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Abstract

Hepatic carbohydrate and lipid metabolism were studied in alveolar
echinococcosis using the Merniones unguiculatus/iEchinococcus multiloculans
host/parasite model system. Carbon-13 decoupled 'H spin echo NMR
spectroscopy, with and without population inversion, was used to monitor [2-
3CJacetate metabolism in the liver of jirds infected with Echinococcus
multiloculanris. Thirty minutes after injection of labeled acetate solution into the
. portal vein, 13C enrichment was observed in hepatic acetate, p-hydroxybutyrate,
succinate, alanine, lactate and glucose. At 120 min. there was a significant
decrease in the amount of label present in all these metabolites. For E.
muttilocularis cysts, 30 min. post injection of [2-13C]acetate, 13C enrichment was
observed in the same metabolites as in the host livers and, in addition, citrate.
More [abel was present after 120 min. in cyst glycogen, glucose, succinate,
alanine and lactate, but less in acetate and p-hydroxybutyrate, than in the
corresponding metabolites in the 30 min. group. The presence of '3C enriched
glucose in the cyst and its increase in enrichment with time strongly suggests
that the parasite is siphoning off giucose that is newly synthesized by the host.
Even though acetate is not normally thought of as a gluconeogenic precursor, it
can end up in glucose after passing through a portion of the Kreb's cycle; this
biosynthetic route is not available to the parasite. The presence of other labeled
metabolites in the cysts could result from metabolism of this iabeled glucose by
the parasite and/or by uptake from the host.

1H NMR spectroscopy was used to investigate changes in composition of
hepatic lipids. It was found that livers from infected jirds had less total
glycerophospholipids (GPL), phosphatidylinositol (PTI), phosphatidyicholine
(PTC) and cholesterol (CTL) but more phosphatidylethanolamine (PTE) than
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those of uninfected controls. Aiso, in infected jirds, the ratios of the
CH,CH=CHHC=CHCH,, arachidonic acid and linoleic acid to total fatty acid all
increased. The parasite contained the same lipids as the host liver, except for
the absence of PTI. In general, concentrations of lipid in the cysts were lower
than in the livers. Furthermore, the ratios of their unsaturated and saturated
components to total FA, the degree of unsaturation (DU) of FA chains and the

average FA chain length were also lower than those in the liver.
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Hypothesis

Infection of Meriones unguiculatus with Echinococcus multifocularis alters
carbohydrate and lipid metabolism in the host liver.



Introduction

I. Parasite

Echinococcus multifocularis is an obligate endoparasite of the class
Cestoda. First described in 1863 by Leuckart, the larval stage of E.
multilocularis was thought to be an adapted variation of the metacestode of the
well known parasite Echinococcus granulosus. However, morphological and
biological studies by Vogel in 1955 and 1957 investigating the complete life
cycle of E granulosus and E. multifoculans, respectively, confirmed the
existence of two individual parasitic species (Gottstein, 1993; Tomieporth and
Disko, 1994). Of these two species, E. granulosus is cosmopolitan, while E.
multiloculans is endemic to the northem hemisphere only. Incidences of E.
multiloculans infection have been reported in areas such as Austria, France,
Switzerland, Germany, the United Kingdom, China, Japan, Russia, Canada and
the United States - including Alaska (Lukashenko, 1971; Rausch ef a/., 1986;
Stehr-Green et al., 1988; Deblock et al., 1989; Petavy et al., 1990; Cook, 1991;
Craig et al., 1992; Okamoto ef al., 1992; Gottstein, 1993; Lee et al., 1993;
Storandt and Kazacos, 1993; Tornieporth and Disko, 1994). In North America E.
multiloculans infection in animals has been mainly detected in North and South
Dakota, Minnesota, Wyoming, Montana, lowa, lllinois, Wisconsin, Nebraska,
Indiana, Ohio, Alberta, Saskatchewan and Manitoba (Bartel ef a/, 1992;
Schantz, 1993; Storandt and Kazacos, 1993) while cases of human infection
have been reported only in Alaska (Wilson and Rausch, 1980; Gottstein, 1993).
The parasite survives in these regions as appropriate hosts co-habitate in an
existing predator-prey relationship essential for the E. multilocularis life cycle.
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The complete life cycle of E. multiloculans (Figure 1) invoives two
mammalian hosts (Kamya and Sato, 1990). The aduit tapeworm is found in the
small intestine of the definitive host, usually a fox or domestic dog or cat.
However, the larval form, or cyst, primarily invades the liver of the intermediate
host, usually a small rodent or vole. Infection of the definitive host occurs when
this host ingests an intermediate host containing infective cysts. These contain
many protoscolices which, in the stomach of the definitive host, are liberated
from cyst tissue. In the small intestine each protoscolex attaches to the
intestinal wall and develops into a hermaphroditic aduit tapeworm. The mature
worm is 1.2 to 3.7 mm in length and possesses 3 to 5 segments, or proglottids
(Schmidt and Roberts, 1989; Tornieporth and Disko, 1994). Egg production
usually starts after 28 to 35 days. They are released in gravid proglottids into
the environment in the faeces of the definitive host (Thompson, 1986; 1995).
These eggs, each containing an embryo called an oncosphere, are extremely
resistant to variable environmental conditions. When a suitable intermediate
host ingests viable eggs, the shell and the protective covering, called an
embryophore, are digested away enzymatically in the stomach and smali
intestine, liberating and activating the oncosphere (Thompson, 1986; 1995;
Tornieporth and Disko, 1994). The activated oncosphere penetrates the gut wall
and reaches the liver via mesenteric blood vessels. Once in the liver, the
oncosphere develops into a hydatid cyst, the larval form of this parasite. The
cyst, at first unilocular, soon develops multilocular vesicular structure
characteristic to E. multiloculan's (Ohbayashi, 1993). The vesicular wall contains
two layers of tissue: an inner cellular germinative layer and an outer non-
cellular laminated layer. Unlike E. granulosus, vesicles of E. multilocularis have
no adventitial layer external to the laminated layer to act as a limiting host-tissue

barrier (Thompson, 1986, 1995). As these vesicles grow, the germinal layer



Figure 1

Life cycle of Echinococcus multilocularis

|. Adult worm in the small intestine of a fox.

Il. Eggs passed with faeces and eaten by

rodent intermediate host.

lll. In liver, the oncosphere develops into a

multilocular cyst.

The life cycle is completed when a fox eats the infected rodent.
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invaginates into the central matrix, creating a stalked vesicular protrusion. From
undifferentiated germinal cells in the wall of the protruding vesicle, protoscolices,
the precursors of infective E. muitifocularis scolices, begin to develop. This
production of protoscolices usually takes place 2 to 5§ months after infection,
depending on the type of the intermediate host (Gottstein, 1993; Tomieporth and
Disko, 1994). When fully developed, each protoscolex is equipped with two
rows of hooks and four suckers. The invaginated vesicles, containing numerous
protoscolices, are called brood capsules (Thompson, 1986, 1995; Leduq and
Gabrion, 1992).

Protoscolex development, however, does not occur in all infections. In
humans, for example, growth of the larval mass occurs as described above, but
protoscolices rarely develop (Rausch and Wilson, 1973; Fujioka et a/., 1993;
Ammann and Eckert, 1995). This is because humans are not a natural
intermediate host of this parasite, but are abnormal, accidentally infected hosts.
it is suspected that a major source of infection for humans may be domestic
dogs (Lukashenko, 1971; Stehr-Green et al., 1988; Rausch et al., 1990) or
foxes. Mature E. multilocularis eggs passed in the faeces of the definitive host
can contaminate vegetables or berries, and be accidentally ingested by an
unsuspecting human. The infection usually goes unnoticed for some time, as
the initial stage of alveolar hydatid disease is slow and asymptomatic. This
asymptomatic stage can last as long as 10 years after infection (Kasai et al.,
1980; Stehr-Green et al., 1988; Sato ef a/., 1993a). However, when symptoms
do develop, correct diagnosis is difficuit. Symptoms of alveolar hydatid disease,
initially mild and vague, can be attributed to numerous other maladies. They
usually include upper right quadrant abdominal pain and an intermittent low
grade fever. As the disease progresses, the patient may experience a palpable

abdominal mass, gradual distention of the abdomen, increasing weight loss and
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shortness of breath. In severe cases, there is often massive hepatomegaly,
ascites, jaundice and portal hypertension (Kasai et al., 1980; Wilson and
Rausch, 1980; Taneja et al., 1990). The disease can be further complicated, as
the parasitic cyst, which grossly resembles a hepatic carcinoma, is also capable
of metastasis. As the cyst grows, the thin outer laminar layer breaks and the
surrounding host tissue is invaded by tiny protrusions of the parasitic germinal
layer. Detachment of germinal cells from these infiltrating cellular protrusions
and their subsequent distribution by lymph or blood can give rise to distant
metastatic foci (Ali-Khan et al, 1983; Thompson, 1986; 1995). These
secondary foci of infection are often found in the lungs, brain, diaphragm,
mediastinum, adjacent mesenteries and organs, and even bone (Miskovitz and
Javitt, 1980; Wilson and Rausch, 1980; Taneja ef al., 1990; Gottstein, 1993).
From initial infection, through metastasis of the cyst, the host's immune
system attempts to overcome the parasitic invasion. As in other heiminthic
infections, in human alveolar echinococcosis there is an elevation in the level of
IgE antibody (Vuitton ef a/., 1988; Gottstein, 1993). In addition, Playford and co-
workers (1992) demonstrated that interaction between the parasite and host T-
lymphocytes, macrophages, and possibly granulocytes, plays a role in host
resistance to E. multilocularis metacestode infection. Some more resistant hosts
are able to overcome the parasitic infection, while others are not as successful
(Playford et al., 1993). In the susceptible intermediate host, neither inflammatory
reaction, involving neutrophils, macrophages and eosinophils, nor production of
antibodies have a direct role in limiting the growth of the cyst mass (Ali-Khan
and Siboo, 1980; Treves and Ali-Khan, 1981; Alkarmi and Behbehani, 1989;
Gottstein, 1993). During the initial (or restrictive) phase, cyst growth is slow
suggesting that the host immune system is able to control the growth of the

parasite. However, the larval cestode slowly overcomes host defenses and
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enters the invasive (or progressive) growth phase which is characterized by a
rapid, exponential increase in cyst size and metastasis of the cyst mass (Alkarmi
and Behbehani, 1989; Kizaki et a/, 1991). The parasite accomplishes this
through the functional modification of host T-lymphocytes and macrophages,
thereby successfully avoiding the host's immune defenses (Rakha ef a/., 1991;
Gottstein et a/., 1993).

Modern methods used in the detection of E. multilocularis infection are
most frequently a combination of imaging and immunodiagnostic techniques.

Imaging methods, which are rather unspecific, include uitrasonography (US) and

computerized tomography (CT). In addition, preoperative evaluation of hepatic
vascular status, as well as future diagnoses, may be made by magnetic
resonance imaging (MRI) (Ogasawara ef al., 1993; Tomieporth and Disko, 1994;
Thompson, 1995). More precise immunodiagnostic tests include the
complement fixation test (CFT), the indirect hemaggiutination (IHA) test, the
indirect immunofiuorescence (lIF) test and the enzyme-linked immunosorbent
assay (ELISA) test. These tests are based on the detection of humoral or
cellular immune responses of the host against the parasite. The most widely
used diagnostic test is the ELISA one, which can differentiate between E.
multilocularis and other larval echinococcal infections. The ELISA test uses the
host antibody to the E. muitilocularis-specific antigen Em2 in initial and recurrent
diagnoses of alveolar hydatid disease (Gottstein ef a/., 1989, Tomieporth and
Disko, 1994; Thompson, 1995). However, it is not known how soon after
infection antibodies first appear (Kumagai, 1993).

Once alveolar echinococcosis has been diagnosed, treatment of this
infection can begin. Preferred treatment of alveolar echinococcosis is complete
surgical resection, usually in conjunction with chemotherapy (Wilson and
Rausch, 1980; Uchino et al., 1993). [f the cyst is inoperable, chemotherapy may



be utilized in an attempt to slow or arrest the growth of the parasite. At present,
benzimidazole carbamates are preferred drugs for treatment of hydatid disease
(Ersahin ef al, 1993; Uchino and Sato, 1993; Thompson, 1995). These
compounds block glucose absorption by the parasite, and, if given at appropriate
concentrations, inhibit growth of the cyst (Sato et a/., 1993b; Erzurumiu et a/.,
1995). Of all benzimidazole carbamates tested, albendazole is the most
effective. The drug arrests cell proliferation of the parasite (Morris and Smith,
1987; Rolin ef al., 1989; Wilson et al., 1992; Sato et a/., 1993b), and modifies its
" metabolism (Modha et al, 1997). Experiments showed that the cysts from
albendazole treated jirds contained less glycogen, glycine, succinate, acetate
and alanine, but more taurine, GPC and PCr/Cr than those from untreated
animals. It was hypothesized that these albendazole-induced changes were
probably due to inhibition of key metabolic enzymes and ATP-ases, dissipation
of the mitochondrial transmembrane proton gradient and changes in intracellular
osmolarity in the tissue of the parasite.

