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Abstract

Abstract

In this thesis, | use metabolic control analysis to investigate quantitatively, the

control of neonatal hepatic fatty acid oxidation and ketogenesis. Specifically, |

model, report and discuss the control of hepatic fatty acid oxidation, Krebs cycle and

ketogenic fluxes by mitochondrial outer membrane carnitine paimitoyltransferase |

(CPT 1), in hepatocytes or mitochondria isolated from suckling rats, under

physiological and (patho)physiological conditions, mimicking healthy and diseased

states.

My work has:

@)

(b)

(©

(d)

(e)

(f)

)

(h)

provided the first quantitative assessment of the control exerted by CPT | over
carbon fluxes from palmitate, octanoate and palmitate:octanoate mixtures, in
hepatocytes isolated from suckling rats;

provided a quantitative assessment of the control exerted by CPT | over
ketogenesis and total carbon flux from palmitate, in a re-defined system, in
mitochondria isolated from suckling or adult rats (Krauss, et al., 1996);

shown that the numerical value of the flux control coefficient for CPT | over
ketogenesis changes with developmental stage and is lower in suckling rats
than in adult rats in both hepatocyte and mitochondrial systems;

demonstrated that the numerical value of the flux control coefficient for CPT |
over ketogenesis changes in response to different substrates;

indicated that whilst in adult rats, CPT | exerts a high level of control over
ketogenesis in neonatal rats, CPT | is not ‘rate-limiting’ over ketogenesis,
under physiological conditions;

provided the first quantitative assessment of the control exerted by CPT | over
carbon fluxes from palmitate in an in vitro model of neonatal sepsis;
demonstrated that the potential of CPT | to control ketogenesis increases
under certain (patho)physiological conditions;

provided an investigation into  hepatocyte respiration under
(patho)physiological conditions and has shown that in this in vitro model of
neonatal sepsis, oxygen consumption is increased.
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Chapter 1
Literature review and aims

1.1 Introduction

Although the pathways involved in the metabolism of fatty acids are well mapped,
the regulation and control of hepatic fatty acid oxidation fluxes under different
physiological/clinical situations are poorly understood. In this study, | have
investigated control over hepatic fatty acid oxidation and ketogenesis in the suckling
rat, in response to different substrates and the clinical condition of sepsis, using the
approaches of metabolic control analysis (MCA). In this introduction, | shall briefly
consider hepatic fatty acid metabolism, the role of ketone bodies and introduce the
central themes of MCA.

1.2 Biochemical perspectives on hepatic fatty acid oxidation, the Krebs
cycle and ketogenesis

1.2.1 Plasma free fatty acids and their entry into hepatocytes

Fatty acids may be defined as monocarboxylic acids and are named on the basis of
the number of carbon atoms and locus of double bonds. For example, the Cys
saturated fatty acid has a systematic name of n-hexadecanoate, since its parent
hydrocarbon is hexadecane. The C4 fatty acid with a double bond is known as cis-
A%-hexadecenoate, where the cis-A® indicates the presence of a double bond
between carbons 9 and 10. Fatty acids in paediatric nutrition have been reviewed
by Girard (1992) and Giovannini (1995) and are discussed in more detail in relation
to neonatal diet in later chapters of this thesis. In summary, in the neonate,
medium-chain fatty acids (chain length Ce¢-Cs0) and long-chain fatty acids (chain
length C4,-C») are present in variable proportions as the acyl chains of the
triacylglycerols in matemal milk. Short-chain (chain length < C,) fatty acids are
derived mainly from anaerobic bacterial fermentation of undigested lactose. In
addition to providing energy following oxidation, fatty acids (and their derivatives)
have many physiological roles. These include, for example, components of
phospholipids, lipophilic modifiers of proteins, in the control of cell proliferation and
transmembrane signalling. The following sections, however, will consider their
oxidation as metabolic fuels during the neonatal period.

In the immediate post-natal period, the concentration of plasma free fatty acids (non-

esterified fatty acids; NEFA) increases. Depending on the species considered, this
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is due to increased hydrolysis of triacylglycerol derived either from white adipose
tissue or from the absorption of triacylglycerols from maternal milk (Novak et al.,
1964, Persson et al., 1966; Blazquez et al., 1974; Ferré et al., 1978; Pégorier et al.,
1981). NEFA are transported between organs as unesterified fatty acids complexed
with serum albumin (Spector, 1975) or in the form of triacylglycerols associated with
lipoproteins.

Situated in the right upper quadrant of the abdominal cavity and receiving blood
from the hepatic portal vein, the liver is the first organ to be exposed to blood from
the digestive system. It encounters a wide variety of nutrients, including the fatty
acid-serum complexes, in addition to xenobiotics, toxins and gut-derived micro-
organisms. The liver is involved in a large number of metabolic activities, from the
anabolism and catabolism of fats, proteins, carbohydrates and vitamins, to
detoxification processes and metabolism of hormones. The work reported here is
concerned with the role of the liver in the oxidation of fatty acids and in particular,
focuses on fatty acid oxidation in hepatocytes. In its broadest sense, the term
hepatocyte refers to all resident liver cells but is most commonly used to refer to
liver parenchymal cells and this is the convention used throughout this thesis.
Hepatocytes represent approximately 60-65% of all liver cells by number but, owing
to their large size, they occupy approximately 80-90% of the volume of the organ
(reviewed in Berry, 1991). The non-parenchymal cells consist of 25-30% Kupffer
cells, 10% endothelial cells, while the fat storing cells form less than 5% of the

remaining liver cells.

Circulating triacylglycerols are hydrolysed outside cells by lipoprotein lipase bound
to the capillary endothelium to yield free fatty acids. The mechanisms involved in
the transport of long-chain fatty acids (LCFA) across biological membranes are still
poorly understood, however, at low concentrations, LCFA enter cells by a carrier
mechanism (Weisiger et al., 1981; Ockner et al., 1983). Relatively recently, several
fatty acid transport proteins (FATPs) and a fatty acid translocase (FAT) have been
identified (reviewed in Memon et al,, 1999). At higher concentrations, LCFA may
cross the plasma membrane by direct diffusion (Zammit, 1984; Schulz, 1991,
Guzman et al.,, 1993). Once inside cells, LCFA can be bound to fatty acid binding
proteins (FABP) within the cytosol (Glatz et al., 1985; Clarke et al., 1989). These
small soluble proteins, between 14-16kDa (Faergeman et al., 1997) facilitate the
diffusion of fatty acids through the aqueous medium of the cytosol to membrane-

bound enzymes (acyl-CoA binding proteins). This is believed to help protect the cell
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from the adverse detergent effects of fatty acids (Ockner et al., 1992). During the
fetal-neonatal transition, both the expression and content of liver FABP increase
markedly (Gordon et al., 1985; Paulussen et al., 1986, 1989).

1.2.2 Formation of acyl-CoA esters

Inside the cell, LCFA (e.g. Cq4, C16 and C4g) are converted to their corresponding
CoA-esters by long-chain acyl-CoA synthases (Ic-ACS, EC 6.2.1.3). Mitochondria,
microsomes, endoplasmic reticulum and peroxisomes all contain membrane bound
ATP-dependent Ic-ACS activity (Shindo et al., 1978; Krisans et al., 1980; Singh et
al., 1985). The mitochondrial enzyme forms an integral part of the outer membrane,
with its CoA-binding site exposed to the cytosol (Hesler et al., 1990). The activity of
Ic-ACS increases following birth (Warshaw ef al., 1972; Foster et al., 1976; Chalk et
al., 1983).

The long-chain fatty acid activation process occurs in two-steps (Scheme 1.1):

(i) the first step (Scheme 1.1(a)) involves the reaction of the fatty acid with ATP
forming an acyl adenylate and releasing pyrophosphate,

o o]
4 I
R—CcC + ATP R— C—AMP + PPi
o
fatty acid acyl adenylate

Scheme 1.1 (a)

(i) in the second step (Scheme 1.1(b)), the sulfhydryl group of CoA reacts with the
acyl adenylate to form acyl-CoA and AMP.

O O

I |

R— C—AMP + HS— CoA R— C—S—CoA + AMP

acyl adenylate acyl-CoA

Scheme 1.1 (b)
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Whilst these partial reactions are readily reversible, the reaction is pulled forward
since pyrophosphate is rapidly hydrolysed in a reaction catalysed by a
pyrophosphatase.

The accumulation of acyl-CoA esters would have deleterious effects on cellular
structures, for example, due to interactions with mitochondrial membranes (Shug et
al., 1971). This build up is prevented by the action of acyl-CoA binding protein
(ACBP), which is present in concentrations near-equimolar with those of acyl-CoA
within the liver cytosol (Rasmussen et al.,, 1993). ACBP binds medium- and long-
chain acyl-CoA esters with very high affinity, but shows only low affinity for CoA and
does not bind fatty acids, acyl-camitines or cholesterol (Faergeman et al., 1997).
Since this protein sequesters long-chain acyl-CoA esters, it also has the effect of
removing product inhibition of the Ic-ACS synthases (Pande, 1973). Additionally,
Bhuiyan et al., (1994) has shown that acyl-CoA esters are also able to bind with
FABP.

Following activation, there are several possible fates for the fatty acids, which can
for example, be incorporated into phospholipids and triacylglycerols or undergo
desaturation and chain elongation in the endoplasmic reticulum. Altematively,
activated long-chain fatty acids may undergo the reactions of foxidation within

peroxisomes or mitochondria (reviewed in Bremer et al., 1984).

1.2.3 Site of g-oxidation: mitochondria versus peroxisomes
Fatty acid oxidation occurs within mitochondria and peroxisomes (Lazarow et al.,
1976). The studies reported and discussed in this thesis, were concemed primarily
with mitochondrial-based processes. There are several justifications for this, firstly,
despite an increase in the number of peroxisomes and in the activities of specific
enzymes during the fetal/neonatal transition, the non-mitochondrial contribution to
overall foxidation is less than 15% in both neonatal and adult rats (Mannaerts et
al., 1979; Krahling et al., 1979; Horie et al., 1981; Duée et al., 1985). Secondly,
although the volume of individual mitochondria decreases by 30-50% in the early
neonatal period (Rohr et al., 1971; Valcarce et al.,, 1988), there is a substantial
increase in the number of mitochondria per hepatocyte (Rohr et al., 1971; Herzfeld
et al., 1973; reviewed in Aprille et al., 1986). The net result of these processes is an
increase in the size of the mitochondrial compartment relative to the volume of the
hepatocyte (Rohr et al., 1971; Herzfeld et al., 1973; Aprille et al,, 1986). Thirdly,
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during the first hours of extra-uterine life, pre-existing mitochondria demonstrate an
increase in functional capacity brought about, at least in part, by an increase in the
concentration of F,-ATPase, which is needed for efficient coupling between
respiration and oxidative phosphorylation (Valcarce et al, 1988). Finally,
mitochondria are the primary site of oxidation of short-, medium- and long-chain fatty
acids. Very-long chain fatty acids (>Cz) and trans-fatty acids are preferentially
oxidized in hepatic peroxisomes (Vandenbosch et al., 1992; Guzman et al., 1999).
Thus the major physiological substrates, such as Ciso are oxidized mainly in
mitochondria, both in the absence and in the presence of peroxisome proliferation
(Skorin et al., 1992).

In addition to their role in the breakdown of very-long chain fatty acids, peroxisomes
can degrade a variety of other lipophilic carboxylates and physiological substrates
include polyunsaturated fatty acids, dicarboxylic fatty acids, pristanic acid, bile acid
intermediates and certain xenobiotics (van Veldhoven et al., 1999). It has also been
established that peroxisomes are involved in the biosynthesis of cholesterol and

other isoprenoids (Wanders, 1999).

1.24 Entry into mitochondria
The mitochondrial membranes act as a barrier to long-chain CoA-esters, which are
transported across the membranes in a three-step system comprising:

0] mitochondrial outer membrane camitine palmitoyltransferase (CPT I);
(ii) acyl-carnitine/carnitine translocase; and
(iii) mitochondrial inner membrane camitine palmitoyltransferase (CPT Il).

Medium- and short-chain fatty acids (<Cs) are thought to be metabolised
independently of this three-step system, crossing the mitochondrial membranes
independently of CPT | (Smith et al., 1968; McGarry et al., 1980; Bremer et al,,
1984). They are activated to CoA esters by medium- or short-chain acyl-CoA
synthases located in the mitochondrial matrix (Killenberg et al., 1971).

Historically, there has been some controversy regarding the topographical,
functional and regulatory relationships between the different components of the
long-chain fatty acid transport system. However, many of the questions on this
transport system have now been resolved, (recently reviewed in McGarry ef al.,
1997 and Zammit, 1999) and this three-step system will now be considered.
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(i) The initial step in this transport system, which is catalysed by CPT | (E.C.
2.3.1.21), generates free CoA and extra-mitochondrial acyl-camitines (Scheme 1.2).

The formation of the acyl-camitines is the first committed step of mitochondrial g

oxidation.
o] CH, H o]
I . | 7
R—C—S8—~CoA+ HC—N—CH,— C —CH,—C pr—
| | \o‘
CH, OH
acyl-CoA camitine
CH, H (o)
| | /7

HS— CoA + H,C—N'— CH,— C—CH,—C

| I o
CH,

acyl-carnitine

Scheme 1.2 Formation of acyl-carnitine esters

It has recently been found that CPT | also recognises acyl-CoA-ACBP complexes
and acyl-CoA substrates bound to FABP, rather than only the free acyl-CoAs as
their substrate (Bhuiyan ef al., 1994; Abo-Hashema et al., 1999).

Through cell and mitochondrial fractionation techniques, CPT | has been localised to
the mitochondrial outer membrane (Murthy ef al., 1987; Fraser et al., 1997). Recent
work has also shown that CPT | is highly enriched in contact sites that occur
between the outer and inner membranes of mitochondria (Fraser ef al, 1998).
Contact sites, defined as areas where outer and inner membranes are in such
stable and close contact that they cannot be separated by mechanical forces (for
example, sonication protocols), are believed to have key roles in energy metabolism
(Moynagh, 1995) rather than merely being morphological features where the
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mitochondrial membranes are brought into close proximity. Zammit (1999) suggests
that the increase in density of CPT | at contact sites may reflect the importance of

acyl-carnitine transfer in the energetics of mitochondria.

Different isoforms of CPT | have been identified in the rat. The L isoform (L-CPT 1)
is the major form expressed in liver, kidney, pancreatic islets, ovary, spleen,
intestine and brain (McGarry et al.,, 1997), whilst the M isoform (M-CPT 1) is
expressed in cardiac and skeletal muscle and adipose tissue (Yamazaki et al.,
1995), although there may be some inter-species variation (Kolodziej et al., 1992,
McGarry et al, 1997; Zammit, 1999). Additionally, tissue distribution of isoforms
may change with development. For example, whilst both L-CPT | and M-CPT | are
present in neonatal and adult rat heart mitochondria, in the late fetal/neonatal
period, L-CPT | levels are higher than at later stages of development (McGarry et
al., 1997). This is potentially important, since although the two CPT | isoforms
catalyse identical reactions, they differ in their Michaelis constant for the substrate
camitine (Bhydroxy-y-trimethylaminobutyric acid) and in sensitivity to malonyl-CoA
(McGarry et al.,, 1997). A change in the ratios of the different isoforms, therefore,
provides a potential means of regulation of the system at different stages of
development.

Camitine, a zwitterionic compound, can be synthesised in human liver and kidney
from trimethyllysine derived from the essential amino acids lysine and methionine
(Rebouche et al., 1980). Neonates and particularly preterm infants, however, have
low synthetic capabilities and are dependent on exogenous sources, such as
matermal milk (Linz et al,, 1995). In the liver of suckling rats, the concentration of
camitine increases rapidly after birth (Ferré et al., 1978) due to increased transfer of
carnitine from the mothers milk to the pups (Robles-Valdes et al., 1976). After 20
days of lactation, milk still provides almost half of the total camitine in neonatal rats
(Davis, 1989). The apparent K, for camitine is dependent on the palmitoyl-CoA
concentration, since, as well as being a substrate, palmitoyl-CoA acts as a
competitive inhibitor to camitine, the second substrate for CPT | (Bremer et al,
1967 (a)(b)).

Two structural genes, a and 3, encode CPT I. These are differentially expressed in
tissues that utilise fatty acids as fuel: the a-gene mRNAs (encoding L-CPT 1) are

expressed with greatest abundance in liver, pancreatic beta cells and heart,
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whereas B-gene products (encoding M-CPT 1) predominate in skeletal muscle,
adipose tissue, heart and testis (Yu et al.,, 1998). In addition, there are also splice
variants for M-CPT | (Yu et al., 1998).

It is now known that L-CPT | consists of a single polypeptide of M, 88,150 (Esser et
al., 1993(a)(b)) containing both the catalytic and regulatory domains and adopts a
“hair-pin” topology within the mitochondrial outer membrane (Kolodziej et al., 1993;
Fraser et al., 1997). Both the short (~47-residue) N-terminal domain and the longer
(~650-residue) C-domain are exposed on the cytosolic side of the membrane
(Frazer et al., 1997). Two transmembrane domains “anchor” the molecule within the
membrane, whilst a linker region between the transmembrane domains protrudes
into the inner membrane space (Jackson et al.,, 1999). This topology is illustrated in
Figure 1.1, which also summarises the components of the three-step long-chain
fatty acid transport system. Interestingly, one of the products from the splice
variants mentioned previously, is predicted to have radically different membrane
topology (Zammit, 1999) and altered malonyl-CoA regulatory domains (Yu et al.,
1998). Potentially, therefore, proteins translated from the splice variants may
provide further regulation and control of the system, although the physiological
significance is yet to be established.

Both the catalytic and malonyl-CoA binding sites are believed to reside in the C-
domain of CPT | (Zammit et al., 1997). However, since both the N- and C-domains
are exposed on the outer face of the outer mitochondrial membrane (Fraser et al.,
1997), in addition to interacting with the cytosolic pool of long-chain acyl-CoA/ACBP
and malonyl-CoA (Van der Leij et al., 1999), the two domains are also able to
interact with each other (Zammit et al., 1997) subject to the constraints imposed by
the linker region and transmembrane domains. The two transmembrane domains
are themselves able to interact (Shai et al., 1995).

The N-terminal domain in particular, is essential for the maintenance of an optimal
conformation for both catalytic function and malonyl-CoA sensitivity and binding
(Cohen et al., 1998; Shi et al.,, 1998). Furthermore, Swanson et al.,, (1998) have
proposed that the differences in the kinetics of the two isoforms of CPT | are
determined by the nature of the interaction between the N- and C-terminal regions.
Additionally, it has recently been demonstrated that the N-terminal residues critical
for activity and malonyl-CoA sensitivity in M-CPT | are different from those of

L-CPT I (Shi et al., 2000)
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Figure (a) A; long-chain fatty acids are activated by long-chain acyl-CoA synthases located in the outer mitochondrial membrane. B: transport of
the resulting CoA-esters across mitochondrial membranes occurs via the three-step system, comprising CPT I(1), the acyl-
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As already noted, malonyl-CoA, the product of the reaction catalysed by acetyl-CoA
carboxylase (ACC, EC 6.4.1.2) which commits cytosolic acetyl-CoA to the synthesis
of fatty acids, interacts with CPT I. Malonyl-CoA is a potent, physiological reversible
inhibitor of CPT | (McGarry et al., 1977; Saggerson et al., 1981(a),(b).(c)). However,
the malonyl-CoA/CPT | interaction is complex, since both the inhibitory effects of
malonyl-CoA (Kashfi et al., 1988; Kolodziej et al., 1990) and sensitivity of CPT | to
this inhibitor (Cook ef al., 1980; Robinson et al., 1982; Zammit et al., 1984; Herbin et
al., 1987) may be altered in response to certain (patho)physiological conditions.
Zammit and co-workers (1990, 1998) have suggested that alterations in malonyl-
CoA sensitivity may arise through changes in the interaction of the transmembrane
domains with the membrane lipids as well as between the domains themselves.

Cook et al., (1980) proposed that variations in the concentration of malonyl-CoA
provide a potential method of co-ordinating the opposing pathways of fatty acid
synthesis and fatty acid oxidation and prevent the potential futile cycling of oxidation
of newly synthesised fatty acids. For example, during episodes of high
carbohydrate feeding, circulating glucose levels are high, while non-esterified fatty
acid levels are low. Under such conditions, i.e. high insulin to glucagon ratios and
higher citrate efflux, mechanisms exist which raise the tissue concentration of
malonyl-CoA. Citrate, for example, is cleaved by ATP-citrate lyase, forming acetyl-
CoA, which may be used to form malonyl-CoA. Additionally, citrate is an allosteric
activator of ACC, which would also result in raised concentration of malonyl-CoA.
Under such conditions, CPT | itself becomes more sensitive to malonyl-CoA
inhibition (Ontko et al., 1980). Thus, under conditions where glucose is readily
available, CPT | is inhibited, the rate of fatty acid oxidation is lowered and the liver
switches to fatty acid biosynthesis. It is interesting, however, to consider this within
the context of metabolic control analysis (MCA, Section 1.4) and specifically top
down regulation analysis, which can be used to derive response coefficients that
quantify the response of a system to an effector. The mechanism described here
assumes a large and negative response coefficient for malonyl-CoA over fatty acid

oxidation, —R,({(‘}‘;A_ Since response coefficients may be defined as the product of

a flux control coefficient and an elasticity, this in tum would imply a large value for
the flux control coefficient for CPT | over fatty acid oxidation, Cgfﬂ , and a large
and negative elasticity for malonyl-CoA over CPT I, — EﬁgyA . As discussed in later
sections of this introduction, large flux control coefficients are rare.
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In states of low insulin to glucagon ratios, such as during starvation or uncontrolled
diabetes, gluconeogenesis has been shown to be stimulated in perfused liver
(Heimberg et al., 1969) and in isolated hepatocytes (Christiansen, 1977). Under
such conditions, ACC is phosphorylated by AMP-dependent kinase to its inactive
form (Hardie et al., 1992). ACC, which is located in the cytoplasm, also requires a
hydroxytricarboxylic acid activator such as citrate or isocitrate for its catalytic activity
(Matsuhashi et al., 1962, 1964). Thus, the concentration of malonyl-CoA falls due to
both slower efflux of citrate from the mitochondrion and to the inactivation of ACC.
Additionally, CPT | is desensitised to the inhibitor, fatty acids are oxidized and there
is an acceleration in ketone body production (McGarry et al., 1989). The rise in
glucagon also de-inhibits mitochondrial 3-hydroxy-3-methyiglutaryl-CoA (mHMG-
CoA) synthase and increases the expression of enzymes involved in the HMG-CoA
cycle. This also results in an increase in ketone body production. Again,
considered in the context of control analysis, this suggests that there are multiple
steps involved in the control of ketogenic flux, rather than a single step/enzyme.

The activity of CPT | can also be inhibited through interaction with CoA esters of
synthetic substrate analogues that contain a 2-oxirane ring moiety, for example,
etomoxir (ethyl-2-[6-(4-chlorophenoxy)hexylloxirane-2-carboxylate), which binds to
the C-domain in both L- and M-isoforms (Swanson et al., 1998). This agent has
been used to manipulate CPT | activity in the studies reported and discussed in this
thesis. Etomoxir is converted in situ to etomoxir-CoA, an irreversible inhibitor of
CPT | and it has been demonstrated that the R-enantiomer of etomoxir is esterified
to its CoA-ester more readily than the S-enantiomer (Agius et al, 1991(a)).
Inhibition of CPT | is enantiomer specific, with only the R-enantiomer of etomoxir, a
potent hypoglycaemic compound, inhibiting fatty acid oxidation in hepatocytes
(Agius et al., 1991(b)).

(i) The second step in the transport of CoA esters across mitochondrial
membranes involves an acyl-camitine/camitine translocase, situated in the inner
mitochondrial membrane (Ramsay et al., 1975; Pande, 1975; Indiveri et al., 1990;
Sherratt et al., 1994, Ramsay et al., 1994). The relationship of this translocase with
the other steps in the transport system is illustrated in Figure 1.1. This translocase
returns carnitine to the cytosolic side, in exchange for an incoming acyl-carmitine. In
addition to its translocase activity, the camitine acyl-camitine translocase also has
the capacity for slow unidirectional camitine transport (Ramsay et a/,, 1976; Pande
et al., 1980; Indiveri et al., 1991).
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The K, for external camitine is approximately 0.5-1.5mM, the same range as the
concentration of carnitine in the tissue, and is lower for acyl-camitines (ldell-Wenger,
1981) indicating that acyl-camitines are preferentially transported into mitochondria.
In addition, the K., decreases with the chain-length of the fatty acid. The rate of
exchange depends on the intramitochondrial concentration of carnitine (reviewed in
Bremer et al., 1984). However, chain-shortened camitine esters can accumulate
extramitochondrially (Eaton et al., 1999(a)).

The acyl-camnitine/camitine exchange carrier is similar, both in size (apparent
molecular mass of 32.5kDa, Indiveri et al., 1990) and in sequence, to other
mitochondrial carrier proteins that transfer substrates between the cytosol and the
mitochondrial matrix (Palmieri et al., 1996). It is enriched within the contact sites of
mitochondria, although to a lesser extent than CPT | and CPT Il (Fraser et al.,
1998). The exchange activity of the translocase is strongly influenced by cardiolipin,
a phospholipid specific to the mitochondrial membrane (Noel et al., 1986; Indiveri et
al., 1991).

(iii) The final step in the CoA-ester transport system involves CPT Il, which is
loosely associated with the inner face of the inner membrane (Woeltje et al., 1987)
and particularly the contact sites between inner membrane cristae and outer
membranes in liver mitochondria (Fraser et al, 1998). In this final step, acyl-
camitines are reconverted back to acyl-CoA esters by CPT Il. These acyl-CoA
esters may then undergo S-oxidation, the camitine being retumed as described
previously. Since the mitochondrial CoA pool is limited (approximately 3-5mM)
depletion of free CoASH will inhibit CPT Il and it has been suggested that
poxidation flux may be partially controlled by either lack of intramitochondrial
CoASH or an elevated [acetyl-CoA)/[CoA] ratio (reviewed in Eaton ef al., 1999(b)).

The relationship of CPT Il to the other components of this transport system is
illustrated in Figure 1.1. Since its active site faces the matrix space (McGarry et al.,
1992), CPT Il is not accessible to cytosolic acyl-CoA esters in intact mitochondria
(Fraser et al, 1998). It is also insensitive to malonyl-CoA (McGarry et al., 1978;
Declercq et al., 1987). CPT Il has a M, of approximately 69,000 (Kolodziej et al.,
1992). It is immunologically distinct from CPT | and the two enzymes are encoded
by different genes (Kolodziej et al., 1992, Esser et al., 1993(a)(b)). Furthermore,

CPT Il mRNAs from a variety of rat tissues are identical in size and result in an
26



Chapter 1: Literature review and aims

immunlogically indistinguishable product, which implies that, unlike CPT |, CPT Il
appears not to have tissue specific isoforms (Woeltje et al., 1990; McGarry et al.,
1991). Others, however, have found evidence which suggests that although CPT I
in all rat tissues may be of approximately the same M, there may actually be
immunologically distinct isoforms in different tissues (Kolodziej et al., 1992).

Defects have been reported for each of the stages of transport of fatty acids into
mitochondria, recently reviewed by Bonnefont et al., (1999) and Brivet et al., (1999).
In brief, for CPT | deficiencies, only defects of L-CPT | have been documented.
These are characterized by recurrent episodes of Reye’s-like Syndrome (considered
in more detail in Chapter 7). Severe muscular and cardiac problems are associated
with episodes of fasting hypoglycaemia in defects of camitine transport and
translocase. CPT |l deficiency has several clinical presentations. In adults, CPT Il
deficiency presents as exercise intolerance, whilst the infantile-type CPT |II
deficiency presents as severe attacks of hypoketotic hypoglycemia, occasionally
associated with cardiac damage commonly responsible for sudden death before one
year of age (Bonnefont et al, 1996; Wieser et al., 1999). Brain and kidney
dysorganogenesis are frequently seen in the neonatal-onset CPT Il deficiency and
are usually fatal early in life.

1.2.5 The reactions of mitochondrial g-oxidation

Acyl-CoA molecules are progressively degraded by the reactions of the f-oxidation
spiral. Each tumn through the spiral produces two-carbon fragments of acetyl-CoA,
while the parent acyl-CoAs are progressively shortened and undergo further
S-oxidation (Knoop, 1905). The series of four types of enzyme-catalysed reactions,
with multiple enzymes, each specific for different fatty acid chain-lengths, for each of
the steps, is summarised in Scheme 1.3.

The first reaction in each round of degradation is the oxidation of acyl-CoA. This
step is catalysed by short-; medium-; long- and very-long-chain acyl-CoA
dehydrogenases (EC 1.3.99.2 and EC 1.3.99.3), which are active with fatty acids of
chain lengths C4 and Cs; C4 to Cq2; Cg to Cx and Cq; to C,; respectively. The
enzymes are all tetramers, with similar molecular weights and similar amino acid
compositions (Furuta ef al., 1981; Finocchiario et al., 1987, lkeda et al., 1985;
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I1zai et al., 1992). FAD is bound to the enzymes and is reduced to FADH, at the
same time as a 2-enoyl-CoA is formed from the corresponding saturated ester. The
reduced enzyme is reoxidised by a second flavoprotein, the electron transfer
flavoprotein (Crane et al,, 1956). This flavoprotein then feeds electrons into the
electron transport (respiratory) chain, donating electrons to ETF:ubiquinone
oxidoreductase and hence to ubiquinone (Ramsay et al., 1987). Ubiqinone is
thereby reduced to ubiquinol, which delivers its reducing equivalents to Complex lll
of the respiratory chain. The reactions of the respiratory chain are considered in
more detail in Chapter 7 and Figure 7.1.

The hydration of the 2-enoyl CoA by two 2-enoyl-CoA hydratases (EC 4.2.1.17) is
the second reaction in the g-oxidation series (Hass et al., 1969). These hydratases
have overlapping chain-length specificities. The third reaction is a second
dehydrogenation/oxidation step, and generates NADH and 3-oxo-acyl-CoA. This
reaction is catalysed by 3-hydroxyacyl-CoA dehydrogenases (EC 1.1.1.35), which,
again, have overlapping chain length specificities (Uchida et al., 1992). The final
step of the pathway involves a thiolysis of 3-oxoacyl CoA by a second molecule of
CoA. This reaction is catalysed by 3-oxoacyl-CoA thiolases (EC 2.3.1.9 and EC
2.3.1.16) and produces an acyl-CoA shortened by two carbons and a corresponding
acetyl-CoA (Gehring et al., 1968).

Whilst the individual reactions of f-oxidation, as detailed above, have been known
for some time, their structural and functional relationships are still incompletely
understood. The enzymes of the foxidation series of reactions are, however,
believed to be organised in a loose complex (Stanley et al., 1975). Indeed, relatively
recently, a trifunctional protein complex has been described, which comprises long-
chain 2-enoyl-CoA hydratase, long-chain 3-hydroxyacyl-CoA dehydrogenase and 3-
oxoacyl-CoA thiolase activities (Carpenter ef al., 1992; Luo ef al., 1993; Eaton et al.,
1996). Trifunctional protein deficiency, a potentially fatal disorder, may be one of
the most common goxidation disorders (cases reviewed in Jackson et al., 1992,
Wanders et al., 1992).

