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Juvenile Fasciola hepatica at different stages of development were isolated from the liver paren- 
chyma of experimentally infected rats. Their energy metabolism was studied by incubation with 
D-J6 -14 C]glucose and compared with that of juveniles isolated immediately after in vitro emergence 
from the metacercarial cysts. These studies confirmed that freshly excysted juveniles have an aerobic 
energy metabolism, but are already fully equipped for life in the absence of oxygen. A functioning 
Krebs cycle was a true characteristic of all parenchymal stages of F. hepatica, but its capacity slowly 
decreased during development. Concomitantly, acetate became the major end product. This formation 
of acetate was an aerobic process and it was the most important source of energy for the exponentially 
growing fluke after twelve days of development. It might, therefore, be an important new target for 
anthelmintics. The decrease in Krebs cycle activity was not caused by a lack of oxygen nor by a de- 
creased capacity of the respiratory chain. The freshly excysted juvenile had endogenous glycogen 
stores which were degraded during fasting and replenished in the presence of glucose. 

Key words: Fasciola hepatica, Energy metabolism, Juvenile stage, Development, Glucose breakdown, 
Acetate formation. 

INTRODUCTION 

The adult liver fluke, Fasciola hepatica, ferments glucose mainly to propionate and 

acetate, both under aerobic and anaerobic conditions [1]. On the other hand, in vitro 

excysted juvenile F. hepatica have an aerobic energy metabolism. In the presence of 

oxygen, juveniles oxidize glucose mainly to carbon dioxide, but  they can also survive 

prolonged periods of anaerobiosis during which they excrete propionate and acetate, 

like the adult [2]. 

It was uncertain whether the observed aerobic functioning is a true characteristic 

of juvenile liver flukes or merely the result of the in vitro excystment procedure. After 

all, the in vitro excysted juvenile F. hepatica [3] has not  met a number  of physical 

barriers that parenchymal liver flukes have to cope with. Burrowing through the intestinal 

wall, migration in the abdominal cavity and penetration of the liver capsule have not  

occurred. It is known that such barriers can influence the biochemical properties of 
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parasites: when a schistosomal cercaria penetrates the skin of a host and transforms 
into a schistosomulum, a bioenergetic metamorphosis occurs [4]. In the development 
of newly excysted F. hepatica to parenchymal liver fluke the situation is probably dif- 
ferent. Burrowing through the gut wall is not an essential step in this development: the 
implantation of in vitro excysted juveniles or of untreated metacercariae in the abdominal 
cavity results in normal development of the flukes [5, 6]. Penetration of the host liver 
is also not necessary for normal development, as F. hepatica can also end up as an egg- 
laying adult in the lung [6]. 

In this paper, evidence is presented that juvenile liver flukes at the early parenchymal 
stage indeed have a fully aerobic energy metabolism. The question then arises at which 
moment the transition to the anaerobic metabolism of the adult occurs. Two hypotheses 
concerning the trigger of such a transition have been forwarded [7]: the predominantly 
anaerobic environment of the bile duct could force the liver fluke to abandon the aerobic 
energy metabolism or the growing size of the liver fluke could limit the diffusion of 
oxygen and so a further aerobic functioning. If the latter hypothesis is correct, the 
transition from aerobic to anaerobic energy metabolism may already have occurred in the 
parenchyma. 

Experiments presented in this paper showed that at the later parenchymal stages the 
energy metabolism of the liver fluke indeed became partly anaerobic. However, early in 
the parenchymal development changes in the energy metabolism occurred which were 
not caused by a lack of oxygen but by a diminished Krebs-cycle activity. The aerobic 
breakdown of glucose to CO2 was gradually diminished and replaced by the aerobic 
production of acetate. 

MATERIALS AND METHODS 

Isolation of  flukes. The medium (pH 7.3) used for the isolation of all the stages ofF.  
hepatica contained (mM): NaHCO3 (39), NaC1 (103), KC1 (5.4), NaH2PO4 (1), MgSO4 
(0.8), CaC12 (1.8), glucose (11) plus 75 mg[1 streptomycin and 75 I.U./ml penicillin. 
Newly excysted juveniles were obtained by our previously described method for the in 
vitro excystment of metacercariae and subsequent isolation of juvenile F. hepatica [3]. 
Parenchymal liver flukes were isolated from male Wistar rats (about 180 g at time of in- 
fection) that had been orally infected with about 100 metacercariae each. The 6-days old 
flukes were obtained by placing the sliced (1 cm) livers at 38°C on a 500/am sieve in a 
funnel •led with medium and by collecting after 1.5 h the flukes that had sunk into the 
funnel. The sliced (1 cm) livers of 12-, 24-, and 25-days infected rats were put in a petri 
dish in medium at 38°C and after 1 h the flukes were isolated with a pipet. All isolated 
flukes were washed with fresh medium and their incubations were started immediately. 