The E. multilocularis metacestode is capable of both anaerobic and
aerobic metabolism. The parasite catabolizes glucose to pyruvate via glycolysis
in the classical ten step pathway observed in mammals. There are two types of
anaerobic energy metabolism in tapeworms: homolactic fermentation and
malate dismutation, both of which occur in E. multilocularis (Smyth and
McManus, 1989). In homolactic fermentation, glucose is dissimilated to
phosphoenolipyruvate (PEP) and then dephosphorylated to pyruvate by pyruvate
kinase (PK), as in glycolysis. However, the pyruvate is then anaerobically
reduced to lactate by lactate dehydrogenase. The lactate is then excreted
(Smyth and McManus, 1989). Also, for malate dismutation, malate is formed
either from pyruvate, which enters the mitochondrion and is converted first to

oxaloacetate and then malate by malic enzyme and malate dehydrogenase
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respectively, or from PEP which is converted to oxaloacetate by PEPCK and
then to malate via cytosolic malate dehydrogenase. This malate is then
transported across the inner mitochondrial membrane. In the mitochondrial
matrix, the malate is either converted back to pyruvate by malic enzyme or into
fumarate by fumarase. Once pyruvate has been formed, the pyruvate
dehydrogenase complex catalyzes its transformation to acetyl CoA. This acetyl
CoA is then hydrolyzed to acetate, with concomitant production of ATP, and the
acetate is excreted (Kohler, 1985; Smyth and McManus, 1989). Fumarate
reductase accepts reducing equivalents, either NADH or NADPH, and catalyzes
the reaction of fumarate to succinate, also producing ATP (Smyth and McManus,
1989). The succinate is then excreted. Alanine, another end product of glucose
dissimilation, is thought to be formed from the transamination of pyruvate
(Prescott and Campbell, 1965; Blackburn ef al., 1986; McManus and Bryant,
1995). Energy may also be generated by substrate level phosphorylation using
the electron transport chain (McManus and Bryant, 1995). Although evidence
for all Kreb's cycle enzymes in E. multilocularis has been reported (McManus
and Smyth, 1982), it is not clear to what extent the cycle functions. Also,
mammals use p-oxidation of lipids, stored as fat, in energy metabolism, whereas
cestodes do not have a functioning p-oxidation pathway. Instead, lipids are
used mostly as major cell membrane components and in enzyme regulation, cell
surface recognition, cell interaction and in membrane transport. Some lipids are
also used in the electron transport chain while others are highly antigenic
(Smyth and McManus, 1989; McManus and Bryant, 1995). Cestodes obtain all
lipid moieties from their hosts, through a mixture of diffusion and mediated
transport, and are restricted to modification only of these molecules through a
chain lengthening process involving the sequential addition of acetyl CoA
(Smyth and McManus, 1989).
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Ii. Host carbohydrate metabolism

As alveolar hydatid disease progresses, E. multilocularis successfully
competes with its host for essential nutrients, inducing starvation conditions in
the host (Novak et a/., 1989; 1993). Normally, glycogen stored in the liver and in
muscle tissue can only supply body functions for half a day (Guyton, 1991).
Therefore, in an effort to maintain host blood glucose levels, the gluconeogenic

precursors lactate, alanine and other amino acids, and glycerol are used to

. synthesize glucose during prolonged starvation. Lactate, alanine and some

amino acids such as glycine, serine, threonine and tryptophan, are converted to
pyruvate which then enters the gluconeogenic pathway, while other amino acids
including glutamate, glutamine, arginine, histidine and proline can enter the
pathway at oxaloacetate (Mathews and van Holde, 1990; Voet and Voet, 1995).
Generated glucose is then either used in host energy metabolism via glycolysis,
the Kreb's cycle and substrate level phosphorylation, or siphoned off by the
parasite for use in its own energy generating pathways. it has been
hypothesized (Novak et al. 1995) that, in an effort to compensate for glucose
loss to the parasite, gluconeogenesis is increased in infected hosts, and that
gluconeogenic precursors of both host and parasite origin are utilized for
glucose synthesis. Precursors of parasite origin include the metabolic end
products alanine, lactate, succinate and acetate, which are excreted into the
host. Alanine and lactate enter directly into the gluconeogenic pathway via
conversion to pyruvate, while succinate and acetate, compounds not normélly
considered to be substrates for gluconeogenesis, can be used "indirectly” in this
process through initial entry into the Kreb's cycle, and exit at malate or

oxaloacetate.

10
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To follow up on this information, | became interested in studying the
metabolic fate of acetate in the liver of a host infected with E. muttilocularis. In
mammalian metabolism, under normal conditions, acetate is present as the
product of B-oxidation of fatty acids (FAs) and from exogenous dietary sources
(Pethick et al., 1981). Free acetate, which is initially converted to acetyl CoA
through the action of acetyl CoA synthase (Crabtree et a/, 1990), is then
metabolized in the liver and in extrahepatic tissues such as muscle, heart and
brain (Lundquist, 1962; Karisson et al., 1975; Pethick et al., 1981; Malloy et al.,
1988; Badar-Goffer et al., 1990; Petersen and Grunnet, 1993). This acetyl CoA
has three metabolic fates: utilization in hepatic lipid synthesis, aerobic oxidation
by Kreb's cycle in the liver and extrahepatic tissues or participation in
ketogenesis in the liver only. It is unlikely that a significant amount of acetyl CoA
will be incorporated into lipids in a starving host. Instead, the metabolism will
most probably be oriented toward energy generation through oxidation of acetyl
CoA in the Kreb's cycle and through ketogenesis.

Oxidation of acetyl CoA in the Kreb's cycle takes place in the
mitochondria. Acetyl CoA enters the Kreb's cycle by combining with
oxaloacetate via citrate synthase to form citrate. Isocitrate is then formed from
this citrate through the action of aconitase. Carbon-6 of isocitrate is lost as CO,
when isocitrate dehydrogenase converts this metabolite to a-ketoglutarate. A
second CO, is released by decarboxylation of a-ketogiutarate by a-ketoglutarate
dehydrogenase to produce succinyl CoA. When succinyl CoA synthetase
converts succinyl CoA to succinate, CoA is lost and one molecule of GTP is
generated. Succinate dehydrogenase then converts succinate to fumarate,
which is then converted to malate via fumarase. Malate dehydrogenase then
catalyzes the reaction interconverting malate and oxaloacetate in the

mitochondria. With regeneration of oxaloacetate, the Kreb's cycle can undergo

11



another tum. The reducing equivalents NADH + H* are generated at the
isocitrate to a-ketoglutarate and a-ketoglutarate to succinyl CoA steps while
FADH, is generated at the succinate to fumarate step. Both NADH + H* and
FADH, are then used in the electron transport chain to produce additional high
energy phosphate compounds (Alberts et a/, 1989; Mathews and van Hoide,
1990; Voet and Voet, 1995).

Under normal nutritional conditions, small quantities of the ketone bodies
acetoacetate and B-hydroxybutyrate (B-HB) are produced primarily in the liver
mitochondria via ketogenesis (Guyton, 1991). First, two acetyl CoA molecules
condense to form acetoacetyl CoA, catalyzed by acetyl CoA acetyltransferase.
An additional acetyl CoA is then required for the conversion of acetoacetyl CoA
to p-hydroxy-p-methyiglutaryl CoA (HMG CoA) via hydroxymethylgliutaryl CoA
synthase (HMG CoA synthase). This enzyme is present only in liver (Mathews
and van Holde, 1990). The HMG CoA is then converted to acetoacetate and
acetyl CoA by HMG CoA lyase. This acetoacetate may then be either reduced
to B-HB by B-HB dehydrogenase or undergo spontaneous decarboxylation to
form small amounts of acetone, which is mostly blown off with expired air
(Guyton, 1991; Voet and Voet, 1995). However, when acetyl COA accumulates
beyond its capacity to be either oxidized in the Kreb's cycle or used in fatty acid
synthesis, or under conditions associated with a high rate of fatty acid oxidation
such as starvation, the liver mitochondria produce considerable quantities of
these ketone bodies. Eventually, ketone bodies accumulate, and their
concentration becomes greater than that of available glucose. Under these
conditions, ketone bodies begin to be used in metabolism, reducing the need for
gluconeogenesis and sparing muscle protein which would otherwise be
mobilized (Murray ef al., 1988; Mathews and van Holde, 1990).

12
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These ketone bodies are subsequently transported by the blood to cells in
the rest of the body, where they are used in energy synthesis (Mathews and van
Holde, 1990; Guyton, 1991). Although ketone bodies are synthesized in the
liver, they may not be used in hepatic energy generating pathways. This is
because the liver lacks 3-ketoacyl CoA transferase, an essential enzyme for
conversion of acetoacetate to acetoacetyl CoA. This enzyme is present,
however, in extrahepatic tissues. Thus, acetoacetate and p-HB are released by
the liver and used as altemnative fuels in peripheral tissues such as heart and
skeletal muscle, and in the brain during starvation (Mathews and van Holde,
1990; Guyton, 1991). Oxidation of ketone bodies begins by conversion of §-HB
to acetoacetate by B-HB dehydrogenase. Coenzyme A is donated to
acetoacetate by succinyl CoA, a reaction catalyzed by 3-ketoacyl CoA
transferase, producing succinate and acetoacetyl CoA. The acetoacetyl CoA is
catabolized, via thiolase, to two molecules of acetyl CoA which can then be
oxidized through entry into the Kreb's cycle, generating energy for the cell
(Mathews and van Holde, 1990; Voet and Voet, 1995).

In order to monitor the utilization of acetate in biochemical pathways of
glucose synthesis, | introduced carbon-13 labeled acetate into the infected host
and followed the movement of labeled atoms through intermediate metabolites in
gluconeogenic pathways by employing nuclear magnetic resonance (NMR)
techniques. In general, NMR is concemed with the interaction between an
oscillating magnetic field and the net magnetization of a sample. This net
magnetization originates from the arrangement of its constituent nuclei and is
brought about by the application of a static magnetic field (Derome, 1987).
Single radiofrequency (rf) pulse 'H NMR is routinely used to determine structure
and conformation of molecules and quantitatively analyze mixtures. In addition,

this technique can non-invasively measure the reaction rates of chemical
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systems in vivo, in intact living organisms, and in vitro in a NMR tube (Petroff,
1988). Although relatively insensitive compared to other analytical techniques,
NMR has the advantage of being non-invasive and non-destructive (Liebfritz,
1996). In order to detect and measure the conversion of 13C labeled acetate into
labeled products, | used 3C decoupled 'H NMR spin echo spectroscopy
acquired with, and without, '3C population inversion. This technique is a
modification of the standard 'H single puise NMR experiment, and is useful
because it combines the greater sensitivity of 'H, relative to 3C, NMR in doing
carbon-13 labeled tracer studies (Derome, 1987).

The phenomenon of spin echoes was first discovered by Hahn (1950).
He found that when one rf puise was applied at time 0 followed by a second at
time , a "spin echo" pulse was generated at time 2t even though the signal had
decayed to zero during the intervening period. Hahn described this
phenomenon only for a 900 puise system, while Carr and Purcell later developed
a pulse sequence involving a combination of 90° and 180° puises (Derome,
1987). A modified Carr-Purcell pulse sequence was used in my research as

follows:

900 ~— t — 180° — t — acquire
where t=1/2J.y

This pulse sequence, pictured in Figure 2, represents one of the two spin
echo experiments carried out on all carbohydrate samples. The 90° rf pulse
displaces the proton net magnetization in the sample 90° from the direction of
the external magnetic field, which is in the direction of the z axis. A delay, t,
allows the proton spin vectors to relax and fan out through 909 in the y plane
until they are precessing along the x axis. The 180° puise then inverts the

14
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orientation of the relaxing protons, so that they are now moving in the opposite
direction, i.e.: back towards the positive y axis. The second delay, t, allows the
protons to refocus along the y axis where the receiver coil is located, and is
followed by data acquisition. The resulting spectrum includes contributions from
all protons in the sample. In the other experiment, the pulse sequence is the
same as in the first experiment, except that the 1809 pulse is at the rf frequency
specific for carbon-13 atoms. This "carbon-13" pulse reverses the inversion of
direction for the relaxing protons attached to 13C atoms, effectively eliminating

| the positive spectral contribution from these protons only. A spectrum acquired

in this manner therefore includes peaks of protons attached to carbon-12 and
other atoms, and negative resonances of protons attached to carbon-13. When
spectra acquired in both manners are added, resonances of protons attached to
carbon-13 cancel leaving resonances of protons attached to carbon-12. The
difference in the area under the peaks between this sum spectrum and the ('2C +
13C) spectrum indicates the amount of carbon-13 label present in each
metabolite. In this way, | was able to observe and quantitatively evaluate how
the host, and parasite, used atoms from [2-13C]acetate in their energy generating

metabolic pathways.

Ill. Host lipid metabolism

In addition to carbohydrate depletion observed in the infected host (Novak
et al., 1993; 1995), it can be expected that host lipid reserves are aiso depleted
due to energy generation from lipid mobilization. Lipids are stored mainly in
adipose tissue as triacylglycerols (TGs), which are composed of three fatty acid
(FA) chains esterfied to a glycerol backbone. Some FAs commonly found as
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their esters in TGs and other lipids are illustrated in Figure 3. These inciude the
saturated FAs paimitic (16:0) and stearic (18:0), along with the unsaturated FAs
oleic (18:18), linoleic (18:349.1215)  grachidonic (20:4458.11.14) and
docosahexaenoic (22:61.7.10.13.16.19) acid. (The numbers after the A indicate the
position of the carbon-carbon double bonds, with the numbering beginning from
the carboxyl carbon.) Hydrolysis of TG by triacyl lipase liberates glycerol and
FAs which may then be further metabolized (Voet and Voet, 1995). Glycerol is
converted first to glycerol-3-phosphate (G-3-P) by glycerol kinase and then to

" dihydroxyacetone phosphate (DHAP) via glycerol phosphate dehydrogenase.

This DHAP may then participate in gluconeogenesis or glycolysis. The free FAs
liberated from triacyliglycerol are further metabolized via p-oxidation. Although
initially activated for p-oxidation in the cytosol, oxidation takes place in the
mitochondria. FAs are transported across the mitochondrial membrane by a
carnitine protein carrier. Once in the mitochondria, the acyl chain separates
from the camitine carrier by reacting with coenzyme A to form fatty acyl
coenzyme A (acyl CoA). The saturated FAs are then oxidized by a series of four
reactions, yielding acetyl CoA and fatty acyl CoA, two carbon atoms shorter.
The acetyl CoA can then enter the Kreb's cycle, while the new fatty acyl CoA can
once again undergo p-oxidation. Unsaturated FAs are oxidized in much the
same way, but require three extra steps to complete g-oxidation (Voet and Voet,
1995). While some of the acetyl CoA from FA oxidation is further metabolized
via the Kreb's cycle, some of this acetyl CoA is also used in ketogenesis (the
production of ketone bodies). As starvation continues, carbohydrates are
metabolized less and less due to their reduced availability. Fat therefore
becomes the main metabolic source of energy in this situation. Ketogenesis is

an adaption to stressful starvation conditions increases survival time over that of
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continued "normal” glucose metabolism. This continues for the duration of
starvation (Guyton, 1991; Alberti ef a/., 1992).

In mammalian metabolism, FAs can be synthesized de novo and existing
FAs can be modified into new moieties (Voet and Voet, 1995). De novo FA
synthesis begins with the conversion of acetyl CoA to malonyl CoA by acetyl
CoA carboxylase in the cytosol (Mathews and van Holde, 1990). This malonyl
CoA is then transferred, by malonyl CoA-ACP transacylase, to a multifunctional
enzyme complex known as acyl-carrier protein (ACP). A second acetyl CoA
molecule is also transferred to ACP by acetyl CoA-ACP transacylase, forming
acetyl ACP. Malonyl ACP and acetyl ACP then condense to form B-ketoacyl
ACP via B-ketoacyl ACP synthase. This B-ketoacyl ACP synthase along with the
remaining enzymes involved in the subsequent steps of FA synthesis are part of
the ACP enzyme complex. p-Ketoacyl ACP reductase then catalyzes the
conversion of B-ketoacyl ACP to D-3-hydroxyacyl ACP, which in turn forms trans-
A2-enoyl ACP via 3-hydroxyacyl ACP dehydrogenase. Enoyl CoA reductase
converts trans-A2-enoyl ACP to butyryl ACP, which then condenses with another
malonyl CoA to form a FA chain two carbons longer. This cycle is repeated
seven times, until the 16-carbon palmitoyl ACP is formed. Palmitoyl thioesterase
then hydrolyzes palmitate (16:0), the primary product of this FA synthesis
pathway, from the ACP enzyme complex (Mathews and van Holde, 1990; Voet
and Voet, 1995). Palmitic acid may then be modified by elongases and
desaturases to form other FAs. FA chain elongation takes place in the
mitochondria and endoplasmic reticulum by sequential addition of acetyl CoA to
an existing FA chain at the carboxyl end (Voet and Voet, 1995). For example, a
common saturated FA synthesized from paimitic acid by addition of one two-
carbon group from acetyl CoA is stearic acid (18:0). FA chains may aiso be

modified by desaturation to produce cis double bonds. Desaturation occurs via
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desaturase enzymes termed A9, A%, AS and A4, which introduce double bonds at
positions 9, 6, 5 and 4 from the carboxyl end of the FA moiety (Longmuir, 1987).
Since mammalian cells do not possess desaturase enzymes which introduce
double bonds beyond position 9 from the carboxyl group, fatty acids with double
bonds at further positions must be either obtained through dietary means or
modified first by desaturation and then elongation (Longmuir, 1987).

