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Abstract t 

Ass the human fetus and placenta are considered to be primarily dependent on glucose 

oxidationn for energy metabolism, the cause of the remarkable association between severe 

maternall pregnancy complications and the carriage of a fetus with an inborn error of 

mitochondriall long-chain fatty acid oxidation (FAO) has remained obscure. We analyzed 

humann term placenta and chorionic villus samples for the activities of a variety of 

enzymess involved in FAO, and compared the results with those obtained in human liver. 

Alll enzymes were found to be expressed, with a very high activity of two enzymes 

involvedd in the metabolism of long-chain fatty acids {CPT2 and VLCAD), whereas the 

activityy of medium-chain acyl-CoA dehydrogenase (MCAD) was found to be low, when 

comparedd to liver. These results suggest that FAO may play an important role in energy 

generationn in human placenta, and that a deficiency in the placental oxidation of long-

chainn FAO may result in placental dysfunction, thus causing gestational complications. 
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Introduction n 

Mitochondriall p-oxidation of fatty acids plays an essential role in energy metabolism in 

humans.. In muscle, during moderately severe exercise, energy is mainly produced from 

FAO.. The heart preferentially uses fatty acids as a substrate for energy production. During 

fasting,, FAO in the liver is used to produce ketone bodies that are exported and can be 

usedd by all peripheral tissues, but are preferentially used in the brain and in the heart. 

Mitochondriall p-oxidation involves the concerted action of a multitude of enzymes, 

startingg with the carnitine-mediated transfer of long-chain fatty acids over the 

mitochondriall inner-membrane via carnitine palmitoyl-CoA transferase 1 (CPT1) (EC 

2.3.1.21),, carnitine acyl-camitine translocase (CACT) and carnitine palmitoyl-CoA 

transferasee 2 (CPT2). Medium-chain and short-chain fatty acids can enter the 

mitochondriall matrix independent of this carnitine cycle. Once inside the mitochondria, 

fattyy acyl-CoA esters undergo p-oxidation via the classical four-step mechanism, involving 

dehydrogenation,, hydration, dehydrogenation and thiolytic cleavage. The importance of 

thee mitochondrial FAO is stressed by the existence of a variety of different genetic 

diseasess in man in which mitochondrial ^-oxidation is impaired1. Clinical signs and 

symptomss are in part related to the lack of energy for metabolic functions, resulting in 

hypotonia,, hypoketotic hypoglycemia and multiple organ failure. In addition, patients 

withh inborn errors of the mitochondrial long-chain p-oxidation, such as very long-chain 

acyl-CoAA dehydrogenase (VLCAD) deficiency (McKusick 201475), long-chain 3-

hydroxyacyl-CoAA dehydrogenase (LCHAD) deficiency (McKusick 600890) and 

mitochondriall trifunctional protein (MTP) deficiency may present with a variety of severe 

clinicall problems, such as cardiomyopathy, retinopathy and peripheral neuropathy. 

Accumulationn of toxic long-chain acyl-CoA esters is considered to be involved in the 

pathogenesis. . 

Inn recent years it has become clear that there is a striking association between the severe 

pregnancyy complications hemolysis, elevated liver enzymes and low platelets (HELLP) 

syndromee and acute fatty liver of pregnancy (AFLP) and the carriage of a fetus with a 

long-chainn FAO disorder2'12. These complications of pregnancy are very rare in the normal 

population,, but have been reported to occur with a high frequency, up to more than 

10%,, in mothers carrying a fetus with a long-chain FAO disorder1112 The mechanism 

behindd this association has remained obscure. As the fetus is considered to be primarily 

dependentt on glucose oxidation for energy production13, it is unlikely that fetal 

productionn of toxic long-chain acyl-CoA esters causes the HELLP syndrome or AFLP in the 
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mother.. However, since the human placenta is for the largest part of fetal origin, and 

sincee the placental mass represents a relatively high proportion of the fetal-placenta! unit 

att term, an alternative explanation would be that the defective oxidation of fatty acids in 

placentall tissue is directly responsible for HELLP syndrome or AFLP in the mother. 