The activities of acyl-CoA dehydrogenases have been shown to exhibit some
changes during development (Bailey et al., 1973; Chalk et al., 1983; Carroll et al.,
1989). In addition, enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, and
oxoacyl-CoA thiolase also show increased activity following birth. These changes,
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however, are probably not as significant as those seen for CPT | or mHMG-CoA
synthase (Bailey et al, 1973; Chalk ef al., 1983; Quant et al., 1989,1990,1991;
Lascelles et al., 1997,1998).

Polyunsaturated fatty acids require auxiliary enzymes systems to undergo
poxidation due to the specificities of the enoyl-CoA hydratases, which do not act on
3-enoyl-CoA esters and of hydroxyacyl dehydrogenases, which are stereospecific
for the L-3-hydroxyacyl CoA isomer. These auxiliary isomerases and reductases
exist in several isoforms, which are still to be fully identified and characterised at the
molecular level.

In the final step of the f-oxidation spiral, fatty acids with an odd number of carbons
yield the three-carbon molecule, propionyl-CoA (which enters the Krebs cycle
following its conversion to succinyl-CoA) and the two-carbon molecule, acetyl-CoA.
Fatty acids with even chain numbers produce two acetyl-CoA molecules (Lipmann,
1953). The acetyl-CoA molecules have three potential metabolic fates,
transesterification to acetyl-camitine, the Krebs cycle or the 3-hydroxy-3-
methylglutaryl-CoA cycle (HMG-CoA cycle). Under conditions of high oxaloacetate
concentrations, acetyl-CoA is condensed to citrate and thus enters the Krebs cycle.
When the oxaloacetate concentration is low, acetyl-CoA is directed towards the
formation of ketone bodies, via the reactions of the HMG-CoA cycle. These different

metabolic fates of acetyl-CoA will now be considered.

1.2.6 Transesterification

Acetyl-CoA may undergo transesterification to acetyl-camitine by camitine
acetyltransferase (CAT) (E.C. 2.3.1.7) (Figure 1.1). Intramitochondrial acetyl-
camitine leaves mitochondria via the camitine acyl-camitine translocase and the cell
via the plasma membrane camitine transporter. Acetyl-camitine can be taken up
and utilized in muscle (Bartlett et a/, 1989) and brain (Kuratsune et al., 1997).
However, in neonatal rats this may not be quantitatively important as a circulatory
product of hepatic f-oxidation (Eaton et al., 1999(a)).

1.2.7 The reactions of the Krebs cycle
The reactions of the Krebs or tricarboxylic acid cycle (TCA cycle) were first

proposed by Krebs (1937) under the name “citric acid cycle”, and described the
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intermediary stages of the oxidation of carbohydrate in pigeon breast muscle. The
essential features of this original scheme remain unchanged. The cycle produces
reducing equivalents to be delivered to the respiratory chain and supplies a series of
precursor molecules that may be used in biosynthetic pathways.

The reactions of the Krebs cycle may be summarised as follows: in a reaction
catalysed by citrate synthase, the acetyl group produced by S-oxidation may enter
the Krebs cycle and condense with oxaloacetate, forming the six-carbon molecule
citrate. Isomerisation of citrate by aconitase, forms isocitrate, which is then oxidized
and decarboxylated to «a-oxoglutarate by isocitrate  dehydrogenase.
a-oxoglutarate undergoes oxidative decarboxylation by the o-oxoglutarate
dehydrogenase complex, forming succinyl-CoA. Succinyl-CoA synthetase catalyses
the cleavage of the thioester bond of succinyl-CoA, thus generating succinate and
one GTP or ATP. Succinate is oxidized to fumarate by succinate dehydrogenase,
which is imbedded in the inner mitochondrial membrane and is directly linked to the
respiratory chain. This reaction also generates FADH,. Malate is formed by the
hydration of fumarate by fumarase. Finally, malate is oxidized by malate
dehydrogenase, regenerating oxaloacetate. Overall, the two carbons of acetyl-CoA
enter the cycle as an acetyl unit and two carbons leave the cycle in the form of two
molecules of CO,. In addition, three moles of NADH and one of FADH, are
produced. When the electrons from these carriers are donated to molecular oxygen
in the electron transport chain, a large amount of free energy is liberated, which can
be used to generate ATP.

1.2.8 The reactions of the 3-hydroxy-3-methyiglutaryl-CoA cycle

Alternatively, acetyl-CoA may enter the HMG-CoA cycle to form the short-chain
(4-carbon) organic acids, acetoacetate and 3-hydroxybutyrate, and the 3-carbon
acetone (Scheme 1.4). Collectively (although not entirely chemically correct) these
entities are known as ketone bodies. As indicated in Scheme 1.4, two molecules of
acetyl-CoA can condense to form acetoacetyl-CoA in a reaction catalysed by
acetoacetyl-CoA thiolase (EC 2.3.1.9). Acetoacetyl-CoA reacts with a further acetyl-
CoA (catalysed by HMG-CoA synthase (EC 4.1.3.5)) to form 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA). This condensation reaction has a favourable
equilibrium owing to the hydrolysis of a thioester linkage. Cleavage of the HMG-
CoA, catalysed by HMG-CoA lyase, (EC 4.1.3.4), results in the formation of acetyl-

CoA and acetoacetate.
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An alternative route for the conversion of acetoacetyl-CoA into acetoacetate is by
deacylation, which, as in the reaction detailed above, also involves the enzyme
acetoacetyl-CoA thiolase. However, only a small proportion of ketone bodies are
formed from this pathway in neonatal rat liver (Lockwood ef al., 1971). Acetone can
be formed by the slow spontaneous decarboxylation of acetoacetate (Guthrie et al,,
1972). However, it is not metabolised further, being excreted or exhaled, and its
contribution to ketogenesis is not thought to be significant (Quant, 1994).

3-Hydroxybutyrate may be formed by the reduction of acetoacetate, which is
catalysed by 3-hydroxybutyrate dehydrogenase (EC 1.1.1.30). In the course of this
reaction, NADH is oxidized to NAD*. The ratio of 3-hydroxybutyrate to acetoacetate
depends on the NADH/NAD" ratio in mitochondria; the higher this ratio, the higher
the ratio of 3-hydroxybutyrate to acetoacetate.

During the neonatal period, in addition to the liver, other tissues such as the
intestine (Asins et al,, 1995) and kidney (Thumelin et al, 1993) can contribute to
ketone body production. However, these tissues also utilize ketone bodies, whereas
the liver only produces and exports them. Overall, therefore, the liver contributes
more to ketone body synthesis in suckling rats than other tissues (Arias et al., 1997).

1.2.9 Ketone body utilization

Acetoacetate and 3-hydroxybutyrate formed in the mitochondrial matrix may be
transferred to the cytosol by simple diffusion across the mitochondrial membranes.
Some acetoacetate may leave the mitochondria in an exchange mechanism with
pyruvate on the monocarboxylate carrier (Halestrap et al., 1978; Robinson et al.,
1980). Ketone bodies diffuse readily into the blood and are carried to extra-hepatic
tissues. Whilst oxidation to CO, is a major fate of ketone bodies in peripheral
tissues, ketone bodies may also be used for lipid or sterol synthesis (Figure 1.2).
The physiological roles of ketone bodies are considered further in Section 1.3.1.

The first step in the utilization of acetoacetate is its conversion into acetoacetyl-CoA.
In the mitochondria, this reaction is catalysed by 3-oxoacid-CoA transferase (E.C.
2.8.3.5), the activity of which is 10-fold greater than the activity of acetoacetyl-CoA
synthase, which catalyses this conversion in the cytosol (Robinson et al., 1980).
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In a reaction catalysed by either mitochondrial or cytosolic acetoacetyl-CoA thiolase,
(E.C. 2.3.1.9) depending on the compartment, acetoacetyl-CoA is cleaved to form
acetyl-CoA. Within the mitochondria, this is then condensed to form citrate and

enters the Krebs cycle.

Alternatively, when citrate levels are high, it may be transported to the cytosol,
where it is cleaved by ATP-citrate lyase (E.C. 4.1.3.8), to provide acetyl-CoA for lipid
synthesis. In the cytosol, acetoacetyl-CoA combines with acetyl-CoA, in a reaction
catalysed by cytosolic cHMG-CoA synthase (E.C. 4.1.3.5), to form HMG-CoA, which
is used for sterol synthesis. Thus, HMG-CoA synthase is also present in two
different compartments: the cytosol and the mitochondria.

Many tissues, for example the kidney, brain, mammary gland, skeletal muscle and
heart are capable of oxidizing ketone bodies at appreciable rates (Patel et al., 1975;
Robinson et al, 1980). The liver, however, has low levels of 3-oxoacid CoA-
transferase and thus ketone bodies produced by the liver are exported for oxidation
by extra-hepatic tissues, rather than being metabolised within the liver itself
(McGarry, 1980). In the mammary gland, ketone bodies are also involved in
lipogenesis and in the brain they are used for myelin formation (reviewed in
Robinson et al, 1980). The physiological roles of ketone bodies are considered
further in Section 1.3.1.

1.2.10 Control distribution over the pathways of hepatic fatty acid oxidation
and ketogenesis
There are several potential sites for intra-hepatic control over the pathways of fatty
acid oxidation and ketogenesis. These include the activation of long-chain fatty
acids, the various steps of the transport system via which long-chain acyl-CoAs
enter the mitochondria (i.e. CPT |, the acyl-camitine/camitine translocase, CPT lI),
the reactions of pB-oxidation, the HMG-CoA cycle and/or the Krebs cycle, and the
efflux of ketone bodies from mitochondria (Quant, 1994). Historically, however,
intra-hepatic control over the pathways of fatty acid oxidation and ketogenesis has
been considered to reside at the level of the entry of acyl groups into the
mitochondrion, with CPT | being considered as the “rate-limiting” step at all
developmental stages and (patho)physiological conditions (reviewed in Chapter 3).
However, the role of CPT | in control over ketogenesis has recently been questioned

(reviewed in Chapter 3). The work presented in this thesis further questions these
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assumptions, and suggests that the level of control exerted by CPT |, over fatty acid
oxidation and ketogenesis, changes with development, substrate and clinical status.
This is considered in detail in Chapters 3 to 6.

1.3  Physiological and clinical significance of the pathways of hepatic fatty
acid oxidation and ketogenesis

1.3.1 The role of ketone bodies

Geelmuyden (1897) showed that ketone bodies were formed from fatty acids and
although ketone bodies were once considered only as metabolic degradation
products associated with uncontrolled diabetes or starvation states, with uncertain
physiological value to the whole organism, (Grenville et al., 1968; reviewed in
McGarry et al., 1980), it is now known that they have important roles at some stages
of development and in certain metabolic states.

Under “normal conditions” in the suckling rat, ketone bodies are a major metabolic
fuel of extrahepatic tissues, including the brain (Hawkins ef al., 1971, Nehlig et al.,
1993, 1996). During the suckling period, the brain has a higher total activity of the
enzymes of ketone body utilization than other peripheral tissues in rats (Robinson et
al., 1980; Cullingford et al., 1997). Furthermore, the immature brain of the suckling
rat is able to take up ketone bodies approximately three times more efficiently than
the mature brain and a similar situation exists in humans (Robinson et al., 1980). In
the first few days of extrauterine life, ketone bodies can account for one quarter of
the neonatal basal energy requirement (Hamosh, 1991). Ketone bodies are also an
important energy source during fasting. For example, during periods of prolonged
fasting in adult humans, almost two-thirds of the brain’s energy is supplied through
the oxidation of ketone bodies, which, unlike the fatty acids from which they are
derived, can cross the blood-brain barrier (Owen et al., 1967; Hawkins et al., 1971).

Ketone bodies are also important in amino acid and lipid biosynthesis (Nehlig et al.,
1993, 1996). For example, they provide the carbon precursors for myelin sheath
synthesis, necessary for the human brain to continue to mature during the first two
years of infant life (Robinson et al., 1980; Clark, 1993). They also provide the
carbon skeleton for phosphatidylcholine and act as precursors of surfactant lipids,
both of which are essential for lung function in the newbom (Yeh ef al., 1985). In
addition, ketone bodies have also been implicated in reducing the seizures in
several forms of epilepsy (Lennox, 1928, Dodson et al., 1976). Although the precise
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mechanisms are unclear, ketogenic diets are thought to control certain types of
seizures through a fundamental change in the brain’s metabolism from that of a
glucose-based energy metabolism to that which utilizes ketone bodies (Swink et al.,
1997). Additionally, raised concentrations of ketone body bodies alter the
concentration of key amino acid neurotransmitters, which would effect seizure-
susceptible neurons (Cullingford et al., 1999).

1.3.2 Fluctuation in ketone body concentrations

The concentration of blood ketone bodies represents the balance between the rate
of production and the rate of utilization by peripheral tissues. Normoketonaemia
(acetoacetate plus 3-hydroxybutyrate) in the fed state has been defined as <0.2mM
(Williamson, 1992). However, even this “normal” level varies considerably among
individuals due, for example, to differences in basal metabolic rate, hepatic glycogen
stores and differences in the mobilization of amino acids from muscle proteins
(reviewed in Mitchell et al., 1995). Diumnal variations in ketone body concentrations
occur, for example, concentrations are low during the moming, increase later in the
day and reach a maximum at midnight (Robinson et al., 1980). Fluctuations in the
concentration of ketone bodies in response to changes in physiological state are
also normal. For example, ketosis (hyperketonemia), where levels are >0.2mM
(Williamson, 1992) is normal during fasting (McGarry, 1980, 1995), after prolonged
exercise (Koeslag et al, 1980; Balasse et al., 1989), when a high fat diet is
consumed, or during the neonatal period (Hawdon et al., 1992). In addition, there is
a slight elevation of maternal ketone body levels during pregnancy (Paterson et al.,
1967). Typically, these raised concentrations indicate that fatty acid energy
metabolism is active and that the pathways of fatty acid degradation are intact. In
rare cases, however, raised concentrations may reflect defects in the pathways of
ketone body utilization or, for example, overproduction of ketone bodies in juvenile-
onset diabetes.

Extreme fluctuations in the concentration of ketone bodies, however, may result
from abnormalities of ketone body metabolism (reviewed in Mitchell et al., 1995). In
brief, such abnormalities can present in three ways: (i) ketoacidosis, (ii) hypoketotic
hypoglycaemia; or (iii) abnormal 3-hydroxybutyrate : acetoacetate ratio

() The extremely elevated concentrations of ketone bodies observed during
ketoacidosis (>7mM, Williamson, 1992) may become life-threatening, since the
blood cannot buffer against such a high acid load. Raised concentrations of ketone
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bodies may be indicative of a range of medical conditions, including: diabetes,
ketotic hypoglycemia of childhood, corticosteroid/growth hormone deficiency and
intoxification with alcohol/salicylates (reviewed in Mitchell et al., 1995).

(i) Abnormally low concentrations of ketone bodies can also present a problem.
Hypoketotic hypoglycaemia, a state in which ketone bodies are not elevated in
response to hypoglycaemia, may be indicative of hyperinsulinism. This condition
may be found in infants whose mothers have poorly controlled diabetes (Hawdon et
al.,, 1993). Alternatively, low concentrations of ketone bodies may be suggestive of
one of several inbom errors of metabolism, where there may be a total or partial
enzyme deficiency in the pathways of fatty acid oxidation and ketogenesis (Morris et
al., 1997, 1998; Mitchell, 1998). The presenting symptoms for inborn errors are
rarely diagnostic and prior to identification of a specific defect, complex biochemical
and genetic investigations are needed. For example, inbom errors of fatty acid
oxidation result in metabolite build-up proximal to the enzyme defect and a defect at
any stage of p-oxidation will increase formation of the corresponding acyl-camitines
(Saudubray et al., 1992) thus acyl-camitine profiles are of importance with regard to
the diagnosis of inborn errors of f-oxidation. Fatty acids that accumulate in
Soxidation defects can be metabolic toxins due to their detergent properties, which,
for example, may alter membrane fluidity. It has been suggested that in some cases
this may be a cause of Sudden Infant Death Syndrome (Duran et al., 1986, Emery
et al., 1988; Harpey et al., 1990).

There are also groups of infants who may fail to produce the elevated
concentrations of ketone bodies that are normally observed during the neonatal
period (Hawdon et al., 1992, 1993). These groups include pre-term infants, small-
for-gestational-age (SGA) infants (Quant et al, 1998), those who experience
perinatal asphyxia and newbomns who have undergone surgery and require
intravenous feeding via total parenteral nutrition (TPN). A common surgical problem
associated with infants on long-term TPN is sepsis (Pierro 1996, 1998) and
abnormalities in ketone body metabolism are frequently observed during this clinical
condition. For example, ketone body production during sepsis may be suppressed,
despite raised concentrations of glucagon, cortisol and catecholamines.
Furthermore, such suppression may not be explained by increased plasma insulin
concentrations alone (Neufeld et al., 1976; Kaminski et al., 1979; Wannemacher et
al., 1979; Neufeld et al., 1980; Vasconcelos et al., 1987). The cytokines produced in

response to septic shock are believed to have a direct antiketotic effect (Samra et
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al., 1996). Sepsis is considered further in Chapters 6 and 7.

All of the groups of infants mentioned above may be at risk of neurological
impairment and metabolic complications. Additional stress, in the form of fasting,
cold exposure or infection could threaten the survival of these infants (Quant et al.,
1993). Furthermore, epidemiological and animal studies suggest that “at-risk
groups” may be predisposed to certain diseases during childhood and adult life,
such as persistent hyperinsulinaemia of infancy and maturity onset-diabetes
(Barker, 1994, Desia ef al., 1995; Aynsley-Green et al., 1997).

(iii) Changes in the 3-hydroxybutyrate : acetoacetate ratio may result from
fasting or clinical situations, such as hypoxia-ischaemia, where the hepatic
mitochondrial matrix is in a reduced state. The more reduced the matrix, (i.e. the
higher the NADH:NAD" ratio) the higher the 3-hydroxybutyrate : acetoacetate ratio.
High ratios may indicate defects in the respiratory chain (reviewed in Mitchell et al.,
1995).

14  Metabolic Control Analysis

1.4.1 General introduction

Metabolic control analysis (MCA) was developed simultaneously by Kacser and
Burmns (1973) and Heinrich and Rapoport (1974(a),(b)). it has been reviewed both
theoretically and experimentally by Westerhoff (1984) and Fell (1992). Metabolic
control analysis provides both the framework and language to examine metabolic
control in complex, dynamic systems, in a quantitative manner (Quant, 1993).
Although aspects of MCA, like any experimental and/or theoretical tool, may have
limitations, it does provide a foundation on which a better understanding may be
developed than was previously provided by the more traditional, qualitative
approaches (Fell, 1997). For example, Kell and Mendes (1999) proposed that MCA
can be used to provide an “approximation” to a more compliex reality.

Historically, descriptions of flux through specific pathways have been qualitative and
have centred on the concept of single, rate-limiting steps (Blackman, 1905). This
traditional approach considers that flux through successive steps in a pathway is
limited by the pace of the slowest factor. Such rate-limiting steps, which have
frequently been considered to control flux through a pathway under all conditions,
have been characterised as detailed below (Thomas ef al., 1998(b)):
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e an enzyme catalysing a far-from-equilibrium reaction;

e an enzyme with low activity compared to other enzymes in the pathway;

e an enzyme which is subject to regulation by metabolites other than substrates;

e an enzyme which is generally situated near the start of the pathway or at a
branchpoint; and

e variations in the activity of a rate-limiting step would be expected to change
pathway flux, whilst varying the activity of any other step would not be expected
to change flux.

In this traditional model, the rate of the whole pathway could be altered by changing
the activity of one particular enzyme in the pathway. It was considered, therefore,
that identification of this rate-limiting step, could fully describe the control structure of
the whole pathway. However, the defining statements considered above may not
necessarily hold true during quantitative investigations into control distribution in
pathways. For example, there is little evidence to date to support the idea that a
significant proportion of control is always found at the beginning of a pathway (Fell
et al., 1995). Indeed, in contradiction to this idea, a high level of control over flux
through the mammalian pathway of serine synthesis, is exerted by phosphoserine
phosphastase, which is the last enzyme in the pathway (Fell et al, 1988).
Furthermore, a 3.5-fold increase in expression of the activity of
phosphofructokinase, which is often cited as the rate-limiting enzyme of glycolysis in
yeast and which should, according to these traditional views, lead to increases in the
rate of the pathway, had no significant effect on the anaerobic glycolytic flux
(Heinisch, 1986). The qualitative label of “rate-limiting enzyme”, which has been a
central concept in traditional biochemistry, became one of the first “victims” of MCA,
since this latter approach demonstrates both theoretically and experimentally that
control over pathway flux is shared amongst all the steps in a pathway (Kacser,
1995; Thomas et al., 1998(a),(b)). The following section will introduce some of the
central themes of MCA.

1.4.2 Flux control coefficients

The qualitative nature of the traditional approaches makes comparisons of the
relative contributions of specific steps in the control of pathway flux difficult to
evaluate. In contrast, MCA enables the degree of control of any given step in a
metabolic pathway over the rate (flux) of the pathway to be quantified by its flux

control coefficient (originally termed sensitivities (Kascer & Bums, 1979)). Since this
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provides a quantitative scale for the influence of an enzyme on a metabolic flux, it

replaces the qualitative categories ‘rate-limiting” and “not rate-limiting” (Fell, 1997).

For simplicity, consider the following general linear pathway in Scheme 1.5:

System
1 J (pathway flux) A
w
i VE A S, VEh 28, VE P WH 1" Product
\ Ea Eb Ec Ed

Scheme 1.5 General linear pathway

The system is represented by the green box. Further detail is provided in the main text.

The importance of each step in the defined pathway (Ea, Eb etc.) in controlling

pathway flux {J) in a steady state, is given its own flux control coefficient

Therefore, in the simple system described in Scheme 1.5, the following flux control

coefficients may be calculated: and . It should be noted,

however, that there are as many flux control coefficients as there are steps in a
pathway, which may include transport processes and non-catalysed reactions in
addition to enzymatic reactions (Salter et al., 1994). Furthermore, ‘hidden’ branches

can also have flux control, if the system has not been correctly described.

The flux control coefficient may be defined as a fractional change in flux as a
consequence of a fractional change in enzyme/step activity, where the fractional
changes are very small (i.e. tend to zero) and the defined system has been allowed

to settle to a new steady state:

Equation 1.1:
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where: Céa describes the flux control coefficient of step E, on steady-state
flux J;
5’/J stands for the fractional change in pathway flux;

oEa/  stands for the fractional change in the activity of the
enzyme/step under study, in this example, E, (footnote’);

) represents infinitesimal changes, where the fractional changes
are very small (i.e. tend to zero).

Since control analysis deals with infinitesimal changes, flux control coefficients can
not usually be used to describe or predict the effects of /arge changes, although this
has been considered experimentally and theoretically (Small et al., 1993).

Quantitative values for flux control coefficients can, therefore, be obtained from
experimental access to appropriate flux assays and a procedure for manipulating
enzyme/step activity, such as titration with specific inhibitors, to reduce the activity
and/or effective concentration of the enzyme/step under study (Groen et al.,, 1982;
Duszynski et al., 1982), whilst all the other conditions are kept constant. In practice,
however, a means of specifically modulating enzyme/step activity and/or
concentration is not always available (an example is considered in Section 1.4.7).
Furthermore, measurement of flux is often complicated by the interconnection of
metabolic processes. However, fluxes that produce a metabolic end-product can be
measured relatively easily, for example, Krebs cycle carbon fiux can be assessed by
accumulation of CO,.

! Flux control coefficients may also be defined in terms of changes in the concentration of the
enzyme, for example, by genetic manipulation.

J
where C Ea describes the flux control coefficient of step E,

— on steady-state flux J; %/, stands for the fractional change in

J
CE" o 5[Ea] pathway flux; 5[E"){Ea] stands for the fractional change in the

Ea concentration of the enzyme under study, in this example, E;
5 represents infinitesimal changes, where the fractional
changes are very small (i.e. tend to zero).

Generally, enzyme activities are expected to be proportional to enzyme concentration, and
thus this can be considered as equivalent to titrating with a specific inhibitor, which changes
the effective concentration of the enzyme. In rare cases, however, the activity of the enzyme
does not relate directly to its concentration (i.e. vE=[E]). In such cases the equation defining
the flux control coefficient requires modification (Fell, 1997). It is vital, therefore, to carefully
consider the precise form of flux control coefficient used in an analysis.
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The numerical value of most flux control coefficients lies between zero (which would
signify no control) and one (which would signify high control). Experimental values
of control coefficients are frequently much less than one (Fell, 1992) in confirmation
of theoretical expectations. In branched pathways, however, values may occur
outside this range, i.e. less than zero or greater than one (Mazat et al, 1996).
When interpreting values for flux control coefficients, it is important to realise that
they are properties of the defined system rather than the enzyme(s) themselves,
since the importance of each of the enzymes in determining flux through the
pathway depends on the kinetic properties of all the enzymes in the system.
Therefore, if the pathways under consideration, or the conditions of their
measurement, are changed, the numerical values of the flux control coefficients may
also change. The numerical values of flux control coefficients are subject to a
number of constraints and inter-relationships, for example, the summation theorem
(Fell, 1992) which is detailed in the following section.

Although the existence of single, rate-limiting steps is believed to be a rare
occurrence, several groups, for example, Salter et al., (1994) have used control
analysis to identify candidate enzymes as targets for therapeutic intervention, on the
assumption that enzymes with high flux control coefficients have greater potential as
effective targets for inhibitory compounds in vivo than enzymes with low flux control
coefficients. Others have shown experimentally, however, that it is often necessary
to change more than one step to achieve an increase/decrease in flux and/or in
product (Kascer et al., 1993; Fell, 1998).

Although these are not considered in more detail in this thesis, in the same way that
control coefficients express the dependence of a system variable (such as flux) on

- . J
an internal parameter (such as enzyme activity) a response coefficient, Rz , can be

used to express the dependence of a system variable on an external parameter
(such as added inhibitor or hormone). An example relevant to the work presented in
this thesis is provided by the work of Makins et al., (1995), where the response of
CPT | to malonyl-CoA is considered in a quantitative manner.

1.4.3 The summation theorem

The summation theorem for flux control coefficients was originally derived by Kacser
and Bums (1979). It states that the sum of all the flux control coefficients in a
pathway is generally one, for example, in the pathway considered previously:
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J J J J _
Equation 1.2 CEa + CEb + CEc + CEd - l

Which can be written as:

n
J _
Equation 1.3 Zci =1
i=1

The summation theorem allows flux control coefficient(s) to have a value greater
than one, when other flux control coefficient(s) within the system are negative.
Negative values can be more easily understood by consideration of a branched
pathway, where a metabolite may form more than one end product. Consider
Scheme 1.6:

C

Scheme 1.6 General branched pathway

In the above scheme, you may calculate flux control coefficients for pathway flux to
product B, (C:f). However, in the flux from A there are two branches, one to

product B, the other to product C. It can be seen that an increase in any step
between A and B would increase flux Jg, giving a positive flux control coefficient,

(+C: )- Whilst, an increase in any step along the branch to C would decrease Js,

giving a negative flux control coefficient, (— CZ’ ).

There are two important consequences of summation theory. Firstly, it suggests
that each step in the pathway has a contribution to control flux, i.e. control is multi-
step, distributed across all of the steps in the pathway, rather than, as the more
traditional views suggest, situated at one single, rate-limiting step. Secondly, this
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control may not necessarily be distributed equally amongst the steps; each step may
exert different degrees of control and there may be more than one step exerting
significant control (Fell et al., 1995).

The earlier example from serine biosynthesis demonstrates these points, since it
has been shown that control of this pathway is not entirely at a single step, that it is
distributed between the steps, and that the distribution can change with alterations
in flux, metabolite and enzyme levels (Fell et al,, 1988). Drynan et al., (1996) have
also used MCA to show that the distribution of control over pathway flux may
change with metabolic state, by applying control analysis on data obtained from
hepatocytes isolated from adult rats which had been fed, starved, starved/refed, or
starved/insulin treated. Krauss et al., (1996) have also demonstrated changes in
control distribution during development, using mitochondria isolated from adult and
suckling rats. It was this work which prompted some of the initial investigations
presented in this thesis (Chapters 3 and 4).

1.4.4 Elasticity coefficients

The potential of an enzyme to control flux is related to the kinetic property of the
enzyme (its elasticity coefficient). Elasticities (or elasticity coefficients) offer a
replacement for qualitative statements of “responsiveness” of an enzyme to a
metabolite, providing instead quantitative indications of the sensitivity of an enzyme
to changes in concentrations of the effector, where the effector might be a substrate,
product of the enzyme or an intemal or external metabolite (Heinrich & Rapoport,
1974(a),(b); Kacser & Bumns, 1979).

Elasticities are defined as the fractional change in the flux through the enzyme
caused by a fractional change in the concentration of the effector, with everything
else in the system held constant:

o _ovg/ Olx
Equation 1.4 & va %x]

Where: 8,': describes the elasticity coefficient for the effector, X on
enzyme/step a;
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ova/. stands for the fractional change in local flux through the

enzyme/step;

6[%] stands for the fractional change in the concentration of the
effector.

Therefore, in contrast to flux control coefficients, elasticities are local properties of
the individual step under consideration and are not system properties. A positive
value for an elasticity coefficient indicates that the effector stimulates the rate of
reaction, whilst inhibitors which slow the reaction, have negative values. The
magnitude of the numerical value indicates the potency of the effector. Thus, in
Scheme 1.5, there will be sets of elasticities which describe the potency of each

, E Eb  _E Ed  _E
metabolite to affect each enzyme/step, for example: SS: 0 €540 6‘&5 ; Esq s &‘s: :

Eb
&g, and so on, (where Ea, EDb, e.t.c., indicates the step and Sa, Sb, e.t.c., indicates

the metabolite).

1.4.5 The connectivity theorem

The connectivity theorem (also known as the connectivity property) was originally
derived by Kacser and Burns (1979). It provides the link between global/system flux
control coefficients and local/individual elasticity coefficients. The theorem states
that the sum of each flux control coefficient on a particular flux, J, multiplied by its
elasticity with respect to X, equals zero (where X might represent Sa; Sb; Sc, e.t.c.),

i.e.

Cr-e)+lcne)+len-e)+Che)=o0

Equation 1.5

Or, alternatively:

n
J i
Equation 1.6 ZCI‘ Ex~ 0
i=l

It can be seen, therefore, that a complete set of elasticities (which can be calculated
from enzyme kinetic equations or measured experimentally) can give flux control
coefficients without experimental analysis, by substitution into the summation and

connectivity theorems (Fell, 1997). Furthermore, the connectivity and summation
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theorems provide a means of linking the (global) systemic properties of the pathway
to the (local) properties of individual enzymes.

For the purposes of this thesis, two complementary approaches to MCA are
considered: the “bottom-up” approach and the “top down” approach. As will be
seen, the two approaches adopt different strategies for investigating control in
complex systems and could potentially achieve the same end goal of complete
understanding of the control structure of a defined pathway, if multiple applications
of each method were to be carried out.

1.4.6 Bottom-up control analysis
Bottom-up control analysis (BUCA) aims to determine the control coefficients of
individual steps (enzymes) over a pathway flux (i.e. individual flux control

J
coefficients, Cs,ep). Repeated application of BUCA to different enzymes in the

pathway and subsequent summation of the contributions of all the individual
components enables a full description of the control structure to be determined. It
can be seen, therefore, that BUCA starts at the “bottom”, with the detail, and works
up towards the behaviour of the whole system. Application of this approach is,

however, restricted to the ability to manipulate individual enzyme activities.