Fatty acids can aiso serve in other important roles. Arachidonic acid,
(5,8,11,14-eicosatetraencic acid) a C,, polyunsaturated FA that has four
nonconjugated double bonds, is synthesized from dietary linoleic acid by
elongation and desaturation (Hagmann and Keppler, 1988; Voet and Voet,
1995). Stored in cell membranes as the FA chain at C, of glycerol in
phospholipids, arachidonic acid is a precursor of a group of biologically active
compounds called the eicosancids. These compounds include prostaglandins
(PGs), prostacyclins (PSs), thromboxanes (TXs) and leukotrienes (LTs) which
have roles in inflammatory response, pain and fever production, regulation of
blood pressure, induction of blood clotting and control of reproductive functions
(Hagmann and Keppler, 1988; Tao ef al., 1989; Voet and Voet, 1995; Woldseth
et al., 1995; Pageaux et al/., 1996). The role of LTs in inflammatory response
includes stimulation of eosinophils, macrophages, monocytes and T-
lymphocytes as well as augmentation of natural cytotoxic cell activities and T-
lymphocyte proliferation (Hagmann and Keppler, 1988). The eicosanoids
function similar to hormones but are not transported by the blood. They instead
act in the same environment in which they are synthesized (Voet and Voet,
1998).

FAs are also important components of membrane phospholipids. One
major class of phospholipids is the glycerophospholipids (GPLs) which are
typically composed of FA chains attached at C, and C, of glycerol with a head
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group containing phosphate attached at C;, The FA moieties at C, are
predominantly unsaturated while those at C, are usually saturated (Figure 4).
The head group substituent attached to the phosphaté is either a hydroxyl group
(OH), choline, ethanolamine, serine or inositol, forming phosphatidic acid (PTA),
PTC, PTE, PTS or PTI, respectively (Longmuir, 1987; Mathews and van Holde,
1990; Voet and Voet, 1995). GPLs are synthesized primarily in the endoplasmic
reticulum (ER) and transported to other membrane sites by contact with, or via
vesicles derived from, the ER, although in situ modification of GPLs is known to

occur (Vance and Ridgeway, 1988; Vance, 1990). PTA, present in only small

amounts in the inner and outer mitochondrial, nuclear and plasma membranes,
is synthesized from glycerol or DHAP (Longmuir, 1987). Glycerol is first
phosphorylated by glycerokinase (3), forming G-3-P (Figure 5). Then a FA
chain, most often palmitic or stearic acid, is added to the G-3-P by
glycerophosphate acyltransferase (4), forming lysophosphatidic acid (LPA). A
second unsaturated FA chain, usually either oleic, linoleic, arachidonic or
docosahexaenoic acid, is then added to C, of LPA by 1-acyiglycerophosphate
acyltransferase (5), forming PTA (Longmuir, 1987). Also, DHAP may be
acylated by DHAP acyitransferase (1) to form t-acyl-DHAP. A NADPH-
dependent oxidoreductase (2) then catalyzes conversion of the 1-acyl-DHAP to
LPA, followed by acylation of LPA to PTA via 1-acylglycerophosphate
acyltransferase (5) (Longmuir, 1987; Mathews and van Holde, 1990). Hydrolysis
of PTA forms 1,2-diacylglycerol (1,2-DG), which can then participate in the
formation of other GPLs.

PTC is the most abundant GPL membrane constituent (Ansell and
Spanner, 1982). Although this GPL is present in the plasma membrane, and all
subcellular membranes, the greatest proportion of PTC occurs in nuclear

membranes and in the endoplasmic reticulum (Longmuir, 1987). The major
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Figure 4

Structure of membrane glycerophospholipids
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HC-O-C-R,
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phosphatidic acid, X = OH

phosphatidylcholine, X = O-CH,CH,N*(CHa),

phosphatidylethanolamine, X = O-CH,CH,N*+H,
COO-

phosphatidyiserine, X = O-CHZ(:':H
N+H,

OH

phosphatidylinositol, X = O
OH

R, = predominantly saturated FAs

R, = predominantly unsaturated FAs



Figure 5
Pathways of glycerophospholipid metabolism in mammails

Enzymes include;

1, DHAP acyltransferase; 2, NADPH-dependent oxidoreductase; 3, glycerokinase; 4, glycerophosphate acyitransferase;
5, 1-acylglycerophosphate acyltransferase; 6, phosphatidate phosphohydrolase; 7, phosphatidate cytidylyltransferase, 8,
CDP-DG-inositol phosphatidyltransferase; 9, PTE N-methyltransferase; 10, CDP-choline:1,2-DG choline
phosphotransferase; 11, CTP:PC cytidylyltransferase; 12, choline kinase; 13, phospholipase A,, 14, acyl CoA:LPA
acyltransferase; 15, 2-LPC acylhydrolase; 16, acyltransferase; 17, glycero-3-PC cholinephosphohydrolase; 18, PTC
cholinephosphohydrolase; 19, PTC phosphatidohydrolase; 20, CDP-ethanolamine:1,2-DG
ethanolaminephosphotransferase; 21, CTP.PE cytidylyltransferase; 22, ethanolamine kinase; 23, phospholipase A,, 24,
acyl-(2-acyl sn-glycero-3-phosoho)ethanolamine acyltransferase; 25, LPE acylhydrolase; 26, acyltransferase; 27,

unknown; 28, PTE ethanolaminephosphohydrolase; 29, PTE phosphatidohydrolase; 30, PTE serine transferase; 31, PTS
decarboxylase.
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route of PTC synthesis and degradation in mammals is the CDP-choline
pathway (Figure 5). In the synthesis process, choline is first phosphorylated to
PC by choline kinase (12) followed by conversion of PC to CDP-choline via
CTP:PC cytidylyitransferase (11), the rate limiting step in this pathway. CDP-
choline:1,2-DG cholinephosphotransferase (10) then catalyzes the transfer of
PC from CDP-choline to 1,2-DG, producing PTC. These reactions are all
reversible and each step is catalyzed by the same enzyme in both synthetic and
catabolic directions (Ansell and Spanner, 1982; Longmuir, 1987; Kuesel et a/.,
1990; Mathews and van Holde, 1990). PTC can also be synthesized from GPC.
Acyltransferases (16) catalyze the addition of a FA chain to either C, or C, of
glycerol in GPC forming LPC. Another FA chain is then added to the remaining
carbon of glycerol by acyl CoA:LPA acyltransferase (14). This pathway is
reversible, involving phospholipase A, (13) in the conversion of PTC to LPC,
foilowed by 2-LPC acylhydrolase (15) which converts LPC to GPC (Kuesel et al.,
1990; Voet and Voet, 1995). Choline and PC may also be liberated directly from
PTC by the action of PTC phosphatidohydrolase (19) and PTC
cholinephosphohydrolase (18), respectively. Besides the major CDP-choline
pathway, there is also an alternate pathway for the biosynthesis of PTC (Figure
5). In this pathway, which is largely liver specific, PTE is converted to PTC by
PTE N-methyltransferase (PEMT) (9). Two forms of this enzyme are known to
exist: PEMT-1, localized on the cytosolic surface of the ER, and PEMT-2 which
is located on a mitochondrial-associated membrane (Vance, 1990; Cui et al.,
1993). These enzymes catalyze the sequential addition of three methyl groups
from S-adenosyimethionine to the nitrogen of the head group of PTE to produce
PTC (Vance and Ridgeway, 1988; Cui ef a/., 1993; Voet and Voet, 1995).

PTE, the second most abundant GPL, is also present in the plasma

membrane along with membranes of all subcellular organelles. The

28



mitochondrial membranes, inner and outer, are particularly enriched with PTE
(Longmuir, 1987). Analogous to the CDP-choline pathway of PTC synthesis,
PTE is synthesized from ethanolamine via the CDP-ethanolamine pathway
(Figure 5). Ethanolamine is converted to phosphoethanociamine (PE) by
ethanolamine kinase (22). PE then forms CDP-ethanolamine in a reaction
catalyzed by CTP:PE cytidylyitransferase (21); this is the rate limiting step in the
CDP-ethanolamine pathway (Longmuir, 1987). CDP-ethanolamine:1,2-DG
ethanolaminephosphotransferase (20) then catalyzes the transfer of PC from
CDP-ethanolamine to 1,2-DG, forming PTE. As in the CDP-choline pathway, the
enzymes involved in the CDP-ethanolamine pathway catalyze both the synthesis
and degradation reactions of PTE (Longmuir, 1987; Kuesel et al., 1990; Voet
and Voet, 1995). PTE <can also be synthesized from
glycerophosphoethanolamine (GPE). In this reaction, GPE is converted to
lysophosphatidylethanolamine (LPE) by acylation involving FA acyltransferases
(26), followed by conversion to PTE via acyl-(2-acyl-sn-glycero-3-
phospho)ethanolamine acyltransferase (24). PTE degradation via this LPE
pathway requires deacylation to convert PTE to LPE and then to GPE (Ansell
and Spanner, 1982; Kuesel ef a/., 1990). Ethanolamine and PE can be released
from PTE directly via PTE phosphatidohydrolase (29) and PTE
ethanolaminephosphohydrolase (28), respectively (Mathews and van Holde,
1990). In addition, PTE and PTS are interconverted by PTE serine transferase
(30) and PTS decarboxylase (31) (Mathews and van Holde, 1990; Voet and
Voet, 1995). PTS is present predominantly in brain tissue and in the liver in the
ER, golgi complex and plasma membrane (Longmuir, 1987).

Synthesis of PTl begins with PTA (Figure 5). Phosphatidate
cytidylyltransferase converts PTA to CDP-DG, followed by addition of myo-
inositol by CDP-DG-inositol phosphatidyitransferase to form PTI (Longmuir,
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1987; Mathews and van Holde, 1990). This GPL, also present in the plasma
membrane and membranes of all other subcellular organelles, accounts for only
5-10% of total hepatic phospholipids. Breakdown of PTI| also produces
phosphatidylinositol-4,5-bisphosphate, which in tum yields inositol-1,4,5-
trisphosphate (IP;), an important intracellular second messenger (Exton, 1988).
IP; enters the cytosol, and 1,2-DG, the other product of phosphatidyl 4,5-
bisphosphate breakdown, which may also act as an intracellular second
messenger, remains in the cell membrane (Exton, 1988; Thomas and Gillham,
1989). IP, carries out its role as a second messenger by causing the rapid
release of Ca2* ions from components of the endoplasmic reticulum. This
cytosolic Ca?* binds to the protein caimodulin, causing the activation of protein
kinases in the cell. These protein kinases in turn activate enzymes or other
protein kinases, especially calmodulin-dependent protein kinase, which can
inactivate enzymes such as glycogen synthase, pyruvate kinase, acetyl CoA
carboxylase and ATP-citrate lyase, probably accounting for an inhibition of
glycogen synthesis, glycolysis and lipogenesis (Exton, 1988). In addition, a-
ketogiutarate dehydrogenase is also sensitive to Ca2* levels, and is activated,
along with isocitrate dehydrogenase, by increased Ca2* levels in the hepatocyte.
Activation of these enzymes could account for stimulation of the Kreb's cycle and
increased B-oxidation of FAs (Exton, 1988).

Another important membrane component is cholesterol. It regulates
membrane fluidity and serves as the immediate precursor for a number of
essential vitamins, steroid hormones and bile acids (Turley and Dietschy, 1988;
Voet and Voet, 1995). Cholesterol absorbed from dietary sources is transported
in the blood in a lipoprotein complex called a chylomicron while cholesterol
synthesized de novo in the liver is esterfied by acyl CoA:cholesterol acyl
transferase into cholesterol esters which are carried by the blood to peripheral
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tissues in the form of very low density lipoproteins (VLDLs). As TGs and other
lipid molecules are removed from the VLDLSs, they are sequentially transformed
into intermediate density lipoproteins (IDLs) and then low density lipoproteins
(LDLs) (Turly and Dietschy, 1988; Voet and Voet, 1995).

It is known that cestodes are incapable of de novo sterol and fatty acid
synthesis and therefore depend on their hosts for lipids (Barrett, 1983). Host
lipids are taken up by the parasite and modified according to the parasite's own
cellular requirements. Lipids are not a source of energy for cestodes. Instead
they use them in other ways such as incorporation into cell membranes, enzyme
regulation and cell surface recognition and interaction (Smyth and McManus,
1989; McManus and Bryant, 1995). Continuous cell proliferation in adult and
larval cestodes, including E. multifocularis, requires large amounts of lipids for
membrane synthesis. As previously described (Novak et al., 1995), by
siphoning off glucose, E. mufltilocularis cysts induce starvation conditions in their
hosts. Therefore, these parasite activities should also lower lipid reserves to
compensate for reduced carbohydrate energy sources, and change lipid
composition by oxidizing FA moieties for energy in the infected host. To gain
more information about the effect of E. multilocularis on host lipid metabolism,
the second part of my research was designed to study changes in the hepatic
lipid compaosition. Using high field 'H NMR, an excellent tool to analyze
extracted mixtures of lipids from various tissues and organs (Cunnane, 1989;
Sparling et a/., 1989; Sze and Jardetzky, 1990a; Casu ef a/., 1991; Pollesello et
al., 1991; Pollesello ef a/l, 1993; Choi et al, 1993; Adosraku ef al., 1994;
Pollesello et a/., 1996), | identified and quantitatively analyzed various groups of
lipids and phospholipids in the liver of uninfected and infected M. unguiculatus.
Lipids in E. multifoculans cysts were also analyzed.
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Materials and Methods

I. Carbohydrate metabolism

Infection

Thirty male jirds, Meriones unguiculatus, approximately 4 months oid,
were used in this experiment. Half of these were infected by an intraperitoneal
injection of 0.5 ml of Echinococcus multiloculans cyst cell suspension each,
prepared by following the method of Lubinsky (1960). The other 15 jirds served
as uninfected controls. All animals were cared for and used in accordance with
the principles of the Canadian Council on Animal Care, as stated in the "Guide
to the Care and Use of Experimental Animals”. On days 28, 29 and 30 post
infection (p.i.), prior to the delivery of exogenous [2-13C]acetate (99.5 atom %
13C, MSD Isotopes), the animals were starved overnight (approximately 18 h). In
the moming, they were anaesthetized with an intramuscular injection of sodium
pentobarbital (60 mg/kg) (MTC Pharmaceuticals). Their abdomens were then
opened, and 0.1 ml of a 26% by weight solution of [2-13C]acetate (99.1 atom %
13C; Isotec Inc.) in 0.85% NaCl saline was injected into the hepatic portal vein as
a bolus injection using a 1 cc syringe over a period of about 2 minutes. Thirty
minutes later, the liver, and parasite cyst biomass, free of host tissue, were
removed, rinsed and frozen immediately in liquid nitrogen (N,). The livers and
cysts were then weighed and stored at -70°C until preparation of perchloric acid
(PCA) (Fisher Scientific Ltd.) extracts. The uninfected control group was treated
in the same manner. To ensure the metabolic rate of each animal was similar,

all jirds were dissected between 9:00 am and 12 noon.
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This experiment was repeated exactly as described above, except that in
the second experiment, the livers and parasite cysts were removed 120 minutes
post injection of [2-13C]acetate solution into the hepatic portal vein of the host.
In infected animals, all parasite cysts were, at this stage of infection, exohepatic
and located in the paritoneal cavity.

