal root 

mes:: mesencephalon 

pro:: prosencephalon 

rh:: rhombencephalon 

vert:: vertebrae. 

Fig .. 2: VLCA D and LCHA D gen e expressio n in feta l tissues . 

a,e,i,ma,e,i,m are hematoxylin-eosin (HE) stained sections, adjacent to the slides hybridized 

respectivelyy with the VLCAD {bjj), LCHAD (c,g,k,n) antisense and sense (d,h,l,o) probes. 

Transversee sections of a 9 weeks fetal heart (a-ct) and lung {e-h). VLCAD is ubiquitously 

expressedd throughout the heart and great vessels (b), the lung (/). In contrast, no 

expressionn is detected in the great vessels (b). In the lung, LCHAD expression is restricted 

too the epithelium, 

i-j:i-j: parasagittal section through a 8 weeks eye. In the neural retina, LCHAD gene 

expressionn is slightly higher than the VLCAD gene expression. Note the false positive 

signall given by the pigmented retina also observed with the sense probe. 

m-o:m-o: Transverse section through the spinal cord of a 20 weeks fetus, showing strong 

expressionn of the LCHAD gene in motoneurons of the anterior horn (arrows), compared 

withh the sense probe (figure 2o). 
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VLCAD D LCHAD D 

figurefigure 1- VLCAD and LCHAD gene expression in human embryos. 
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FigureFigure 2 - VLCAD and LCHAD gene expression in human embryos. 
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Result s s 

Wee studied the expression of the genes encoding the long-chain FAO enzymes VLCAD 

andd LCHAD, using in situ hybridization of human embryos at 35 and 49 days of 

developmentt (Carnegie stages (CS) 14 and 18} and of tissue sections of fetuses at 8, 9 

andd 20 weeks of development. In addition, VLCAD and LCHAD activities were measured 

enzymaticallyy in fetal heart, liver and brain, between 5 and 8.5 weeks of development. 

Thee expression pattern of VLCAD and LCHAD genes during human development is 

presentedd in figures 1 and 2. 

VLCAD D 
Att CS14, 35 days of development, the VLCAD gene was ubiquitously expressed with a 

strongg expression in liver (figure 1 h,e). At CS 18, 49 days of development, its strong liver 

expressionn was still conserved (figure }h.k). A weak expression was also observed in the 

developingg kidney (figure U), heart (not shown) and digestive tract epithelium (figure U). 

Att early fetal stages (figure 2), VLCAD was ubiquitously expressed in all tissues examined. 

Thee expression was particularly high in the heart and great vessels (figure 2b), the lung 

(figuree 2/} and the neural retina (figure 2/) when compared with the control sense probes 

(figuree Id.hA 

LCHA D D 

Interestingly,, the LCHAD gene expression was different from the VLCAD gene expression. 

Att 35 days of development, a weak LCHAD gene expression was found in both heart and 

liverr (figure 1c,/). At CS18, in addition to the liver (figure 1;) and heart (not shown), 

LCHADD was specifically and strongly expressed in the metanephros, gonads (figure 1 /) 

andd the developing gut epithelium (figure Mo). In the nervous system, LCHAD was 

expressedd in developing brain and neural retina (data not shown), as well as in a 

subpopulationn of cells of the anterior horn of the spinal cord, and in dorsal root ganglia, 

(figuree 1/,o). This pattern of LCHAD gene expression was again observed during fetal 

stagess (figure 2). in the heart, LCHAD was strongly expressed in the myocardial tissue, but 

noo signal was detected in the great vessels (figure 2c). In the lung, LCHAD expression was 

restrictedd to epithelial cells (figure 2g). In the central nervous system, a strong expression 

off the LCHAD gene was observed in the neural retina (figure 2k) and the motorneurons 

off the anterior horn of the spinal cord (figure 2n) when compared to controls (figure 2o). 
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Enzymati cc  studie s 

Thee enzymatic activity of VLCAD and LCHAD could be clearly detected in heart, liver and 

brainn tissue of human embryos (table 1). Although enzyme activity was generally higher 

inn adult human liver, which has a high FAO capacity, the difference was only small. 

Tissu ee developmenta l week 

heart,, 5 weeks 

heart,, 6 weeks 

heart,, 7.5 weeks 

heart,, 8 weeks 

Liver,, 5 week 

Liver,, 6 weeks 

Liver,, 8.5 weeks 

Brain,, 6 weeks 

Brainn 7.5 weeks 

Controll adult liver 

VLCAD D 

0.253 3 

0.327 7 

0.318 8 

0.402 2 

0.337 7 

0.760 0 

0.418 8 

0.11 1 

0.054 4 

0.720 0 

LCHAD D 

121 1 

129 9 

151 1 

142 2 

169 9 

207 7 

126 6 

95 5 

47 7 

313 3 

TableTable I. Activities of FAO enzymes during early human development and 
inin control human liver. Activities are expressed as nmol/min/mg protein. 

ControlControl human liver: n=3for VLCAD and n = 10for LCHAD. 
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Discussio n n 

Inn contrast to the widely accepted view, the present study indicates that FAO plays an 

importantt role during early human development. Recent studies in human placenta 

alreadyy demonstrated a remarkable high activity of FAO enzymes19,20. In placenta, the 

activityy of the enzymes LCHAD and short-chain 3-hydroxyacyl-CoA dehydrogenase 

(SCHAD)) were inversely correlated with gestational age19. Furthermore, the activity of 

CPT22 and of VLCAD was higher in term human placenta than in adult human liver20. As 

thee human placenta is of embryonic origin, these results indicate that FAO takes place in 

fetall tissue, suggesting a possible role for a disturbed placental FAO in the pathogenesis 

off the pregnancy complications AFLP and HELLP syndrome. The results of our study 

demonstratee mRNA expression as well as enzymatic activity of the long-chain FAO 

enzymess VLCAD and LCHAD during early human development and are well in line with 

thesee observations in human placenta and strongly suggest that not only the placenta, 

butt also the human embryo utilizes fatty acids as a substrate for energy production. 