Recently,, Rakheja and coworkers14 were the first to demonstrate activity of the FAO 

enzymess LCHAD and short-chain 3-hydroxyacyl-CoA dehydrogenase (SCHAD) in human 

placenta,, giving support to this hypothesis. In order to expand on these results, we 

studiedd the activity of a whole range of different enzymes involved in FAO in normal term 

placenta,, as well as in normal chorionic villus biopsies. 
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Materialss and Methods 

Humann placentas were collected, after written informed consent from the mother, from 

sixx uncomplicated term pregnancies. All deliveries were spontaneous and without 

complication.. Placentas were biopsied (0.5 cm3) within one hour after delivery on the 

fetall side, and multiple biopsies were snap frozen in liquid nitrogen and stored at C 

untill biochemical studies were done. Chorionic villus samples were obtained by standard 

proceduress at gestational ages ranging from 1 0 - 1 4 weeks for prenatal diagnostic 

purposes.. For this study biopsies that were found to be normal were used. Biopsies were 

storedd at C for further studies. 

Thee activities of VLCAD and of medium-chain acyl-CoA dehydrogenase (MCAD) {EC 

1.3.99.3)) were measured as described elsewhere1, using phenylpropionyl-CoA and 

palmitoyl-CoAA as substrates, respectively. The production of the a- and p-unsaturated 

andd 3-hydroxyacyl-CoA species were determined by HPLC and used to calculate acyl-CoA 

dehydrogenasee activities. The activities of short-chain and long-chain enoyl-CoA 

hydratasee (SCEH and LCEH) (EC 4.2.1.17), SCHAD and LCHAD (EC 1.1.1.35) and long-

chainn 3-hydroxyacyl-CoA thiolase (LCTHIO) were determined as previously described'5. 

Thee activity of CPT2 was measured radiochemically, essentially as described by Demaugre 

etaP6. . 

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

usingg the same techniques as used for the study in placental tissue. 
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Resultss and Discussion 

Inn order to investigate the capacity of placental tissue for fatty acid p-oxidation, we 

measuredd the activity of a range of different enzymes involved in FAO. Surprisingly, there 

iss very little information on this point in literature14,17. All eight enzymes studied were 

foundd to be expressed in term human placental tissue as well as in chorionic villus 

samples.. Remarkable high activities of FAO enzymes involved in the oxidation of long-

chainn fatty acids were detected. The activities of all enzymes, as measured in placenta, 

chorionicc villus samples and liver are shown in table 1. We compared the activities of the 

FAOO enzymes in placenta and chorionic villus samples with the activities as measured in 

controll human liver. Interestingly, the mean enzymatic activity of both CPT2 and VLCAD 

weree found to be even higher in placental tissue and chorionic villus samples than in 

humann liver tissue, which is known for a very high capacity for FAO. 

Enzymes s 

CPT2 2 

VLCAD D 

LCHEH H 

LCHAD D 

LCTHIO O 

MCAD D 

SCEH H 

SCHAD D 

Placentt t 

Mean n 

88 8 

11.9 9 

32.2 2 

36.9 9 

19.8 8 

0.13 3 

295 5 

77.1 1 

SEM M 

21 1 

1.7 7 

5.4 4 

5.0 0 

3.4 4 

0.02 2 

55 5 

17.0 0 

n n 

6 6 

6 6 

6 6 

6 6 

6 6 

6 6 

6 6 

6 6 

Chorionicc villus samples 

Meann SEM n 

88 8 

22.8 8 

167 7 

120 0 

22.3 3 

0.8 8 

836 6 

175 5 

12 2 

2.3 3 

6.0 0 

7.1 1 

2.1 1 

--
9.2 2 

15.7 7 

4 4 

3 3 

2 2 

19 9 

12 2 

1 1 

2 2 

20 0 

Liver r 

Mean n 

57 7 

7,1 1 

197 7 

313 3 

44 4 

6.94 4 

1200 0 

857 7 

SEM M 

19 9 

0.9 9 

21 1 

22 2 

9 9 

0.71 1 

139 9 

123 3 

n n 

3 3 

3 3 

4 4 

10 0 

11 1 

5 5 

4 4 

19 9 

TableTable 1 - Mean activities and SEMs of FAO enzymes 
inin human placenta at term, in chorionic villus samples gestational (ages 10-14 weeks) 

andand in control human liver. Activities are expressed as nmoi/min/mg protein. 
(Abbreviations(Abbreviations of enzymes: see text materials and methods) 