1.4.7 Top-down control analysis

In contrast, top-down control analysis (TDCA, also known as ‘modular analysis’
Schuster et al., 1993) starts at the level of the “intact system” and moves down into
the detail (Brown et al., 1990; Quant, 1993; Brand, 1996). It aims to determine the
control coefficients of blocks of reactions over pathway flux (i.e. group flux control

- J
coefficients, * C block )-

In TDCA, the pathway under consideration is conceptually divided into blocks of
reactions that produce a given intermediate and into blocks of reactions that
consume the intermediate. In this way, complex systems can be simplified to a level
that can be analysed and an overview of control structure determined. The system
may be linear or branched. As the name implies, repeated application by further
subdividing the system into different blocks, around different intermediates enables

the control structure of the whole pathway to be determined, although in practice this
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might be difficult to achieve (Kell et al., 1999).

One of the main advantages of TDCA is that it can be used in complex physiological
situations where the BUCA approach is not appropriate or feasible. BUCA requires
a means of manipulating each step under investigation independently of other steps
in the pathway. Thus, if there is no specific method of independent manipulation
available, BUCA cannot be applied to that particular system. An example relevant
to this thesis is mHMG-CoA synthase. At present, specific, independent
manipulation of this enzyme is not possible and thus BUCA cannot be performed on
this particular step in the pathway of ketogenesis. However, by considering the
pathways of fatty acid oxidation, Krebs cycle and the HMG-CoA cycle as separate
blocks of reactions, TDCA has been applied to the mitochondrial system (Makins et
al., 1994). Although in this instance the system comprises three blocks of reactions,
only two perturbations to the system need to be made in order to calculate group
flux control coefficients for the whole system. Independent manipulation can be
made within the block relating to fatty acid oxidation and within the Krebs cycle block
of reactions. In this way, no specific inhibitor for any step in the HMG-CoA cycle is
required. This is considered in more detail in Chapter 4, where TDCA is applied to
these pathways, in neonatal hepatocytes.

1.4.8 Assumptions underlying the application of MCA

Unless otherwise stated to the contrary and compensated for in the calculations,
there are a number of assumptions underlying the application of MCA. They are
considered in some depth by Fell (1992), but may be summarised as follows:

o the system under study is a single, connected unit;

o the system is in a stable, steady state;

e metabolites are distributed homogeneously over the enzymes that act
on them;

e rates of enzyme action should be directly proportional to enzyme concentration
and one enzyme should affect one reaction;

e enzymes do not appear in the analysis as variables but as parameters (i.e. as
factors that influence the behaviour of the system, but that can be held constant
after it has been altered while the system reaches a new steady state); and

e all metabolites are in the free (unbound) form.
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It is also important to ensure that parameter changes are as small as possible to
reduce the mathematical bias of the control coefficient estimate but should be large
enough to allow detection of the changes in response to these modifications
(Pettersson, 1996).

1.5 Overall Aims

By critically analysing the scientific, clinical and theoretical literature to date in earlier
sections of this introduction | have shown that whilst the pathways hepatic fatty acid
oxidation and ketogenesis are clearly mapped, current understanding of how these
pathway fluxes are regulated by effectors or controlled by enzymes/steps is
incomplete. Until there is a more complete understanding of the mechanisms of
ketogenesis in “normal” infants, for example, it is difficult to understand how and why
the mechanisms that regulate and control fatty acid oxidation and ketogenesis are
altered in certain clinical conditions (Quant et al., 1998). An investigation into the
role of CPT | in controlling these pathways is of clinical significance, since, for
example, it continues to attract attention as a potential target in the pharmacological
management of clinical conditions such as diabetes (Foley, 1992; Anderson, 1995;
Zammit, 1998).

In this thesis, | seek to begin to address these important issues. Specifically, | aim
to model (using MCA), report and discuss the control of neonatal hepatic fatty acid
oxidation, Krebs cycle and ketogenic fluxes by CPT | under physiological and
(patho)physiological conditions, mimicking healthy and diseased states. For ethical
and practical considerations it is not feasible to perform such investigations on liver
samples from human infants, thus, in the investigations performed and reported in
this thesis, rat pups at their peak of suckling (11-13d old) are used to model the
human neonate (Girard et al., 1992).

1.5.1 Aims and objectives of Chapter 3: Analysing the role of hepatic
mitochondrial outer membrane carnitine palmitoyltransferase in the
control of carbon fluxes from palmitate

Although quantitative analyses have been performed in hepatocytes isolated from

adult rats to explore the control exerted by CPT | over carbon fluxes through the

three pathways of fatty acid oxidation (Drynan et al., 1996), no such studies have
been performed in neonatal models. In Chapter 3, therefore, | aim to address the
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following question:

e “How much control does CPT | exert over carbon fluxes from palmitate to
ketone bodies, carbon dioxide and total carbon products, in suckling rats?”

My objectives are to calculate the relevant individual flux control coefficients from
experimentally measured fluxes and activities.

1.5.2 Aims and objectives of Chapter 4: Application of top-down control
analysis in hepatocytes to investigate the distribution of control over
carbon fluxes in the pathways of fatty acid oxidation, ketogenesis and
the Krebs cycle

Whilst quantitative analyses of control structure of fatty acid oxidation in model
systems consisting of mitochondria isolated from neonatal rats have been performed
(Krauss et al., 1996) it is vital to consider control distribution over these pathways in
more ‘physiological systems’, since isolated mitochondria may not necessarily
reflect the control distribution in whole cells (Berry ef al.,, 2000). In this chapter,
therefore, | aim to further characterise the distribution of control over the pathways
of fatty acid oxidation, Krebs cycle, and ketogenesis, in intact hepatocytes isolated
from neonatal rats. In contrast to the BUCA performed in the previous chapter,
which enabled the control at a specific step to be investigated, in this chapter |
perform TDCA, which provides an overview of control structure in these complex
pathways. In this way | aim to answer the following question:

¢ “What control do sections of the pathway, for example, the Krebs cycle block of
reactions, or the HMG-CoA cycle block, exert over pathway carbon fluxes?”

To perform such an investigation, | will define the system and equations and
calculate the group flux control coefficients from experimentally measured fluxes
and activities.

1.5.3 Aims and objectives of Chapter 5: Analysing the role of CPT Il in control
of carbon flux from medium-chain fatty acids and mixtures of long- and
medium-chain fatty acids

In many species, including humans and rats, nutrition in utero and in adulthood is
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high in carbohydrates and low in fats. In contrast, during the neonatal period, the
reverse situation is seen: the neonate is exposed to a diet high in fats and low in
carbohydrates. Furthermore, a significant proportion of the fats are of medium-chain
length. In Chapter 5, therefore, | aim to investigate the control exerted by CPT |
over carbon fluxes through the pathways of fatty acid oxidation and ketogenesis
from fatty acid mixtures more relevant to neonates. In this way, | aim to address the
following question:

¢ “How much control does CPT | exert over carbon flux to ketone bodies in a
system using different substrates?”

As in Chapter 3, my objectives are to calculate the relevant individual flux control
coefficients from experimentally measured fluxes and activities.

1.5.4 Aims and objectives of Chapter 6: Analysing the role of CPT | in

control of ketogenic flux in in vitro models of neonatal sepsis
Sepsis is part of a broad-ranging clinical syndrome which may progress from
bacteraemia to multiple-organ failure and death. Despite medical advances and
considerable scientific research, sepsis remains a major clinical problem with a high
mortality rate. In this chapter | aim to investigate and report on the development of
in vitro neonatal hepatocyte models to study the onset and progression of neonatal
sepsis, which may be used to answer the following question:

¢ “How much control does CPT | exert over pathway carbon fluxes in response to
clinical conditions, for example, sepsis?”

To achieve this aim, agents known to be involved in the septic response, namely
lipopolysaccharide (LPS), tumour necrosis factor (TNFa) and interleukin 6 (IL6), will
be added to the hepatocyte isolation procedure. The effect of these agents on
resulting cell yield and viability will be reported and discussed. Additionally, | aim to
calculate the relevant individual flux control coefficients from experimentally

measured fluxes and activities in control and treated hepatocytes.
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1.5.5 Aims and objectives of Chapter 7: Effects of lipopolysaccharide and/or

cytokines on neonatal oxidative liver metabolism
Historically, there has been controversy relating to the precise effects of sepsis on
cellular respiration. Furthermore, there are few investigations into sepsis in the
literature which specifically investigate the changes occurring during the early stage
of sepsis in neonates. In Chapter 7, therefore, | aim to explore the effect of LPS,
TNFa, or a combination of agents, LPS+TNFa, LPS+TNFa+IL6 on total hepatocyte
respiration and on the relative contributions of mitochondrial and non-mitochondrial
respiration. In addition, | aim to provide a preliminary investigation of the effects of
salicylic acid, which has been implicated in the development of Reyes’ Syndrome,
in this chapter.
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Chapter 2

Materials and methods

This chapter provides detail of the principal methods used during the course of the
study. Details relating to specific experiments are given in the relevant chapter for

ease of reference.

2.1 Materials

2.1.1 Chemicals

L-[methyl-*H]camitine hydrochloride and [1-**C]palmitic acid were purchased from
Amersham Life Sciences (Amersham, Bucks., U.K.) and [1-'“CJoctanoate from ICN
Pharmaceuticals Limited (Thame, Oxfordshire, U.K.). Bovine serum albumin (BSA)
(fatty acid free) was bought from First Link (UK) Limited and Optisorb 1 and
Optisorb S from E. G. & G Wallac, Milton Keynes, U.K. Etomoxir (sodium salt) (2-
[6-(4-chlorophenoxy)hexyl]oxirane-2-carboxylate) was a gift from Dr L. Agius,
University of Newcastle, U.K. All other chemicals were purchased from Sigma
Chemical Co. (Poole, Dorset, U.K.), Merck or Boerhinger.

2.1.2 Animals

Suckling Wistar rat pups were used for the isolation of hepatocytes and were
supplied by B & K Universal Limited (Hull, U.K) or by Harlan (UK) Limited
(Bicester, Oxon, U.K.). As rats open their eyes and start weaning at approximately
15 days (Henning, 1981), 11-13 day old pups were used to ensure the pups were
at the peak of their suckling period. Litters were standardised to 10 and the pups
were allowed to suckle milk ad libitum. Five pups were used per hepatocyte

preparation.

2.2 Methods
2.2.1 Isolation of hepatocytes

Hepatocytes were isolated from the livers of 5 suckling rat pups per preparation by
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the method of Lorenzo et al., (1986), modified as described below.

Cell preparation solutions:

(a) stock balanced salt solution

(b) stock phosphate buffer

(c) working Krebs Ringer phosphate buffer (KRP)
(d) working Krebs Ringer bicarbonate buffer (KRB)

Cell preparation solutions comprise:

(a) 10-fold concentrated stock balanced salt solutions comprising 80g NaCl, 4g
KCI and 2g MgS0,4.7H,0 dissolved in 1 litre distilled H,O and kept at 4°C;

(b) 100-fold concentrated stock phosphate buffer comprising 2.4g Na,HPO, and
0.4g KH,PO, dissolved in 200ml distilled H,O and kept at 4°C;

(c) KRP (50ml stock salt solution, 5ml phosphate buffer in 500ml distilled water,
pH 7.4) was prepared daily, and

(d) KRB (50ml stock salt solution, 5Sml phosphate buffer and 12.5ml 1M NaHCO;
in 500ml distilled water, pH 7.4) was prepared daily. 95%0,:5%CO, was
bubbled through the KRB solution. The pH was checked to ensure adequate

gas equilibration.

Rat pups were killed by cervical dislocation. Hepatocytes were isolated following a

three stage incubation procedure:

(a) Livers were rapidly excised and washed with approximately 10ml KRP,
chopped finely and rapidly, into sections of approximately 2mm® and
transferred to a 100ml conical flask containing “isolation medium” (20ml
KRB, 1% bovine serum albumin (BSA)) and 0.5mM ethylene glycol-bis(p-
aminoethyl ether) N,N,N’N’-tetra-acetic acid (EGTA). The chopped liver was
gassed with 95%0,:5%CO,, the flask sealed with a subaseal and placed in
a reciprocating water bath at 120 strokes/min, at 37°C for 30min (with

further gassing at 15 min).
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(b) At the end of the pre-incubation stage, 2mM CaCl,, 0.05% collagenase
(Clostridiopeptidase A, type IV, E.C. 3.4.2.4.3, from Clostridium histolyticum)
and 0.0025% DNAase (from bovine pancreas, grade Il) were added to the

medium and the liver was incubated for a further 30min (regassing at 15min).

In the first stage of the isolation procedure, due to the addition of the chelating
agent EGTA, the chopped liver was in a Ca®*-depleted environment (Berry et al.,
1969, 1983). Ca* has a complex role in cell adhesion and is essential for
desmosomal integrity. A medium lacking Ca®, therefore, results in imeversible
cleavage of the desmosomes. In the second stage of the procedure, Ca” is added
back into the medium. This is necessary since it is essential for collagenase
activation. Collagenase binds Ca®" tightly (Gallop et al., 1957) and assists in liver
disruption by breaking down the collagen-rich intercellular matrix. The presence of
DNAase in the medium was essential as it minimized cell ‘clumping’ by digesting

DNA from cells that have lost their integrity.

BSA was included in the “isolation” and “incubation” media since long-chain fatty
acids, released during isolation, are bound by complexing with albumin, thus

preventing their detergent properties.

(c) At the end of the second stage, the supematant was poured into two 15mi
centrifuge tubes and centrifuged at 400rpm (34g) for 2 min. The supernatant
was removed and the pellet resuspended in 20ml KRB and 1% BSA, CaCl,,
DNAase and collagenase as above and incubated for a further 40min, with

regassing at 10min intervals.

During all the incubation stages, the gentle mechanical disruption supplied by

incubating flasks in the shaking water bath also assisted cell separation.

The contents of the flask were then poured through a nylon mesh (150 micron),
massaged gently with a spatula and washed with 60ml “washing medium” (KRB,
2mM CaCl,). After approximately 4min the liver disintegrated and the suspension
was poured into two 50ml conical centrifuge tubes and centrifuged at 400rpm (34g)
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for 2min. After discarding the supematants, the pellets were resuspended in 60ml
washing medium and the centrifugation/resuspension process repeated a further
three times. Finally, the two pellets were combined into one tube and resuspended
in 30ml “incubation medium” (KRB, 2% (w/v) BSA, 2mM CaCl, and 1mM L-

carnitine).

Cell yield was estimated using a haemocytometer and cell viability assessed by
trypan blue dye exclusion. In this procedure, 0.1ml 0.4% trypan blue, 0.2ml KRB
and 0.1ml cell suspension were gently mixed in an Eppendorf tube. This mixture
(0.1ml) was added to the haemocytometer by capillary action and examined under
a microscope with a 10x eyepiece and 10x objective. In order for the cell
suspension to be considered suitable for experimental work, at least 85% of the
cells needed to be viable, i.e. excluding trypan blue. Typical cell yields were in the

range 30-40 (10° cells) g (wet mass liver)™.

To assess approximate dry mass, 1ml of cells suspended in ‘incubation’ medium
was added to a pre-weighed microcentrifuge tube. This was centrifuged for 2 min
in a bench centrifuge, the supermatant discarded and the pellet dried in an oven
40°C for 4 hours and the tube re-weighed. The difference between the two

measurements was taken as an estimate of the dry weight of the cellular material.

2.2.2 Incubation of hepatocytes for the measurement of '*C-ketone body
production and “CO, release
For the application of BUCA and for one of the manipulations required for TDCA
the freshly prepared cells were incubated at a density of 3 x 10°® cells in 3ml
incubation medium in 25ml conical flasks. These were gassed with
95%0,:5%C0,, sealed with subaseals and placed in a reciprocating water bath for
30min at 37°C (with further regassing at 15min). At the end of this preincubation
stage, appropriate etomoxir concentrations (OuM-100uM) were added to each
flask. After 10min incubation with the inhibitor, 1ml of the appropriate substrate(s)
were added, depending on the type of experiment ([1-'*C]palmitate (0.5mM),
[1-"Cloctancate (2mM), [1-“C]palmitate (0.5mM):[1-"*Cloctanocate (0.33mM),
specific details provided in appropriate chapters). For experiments using

[1-"C]palmitate as substrate, small wells containing fanned filter paper were
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suspended in the flasks to collect CO, (see below). Flasks were regassed,
resealed and the incubation continued for 60min. Incubations were terminated by
the addition of 400ul of ice-cold 20% perchloric acid (PCA) delivered to the

incubation medium via a syringe needle through the subaseal.

For the manipulation of the Krebs block of reactions, required for the application of
TDCA (Chapter 4), cells were incubated as described above, except that at the end
of the preincubation stage, appropriate malonate concentrations (OmM-15mM)
were added to each flask. After 10min incubation with this inhibitor, 1ml
[1-"“C]palmitate (0.5mM) was added to each flask.

2.2.3 Assay of "*CO, release in hepatocytes

After addition of PCA to the incubation medium, 200ul Optisorb-1 was added to the
wells containing the fanned-filter paper, via a syringe needle through the subaseal,
to collect **CO, formed during the incubation. The flasks were then cooled and left
on ice for 1 hour. The wells (and filter paper) were then transferred to scintillation
vials, and 10ml Optisorb S was then added to the vials. “CO, was assessed from
disintegrations per minute (dpm) measured using a Wallac 1410 Liquid Scintillation

Counter with internal standardisation.

2.2.4 Assay of “C-ketone body production in hepatocytes
The acidified incubation medium was centrifuged for 2min at 6000rpm (7600g) to

remove precipitated protein.

The measurement of radiolabelled acid soluble products ([*C]JASP) formed from
[1-"*C]palmitate depends on the insolubility of palmitate in the deproteinized
perchoric acid extracts. Therefore, where labelled palmitate (either in isolation, or
in the presence of unlabelled octanoate) was used, 0.4ml deproteinised perchloric
acid supernatant was added directly to 4ml Ecoscint and dpm measured as
described previously. This procedure measures '‘C-label in the ASP, which have
been shown to primarily represent ketone body production, rather than Krebs cycle

intermediates (Garland et al., 1968; Drynan et al.,, 1996) or acetyl-carnitine. Any
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unprecipitated [1-“C]palmitate was corrected for by the subtraction of appropriate

blanks.

The measurement of radiolabelled ASP formed from [1-'“Cloctancate was
complicated by the fact that octanoate is partly soluble in deproteinized perchloric
acid extracts and only partly removed from perchloric acid extracts by
centrifugation. Therefore, where labelled octanoate was used (either in isolation or
in the presence of labelled/unlabelled palmitate) the supermnatant could not be used
directly to assess ketone body production. Unoxidized octanoate was extracted
from the ASP using heptane, by a method modified from Fromenty et al., (1989),
which has been shown to extract 98% of octanoate into the heptane layer
(Spurway, 1995). Several washes were performed to extract the unreacted
[1-"*Cloctanoate into heptane: for the first wash, 1.5ml of the supematant was
added to 4.5ml heptane, mixed vigorously and centrifuged for 2min at 3000rpm
(1900g). The upper heptane layer containing unreacted [1-14C]octanoate was
discarded, and a further 4ml heptane added to each tube and recentrifuged. This
washing procedure was repeated two more times. Ketone body production was
estimated by adding 1ml of the aqueous layer to 4mi Ecoscint and measuring dpm
as described previously. Any unreacted [1-“C]octanoate was corrected for by

appropriate blanks.

In all studies, ketone body production (as assessed by the formation of [“C]JASP)
was examined over 60min. In all cases, the rates of ketone body production were
linear with time, indicating that under the experimental conditions employed in
these studies, substrate did not become rate-limiting and that hepatocytes

remained viable even though they remained ungassed in sealed flasks for 60 min.

2.2.5 Permeabilization of hepatocytes and assay of mitochondrial outer
membrane carnitine palmitoyltransferase (CPT |) activity

The CPT | assay used in these studies assessed the activity of the enzyme by

measuring the formation of palmitoyl[’H]camitine from L-[methyl-*H]Carnitine and

palmitoyl-CoA:

[*H]camitine + palmitoyl-CoA <> palmitoyl’*H]camitine + CoA

58



Chapter 2: Materials and methods

As the plasma membrane represents a barrier to palmitoyl-CoA, the cell membrane
was permeablized by digitonin (see below). The permeability protocol described
here enabled access of palmitoyl-CoA to CPT I, but not CPT II, in intact isolated
hepatocytes and allowed measurement of CPT | under physiological conditions
(Guzman et al, 1988,1992; Zammit et al, 1988). Although camitine
acyltransferase activity is also present in peroxisomes (Chatterjee et al., 1988) and
microsomes (Lilly et al, 1990), the techniques wused in the
CPT | assay described here have been extensively validated elsewhere (Guzman
et al.,, 1988,1992; Zammit et al., 1988; Grantham et al., 1988) and it has been
shown by these groups, that in permeabilised cells, the camitine
palmitoyltransferase activity measured using palmitoyl-CoA as substrate,
represents predominantly mitochondrial CPT |, despite the presence of camitine
acyl-transferase activity in peroxisomes and microsomes. Others, however, have
found that the contribution of peroxisomal CPT to CPT activities measured using
this approach cannot be excluded (Ramsay, 1993).

For these procedures, duplicate sets of intact hepatocyte incubations containing
unlabelled palmitate (0.5mM) were performed to measure the effects of increasing
etomoxir concentration on CPT | activity in each cell preparation. As before, freshly
prepared hepatocytes were incubated at a density of 3 x 10° cells in 3ml incubation
medium, in 25ml conical flasks, gassed and placed in a reciprocating water bath for
30min at 37°C (with further regassing at 15min).  Appropriate etomoxir
concentrations (OpM-100uM) were added to each flask and after 10min, either 1mi
palmitate (0.5mM), 1ml octanoate (2mM) or 1ml palmitate:octanoate mixture
(palmitate (0.5mM):octanoate, (0.33mM)) was added to each flask.

After 30min the plasma membranes of these cells were permeabilized by the
addition of 1ml digitonin (1.5mg ml" in KRB). After exactly 10 seconds the
suspension was diluted with 40ml ice-cold KCI buffer (150mM KCI; 1mM EGTA;
5mM Tris, pH 7.4) and centrifuged for 3min at 2100rpm (930g).
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It has been shown elsewhere that this procedure:

(i) causes minimal damage to intracellular membranes;

(i) retains cytosolic protein kinases and phosphatases that may be involved in
mediating the effects of CPT I; and

(iii) optimises the probability that CPT |, rather than CPT Il, would be measured
in situ in its membrane environment.
(Guzman et al., 1988, 1992; Zammit et al., 1988)

The permeabilized cells were collected as a pellet and resuspended in 0.5ml KCI
buffer. Each 0.5ml suspension was used to measure CPT | activity by total
[3H]palmitoylcamitine accumulation using 320pM L-[methy/-aH]camitine (0.8uCi
umol ™) and 135uM palmitoyl-CoA (1% BSA) as substrates in 1ml of “assay cocktail”
(19.5ml KCI buffer, 0.2g BSA, 0.5ml MgCI/ATP solution (0.407g:1.204g in 10ml
H,0), 3.07mg DTT, 40ul antimycin A and rotenone solution (1mg antimycin A:2mg

rotenone in ethanol)).

Reactions were terminated by the addition of 300yl of ice-cold 6M HCI. 1ml of H,O
(n-butanol saturated) and 4.5ml n-butanol (H,O saturated) were added to each
tube, which were then shaken and vortexed vigorously. After centrifugation for
5min at 3000rpm (1900g), the bottom (butanol) layer was extracted through the
upper (water) layer into fresh tubes and a further 4ml! of H,O (n-butanol saturated)
was added to each tube, and centrifuged. This washing procedure was repeated
three times. Finally, 3ml of the remaining butanol layer was added to 10ml

Ecoscint and the dpm assessed.

2.2.6 Hepatocyte oxygen consumption

The study of oxygen consumption in intact cells had the advantage of observing
mitochondrial function in the intracellular environment. Hepatocyte respiration
rates were determined polarographically, using a Clark-type oxygen electrode
(Rank Bros., Bottisham, Cambridge, U.K)), which allowed incubation of the

hepatocyte suspensions at 37°C. For calibration, the oxygen content of the
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medium was assumed to be 0.215umol/cm>. Freshly isolated cells were incubated,
at a density of 3 x 10° cells in 3ml incubation medium, plus 1ml palmitate (0.5mM
final concentrationin KRB, 2% BSA), in 25ml conical flasks, gassed and placed in a
reciprocating water bath for 15min at 37°C. After this pre-incubation, oxygen

consumption measurements commenced.

To estimate the contribution of mitochondrial and non-mitochondrial oxygen
consumption to total cellular respiration, cells were treated with myxothiazol, which
is a strong, irreversible inhibitor of complex il of the respiratory chain, binding to
cytochrome b with a 1:1 stoichiometry (Taylor et al., 1994). The myxothiazol-
resistant oxygen consumption was assumed to be non-mitochondrial. After the
pre-incubation stage, 2.5ng/mL myxothiazol was added to appropriate flasks. In
preliminary experiments, this concentration had been determined to cause maximal
inhibition of oxygen consumption and, therefore, complete inhibition of
mitochondrial O, consumption (Zamparelii et al., 1999).

2.2.7 Electron microscopy of hepatocytes

Incubations for the electron microscopy were carried out in parallel with the oxygen
consumption experiments except that after 30min, cell suspensions were
centrifuged in a bench centrifuge for 2 min. Pellets were then fixed in 2.5%
glutaraldehyde and 0.1 mol/L cacodylate buffer. The remaining procedures were
performed by the histopathology unit. These included:

(i) secondary fixation with 1% osmium tetroxide and 0.1 mol/L cacodylate buffer;

(i) dehydrating samples through graded alcohols, propylene oxide and
impregnated with agar 100 epoxy resin;

(i) embedding samples in agar resin and polymerised at 60°C for 48h, and

(iv) preparation of ultrathin sections, double stained using uranyl acetate and
Renolds lead citrate and examined using a Jeol 100CX transmission electron
microscope (Jeol, Welwyn, Herts, U.K))
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2.2.8 Statistical analysis

Data were analysed using Prism GraphPad software (GraphPad Software Inc, San
Diego, CA). Unless otherwise stated, data are expressed as means + SEM.
Comparisons of the results were performed, unless otherwise stated, using paired
or unpaired Student’s t-test, as appropriate. Results demonstrating probability
levels less than 0.05 were considered significant. The computer program Simfit
(Bardsley et al., 1997) was used for bottom-up control analysis, details are given in

the appropriate chapters.
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Chapter 3
Analysing the role of hepatic mitochondrial outer-membrane carnitine
palmitoyltransferase in the control of carbon fluxes from palmitate

3.1 Introduction

Historically, intrahepatic control of fatty acid oxidation and ketogenesis has been
considered to reside at the level of the entry of acyl groups into the mitochondrion,
with mitochondrial outer-membrane camitine palmitoyltransferase (CPT [) being
considered as the ‘rate-limiting’ or more recently the ‘rate-controlling’ step of these
pathways without consideration of physiological conditions and stages of
development.

In this chapter and in chapters 4, 5 and 6, | will investigate the potential of CPT I to
control fatty acid oxidation and ketogenesis under a variety of conditions. Metabolic
control analysis (MCA, as described in Chapter 1) will be used to make quantitative
assessments of control distribution in two complex, dynamic metabolic systems,
which are described in detail in Section 3.2.

3.1.1 Historical perspectives in the control of hepatic fatty acid oxidation and
ketogenesis

Many experimental studies support the historical view that CPT | is a key control
enzyme of fatty acid oxidation and ketogenesis. For example, it has been shown
that octanoate, a medium-chain fatty acid, is oxidized to acetyl-CoA at similar rates,
irrespective of the metabolic state of the animal (i.e. fed, fasted or diabetic), whereas
the oxidation rate of long-chain fatty acids is a function of metabolic status (McGarry
et al., 1971, 1980). Since octanoate is metabolised independently of the three-step
system which includes CPT |, this suggests that a point preceding the intrahepatic
oxidative sequence may be a controlling site in the oxidation of long-chain fatty
acids. CPT I, with its position at the start of the long-chain fatty oxidation pathway
has, therefore, been considered a prime candidate as the site of control by many
workers. Additionally, CPT | has a high affinity for its fatty acyl-CoA substrate and a
low affinity for the resulting acyl-camitine product, which gives rise to almost
irreversible kinetics. Hence, on the basis of this kinetic argument, many workers
have considered CPT | as the ‘rate-limiting’ step (Guzman et al., 1993).
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Investigations into the changes in ketogenesis and enzyme activity in response to
changes in substrate supply, hormones and developmental status have further
strengthened and refined the argument for CPT | as the ‘rate-limiting’ step. For
example, in both human and rat fetal liver, the rates of hepatic p-oxidation and
ketogenesis are relatively low. However, following birth, these metabolic pathways
become more important and an increased capacity for fatty acid oxidation results in
a significant increase in the concentrations of blood ketone bodies, from 0.2mM in
the rat at birth to 2mM 24 hours later (Ferré et al.,, 1978). This hyperketonaemia,
which is well below the concentration associated with life-threatening ketoacidosis
(Yeh et al., 1985), is maintained throughout the suckling period (Girard et al., 1992).
Along with gluconeogenesis, it is thought to be a ‘safety-mechanism’ in periods
when blood glucose concentrations may be sub-optimal (Hawdon et al., 1994), since
acetoacetate and B-hydroxybutyrate are used as an altemative energy source by
peripheral tissues and organs (McGarry, 1995).

These metabolic changes are paralleled in the CPT | system, as the activity, the
protein concentration and the level of mMRNA encoding CPT | are relatively low in
fetal liver, but increase 5-fold during the first day of extrauterine life and the activity
and gene expression remain high during the entire suckling period (Thumelin ef al.,
1994; Asins et al., 1995). A decrease is seen only when rats are weaned on to a
high carbohydrate:low fat diet (Decaux et al, 1988; Thumelin et al, 1994).
Interestingly, if weaned on to a high fat diet, the activity of CPT | remains as high as
in the suckling rat liver. In addition, the sensitivity of CPT | to malonyl-CoA, the first
committed intermediate in the lipogenic pathway and a potent physiological
reversible inhibitor of CPT | (McGarry et al., 1977, Fraser et al.,, 1997) decreases in
the first 24 hours following birth (Saggerson et al., 1982; Girard ef al., 1992). After
weaning, however, the sensitivity of CPT | to the inhibitory effect of malonyl-CoA
increases nearly 10-fold (Decaux et al., 1988).

Such changes are not observed in CPT Il. The activity, protein abundance and
mRNA level of CPT Il are already high in fetal rat liver, do not change after birth and
are not influenced by nutritional and hormonal changes in the postnatal period
(Kolodziej et al., 1992; Thumelin et al., 1994; Asins et al, 1995). These
observations, therefore, lead many workers to believe that CPT | is a key enzyme in
the control of hepatic long-chain fatty acid oxidation.
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3.1.2 Control analysis of hepatic fatty acid oxidation and ketogenesis

More recently, the bottom-up approach of metabolic control analysis (BUCA) has
been used to investigate quantitatively the role of CPT | in controlling flux over
-oxidation, ketogenesis and tricarboxylic acid cycle activity in adult rats of differing
metabolic states (fed, starved, starved/refed, starved/insulin treated) (Drynan et al,,
1996). Under all of the conditions examined in this hepatocyte system, the
numerical value of the flux control coefficient for CPT | over ketogenesis was high
(within the range 0.75 to 0.92) providing quantitative support for the more traditional
views discussed previously and suggesting that CPT | could be a primary control
site for ketogenesis in adult rats. Similar conclusions can be drawn from the work of
Spurway et al.,, (1997) who also used BUCA. In a defined system consisting of
cultured hepatocytes (from adult male rats) and using two independent methods of
BUCA to obtain values for flux control coefficients for CPT | over ketogenic flux,
these workers also found that the numerical values were high (ranging from 0.67 to
0.79) providing further support for CPT | being the ‘rate-limiting’ or ‘rate-controlling’
step of ketogenesis.