Incubations. Aerobic and anaerobic incubations of F. hepatica were carried out as de- 
scribed before [2 ], but D- [6 -14 C]glucose was used instead of D- [U -14 ] glucose. 
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Assays. The analyses of  the excreted end products were performed as published earlier 

[21. 
The protein content of  the incubations was determined by the method of Lowry et 

al. [8] with bovine serum albumin as standard after the flukes had been disrupted by 
ultrasonic treatment. 

Glycogen was isolated and hydrolysed according to Hassid and Abraham [9]. 
Glucose was determined with the GOD-Perid test combination (Boehringer, Mann- 

heim, F.R.G.). 

Materials. The metacercariae were a gift from the Parasitology Department of the Central 
Veterinary Institute (Lelystad, The Netherlands). 

D-[6-14C]Glucose was obtained from New England Nuclear (Boston, MA, U.S.A.) 
and from the Radiochemical Centre (Amersham, England). 

Ascorbate oxidase was obtained from Boehringer (Mannheim, F.R.G.), streptomycin 

and penicillin from Flow Laboratories (Irvine, Scotland). 

RESULTS 

Growth of  the flukes in vivo. After each incubation the number of flukes was counted 
and the amount of  protein was determined. The flukes grew exponentially during their 

parenchymal development (Table I). The protein content of the newly excysted liver 
fluke was found to be 230 ng, in contrast to our earlier estimate [2, 3, 7]. 

End products of  glucose breakdown. Prolonged incubations (14 h) were necessary due to 
the limited amount of material that was available. The vast majority (between 75 and 

95%) of the flukes in all incubations survived, as judged by microscopic observation 
of their mobility. Those in the aerobic incubations were more active. 

In order to increase the accuracy of the results, the parasites were incubated with D- 
[6-~4C]glucose instead of D-[U-l*C]glucose. The advantage of the former substrate is 

TABLE I 

Protein content of the developing F. hepatica 

Age Protein content 
(days) ~ug/fluke) 

0 0.23 a 
6 1.1 b 

12 6.8 b 
24 56.1 b 

a See Table IV. 
b Average value of all flukes used at this stage. 
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that all the labelled CO2 is produced in the aerobic functioning of the Krebs cycle 

because the CO2 which is formed in the production of acetate and propionate will not 

be labelled. 

The radioactive end products of glucose breakdown, excreted by the parasites into 

the medium, were determined and the results of incubations with in vitro excysted and 

24- or 25-days old flukes are shown in Table II. In Table III the formation of these label- 

led end products is expressed as percentages of the amount of glucose catabolized to form 

these end products. After the sequential elution of glucose, acetate, propionate and 

lactate from the anion-exchange column with 5 mM HC1, 2 M NaC1 was used to elute 

possible other labelled products, like pyruvate or Krebs cycle intermediates. These pro- 

ducts, called 'rest' in Table II were not identified and their amounts were calculated 

on the assumption that they had half the specific radioactivity of glucose. For the cal- 

culation of the produced amounts of acetate, propionate and lactate, a specific activity 

of half that of  glucose was used. The specific activity of carbon dioxide was assumed to 

be one-sixth of that of  glucose. In Fig. 1 the results are shown of the aerobic incuba- 

tions with the four investigated stages of the developing juvenile F. hepatica. The amounts 

of lactate were negligible and are omitted from the figure. 

TABLE ll 

End products of glucose breakdown excreted by F. hepatica 

Flukes Incubation 
condition 

Excretion of end products (nmol/h per mg protein) 

CO 2 Acetate Propionate Lactate 'Rest 'a 

In vitro aerobic 294 10 n.d. n.d. 32 
excysted 286 6 n.d. n.d. 24 

In vitro anaerobic 16 201 399 80 64 
excysted 16 191 350 73 76 

24 days aerobic 118 455 205 30 49 
old 104 461 210 38 61 

107 454 177 43 62 

25 days anaerobic 13 180 440 14 22 
old 13 217 544 12 35 

The flukes (about 1 mg protein per Erlenmeyer flask) were incubated for 14 h at 38°C with D-[6- 
t4C]glucose (0.5-0.9 Ci/mol). The radioactive end products in the fluke-free medium were analysed. 
All values are corrected for blank incubations, n.d. = not detectable. Results of separate incubations 
are presented. In all incubations the total recovery of labelled end products equalled 94-105% of the 
radioactive glucose consumed. 
a See text. 
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TABLE III 

Glucose catabolism by F. hepatica 

Flukes Incubation 
condition 

Product formation (% of glucose broken down) a 

CO 2 Acetate Propionate Lactate 

In vitro aerobic 91 9 
excysted 94 6 

In vitro anaerobic 1 29 58 12 
excysted 1 31 57 12 

24 days aerobic 5 62 28 4 
old 5 62 28 5 

5 64 25 6 

25 days anaerobic 1 28 69 2 
old 1 28 70 2 

a The amount of glucose broken down in each incubation in the formation of CO 2 , acetate, pro- 
pionate and lactate was calculated from the results in Table II and put at 100%. 