Perchioric Acid Extracts

Each sample of frozen liver or cyst was pulverized in liquid N, using a
precooled mortar and pestle. It was then transferred to a 50 ml homogenizing
tube with 4 ml of cold 0.5 M PCA / g of tissue and homogenized in an ice bath.
After homogenization, the sample suspension was centrifuged at 15000 rpm for
10 minutes at -20C. The supematant was decanted, its pH adjusted with
potassium hydroxide (KOH) to between 7.1 and 7.4 and centrifuged again, under
the above described conditions to remove any precipitated potassium
perchiorate. Samples were then stored at -70°C until they were lyophilized.
Following lyophilization, the freeze-dried residue of each sample was stirred with
1.3 mi of D,O (99.9 atom % D, MSD Isotopes), and 0.2 ml of a solution of 0.0754
g sodium {2,2,3,3-2H ]-3-trimethyisilylpropionate (TSP) in 15 ml (17.2415 g) of
D,0, added as a chemical shift and intensity standard. After 2 h of stirring, the
pH of each sample was adjusted to between 7.15 and 7.25, using sodium
deuteroxide (NaOD). The samples were then centrifuged at 12000 rpm for 30
minutes at 5°C, and the supernatant transferred to a 5 mm NMR tube for

analysis.
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NMR Spectroscopy of Perchloric Acid Extracts

The *H spin echo NMR spectra of PCA extracts were acquired at 310 K
(379C) using a Bruker AMX-500 NMR spectrometer operating at 500.13 MHz for
this nucleus. The spectra were 3C decoupled using the GARP composite pulse
decoupling routine (Shaka ef a/.,, 1985). A spectral width of 6578.95 Hz, 16 K
data points and a recycle time of 15.25 s were used in data accumuiation. The
number of scans used for liver and cyst samples was 192. Scans acquired with,
and without, 13C population inversion (Bendall ef a/, 1981) were acquired
alternatively in blocks of 16 scans and stored in separate computer memory
locations. Inverting the 13C puts attached protons 1809 out of phase with respect
to protons attached to '2C and other nuclei. Consequently, resonances from
protons attached to 13C cancel when the spectra are added. Peak assignments
were based on published data (Evanochko et al.,, 1984; Gilroy et al., 1988,
Desmoulin et a/., 1990; Sze and Jardetzky, 1990b; Rafter et al., 1991; Yacoe ef
al., 1991), and the spectra of authentic compounds. The area under each peak
was corrected for the number of contributing protons, as well as for the two
anomers present in the case of glucose. In the case of citrate, two doublets
make up the CH, resonance at 2.54 ppm. However, in spectra of cysts, where
the citrate resonance was visible, only one of the two doublets could be cleanly
integrated. As a consequence, the integral value obtained for the citrate CH,
resonance was muitiplied by two. Concentrations of metabolites present (in
umol / g of tissue) were caiculated from integration data of metabolite peaks,
relative to that of TSP, in the 12C + 13C spectra. The percent carbon-13 in
metabolites was calculated using the 12C + 13C spectrum and the sum of the ['2C
+ 13C] and ['2C - 13C] spectra. Data obtained were statistically analyzed using an
analysis of variance, (ANOVA), with a = 0.05 deemed as significant.
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Il. Lipid metabolism
infection

Thirty-three male M. unguiculatus, 6 months old, were used in this
experiment. Eighteen of them were infected with 0.5 ml of E. multilocularis cyst
cell suspension, as described above, while the other 15 served as uninfected
controls. On days 35, 36 and 37 p.i., the animals were anaesthetized
intramuscularly with sodium pentobarbital (60 mg/kg), their abdomens opened
and the livers and parasite cysts removed, rinsed and frozen immediately in
liquid N,. Livers and cysts were then weighed and stored at -70°C until
preparation of chloroform:methanol (C:M) extracts. To ensure the metabolic rate
of each animal was similar, all animals were dissected between 9:00 am and 12

noon.

Chiloroform:Methanol Extracts

Frozen livers and cysts were first pulverized in liquid N, using a mortar
and pestle. Then the total lipids were extracted using a 2:1 (v/iv) C:M mixture.
The chloroform was HPLC grade from EM Industries (Merck) (CX1050-1); it is
critical to use chloroform which does not contain ethanol and which has a low
concentration of hydrocarbon stabilizer. The methanol was reagent grade from
Mallinckrodt. Twenty ml of this solution was used per gram of sample, as
suggested by Folch ef al. (1957). The samples were homogenized using a
Brinkman Polytron homogenizer, filtered through sintered glass and the filtrate
collected. The residue was then resuspended in the same volume of 2:1 C:M
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solution, re-homogenized and re-filtered. The first and second filtrates were
combined and washed with one-quarter the total filtrate volume of 0.5 M
potassium chioride (KCI) (Fisher Scientific) in a 1:1 (v/v) methanol.water
solution. The phases were allowed to separate, and the top layer, containing
water and methanol, was removed. The washing was repeated a second time,
using the same volume of 0.5 M KCI solution. The bottom layer, containing
chloroform and lipids, was transferred to a round-bottom flask and the
chloroform removed under N,(g), using a rotory evaporator. The residue was
then resuspended in 5 ml of benzene (thiophene free, Fisher Scientific), to dry
the sample by azeotropic distillation. The benzene and water solution was
removed using a rotory evaporator. The resulting residue was resuspended in §
ml of chloroform per 2.0 g of tissue, with a known amount of TMSS
(tetrakis[trimethylsilyl]silane) (98%, Aldrich Chemical Co.) added as a chemical
shift and intensity standard. Each sample was then centrifuged at 2500 rpm for
10 minutes. A 0.2 mi aliquot of the supermatant was removed, combined with 0.4
ml CDCl, (99.8 atom % D, CDN Isotopes) and 0.6 ml CD,0D (99.8 atom % D,
CDN Isotopes), and placed into a 5§ mm NMR tube for proton NMR analysis.
This ratio of total chioroform to CD,0D was essential in placing the H,0O peak
where it would not overlap lipid peaks at the temperature used for NMR.

NMR Spectroscopy of Chloroform:Methanol Extracts

Proton NMR spectra of C:M extracts were acquired at 300 K (279C) using
a Bruker AMX-500 NMR spectrometer operating at 500.13 MHz for this nucleus.
Spectra were run locked on the CD, deuterons of CD,0D. A spectral width of
4504.50 Hz, 32 K data points and a flip angle of 78° were used in data
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acquisition. The recycle time was 10.24 s and each sample was scanned 160
times. The residual CHCl, peak was reduced by off resonance presaturation
using a shaped gaussian 1024 pulse at 59 dB.

Spectral peaks were identified using published data (Sparling et a/., 1989;
Sze and Jardetzky, 1990a; Casu ef al., 1991; Choi ef al., 1993; Adosraku et al.,
1994). The concentration of lipid components (umol / g of tissue) was caiculated
from integration data of spectral peaks relative to TMSS. In this and subsequent
calculations, integration values were corrected for the number of protons
contributing to that resonance. Total fatty acid (FA) concentration was
calculated from the combined integration values for the resonances of the o-CH,
of FA chains (5 = 0.87) and the o-CH, B to a double bond in FA chains (5§ =
0.95). In addition, FA chain composition was analyzed by comparing the
individual FA components to total FAs. FA moieties were analyzed as follows:

Saturated FA components Unsaturated FA components

CH,CH,COO (5 = 1.60) : total FA HC=CH(CH,HC=CH), (5 = 2.80) :
total FA

(CH,), (8 = 1.30) : total FA CH,CH=CHHC=CHCH, (5 =2.05) :
total FA

CH,COO (5 = 2.30) : total FA HC=CHCH,CH,CH,COO of

arachidonic acid (8 = 1.65) : total FA
HC=CHCH,CH,COO of
docosahexaenoic acid (& = 2.40) :
total FA

HC=CHCH,HC=CH of
linoleic acid (5 = 2.75) : total FA

Note: in these and subsequent cases, underlined H's indicates the specific
proton(s) of each component which was/were integrated.
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The average number of double bonds per FA, or the degree of unsaturation
(DU), and the average FA chain length were ailso calculated.

DU = HC=CH (5 = 5.30) : total FA

Average FA Chain Length:

1, + 1, + 2(DU) + (CH,CH,COO : total FA) + ((CH,), : total FA) + (CH,COO :
total FA) + (HC=CH(CH,HC=CH), : total FA) + (CH,CH=CHHC=CHCH, : total
FA) + (HC=CHCH,CH,CH,COO of arachidonic acid : total FA) +
(HC=CHCH,CH,CH,COO of arachidonic acid (5 = 2.10) : total FA) +
(HC=CHCH,CH,COO of docosahexaencic acid : total FA) + (HC=CHCH,HC=CH
of linoleic acid : total FA)

where 1, and 1, are equal to one terminal methyl group (o-CH,;) and one

carbonyl group (C=0) per FA chain, respectively.

Data obtained were analyzed statistically using ANOVA. A value of a = 0.05
was deemed significant.
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|. Carbohydrate metabolism

A representative '3C decoupled 'H spin echo NMR spectrum of a PCA
extract of liver from uninfected Menones unguiculatus, removed 30 minutes post
injection of [2-13C]acetate is shown in Figure 6. Major well resolved resonances
evaluated in this experiment were H, of glucose units having a (1-4) linkage in
glycogen at 5.45 ppm; H, of a-glucose at 5.25 ppm; CH, of glycine at 3.56 ppm;
(CH,)3N of taurine at 3.42 ppm; (CH,),N of betaine/CH,S of taurine at 3.26 ppm;
(CH,)3N of glycerophosphocholine (GPC) at 3.23 ppm; (CH,),N of
phosphocholine (PC) at 3.22 ppm; (CH,);N of choline at 3.21 ppm; (CH,);N of
acyicamitine at 3.20 ppm; CH,N of phosphocreatine/creatine (PCr/Cr) at 3.04
ppm; CH,CH, of succinate at 2.41 ppm; CH; of acetate at 1.92 ppm; CH; of
alanine at 1.47 ppm; CH, of lactate at 1.33 ppm and CH, of p-hydroxybutyrate
(B-HB) at 1.18 ppm. The total concentrations, (labeled plus uniabeled), of these
metabolites, in livers from uninfected and infected M. unguiculatus, are
presented in Table 1. When compared to uninfected controls, the livers from
infected animals contained less glycogen and glucose, but more glycine, PC,
acylcamitine, acetate and B-HB.

The 13C decoupled 'H spin echo NMR spectrum of a PCA extract of E.
multilocularis cyst removed 30 minutes post injection of [2-!13C]acetate into the
host, is shown in Figure 7. The cysts contained the same metabolites as host
livers and in addition, one of the CH, doublets of citrate, that at 2.54 ppm, was
clearly detectable. When the concentrations of these metabolites were
compared to those of the host's liver it was found that the parasite had more
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Figure 6

AR £ atiaciden. b a A g " M AR P RPALP Sy

13C decoupled 1H spin echo NMR spectrum of a PCA extract of uninfected
M. unguiculatus liver, 30 minutes after injection of [2-13C]acetate

Peak assignments.

H, of glucose units having a 1-4 linkage in glycogen
H, of a-glucose

CH, of glycine

(CH,);N of taurine

(CH,);N of betaine / (CH,S) of taurine

(CHa)aN of glycerophosphachaline (GPC)

(CH,)aN of phosphocholine (PC)

(CH;);N of chaline

indicates water
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(CHa)sN of acylcarnitine
CH;N of PCr/Cr
CH,CH, of succinate
CH, of acetate

CH, of alanine

CH, of lactate

CH, of -hydroxybutyrate (§-HB)
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Table 1: Concentrations of metabolites from livers of uninfected and
infected Meriones unguiculatus, and from Echinococcus
muttilocularis cysts, 30 minutes after introduction of

SERRETS T T TN YT T T T

R T T

[2-13C]acetate into the host.

Concentration (mean + S.D.)

Metabalite (umol / g wet wt)
uninfected infected cyst*
(n=195) (n=15) (n=14)

Glycogen 1.12+0.762 0.32 +0.090 1.14 + 0.43*
Glucose 466 +1.113 3.20 + 1.02b 0.77 + 0.43*
Glycine 0.69 +0.282 1.11 +£0.310 0.47 +0.18"°
Taurine 15.81 +2.783 16.26 + 2.352 3.27 + 1.14*
Betaine 0.44 +0.222 0.48 +0.262 0.42 +0.23
GPC 0.99 +0.292 0.90 + 0.408 0.26 + 0.08*
PC 0.08 +0.032 0.26 +0.10b 0.14 + 0.04*
Choline 0.07 £0.042 0.11 £0.182 0.08 +0.03
Acylcarnitine 0.03 +0.023 0.06 +0.03® 0.01 +0.01*
PCr/Cr 0.31 +0.102 0.35 +0.062 043 +0.12
Citrate - - 1.08 +0.29
Succinate 0.40 +0.062 0.50 +0.213 1.06 + 0.50*
Acetate 0.65 +0.352 0.91 £0.31b 210 +0.25*
Alanine 0.10 + 0.062 0.26 +0.432 1.91 + 0.56*
Lactate 0.58 +0.332 0.76 £ 0.743 5.82 + 0.86*
g-HB 0.57 +0.232 0.88 + 0.46P 0.58 + 0.25*

ab: different letters denote a significant difference between concentrations of

metabolites in uninfected and infected groups, (a < 0.05).
* indicates a significant difference between concentrations of metabolites in infected

and cyst groups
+ wet weight of cysts was, on average, 484 + 3.55g
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Figure 7

13C decoupled 1H spin echo NMR spectrum of a PCA extract of
E. multilocularis cyst, 30 minutes after injection of [2-13C]acetate into the host

Peak assignments:.

H, of glucose units having a 1-4 linkage in glycogen
H, of a-glucose

CH, of glycine

(CHy)3N of taurine

(CH3)aN of betaine / (CH,S) of taurine

(CHa)sN of glycerophosphocholine (GPC)

(CH3)sN of phosphocholine (PC)

(CH3)sN of choline

indicates water
a3

10
1
12
13
14
15

16

(CHa):N of acylcarnitine
CH,N of PCr/Cr

CH, of citrate

CH,CH;, of succinate
CH, of acetate

CH, of alanine

CH; of lactate

CH, of p-hydroxybutyrate (-HB)
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glycogen, succinate, acetate, alanine and lactate, but less glucose, glycine,
taurine, GPC, PC, acyicamitine and p-HB (Table 1).