Whilst these results indicate that under certain conditions, CPT | may provide a
significant contribution to control, traditional approaches have also shown that this
enzyme is not the only one involved in hepatic ketogenesis which undergoes
changes during the fetal-neonatal transition or the suckling-weaning period.
Significant control over ketogenesis may be exerted at another intramitochondrial
site, distal to CPT |, for example, 3-hydroxy-3-methyiglutaryl-CoA (HMG-CoA)
synthase (Quant ef al., 1989; Quant ef al, 1991; Lascelles et al., 1998; Hegardt,
1999) which catalyses the second step of the HMG-CoA cycle. Like CPT |, the
mRNA (Thumelin, et al, 1993) the concentration of the enzyme and its activity
(Williamson et al.,, 1968; Lockwood et al., 1971; Decaux et al., 1988; Quant et al.,
1989) show a bell-shaped pattern (i.e. parabola with vertex at the top), which
parallels that for ketogenesis. These parameters increase markedly immediately
following birth and remain elevated during the suckling period. Again, as with CPT |,
levels decrease when rats are weaned on a high carbohydrate diet, but if weaning is
to a high fat diet, high levels are maintained (Decaux et al, 1988; Quant et al,,
1991). Immediately following birth, there is a plasma glucagon surge, induced by
the birth trauma. This increases the activity of HMG-CoA by lowering the
concentration of succinyl-CoA and therefore decreasing the extent of succinylation
and hence inactivation of HMG-CoA synthase. This in tumn results in the stimulation

of ketogenesis in neonatal rats and humans (Quant et al/, 1989, 1990, 1991,
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Lascelles et al, 1998). Glucagon levels and HMG-CoA synthase activity fall with
weaning on to a high carbohydrate diet, but remain elevated with weaning on to a
high fat diet.

The contribution of the enzymes of the HMG-CoA cycle in the control over
ketogenesis has been investigated quantitatively using the top-down approach of
control analysis (TDCA) (Quant et al., 1993). Using this approach, it was found that
under conditions of non-regulation of CPT | by malonyl-CoA, an absence of NADH
and the inhibition of the Krebs cycle by malonate, only approximately 28% of the
control over ketogenesis was invested in the group of enzymes responsible for the
production of acetyl-CoA (i.e. CPT |, the camitine carrier, CPT Il, the enzymes of p-
oxidation and the respiratory chain). 72% of the control resided with the enzymes of
the HMG-CoA cycle that convert acetyl-CoA to B-hydroxybutyrate plus acetoacetate.
Quant and co-workers suggested that within this cycle, control is exerted at the level
of HMG-CoA synthase. However, these observations were made under artificial in
vitro conditions i.e. with uncoupled mitochondria.

Further support for a control site beyond CPT | has been provided by inhibitor
titrations of some of the enzymes involved in the oxidation of palmitoyl-camitine,
which suggested that control may be exerted at a point after CPT |l (Kunz et al,,
1991). Although this does not rule out the possibility that CPT | may have significant
control over entry of long-chain fatty acids into mitochondria, this work suggested
that CPT | was not likely to be the single, ‘rate-limiting’, step for ketogenesis.

The concept of CPT | being the ‘rate-limiting’ step of fatty acid oxidation and
ketogenesis has been further questioned by the findings of recent experiments
where TDCA has been applied in a defined, mitochondrial palmitoyl-CoA-oxidizing
system (Krauss et al., 1996). This system enabled these workers to investigate the
role of CPT | in control over total carbon flux (although not specifically ketogenesis).
It was found that values of group flux control coefficients for CPT | over carbon flux
in adult rats was high, ranging from 0.87-1.00. This supported earlier conclusions,
that in the adult rat, the control exerted by CPT | over the pathways was high.
However, in the same defined system in suckling rats, the calculated group flux
control coefficients were lower, in the range 0.73-0.96, indicating that the level of
control exerted by CPT | over total carbon flux was lower in this age group. This
suggested that at this stage of development, control was shifted away from CPT |.

Whilst these values were still relatively high, supporting the idea that CPT | still
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exerted a significant level of control in suckling rats and thus could potentially be
considered ‘rate-controlling’, the results suggested that it was unlikely to be a ‘rate-
limiting’ step.

3.1.3 Aims of this section

Despite the central importance of the pathways of fatty acid oxidation and
ketogenesis to metabolic adaptation to extrauterine life, control of the onset and
development of these pathways in healthy neonates is currently incompletely
understood. My primary aim in this chapter was to calculate flux control coefficients
for CPT | over carbon fluxes, during the neonatal period. These would provide
quantitative assessments of the contribution of this enzyme to control flux in these
pathways, at this stage of development.

Specifically, the studies in this chapter aimed to use BUCA to calculate and report
several flux control coefficients. These coefficients describe the potential of CPT | to

control flux to ketone bodies (Czar ), carbon dioxide (Camr ) and total carbon flux

(Céf,‘;) in hepatocytes isolated from suckling rats, respiring on the physiological,
long-chain fatty acid, palmitate. Results are compared with those obtained from an

equivalent system, which used hepatocytes isolated from rats at a different
developmental stage (New et al., 1997,1998(a),1999(b)).

A further aim was to expand on the work performed by Krauss et al., (1996), by
performing new analyses on the data from this mitochondrial system, which will
enable the individual flux control coefficients, for total carbon and specifically for
ketogenesis, to be calculated for the first time (New et al., 1999(b)).

3.2 Theory and approaches

.3.2.1 Application of BUCA in hepatocytes isolated from suckling rats

The definition of the ‘system’ is not a trivial stage in the application of BUCA. The
system is an abstraction, which must agree with physiological reality to produce
meaningful results (Meléndez-Hevia et al., 1990). This section describes the
system used to quantitatively assess the potential of CPT | to control fluxes from
palmitate (representing a long-chain fatty acid substrate) to ketone bodies (acid
soluble products, ASP) carbon dioxide (CO,) and total carbon products (TCP) in
hepatocytes isolated from suckling rats (Scheme 3.1).
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In each of the systems described in Scheme 3.1, the extrahepatic control exerted by
the supply of non-esterified fatty acids to the liver was excluded by using isolated
hepatocytes incubated with a fixed concentration of fatty acids. The activity of CPT |
was progressively inhibited with increasing concentrations of etomoxir. This is
intracellularly converted to etomoxir-CoA which, over the concentration range used
in these studies, is a specific inhibitor of mitochondrial CPT | (Declercq et al., 1987).

Flux control coefficients for CPT | with respect to ketogenesis, CO, formation and
total carbon flux in this isolated hepatocyte model were calculated using the data in
Figures 3.2-3.6, the Simfit package (Bardsley et al., 1997) to calculate initial slopes

and the following equations:

&IASP
. J J
Equation 3.1: Ceptr = 7 svepn
Yerrr (i=0)
. ‘SJCOZ
Equation 3.2: Clco2 — CO2
CPTI — Nepp
Yerri (i=0)
Equation 3.3: J f’Ji&
CCI;F'?P 1= e Sern
Yerrr  (i=0)

Jrep

Where C25  Clor CX are the flux control coefficients of CPT | over

ketogenesis, CO, formation and total carbon flux respectively, at zero inhibitor
(etomoxir-CoA) concentration (i = 0). vcers is the activity of CPT I, ASP is acid
soluble products and TCP is total carbon products. & represents infinitesimal
changes, where the changes are very small (i.e. tend to zero). Jasp, Jcoz2 and Jrep,
are carbon fluxes to acid soluble products, carbon dioxide and total carbon products

respectively.
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3.2.2 Application of BUCA in mitochondrial systems

This section extends the work of Krauss et al., (1996), by describing the original and
re-defined schemes used in the calculation of flux control coefficients for CPT |
specifically over ketogenesis, from their original mitochondrial data. The laboratory
work for the new analysis described here was performed by Krauss et al., (1996)
and the methods used for the isolation and incubation of mitochondria have been
described in their original paper. In the original defined mitochondrial system
(Scheme 3.2), Krauss et al., applied top down control analysis to their data. In this
original system, the substrate, palmitoyl-CoA (P-CoA) is translocated across the
inner mitochondrial membrane by CPT |, the acyl-carnitine transferase and CPT II.
The pathway is viewed as two blocks of reactions. One block is external to the
mitochondrion, comprising only CPT |, and produces the system intermediate,
extenal palmitoylcamnitine (ex-pc). The other block (the consumer block) comprises
all the steps involved in the oxidation of ex-pc to ketone bodies (KB) and CO,
(Krauss et al., 1996).

In this original system, the chosen intermediate, ex-pc, did not fulfil the requirement
of being uniquely related to each of the blocks of reactions in a branched system,
which defined ketogenesis as an independent flux (Quant, 1993). Therefore, it was
only possible to calculate group flux control coefficients for total carbon flux. By re-
defining the mitochondrial system (Scheme 3.3), however, it is valid to re-analyse
the same data using the bottom-up approach to calculate the individual flux control
coefficient for CPT | over flux to ketone bodies.

The re-defined mitochondrial systems presented in this thesis (Scheme 3.3), consist
of isolated rat liver mitochondria, which oxidize palmitoyl-CoA to ketone bodies and
carbon dioxide, where CPT | is the step under study. Scheme 3.3(a) represents flux
to ketone bodies, Scheme 3.3(b) represents carbon dioxide formation and Scheme
3.3(c) represents total carbon flux (New et al, 1999(b)). The rates of oxygen
consumption and ketone body production were measured directly by Krauss ef al.,
(1996). As in the original published work, all carbon entering the system is assumed
to leave it either as carbon dioxide or ketone bodies.

BUCA of this new mitochondrial system defines the flux control coefficients as small
fractional changes in pathway fluxes brought about by infinitesimal changes in CPT |
activity (induced by a range of malonyl-CoA concentrations) when the system is
allowed to relax to a new steady-state.
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Scheme 3.2 Original TDCA mitochondrial system

The mitochondrial system is represented by the green box. The pathway is viewed as two
blocks of reactions. One block is external to the mitochondrion, comprising only CPT | and
produces the system intermediate, external palmitoylcamitine (ex-pc). The consumer block
comprises all the steps involved in the oxidation of ex-pc to ketone bodies (KB) and CO2
(Krauss et el., 1996). P-CoA represents palmitoyl-CoA. More detail is provided in the main
text.
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Scheme 3.3 Re-defined BUCA mitochondrial system

The re-defined mitochondrial system is represented by the green box. Scheme (a)
represents flux to ketone bodies, Scheme (b) represents carbon dioxide formation and
Scheme (c) represents total carbon flux. P-CoA represents palmitoyl-CoA. Jketogenesis, Jcoi
and Jcartwn represent ketogenic, CO2 and total carbon fluxes respectively. More detail is
provided in the main text.
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In summary, in both the original mitochondrial system and the re-defined system
discussed in this section, palmitoyl-CoA was the substrate and CPT | the step under
study. The rates of O, consumption and ketone body production were measured
directly and used to calculate rates of CO, formation and, hence, the rates of total
carbon flux and ketone body production (Krauss et al., 1996; New ef al., 1999(b)).

These data were used to calculate flux control coefficients directly, as described by
Brand et al.,, (1996) from plots of flux against the intermediate, ex-pc, Figure 3.1
(New et al., 1999(b)). State 3 respiration may be defined as phosphorylating
respiration in the presence of ADP, state 3.5 is thought to represent the
‘physiological’ respiratory state of mitochondria in situ in hepatocytes. Respiration
that is inhibited by the lack of ADP for phosphorylation is defined as state 4
respiration.
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State 3.5 to state 4 transition
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Figure 3.1 Schematic grid for calculation of individual flux control

coefficients for CPT | over ketogenesis and total carbon flux in
isolated mitochondria

Titrations of Jcarbon (or Jketogenesis) with hexokinaso plus ADP, or oligomycin to achieve the
state 3.5 to state 4 transition at OVl or 1|]aM malonyl-CoA are represented by lines So and Si
respectively on Figure 3.1. Further state 3.5 to state 4 transition lines have been omitted
from this figure for clarity. Line m represents the titration of the state 3.5 flux with increasing
concentrations of malonyl-CoA. Distance x represents the percentage change in pathway
flux for the same change in malonyl-CoA concentration (OjiM or 1jj.M) when the system is
allowed to relax to a new steady state flux and ex-pc concentration. The distance y
represents the percentage change in CPT | activity brought about by the same change in
malonyl-CoA concentration but at a constant ex-pc concentration. The concentration of
malonyl-CoA is the only parameter to be changed because substrate (palmitoyl-CoA) and
product (ex-pc) are held constant. As malonyl-CoA is a specific inhibitor of CPT |, a
fractional change in flux brought about by a fractional change in malonyl-CoA must represent
a change in flux through CPT L In this system, as in the hepatocyte system described in
section 3.2.1, the flux control coefficient for CPT | over ketogenesis can be defined as a
small fractional change in the pathway flux brought about by infinitesimal fractional changes
in CPT | activity. Here, the pathway flux change is due to a range of malonyl-CoA
concentrations, when the system is allowed to relax to a steady state, thus x/y represents the
numerical value of the relevant individual flux control coefficient for CPT | over carbon fluxes.
(Krauss et al.,, 1996; New et al., 1999(b)).
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3.3 Results

3.3.1 BUCA in neonatal hepatocyte systems

Figure 3.2 shows the effect on CPT | activity of using a range of concentrations of
etomoxir (OuM-100uM). As expected for a specific inhibitor, CPT | activity
decreases with increasing amounts of etomoxir, and hence, etomoxir-CoA. Since
etomoxir-CoA is formed and bound to CPT | during the pre-incubation stage of the
assay and free etomoxir is lost during the permeabilisation, the CPT | activity
measurements reflect the binding of etomoxir-CoA to CPT | and its inhibition during
the pre-incubation stage. Figure 3.2 shows that at 10uM etomoxir, CPT | appears to
maximally inhibited and that 100uM etomoxir caused ~80% inhibition of CPT |
activity, therefore the maximal possible contribution of CPT Il to the measured
activity is ~20%. However, as initial slopes are measured to derive flux control

coefficients, the contribution of CPT Il is negligible.

Figure 3.3 shows the effect of etomoxir on both CPT | activity and ketogenic flux
(ASP, acid soluble products) in hepatocytes isolated from suckling rats. These data
have been shown on the same graph to enable easier comparison of curves and
have been used to calculate the individual flux control coefficient for CPT | over
ketogenic flux (Section 3.2.1, Equation 3.1). With increasing etomoxir
concentrations, CPT | activity and the flux from palmitate to ASP became
increasingly inhibited. As 100uM etomoxir causes ~80% inhibition of pB-oxidation
flux, the contribution of peroxisomal B-oxidation to p-oxidation flux is presumed to be

low.

Figure 3.4 shows the experimental variation over the data sets used to calculate flux
control coefficients for CPT | over ketogenesis. Although standard errors on the
mean for these data sets were small, as indicated in Figures 3.2 and 3.3, these
figures indicate the difficulties associated with applying a ‘best fit curve’ to the data.
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Figure 3.2 Effect of etomoxir on CPT | activity

Neonatal hepatocyte preparations with viability greater than 85% were used for experiments. Hepatocytes were incubated with etomoxir for 10
min, as detailed in Section 2.2.2. CPT | activities were normalised by expressing them as a percentage of those obtained in the absence of
etomoxir. Values are means * SEM, n=12 separate hepatocyte preparations. The activity of CPT | in the absence of etomoxir was 142 * 16 nmol
h” (10~ cells) \ (Newefa/., 1999(b)).

O 5= *vo

[3) »e]

(LX) °\°><



125

- CPTI

75-

. ASP

50 0 1 2 3 4 5

11 [etomoxir] (AM)

6 25-

-~

0
0 10 20 30 40 5090 100
[etomoxir] (]iM)
Figure 3.3 Effect of etomoxir on CPT | activity and ketogenic flux

Neonatal hepatocyte preparations with viability greater than 85% were used for experiments. Hepatocytes were incubated with etomoxir for 10

min, as detailed in Section 2.2.2. Following incubation with inhibitor, 1ml [1-*AC]palmitate (O.SmM final concentration, 0.4~Ci |imor\ in KRB, 2%
BSA) was added to appropriate flasks. Values were normalised by expressing them as a percentage of those obtained in the absence of etomoxir

and are means * SEM, n=12 hepatocyte preparations for CPT | and n=28 for ASP. In the absence of etomoxir, the absolute rates of [1-

A"C]palmitate consumption and [*’cjASP formation were 39 *7 nmol h (10® cells)-" and 157 * 28 nmol h* (10® cells) “respectively. Rates of
ketone body formation were linear for at least 60 min. (New et al., 1999(b)).
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(a) CPT I activity; experimental variation
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Figure 3.4 Scatter of points from individual data sets

(a) Scatter of individual data sets for CPT | experiments considered in Figure 3.2.
(b) Scatter of individual data sets for ASP experiments considered in Figure 3.3.

These graphs illustrate the range of possible inhibition curves for CPT | activity and ASP flux,
and therefore provide an indication of the weighting for the mean curves seen in Figures 3.2

and 3.3.
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The effects of etomoxir on CPT | activity and on flux to CO; in hepatocytes isolated
from suckling rats are illustrated in Figure 3.5. Owing to the shape of the curves, an
expansion of the initial points is shown as a separate graph, rather than an insert on
a main graph. This enables the details to be more easily determined. As before,
these data have been used to calculate the individual flux control coefficient for
CPT | over CO, (Section 3.2.1, Equation 3.2). With increasing etomoxir
concentration, CPT | activity becomes increasingly inhibited. However, with
increasing inhibitor, flux to CO, increases, until a maximum is reached at
approximately 5uM. After this concentration of etomoxir, flux to CO, begins to

decrease.

Figure 3.6 shows the effects of etomoxir on CPT | activity and total carbon flux
(TCP, total carbon products) in hepatocytes isolated from suckling rats. With
increasing etomoxir concentration, CPT | activity and total carbon flux from palmitate
is inhibited. BUCA can be applied to this data to calculate the individual flux control
coefficient for CPT | over total carbon products (Section 3.2.1, Equation 3.3).
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(a) Full range of data points
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(b) Expansion of graph over low inhibitor concentration range (O-SpM etomoxir)
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Figure 3.5 Effect of etomoxir on CPT | activity and flux to carbon dioxide

See legend for Figure 3.3 for details. Values are means * SEM, n=12 hepatocyte
preparations. In the absence of etomoxir, the rate of palmitate consumption was 1.2 * 0.2
nmol [1-A”"C]palmitate consumed h'* (10® cells) In the absence of etomoxir the absolute

rate of A"C02 formation was 19 * 4 nmol h'* (10® cells) \ (New et al., 1999(b)).
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Figure 3.6 Effects of etomoxir on CPT | activity and total carbon flux

See legend for Figure 3.3 for details. TCP have been calculated only where flux data to ASP and CO2 have been obtained during the same
experiment, since they are obtained from the sum of the flux to ASP and CO2 Values are means * SEM, n=12 hepatocyte preparations. In the
absence of etomoxir, the absolute rate of formation of total A"C-labelled products was 310 * 43 nmol h'* (10® cells)'V (New et ai, 1999 (b)).
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Chapter 3: CPT | (control of carbon fluxes from palmitate)

Values for the flux control coefficients calculated from the data shown in Figures 3.2-
3.6 are summarised in Table 3.1. Values obtained by Drynan et al., (1996), who
calculated flux control coefficients for CPT | over ketogenesis, CO2 and total carbon
products in the same system in adult rats, are also shown on this table for
comparison. The individual flux control coefficients of the sucking rat system in
Table 3.1 are the means * SEM, where n = the number of hepatocyte preparations.
All the flux control coefficients in the suckling system were significantly different to

those obtained in this equivalent adult system, as identified using the Student’s t

test.
Hepatocyte cln ¢l Clon
preparation
Suckling rats (n=12) 0.51%0.03' -1.3010.26< 0.45+0.05*
Ved adult rats (n=5) 0.85+0.20 0.23%0.06 1.06+0.29
Table 3.1 Individual flux control coefficients for CPT | over rates of

formation of ketone bodies (ASP), carbon dioxide or total carbon
products (TCP) from palmitate in isolated hepatocytes

Individual flux control coefficients were calculated using the data shown in Figures 3 2-3.6,
Equations 3.1-3.3 and the Simfit package (Bardsley, 1997) to determine tangents at zero
inhibitor. AData from Drynan et al.,, (1996) are shown for comparison. Values are means *
SEM where n= the number of independent hepatocyte preparations. *p<0.01; **p<0.001
indicate that values are significantly different from those obtained in the equivalent adult
system.

3.3.2 BUCA in mitochondrial systems

(a) Adult rats

Figure 3.7 shows carbon fluxes, expressed as a percentage of the reference flux
(state 3, OpM malonyl-CoA) plotted against the percent change in the intermediate,
external palmitoyl-camitine (ex-pc) (from the reference levels) obtained from
experiments using adult rats (raw data obtained by Krauss et al, 1996). As

indicated in Figure 3.7, the change in intermediate (ex-pc) can be positive or
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negative when expressed relative to the steady-state reference intermediate level.
The data from this figure were used to calculate the state 3.5 flux control coefficients
for CPT | over ketogenic flux and total carbon flux, using the BUCA method, as
described in detail in Section 3.2.2, and specifically Figure 3.1.

(b) Suckling rats

Figure 3.8 shows carbon fluxes, expressed as a percentage of the reference flux
(state 3, OuM malonyl-CoA) plotted against the percent change in the intermediate,
extemal palmitoyl-camitine (ex-pc) (from the reference levels) obtained from
experiments using suckling rats (raw data obtained by Krauss ef al., 1996). As in
the adult mitochondrial system, the data from Figure 3.8 were used to calculate the
state 3.5 flux control coefficients for CPT | over ketogenesis and total carbon, using
the BUCA method (as detailed in Section 3.2.2, Figure 3.1).

The individual flux control coefficients for adult and suckling rats were calculated
and are shown in Figure 3.9. The coefficients for CPT | over ketogenesis and total
carbon flux were all close to, or slightly greater than 1.0 in mitochondria isolated
from adults, with the exception of that for CPT | over total carbon flux at a
concentration of 5uM malonyl-CoA. In contrast, the flux control coefficients for both
ketogenesis and total carbon flux in mitochondria isolated from suckling rats were all
less than 1.0. It can be seen that flux control coefficients for CPT | over total carbon
and over ketogenesis are greater than 0.75 in both adult and suckling rats.

Since the plots shown in Figures 3.7 and 3.8 were compiled as a composite of
partial grids, each rising from one days experiment on one preparation, it is not valid
to present the sets of flux control coefficients with error bars in Figure 3.9. This has
been described in detail by Krauss et al., (1996), but in summary, in order to show
errors, the entire grid would need to be compiled from a single days preparation,
which would not have been feasible owing the number of incubations and incubation
times.
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Figure 3.7 Effect of malonyl-CoA concentration and respiratory rate on external palmitoyl-camitine levels and carbon
fluxes from palmitoyl-CoA in mitochondria isolated from adult rats

In these adult mitochondrial systems (a) total carbon flux (Jcarbon) and (b) ketogenic flux (Jketogenesis) were titrated with increasing [malonyl-CoA] as

detailed in Krauss et al., 1996. Values are means *+ SEM where n=6 independent mitochondrial preparations, x errors have been omitted for

clarity Each grid (i.e. set of results) consists of a net of twelve points each, through which seven lines can be drawn: four at constant malonyl-CoA
% and three at constant respiratory state. (New et al.,, 1999(b)).
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Figure 3.8 Effect of malonyl-CoA concentration and respiratory rate on external palmitoyl-camitine levels and carbon
fluxes from palmitoyl-CoA in mitochondria isolated from suckling rats

See Figure 3.7 for detail. In these suckling mitochondrial systems (a) total carbon flux (Jcarbon) (b) ketogenic flux (Jketogenesis) were titrated with

increasing malonyl-CoA concentrations as detailed in Krauss et al, 1996. Values are means * SEM where n=6 independent mitochondrial
preparations, x errors have been omitted for clarity. (New at al., 1999(b)).
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Figure 3.9 Effect of malonyl-CoA concentration on flux control coefficients for CPT | over carbon fluxes from palmitoyl-
CoA in mitochondria isolated from (a) adult or (b) suckling rats

The calculation efflux control coefficients was based on the evaluation of a complete graphical plot representing the different malonyl-CoA titrations
and transitions from state 3 to state 4 (Section 3.2.2) as detailed previously. (New et al, 1999(b)).
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3.4 Discussion
In this chapter individual flux control coefficients, derived from two different systems,

have been presented:

(i) from hepatocytes isolated from suckling rats, describing the control exerted by
CPT | over ketogenesis, flux to carbon dioxide and total carbon products, and

(i) from mitochondria isolated from suckling and adult rats, describing the control
exerted by CPT | over ketogenesis and flux to total carbon products.

3.4.1 Validation of techniques

The techniques used in the CPT | assay have been extensively validated elsewhere
(Guzman et al.,, 1988, 1992; Grantham et al, 1988; Zammit et al., 1988). These
groups showed that, in permeabilised cells, the carnitine palmitoyltransferase
activity measured using palmitoyl-CoA as substrate, represented predominantly
mitochondrial CPT |, despite the presence of camitine acyl-transferase activity in
peroxisomes and microsomes. The microsomal enzyme has a much lower affinity
for etomoxir-CoA than the mitochondrial and the peroxisomal enzyme is not
irreversibly inhibited by this compound (Lilly et al., 1990, 1992). It has also been
shown that mitochondria remain intact following the permeabilisation process and
that this technique measures CPT |, rather than CPT II (Zammitt et al, 1988).
These findings are confirmed by the 80% inhibition of flux by etomoxir-CoA in the
studies presented here (Figure 3.2).

In this study, approximately 20% of palmitate oxidation was not inhibited by etomoxir
(Figure 3.3, and as found by others, for example, Spurway et al., 1997). This may
be due to uptake of long-chain fatty acids into the mitochondria by a camitine-
independent mechanism and the subsequent conversion to CoA esters by the
medium-chain acyl-CoA synthase, or peroxisomal B-oxidation, chain shortening and

subsequent mitochondrial CPT I-independent B-oxidation.

It has been shown elsewhere that ['*C]acid soluble products represent primarily
ketone bodies (Garland et al., 1968).
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3.4.2 Tangents to inhibitor curves (where inhibitor tends to zero)

The graphs in Figure 3.4 show the scatter of data obtained from individual
experiments, for both CPT | activity and ASP flux. They illustrate one of the inherent
difficulties with the application of this approach of BUCA: the need to determine the
initial slope, and the problem of ‘the best fit curve’. In order to reduce subjectivity
relating to calculations, the computer package Simfit (Bardsley et al., 1997) was
used. This series of programs assesses all data, draws the best fit curve through
the points, draws a tangent to the curve (where inhibitor tends to 0) and then
calculates the gradient of the tangent. Others have approached this problem by
using the techniques of linear regression on the initial points of the inhibition curves
(Spurway et al., 1997). This latter approach, however, is not strictly valid, since the
curves are not linear. It is likely that flux control coefficients calculated using this
approach, rather than the one used in this work, are over estimations.

3.4.3 Application of BUCA in hepatocytes isolated from suckling rats

Figure 3.3 shows that the inhibition curves for CPT | activity and ['*CJASP formation
which were used for the calculation of the flux control coefficient for CPT | over
ketogenesis, were similar in this system. The ratio of the initial slopes of these

curves gave a value for the flux control coefficient of Cé,‘f,’} =0.51+0.03. As this

value falls mid-way in the scale of the normal range of values for flux control
coefficients, where 0 would signify low levels of control and 1 would suggest very
high levels of control, this result supports the view that CPT | has an important
contribution to control over flux from palmitate to ketone bodies. However, Fell and
Thomas (1995) have suggested that unless a flux control coefficient has a value
greater than 0.6, the effects on the pathway flux by changing the amount of a single
enzyme may be limited. This result, therefore, suggests that whilst CPT | may be
considered ‘rate-controlling’, it may no longer be appropriate to consider CPT | to be
a ‘rate-limiting’ step over ketogenesis, since the flux control coefficient has a value
below 0.6.

As shown in Table 3.1, the flux control coefficient for CPT | over ketogenesis is
significantly lower in suckling rats than in fed adult rats. This suggests that the
contribution of CPT | to control ketogenic flux is different in the two developmental
stages. Figure 3.10 provides a comparison of the control distribution in suckling rats
and an equivalent adult system (Drynan et al., 1996).
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(a) Adult rats (b) Suckling rats

o Control exerted by o Control exerted by
CPTI CPTI

o Sum of control
exerted by other
steps in the pathway

o Sum of control
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Figure 3.10 Comparison of the distribution of control over ketogenic flux
observed in (a) adult rats and (b) suckling rats

As shown in Figure 3.10, the proportion of control exerted by CPT | over
ketogenesis from palmitate, relative to that exerted by all the other steps in the
pathway, is lower in suckling rats than in equivalent adult rats. This suggests that
CPT | has a reduced capacity to control flux from palmitate to ketone bodies in
suckling rats. The other steps in the pathways of fatty acid oxidation and
ketogenesis (which would include, for example, all the steps of p-oxidation and the
HMG-CoA cycle) share only approximately 15% of the control over ketogenic flux in
adult rats. In the suckling rat, however, these other steps of the pathway have an
increased contribution (approximately 49%) to control flux. These results, therefore,

support the concept of multi-site control (Section 1.4.3; Fell et al., 1995).

From the present study, it is not possible to say which particular step or steps within
the pathways of fatty acid oxidation and ketogenesis have increased their flux
control. Repeated application of BUCA, centred around different steps in these
pathways would provide such information. This approach, however, is currently not
possible because there is no means of independently manipulating the HMG-CoA
cycle. In the following chapter, however, TDCA will be applied to a system of
isolated suckling rat hepatocytes, with the aim to further characterise control
distribution at this stage of development, since such analysis enables the control
exerted by blocks of reactions’ to be assessed. In this way, for example, the control
exerted by the ‘HMG-CoA block of reactions’ can be quantitatively examined and

compared to that exerted by other blocks, such as the block which includes CPT LI
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Through their work using TDCA in mitochondria isolated from adult rats, Quant et
al., (1993) have suggested that the enzymes of the HMG-CoA cycle may have a

significant contribution to control ketogenic flux.