Thee human placenta has a high rate of oxygen consumption at term18, in order to sustain 

aa high production rate of ATP, which is expended in the synthesis of a variety of placental 

proteinss and hormones, in placental cation transport and in placental synthesis of 

essentiall poly-unsaturated fatty acids. While in sheep placenta oxidative phosphorylation 

dependss on glucose as a substrate'9, our results suggest that in human placenta FAO may 

playy an important role in energy metabolism. Long-chain fatty acids as substrate for 

96 6 Chapterr 7 



placentall FAO are abundantly available in maternal plasma during the last trimester of 

pregnancy,, when maternal lipid metabolism switches to a catabolic state resulting in 

increasedd concentrations of plasma triglycerides and free fatty acids (FFA)2W'. Rat 

placentaa has been shown to express heart fatty acid binding protein (FABP), fatty acid 

translocasee (FAT) as well as fatty acid transport protein (FATP), pointing to the ability of 

placentall tissue for fatty acid uptake, and transplacental movement of fatty acids to fetal 

compartments".. Our results clearly show that the FFA produced by enhanced maternal 

lipolysiss during end-stage pregnancy may be important as fuel for placental metabolism. 

Comparingg the activities of the different enzymes involved in placental and chorionic villi 

FAOO in relation to the activities in liver (table 1), a striking difference between the 

enzymess involved in long-chain FAO and the enzyme involved in medium-chain FAO 

(MCAD)) becomes clear. Mean VLCAD activity in placenta was 11.9 nmol/min/mg protein 

andd in liver 7.05, resulting in a ratio of placental activity to liver activity of 1.7. In 

contrast,, mean MCAD activity in placenta was found to be 0.13 nmol/min/mg protein 

withh an activity in liver of 6.94, resulting in a placenta to liver ratio of 0.02. For the other 

enzymess studied, involved in long-chain FAO (CPT2, LCEH, LCHAD and LCTHIO), the 

calculatedd placenta to liver activity ratios were 1.55, 0.16, 0.12 and 0.45 respectively, all 

substantiallyy higher than the activity ratio for MCAD (0.02). The same pattern was found 

forr the FAO enzymes in the chorionic villus samples. As in liver complete fatty acid 

degradationn proceeds normally from long-chain fatty adds as the main substrate, via 

medium-chainn fatty acids and short-chain fatty acids to acetyl-CoA units, our data from 

placentall tissue and chorionic villus samples, with a skewed pattern of enzyme 

expressionn as compared to liver, suggest that medium-chain acyl-CoA esters are produced 

ass an intermediate metabolite. Accumulating medium-chain acyl-CoA esters produced in 

thee mitochondrial matrix can be converted into medium-chain acyl-camitine esters by 

CPT2,, which we showed to have a very high activity in placental tissue, followed by 

transportt out of the mitochondria to the cytosol and subsequently into the fetal 

circulation.. FAO of medium-chain fatty acids is, in contrast to FAO of long-chain fatty 

acids,, independent of the CPT1-CACT-CPT2 system and therefore not controlled by 

malonyl-CoA.. Since malonyl-CoA strongly inhibits CPT1 in the fetus23, medium-chain fatty 

acidss produced by the placenta can thus, in contrast to long-chain fatty acids, be used as 

ann important metabolic fuel, reducing the fetal dependency of glucose as substrate. This 

hypothesiss is substantiated by the remarkably high concentration of C8-carnitine as 