The total concentrations of metabolites from livers of jirds which were
collected 120 minutes post injection of [2-13C]acetate are presented in Table 2.
When compared to the uninfected controls, livers from infected M. unguiculatus
had less glycogen and glucose, but more glycine, GPC, PC and acylcamitine.
Echinococcus cysts, removed 120 minutes after introduction of [2-!3C]acetate
into the host, had higher concentrations of succinate, acetate, alanine and
lactate but lower concentrations of glucose, glycine, taurine, betaine, GPC, PC,
acylcamitine and p-HB than the livers of infected jirds (Table 2).

The incorporation of 3C from [2-'3C]acetate into hepatic and cyst
metabolites, after 30 and 120 minutes, is presented in Table 3. Both the liver
and the parasite contained iabel in glycogen, glucose, succinate, acetate,
alanine, lactate and B-HB. In addition, E. multilocularis had label in citrate. After
30 minutes, livers from infected animals had a higher percentage of label in
glycogen than those in the control group. However, for hepatic alanine and
lactate, the percent carbon-13 was less in the infected group than in uninfected
controls. In the parasite cysts, all metabolites, except for glucose and acetate,
had less 13C than the corresponding hepatic metabolites from infected jirds.

The percent 13C in of metabolites from livers of uninfected and infected
jirds in the 120 minute group did not differ statistically. Most of the label
remaining in the liver was in acetate. In contrast, after 120 minutes, E.
muftilocularis cysts contained significantly more label in glycogen, glucose,
succinate, acetate, alanine and lactate than corresponding hepatic metabolites.

When the flow of label from [2-'3C]acetate to hepatic and cyst metabolites
was considered by comparing data at 30 and 120 minutes, it was found that, in
general, the percent fabel in liver metabolites decreased, whereas that in cyst
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Table 2: Concentrations of metabolites from livers of uninfected and
infected Meriones unguiculatus, and from Echinococcus
multilocularis cysts, 120 minutes after introduction of

[2-13C]acetate into the host.

Concentration (mean + S.D.)

Metabolite (umol / g wet wt)
uninfected infected cyst*

(n=14) (n=15) (n=15)
Glycogen 286 + 195 0.67 + 0.74b 1.32 +0.43
Glucose 5.25 +0.982 4.18 + 1.38b 1.02 + 0.45*
Glycine 0.35+0.312 1.11 +0.37° 022 +0.14*
Taurine 14.14 + 3,633 15.00 + 1.792 3.24 +0.42*
Betaine 0.68 + 0.423 0.53 +0.202 0.33+0.11*
GPC 0.47 +0.323 1.04 + 0.40P 0.22 + 0.06*
PC 0.19+0.132 0.44 +0.270 0.15 +0.05*
Choline 0.04 +0.043 0.03 +0.022 0.06 +0.04
Acylcamitine 0.04 +0.032 0.08 + 0.04b 0.01 +0.01*
PCr/Cr 0.43 +0.292 0.45 +0.183 0.46 + 0.08
Citrate - - 1.94 + 0.60
Succinate 0.38 +0.082 0.46 +0.102 1.04 + 0.33"
Acetate 0.32 +0.092 0.22 +0.163 1.41 + 0.48*
Alanine 0.17 +0.252 0.19+0.152 298 +0.87*
Lactate 0.90 +0.963 0.74 + 0.392 8.58 + 2.85*
g-HB 0.72 +0.384 0.82 + 0.362 0.48 +0.22*

a,b: different letters denote a significant difference between concentrations of

metabolites in uninfected and infected groups, (o < 0.05).
*indicates a significant difference between concentrations of metabolites in infected

and cyst groups.
*+ wet weight of cysts was, on average, 481 + 1.37 g
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metabolites increased with time. In uninfected animals, less (abel was present
after 120 minutes than after 30 minutes in all hepatic metabolites except
glycogen, which contained a similar percentage of label as that from the 30
minute group. In livers from infected jirds, all metabolites including glycogen,
contained less label two hours post injection of (abeled acetate than those in the
30 minute group. in contrast, there was more label in cyst glycogen, giucose,
succinate, alanine and lactate after 120 minutes than in corresponding
metabolites of cysts in the 30 minute group. However, as in the liver, the
percentage of label in cyst acetate and B-HB decreased with time. The percent
13C in citrate remained unchanged.

Il. Lipid metabolism

The *H NMR spectrum of a C:M extract of uninfected M. unguiculatus liver
is shown in Figure 8. The following resonances were observed: peak 1, HC=CH
in fatty acid (FA) chains at 530 ppm; peak 2, C,H in glycerol of
glycerophospholipids (GPL) and triglycerides (TG) at 5.15 ppm; peak 3, C;H in
glycerol of GPL at 4.40 ppm; peak 4, C,H in glycerol of TG at 4.32 ppm; peak 5,
OPO,0CH,CH,(CH;),N* in phosphatidyicholine (PTC) at 4.25 ppm; peak 6, C;H
in glycerol of PTC, phosphatidylethanolamine (PTE), phosphatidylinositol (PTI),
TG and phosphatidyliserine (PTS), and C,H, in glyceroi of diacylglycerol (DG) at
4.15 ppm; peak 7, C,H,0P0,0 in glycerol of GPL at 3.98 ppm; peak 8, C_IiOP in
the ring of PTI at 3.75 ppm; peak 9, CH,(CH,);N* in PTC at 3.60 ppm; peak 10,
(CH,);N* of PTC at 3.20 ppm; peak 11, *NH,CH, in PTE at 3.10 ppm; peak 12,
CH, between two double bonds in FA chains (HC=CH(CH,HC=CH),) at 2.80
ppm; peak 13, CH, between two double bonds in FA chains
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(HC=CHCH,HC=CH) of linoleic acid at 2.75 ppm; peak 14, CH,CH, « to a
double bond and a to C=0, respectively (HC=CHCH,CH,COO) in FA chains of
4,7,10,13,16,19-docosahexaenocic acid at 2.40 ppm; peak 15, CH, a to C=0 in
FA chains (CH,COO) at 2.30 ppm; peak 16, CH, a to a double bond and y to
C=0 in FA chains (HC=CHCH,CH,CH,COO) of arachidonic acid, at 2.10 ppm;
peak 17, CH, a to a double bond in FA chains (CH,HC=CHHC=CHCH,) at 2.05
ppm; peak 18, CH, B to a double bond and B to C=0 in FA chains
(HC=CHCH,CH,CH,COO) of arachidonic acid at 1.65 ppm; peak 19, CH, B to
C=0 in FA chains (CH,CH,COOQ) at 1.60 ppm; peak 20, (CH,), of FA chains at
1.30 ppm; peak 21, @-CH; B to a double bond in FA chains (HC=CHCH,CH,) at
0.95 ppm; peak 22, o-CH, of FA chains at 0.87 ppm; and peak 23, C,gH,; in
cholesterol (CTL) at 0.67 ppm. Peaks 2, 3, 5, 6, 9 and 16 were not required for
calculations. Concentrations of TG, GPL, PTI, PTC, PTE, FA and CTL (umol / g
wet weight) are presented in Table 4. When compared to uninfected controls,
livers from infected jirds had less total GPL, PTI, PTC and CTL, but more PTE.
The ratio of saturated and unsaturated FA components to total hepatic FA, the
degree of unsaturation of FA chains and the average FA chain length were also
analyzed. As results in Table 5 show, there was no change in ratios of saturated
FA between the groups. However, there were changes in unsaturated FA
moieties. In livers from infected jirds, the ratios of the CH,CH=CHHC=CHCH,
moiety, HC=CHCH,CH,CH,COO of arachidonic acid and HC=CHCH,HC=CH of
linoleic acid to total FA were higher than those in the corresponding control
group. The infection did not alter the degree of unsaturation or average chain
length of hepatic FA.

A 'H NMR spectrum of a C:M extract of E. multilocularis cyst is shown in
Figure 9. In cyst spectra, the same resonances as in spectra of M. unguiculatus

liver were present, except for the absence of a detectable peak for PTI at 3.75
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Table 4: Concentrations of lipid from livers of uninfected and infected
Meriones unguiculatus and from Echinococcus multilocularis

cysts
Concentration (mean + S.D.)
(umol / g wet weight)
Lipid uninfected infected cysts*
(n=15) (n=18) (n=18)

Total TG 563 +2372 6.26 + 5.662 5.38 +8.37
Total GPL 34.99 +2.842 31.97 +4.79b 6.94 + 1.69*

PTI 4.50 +0.882 2.65 + 0.68 NM

PTC 21.52 +1.422 19.21 +2.16b 468 +1.13*

PTE 7.42 +0.602 8.27 +1.16b 1.22 +0.63*

Total FA 114.02 + 8.692 102.86 + 17.752 42.80 + 26.80"
CTL 8.57 + 0972 6.93 + 0.990 4.72 + 0.69*

a.b: different letters denote a significant difference, (a < 0.05), between concentrations
of lipid in uninfected and infected groups.

* indicates a statistically significant difference, (a < 0.05), between concentrations of
lipid in cyst and infected groups.

NM = not measureable

Abbreviations: TG, triacylglycerols; GPL, glycerophospholipids; PTI,
phosphatidylinositol; PTC, phosphatidylinositol; PTE, phosphatidylethanolamine; FA,
fatty acid; and CTL, cholesterol.

+ wet weight of cysts was, on average, 10.64 +5.00 g
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Figure 9

1H NMR spectrum of a C:M extract of Echinococcus multilocularis cyst

Peak assignments:

HC=CH in FA chains 14
C,H in glycerol of GPL and TG

15
C,H in giycerol of GPL

16
C,H in glycerol of TG
OPO,0CH,CH,(CH,4);N* in PTC 17
C,H in glycerol of PTC, PTE, PTI, TG 19
and PTS; and C,H, in glycerol of DG

20
C;H,0P0,0 in glycerol of GPL

21
CH,(CH;);N* in PTC

22
(CH,),N* of PTC

23
*NH,CH, in PTE

o
HC=CHCH,CH=CH in FA chains

2

HC=CHCH,CH=CH in FA chains of linoleic acid
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HC=CHCH,CH,COO in FA chains of
docosahexaenoic acid

CH,COO in FA chains

HC=CHCH,CH,CH,COOQ in FA chains of
arachidonic acid

CH,HC=CHHC=CHCH, in FA chains
CH,CH,COO in FA chains

(CH,),, of FA chains

HC=CHCH,CH, in FA chains

a-CH, of FA chains

C,eH; in CTL

indicates water

indicates methanol
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ppm (peak 8), and for arachidonic acid at 1.65 ppm (peak 18). in general, the
concentrations of lipid in the cysts were lower than those in the livers (Table 4).
When the same FA moieties as in the liver were analyzed for cysts, it was found
that in cysts on average, all saturated and unsaturated FA components had
lower ratios (Table 5). Furthermore, the degree of unsaturation of FA chains
and the average FA chain length were aiso lower than those in the liver.
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Discussion

I. Carbohydrate metabolism

Detection of carbon-13 beyond natural abundance in 'H spin echo NMR
spectra of PCA extracts of livers from uninfected and infected M. unguiculatus
provides solid evidence that exogenous [2-13C]acetate was metabolized in host
biochemical pathways. Labeled glucose found in jird liver could only be
synthesized via entry of exogenous acetate into the Kreb's cycle followed by use
of labeled intermediate metabolites in gluconeogenesis. Entry of labeled
acetate into host metabolism and subsequent flow of carbon-13 atoms through
Kreb's cycle intermediates is presented in Figure 10. Acetyl CoA, labeled at
carbon-2 from exogenous [2-3Clacetate, enters the Kreb's cycle via
condensation with unlabeled oxaloacetate to form citrate labeled at carbon-4.
Although citrate is a symmetrical molecule, it is known that carbon-2 of acetate
becomes carbon-4 of citrate, due to stereospecific catalysis by citrate synthase
(Voet and Voet, 1995). The label remains at carbon-4 in isocitrate and a-
ketoglutarate, even though these reactions are reversible. Carbon-1 of a-
ketoglutarate is lost as CO, due to decarboxylation by a-ketoglutarate
dehydrogenase. Thus, the carbon-13 label from [2-13C]acetate is now located at
carbon-3 of succinyl CoA (Cohen and Bergman, 1994). Loss of CoA from
succinyl CoA generates succinate labeled at carbon-2 or -3. Although carbon-2
of acetate has become carbon-3 of succinate in a given orientation, the
succinate molecule has the opportunity to reorient itself once released from
succinyl CoA synthetase. In this opposite orientation, carbon-13 label will now
appear to be at carbon-2. Therefore, although only one carbon atom in the
succinate molecule is labeled during the first turn of the Kreb's cycle, it is
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Figure 10

The fate of carbon-13 label from [2-13C]acetate in intermediates of
the Kreb's cycle

Carbon-13 label from [2-'3C]acetate enters the Kreb's cycle as [2-'3C]acetyl
CoA. This acetyl CoA condenses with oxaloacetate initiating the first tumn of the

cycle.

® indicates the position of 13C label during the first turn of the Kreb's cycle. At
malate, multiple carbons with label indicators represent only the possible
position of carbon-13 label and not multiple labeled carbon atoms. Thus, only 1
carbon atom in malate and oxaloacetate will be labeled from [2-13C]acetate on
the first turn of the Kreb's cycle.

A indicates the possible location of 13C during the second turn of the Kreb's
cycle. Once again, label will be located at only one of the carbon atoms
indicated by . Therefore, two carbon atoms in Kreb's cycle intermediates may
be labeled during the second turn, one represented by * and one by *.

~ indicates possible position of 13C during the third turn of the Kreb's cycle.
Thus, three atoms may be labeled during the third turn, one represented by *,
one by A and one by . If labeled intermediates remain in the mitochondria and

continue to participate in the Kreb's cycle, subsequent turns could resuit in
further scrambling of iabel and increased label at neighboring carbon-13 atoms.

Enzymes of the Kreb's cycle include:
1, acetyl CoA synthase; 1a, acetyl CoA hydrolase; 2, citrate synthase; 3,

aconitase; 4, isocitrate dehydrogenase; 5, a-ketoglutarate dehydrogenase; 6,
succinyl CoA synthetase; 7, succinate dehydrogenase; 8, fumarase; 9, malate

dehydrogenase.
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generally accepted that the position of the labeled atom is randomized, and may
be located at either carbon-2 or -3. Although some evidence of conservation of
orientation in the succinate molecule is provided by Sherry et al. (1994) who
studied 13C NMR of rat hearts perfused with [2-'3C]acetate, this phenomenon
was observed only during the first 10-15 minutes of perfusion at 37°C. it is still
unclear whether or not orientation of succinate is conserved, or whether
contributions from other pathways are involved. As such, the generally accepted
assumption of randomization of label at succinate in the Kreb's cycle has been
employed here. Succinate and fumarate, which are both symmetrical, are thus
labeled at either carbon-2 or -3. When fumarate is converted to malate, water is
added across the double bond. This results in two possible, and unequivalent,
malate isotopomers, labeled at either carbon-2 or -3. Oxaloacetate, also labeled
at either carbon-2 or -3, is then generated from malate by malate
dehydrogenase.