Depletion and replenishment of  the endogenous glycogen stores of  in vitro excysted 
juveniles. Freshly excysted juvenile F. hepatica are normally isolated and maintained in 

the presence o f  11 mM glucose [3]. In one series o f  experiments glucose was replaced 

by 5.5 mM NaC1. The isolated parasites were divided into 6 portions. Their glycogen 
content was determined: for 2 portions immediately, for 2 portions after an aerobic 

incubation of  5 h at 38°C in the absence of  glucose and for 2 portions after an aerobic 
incubation of  5 h at 38°C in the absence of  glucose, followed by an aerobic incubation 

of  11 h at 38°C in the presence o f  11 mM glucose. The parasites of  all incubations re- 
tained their vitality, as judged with an inverted microscope during the counting after 

the incubations. The results o f  the glycogen determinations, presented in Table IV, show 

that the in vitro excysted juveniles had endogenous glycogen stores which could be con- 

sumed in the absence and replenished in the presence of  added glucose. 

DISCUSSION 

In this paper the breakdown of  added D-[6-14C]glucose by juvenile liver flukes was 

studied by analysing the radioactive end products excreted by the flukes into the me- 

dium. Previously it could not be excluded that unlabeUed endogenous substrates (e.g. 

glycogen) of  the juveniles were catabolized together with the exogenously added radio- 

active glucose. The results presented in Table IV show that in vitro excysted juveniles 

consumed 85 pg of  glycogen per ng protein in 5 h when no exogenous substrate was 
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Fig. 1. Excreted end products in aerobic incubations of juvenile Fasciola hepatica of different ages. 

All values are corrected fo~ blank incubations. 

TABLE IV 

The effect of  fasting and refeeding on the glycogen content of  juvenile F. hepatica 

Time Number of Glycogen Protein Glycogen 

flukes (ng/fluke) (ng/fluke) (ng/ng protein) 

Immediate 1567 44.8 222 0.20 

1320 54.2 261 0.21 

After 5 h 1730 29.8 224 0.13 

fasting 2069 24.1 229 0.11 

After 5 h 1644 64.5 233 0.28 
fasting + 11 h refeeding 1577 70.0 231 0.30 

Results of separate incubations are presented 
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available. This is equivalent to the consumption of 105 nmol of glucose per hour per mg 

protein, which is in reasonable agreement with the calculated rate of glucose consumption 
of 89 -+ 35 nmol • h -~ • mg -~ in aerobic incubations of  juveniles in the presence of 
D-[U-l*C]glucose [2] and, though to a smaller degree, with the mean rate of  67 nmol of 
glucose • h -~ - mg -~ calculated from the aerobic incubations shown in Table II. More- 
over, it seems unlikely that the juvenile liver fluke will degrade its internal glycogen stores 

in the presence of 11 mM glucose since at this concentration of external glucose the fluke 
is able to replenish its glycogen stores (Table IV) and since this concentration is higher 
than the external glucose concentration in vivo (liver parenchyma). Therefore, the ob- 
served formation of labelled end products in the presence of 11 mM glucose not only 

qualitatively reflects the pattern of glucose degradation but its rate is also a reliable 
indication of the true rate of end product formation in vitro. 

Under aerobic conditions the in vitro excysted juveniles produced mainly carbon 
dioxide, whereas in the absence of oxygen they produced mainly propionate and acetate 

in a ratio of 2 : 1 (Table III). This result is in agreement with the results of  incubations 

with D-[U-~4C]glucose which we published earlier [2] and it confirms that the in vitro 
excysted juvenile F. hepatica has an aerobic energy metabolism but is already fully equip- 
ped for anaerobic functioning. 

The in vitro excysted juveniles as well as the in vivo developed flukes exhibited Krebs 

cycle activity, indicating that a functioning Krebs cycle is a true characteristic of  all 
parenchymal stages of F. hepatica. During the parenchymal development of the liver 

fluke the Krebs cycle capacity slowly diminished. The production of labelled carbon 
dioxide decreased and acetate and propionate became the major end products (Fig. 1). 

The amounts of excreted acetate were much higher than half the amounts of  excreted 
propionate and, therefore, the production of these end products was not in redox balance. 
In the production of acetate more NADH was reduced than was oxidized in the forma- 
tion of propionate. The excess NADH had to be oxidized, for example via the respiratory 
chain. For this massive production of acetate, oxygen was indeed required, as is clear 
from the data in Table II: in the absence of oxygen a normal, adult-type, dismutation 
occurred. 