detectedd by tandem-MS in mid-term amniotic fluid of healthy pregnancies2*. 
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Itt has been well-established that the presence of an inherited disorder of long-chain FAO 

inn the fetus predisposes the mother for gestational complications such as HELLP syndrome 

andd AFLP2"12. The prevalence of these rare disorders with substantial neonatal and 

maternall morbidity and mortality varies between 1:250 for HELLP syndrome and 1:13.000 

forr AFLP. In contrast, the combined prevalence is more than 1:10 in pregnancies in which 

thee mother carries a fetus with a long-chain FAO defect11'12. The most likely cause of 

thesee complications is the production of long-chain acyl-CoA esters by the feto-placental 

unit.. It has been demonstrated that long-chain acyl-CoA esters inhibit the mitochondrial 

ATP/ADPP carrier, the dicarboxylate carrier and the pyruvate dehydrogenase complex in 

vitro2"7.. In addition, 3-hydroxypalmitoyl-CoA is an inhibitor of mitochondrial oxidative 

phosphorylation28.. However, because the unborn fetus predominantly depends on 

carbohydratee degradation for energy supply, a substantial production of toxic long-chain 

acyl-CoAA esters by the fetus seems highly unlikely. As the placenta at term accounts for 

moree than 15% of the total weight of the feto-placental unit, and because placental 

tissuee is almost completely of fetal origin, our observation that the enzymes involved in 

long-chainn FAO are highly expressed in term-placenta strongly suggests an important role 

forr placental production of toxic long-chain acyl-CoA esters in the pathogenesis of HELLP 

syndromee and AFLP in mothers carrying a fetus with a long-chain FAO disorder. This 

hypothesiss was already suggested by Rakheja and coworkers14 on the basis of the 

reportedd activities of LCHAD and SCHAD in human placenta. In addition, they 

demonstratedd higher activities of these two enzymes in early gestation. In line with their 

observation,, our study in normal human chorionic villus samples also demonstrated 

higherr activities of all studied FAO enzymes, except CPT2, in the very early stages of 

pregnancy. . 

Theree are two possible explanations for the observed high prevalence of these pregnancy 

complications.. One is that long-chain acyl-CoA esters produced by the placenta are 

transferredd as long-chain acylcarnitine esters to the maternal circulation and taken up by 

maternall liver and other tissues. The maternal liver, which might be compromised for 

long-chainn FAO capacity due to its obligatory heterozygous state, is then unable to rapidly 

oxidizee the produced long-chain acyl-CoA esters, resulting in maternal liver disease 

(AFLP).. Another and presumably additional 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. Indeed, a high percentage of placental infarctions 

hass been demonstrated in pregnancies of LCHAD deficient fetuses829. Inhibition of 

oxidativee phosphorylation by long-chain acyl-CoA esters might also result in the 

productionn of reactive oxygen species (ROS) and enhanced lipid peroxide formation, 
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whichh could lead to endothelial dysfunction which is considered as an important 

pathophysiologicc factor for preeclampsia or HELLP3"1. Moreover, the disturbed energy 

metabolismm in the placenta as a result of accumulating long-chain acyl-CoA esters, may 

promotee shedding of micro-particles into the maternal circulation, resulting in activation 

off the cytokine system and thereby in multi-organ disease32. 

inn summary, this report demonstrates the expression of eight different enzymes involved 

inn FAO in human term placenta and chorionic viflus samples, with remarkably high 

activitiess of enzymes involved in long-chain FAO. A decreased capacity for placental long-

chainn FAO, as is the case during pregnancies with a fetus suffering from an inborn error 

off long-chain FAO, may result in placental production of toxic long-chain acyl-CoA esters, 

presumablyy causing the high prevalence of gestational complications in mothers carrying 

aa long-chain FAO deficient fetus. Finally, the observation of a very low activity of MCAD 

inn placenta as compared to the long-chain FAO enzymes, adds to the understanding of 

fetall energy metabolism during end-stage pregnancy. 
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