At this point, both malate and oxaloacetate, labeled at carbon-2 or
carbon-3, may either exit the cycle and the mitochondrion as malate or PEP, or
continue on in the cycle initiating another tum. in the latter, the oxaloacetate will
react with another molecule of acetyl CoA labeled at carbon-2. Acetyl CoA
entering the Kreb's cycle is initially assumed to be labeled at carbon-2 due to the
large influx of exogenous [2-13C)acetate. Therefore, citrate formed during the
second tumn of the Kreb's cycle will be labeled at carbon-4, from exogenous
acetate, and at either carbon-3 or carbon-2 from labeled oxaloacetate (Badar-
Goffer et al., 1990; Sonnewald ef a/.,, 1993). As the second tumn of the cycle
continues, there is further randomization of label at malate, with the possibie
formation of three different malate isotopomers. Now, shoulid the malate and
oxaloacetate remain in the mitochondrion and participate in a third turn of the
Kreb's cycle, the carbon-13 label may be lost as carbon dioxide at the isocitrate
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to a-ketoglutarate step and at the a-ketoglutarate to succinyl CoA step. First,
carbon-6, the carboxyl group attached to carbon-3 of isocitrate, will be lost as
carbon dioxide, followed by the carboxyl group at carbon-1 of a-ketoglutarate.
These reactions, involving aconitase and isocitrate dehydrogenase are also
reversible, although metabolite orientation is conserved (Mathews and van
Holde, 1990; Des Rosiers et al., 1994; 1995; Fernandez and Des Rosiers,
1995).

When labeled malate exits the mitochondrion, it can participate in
gluconeogenesis. Through the action of cytosolic malate dehydrogenase,
malate is first converted to oxaloacetate which, in turn, is converted to PEP by
phosphoenoipyruvate carboxykinase (PEPCK). This metabolite will be labeled
at carbon-2 or carbon-3 if it is a product of the first turn of the Kreb's cycle
(Figure 11). PEP then forms 2-phosphoglycerate, in a reaction catalyzed by
enolase, followed by conversion to 3-phosphoglycerate via phosphogiycerate
mutase. 1,3-Bisphosphoglycerate (1,3-BPG), formed from 3-phosphoglycerate
by phosphoglycerate kinase will also be labeled at carbon-2 or -3. Further
randomization of label results when 1,3-BPG is converted to glyceraldehyde-3-
phosphate (GAP) by GAP dehydrogenase. This is because GAP, labeled at
either carbon-2 or -3 is then interconverted with dihydroxyacetone phosphate
(DHAP), as in glycolysis, by triose phosphate isomerase. Formation of fructose-
1,6-bisphosphate (F-1,6-BP), catalyzed by adolase, requires one molecule of
GAP and one molecule of DHAP. It is possible that each of these required
precursors may be labeled at either carbon-2 or carbon-3, resulting in
isotopomers of F-1,6-BP labeled at either carbon-1 or -2, and carbon-5 or -6.
This F-1,6-BP is then converted via fructose-1,6-bisphosphatase to fructose-6-
phosphate (F-6-P) followed by conversion to glucose-6-phosphate (G-6-P) by
phosphoglucose isomerase, each isomer being labeled at either carbon-1 or -2
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Figure 11

The fate of carbon-13 label from [2-13C]acetate in metabolites of
gluconeogenesis

Following entry of acetyl CoA into the Kreb's cycle, carbon-13 labeled malate
may exit the mitochondrion. Once in the cytosoal, it is converted to oxaloacetate
and then participates in gluconeogenesis.

* indicates the position of carbon-13 label.

Enzymes include:

1, cytosolic malate dehydrogenase; 2, PEPCK; 3, enolase; 4, phosphoglycerate
mutase; 5, phosphoglycerate kinase; 6, GAP dehydrogenase; 7, triose
phosphate isomerase; 8, aldolase; 9, fructose 1,6-bisphosphatase; 10,
phosphoglucose isomerase; 11, glucose-6-phosphatase.
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and carbon-5 or 6. Glucose is then formed from G-6-P via glucose-6-
phosphatase. Several isotopomers of glucose are possible, with carbon-13 label
located at either carbon-1 or -2, and carbon-S or -6. With successive turns of
the Kreb's cycle, randomization of label in glucose is increased. However, to
explore the labeling patterns of glucose from [2-'3C]acetate in more detail, 3C
NMR would have to be employed.

Glucose synthesized by the infected host had three fates. In the liver,

~ some of it was stored in glycogen and some could have been used in catabolic

processes, as suggested by the presence of label in lactate and alanine.
However, some of the labeled glucose was also found in the parasite. This
indicates that E. multiloculans siphoned off labeled glucose produced by the
host, as carbon-13 could only end up in the glucose molecule through entry of
[2-13C]acetate in to the Kreb's cycle followed by subsequent participation of
labeled metabolites in gluconeogenesis. As cestodes do not have a complete
Kreb's cycle (Smyth and McManus, 1989), it is unlikely that the parasite could
incorporate labeled atoms from acetate into glucose. Further, there is also no
convincing evidence of gluconeogenesis in these organisms except from the
level of fumarate (Blackbum ef al., 1986). Thus, the presence of labeled
glucose in Echinococcus cysts and the decrease in the amount of this
carbohydrate in livers of infected jirds demonstrates competition between the
host and parasite for the product which was synthesized in gluconeogenic
pathways of the host. Although, 30 minutes into the experiment, some of the
labeled glucose was used in host glycogenesis, the total amount of hepatic
glycogen was significantly lower in infected jirds than in controls. Thus, as in
previous studies (Novak ef al., 1993; 1995), the depletion of glucose and
glycogen in livers of infected jirds again illustrates that £. multiloculans induces a

starvation effect in its host.
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Carbon-13 enrichment of most hepatic metabolites decreased with time.
The resuilts indicate that at the end of two hours, most of the labeled acetate and
labeled metabolites were processed in host biochemical pathways and/or
distributed to the extrahepatic tissues. Also, some of the carbon-13 labeled
compounds, namely glucose, acetate and -HB, were taken up by the cysts. My
method of detection only allowed quantitative analysis of label at C, of glucose.
A scheme for its catabolism in E. multifoculanis to the labeled end products
lactate, alanine, succinate and acetate is outlined in Figure 12. First, in the
cytosol, [1-13C]glucose is metabolized via glycolysis to PEP labeled at carbon-3.
PEP is converted by PEPCK to [3-'3C]oxaloacetate or to pyruvate, also labeled
at carbon-3, by pyruvate kinase. The pyruvate is then either reduced to [3-
13C)lactate by lactate dehydrogenase, transaminated to [3-'*Clalanine by a
transaminase. Malate dehydrogenase catalyzes the reaction of [3-
13Cloxaloacetate to [3-'3C)malate which is further metabolized in the
mitochondria. There, malate is either converted by malic enzyme to [3-
13C]pyruvate, by fumarase to fumarate labeled at carbon-2, or by malate
dehydrogenase to [3-'3Cjoxaloacetate. Labeled pyruvate, converted initially to
[2-13C]acetyl CoA by the pyruvate dehydrogenase complex, then becomes [2-
13CJacetate. Fumarate, produced from labeled malate forms succinate, labeled
at carbon-2, via fumarate reductase. The 13C labeled metabolic end products
lactate, alanine, succinate and acetate were then excreted into the host.

Recent experiments in our lab with the tetrathyridia of the cestode
Mesocestoides vogae revealed that mitochondrial oxaloacetate, formed from
malate via malate dehydrogenase, can, with the help of citrate synthase,
combine with acetyl CoA to form citrate (Payette, 1996). This TCA cycle
intermediate is then also excreted as demonstrated by the presence of the
citrate resonance in ‘H NMR spectra of culture media in which tetrathyridia were
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Figure 12

Metabolism of labeled glucose in Echinococcus multilocularis cysts.

® indicates carbon-13 label. Glucose taken from the host is labeled at carbon-1.
This glucose is then used in parasite metabolic pathways to produce energy for
the cyst.

Enzymes include:

1, glycolysis; 2, pyruvate kinase; 3, lactate dehydrogenase; 4, transaminase; 5,
PEPCK; 6, cytosolic malate dehydrogenase; 7, cytosolic malic enzyme; 8,
mitochondrial malic enzyme; 9, fumarase; 10, fumarate reductase; 11, pyruvate
dehydrogenase complex; 12; mitochondrial malate dehydrogenase; 13, citrate
synthase; 14, not known; E, metabolite is excreted
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incubated. Payette's experiments showed that in Mesocestoides, the Kreb's
cycle is not functioning completely and that some of the intermediates which are
produced cannot be utilized and are therefore excreted. Similarly, results of the
present study suggest that only part of the Kreb's cycle is operational to a
significant extent in the mitochondria of E. multifoculan's. Detection of citrate,
labeled at carbon-2, in tissues of this parasite indicates citrate synthase activity.
Indeed, citrate synthase and other Kreb's cycle enzymes were found in E.
multiloculans cysts (McManus and Bryant, 1995). The build up of citrate to a
level that can be readily detected by NMR, with no evidence for subsequent
metabolites, is consistent with greater activity of citrate synthase than of the
enzymes in the following steps.

As discussed above, acetate produced by the parasite from [1-
13C]glucose becomes labeled at carbon-2. However, it seems unlikely that the
high level of 13C enrichment of acetate observed in E. multilocularis cysts could
have been produced solely by catabolism of labeled glucose. Novak et al.
(1992) found that the concentration of acetate in intraperitoneal cysts from
unstarved jirds was lower than that of lactate, alanine and succinate, suggesting
that conversion of glucose to acetate proceeds more slowly than to the other
metabolites. Therefore, it seems that the majority of labeled acetate found in E.
multifoculans was the resuit of direct uptake by the parasite. The percent 13C in
acetate decreased on going from the 30 minute to the 120 minute experiment.

A similar reduction in carbon-13 label with time was observed for g-HB in
livers of infected jirds and E. multilocularis cysts. This ketone body was most
likely taken up from the host rather than synthesized de novo by the cysts. It is
known that cestodes do not possess a pathway for B-oxidation of FA chains
(Smyth and McManus, 1989), which is the usual source of acetyl CoA for ketone
body synthesis in mammals. Also, the enzyme HMG CoA synthase is required
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for ketone body synthesis (Murray et a/., 1988). While present in the liver of the
host, it is not known whether this enzyme is present in E. multilocularis cysts.
Even if the parasite could synthesize B-HB, this ketone body, along with the
labeled metabolic excretory end products lactate, alanine, succinate and
acetate, cannot be utilized by the cysts in known biochemical pathways due to
an incomplete Kreb's cycle and non-functional gluconeogenic pathway. Thus,
the labeled B-HB in E. multilocularis cysts was most likely of host origin.

As acetate is used in host metabolic pathways, it is highly probable that
acetate of parasite origin is disposed of in biochemical pathways of the host.
Although lactate, alanine and succinate had to be excreted by Echinococcus into
the host, there was no difference in the concentration of these metabolites
between livers of uninfected and infected jirds. That would mean, in order for
the concentrations to be the same, lactate, alanine and succinate would have to
be metabolized, in infected animals, at a greater rate. Increased
gluooneogenesis» has been previously described for cancer cells which behave
much like parasites in terms of metabolic interaction with their host (Dills Jr.,
1993). The accumulation of the tumor metabolic end product lactate in the host
is not observed because host gluconeogenesis accelerates, using this tumor-
produced metabolite as a substrate, in proportion to the rate of tumor glycolysis.
Indeed, gluconeogenesis is known to increase with increasing precursor supply
(Alberti et al., 1992). Therefore, if in the present experiments, more lactate and
alanine were utilized in the liver of infected hosts, this could account for the
unchanged concentration, and lower percent enrichment of these metabolites
after 30 minutes. Similarly, there was no observable change in the amount of
hepatic succinate in infected jirds. This could also be a result of increased
utilization of this metabolite in livers of infected hosts. However, unilike lactate
and alanine, the percent 13C in hepatic succinate in uninfected and infected
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hosts did not differ. Since [2-13C]acetate must be metabolized via the Kreb's
cycle, all Kreb's cycle intermediates, including succinate, should therefore have
a constant influx of carbon-13 label. Thus, in the infected host, 13C enrichment
of succinate seems to reflect a balance between metabolism of this and other
Kreb's cycle intermediates with the influx of carbon-13 label from [2-13C]acetate.

After 30 minutes, the total concentration of hepatic acetate, labeled and

uniabeled, was higher in infected hosts. This increase in the amount of acetate

suggests that further metabolic aiterations have occurred in the infected host. It
. is known that acetate enters into mammalian biochemical pathways by
conversion to acetyl CoA via acetyl CoA synthase (Crabtree ef a/, 1990). It
seems likely that in the infected host there will be a higher concentration of
acetyl CoA due to greater B-oxidation of FAs. In turn, a higher concentration of
acetyl CoA would inhibit more the reaction of acetate to form acetyl CoA in this
readily reversible reaction.

In the liver, at 30 and 120 minutes post-injection, the majority of the
carbon-13 label was present in acetate. There wés no difference in the percent
13C of hepatic acetate between uninfected and infected hosts. This label was
most likely due to residual exogenous [2-13C]acetate and, in the infected host,
also due to contribution of labeled acetate produced and excreted by the
parasite. In addition, some of the [2-13C]acetate was carried by blood to E.
multilocularis cysts and since the parasite cannot metabolize this compound, it
eventually had to be returned to and recycled by the host.

Metabolism of acetate in the host was not carried out solely by direct
oxidation in the Kreb's cycle. The relatively high carbon-13 enrichment of g-HB
in both uninfected and infected hosts after 30 minutes suggests that a large
amount of exogenous acetate was initially diverted to ketone body synthesis.
Indeed, more B-HB was produced in infected animals than in the controls. This
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result is in contrast with that of Novak et al. (1995) who found a decrease in
hepatic B-HB in E. muftifocularis-infected jirds when exogenous glucose was
administered in a bolus injection. Under those experimental conditions, B-
oxidation of FAs would have been the primary source of acetate and acetyl CoA
for ketogenesis (Guyton, 1991), and the host was probably using p-HB faster
than acetate could be liberated from FAs. Similarly, Corbin et al. (1996)
suggested that an observed decrease in hepatic p-HB in mice infected with
cysticerci of Taenia crassiceps could be due to an increased demand for FA by

" the parasite or that more f-HB had been used by the host to compensate for

energy stolen by the parasite. In this experiment, labeled acetate could have
been diverted to ketogenesis as an aiternate means of metabolizing excess
acetyl CoA. Indeed, when the amount of acetyl CoA exceeds that of
oxaloacetate, the accumulating acetyl CoA is directed toward ketone body
synthesis (Orten and Neuhaus, 1982). This increase in -HB in infected animals
was most likely due to .the extra starvation induced by the parasite. However,
after 120 minutes, all labeled p-HB left the liver and there was no difference in
the concentration of hepatic p-HB between uninfected and infected jirds. It
seems that with time, as the excess acetate was metabolized, less of it was
available for ketogenesis and more B-HB was released into circulation for further
utilization.