In the adult the formation of 1 mol of acetate from acetyl-CoA is coupled with 
the synthesis of  1 mol of  ATP [10]. If this is also the case in the developing juvenile, 
the net reaction of the production of acetate will be: 

glucose + 4 ADP + 4 Pi + 4 NAD ÷ ~ 2 acetate + 2 CO2 + 4 ATP + 4 NADH + 4 H ÷ 

2 mol of  NADH will be formed in the cytosol and, if the reduced equivalents are trans. 
ported into the mitochondria via the glycerol 3-phosphate shuttle, they will give rise 
to the formation of 4 mol of ATP. The other 2 mol of  NADH are formed inside the mi- 
tochondria and will yield another 6 mol of  ATP when oxidized via the respiratory chain; 
this adds up to a total of  14 mol of ATP when 1 mol of glucose is degraded to 2 mol 
of acetate and 2 mol of  carbon dioxide. The anaerobic dismutation leading to the pro- 
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duction of propionate and acetate (2 : 1) will yield about 5 m91 of ATP per degraded 

mol of glucose if it is assumed that the production of 1 mol of propionate from suc- 

cinate is accompanied by the production of 1 mol of ATP [11-13]. The complete 

oxidation of glucose to carbon dioxide via the Krebs cycle will result in the formation 

of 36 mol of ATP per mol of glucose. These theoretical yields of ATP of the three path- 

ways of glucose breakdown were used to calculate the contribution of each pathway 

to ATP synthesis in aerobic incubations of juvenile liver flukes at various stages of their 

development (Table V). These calculations were based on the assumptions that all the ex- 

creted propionate was formed by the anaerobic dismutation pathway and that this path- 

way produced propionate and acetate in a molar ratio of 2 : 1. Table V shows that in 

aerobic incubations of juveniles the contribution of the Krebs cycle to ATP synthesis 

slowly diminished during the whole development. It is also clear that the anaerobic 

dismutation started to contribute only at the later stages, but even after 24 days its con- 

tribution to ATP synthesis was not larger than that of the Krebs cycle. The most re- 
markable observation is that after 2 weeks of development the up to now unknown 

process of aerobic acetate formation became the most important energy source of the 
parenchymal liver fluke in vitro. 

The contribution of the Krebs cycle to the total energy yield decreased, resulting in 

a decreased demand for oxygen by the Krebs cycle. On the other hand, the aerobic 

acetate formation also resulted in NADH oxidation via the respiratory chain. The amount 

of oxygen that had to be reduced by the respiratory chain at the various stages of the 

developing F. hepatica was calculated. Fig. 2 shows that the rate of oxygen reduction 

by the respiratory chain did not decrease during development. This demonstrates that 
the decreased Krebs cycle activity was not caused by a lack of oxygen, due to the growth 

of the fluke, nor by a decreased capacity of the respiratory chain. The transition from 
Krebs cycle activity to aerobic acetate formation may be caused either by a decreased 

Krebs cycle capacity or by an increased activity of the enzymes catalysing the conversion 
of acetyl-CoA into acetate; this problem is presently under investigation. 

TABLE V 

Contribution of the different pathways of glucose breakdown to ATP synthesis in juvenile F. hepatica 
under aerobic conditions 

Flukes Calculated ATP synthesis (nmol/h per mg protein) 

Krebs cycle Aerobic acetate Anaerobic dismutation 

In vitro excysted 1740 (97%) 56 (3%) 
6 days old 1317 (81%) 308 (19%) 
12 days old 1323 (48%) 1138 (41%) 292 (t1%) 
24 days old 658 (17%) 2506 (64%) 740 (19%) 

These figures are the mean of those calculated from the results of the aerobic incubations shown in 
Fig. 1. 
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Fig. 2. The rate of oxygen reduction by the respiratory chain during development of the liver fluke, 
Fasciola hepatica. The values were calculated from the results of the aerobic incubations shown in 
Fig. 1. 

The observed aerobic acetate formation may be a new target for anthelmintics, since 

it is a pathway not existing in the host whereas it is the most important energy source 

of the vulnerable, developing juvenile F. hepatica. 
It should be noted that all data of aerobic in vitro incubations need not necessarily 

represent the in vivo situation, but reflect capacities which need not be utilized in situ. 
In our opinion, however, these data are indeed characteristic for the in vivo situation 

because oxygen availability in the liver parenchyma will not be rate-limiting. Our hypo- 

thesis, therefore, is that the liver fluke in vivo switches from Krebs cycle activity to the 

aerobic production of acetate since the activity of one or more of the Krebs cycle en- 

zymes decreases. As soon as oxygen availability becomes the limiting factor, the parasite 

switches to the less economic anaerobic dismutation pathway of which the capacity 

is already present since its excystation out of the metacercarial cyst. 
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