Studiess by Ibdah and coworkers21 revealed that MTP deficient knockout mice suffer from 

IUGR.. IUGR has also been reported in humans as a consequence of fetal MTPD 5'4,22. 

Althoughh in humans the high incidence of IUGR may be associated with the maternal 

complicationss HELLP syndrome and AFLP, IUGR in MTP deficient mice could not be 

attributedd to placental nor to maternal disease21. Our study revealed significant mRNA 

expressionn and high enzymatic activity of LCHAD and VLCAD in numerous tissues during 

earlyy human development. Therefore it is not surprising that isolated LCHADD, MTPD, or 

VLCADD deficiency, can result in fetal disease with IUGR as a consequence. 

Cardiomyopathyy is a frequent and often fatal complication of long-chain FAO enzyme 

defects,, including VLCAD deficiency, isolated LCHADD and complete MTPD. Presumably 

itt results from the accumulation of arrhythmogenic long-chain acylcarnitines24. In 

addition,, fetal hydrops due to intra-uterine cardiomyopathy was reported recently in a 

childd with MTPD525. Hydrops fetalis due to cardiomyopathy was also reported in relation 

too carnitine deficiency25. These observations suggest that long-chain FAO is taking place 

inn the myocardium during intra-uterine life. Our study, conducted in human embryos 

showss a strong expression and high activity of LCHAD and VLCAD in myocardial tissue 

(figuree 2b,c and table 1). If the fetal heart uses fatty acids as an important substrate for 

thee production of ATP, it is likely that intra-uterine cardiomyopathy can result from a 

defectivedefective long-chain FAO. In that respect, however, it is surprising that fetal hydrops has 

nott been reported more frequently in relation to long-chain FAO deficiency. 
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Thee observed expression pattern of LCHAD mRNA in human embryos correlates very well 

withh clinical signs and symptoms observed in patients with isolated LCHADD and 

completee MTPD. Pigmentary retinopathy is an important feature of LCHADD, and has not 

beenn reported in any other FAO defect. Recently, Tyni and co-workers demonstrated that 

FAOO is taking place in cultured porcine retinal pigment epithelium cells. This suggests that 

FAOO may play an important role in the retina26. Although pigmentary retinopathy has not 

beenn observed at birth, it has been detected in LCHAD deficient patients at 4 months of 

age22.. The LCHAD mRNA expression we observed in the neural retina (Figures 3 k), 

suggestss that long-chain FAO plays a role in the developing human retina. Therefore, 

retinall damage observed in LCHAD and MTP deficient patients may already have started 

inn utero. 

Anotherr unique feature of LCHAD and MTPD is the presence of a progressive peripheral 

neuropathy,, reported in more than 50% of MTP deficient patients5. This symptom is not 

reportedd in any other FAO defect. Nerve conduction velocity was determined in a few 

patientss with peripheral neuropathy and showed axonal neuropathy with sensory 

predominance27'29.. Nerve biopsy was normal in one patient, but revealed demyelination 

andd axonal neuropathy in two others22-29. Our human embryo studies showed LCHAD 

mRNAA expression in the developing central nervous system. In particular, LCHAD mRNA 

couldd be detected in the anterior horn of the spinal cord at 49 days of development. In 

addition,, the LCHAD gene was also clearly expressed in the motor neurons of the anterior 

hornn of the spinal cord at 20 weeks of development (figure 2n), while VLCAD expression 

wass very weak (data not shown). 

Itt is difficult to explain the discrepancy between the LCHAD and VLCAD expression 

patternss as observed in the central nervous system of the developing human embryo, as 

thee mitochondrial FAO involves the concerted action of all enzymes. An explanation 

mightt be that MTP has an additional metabolic role in the developing central nervous 

system,, including the retina, as already suggested by Tyni and coworkers25. However, 

suchh an additional role has never been detected at the biochemical level. 

Finally,, our study also demonstrates that long-chain FAO is present in other tissues during 

earlyy human development. In particular, a strong expression of LCHAD is observed in 

lung,, gut, gonadal tissue and metanephros. We are not aware of any involvement of 

thesee tissues in patients with long-chain FAO disorders. Nevertheless, we believe that 

patientss with inborn errors of long-chain FAO should also be monitored for pulmonary, 

gastrointestinal,, gonadal and renal complications during long-term follow up. 
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Inn summary, here we describe a detailed study of the expression of the long-chain FAO 

VLCADD and LCHAD genes as wefl as their enzymatic activity, during early human 

development.. In contrast to the widely accepted view that embryologie development 

dependss on glucose as the major source of metabolic energy, our results clearly show 

thatt long-chain FAO is also taking place in the human embryo. Our observations are well 

inn line with the pattern of clinical signs and symptoms observed in patients with VLCAD 

andd LCHADD/MTPD. Additional studies on the role of the LCHAD enzyme in retinal, 

nervous,, renal, and gonadal tissues may well reveal developmental pathways using 

alternativee metabolic functions of the LCHAD/MTP enzyme. 

EURExpressEURExpress and HMR (Hoechsi-Marion-Roussel) are acknowledged for financial support. 
FêréchièFêréchiè Razavi is thanked for helpful discussions. 
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