The metabolism of hepatic PC, acylcamitine and glycine was also
affected by E. muiltilocularis infection as the concentrations of these metabolites
were increased in infacted jirds for both the 30 and 120 minute experiments. PC
is formed in the cytosol by phosphorylation of choline via choline kinase
(Mathews and van Holde, 1990). It is a precursor in the synthesis of PTC, the
most common membrane phospholipid (Ansell and Spanner, 1982; Bhamidipati
and Hamilton, 1993). PTC is predominantly synthesized by the CDP-choline
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pathway (Figure 13). PC is converted to CDP-choline via CTP:PC
cytidylyitransferase (6) followed by transfer of the PC component to 1,2-DG,
catalyzed by CDP-choline:1,2-DG cholinephosphotransferase (5). The reaction
catalyzed by CTP:PC cytidylyltransferase (6) is the rate limiting step in PTC
synthesis due to the limited availability of CTP (Ansell and Spanner, 1982;
Kuesel et al., 1990; Mathews and van Holde, 1990). In their work with human
tumor cells, Kuesel ef al. (1990) suggested that increased PC levels may resulit
from saturation of the rate limiting enzyme CTP:PC cytidylyitransferase (6) in the
CDP-choline pathway. When the enzyme CTP:PC cytidylyitransferase (6) is
saturated, PC may not be used as quickly as it is produced and therefore
accumulates. Also, the reactions of the CDP-choline pathway are reversible,
utilizing the same enzymes in both the synthesis and degradation reactions
(Ansell and Spanner, 1982; Kuesel et al., 1990). Thus, increased degradation of
PTC to PC in response to a greater requirement for FA oxidation in the nutrient-
depleted infected host may also contribute to saturation of the enzyme CTP:PC
cytidylyltransferase (6). Further, as indicated in Figure 13, specific hydrolysis of
PTC by phospholipase C (4) releases additional PC, which could also contribute
to an increase in the concentration of this metabolite (Kuesel et al., 1990;
Ferretti ef al., 1993).

Livers of infected jirds removed after 120 minutes also contained more
glycerophosphocholine (GPC). GPC is another product of PTC breakdown
(Figure 13). Hydrolysis of PTC by phospholipase A, (2) liberates the FA from C,
of the glycerol backbone of the phospholipid, creating lysophosphatidyicholine
(LPC) (Voet and Voet, 1995). This LPC can be further hydrolyzed, releasing
another FA moiety, to foorm GPC. A greater rate of PTC breakdown by
phospholipase A, (2) would lead to an increase in the amount of hepatic GPC.
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However, as an elevated amount of this hepatic phosphomonoester was
detected only in the 120 minute group, it is possible that an increase in hepatic
GPC was the direct result of a severe starvation effect. When, at the time of
dissection, the animal body mass was corrected for the parasite cyst mass,
those in the 120 minute group lost 14.15% in body mass whereas those in the 30
minute group lost only 0.09% of their body mass. Thus, in the more starved
host, greater amounts of PTC was probably broken down via the LPC pathway,
in addition to the CDP-choline pathway and phospholipase C, in response to
increased energy demands of the parasitized hosts.

In order for FAs to be used in energy generating pathways, they must be
first taken up by the cells and activated in the cytosal to fatty acyl CoA via acyl
CoA synthase. This fatty acyl CoA is then transferred to a fatty-acyl carrier,
camitine, in a reaction catalyzed by camitine paimitoyitransferase | located on
the external surface of the outer mitochondrial membrane. The resuilting
acylcarnitine can then cross the mitochondrial membrane in exchange for free
camitine, which is liberated from acylcamitine in the mitochondria. During this
process, the FA moiety is released in a reaction catalyzed by camitine
palmitoyitransferase Il located on the matrix side of the inner membrane of the
mitochondria. The FA may then participate in p-oxidation, which is known to
increase under starvation conditions (Mathews and van Holde, 1990; Voet and
Voet, 1995). Since p-oxidation of FAs depends on the availability of camitine
(Bremer, 1983), altered camnitine metabolism would affect energy generation
from this source. Krahenbuhl and Reichen (1997) detected altered camitine
metabolism in livers of patients with alcohol-induced cirrthosis. These patients
had higher hepatic acylcamitine levels, which were attributed to increased
camitine biosynthesis. Additionally, Brady and Brady (1987) found that the
activity and synthesis of the enzyme carnitine paimitoyitransferase increased
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during starvation, when the insulin/glucagon ratio was low. Thus, it is possible
that similar changes occurred in the liver of £ multiloculars-infected hosts.
Increased camitine biosynthesis along with higher carnitine palmitoyitransferase
activity lead to increased production of hepatic acyicamitine which would allow
more FAs to be transported into the mitochondria to undergo p-oxidation.

Livers of infected jirds also contained more glycine. The levels of this
amino acid were previously found to be increased in livers of hosts infected with
the cestodes Mesocestoides vogae (Blackbum et al, 1993b) and Taenia
crassiceps (Corbin et al., 1996). Glutathione (GSH), composed of the three
amino acid residues glutamine, cystine and glycine, protects against oxidative
stress induced by peroxidation and free radicals, and also assists in
detoxification of drugs or other xenobiotics (Mathews and van Holde, 1990;
Churchill et al., 1995). Under fasting conditions, hepatic GSH levels are
reduced (Hum et al., 1991). Therefore, it is possible that less glycine was used
in GSH synthesis in the E. muftilocularis-infected host resulting in a greater
amount of free glycine. In addition, glycine is involved in bile acid formation.
The bile acid glycocholate is formed when cholic acid conjugates with glycine
(Mathews and van Holde, 1990). Clearly, if less of this amino acid wouid be
utilized in the conjugation process of bile acid formation in the infected host,
higher glycine levels should be present. Since bile acid synthesis involves
cholesterol, the reduced amount of this sterol in livers of infected jirds may
cause an increase in glycine. Also, during fasting an increase in protein
breakdown takes place (Hellerstein and Munro, 1988). The release of amino
acids from protein degradation could also account for some of the increase in
glycine in the parasitized host. Finally, the concentration of hepatic glycine may
have been affected by increased glycerophospholipid (GPL) breakdown. There
were fewer GPLs in livers of infected jirds. Two of these GPLs,
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phosphatidylethanolamine (PTE) and phosphatidylserine (PTS) are
interconverted by PTE serine transferase. When PTS is converted to PTE,
serine is released. This serine can then react to form glycine via serine
hydroxymethyl transferase (Mathews and van Holde, 1990; Thureen ef a/., 1995;
Voet and Voet, 1995). Indeed, the livers of infected jirds contained more PTE
along with a higher concentration of glycine. This suggests that synthesis of
PTE via PTE serine transferase could be increased in infected jirds.

Il. Lipid metabolism

As cestodes cannot synthesize FA and sterols de novo, considerable lipid
material must be obtained from the host (Barrett, 1983). FAs and glycerol of
host origin are used by the cyst in the formation of PTC, PTE, PTS, LPC and PTI
(Smyth and McManus, 1989; McManus and Bryant, 1995). Predominant FAs in
E. multilocularns are saturated palmitic and stearic, and the unsaturated oleic and
linoleic acids (McManus and Bryant, 1995). Since cestodes cannot desaturate
preformed FAs, modification of these moieties is restricted to elongation by
sequential addition of acetyl CoA to the FA chain via an unknown mechanism
(Smyth and McManus, 1989). Cholesterol (CTL), an important membrane
component and the dominant sterol in cestodes, must be taken up from the host
in its entirety (Smyth and McManus, 1989; McManus and Bryant, 1995). In the
present work, resonances of total GPLs, PTC, PTE, and CTL were detected in
'H NMR spectra of E. multilocularis cysts. This indicates that precursors such as
glycerol, FAs and phosphate head groups or their components must have been
taken from the host and assembled into GPLs by the cyst.
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As the parasite grows, greater amounts of GPLs are required for
continued membrane synthesis. This competition between host and parasite for
GPL precursors results, as shown in the present experiment, in a decrease in
total hepatic GPLs which is mainly due to a decrease in PTC and PTI. It is also
possible that other changes such as modification of enzyme activities in
biosynthetic pathways of GPLs leads to the reduction of some GPLs and
accumulation of others. At present, the enzymatic mechanisms which regulate
_ these alterations are not fully understood. However, one condition which has
been implicated in having a profound effect of the activity of various enzymes
involved in GPL metabolism is pH. Kuesel ef al. (1990) found that acidification
of the medium in the range of pH 6 to 7 led to modified activities of enzymes in
the CDP-choline and CDP-ethanolamine pathways of GPL biosynthesis in
cultured tumor cells. Since the activity of the enzyme CDP-choline:1,2-DG
cholinephosphotransferase is optimal at a pH of 8.0 to 8.5 (Pelech and Vance,
1984), Kuesel et al. (1990) suggested that lower pH may cause a decrease in
the activity of this enzyme. This would lead to a reduction in the amount of PTC
produced by the CDP-choline pathway. The normal cytosolic pH of hepatocytes
was measured at 7.18 for rats (Durand et a/., 1993) and 7.16 for mice (Lee et a/.,
1988). As such, it stands to reason that CDP-choline:1,2-DG
cholinephosphotransferase is not operating under peak conditions in the normal
mammalian liver. Thus, under conditions of lower pH, this enzyme may become
the second rate limiting step in the CDP-choline pathway (Kuesel ef a/., 1990).
A low pH was detected, using 3'P in vivo NMR, in livers of mice infected with the
cestode Hymenolepis microstoma (Blackbum et al., 1993a). The acidic
condition of the liver was attributed to the production of metabolic end products
by the parasite and their subsequent excretion into the host. Therefore, it is

possible that a similar hepatic acidosis may also exist in M. unguiculatus
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infected with E. multiloculans. This then could lead to reduction in the activity of
CDP-choline:1,2-DG  cholinephosphotransferase and thereby reduced
biosynthesis of PTC.

Synthesis of PTI requires glycerol and FAs, as does PTC and other
GPLs. Thus, it is possible that reduced availability of these precursors in the
host due to uptake of them by the parasite could result in a decrease in hepatic
PTI. Furthermore, breakdown of PTI in response to hormonal stimuli produces
inositol-1,4,5-trisphosphate (IP,), an important intracellular second messenger
(Exton, 1988; Mathews and van Holde, 1990). Therefore, stimulation of
hepatocytes by hormones such as glucagon could contribute to increased PTI
degradation in infected jirds. Release of the second messenger, IP;, from PTI
by glucagon causes Ca?* ions to be released from the ER, resulting in an
increase in Ca2* concentration (Groliman, 1988; Exton, 1988). Ca2* ions target
two important hepatic enzymes. These are phosphorylase b kinase, which
activates phosphorylase leading to the breakdown of glycogen and release of
glucose, and type Il calmodulin-dependent protein kinase, which inactivates
glycogen synthase and pyruvate kinase inhibiting glycogen synthesis and
glycolysis, respectively (Exton, 1988). Accelerated hepatic glycogenolysis has
been demonstrated in jirds infected with E. multilocularis by Novak ef al. (1995)
and in the present experiments. Therefore, an elevation in glucagon levels in
response to parasite-induced starvation could occur and cause a rise in the
second messenger IP; and a decrease in hepatic PTI.

in contrast to reduced PTC and PTI, the amount of PTE increased in
livers of infected hosts. The increase in this GPL again suggests a parasite
induced modification in PTE biosynthetic pathways. As discussed above for the
CDP-choline pathway, enzyme activity in the analogous CDP-ethanolamine
pathway of PTE production (Figure 5) could also be modified by a lower pH.
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When the pH was lowered from 7.2 to 6.0, Kuesel et a/. (1990) found differing
amounts of phosphomonoester intermediates in the CDP-ethanolamine pathway
compared to those in the CDP-choline pathway in cancer cells. This suggested
a reciprocal enzymatic activity between these two synthetic routes which caused
a shift in the balance from choline- to ethanolamine-containing membrane GPLs.
Thus, a similar situation may exist for livers of E. multifoculars-infected jirds as a
consequence of possible acidosis induced by the parasite. However, further

_ research is necessary to determine if the increase in PTE in livers of E.

multiloculans-infected jirds was indeed due to a pH-induced alteration, or if
other, at present unknown mechanisms are invoived. Also, PTE can normally be
converted to PTC by a series of three sequential methylation reactions catalyzed
by the enzyme PEMT-2 (Figure 5), which exhibits high levels of activity only in
the liver (Vance and Ridgeway, 1988). Aithough not the main pathway of PTC
synthesis, sequential methylation of PTE accounts for 20 to 40% of PTC
biosynthesis in the liver (Ansell and Spanner, 1982). Expression of PEMT-2 has
been shown to reduce the rate of tumor and hepatic cell division and growth (Cui
et al., 1994), and decrease the activity of CTP:PC cytidylyitransferase, the rate
limiting step in PTC synthesis via the COP-choline pathway (Cui ef al., 1995).
However, it is possible that activity of this enzyme may be reduced under the
current experimental conditions. Since the optimal pH for PEMT-2 in rat liver
was measured at 9.2, and that in mouse liver at 8.8 (Vance and Ridgeway,
1988), the activity of this enzyme could be affected by lower pH. Such a
reduction in PEMT-2 activity could then result in decreased PTC synthesis from
PTE, and therefore subsequent accumulation of PTE. In addition, hepatocytes
treated with glucagon demonstrated a small reduction in PTC synthesis from
methylation of PTE (Vance and Ridgeway, 1988). Glucagon release is
stimulated by low blood glucose and serves to increase hepatic glycogenolysis
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under these conditions (Mathews and van Holde, 1990). As previous workers
(Novak et a/., 1989) and the present study have revealed that hosts infected with
this parasite become hypoglycemic, the possibility also exists that glucagon was
involved in modification of hepatic PEMT-2 activity. Finally, PTE and PTS can
be interconverted in a base exchange reaction catalyzed by PTE serine
transferase (Mathews and van Holde, 1990). Conversion of PTS to PTE
releases serine which can then be converted to glycine via serine hydroxymethyl
transferase (Mathews and van Holde, 1990; Thureen et a/., 1995; Voet and Voet,
1995). Since an increase in hepatic glycine along with more PTE was observed
in the present experiment, it is possible that the activity of PTE serine
transferase in E. mulfitocularis-infected jirds was increased.

In addition to PTC and PTI, the concentration of CTL was also decreased
in livers of infected jirds. During starvation, CTL synthesis is inhibited (Pallardo
and Williamson, 1989). De novo CTL synthesis in the liver begins with the
reaction between acetyl CoA and acetoacetyl COA via 3-hydroxy-3-
methylgiutaryl CoA synthase (HMG CoA synthase) producing HMG CoA which is
converted to mevalonate via HMG CoA reductase. HMG CoA is also a
precursor of the ketone bodies acetoacetate and B-HB. Since fasting decreases
the activity of HMG CoA reductase, the rate limiting enzyme in CTL synthesis
(Lehninger, 1975; Voet and Voet, 1995), it is possible that more HMG CoA was
used by the infected host in ketogenesis than in CTL synthesis. Also, the
contribution of the parasite to the depletion of hepatic CTL must be considered.
As E. multiloculans cannot synthesize it de novo, all CTL present in the cysts
had to be obtained from the host .