In the suckling rat hepatocyte system used in this study, progressive inhibition of
CPT | (and flux to ketone bodies) was accompanied by an increase in the
incorporation of label into CO2 (Figure 3.5). Thus the ratio of the initial slopes

of these curves resulted in a large and negative flux control coefficient,
Cppjj=A.2>0+0.2C>. This value was significantly different to the small positive flux
control coefficient obtained from an equivalent adult system, as illustrated in Figure
3.11. It can be seen, therefore, that the control exerted by CPT | over flux from

palmitate to CO2 in hepatocytes isolated from adult and suckling rats is not the

same.
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Figure 3.11 Comparison of the flux control exerted by CPT | over flux to CO2
in adult and suckling rats

Whilst this pattern was not seen in the equivalent adult system, it was observed in
starved/re-fed adult rats and in groups which had been starved/insulin treated
(Drynan et al., 1996), thus the value of the flux control coefficient for CPT | over flux
to COz2 in this suckling system is numerically similar to that found in these treated
adult rats. This large and negative value suggests that an increase in flux through
CPT 1| results in a decrease in flux to CO2 Since the numerical value of the
coefficient for CPT | over flux to CO2 for suckling rats is not significantly different
from that in 24 h-starved/insulin treated adult rats (-0.75+0.70, n=3, Drynan et a/.,

1996) and the hormonal and nutritional profiles of suckling rats are more similar to

89



Chapter 3: CPT I (control of carbon fluxes from palmitate)

those of 24 h-starved/insulin treated rats (Girard etal., 1992; Prip-Buus etal, 1995),
mechanisms similar to those described by Drynan etal., (1996) may be operating to
effect this change in control distribution in these suckling rats. Briefly, these would
involve sequential reduction in maximal p-oxidation flux, brought about by etomoxir-
CoA inhibition of CPT |, resulting in a change in redox state. Changes in the
intramitochondrial concentration of oxaloacetate arising from a low NADH/NAD"
ratio would shift the equilibrium position of the reaction catalysed by malate
dehydrogenase towards oxaloacetate. This in turn would lead to a diversion of

acetyl-CoA towards citrate synthesis and an increased rate of formation of A*C02.

The results presented in this chapter indicate that the proportion of overall palmitate
oxidation utilized for CO2 formation represents a small fraction of the carbon product
of palmitate oxidation. This is in agreement with a number of groups who have
shown that A™*C02 production accounts for less than 5% of palmitate oxidation (Cook
etal., 1980; Veerkamp ef al., 1986; Sherratt ef a/., 1994; Drynan etal., 1996).

The inhibition curves for CPT | activity and f"*C]JTCP shown in Figure 3.6 were

similar and it is therefore not surprising that the resulting flux control coefficient is
similar in value to that found for ASP, =0.45%0.05. As before, this lower value

for the flux control coefficient in suckling rats compared to adults (Figure 3.12)
suggests that the contribution of CPT | to control total carbon flux is lower at this
stage of development. Furthermore, it suggests changes in control distribution over
the pathways, in suckling rats compared to adults. In adults, significant control over
pathway flux is situated at a single step, whereas in the suckling rats, the proportion

of control exerted by other steps is greater.

(a) Adult rats (b) Suckling rats

o Control exerted by o Control exerted by
CPTI CPTI

o Sum of control o Sum of control

exerted by other exerted by other
steps in the pathway steps in the pathway

Figure 3.12 Comparison of the distribution of control over total carbon flux
observed in (a) adult and (b) suckling rats

90



Chapter 3: CPT | (control of carbon fluxes from palmitate)

3.44 Application of BUCA in mitochondria

Due to constraints in their original mitochondrial system, detailed in Section 3.2.2,
Krauss et al., (1996) were unable to use TDCA to assess the control exerted by
CPT | over flux to ketone bodies. However, it is possible to apply BUCA in the re-
defined system (Scheme 3.3), and a range of individual flux control coefficients have
been calculated for CPT | over total carbon flux and over ketogenesis.

Flux control coefficients were calculated for a range of malonyl-CoA concentrations
added to the state 3.5 mitochondrial systems (which is thought to represent the
‘physiological’ respiratory state of mitochondria in situ in hepatocytes) because the
concentration of malonyl-CoA in situ in hepatocytes, is uncertain. Top-down
regulation analyses, which can be used to derive response coefficients that quantify
the response of a system to an effector, have been performed in rat liver
mitochondria (Makins ef al., 1995). The results from their analyses suggest that
CPT | responds most acutely to malonyl-CoA concentrations within the range
0 to 5 uM, which are the ranges used in these studies. Additionally, the
physiological range of malonyl-CoA concentration is 1 to 5 uM (Zammit, 1981) and
Decaux et al, (1988) have obtained average values of 16 and 6.1 nmol (g wet
mass)~ of malonyl-CoA from hepatocytes isolated from suckling and weaned rats
respectively.

It can be seen in Figures 3.9(a) and (b), however, that there is only a slight variation
in the numerical value of the flux control coefficient, with changing malonyl-CoA
concentration. Figure 3.9(a) shows that with the exception of 5uM malonyl-CoA, all
of the individual flux control coefficients for CPT | over total carbon flux in adult
mitochondria (i.e. for each concentration of malonyl-CoA) are close to 1.0. These
values contrast with those in Figure 3.9(b), which shows the equivalent sets of
coefficients in suckling mitochondria, and which are consistently lower. Such trends
are also observed when considering the individual flux control coefficients for CPT |
over ketogenesis. In adults, Figure 3.9(a), the values are all at or greater than 1.0.
In contrast, in the suckling system, all are less than 1.0 (Figure 3.9(b)). In all cases
the BUCA flux control coefficients for CPT | over ketogenesis are greater than those
for total carbon flux suggesting that the flux control coefficients over Krebs cycle flux
are small and/or negative, which was observed in the suckling hepatocyte systems
discussed previously.

Since all of the values for flux control coefficients reported in Figures 3.9(a) and (b)
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are above 0.75, they are higher than is usually seen for most allosterically regulated
enzymes, which typically have values below 0.6 (Fell, 1995; Mazat ef al., 1996).
These results suggest that the level of control exerted by other steps in the
pathways of palmitoyl-CoA oxidation is likely to be low. In support of this
conclusion, CPT Il has been found to have only a small contribution to control flux
(Bonnefont et al., 1996) with low values for flux control coefficients reported (Kunz et
al., 1991).

This new bottom-up analysis performed on the data reinforces the conclusions
drawn from the original top down analysis in these systems, i.e. that the distribution
of control over carbon fluxes in mitochondria differed in the two different
developmental stages, with control shifting away from CPT 1| in the suckling stage.
These results also support the conclusions drawn from the BUCA in hepatocytes
isolated from suckling rats, as discussed in Section 3.4.3. Since it is difficult to
prepare hepatocytes from adult rats using the same method used for suckling rats,
this mitochondrial analysis provides confirnation of the change in the flux control
coefficient of CPT | between the two developmental stages, with the lower value
observed in the suckling rats.

3.4.5 Interpretation of BUCA results

It is important to realise that because the two different systems considered here
(cells versus mitochondria) have different pathways and therefore different numbers
of components, it should not necessarily be expected that the numerical value for
the flux control coefficients will be the same. Another consequence of the
differences between these systems is that it is not strictly valid to make comparisons
of flux control coefficients obtained in each system — although such comparisons are
frequently made in the literature. Similarly, it is not strictly valid to compare an
individual flux control coefficient obtained through BUCA with a group flux control
coefficient obtained by application of TDCA unless the top-down system has been
defined so that there is only one component in the block.

It is also important to remember that CPT | is a transmembrane protein, which
interacts with cytosolic effectors within the cell and which is sensitive to allosteric
inhibition by malonyl-CoA. Using hepatocytes, which contain these effectors, as a
model system eliminates the need to add effectors back into the system, which
would involve assumptions regarding their cellular concentrations. A possible
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criticism of the use of hepatocytes is that flux and CPT | measurements may not be
from the same ‘starting point’, since intact hepatocytes will contain malonyl-CoA.
However, since all hepatocytes used during these experiments were obtained from
animals from standardized litters, with animals of the same nutritional state and age
range, and from several pups per preparation, this potential problem has been

minimized.

In the mitochondrial investigations, the cellular environment is replaced with an
artificial one. Thus the results obtained from the mitochondrial analysis considered
here may not necessarily reflect the control exerted in the intact cell and may,
therefore, be of less physiological relevance than those from hepatocytes.

3.4.6 Factors effecting the values for flux control coefficients for CPT | over
carbon fluxes

The lower capacity of CPT | to control catabolic carbon fluxes in the suckling period,
compared to adult systems could be a function of several factors. For example, not
only are the inhibitory effects of malonyl-CoA altered under certain
(patho)physiological conditions, such as starvation (Kolodziej et al., 1990) and
diabetes (Kashfi et al., 1988), but CPT | also shows reduced sensitivity to malonyi-
CoA during suckling (Herbin et al., 1987) and is exposed to lower concentrations of
this effector.

Changes in the fluidity of the outer mitochondrial membranes (reviewed in Zammit,
1994) may effect the interaction between the N- and C-terminal domains of CPT |
(Fraser et al., 1997). This, along with changes in the number and nature of contact
sites, may influence the kinetic properties of CPT | through changes in its
environment (Fraser et al, 1998). The functional capacity of CPT | may also be
modified by changes in hepatocyte cell volume (Guzman et al, 1994) and recent
evidence indicates that CPT | activity is also controlled by interactions between
mitochondria and cytoskeletal components (Velasco et al,, 1996; Guzman et al.,
2000). Although a ‘physiological’ pH was maintained during the experiments
reported in this thesis, it should be noted that the effects of pH on CPT | may be of
physiological relevance (Moir et al., 1995). Whilst a broad pH optimum has been
reported for CPT |, the work of Stephens et al., (1983) suggests the sensitivity of
CPT 1 to malonyl-CoA inhibition changes with intracellular pH and may provide a
physiological mechanism for attenuating the production of ketone bodies during
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periods of acidosis. Such mechanisms may change the potential of CPT | to control
oxidative carbon fluxes to ketone bodies and CO..

It is also important to note that the summation theorem of MCA states that all of the
steps in a metabolic pathway contribute to control over pathway flux and that the flux
control coefficients in a pathway sum to 1 (Kacser and Bumns, 1979; Section 1.4.3).
Therefore, differences in flux control coefficients for CPT | will arise if there are
different values for other enzymes (for example, trifunctional protein or HMG-CoA
synthase) although these have not been quantitatively assessed in the pathway.

3.4.7 Conclusions

The studies presented and discussed in this chapter have shown that MCA supports
the historical view that CPT | does have a significant contribution to control over
ketogenic flux in adult rats. However, these studies also demonstrate that control
distribution changes with developmental stage. In contrast to the patten of control
distribution observed in adult rats, where a high level of control is exerted at a single
step, in suckling rats control is distributed throughout the pathways of fatty acid
oxidation and ketogenesis. These results therefore support the concept of multi-site
control (Fell et al, 1995). Furthermore, these results suggest that the controi
exerted by CPT | over the pathways of ketogenesis is lower in the suckling stage
than in the adult. The results presented here, therefore, suggest that in suckling
rats, the historical assumption that CPT | is necessarily the ‘rate-limiting’ step of fatty
acid oxidation and ketogenesis is no longer appropriate (New et al., 1999(b)).

The results presented in this chapter prompted further investigations into the
distribution of control over the pathways of fatty acid oxidation and ketogenesis.
These further experiments, presented in the following chapter, use the top-down
control analysis approach to quantify and compare the control exerted by different
sections of the pathway over carbon fluxes. Additionally, in Chapter 5, the studies
presented here are further expanded, by consideration of the distribution of control
in response to different physiological substrates. This is highly relevant, since
neonatal diet differs to that found during adulthood and thus the potential of CPT | to
control carbon fluxes may not necessarily be the same.
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Chapter 4

Application of top-down control analysis in hepatocytes to investigate the
distribution of control over carbon fluxes in the pathways of fatty acid
oxidation, ketogenesis and the Krebs cycle

4.1 Introduction and aims
In the preceding chapter, the role of CPT I in controlling carbon fluxes from palmitate

(C({ﬂ, ;Céf,‘;; ;Cg,’.ﬁ‘;) in suckling rats was examined and compared to an equivalent

adult system. The work presented in this chapter expands on these studies by
exploring how control over carbon fluxes is distributed over the whole pathway,
rather than considering a single step. To perform this investigation, top-down
control analysis (TDCA) is applied to the pathways, which enables the control
exerted by groups of reactions, over pathway flux to be described.

As discussed previously, a large body of evidence suggests that a significant
proportion of control over ketogenesis during the suckling period may be situated at
sites other than CPT |, for example, at the level of the HMG-CoA cycle. In the work
presented in this chapter, therefore, | aim to provide a quantitative assessment of
the control exerted by ‘blocks’ of the pathways of fatty acid oxidation and
ketogenesis, over flux through those ‘blocks’. Each of the blocks of reactions is
defined in detail in the following section.

4.2 Theory and approaches

4.2.1 Application of TDCA in hepatocytes

As discussed in Section 3.2.1, control over fluxes is system specific and, therefore,
the definition of the system is an important stage in the application of MCA. This
section describes the system used to apply TDCA in hepatocytes isolated from
suckling rats.

To apply TDCA it is necessary to conceptually divide the system into a small
number of ‘blocks’ that may contain many reactions. These blocks are connected
through a common intermediate, as described in more general terms in Section
1.4.7 and as illustrated in this specific system, in Scheme 4.1. The single producer
block in this specific system produces the intermediate, X (a complex and
unidentified carbon entity). This block comprises all the steps involved in the entry
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of fatty acid into the cell and mitochondria, fatty acid activation and “oxidation, and
the reactions of the respiratory chain. There are two blocks that consume the
intermediate in this system, one involves the reactions of the HMG-CoA cycle and
the other involves the reactions of the Krebs cycle, resulting in the formation of
ketone bodies and COz2 respectively. Through relatively simple experimental and
theoretical techniques, TDCA provides an overview of control in complex metabolic
systems such as this, which is not easily accessible using other approaches (Brown
etal., 1990; Quant, 1993; Brand, 1996).

Carbon substrate Carbon products
System
KB block Ketone
bodies
'pox
Palmitate
pox block

Krebs block CO2

Scheme 4.1 Conceptually simplified system used for TDCA in hepatocytes

Using the same convention as detailed earlier in this thesis, the system is represented by a
green box. This system consisted of hepatocytes isolated from suckling rats, oxidizing
palmitate to ketone bodies and CO2. Jpox, Jkb. Jco2 represent carbon fluxes through p-
oxidation, to ketone bodies and carbon dioxide, respectively, pox block represents all the
steps involved in the entry of fatty acid into the cell and mitochondria, fatty acid activation
and /*oxidation, and the reactions of the respiratory chain. Krebs block involves the
reactions of the Krebs cycle, resulting in the formation of CO2 and the KB block involves the
reactions of the HMG-CoA cycle resulting in the formation of ketone bodies. X represents
the system intermediate, as discussed in the main text.

TDCA of the branched system described in Scheme 4.1 will describe the potential of
each of the blocks of reactions (the single producer block and the two consumer

blocks) to control system fluxes. This is achieved through the calculation of flux
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control coefficients. Since these flux control coefficients refer to whole blocks, or
sections, of the pathway under consideration, they are termed group flux control
coefficients (as opposed to the individual flux control coefficients determined via
bottom-up control analysis, BUCA). To distinguish it from an individual flux control
coefficient derived from BUCA, a group flux control coefficient derived from TDCA is

designated by a superscript star before the coefficient (for example, * C:m_ ).

The number of possible group flux control coefficients depends on the number of
branches in the defined system: TDCA states that where there are n branches in a
system, there are n? flux control coefficients. Thus, in a three branched system,

there are nine group flux control coefficients, for example:

(i) the group flux control coefficients for each block over the flux through the
producer block of reactions;

(i) the group flux control coefficients for each block over the flux through the
first consumer block of reactions; and

(iii) the group flux control coefficients for each block over the flux through the
other consumer block of reactions,

The complete series of group flux control coefficients specific to this system is set
out in Table 4.1 below.

Series 1 % Cm * Chm * Chm Flux control coefficient for each
KB X co2 block over flux through Jxg block

of reactions
Series 2 % x|y Clmx * Cme Flux control coefficient for each
CKB fox coz block over flux through Js.x block

of reactions
Series 3 £ Ic0r |y yIcor |y yJcon Flux control coefficient for each
Ch wr | Ceor | block over flux through Jeop block

of reactions

Table 4.1 Full series of flux control coefficients in hepatocyte TDCA

system described in Section 4.1

The number of independent experimental manipulations which need to be made in

order to obtain the full series of group flux control coefficients also depends on the
97



Chapter 4: Top down control analysis

number of branches in the system: TDCA states that where there are n branches in
a system, n — 1 manipulations are required. In this three-branched system,
therefore, two independent experimental manipulations were made to obtain the full
series of flux control coefficients detailed in Table 4.1. Prior to manipulation, steady
state fluxes were measured in the absence of any inhibitor. As in BUCA in the
hepatocyte systems described in Chapter 3, flux from palmitate through to ketone
bodies and carbon dioxide was measured by the accumulation of radiolabelled
products, ([*CJASP and "C0O,) and flux through the B-oxidation block (Box block)
was calculated as the sum of the fluxes through the other two branches. A series of
concentrations of etomoxir (which is converted to etomoxir-CoA intracellularly and
which specifically inhibits CPT | within this block) was used to manipulate the Box
block and the system was allowed to relax to a new steady state and system fluxes
measured/calculated. The second manipulation, on the Krebs cycle block of
reactions producing CO, (Krebs block), involved a series of concentrations of
malonate, specifically inhibiting succinate dehydrogenase in the Krebs cycle. Again,
the system was allowed to relax to a new steady state and the system fluxes

measured/calculated.

Thus TDCA overcomes the restrictions which apply to BUCA: at present specific
independent manipulation of any of the enzymes of the KB block is not possible and
therefore BUCA cannot be performed on these particular steps of the pathway. By
using TDCA, however, and considering the pathways of fatty acid oxidation, Krebs
cycle and the HMG-CoA cycle as separate blocks of reactions, it is possible to
obtain a quantitative assessment of the relative proportion of control each block
exerts over the other blocks. In this way, for example, the contribution of the HMG-
CoA block (although not of MHMG-CoA synthase specifically) to control ketogenesis
can be calculated.

The TDCA described in Chapter 3, performed by Krauss et al.,, (1996), required
measurement of the system intermediate. In the system described here, however,
the intermediate is necessarily complex and direct measurement would be difficult
and prone to large errors, making it unreasonable to measure accurately. To
overcome this complication, in this TDCA, group flux control coefficients are
calculated from flux data alone, using the equations set out in the following sections
(derived in Appendix | and restated in their final form in Table A1.2) without the need
to measure (or even define) the system intermediate.
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4.3 Results

4.3.1 Effects of manipulation of the Krebs block

In order to establish the appropriate concentration of inhibitor to bring about a small
but significant change in the Krebs block of reactions, a range of concentrations of
malonate (0-15mM) have been used to manipulate this block. As shown in Figure
4.1 flux to “CO, was inhibited at concentrations >2.5mM malonate.

Figure 4.2 shows the effect of this same range of malonate concentrations on flux
through the KB block and the pox block (where Box flux is calculated as the sum of
fluxes to ['“CJASP and "CO.). Since no significant variations in these fluxes are
observed over this range of malonate concentrations (0-15mM) these results
validate the use of this particular inhibitor, which is manipulating only a single block
of reactions in the system (the Krebs block). Fluorimetric assays (Section 2.2.5)
confirmed that ["*CJASP primarily represent ketone bodies in these hepatocytes,
both in the absence and presence of the range of malonate concentrations used in
these experiments.

The results presented in Figures 4.1 and 4.2 indicate that flux data obtained at the
manipulation point 5mM malonate would be appropriate for calculation of the group
flux control coefficients, since this concentration of inhibitor resulted in smali but

significant changes in system fluxes.

4.3.2 Effects of manipulation of the p-oxidation block
Figure 4.3 shows the effect of manipulation of the pox block of reactions with
etomoxir. As shown in the Figure 4.3(b), Box flux was inhibited at concentrations

>2uM etomoxir.

Figures 4.4 (a) and (b) show the effect of the same range of etomoxir concentrations
on flux to CO, and ["*CJASP. As seen in Figures 3.3 and 3.5, manipulation of
CPT | within this block of reactions using a range of concentrations of etomoxir
(0-100uM) decreased flux to [*CJASP, whilst initially, flux to *CO, was increased
(New et al, 1999). The results presented in Figure 4.4(b) suggest that a
concentration of 2uM etomoxir results in small but significant changes to that block,
but results in non-significant changes in flux through the other blocks of reactions. It
would be appropriate, therefore, to substitute flux data obtained at this data point
into the equations for the calculation of the group flux control coefficients.
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Figure 4.1 Effect of malonate on flux through the Krebs cycle block of reactions

Hepatocyte preparations with viability greater than 85% were used for experiments, and hepatocytes were incubated with malonate for 10 min,
as detailed in Chapter 2, Section 2.2.2. Following incubation with inhibitor, 1ml [1-*AC]palmitate (O.SmM final concentration, 0.4|.iCi pmol , in
KRB, 2% BSA) was added to flasks. Flux data were normalised by expressing them as a percentage of those obtained in the absence of
malonate. Values are means * SEM, n=17 separate hepatocyte preparations.



(@)  Flux through ketogenic block (KB block) of reactions (b) Flux through (3-oxidation block (pox block) of reactions
150 150-r
5 125 3 125-

»+-

m 100 ™ 004>
S

75-
° ¢

25-
0-
.5 5.0 7.5 10.0 12.5 15.0 5.0 7.5 10.0 15.
[malonalB]nnM [malonato]mM
Figure 4.2 Effect of malonate on flux through the KB and pox blocks of reactions

See Figure 4.1 for detail. Hepatocyte preparations with viability greater than 85% were used for experiments and hepatocytes were incubated
with malonate for 10 min, as detailed in Chapter 2, Section 2.2.2. Flux data were normalised by expressing them as a percentage of those

obtained in the absence of malonate. Values are means * SEM, n=17 separate hepatocyte preparations.
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(a) Full range of data points (b) Expansion of graph over low inhibitor concentration range

200 200
"§? 175-
A 150-

mo
5) 125-

A

A

iooi®
75 _II
50-
25- 25-
0 10 20 30 40 50 60 70 8090 100 0 1 2 3 4
[etormoxir]|alV [etomoxir]jLiM
Figure 4.3 Effect of etomoxir on the pox block of reactions

See Figure 4.1 for detail. Hepatocyte preparations with viability greater than 85% were used for experiments and hepatocytes were incubated
with etomoxir for 10 min, as detailed in Chapter 2, Section 2.2.2. Flux data were normalised by expressing them as a percentage of those

obtained in the absence of etomoxir. Values are means * SEM, n=20 separate hepatocyte preparations.
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Figure 4.4 Effect of etomoxir on flux through the KB and Krebs cycle blocks of reactions

See Figure 4.1 for detail. Hepatocyte preparations with viability greater than 85% were used for experiments, and hepatocytes were incubated with
etomoxir for 10 min, as detailed in Chapter 2, Section 2.2.3. Flux data were normalised by expressing them as a percentage of those obtained in the

absence of etomoxir. Values are means *+ SEM, n=20 separate hepatocyte preparations.
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4.3.3 Flux data from two independent manipulation experiments

To apply TDCA, fluxes should be expressed in the same units, typically in terms of
production and consumption of the system intermediate. Since the intermediate is
not defined in this system, to ensure the data is considered in the same units here,

fluxes are expressed as percentages (Table 4.2).

Manipulation ASP CcCO2 p-oxidation

[Malonate] mM

0 100.00 100.00 100.00

2.5 94.95 100.40 94.96

5.0 97.71 77.30 97.52

10.0 101.39 73.60 101.12

15.0 95.85 53.10 95.43

[Etomoxir] jiM

0 100.00 100.00 100.00

0.10 97.88 103.77 97.91

0.25 97.19 99.24 97.25

0.50 94.18 99.10 94.27

1.00 90.89 100.09 91.11

2.00 77.89 109.94 78.17

5.00 47.16 150.59 45.61

10.00 34.24 169.64 35.32

100.00 17.88 140.59 19.04

Table 4.2 Data from each experimental manipulation expressed in

terms of percent change in flux

Values for malonate titrations were calculated from the means of 17 independent hepatocyte
preparations. Values for etomoxir titrations were calculated from the means of 20
independent hepatocyte preparations.

Comparison of the effects of each manipulation on flux to ASP, CO2 and pox
(Figures 4.1 to 4.4) indicated that flux data obtained using the 5mM malonate and
2fiM etomoxir should be substituted into the appropriate equations (as discussed in

Sections 4.3.1 and 4.3.2).
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4.3.4 Calculation of group flux control coefficients

The calculation of the first group flux control coefficient for series 1 (Table 4.1), uses
specific equation 1 (summarised in Table A1.2 and repeated here for information):

_JID/
*CJ’“' — JKB
pox 1+(§JmX(coz)J+(5Jcm(poX)J
5Jm(coz) 5JKB(;DX)

Substitution of appropriate flux data into specific Equation 1, using the sign
convention detailed in Section A1.2:

—~(~100)
(TP = +100 L e
P (97,59~ (100)) [ (-109.94)-(-100) Cra. =039
(97.71)~(100) (77.89)—(100)

The calculation of the second flux control coefficient in this first series uses specific
equation 2, (summarised in Table A1.2 and repeated here for information):

{6JﬂOX(C02)]+(5JCO2(ﬂOX)J
*C"'a’ 5JKB(coz) 0 J o (P0X)

B L 5Jﬂ0X(Coz) . é‘JCOZ(ﬂOX)
0 J i (cOD 6 J (05
Substitution of appropriate flux data into specific Equation 2:

((—97.52)—(—100)}+((—109.94)—(—100)]

 m_ \ (97.71)-(100) (77.89) - (100) \

Cia - | [97.52)-(-100)) _((~109.94) - (~100) Cz=-170
(97.71)— (100) (77.89) — (100)

The calculation of the final flux control coefficient in this first series uses specific
equation 3, repeated on the left here for information, and with the final value
following substitution of flux control coefficients calculated above, on the right:

*ngz :1_(*CJK’:+* ;X)

JXB
* CCOZ = 23 1
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Whilst the value for the flux control coefficient for the B-oxidation block over
ketogenic flux is not an unreasonable numerical value, the other two coefficients are
unusually large. Subsequent recalculation over the whole range of data points gave
similarly unusual results (data not presented). Since the remaining group flux
control coefficients are obtained using this data, these have not been calculated.

4.4 Discussion and conclusions

Substitution of flux data into specific TDCA equations, as described in Section 4.3,
resulted in values outside the typical range for flux control coefficients. There may
be several reasons for this result as discussed below.

The results presented here, and in Chapter 3, indicate that the proportion of overall
[1-'“C]palmitate oxidation utilized for '“CO, formation represents a very small
fraction of the total oxidative rate (<5%), which is consistent with the results of
Sherratt et al., (1994), Cook et al., (1980) Veerkamp et al., (1986), and Drynan ef
al., (1996). Here, for example, even with 17 independent hepatocyte preparations,
the errors on this small value are large (or as large as the mean value). Thus the
small changes necessary for TDCA are lost within these errors and realistic group
flux control coefficients cannot be calculated.

Additionally, Jsox is @ calculated value in this system, which has compounded errors
in the calculations, since rather than presenting the primary effects of the
experimental manipulation, the calculation would actually be presenting a secondary
effect of manipulation of pox, derived from the primary effect on the other two fluxes.
On reflection, a more appropriate method for assessment of Box flux in this system,
for this type of analysis, would have been via measurement of oxygen consumption
from palmitate — since this would have provided a direct measurement, rather than a
value calculated from the sum of the other two fluxes.

In summary, although it has not been possible to obtain an overview of the control
structure of the pathways of fatty acid oxidation and ketogenesis, a fuller
appreciation of the pathway fluxes and the limitations of the assays used in the
experiments has been gained.
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Chapter 5
Analysing the role of CPT | in control of carbon flux from medium-chain fatty

acids and mixtures of long- and medium-chain fatty acids

5.1 Introduction

In Chapter 3, BUCA was used to examine the role of CPT | in controlling fatty acid
oxidation and ketogenesis in suckling rats (compared with an equivalent system in
adult rats). In this chapter, | will apply BUCA to assess the role of CPT | in
controlling the rate of fatty acid oxidation and ketogenesis from medium-chain and
long/medium-chain fatty acid mixtures in suckling rats.

During the suckling period, the activities of CPT | and HMG-CoA synthase are high,
as is the concentration of the respective mRNA (Thumelin et al., 1993). These
decrease on weaning to low fat diets (Williamson et al., 1968; Lockwood et al,,
1971; Decaux et al., 1988; Quant ef al., 1989), but remain high if rats are weaned on
high fat diets (Decaux et al., 1988; Quant et al, 1991). This suggests that these
changes are dependent upon hormonal and/or nutritional factors rather than the
precise stage of development (Prip-Buus et al., 1995). Thus, when considering the
control of fatty acid oxidation and ketogenesis in the neonatal period, it is vital to
consider the diet to which the animal is exposed. A recent overview of pre- and post
partum nutrition and metabolism can found in the Biochemical Society Transactions,
Volume 26, 1998 and is briefly considered in the following sections.

5.1.1  In utero nutrition

The fetal environment is characterised by continuous, transplacental, intravenous
delivery of substrates into the bloodstream, essential for growth and oxidative
metabolism, from the mother to the fetus and also dissipation of the by-products of
fetal metabolism (including carbon dioxide, urea and heat) back to the mother for
excretion (Battaglia ef al., 1978, 1986). At this stage of development, glucose is the
principle energy substrate (Aldoretta ef al., 1994), since, for example:

(i) free fatty acids may not cross the placenta (Koren et al., 1964; Girard et al.,
1982),

(i) in species where fatty acid transfer exists (for example, humans, rabbits or
guinea pigs, although the transport mechanisms are still incompletely
understood) there is poor fatty acid oxidation by fetal tissues (Drahota et al.,
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1964; Augenfeld et al., 1970, Girard et al., 1985). During the third trimester,
lipids account largely for fat accretion (Aldoretta ef al., 1994); and

(iii) although ketone bodies can freely cross the placenta (Williamson, 1992)
maternally derived ketone bodies meet only a small proportion of fetal energy
requirements, since the mother’'s plasma ketone body concentration is typically
low, except when fasting.

5.1.2 Immediate post-partum nutrition

Following birth, nutritional support changes dramatically. The neonate experiences
a transient period of starvation after the cord has been severed and until milk
feeding becomes established. During this time it is entirely dependent upon its own
reserves to maintain adequate circulating concentrations of glucose or alternative
fuels to supply its needs (Girard et al, 1973; Medina et al, 1996). Thus the
mobilization of glycogen and fat stores are vital for survival. The amount of fat laid
down during the fetal period and available for utilization as fuel varies among
different species (Widdowson, 1950; Girard et al., 1982). Full-term human infants
have some adipose tissue (approximately 16% of body weight) providing reserves
from which non-esterified fatty acids can be mobilised in the absence of milk
(Widdowson, 1981; Kuzawa, 1998). However, in most mammals, the body fat
content of the newborn is very low, for example, less than 1% in the rat, and they
have no adipose tissue (Hahn et al., 1975; McCance et al, 1977). The liver
glycogen stores accumulated during the fetal period are rapidly mobilised and are
exhausted within 12 hours of birth (Shelley, 1961; Ballard et al., 1963; Dawkins,
1963). After these stores have been utilized, suckling newboms from most species,
including humans, are dependent on glucose supplied by gluconeogenesis from
galactose (Kliegman et al., 1985) through maternal milk, which supplies between 20-
50% of the glucose requirements of the newborn (Girard et al., 1982; Hay, 1984).
Thus newborn rats are entirely dependent on exogenous fat supplies and need to
perform active gluconeogenesis to maintain normoglycaemia (Ferré, 1977).
Furthermore, active fatty acid oxidation is also essential in the suckling period to
sustain a high gluconeogenic flux (Pégorier ef al, 1977). Despite these
mechanisms, the newbom rat develops profound hypoglycaemia in the first
postnatal hour (Girard et al, 1973; Di Marco et al, 1976) and transient
hypoglycaemia is almost universal in all newborn mammals (Hawdon et al., 1994).

Since fat reserves are only developed in the last trimester of pregnancy (Aldoretta et
al., 1994, Hamosh, 1995) the fat stores of small-for-gestational-age infants and pre-
108



Chapter 5: CPT | (control of carbon flux from mixed fats)

term infants are frequently limited, and these infants are particularly vulnerable to
hypoglycaemia (Lubchenco et al., 1971; Hawdon, 1993). Neurological dysfunction
has been associated with hypoglycaemia in newbomn infants (Beard et al., 1971;
Hawdon, 1999). It has been demonstrated in pre-term rats that prolonged postnatal
hypoglycaemia is associated with lower rates of glucose production through
glycogenolysis and gluconeogenesis, and there is a delayed induction of
phosphoenolpyruvate carboxykinase activity, resulting in lower rates of
gluconeogenesis (Femandez et al., 1983).

5.1.3 Neonatal nutrition

In contrast to the fetal stage, neonatal feeding is characterised by intermittent
enteral milk feeds and periods of fasting. In addition, the previous high-
carbohydrate diet experienced in utero is replaced by the high-fat, low-carbohydrate
diet of milk (Luckey et al.,, 1954). In matemnal rat milk, for example, triglycerides
contribute 60-70% of the ingested calories (Edmond et a/., 1985) and in human milk,
whilst the concentration of lactose is higher, fat still accounts for 55-60% of the
caloric content (Jenness, 1974; Edmond et a/.,, 1985). The nutrient profile in this
neonatal period not only contrasts with that experienced in utero, but also with that
found in the adult diet which is, in most species, rich in carbohydrates (60% of
energy) and low in fats (15% energy) (Prip-Buus et al., 1995). The large amount of
fatty acid in maternal milk acts as a positive effector of gluconeogenesis, and
provides substrates for lipid biosynthesis and ketogenesis (Frost et al., 1981).

In a variety of studies in suckling rats, where, for example, liver homogenates
(Lockwood et al., 1970, 1971; Lee et al., 1971; Chalk et al., 1983), liver slices
(Drahota et al., 1964) and isolated hepatocytes (Sly et al., 1978), have been used, it
has been shown that ketone body production increases substantially immediately
following birth. Furthermore, in many mammalian species, including the rat and the
human, the production of ketone bodies remains high throughout the suckling period
(Bailey et al., 1973; Girard et al., 1982; Williamson, 1982). During the suckling
period, acetoacetate and B-hydroxybutyrate act as alternative energy sources,
minimizing the breakdown of muscle protein for the purposes of gluconeogenesis
and acting to spare carbohydrate (Section 1.3). During weaning to the high-
carbohydrate diet of adult rats, concentrations of ketone bodies progressively
decrease (Drahota ef al., 1964; Lockwood et al., 1971; Robles-Valdes et al., 1976)
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5.1.4 Metabolic fate of the fatty acid components of milk

The composition of milk shows marked inter-species variation. In humans, for
example, approximately 5-15% of fatty acids in triglycerides are of medium-chain
length (Bitman et al., 1983), whilst rat milk contains approximately 40% (Smith et al,,
1968). An even higher proportion of medium-chain fatty acids is found in rabbit milk,
where they represent between 60-70% of the fatty acids in triglycerides (Demarne et
al., 1978). However, even within species, there may be large variations between
individuals, since the nutrient content of milk varies with the stage of lactation
(Gibson et al, 1981), time of day (Harzer et al., 1983), within feeds and with
maternal diet (Genzel-Boroviczényy et al., 1997). Furthermore, the lipid composition
of breast milk also differs between mothers of term or pre-term infants. Whilst
medium-chain fatty acids amount to approximately 10% of the total fatty acids in the
mature milk of mothers of term infants, they contribute approximately 17% of total
fatty acids in the milk produced by mothers of pre-term infants (Bitman et al., 1983,
Hamosh, 1991).

Fatty acids have different metabolic fates depending on chain length: long-chain
fatty acids are re-esterified in the gut, packaged to form chylomicrons, transported to
the circulation via the lymphatic system and delivered first to the heart and lungs
and then to peripheral tissues (Mattson et al., 1964). In contrast, medium-chain fatty
acids are transported from the gut in the portal venous system and, therefore, reach
the liver directly (Playhoust et al., 1964; Senior, 1968; Hamosh, 1979; Aw et al,,
1980). Furthermore, analysis of the stomach contents of suckling rats indicates
preferential release of medium-chain fatty acids during digestion (Helander et al,,
1970; Fernando-Wamakulasurya et al., 1981). During lipolysis in both the suckling
rat and neonatal human, there is rapid uptake of medium-chain fatty acids from the
gut, which reflects the absorption of medium-chain fatty acids by the portal system
(Aw et al., 1980; Hamosh et al., 1989).

In contrast to the long-chain fatty acids, which require the CPT | system to enter
mitochondria, fatty acids with chain lengths 10 carbons or less (i.e. medium- and
short-chain fatty acids) can cross the mitochondrial membranes independently of
this system (Smith et al., 1968; McGarry et al., 1980). They are activated to their
corresponding acyl-CoA entities by medium- or short-chain acyl-CoA synthases
located in the mitochondrial matrix (Killenberg et al., 1971; McGarry, 1974),
whereupon they undergo B-oxidation. This may have implications for the control

structure of the pathways of fatty acid oxidation and ketogenesis, at this stage of
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development, where medium-chain fatty acids form an important part of the diet.
Since medium-chain fatty acids, such as octanoate, can be metabolised
independently of the three-step system including CPT | this suggests that sites other
than CPT | may be involved in control over ketogenic flux, particularly during this
stage of development.

There is evidence that in suckling rats, medium-chain fatty acids are preferentially
oxidized over long-chain fatty acids and are not used directly for triglyceride
synthesis (Frost et al., 1981). Such a mechanism may act to spare long-chain fatty
acids from oxidation, thus allowing them to be incorporated into complex lipids,
which are required for growth. In addition, studies have shown that feeding
medium-chain triglycerides to suckling rats leads to a greater elevation of blood
ketone bodies than when fed long-chain fatty acids, even though the increase in
plasma non-esterified fatty acids was lower when medium-chain triglyceride were
fed. It has also been shown using liver cells from newborn rats, that medium-chain
fatty acids are more ketogenic than long chain fatty acids (Ferré, 1981; Frost et al.,
1981).

Thus, to summarise, medium-chain fatty acids in rat milk are potentially important for

body fuel homeostasis, providing a readily available energy source for the newborn:

(i) the rate of oxidation of medium-chain triglycerides is higher than that of long-
chain fatty acids (Sauer et al., 1994);

(i) medium-chain fatty acid oxidation in the liver allows a higher rate of ketone
body production than from long-chain fatty acids and thus more ketone bodies
are available for the oxidative needs of peripheral tissue (Frost et al., 1981;
Ferré, 1981);

(iii) medium-chain fatty acids are as efficient as long-chain fatty acids in providing
the necessary cofactors to sustain high rates of gluconeogenesis (Ferré, 1981);
and

(iv) the preferential metabolism of medium-chain fatty acids may allow the
preferential delivery of long-chain fatty acids to adipose issue (Frost et al,,
1981) which in some species, including the rat, begin to become deposited with
lipid as soon as 6hr after birth (Péquignot-Planche et al., 1977; Cryer et al.,
1978).

111



Chapter 5; CPT | (control of carbon flux from mixed fats)

5.1.5 Aims of this section

As indicated in previous chapters, despite the importance of the pathways of fatty
acid oxidation and ketogenesis, their regulation and control are still not fully
understood. In this chapter, |1 aim to extend studies described in Chapter 3,
investigating control over ketogenesis in the suckling rat, but using substrates that
are more likely to be representative of those found in neonatal rats during the
suckling period. In this chapter, BUCA was used to calculate the flux control
coefficients that describe the potential of CPT | to control flux from different
substrates  (octanoate, representing a medium-chain fatty acid and
octanoate;palmitate mixtures, representing a more ‘physiological situation’) to
ketone bodies, in hepatocytes isolated from suckling rats (New et al,

1998(b),1999(a)).

5.2 Theory and approaches

5.21 Application of BUCA in hepatocytes

In this section | describe the system used (Scheme 5.1) to assess quantitatively the
potential of CPT | to control fluxes from octanoate or a mixture of
palmitate octanoate, to ketone bodies (ASP) in hepatocytes isolated from suckling

rats.

Hepatocyte
mitochondrion

Substrate:

‘A SP (system flux)
octanoate

or ASP
palmitate: > PCoA > CPT!
octanoate

Scheme 51 Hepatocyte BUCA system

The system is represented by the green box. BUCA defines the flux control coefficients as
small fractional changes in pathway fluxes brought about by infinitesimal fractional changes
in enzyme activity. The above scheme represents the system for calculation of the flux
control coefficient of CPT | with respect to ketogenesis from either octanoate or
palmitate;octanoate mixtures.

In order to calculate ketogenic flux in response to different physiological substrates,

and particularly to fully understand system flux in response to mixed fats, it was
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necessary to do the following series of experiments, where ketogenic flux was
assessed:

(@) in single substrate experiments, i.e from [1-"*C]palmitate (0.5mM, Chapter 3)
or from [1-'*CJoctanoate (2mM, Pégorier et al., 1989);

(b) in mixed fat experiments, where a labelled substrate was in the presence of
unlabelled substrate, i.e. flux from [1-'*C]palmitate (0.5mM) in the presence of
unlabelled octanoate (0.33mM) or [1-**Cloctanoate (0.33mM) in the presence
of unlabelled palmitate (0.5mM); and

(¢) in experiments where both fatty acid substrates present in the mixture were
labelled ([1-**C]palmitate (0.5mM) :[1-"*C]octanoate(0.33mM)).

Thus the experiments in (b) provide a suitable control for the final experiment (c),
since the sum of ketogenic flux for the two singly labelled mixed fat experiments
detailed in (b) should be the same as the ketogenic flux obtained where both the

fatty acid substrates present in the incubations were labelled.

As in the hepatocyte systems described in Chapter 3 and 4, the extrahepatic control
exerted by non-esterified fatty acid supply to the liver has been bypassed by using
isolated hepatocytes incubated with a fixed concentration of fatty acids. As before,
the activity of CPT | was progressively inhibited with increasing concentrations of
etomoxir, which generates the specific, irreversible inhibitor etomoxir-CoA in situ,
and the system allowed to relax to a new steady state, whereupon ketogenesis was
assessed as described in Section 2.2.2. Flux control coefficients for CPT | with
respect to ketogenesis in this isolated hepatocyte model were calculated using the
data in Figures 5.1-5.4, the Simfit package (Bardsley et al., 1997) to calculate initial
slopes and the following equation:

‘?]]ASP

JASP -— ASP

CCPT] - Svepry
Equation 5.1: Verrr (i=0)

Jusp

where Czpy; is the flux control coefficient of CPT | over ketogenesis at zero inhibitor

concentration (i = 0) and vcer is the activity of CPT I. & represents infinitesimal
changes, where the changes are very small (i.e. tend to zero). Jasp represents
carbon flux to acid soluble products.
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5.3 Results

5.3.1 BUCA in hepatocytes (octanoate as substrate)

Figure 5.1 shows the effects of etomoxir on both CPT | activity and ketogenic flux
(called ASP for simplicity, although strictly representing "C-non-heptane extractable
products) in hepatocytes isolated from suckling rats using [1-'*C]octanoate (2mM)
as substrate. CPT | activity decreases with increasing amounts of etomoxir and at
100uM the inhibition was greater than 80%. However, 100uM etomoxir caused only
~20% inhibition of ketogenic flux from octanoate. The activity of CPT | in the
absence of etomoxir was 108 + 31nmol h™' (10 cells) . In the absence of etomoxir,
the absolute rate of [1-'*Cloctancate consumption was 152 + 24nmol h’
(10° cells)™", and 303 + 47nmol (ketone bodies produced) h™* (10° cells)™. Rates of
ketone body formation were linear over the course of the experiment. The data
shown in Figure 5.1 have been used to calculate the flux control coefficient for CPT |
over ketogenic flux (Section 5.2.1, Equation 5.1), which has a value of

Cr =0.11+0.01.

5.3.2 BUCA in hepatocytes: ([1-'*Cloctanoate:unlabelled palmitate as
substrate)
Figure 5.2 shows the effects of etomoxir on both CPT | activity and ketogenic flux in
hepatocytes isolated from suckling rats using [1-'“CJoctanoate and unlabelled
palmitate as substrate. Once more, CPT | activity decreases with increasing
amounts of etomoxir (and hence, etomoxir-CoA). Inhibition of CPT | activity at
100uM was ~75%. However, incubation with increasing concentrations of etomoxir
resulted in an apparent increase in ketogenic flux from this fatty acid mixture, with
100uM etomoxir resulting in a ketogenic flux of ~150% compared to that in the
absence of etomoxir. The activity of CPT | in the absence of etomoxir was 105 +
4nmol h™ (10° cells)™. In the absence of etomoxir, the absolute rate of
[1-"Cloctanoate consumption was 55 + 5nmol octanoate consumed h™* (108 cells)™.
In the absence of etomoxir the absolute rate of [*CJASP formation was 110 +
10nmol (ketone bodies from octanoate) h™' (10° cells)™. The rates of ketone body
formation were linear over the course of the experiment. BUCA was applied to
these data to calculate the ‘apparent’ flux control coefficients of CPT | over
ketogenic flux (Section 5.2.1, Equation 5.1), which has a value of

Clar = .0.52+0.02.
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Figure 5.1 Effect of etomoxir on CPT I activity and ketogenic flux in the presence of octanoate as substrate

Hepatocyte preparations with viability greater than 85% were incubated with etomoxir for 10 min. Substrate: [1-*”"CJoctanoate (2mM final
concentration, 0.8pCi p.mol'\ in KRB, 2% BSA). Values were normalised by expressing them as a percentage of those obtained in the absence of
etomoxir. Values are means *+ SEM, n=5 separate hepatocyte preparations for CPT | and n=12 for ASP.
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Figure 5.2 Effect of etomoxir on CPT | activity and ketogenic flux in the presence of [1-*AC]octanoate:unlabelled palmitate

Hepatocyte preparations with viability greater than 85% were incubated with etomoxir. Substrate: [1-**CJoctanoate (0.33mM final concentration,
0.Si-iGi *mol’\ in KRB, 2% BSA) in the presence of 0.SmM unlabelled palmitate were added to incubations. Values were normalised by expressing
them as a percentage of those obtained in the absence of etomoxir. Values are means * SEM, n=7 separate hepatocyte preparations for CPT I
and n=4 for ASP.
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5.3.3 BUCA in hepatocytes: ([1-'*C]palmitate:unlabelled octanoate as
substrate)
Figure 5.3 shows the effects of etomoxir on both CPT | activity and ketogenic flux
(ASP, acid soluble products) in hepatocytes isolated from suckling rats, using
labelled palmitate and unlabelled octanoate as substrate. CPT | activity decreases
with increasing amounts of etomoxir (and hence, etomoxir-CoA). Inhibition of CPT |
activity at 100uM was ~75%. At low concentrations of etomoxir (<2uM), B-oxidation
flux showed an increase. However, at >2uM etomoxir, the ketogenic flux decreased
and 100uM, etomoxir caused an ~85% inhibition of ketogenic flux from this fatty acid

mixture.

These data have been used to calculate ‘apparent’ flux control coefficients of CPT |
over ketogenic flux (Section 5.2.1, Equation 5.1), which has a value of

Cler =0.03+0.02. In the absence of etomoxir, the absolute rate of [1-'“C]palmitate

consumption was 24 + 4nmol palmitate consumed h™* (10° cells)™. In the absence
of etomoxir the absolute rate of ['“CJASP formation was 95 + 18nmol (ketone bodies
from palmitate) h™ (10° cells)™". Rates of ketone body formation were linear over the
course of the experiment.

5.3.4 BUCA in hepatocytes: ([1-'"*C]palmitate:[1-'*CJoctanoate as substrate)

Figure 5.4 shows the effects of etomoxir on both CPT | activity and ketogenic flux
(acid soluble products) in hepatocytes isolated from suckling rats, where labelled
palmitate and labelled octanoate were used as substrate. Inhibition of CPT | activity
at 100uM was ~75%. Over the range of concentrations of etomoxir used in these
experiments, ketogenic flux was seen to decrease and 100uM etomoxir caused

~35% inhibition of ketogenic flux from this fatty acid mixture.

These data have been used to calculate BUCA flux control coefficient of CPT | over
ketogenic flux (Section 5.2.1, Equation 5.1), which has a value of Cg”,;’}’, =0.11+0.01.

In the absence of etomoxir, 170 + 14nmol (ketone bodies) h™' (10° cells)™. The

rates of ketone body formation were linear over the course of the experiment.
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Figure 5.3 Effect of etomoxir on CPT | activity and ketogenic flux in the presence of [1-"C]palmitate:unlabelled octanoate

Hepatocyte preparations with viability greater than 85% were incubated with etomoxir. Substrate: [1- Cjpalmitate (0.SmM final concentration,
0.472Ci “mol\ in KRB, 2% BSA) in the presence of 0.33mM unlabelled octanoate were added to incubations. Values were normalised by
expressing them as a percentage of those obtained in the absence of etomoxir. Values are means * SEM, n=7 separate hepatocyte preparations
for CPT | and n=4 for ASP.
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Figure 5.4 Effect of etomoxir on CPT | activity and ketogenic flux in the presence of ([1-*'A*C]palmitate:[1-*"‘C]octanoate

Hepatocyte preparations with viability greater than 85% were incubated with etomoxir. 1ml ‘mixed fat solution ([1-*~Cjpalmitate, O.SmM final
concentration, O.BpCi i*mol'* and [1-*”"C]octanoate, 0.33mM final concentration, 0.4|.iCi *mol'* in KRB, 2% BSA) was added to flasks (ie final volume

4ml). Values were normalised by expressing them as a percentage of those obtained in the absence of etomoxir. Values are means * SEM, n=7
separate hepatocyte preparations for CPT | and n=8 for ASP.
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Figure 5.5 demonstrates the sigmoid inhibition shape of the ketogenic flux inhibition
curve. For the initial points on the curve, where there is low etomoxir concentration,
little variation in ketogenic flux is observed. This is indicative of a low flux control
coefficient (Mazat et al., 1994). Beyond 80% CPT | inhibition, however, ketogenic

flux sharply decreases to reach zero level.
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Figure 5.5 Ketogenic flux as a function of CPT | inhibition

Redrawn from the information presented in Figure 5.4, where the substrate supplied to
isolated hepatocytes represented the ‘physiological mixture’ of long-chain;medium-chain
fatty acids

54 Discussion

5.41 Control exerted by CPT | over flux from octanoate to ketone bodies
Almost twice the amount of ketone bodies were formed in the absence of inhibitor,
when the medium-chain fatty acid octanoate was used as substrate (Figure 5.1)
compared to the use of the long-chain fatty acid palmitate (Figure 3.3). This is in
agreement with the results of others, including Frost etal., (1981) and Ferré (1981)
who, as discussed in the introduction, observed a higher rate of ketone body

production from medium-chain than from long-chain fatty acid oxidation. Incubation
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with the inhibitor etomoxir resulted in only a 20% decrease in flux from octanoate to
ASP in this system (Figure 5.1), which is consistent with the observations of
Pégorier et al., (1989) who assessed the rate of octanoate oxidation in fetal and
newborn rabbits. These workers found that following inhibition of CPT | with
tetradecylglycidic acid, a specific inhibitor of CPT |, ketogenic flux was only inhibited
by 20%. These results suggest that the majority of the octanoate oxidized in
hepatocytes isolated from suckling rats is activated intra-mitochondrially, by-passing
the three-part transport system into the mitochondria, which involves CPT I.
Interestingly, however, the results presented in this thesis suggest that some
octanoate does appear to be oxidized via the CPT | system. This is consistent with
the work of Labadaridis et al., (2000), who have provided clinical evidence for the

involvement of camitine in medium-chain triglyceride metabolism.

CPT |, however, was inhibited to a similar degree (approximately 80% inhibition) in
these experiments with octanoate as when palmitate was present in the pre-
incubation medium (Figure 3.2). These results, therefore, produced different shapes
of inhibition curves for CPT | activity and ["*CJASP formation (Figure 5.1). Since flux
control coefficients using the bottom up method of control analysis are calculated by
the ratio of slopes applied to the initial points of the curve (i.e. at low inhibitor levels),

this has resulted in a value for the flux control coefficient of C C’;;; =0.1140.01. As

flux control coefficients typically have values between 0 and 1, it can be seen that
this is a low value, indicating that CPT | has a low contribution to control ketogenic
flux from octanoate.

Although the numerical value of the flux control coefficient for CPT | over flux from
octanoate is low and thus the potential of CPT | to control ketogenesis is also low,
the value of the coefficient is not zero. These results, therefore, provide quantitative
support for the observations that medium-chain fatty acids may be oxidized via the
CPT | system.

Figure 5.6 compares the numerical value of the flux control coefficients for CPT |
over ketogenesis calculated from data presented in this chapter with those
presented and discussed in Chapter 3, and illustrates the changes in control exerted
by CPT |, in response to developmental age and substrate supplied. As discussed
in Chapter 3, the value of this coefficient is lower during suckling, than in an
equivalent adult system. The work presented in this chapter indicates that when a
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medium-chain fatty acid is used as substrate during suckling, the contribution of
CPT | to control over ketogenesis is even lower, such that it may no longer be
appropriate to consider CPT | to be ‘rate-controlling’ over this pathway. These
results are physiologically relevant, since during the neonatal period, rat milk (the
primary source of food) contains a high proportion of medium-chain fatty acids,
whereas their presence is low in adult diets. These results may also be of clinical
significance, since a high proportion of medium-chain triglycerides is found in the
breast milk of mothers of pre-term infants (Bitman et ai, 1983). Furthermore,
human infant milk formulas, and particularly those produced specifically for
premature infants, contain a high percentage of medium-chain triacylglycerides

(Heim, 1985).

1.25n
fed adult rats
1.OOn
?; ig f suckling rats
> ga 0.75J
S 2 b
(o]
8 0.50 g
30
0.25-
0.00.

palmitate palmitate octanoate

Figure 5.6 Comparison of flux control coefficients from adult rats and from
suckling rats

The flux control coefficients were calculated as described in Chapter 3 and in Section 5.2 of
this Chapter. Each of the above bars is significantly different to the other (p<0.05). Adult
data from Drynan etal., (1996).

One of the basic tenants of MCA is that control tends to be distributed throughout all
the steps in a pathway, rather than situated at a single step, and it is interesting to
note that some workers (reviewed in Girard, 1992) have suggested, on the basis of

observations made in hepatocytes isolated from newborn rabbits, that the
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mitochondrial branch point of acetyl-CoA metabolism may have an important role in
controlling ketogenesis, in addition to the control which has traditionally been

considered to reside at CPT |.

5.4.2 Control exerted by CPT | over flux from singly labelled mixed fats to
ketone bodies

It is important to note that the final concentration of octanoate in the incubation
medium is much lower in the mixed fatty acid experiments, than in the experiment
with octanoate alone (0.33mM versus 2mM). This was to ensure that the two fatty
acid substrates were present in a similar proportion to that found in matemnal rat
milk, where approximately 40% of the triglycerides present are of medium-chain
length (Smith et al., 1968). It is also important to note that this lower concentration
does not become limiting in these experiments, since less than 13% was used over
the 60 min time-period of these experiments.

Although the data in Figures 5.2 and 5.3 were used to calculate flux control
coefficients (summarised in Figure 5.7), it is worth emphasising that the coefficients
from this stage are only ‘apparent’ flux control coefficients and are unlikely to be
physiologically relevant. This is because ketone body production is not accurately
reflected where labelled fatty acid is used in the presence of unlabelled fatty acid.
This arises due to an uneven dilution of label, particularly at higher inhibitor
concentrations, which would result in incorrect assessments of ketone body
production. In the case of labelled octanoate in the presence of unlabelled
palmitate, for example, ketone body production would be underestimated and the
resulting ‘apparent’ flux control coefficient will be large and negative. However, it is
still valid to present ‘apparent’ coefficients, since these are calculated from initial
data points on the curve, where inhibitor tends to zero. The data used for the
calculation of these ‘apparent’ flux control coefficients was an essential control for
the procedure in the calculation of the ‘actual’ flux control coefficients, which are
calculated from data obtained where both fatty acids are labelled, as discussed in
Section 5.2.1.

5.4.3 Control exerted by CPT | over flux to ketone bodies, where both

substrates have been labelled
Inhibition curves for CPT | activity and [“CJASP flux from the ‘mixed fat
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experiments, where both palmitate and octanoate were labelled (Figure 5.4) were
more similar in shape than those seen with labelled octanoate in the presence of
unlabelled palmitate (Figure 5.2). Thus the slopes of the tangents applied to the

initial points of the curves are more similar. This has the effect of increasing

the value of the flux control coefficient; =0.11 * 0.01 compared with

cli =-0.52 * 0.02 where labelled octanoate was used in the presence of

unlabelled palmitate (Figure 5.7).
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Figure 5.7 Comparison of flux control coefficients calculated from suckling
rats in mixed fatty acid experiments

Asterix indicates labelled substrate. The concept of ‘positive’ and negative’ control is

discussed in Section 1.4.3.

The flux control coefficient for CPT | over ketogenesis, where both substrates have
been labelled, provides a quantitative assessment of the contribution of CPT | to
control flux over this pathway in response to the more ‘physiologically relevant’
substrate. This low value, which is almost identical to that obtained where only

octanoate is used as substrate (Figure 5.6), suggests that CPT | has a low capacity
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to control flux from this ‘physiological mix’. This may indicate that the control
exerted by CPT | over hepatic ketogenesis in vivo, in neonatal rats may be trivial.
Furthermore, the results from these experiments have potential implications in the
clinical environment, since, for example, treatments relating to disorders of ketone
body metabolism in neonates, which focus only at the level of CPT |, may be
unlikely to achieve the desired therapeutic result. The values of the flux control
coefficients presented in this chapter, therefore, supports the general conclusions of
Kascer et al., (1993) and Fell (1998) who have shown that it is often necessary to
alter more than one step to achieve changes in flux or product.

5.4.4 Potential implications for inborn errors of metabolism

Figure 5.5 demonstrates a threshold in ketogenic flux when it is plotted against
CPT | inhibition: until approximately 80% inhibition of CPT |, ketogenic flux
decreases slowly, beyond this point, however, ketogenic flux sharply decreases.
This result suggests that if only approximately 20% CPT | activity is present, for
example, due to low levels of expression, or defects in the enzyme itself, ketogenic
flux may be compromised, with resulting physiological implications for the individual.
However, below this threshold, the effects of a defect may not be observed. These
results are in broad agreement with those of Mazat et al., (1994, 1998), who have
used MCA, and in particular flux control coefficients, to investigate and explain some
of the consequences of inborn errors of metabolism, and found that thresholds can
be high. For example, using specific inhibitors to mimic a deficiency of a respiratory
complex, these workers found that 80% of inhibition of Complex | activity was
required in order to achieve substantial inhibition of respiration. Letellier et al,
(1998), have shown that a 70% deficit of cytochrome ¢ oxidase decreases the
oxidative flux by just 10%. Additionally, Kuznetsov et al., (1994) have shown, for
example, that there was no difference in maximal rates of respiration between
controls and brindled mice (which demonstrate severe copper deficiency and are
frequently used to model Menkes syndrome) even if the activity of cytochrome ¢
oxidase was 50% that found in normals, although the flux control coefficient for
cytochrome c oxidase was higher in the model compared to controls.

Mazat et al, (1998) suggested that metabolism may be very tolerant towards
enzyme deficiencies, due to the buffering power of metabolite intermediates. Such
behaviour is a consequence of the summation theorem, which states that the sum of
control coefficients is equal to 1, so that most of the control coefficients are low,
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suggesting that control of a pathway can be shared among various steps in the
pathway, rather than a single rate-limiting step (Kacser and Bums, 1979). Mazat et
al., (1998) also suggested that thresholds may provide an explanation for cases in
which the pathological state is only revealed under certain circumstances. Defects
in the pathways of fatty acid oxidation, for example, may not become apparent until
the individual experiences additional stress, such as fasting.

The work | have presented in these current studies has only considered CPT | in
neonatal liver, since the liver has such a central role in ketone body metabolism.
However, an investigation into the role of CPT | in control over carbon fluxes in other
tissues/organs would be of academic and clinical significance, particularly since
intestine and kidney, for example, can contribute to ketone body production at this
stage of development (Asins et al., 1995; Thumelin et al.,, 1993). Neither control
coefficients nor thresholds would necessarily be the same in different tissues.

5.4.5 Diet-related changes in the ability of CPT | to control carbon fluxes
Although probably not applicable over the time-scale of the experiments in this
study, it is interesting to note that the changes in the ability of CPT | to control
ketogenic flux in response to different substrates may result from changes in the
fluidity of the membrane in which CPT | resides. This will, in part, be determined by
the nature of the fatty acids present in the phospholipids. The major component of
the phospholipids of the outer mitochondrial membrane are phosphatidylcholine (44-
59%) and phosphatidylethanolamine (20-35%), with low levels of cardiolipin (3-
10%). However, the phospholipid fatty acid composition can be altered by changing
the fat load and the fatty acid composition of the diet, for example, linoleic, and
arachadonic acids are replaced with n-3 polyunsaturated fatty acids, following fish
oil diets (Power et al., 1994). This would effect CPT | activity and its sensitivity to
inhibition by malonyl-CoA (Clouet et al., 1995; Power et al., 1997). Furthermore,
investigations into the desensitisation of CPT | to malonyl-CoA, using fluorescent-
probe techniques, indicate that CPT | is also sensitive to changes in the membrane
core (rather than peripheral lipid order). Zammit et al., (1998) have shown that the
kinetic characteristics or CPT | are sensitive to changes in lipid composition that are
localised to specific membrane microdomains which may be related to changes in
the number of contact sites.
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CPT 1 also displays a marked difference in its kinetic behaviour towards various
acyl-CoAs and the pattern of substrate preference differs between species where
diets are qualitatively different. This has been suggested as providing further
support for the idea that modification to the kinetic properties of CPT | may be
modulated through the fatty acid composition of the diet (Power et al., 1997).

As discussed in Chapter 8, the investigations into the potential of CPT | to control
carbon fluxes, presented in this chapter, should be further expanded to consider the
effect of other nutrients usually present in the neonatal diet, for example, by the
addition of other factors to the experimental substrate mixture, such as amino acids.
In this way, it would be possible to provide a description of the control exerted by
CPT | over the pathways of fatty acid oxidation and ketogenesis, which is likely to be
of even more physiological significance.

5.46 Conclusions

The results from my work discussed in this chapter support the conclusions in
Chapter 3, namely, that during the suckling period, the control exerted by CPT | over
hepatic ketogenesis is low and that the overall control structure of the pathways
must be different in suckling compared to adult rats. My work suggests that it may
not be appropriate to consider CPT | as a ‘rate-limiting’ step over the pathways of
ketogenesis, at this stage of development. Furthermore, the very low values for the
flux control coefficients suggest that it may not be appropriate to consider CPT | as
‘rate-controlling’ and that the level of control exerted by CPT | over hepatic
ketogenesis in vivo, in neonatal rats may be very small.