Cestodes also cannot synthesize FAs de novo (Barrett, 1983). Thus, all
FAs detected in 'TH NMR spectra of E. multilocularis cysts must have been

initially of host origin. These moieties were either taken up from the host in their
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entirety or were formed by the parasite from host FAs via chain elongation.
However, even though the parasite had to siphon off FAs from its environment,
there was no statistically significant difference in the total amount of FAs
between livers of uninfected and infected hosts. Differences in the ratios of FA
components to the total amount of FAs between livers of uninfected and infected
hosts are due to an alteration in the relative amounts of the individual FA moiety.
When the ratio of each FA component to the total amount of FA in each group

~ was compared, no difference was found in the ratios of hepatic saturated FA

moieties. However, the relative amount of some unsaturated FA components in
the liver was altered in response to E. multiloculans infection; ratios were higher
for linoleic and arachidonic acids, and the conjugated diene moiety
CH,CH=CHHC=CHCH,.

Linoleic acid (18:24%.12) is predominantly acquired from the diet (Hagmann
and Keppler, 1988; Mathews and van Holde, 1990). Although linoleic acid can
be synthesized de novo or through modification of existing FAs, through
desaturation followed by chain elongation (Longmuir, 1987, Mathews and van
Holde, 1990), this synthetic pathway represents only a minor contribution
compared to dietary intake (Hagmann and Keppler, 1988; Mathews and van
Holde, 1990). Both uninfected and infected hosts in this experiment were fed ad
libitum. Thus, it is possible that infected hosts ate more and somehow retained a
greater amount of linoleic acid from their diet, accounting for the higher
proportion of this FA present in livers of infected jirds. Also, more linoleic acid,
along with other FAs, could have been liberated from TGs in extrahepatic
locations, such as adipose tissue, in response to an increased requirement for
FAs in the starved host. In any case, the greater proportion of linoleic acid in
livers of infected hosts suggests that less of this FA was used in p-oxidation
relative to other FAs. This possible preferential utilization of some FAs for
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energy generation and selective retention of others requires further
investigation.

interestingly, linoleic acid is also a precursor of arachidonic acid
(20:445811.14)  First, a third double bond is introduced into linoleic acid at
position 6 by a AS desaturase enzyme forming y-linolenic acid (18:3469.12),
followed by elongation to homo-y-linolenic acid (20:348.11.14). A AS desaturase
enzyme then introduces another double bond at position 5 forming arachidonic
acid (Longmuir, 1987). Chen and Cunnane (1992) and Andriamampandry et al.
(1996) observed selective retention of arachidonic acid in livers of starved rats.
These researchers suggested that certain FAs may be retained relative to
others, rather than undergo oxidation to produce energy, in an effort to prevent
deficiency in essential hepatic FAs under conditions of increased lipid utilization.
Unfortunately, the mechanisms invoived in selective retention and utilization of
FAs under conditions of increased lipid breakdown and oxidation are not yet
completely understood (Andriamampandry ef al., 1996). At present, it can only
be hypothesized that the process of selective FA retention could be the cause of
the increased proportion of arachidonic acid observed in livers of infected jirds.

Arachidonic acid is the precursor not only of various phospholipids, but
also of biologically important compounds known as the eicosanoids (Hagmann
and Keppler, 1988). These include prostaglandins (PGs), thromboxanes (TXs)
and leukotrienes (LTs) which have roles in inflammatory response, pain and
fever production, regulation of blood pressure, induction of blood clotting and
control of reproductive functions (Hagmann and Keppler, 1988; Tao et al., 1989;
Voet and Voet, 1995; Woldseth et al., 1995; Pageaux et al., 1996). Several
authors have reported increased eicosanoid production in host celis in response
to parasitic infections (Belley and Chadee, 1995). LTs, especially, might play a
role in host inflammatory response to E. multiloculans infection, as their function
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includes stimulation of eosinophils, macrophages, monocytes and T-
lymphocytes as well as augmentation of natural cytotoxic cell activities and T-
lymphocyte proliferation (Hagmann and Keppler, 1988). Indeed, cell mediated
host rasponse to E. multifoculans infection includes an influx of macrophages
and eosinophils, along with T- and B-lymphocytes to affected regions (Devouge
and Ali-Khan, 1984; Gottstein, 1993). Arachidonic acid used in intraceliular
eicosanoid synthesis is liberated from C, of PTC by phospholipase A, and from
PTI via phospholipase C and DG lipase (Mathews and van Holde, 1990; Belley
and Chadee, 1995). PGs and TXs are formed from arachidonic acid by the
action of cyclooxygenase/prostaglandin G/H synthase while LT synthesis is
initiated via 5-lipoxygenase (Belley and Chadee, 1995 and references therein).
These researchers also established that production of eicosanoids is not
restricted to mammals, as many parasites also produce and excrete these lipid
mediators. PGE,, the most exiensively studied PG, is produced from
arachidonic acid, and is excreted into the host. There, it supresses the host
immune response by inhibiting macrophage functions, T-lymphocyte proliferation
and B-lymphocyte responsiveness. Larval E. muftilocularis is known to be
immunosupressive, successfully overcoming the immune defenses of its host
(Rakha et al., 1991; Gottstein ef al., 1993). As the eicosanoid PGE, has the
same initial structure, beginning from the carboxyl end, as does arachidonic acid
(i.,e.. CH=CHCH,CH,CH,COO), the possibility exists that this PG is produced
and excreted by E. multilocularis and contributes, together with eicosanoids of
host origin, to the NMR resonance used for quantitative analysis arachidonic
acid in livers of infected jirds. Further investigation is required, however, to
determine if, indeed, any eicosanoids contribute to the arachidonic acid

resonance in 'H NMR spectra.
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The ratio of the conjugated diene moiety (H,CHC=CHHC=CHCH,) to total
FA chains was also higher in livers of infected jirds. The formation of conjugated
dienes represents the first step in peroxidation of FAs (Krajcovicova-Kudlackova
and Ozdin, 1995; Benzie, 1996). Peroxidation is initiated by free radicals,
defined as any species with unpaired electrons, such as the superoxide radical
(O,-"), the hydroxy! radical (-OH), the hydroperoxyl radical (HO,-), nitric oxide
(*NO) and oxygen (O,). Generally, free radicals are produced as a

consequence of normal aerobic metabolism but they also accumulate at sites of

' cell injury caused by inflammation or post-ischaemic reperfusion (Benzie, 1996).

These free radicals can attack an unsaturated FA, removing one hydrogen from
an a-methylene group (Figure 14). This results in an extremely unstable carbon-
centered radical, which can either undergo a bond rearrangement, forming a
more stable conjugated diene moiety, or react with an O,(g) molecule to form a
peroxyl radical. The peroxyl radical can then remove a hydrogen atom from
another unsaturated FA to form a lipid hydroperoxide and another carbon-
centered radical in a self-propagating process. Protective factors such as
oxidase enzymes and antioxidants, or free radical scavengers, break the free
radical chain reaction, limiting free radical damage (Mathews and van Holde,
1990; Benzie, 1996). Should peroxidation be allowed to continue, structure and
function of FAs, and thereby membranes, will be irreparably damaged (Benzie,
1996). As previously described, host response to E. muftifocularis infection
involves inflammation. Because free radicals can be generated at sites of
inflammation causing subsequent peroxidation of lipids (Bryant and Behm, 1989;
Benzie, 1996), this action could result in the increase in the relative amount of
conjugated diene moieties observed in the present experiment. Also, Rojas et
al. (1993) found that under conditions of carbohydrate restriction, lipid sensitivity
to peroxidation is increased. As E. multilocularis infection decreases the
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Figure 14

Peroxidation of fatty acids
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availability of carbohydrates to the host, this deficiency might lead to increased
FA peroxidation. Thus, an increase in peroxidation of FAs could be the
mechanism responsible for the increase in the proportion of conjugated dienes
in livers of infected jirds. Obligate endoparasites such as E. multilocularis
metacestodes are continuously exposed to oxygen-derived radicals from their
host, and to a lesser extent, their own metabolism (Bryant and Behm,1989).
Therefore conjugated dienes found in cyst tissue may have either been taken up
from the host or be a result of FA peroxidation by radicals in the parasite itseif.
Further differences between host and parasite lipid composition are
illustrated by a lower degree of unsaturation and shorter average chain length in
E. muftiloculanis cysts. While, on average, there were 1.23 double bonds per
hepatic FA chain in infected hosts, those from the parasite contained only 0.80.
This dissimilarity may be due to the inability of cestodes to desaturate preformed
FA chains. The average chain length in cysts was 13.75 carbons long while that
in host livers was 16.18. Limited information about lipid composition in
heiminths disclosed that in E. multifocularis metacestodes, major FAs in both
neutral and phospholipids were the saturated palmitic (16:0) and stearic (18:0),
and the unsaturated oleic (18:149) and linoleic (18:249.12) acids (Smyth and
McManus, 1989; McManus and Bryant, 1995). Persat et a/. (1990a) reported
that the monohexosylceramide fraction of membrane glycosphingolipids (GSLs),
isolated from E. multiloculan's metacestodes were specific to this parasite only.
These GSLs contained FA moieties ranging from 16 to 30 carbons long, with
palmitic (16:0), cerotic (26:0) and stearic (18:0) acids predominating (Persat et
al., 1990b). Paimitic and stearic acids are also common in the liver and in
addition this organ is also rich in oleic (18:129), arachidonic (20:445811.14) and
docosahexaenoic (22:64.7.10.13.1619) acids (Marsh, 1990; Mathews and van

Holde, 1990). It can be seen that the above information cannot be compared

89



directly to data obtained in this study. In 'TH NMR spectra of livers and cysts,
separate analysis of individual free FAs and those in TGs, GPLs and GSLs was
not possible as the resonances contained contributions from all of these. The
work of Persat, described above, and the present study indicate that, on
average, the length of the FA chains in E. multilocularis cysts is shorter than that
in GSLs. The host-parasite differences in average FA chain length, and also in
the degree of unsaturation, may be a consequence of a requirement for distinct
membrane FA composition in the cyst compared to the host in order to
accommodate the various functions of parasite membranes. The vesicular cyst
wall of E. multiloculan's participates in keeping the metacestode alive in a hostile
environment by protecting it from the host immune response, and also takes up
all nutrients from the host (Smyth and McManus, 1989). Further research is
required to determine the composition of FAs in TGs, GPLs and GSLs in E.

multiloculanis cysts.

Ill. Future Research

In order to further knowledge on the M. unguiculatus/iE. multilocularis
host/parasite relationship, additional research is needed. For example, the
present experiments did not show specifically that acetate of parasite origin was
used in host gluconeogenesis, but rather that acetate can participate in this
pathway. To determine if parasitic acetate is used in host metabolism, carbon-
13 labeled acetate should be injected in vivo directly into the parasite cysts and
the metabolism of this labeled compound then traced in the liver. Also, blood
could be removed and analyzed to determine how much of the labeled tracer,
along with labeled products, is circulated throughout the body. Use of carbon-13
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NMR, in addition to tH spin echo NMR, would be beneficial in obtaining a more
detailed analysis of 13C labeled metabolites.

Although ([2-'3Clacetate is not considered to be a substrate for
gluconeogenesis, the present experiments showed that atoms from this
metabolite were incorporated into glucose. However, to follow this information
further, it would be interesting to determine how much acetate is used in
gluconeogenesis when another alternate substrate is also provided. Lactate is
considered to be a major gluconeogenic substrate, entering the
gluconeogenesis pathway through conversion to pyruvate via lactate
dehydrogenase. Conversion of lactate to glucose proceeds by a more direct
route than that of acetate. Thus, the labeling patterns of glucose from lactate
and acetate should be different. Lactate labeled at carbon-3 would iabel
glucose at C,, C,, C; and C4 due to randomization at thg triose phosphate level
in gluconeogenesis and at the fumarate to malate step. Label from [2-
13CJacetate would be randomized at the same points and could occur at C,
through C4 of glucose, depending on how many tums of the Kreb's cycle the
oxaloacetate had participated in before exiting the mitochondrion. Thus,
comparison of labeling pattems in glucose, should provide information on
gluconeogenic substrate selection in the liver of the infected host. In order to
obtain information on labeling patterns in glucose, '3C NMR should be used.

It would also be interesting to determine if E. multiloculans cysts are
capable of gluconeogenesis from the level of DHAP and GAP. To do this,
labeled glycerol should be used. This metabolite is converted to glycerol-3-
phosphate (G-3-P) by glycerol kinase followed by dehydrogenation to DHAP.
Detection of labeled intermediates in cysts incubated in medium containing
labeled glycerol would provide evidence for further metabolism of this substrate,

and the presence of labeled glucose would show that gluconeogenesis was
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taking place. Labeled glycerol could also be injected into the parasite in vivo.
This experiment would provide additional information on the dynamic
relationship between M. unguiculatus and E. multifoculans with respect to
parasite glycerol metabolism. This would clarify whether any of the labeled
glucose observed in the cysts in the present experiments was really of host or of
parasite origin.

Further investigation into lipid metabolism of the infected host is also
required. First, classes of phospholipids such as GPLs and GSLs could be
separated. Determination of FA composition within each of these classes may
require an alternate method of examination. For example, gas chromatography
should be used to observe differences in the relative amounts of saturated FAs.
This would provide additional information on how each class of lipids contributes
to the overall chain length of FAs. Also, GPLs such as PTC, PTE, PTl and PTS
could be separated from the crude C:M liver extracts from uninfected and
inffected hosts. Once separated, analysis of these groups using 'H NMR
spectroscopy would give more information on the FA composition of each group,
and how the composition of FAs changes relative to the type of GPL. In
addition, hepatocytes from uninfected and infected hosts could be incubated
with 13C-labeled FAs. These could include palmitic, stearic, linoleic or
arachidonic acid. The use of both saturated and unsaturated FAs would provide
information on selective FA uptake under starved and fed conditions, in livers of
infected and uninfected hosts, respectively. Moreover, this experiment could
demonstrate preferential utilization of different FAs, saturated (palmitic and
stearic) versus unsaturated (linoleic and arachidonic), in B-oxidation. To obtain
the most information from this study, carbon-13 NMR spectroscopy should be
used to determine positioning of labeled carbon-atoms within FA moieties in
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conjunction with 'H spin echo NMR spectroscopy to follow labeled carbon atoms
from FAs through p-oxidation and into host energy metabolism.

in addition, the contribution of eicosanoids to the resonance of
arachidonic acid (HC=CHCH,CH,CH,COO) in 'H NMR spectra should be
determined. This could be accomplished through analysis of 'H NMR spectra of
PGs and TXs which contain the same initial structure from the carboxyl group as
does arachidonic acid. Since eicosanoids of both host and parasite origin may
contribute to the resonance of arachidonic acid, this FA, labeled with 13C, could
be fed to uninfected and E. multiloculans-infected jirds. Subsequent isolation of
PGs and their analysis using '3C NMR would indicate if any of the labeled
arachidonic acid had been used in PG synthesis. Also, the presence of 13C label
in PGs from E. multiloculans cysts could be examined to determine if labeled
arachidonic acid was used in eicosanoid synthesis by the parasite. Finally, to
determine if PGs of parasite origin are excreted into the host, E. muitifocularis
cyst cells could be incubated in a medium enriched with 13C-labeled arachidonic
acid. Analysis of PGs in cyst cells and the culture medium would determine if
these eicosanoids were synthesized from exogenous arachidonic acid and

subsequently excreted into the environment by the parasite.
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