These results also illustrate the threshold effect, which can explain some of the
clinical presentations of some inbom errors of metabolism, where an enzyme
deficiency may have little or no observable effect on flux through a metabolic
pathway, until a threshold is reached and, furthermore, may not become apparent
until the individual experiences additional ‘stress’. As discussed in the Section
1.2.4, CPT | deficiencies are frequently characterised by recurrent episodes of
Reye’s-like Syndrome, which may be associated with infection/endotoxin stimulation
i.e. an additional stress on the system (Section 7.1.5).
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Chapter 6
Analysing the role of CPT | in control of ketogenic flux in in vitro models of

neonatal sepsis

6.1 Introduction

There are many different experimental models of sepsis, both in vitro and in vivo,
but there are few studies of sepsis in the neonate. The purposes of the research
reported in this chapter were two-fold: firstly, to establish in vitro models suitable for
investigation of neonatal sepsis and secondly, to examine the role of CPT | in the
control of ketogenic flux in such models. Direct observations of hepatic function at
the biochemical level during sepsis are difficult to achieve due to the relative
inaccessibility of the liver. Within the Department of Paediatric Surgery, Institute of
Child Health, we have been modelling neonatal sepsis in freshly isolated liver cells
using a variety of approaches: for example, exposing isolated hepatocytes in vitro to
a range of doses of hydrogen peroxide (Patil et al., 1998; Romeo et al., 1999) or
nitric oxide (Romeo et al., 2000) or studying hepatocytes which have been isolated
from neonatal rats following intraperitoneal injection of lipopolysaccharide (LPS)
(Markley et al., 2000). Each of these models mimics the later stages of sepsis. In
the work | describe in this chapter, | aim to develop models that mimic the early
metabolic changes in sepsis and then use them to explore the role of CPT | at this
earlier stage. To achieve this, various agents involved in the ‘septic response’ were
added to hepatocytes during the isolation procedures (Section 6.2.1).

6.1.1 Sepsis

Sepsis is part of a broad-ranging clinical syndrome (systemic inflammatory response
syndrome, SIRS) which may progress from bacteraemia (where viable bacteria are
detected in the blood) to multiple-organ failure and death. The term “sepsis” itself is
used specifically when SIRS is derived from a proven infectious cause and evidence
of a systemic response to infection, such as tachycardia and hyperthermia, are
present (reviewed in Anderson et al., 1997). The symptoms of septic shock, such
as fever and metabolic derangements, arise as a result of the response of the
immune system of the host to infection, rather than the invading organism directly
injuring the host by secretion of toxins (Nanbo et al., 1999). The agents involved in
such a response are considered in Section 6.1.3.
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Despite medical advances, such as potent, broad-spectrum antibiotics,
improvements in perioperative care and resuscitation methods and considerable
scientific research, sepsis remains a major clinical problem with a high mortality rate
(Rackow et al., 1991; Thiermermann, 1995). In the United States, for example, the
incidence of septic shock (sepsis with hypotension) has been quoted to be as high
as 200,000 per annum, with 40% of these cases caused by gram-negative bacteria
(reviewed in Samra et al, 1996) which include Escherichia Coli and
enterbacteriaceae. Once septic shock has become established mortality rate has
been quoted as being between 50-75% (Maclaren, 1997). Investigations into the
regional/systemic metabolic alterations associated with sepsis, and in particular the
biochemical effects of the agents involved in the septic response, are of particular
relevance in neonates, who are at increased risk of sepsis because of their reduced
immune function (Lewis, 1998). In the neonate, sepsis and septic shock represent a

significant source of mortality and morbidity (Carcillo et a/., 1997).

6.1.2 Common causes of sepsis

Positioned between the portal and systemic circulation, the liver is the first organ to
be exposed to substances absorbed and translocated from the gut, which is a major
source of gram-negative bacteria. For example, E. Coli colonizes the infant bowel
soon after birth and represents a small fraction of total intestinal flora throughout life
(reviewed in Maclaren, 1997). Although the intestinal mucosal layer provides some
protection from intestinal flora, newboms and young infants are known to have an
immature mucosal barrier (Urao et al., 1999). Furthermore, damage to this layer,
arising for example, through inflammatory bowel disease, haemorrhagic shock,
trauma or reperfusion injury (reviewed in Samra et al., 1996) facilitates translocation
of intraluminal bacteria and toxins across the gut mucosa and allows them to enter
the portal circulation with subsequent contact with liver cells (O’Neil et al.,, 1997).
Given its position, and that it has a central homeostatic role, it should not be
surprising that the liver is one of the first organs to show metabolic alterations in
sepsis.

Gram-negative infection may arise for a number of other reasons. Sepsis is
particularly common in premature infants, infants with abnormal gastrointestinal flora
and/or those receiving total parenteral nutrition (TPN) (Pierro, 1996, 1998; Lewis,
1998). TPN is a method of nutritional support for patients for whom enteral feeding
may not be appropriate, for example, for infants with congenitial gastrointestinal
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abnormalities or very low birthweight newborns. However, despite its widespread
use for over 30 years, sepsis remains the most frequent serious complication of
TPN, with incidences as high as 20-30% (Yeung et al., 1998). Sepsis may arise for
a number of reasons, for example, as a result of infection at the entry site of the
catheter; contamination of the catheter and connections and/or contamination of the
TPN fluid during preparation/entry into the system (Yeung et al., 1998). In addition,
long-term TPN may increase the likelihood of bacterial translocation from the gut
mucosa (McAndrew et al., 1999).

Furthermore, individuals may be predisposed to sepsis, following impairment of their
host defence mechanisms, for example, following bumn injuries, diabetes and
treatment with immunosuppressive and/or chemotherapeutic agents (Rackow et al,,
1991).

6.1.3 Agents involved in the sepsis response

This chapter is concemed with sepsis arising from infection with gram-negative
bacteria, which are considered to be the initial agents involved in the septic
response. Gram-negative bacteria contain an outer membrane consisting of
polysaccharide, lipid and protein and it is essential at this stage to clarify the
terminology used to describe these components. The terms endotoxin and
lipopolysaccharide (LPS) are frequently, although incorrectly, used interchangeably
(Fink et al., 1990). In this thesis, LPS refers specifically to a purified, non-protein
fraction of the outer membrane of gram-negative bacteria, whilst the term endotoxin
refers to unpurified samples containing small amounts of cell wall proteins, lipids,
lipoproteins and polysaccharides in addition to LPS. The LPS used in the studies
presented here and the following chapter, was derived from E. Coli.

LPS is ampiphilic and comprises two main regions.

(i) The lipid region (known as lipid A) is the biologically active region of the LPS
molecule (Galanos ef al,, 1972). This hydrophobic region is embedded in the
outer leaflet of the membrane and is the most highly conserved part of the LPS
molecule, with little variation between species (Hull, 1997).

(i) The polysaccharide region renders the lipid water soluble and can itself be
divided into two key parts: the highly conserved core oligosaccharide region,
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and the o-polysaccharide region, which shows considerable variation, even
within the same species (Hull, 1997).

Observations following the incorporation of *C-labelled LPS into the membranes of
adult rat hepatocytes suggested that rather than binding to specific LPS-receptors,
LPS binds to components of the membrane bilayer and that this interaction induces
destabilisation of the membrane (Pagani et al., 1981). More recently, however,
using 'Zl-labelled LPS, Parent (1990) found that hepatocytes have high affinity
receptors for LPS. It has been found that LPS also binds to a specific glycoprotein,
LPS-binding protein, which is synthesized in the liver and that this binding is a
prerequisite for LPS-induced cell activation (Schumann et al., 1990). However, the
relationship between these receptors and the LPS-binding protein described by
Schumann et al., (1990) is unknown.

Exposure to LPS induces an acute response in the liver. This response consists of:

(@) a local reaction at the site of injury, characterised by a number of processes
such as aggregation of platelets, clot formation and the production of various
soluble, hormone-like agents, known as cytokines, and

(b) a systemic reaction, characterised by fever, changes in lipid metabolism and
changes in the concentration of various plasma proteins, known as acute
phase proteins (APPs) (Heinrich et al., 1990). These are involved in restoring
homeostasis following infection, tissue injury or immunological disorders
(Miller, 1951). APPs can be divided into two broad groups, type | and type Ii,
although their precise roles and interactions are still unclear. Following
infection, the liver is almost exclusively responsible for the synthesis of both
types of APP.

There is a well-defined temporal cascade following exposure to LPS, which involves
various cytokines. Cytokines can be broadly defined as a family of cell signalling
peptides produced by a wide variety of cells following stimulation. Hepatocytes, for
example, are capable of both producing and responding to a number of different
cytokines (Simpson et al, 1997). Generally, cytokines are not produced
constitutively, but are generated in response to various stimuli, such as the
presence of products of bacterial origin in the bloodstream. Two of the most
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prominent cytokines linked to sepsis are tumour necrosis factor-alpha (TNFa) and
interleukin-6 (IL6). The temporal appearance in plasma of a number of cytokines
following a challenge with LPS is shown in Figure 6.1. Similar patterns have been

found in a range of animal models and clinical investigations (Sullivan et ai, 1992).
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Figure 6.1 Schematic representation detailing the time course of cytokine

appearance in plasma

Adapted from Anderson et ai, 1997.

The first agent to appear following endotoxin/LPS challenge is TNFa. It belongs to
a family of molecules, which display similar biological activity but have varying
degrees of structural relationships (Old, 1985). TNFa is produced by a variety of
different cells, including monocytes and adipocytes, but predominantly
macrophages. Although macrophages are present in several organs, the largest
population of tissue macrophages is the Kupffer cells in the liver, which is likely,
therefore, to play a substantial role in the production of TNFa. LPS of gram-
negative bacteria are the most potent stimulators of TNFa production, although viral,
fungal and parasitic agents can also stimulate synthesis. There are two types of
hepatocyte receptors for TNFa (Moshage, 1997). TNFa binding may induce a wide
variety of intracellular second messenger mechanisms including: stress-activated

protein kinase, tyrosine kinases and reactive oxygen species (Simpson at ai, 1997).
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TNFa has a broad spectrum of biological activity (Grunfeld et al., 1990, 1991). |t
may act via mediation through hormones, by direct action and/or through interaction
with other cytokines. Depending on its concentration and site of secretion it can
have different functions. For example, at low concentrations, TNFa has been
associated with tissue repair, at slightly higher concentrations it can lead to tumour
necrosis and may also damage normal tissues, whilst at higher concentrations, it
can lead to lethal toxic shock syndrome (Stadler et al., 1991; Bazzoni et al., 1996).
In the liver, TNFa can induce type | APPs (Mosage, 1997) and may induce necrosis
and/or apoptosis in hepatocytes via a direct mechanism and indirectly, via induction
of NO synthase (reviewed in Simpson et al., 1997; Ayala et al., 1998). TNFa is also
capable of stimulating the production of other cytokines, including IL1 and IL6
(Mclintosh et al., 1989).

Like TNFa, IL1 is capable of inducing type | APPs, however, it may inhibit the
induction of type 1l APPs (Mosage, 1997). Additionally, IL1 induces other cytokines,
including IL6, in a wide variety of cell types. IL6 is believed to be involved in the
pleiotrophic effects of IL1 and appears in the plasma after TNFa and IL1 (Figure
6.1). It is synthesised by many different cell types but endothelial cells, fibroblasts
and monocytes/macrophages are believed to be the major sources during systemic
infection. This cytokine has a strong pyrogenic activity (Helle et al., 1988). There is
much uncertainty about hepatic IL6 receptors. Some research suggests the
presence of low numbers of receptor sites (approximately 1500 IL6
receptors/hepatocyte) (Hipp, unpublished work discussed in Heinrich et al., 1990),
and since IL6 results in significantly raised APP synthesis, this suggests an efficient
amplification system (Heinrich et al., 1990). Castell and co-workers (1989) have
proposed that in rodent hepatocytes or hepatoma cell lines, TNFa is an important
mediator of APP synthesis, whereas in adult human hepatocytes, IL6 is the major
APP inducer.

From this brief introduction to some of the agents involved in the septic response, it
can be seen that the liver is capable of a wide range of responses to infection.
However, the precise biochemical effects are not fully understood. It is important to
recognise that not only do these agents have varied individual effects, which depend
on many factors, but also their effects may be altered and different when they are

133



Chapter 6: CPT | (control of ketogenic flux in neonatal sepsis)

present in combination. These interactions have been reviewed by Vilcek (1998),

but in summary:

cytokines tend to have multiple target cells and multiple actions;

o different cytokines may have similar actions;

e exposure of cells to two or more cytokines at the same time may lead to
qualitatively different responses;

e a cytokine may increase or decrease the production of another cytokine;

e a cytokine may increase or decrease the expression of receptors for another
cytokine or growth factor;

e a cytokine may increase or decrease signalling by receptors for another

cytokine or growth factor.

It has been suggested that circulatory levels of TNFa and IL6 correlate with mortality
rates, which may indicate their importance in the pathogenesis of sepsis (Damas et
al., 1991; Sullivan et al., 1992; Roumen et al., 1993), although such relationships
are controversial (Pinsky et al., 1993) and standardised assay techniques need to
be established (Kossodo et al., 1995).

LPS and various cytokines have been implicated in the generation of reactive
oxygen species (ROS) (Figure 6.1) such as superoxide, hydrogen peroxide,
hydroxyl radicals and nitric oxide These highly reactive, but short-lived chemical
species are produced during a number of normal physiological processes, including
mitochondrial metabolism (considered further in Chapter 7) and by neutrophils and
macrophages during the ‘respiratory burst’. Intracellular components are protected
from the adverse effects of ROS by a number of endogenous ROS scavenging
enzymes, such as superoxide dismutase Such scavengers interact with free
radicals but do not in tum produce self-propagating chain reactions. However,
oxidative stress may occur where there is an imbalance between ROS production
and antioxidant activity. Enhanced generation of ROS has been proposed as an
explanation of cellular injury in sepsis (Portolés et al., 1993; Taylor et al., 1995).

6.1.4 Fatty acid oxidation and ketogenesis during sepsis
Although there has been considerable scientific and clinical research, there is still
much uncertainty with regards to fatty acid oxidation and ketogenesis during sepsis.
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In this section, | will briefly consider some recent literature (in which sepsis is
modelled in a variety of systems) which are relevant to these pathways.

Some studies have suggested that several organs may demonstrate altered fuel
preferences during sepsis. Romanosky et al., (1980) found that following LPS
treatment, the uptake and oxidation of long-chain fatty acids was decreased in
skeletal muscle. Other groups, however, have shown that during sepsis, fat is the
preferred fuel for oxidation (Stoner et al., 1983; Nanni et al., 1984).

The rate of fat oxidation is in part determined by the plasma concentration of non-
esterified fatty acids (NEFA) (Groop et al., 1991; Ebeling et al., 1994), therefore it is
important to consider how the concentration of NEFA is effected by sepsis. There
is, however, some conflict in the literature regarding the effect of sepsis on NEFA
concentration. Some studies have reported raised plasma NEFA concentrations in
patients with sepsis (Lefevre et al., 1988) whilst normal and depressed levels have
also been observed (Neufeld et al,, 1976; Kuzin et al., 1984). During sepsis, fat
mobilization has been reported to be greater than fat oxidation (Nordenstrém et al.,
1983), which may imply a degree of cycling (Wolfe et al., 1987, 1991). In such a
‘triglyceride-fatty acid cycle’ fatty acids are released at a rate in excess of their
oxidation. A ‘recycling process’ occurs, whereby non-oxidized fatty acids are re-
esterified back into triglyceride. These newly formed triglycerides are transported
from the liver via very low density lipoproteins to peripheral adipose tissue for
storage (Wolfe, 1991). Under some ‘stress’ conditions, it has been found that the
percentage of fatty acids released by lipolysis, which are then re-esterified increases
from ‘normal’ levels of approximately 50% to greater than 65% (Wolfe et al., 1987).

Memon et al., (1998) have used endotoxin and cytokines to investigate the effects of
sepsis on the expression of fatty acid transport protein (FATP) and fatty acid
translocase (FAT), which are involved in the transport of fatty acids across biological
membranes. These workers found that LPS or cytokine administration decreased
FATP mRNA levels in the liver by approximately 80%, but increased FAT mRNA
expression fivefold. These workers suggested that FATP may be involved in the
transport of fatty acids towards mitochondria for oxidation, which has been reported
as decreased during sepsis, whilst FAT may be involved in the transport of fatty
acids to the cytosol for re-esterification.

Recently, Memon et al.,, (1999) have investigated the in vivo effects of LPS and
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cytokines on FABPs in liver. As discussed in Chapter 1, these proteins facilitate the
diffusion of fatty acids through the aqueous medium of the cytosol to membrane-
bound enzymes. Administration of LPS and cytokines lead to a substantial
decrease in FABP mRNA levels and protein content, which these workers suggest
was likely to contribute to the decrease in fatty acid oxidation frequently observed
during sepsis. Additionally, LPS and cytokines have been found to alter acyl-CoA
synthase (ACS) mRNA levels and activity (Memon et al,, 1998). As previously
discussed, ACS are involved in the activation of fatty acids to acyl-CoA esters.
Following exposure to LPS and cytokines, Memon et al,, (1998) found a decrease in
mitochondrial ACS mRNA levels and activity, which would be in accordance with the
reduced fatty acid oxidation reported during sepsis. These workers also found that
microsomal ACS activity was enhanced, which they suggest supports the
reesterification of fatty acids for triglyceride synthesis which is frequently reported
during sepsis.

Neufeld, (1976) reported that anorexia is a characteristic of mammals subjected to
infectious diseases. As discussed in the preceding chapters, in the absence of an
adequate food intake, alternative substrates are oxidized to produce energy by
compensatory mechanisms. In non-septic animals, during prolonged and/or acute
starvation, part of this compensatory mechanism involves a lowered malonyl-CoA
concentration. This results in a decreased inhibition of CPT | and permits the
diversion of long-chain fatty acids into the mitochondria for oxidation (McGarry et al.,
1989). This in tum leads to increased levels of ketogenesis and the resulting
acetoacetate and B-hydroxybutyrate are transported from the liver, to be used as an
alternative energy source by peripheral tissues and organs, including the brain
(Nehlig et al.,, 1993; Nehlig, 1996). This mechanism reduces the need for energy
derived from glucose, which in tum spares body protein by decreasing the rate of
amino acid usage for gluconeogenesis (Wannemacher et al., 1979). However, in
experimental and human sepsis, there is a failure to mount this compensatory
response, and ketogenesis does not increase, despite raised glucagon, cortisol and
catecholamine concentrations (Neufeld et al., 1976; Kaminski et al., 1979; Neufeld
et al., 1980; Vasconcelos et al.,, 1987). Under such conditions, skeletal muscie
proteolysis is accelerated, supplying amino acids for the synthesis of APPs and
gluconeogenesis (Pailla et al., 1998) and critically ill patients with sepsis frequently
demonstrate a progressive loss of body cell mass and develop malnutrition
(Chioléro et al., 1997).
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In addition to reduced ketogenesis, the hypoketonaemia frequently observed during
sepsis could result from an increased use of ketone bodies. There is still some
controversy regarding this matter, since although there are several studies which
shown that this unlikely:

e the rate of ketone body clearance is unaffected in sepsis or surgical stress,
despite marked hypoketonaemia (Schofield et al., 1987),

o whilst the liver is the primary site of ketogenesis it is unable to metabolise ketone
bodies at an appreciable rate (McGarry et al., 1980); and

e studies using labelled acetoacetate and B-hydroxybutyrate have not found an
increased useage by peripheral tissues, in septic rats compared to controls
(Wannemacher et al., 1979).

However, Lanza-Jacob et al., (1990), have recently reported that in fed and fasted
rats treated with E. coli, the observed reduction in ketogenesis could be attributed to
both impaired ketogenic capacity and increased peripheral utilization.

6.1.5 Control of ketogenesis during sepsis: the role of CPT |

Given the traditional view of its role as a control point for fatty acid oxidation and
ketogenesis, as discussed in the introduction to Chapter 3, much research has
focused on the effects of sepsis on CPT |. In rats, the activity of CPT | has been
found to be decreased after LPS administration (Takeyama et al, 1989).
Furthermore, in mitochondria isolated from rats that had received an intraperitoneal
injection of LPS, it was found that octanoate oxidation, which can be considered as
largely CPT | independent (although see Section 5.4.1) was unaffected, whereas the
oxidation of palmitoyl-CoA (CPT | dependent) was significantly reduced (Takeyama
et al., 1990). These workers suggested, therefore, that the enzymes of B-oxidation,
CPT Il and intramitochondrial acyl-CoA synthase were not affected by LPS
administration, that they may have little contribution to the failure of the ketogenic
response during the fasting associated with endotoxemia and that the contribution of
CPT | to control ketogenesis may be increased under certain conditions.

The hypothesis that control of fatty acid oxidation and ketogenesis is exerted at the
level of CPT | during sepsis is further supported by Wannemacher et al., (1979).
They found that in a sepsis model where adult rats were injected subcutaneously

with S. pneumoniae, a 29% decrease in ketogenesis was observed when the long-
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chain fatty acid, oleic acid was used as substrate. However, when the medium-
chain fatty acid, octanoate was used, S. pnem. infection had little effect on the rate
of ketogenesis in treated groups compared to controls. Additionally, in another
experimental model of sepsis (caecal ligation and puncture) studies comparing the
short-chain fatty acid, butyrate, to the long-chain fatty acid, oleate, have also shown
that hepatic ketogenesis was not decreased with the short-chain fatty acid, whilst it
was depressed when the long-chain fatty acid was used as substrate (Vasconcelos
et al, 1987). These workers, therefore, suggested that the site of inhibition of
ketogenesis in the septic liver may be the entry of long-chain fatty acids into the
mitochondria, i.e. at the level of CPT | and that modulation of CPT | activity during
sepsis may be through changes in the concentration of malonyl-CoA.

Interestingly, glucagon levels have been shown to be raised during bacterial
infection (Neufeld et al, 1982). Typically, this would be expected to lead to
increased ketogenesis, since under such conditions acetyl-CoA carboxylase is
phosphorylated to its inactive form, leading to a decrease in malonyl-CoA
concentration and subsequently decreasing CPT | inhibition. Additionally, raised
glucagon would be expected to increase the activity of mMHMG-CoA synthase due to
decreased succinylation of this enzyme, which would also increase ketogenesis
(Quant et al, 1989). However, it has been suggested that during sepsis, the
stimulatory effects of glucagon on ketogenesis and gluconeogenesis may be
antagonized by raised plasma insulin levels (Vasconcelos et al., 1987). Elevated
insulin would stimulate acetyl-CoA carboxylase by dephosphorylation (Witters et al.,
1988), which in tum would increase malonyl-CoA levels, thus depressing
ketogenesis. In support of this, several studies have reported hyperinsulinemia in
sepsis (Zensor et al., 1974; Neufeld et al., 1980; Hargrove et al., 1983). However,
Spitzer et al., (1988) have reported unchanged plasma insulin levels during sepsis
and others workers have been unable to find a relationship between insulin levels
and the degree of impairment of ketogenesis (Beylot et al., 1989). However, Beylot
and co-workers suggested that the persistent insulin secretion by subjects in their
study may have been sufficient to restrain ketogenesis.

When considering the effect of sepsis on malonyl-CoA specifically, the literature
again presents a conflicting picture. In a sepsis model where adult rats were
injected with S. pnem, no difference in the hepatic concentrations of malonyl-CoA
was found in the infected rats compared to controls (Wannemacher et al., 1979).

However, in studies where adult rats received an injection of TNFa an approximate
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three-fold increase in hepatic malonyl-CoA concentration was found (Memon et al.,
1992). In other studies, where adult rats received TNFa via intraperitoneal injection,
increases in the concentration of malonyl-CoA were also observed (Beylot et al,,
1992) and these workers suggested the increase was due to TNFa increasing levels
of hepatic citrate. From studies using an in vitro adult rat hepatocyte model, where
cytokines were added to isolated hepatocytes, Nachiappan et al., (1994) proposed
three mechanisms to account for the accumulation of citrate during sepsis. Firstly, it
could result from a redirection of alanine carbon away from gluconeogenesis into the
TCA cycle. Secondly, citrate could accumulate due to the inhibition of aconitase in
the TCA cycle. Altematively, they suggest that citrate could accumulate due to
increased acetyl-CoA input into the TCA cycle. Regardless of the mechanism of
increase, as an allosteric activator for acetyl-CoA carboxylase, increased levels of
citrate would lead to increased malonyl-CoA levels and subsequently decreased
CPT | activity. This would divert hepatic fatty acid metabolism away from oxidation
and ketogenesis and towards re-esterification (Nachiappan et al, 1994).
Additionally, Takeyama et al., (1990) have reported that CPT | becomes 5-fold more
sensitive to malonyl-CoA inhibition in endotoxic rats.

Other workers, however, have questioned the importance of CPT | in controlling
ketogenesis during sepsis. In a sepsis model where hepatocytes were isolated from
adult rats, cultured and exposed to TNFa and/or IL6, a decrease in ketogenesis was
observed when octanoic acid was used as substrate (Pailla et al., 1998). Although
as seen in Section 5.4.1, it is apparent that some octanoate enters mitochondria via
the three-step transport system which includes CPT I, the majority of octanoate is
oxidized independently of these steps, and this result therefore questions the role of
CPT 1 in controlling flux under these experimental conditions. Furthermore, in an
experimental system where TNFa was added to hepatocytes isolated from starved
rats, there were no changes in ketogenesis and palmitate metabolism (Rofe et al.,
1987). It has, however, been suggested by others that this failure to see an effect in
isolated hepatocytes is because TNFa does not necessarily work in isolation and an
intraperitoneal injection of TNFa into adult rats decreased ketone body
concentrations relative to controls, which was related to decreased ketone body
production, and unchanged ketone body clearance (Beylot et al., 1992).

A further factor to be considered is that TNFa on its own produces alterations in

hepatic fatty acid oxidation within a narrow concentration range. Outside of its bell-
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shaped concentration dependency curve, the inhibitory effects of TNFa on fatty acid
oxidation are diminished (Nachiappan et al., 1994). These workers also found that
in hepatocytes isolated from adult rats which were subsequently exposed to IL6, this
cytokine also had a direct effect on fatty acid oxidation and when used in
combination, TNFa+IL6 produced significantly increased inhibition of ketone body
production (31%) as compared with either TNFa or IL6 on its own. In addition, the
cytokine-induced inhibition observed during these studies was specific for long-chain
fatty acids (Nachiappan et al,, 1994), supporting the earlier conclusions from work
using LPS.

Although CPT | gene expression is significantly increased following starvation under
‘normal’ conditions, in a rat model of peritoneal sepsis superimposed on starvation,
hepatic CPT | gene expression is inhibited, partly due to increased expression of the
leucine-zipper DNA transcription factor c-fos (Barke et al., 1991, 1996). These
workers suggest that this down-regulation, which is observed 12 hours after the
initial insult, may be responsible, at least in part, for decreased ketogenesis
following sepsis.

In summary, therefore, there appears to be a variety of abnormalities in hepatic lipid
metabolism during sepsis. Whilst the precise mechanisms of these alterations are
unclear, several lines of evidence have suggested that sepsis may have an effect on
the entry of long-chain fatty acids into the mitochondria, i.e. at the step catalysed by
CPT I. To date, there has been no quantitative assessment of the potential of CPT |
to control flux during sepsis.

6.1.6 Aims of this section

In this Chapter, | aim to develop in vitro models of neonatal sepsis which may be
used to assess quantitatively the role of CPT | in control of ketogenic flux during
sepsis. To achieve these aims, | will investigate the effects on cell yield and viability
of the addition of various agents known to be involved in the septic response,
specifically, LPS, TNFa and LPS plus TNFa (LPS+TNFa) and LPS plus TNFa plus
IL6 (LPS+TNFa+IL6) during the hepatocyte isolation procedure. To assess the
potential of CPT | in the control of ketogenic flux during sepsis BUCA will be applied
to in vitro models (New et al., 2000).
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6.2 Theory and approaches
6.2.1 Isolation of hepatocytes in the presence of lipopolysaccharide
(LPS) and/or tumour necrosis factor a (TNFa), interleukin 6 (IL6)

Suckling rat pups, of the same age range as described in Section 2.1.2 were used in
the experiments detailed in this chapter. For each experiment, the hepatocyte
isolation procedures were carried out in parallel for the control and treated groups,
each using 5 pups from the same litter per preparation. The procedures for liver
removal/cell isolation were as described previously (Section 2.2.1), with
modifications as set out below.

To mimic an initial bacterial insult, hepatocytes were exposed to LPS and/or TNFa
and/or IL6, agents that are known to induce the septic response (Table 6.1). In this
manner, the agents were added in measured and controlled doses, which ensured
reproducibility of the septic challenge.

Agent Details Dosage

Lipopolysaccharide | e E Coli serotype 055:B55 Full dose: 3 additions of 200l

(LPS) e6mg in 600! KRP e Half dose: 3 additions of 100yl
Tumour necrosis ¢ Human recombinant o Full dose: 3 additions of 50ul
factor (TNFo) ¢ Endotoxin <10 EU/mi o Half dose: 3 additions of 25ul

e 4ul in total 200ul KRP

Full dose: 3 additions of 30pl

. ¢ Human natural
Interteukin 6 (1L6) Half dose: 3 additions of 15l

e Endotoxin <10 EU/mI

Table 6.1 in vitro model of neonatal sepsis: agents used during cell
preparation
All agents purchased from Sigma, Poole, Dorset, U.K.

In treated groups, the appropriate agent(s) were added at the start of the pre-
incubation stage of the isolation procedure described in Section 2.2.1 (i.e. at the
start of stage (a)) and again at the beginning of the 40min incubation stage (i.e.
during stage (c)) when the original medium was replaced. The third and final
addition of agent(s) was at the end of the cell isolation procedure, when cells had

been isolated and had been resuspended in “incubation medium”, prior to
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experimentation. In control groups appropriate volumes of KRP were added to the
incubations at the same key stages. Where agents were used in combination, the
same ‘dosage’ was used as when the agents were added individually (Table 6.1).
LPS was stored at 4°C and solutions prepared daily. TNFa and IL6 were aliquoted
into single dose samples on purchase, which were stored at -40°C and thawed prior

to use.

6.2.2 Application of BUCA in control and treated hepatocytes

This section describes the system used to quantitatively assess the potential of
CPT 1 to control flux from palmitate to ketone bodies (acid soluble products, ASP) in
control hepatocytes isolated from suckling rats and in hepatocytes exposed to
LPS+TNFa or LPS+TNFa+IL6 during the cell isolation procedure. The system for
BUCA is essentially the same as that used in Chapter 3 and is detailed in Scheme
6.1.

Control or
Treated
Hepatocytes
miochondria
Jasp (system flux) -
~ ASP
Palmitate CPT I
—> P-CoA ——> >

Scheme 6.1 Hepatocyte BUCA system

The scheme is represented by a green box and represents the system for calculation of the

flux control coefficients for CPT | with respect to ketogenesis (CC{%’, ), in control or treated

hepatocytes. P-CoA represents palmitoyl-CoA, ASP, acid soluble products and Jasp,
ketogenic flux.

As before, in Chapters 3, 4 and 5, the extrahepatic control exerted by non-esterified
fatty acid supply to the liver has been excluded by using isolated hepatocytes
incubated with a fixed concentration of fatty acid. The activity of CPT | was
progressively inhibited with increasing concentrations of etomoxir. The system was
allowed to relax to a new steady state and ketone body production assessed

(Sections 2.2.4). The flux control coefficients for CPT | with respect to ketogenesis
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were calculated using the data in Figures 6.7-6.8 and Figures 6.11-6.12, the Simfit
package (Bardsley et al., 1997) to calculate initial slopes and the following equation:

& ysp

Equation 6.1: Jasp — Jasp
CCPTI - Hepry

Veprr (i=0)

where CZ%  is the flux control coefficients of CPT | over ketogenesis at zero

inhibitor (etomoxir-CoA) concentration (i = 0). vcep represents the activity of CPT |,
ASP represents acid soluble products. & represents infinitesimal changes (i.e. tend

to zero).

6.3 Results
6.3.1 Effect on cell yield and viability of addition of LPS, TNFa and/or IL6
during the hepatocyte isolation procedure

With the exception of the experiments investigating the effect of 2 dose
LPS+TNFa+IL6, where there was a small sample size and a large scatter of values
in the control group, the addition of these agents, either singly or in combination
during the hepatocyte isolation procedure, resulted in a significant decrease in cell
yield in the treated groups compared to appropriate paired controls (Table 6.2).

The cell viability of resulting preparations was not significantly different in treated
groups and controls, with the exception of the LPS exposed group, where there was
a significant decrease in viability of isolated cells compared to controls (Table 6.2).
It is not clear why LPS on its own would lead to a significant decrease in cell
viability, whereas in combination, it showed no effect. It must be emphasised,
however, that cell preparations with viability less than 85% were not used for any
experiments.

Absolute values for total cell yield, in terms of (10° cells) (g wet mass liver)" and
yield after correcting for viability are provided in Table 6.3.
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Cell yield Cell yield

Number of ((10® cells) (g wet mass liver)'?) ((10® viable cells) (g wet mass liver)*™)

Agent(s) added during hepatocyte

hepatocyte isolation preparations Control Treated cells Control Treated cells
LPS 13 37.3 £3.0 297 £+2.9 32.8 +2.6 257 +2.3
TNFa 7 42.8 4.4 31.5 ¥4.7 36.8 +3.7 27.0 £4.0
LPS+TNFa 40 351 £1.5 29.8 +1.6 31.2 +1.3 26.4 1.4

% LPS+TNFa 3 36.9 £2.0 26.2 +2.8 32.0 +1.8 227 2.6
LPS+TNFa+IL6 31 30.9 +1.1 27.5+1.2 27.4 1.0 24.4 +1.1

% LPS+TNFa+IL6 4 31.9 +5.6 24.6 +2.0 28.0 +4.7 21.4 1.6

Table 6.2 Absolute cell yields following addition of LPS and/or cytokines during hepatocyte isolation procedure

See Table 6.2 for details. The cell isolation procedures for the control or treated cells were performed in parallel. Cell number and viability were
assessed by trypan blue exclusion (Section 2.2.1). Cell preparations with viability less than 85% were not used for experiments.
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Agent(s) added during

Number of
hepatocyte

Mean difference in cell yield

Mean difference in cell

hepatocyte isolation preparations ((10® cells) (g wet mass liver)’™) P viability (%) P
LPS 13 -7.6 £3.2 p<0.05 -1.8+0.8 p<0.05
TNFa 7 -11.2 £3.0 p<0.05 -0.3 0.3 NS
LPS+TNFa 40 -5.3 ¥1.7 p<0.05 -0.4 0.4 NS
% LPS+TNFa 3 -10.7 £ 1.2 p<0.05 -0.3 £1.2 NS
LPS+TNFa+IL6 A -3.4 +1.2 p<0.05 -0.03 +0.5 NS
\: LPS+TNFa+IL6 4 -7.3%4.3 NS -2.0 £2.0 NS
Table 6.3 Effect of addition of LPS and/or cytokines during hepatocyte isolation procedure on hepatocyte yield and

viability

The cell isolation procedures for the control or treated cells were performed in parallel. Values are mean differences * SEM, where mean
difference has been calculated as the difference in cell yield between treated cells and paired control. Results were analysed using the paired
Student’s / test (since two sets of five livers from the same litter are compared). NS = not significant. Cell number and viability were assessed by

trypan blue exclusion (Section 2.2.1). Cell preparations with viability less than 85% were not used for experiments.
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6.3.2 Effect of addition of LPS+TNFa on hepatocyte gross morphology

Electron microscopy was used to investigate the effect of LPS+TNFa on cel'
ultrastructure (Figure 6.2). No gross morphological differences were observed
between LPS+TNFa treated and control hepatocytes: in both cases the cell
membranes appeared intact, smooth endoplasmic reticulum was abundant and

mitochondria appeared intact with well-formed cristae.

(a) Control hepatocytes

(b) Treated hepatocytes

Figure 6.2 Effect of addition of LPS+TNFa during hepatocyte isolation on
the ultrastructure of isolated heptocytes

incubations were carried out in parallel with the oxygen consumption experiments reported in
Chapter 7, except that after a SOmin incubation, cell suspensions were centrifuged and th3
resulting pellets were fixed in 2.5% glutaraldehyde and 0.1 mol/L cacodylate buffer.
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6.3.3 Effect of addition of LPS+TNFa+ILB on hepatocyte gross morphology

Electron microscopy was used to investigate the effects of this combination of
agents on cell ultrastructure (Figure 6.3). As in the previous combination model, no
gross morphological differences were observed between LPS+TNFa+IL6 treated
and untreated control cells. However, in both control and treated cells, whilst the

cell membrane appears intact, slight blebbing was visible.

(a) Control hepatocytes

(b) Treated hepatocytes

Figure 6.3 Effect of addition of LPS+TNFa+IL6 during hepatocyte isolation
on the ultrastructure of isolated heptocytes

Incubations were carried out in parallel with the oxygen consumption experiments reported in

Chapter 7, except that after a SOmin incubation, cell suspensions were centrifuged and the

resulting pellets were fixed in 2.5% glutaraldehyde and 0.1 mol/L cacodylate buffer.
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6.3.4 Effect of LPS, TNFa and/or IL6 on ketone body production
The formation of labelled acid soluble products (['“CJASP), as a measure of ketone

body production over time was assessed for the following groups:

i.  untreated controls paired with the appropriate treated groups;
ii. hepatocytes exposed to LPS alone;
iii. hepatocytes exposed to TNFa alone;
iv.  hepatocytes exposed to LPS+TNFa,; and
v. hepatocytes exposed to LPS+TNFa+IL6.

In all cases, production of [14C]ASP was linear over time and was unchanged
between control and treated groups over the 60min period. For clarity, results
where agents were used singly, with appropriate paired controls, are shown in
Figure 6.4(a) whilst those for experiments where agents were used in combination
(i.,e. LPS+TNF and LPS+TNF+IL6, with appropriate paired control groups) are
shown in Figure 6.4(b).
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(b) Experiments where agents have been used in combination

(a) Experiments where agents were used singly
2 N 300
nT " .
‘ i . 250-
fly 150- Uu o
o
© 200.
° )
100. — 150-
3 100-
50- .
c I so0-
(1
0 20 40 60 0 20 40 60
Time(min) Time(min)
A Control (LPS) e LPS Control (LPS+TNFa+IL6) A LPS+TNFa+IL6
A Control (TNFa) ¢ TNFa Control (LPS+TNFa) VLPS+TNFa

Figure 6.4 Formation of f AC]JASP over time
Control and appropriate treated preparations were performed in parallel. Substrate; [1-*"C]palmitate, 0.5mM final concentration, 0.4pCi nmol ', in
KRB, 2% BSA). Values are means * SEM, n=5 parallel hepatocyte preparations for control and LPS models, n=5 for control and TNFa models,

n=8 for control and LPS+TNFa models, and n=5 for control and LPS+TNFa+IL6 models. Hepatocyte preparations with viability greater than 85%

were used for experiments.
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6.3.5 Effect of combinations of LPS, TNFa and/or IL6 on the role of CPT 1 in

control of carbon flux from palmitate

(a) CPT | activity in control and LPS+TNFa treated groups

Figure 6.5 shows the effect of manipulations of CPT | activity, using a range of
concentrations of etomoxir (OuM-100uM). In control and LPS+TNFa-treated groups
approximately 75% inhibition of CPT | activity was observed at 100uM. As in
Chapter 3, this suggested that the possible contribution of CPT Il to the measured
activity is relatively low. In control and LPS+TNFa-treated groups the activities of
CPT | in the absence of etomoxir were 194 + 56 and 120 + 7 nmol h™ (10° cells)™
respectively. No significant differences in CPT | activity were observed between

LPS+TNFa-treated and control groups.

(b) ASP formation in control and LPS+TNFa treated groups

Figure 6.6 shows the effect of a range of concentrations of etomoxir (OuM-100uM)
on ketogenic flux, as assessed by formation of acid soluble products in control and
LPS+TNFa-treated groups. 100uM etomoxir caused approximately 90% inhibition
of B-oxidation flux, suggesting that the contribution of peroxisomal B-oxidation in
these models is low. No significant difference in ketone body production was
observed between control and LPS+TNFa-treated groups. In the absence of
etomoxir, the absolute rates of [1"*C]palmitate consumption were 35 + 2 and 37 + 2
nmol h™* (108 cells)™ in control and LPS+TNFa-treated groups respectively, whilst
rates of formation of [“CJASP were 139 + 6 and 149 + 6 nmol h™ (10° cells)™ in

control and LPS+TNFa-treated groups.

(c) Application of BUCA in control and LPS+TNFa treated groups

Figure 6.7 and 6.8 show the data from Figures 6.5 and 6.6 combined on to single
graphs, one each for control and treated groups. This enables easier comparison of
the curves used in the calculation of the individuai flux control coefficients for CPT |
over ketogenic flux, which are summarised in Table 6.4.
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Figure 6.6 Effect of etomoxir on ketogenic flux in control and LPS+TNFa treated groups

Hepatocyte preparations with viability greater than 85% were used for experiments. Control and LPS+TNFa-treated preparations were performed in
parallel and were incubated with etomoxir for 10 min. Substrate; [1-*AC]palmitate, O.SmM final concentration, 0.4]iCi }imor\ in KRB, 2% BSA).
Values were normalised by expressing them as a percentage of those obtained in the absence of etomoxir. Values are means * SEM, n = 10

parallel hepatocyte preparations.
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calculation of flux control coefficients. See legend for Figures 6.5 and 6.6 for more detail.
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(d) CPT 1 activity in control and LPS+TNFa+IL6 treated groups

Figure 6.9 shows the effect of manipulations of CPT | activity, using a range of
concentrations of etomoxir (OuM-100uM) in control and LPS+TNFa+IL6 treated
groups. As seen in Figure 6.5, approximately 70% inhibition of CPT | was observed
in the control group whereas only approximately 60% inhibition was observed in the
LPS+TNFa+IL6 treated group. In control and LPS+TNFa+IL6-treated groups the
activities of CPT | in the absence of etomoxir were 168 + 13 and 145 + 16 nmol h”
(108 cells)™ respectively. There was no significant difference in CPT | activity
between LPS+TNFa+IL6-treated and control groups in the absence of etomoxir. In
the presence of maximal etomoxir, however, CPT | activity in the controls was 31.1
+ 2.1%, which was significantly lower than in the LPS+TNFa+IL6-treated group,
43.9 + 3.1% (p<0.05).

(e) ASP formation in control and LPS+TNFa+IL6 treated groups

Figure 6.10 shows the effect of a range of concentrations of etomoxir (OuM-100uM)
on ketogenic flux, as assessed by formation of acid soluble products in control and
LPS+TNFa+IL6 treated groups. In both control and LPS+TNFa+IL6 treated groups,
the maximum concentration of etomoxir used in these experiments caused
approximately 90% inhibition of B-oxidation flux. Therefore the contribution of
peroxisomal B-oxidation in these models appears to be low. No significant
difference in ketone body production was observed between control and
LPS+TNFa+IL6-treated groups. The absolute rates of [17*C]palmitate consumption
were 42 + 4 and 45 + 3 nmol h” (10° cells)™ in control and LPS+TNFo+IL6-treated
groups respectively, whilst rates of formation of ['*CJASP were 168 + 17 and 180 + 9
nmol h™' (10° cells)"in control and LPS+TNFa+IL6-treated groups.

(f) Application of BUCA in control and LPS+TNFa+IL6 treated groups
Individual flux control coefficients for CPT | over ketogenic flux in control or
LPS+TNFa+IL6 treated groups (Section 6.2, Equation 6.1) were calculated from the
data presented in Figures 6.11 and 6.12 for the control and treated cells
respectively. This enables easier comparison of the curves, which have been used
in the calculation of the individual flux control coefficients for CPT | over ketogenic
flux, summarised in Table 6.4.
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Hepatocyte preparations with viability greater than 85% were used for experiments. Control and LPS+TNFa+IL6-treated preparations were
performed in parallel and were incubated with etomoxir for 10 min. Values were normalised by expressing them as a percentage of those obtained
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o0 calculation of flux control coefficients. See legend for Figures 6.9 and 6.10 for more detail.

v o0~ oo

e

wOuS

SVW QWU



88

125

125

100it

I1
« 2 50- / /

2 3

[etomoxir] (pM)

0 10 20 30 40 5090 100
[etomoxir] (i*M)

. LPS+TNFa+IL6 (CPT D A LPS+TTJFa+L6 (ASP)

Figure 6.12 Data used for the calculation of individual flux control coefficients for CPT | over ketogenic flux

LPS+TNFa+ILS treated groups

in

Data from treated groups have been extracted from Figures 6.9 and 6.10 and combined on a single graph to enable easier comparison of curves

for calculation of flux control coefficients. See legend for Figures 6.9 and 6.10 for more detail.

oy kS0

2= MO

X Qo



Chapter 6: CPT | (control of ketogenic flux in neonatal sepsis)

Values for the individual flux control coefficients for CPT | over ketogenic flux,
calculated for control and treated hepatocytes, are summarised in Table 6.4. Only
the flux control coefficient for the full combination model, where LPS+TNFa+IL6
were added during the hepatocyte preparation procedure, was different to that for

untreated control hepatocytes.

Untreated  JASP LPS+TNFa JASP LPS+TNFa+IL6 * Jasp
¢ cPTI ACPTI ACPTI
0.53 +0.11 (n=3) 0.54 £0.04 0.99 £0.07
Table 6.4 Individual flux control coefficients for CPT | over rates of

formation of ketone bodies (ASP) from palmitate in untreated
control and treated hepatocytes

The individual flux control coefficient for untreated hepatocytes ) represents the
mean of 3 flux control coefficients obtained from untreated hepatocyte preparations.

/ . LPSATNFa\IL6/-y.isp .
Individual flux control coefficients for each treatment, v‘%‘ff: 3no a vyHSP )

were calculated as appropriate, from the data shown in Figures 6.7-6.8 and 6.11-6.12,
Equation 6.1 and the Simfit package (Bardsley, 1997) to determine tangents at zero inhibitor.

6.4 Discussion

6.4.1 The addition of agents during the cell isolation procedure

The first aim of the studies outlined in this chapter was to investigate the effect on
hepatocyte yield and viability, of addition of LPS, TNFa and IL6, either singly or in
combination during the isolation procedure. Although a full dose-response curve
was not performed in the current investigation, the effect of % dose combination

models was also investigated.

The significant decrease in cell yield seen with these agents, either singly or in
combination (with the exception of % dose LPS+TNF+IL6 model) (Tables 6.2 and

6.3) suggested that they may have caused damage to a number of hepatocytes
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during the cell preparation, such that they lost integrity and were lost during the
isolation procedures. Kantrow et al, (1997) found that following isolation of
mitochondria in control and ‘septic’ groups, a mixed population of both injured and
hyperfunctional mitochondria were found during sepsis (Kantrow et al, 1997).
However, from the current investigations it is unclear whether this procedure has
resulted in the recovery of different populations of hepatocytes from control and
treated groups.

Although other groups have found morphological differences between
mitochondria/hepatocytes isolated from control or septic animals, including for
example, enlargement of mitochondria with loss of matrix and cristae structure
(Kantrow et al., 1997, Patil ef al., 1998, Romeo et al., 1999; Markley et al., 2000), no
changes in gross morphological features were found in the present study. This may
indicate that the various models used in the current study, may reflect early
biochemical changes, rather than the less subtle changes observed in other sepsis
models, where changes in cell architecture become apparent. Additionally, studies
by Young et al., (1986) using hepatocytes isolated from neonatal rats, which had
received an intraperitoneal injection of E. Coli, demonstrated that there was a
marked variability in the degree of morphological alteration between adjacent
hepatocytes. Currently, the timescale and sequence of such morphological changes
is not fully understood. Changes may have occurred within the models discussed in
this thesis, which were not detectable by the protocol used for the electron
microscopy. However, it is possible that hepatocytes that were grossly
morphologically different were lost during the isolation procedure, thus contributing
to the decrease in cell yield. Thus any severely damaged hepatocytes were lost
prior to experimentation and the differences between the control and treated groups,
with respect to ketone body formation and/or CPT | activity, were minimized.

It is possible that the protocol used to isolate the hepatocytes may have affected the
receptors for the cytokines and, therefore, may have altered the response of the
hepatocytes to the cytokine challenge. Rofe et al., (1987) have found, however, that
hepatocytes isolated in this way are still responsive to adrenaline, which suggests
that this is unlikely. As in the current study, these workers found no difference in cell
viability, as assessed by trypan blue exclusion, between controls and TNFa treated

groups.

Since under natural conditions a cell will rarely encounter single cytokines, the two
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full dose combination models, LPS+TNFa and LPS+TNFa+IL6, were used to
investigate the control exerted by CPT | over ketogenic flux in response to neonatal
sepsis. These models attempted to mimic, in a controlled manner, the environment
of the stressed hepatocyte, where the biological response reflects the various
synergistic and antagonistic interactions of all the agents present. However, as is
clear from Figure 6.1, there is a temporal difference in the appearance of LPS,

TNFa and IL6 which would have been difficult to reproduce using this technique.

6.4.2 Ketone body production in hepatocytes exposed to LPS and/or
cytokines during isolation

In the preliminary experiments assessing formation of ['“CJASP over time it was
found that, in all cases (i.e. control and various treated groups), ketone body
production was linear over time (Figure 6.4). [“C]JASP formation was, however,
lower in the series of experiments where agents were used singly than in the series
of experiments where agents were used in combination. Since these lower values
were also obtained in the appropriate paired control groups, it is unlikely that it
reflects an affect of the agents used. It is not clear why these values were low
during these series of experiments. There was no significant difference between
appropriate controls and any of the singly or combination treated groups over the
60min period. This is not in agreement with the results of Wannemacher et al.,
(1979) where decreased concentrations of ketone bodies were found in response to
sepsis. As discussed further in Chapter 7, the models developed in the present
experiments mimic the biochemical changes which occur in the early stages of
neonatal sepsis and some metabolic responses to sepsis, for example, changes in
ketone body production may occur at later stages. However, | am unaware of any
other studies in an equivalent neonatal rat model, which may support or refute this
hypothesis.

It is clear, however, that there is much controversy in the literature regarding
aspects of fatty acid metabolism in response to sepsis. In order to resolve some of
the apparent discrepancies in these findings it is important to consider the following
factors:

o at present, there is no single reliable marker for the severity of the septic
response (Rosser et al., 1998);

¢ the dose response in the whole animal is non-linear (Rosser et al., 1998);
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e the dose response pattemn varies within the same model (Rosser et al., 1996);

e there is considerable interspecies variation in response to endotoxin and
variation in response to endotoxins from different bacteria in the same species
(Horan et al., 1989);

e the nutritional and hormonal status of the host and stage of infection may effect
the results obtained (Vasconcelos et al., 1987),

¢ the age of the host at onset of infection;

¢ individual cytokines, and different combination of cytokines, may have a wide
variety of effects when added in isolation or combination (Vilcek, 1998).
Physiologically, it is the sum of these interactive effects which determines the
final consequences on hepatic metabolic regulation (Nachiappan et al., 1994);

¢ the time period over which sepsis is reviewed and the time period of exposure to
agents (Rosser et al., 1998); and

e the effects observed are likely to be model dependent (Dahn et al., 1995).
Isolated organelles may not accurately reflect the conditions in the intact cell,
due to loss of cytosolic factors, whilst cellular models may not reflect regional or
systemic responses.

These points do not necessarily dismiss any particular experimental model as an
inappropriate tool for modelling aspects of sepsis, rather they emphasize the caution
which needs to be taken when interpreting/comparing the results from different
model systems.

It is worth commenting on the choice of substrate (long-chain fatty acid, palmitate)
used in the studies reported here, since previous chapters have discussed the
importance of diet in the neonatal period (during which time diet is low in
carbohydrate, high in fat) where a significant proportion of fatty acids present are of
medium-chain length. Palmitate was used in these studies to provide a simple
comparison with the studies presented in Chapter 3 and those published in the
literature. As discussed in Chapter 8, it is anticipated that the studies presented
here will be repeated in the presence of a more physiological mix of fatty acids,
similar to that used in the studies reported and discussed in Chapter 5.
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6.4.3 BUCA in LPS+TNFa or LPS+TNFa+IL6 treated hepatocytes isolated
from suckling rats

Since the values for the flux control coefficients calculated in this chapter depend on
CPT | activity and ketogenic flux (Equation 6.1) it is interesting to compare these
aspects in each combination model investigated. Considering CPT | activity first:
Figure 6.5 demonstrated the similarity between the inhibition curves for CPT |
activity in the control and LPS+TNFa treated groups. CPT | activity in the absence
of etomoxir was not significantly different between control and LPS+TNFa-treated
groups. The inhibition curves for CPT | activity in control and LPS+TNFa+IL6
treated groups (Figure 6.9) demonstrates that here, as in the previous combination
model, the inhibition curves for CPT | activity in control and LPS+TNFa+IL6 treated
groups were similar in shape and no significant difference was found in CPT |
activity between the two groups in the absence of etomoxir. However, the activity of
CPT | in LPS+TNFa+lL6-treated groups is significantly less inhibited by maximal
etomoxir than control groups.

The inhibition curves for [*C]JASP formation in the control and LPS+TNFa-treated
groups (Figure 6.6) were almost superimposable. This was to be expected from the
time-series experiments, which indicated no significant differences in flux to ketone
bodies between control and LPS+TNFa-treated groups and since ketogenic flux was
linear for control and LPS+TNFa-treated groups over the course of the experiment
(Figure 6.4). Figure 6.10 shows the inhibition curves for [“*C]JASP formation in
control and LPS+TNFa+IL6-treated groups, which, as with the previous combination
model, were almost superimposable in the two groups. Again, this was as
expected, since a series of time course experiments also indicated no significant
differences between flux to ketone bodies in control and LPS+TNFa+IL6 treated
groups and flux was linear in both control and treated groups over the course of the
experiment (Figure 6.4).

The mean flux control coefficient for CPT | over ketogenic flux in untreated

Untreated C Jasp

hepatocytes isolated from suckling rats ( cprr) Was 0.53 £ 0.11 (Table 6.4).

This value was lower than that obtained in an equivalent adult system (Cisr = 0.85

+ 0.20, Drynan ef al., 1996). This supports the conclusions drawn from the study
presented in Chapter 3, where the low values for the flux control coefficients in
suckling rats suggested that the level of control exerted by CPT | over ketogenic flux
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in suckling rats, was lower than that found in the equivalent adult system (Drynan et

al., 1996) (Figure 6.13).

12
()
A9 10
/&
Untreated LPS+TNFa LPS+TNFa+IL6
Figure 6.13 Comparison of flux control coefficients for CPT | over

ketogenesis in untreated control, LPS+TNFa- or LPS+TNFa+ILS-
treated hepatocytes isolated from suckling rats

The three bars represent the individual flux control coefficients for CPT | over ketogenesis in
hepatocytes isolated from suckling rats. The dashed line indicates the value of the flux
control coefficient obtained in an equivalent (untreated) adult system (Drynan etal., 1996).

The value of the flux control coefficient for CPT | over ketogenesis in the LPS+TNFa

LPS+TNFa/* Jasp

treated group was calculated to be =0.54 * 0.04. Again, this is lower

than that obtained in the equivalent coefficient found in the adult (untreated) group
(Table 6.4, Figure 6.13) and comparison of this coefficient with that obtained from
the untreated controls, suggests that exposure to this combination of agents did not
effect the potential of CPT 1to control ketogenic flux in suckling rats. However, the

value of the flux control coefficient for CPT | over ketogenesis in the LPS+TNFa+IL6

treated group was calculated to be =0.99 * 0.07. As illustrated in

Figure 6.13, this value is greater than that found in the untreated control group, the
previous combination in vitro model and that found in the adult (untreated) system.
These results suggest that the potential of CPT | to control ketogenesis changes

when hepatocytes have been exposed to certain combinations of agents involved in
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the septic response. In the ‘full combination’ model, which is likely to be more
representative of the complex situation which occurs in vivo during sepsis, the
contribution of CPT | to control ketogenic flux is increased, such that almost all of
the control over ketogenic flux is situated at the level of CPT | (New et al., 2000).
Whilst it is possible to state that under these conditions CPT | is ‘rate-controlling’ for
ketogenesis, it is still inappropriate to describe it as ‘rate-limiting’, since a full control
analysis on all the steps of the pathway has not been performed and there may be
the potential for other steps to exert negative control. The results presented here
provide a quantitative assessment of the control exerted by CPT | over ketogenesis,
and support the conclusions drawn by Wannemacker et al, (1979), which
suggested the importance of CPT | in controlling ketogenesis in sepsis.

6.4.4 Factors affecting the capacity of CPT | to control flux in response to
cytokines and LPS

As discussed in Chapter 3, a variety of factors may be responsible for the changes
in the values for the flux control coefficient for CPT | over ketogenesis and these
may also apply in the treated and untreated groups considered in this chapter. In
particular, sepsis and endotoxin/LPS have been implicated in changes in liver mass
(Pedersen et al., 1989; Jepson et al., 1986) and hepatocyte volume (Brosnan et al.,
1994). Guzman and co-workers (1994) have found that CPT | activity in
hepatocytes isolated from adult rats is affected by changes in hepatocyte volume.

Although no changes in the gross morphology of the treated hepatocytes compared
with untreated controls were found in either the LPS+TNFa or the LPS+TNFa+IL6
models considered in this chapter (Section 6.4.1), others, using proliferating rat liver
cells have found that LPS exposure caused changes in cell morphology resulting in
loss of cell architecture, with enlargements and distortion of mitochondria (Vergani
et al, 1999). Such changes in cell morphology in cultured liver cells, following
exposure to LPS (Vergani et al., 1999), may be reflected by changes at the cell
surface, for example, with large-scale blebbing or ruffles, which may also indicate
damage to the cytoskeleton (Pagani et al., 1981, 1987, 1993). This would effect the
microenvironment of CPT |, since it has been shown that CPT | may interact with
cytoskeleton components (Velasco et al., 1996). Whilst the precise nature of these
interactions is currently incompletely understood, Velasco and co-workers have
suggested that CPT | activity may be dependent on mitochondrial shape, and
therefore, interactions reflect a physical phenomenon. Altemnatively, they suggest
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that CPT | activity may be modulated by specific interactions between CPT | and
regulatory cytoskeleton components. Whatever their precise nature, it is likely that
the kinetics of CPT | and its contribution to control pathway flux would be altered.

Furthermore, it is possible that the various agents added during hepatocyte isolation
may interact directly with CPT | to alter its membrane environment, and may also
modify the concentration of effectors within the cell. This would then modify the
functional capacity of CPT | as discussed previously in this and other chapters. The
work of Memon et al., (1992) and other groups, suggested that cytokines raise
hepatic malonyl-CoA levels. An intramuscular injection of LPS, for example, was
found to increase malonyl-CoA from the control concentration of 2.31+0.23 to
5.67+0.88 nmol (g liver)" in the injected rats. This would result in increased
inhibition of CPT | and would divert long-chain fatty acids towards esterification
(McGarry et al., 1980). This would be predicted to have the effect of increasing the
flux control coefficient for CPT | over flux from long-chain fatty acids to ketone
bodies. In the present studies, malonyl-CoA concentrations were not assessed in
either treated or control groups and so it is not possible to comment further on this
effector.

Since the Summation Theory of MCA (Kacser and Bumns, 1979) states the sum of all
of the flux control coefficients in a pathway is 1, any change in the value of the flux
control coefficient for CPT | under these conditions, must also lead to changes in the
values of flux control coefficients for other enzymes in the pathway, such as mHMG-
CoA synthase. Since the calculated value for the flux control coefficient for CPT |
over ketogenic flux was increased in the LPS+TNFa+IL6 treated model, this
suggests that the control exerted by other steps in the pathway has decreased,
although without a more detailed control analysis, some caution needs to be applied
to such interpretations.

6.4.5 Conclusions

Data obtained from models of adult sepsis cannot be extrapolated to model the
neonatal condition, since the multiple metabolic derangements observed in adult
septic models may not reflect the response of the neonate or infant with severe
infection. This may result from differences in the way neonates mount an
appropriate immunological response and to the presence of different intestinal
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microbial flora in infants compared to adults. The development, therefore, of models
appropriate for this age-group is important. The models used in this thesis may be
suitable tools for further investigation of the morphological and biochemical changes
in neonates, in response to cytokine treatment, over time and in response to dose.

Whilst it is important to keep in mind the complex interactions between cytokines
and the type of experimental system used before extrapolating to the human
situation, it is clear from these results that ‘control’ over pathway flux is not a static
property. The work presented in this chapter demonstrates that the distribution of
control in a pathway may change: in this instance, the control structure changes
when hepatocytes are challenged with a variety of agents involved in the septic
response and under these conditions, the potential of CPT | to control ketogenic flux
is increased such that CPT | may be described as ‘rate-controlling’. Furthemore, the
work presented in this chapter also provides further support for one of the basic
concepts of MCA, that of multi-step control (Fell et al., 1995), as discussed in
Section 1.4.3

The in vitro models of neonatal sepsis presented in this chapter are further

characterised in the following chapter, which investigates oxygen consumption
hepatocytes in response to LPS and/or cytokine challenge.
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Chapter 7
Effects of lipopolysaccharide and/or cytokines on neonatal oxidative liver

metabolism

7.1 Introduction

In the previous chapter, the effects of LPS, TNFa, or combinations of agents,
LPS+TNFa, LPS+TNFa+IL6 on the results of the hepatocyte isolation procedure
and the effects of the ‘combination models’ on the potential of CPT | to control
ketogenic flux were discussed. In this chapter, | will focus on the effect of these
agents on hepatocyte respiration to further characterise these in vifro models of

neonatal sepsis.

Many investigations into the effects of sepsis concentrate on adults and extrapolate
the resulting conclusions to neonates. This is not necessarily appropriate: the work
in previous chapters has demonstrated that control of hepatocyte metabolism
changes during development. It has also been shown that, in a perfused liver
system, rates of oxygen consumption do not remain constant throughout
development (Mollica et al.,, 1998). These workers suggest that in rats, basal
oxygen consumption gradually decreases with age, which could be a reflection of:

(i) lower energy requirements;
(i) a decreased supply of substrate to the electron transport chain and/or

(i age-dependent decrease in respiratory chain activity.

The efficiency of mitochondrial respiration in the liver has also been found to change
with age. Lionetti et al., (1998) found that during the transition from weaning to
adulthood in the rat, there was no increase in phosphorylation, although the
substrate oxidation pathway was stimulated and there was an increased cytochrome
content. Furthermore, as discussed in the literature review in Chapter 1, there are
also modifications of the hepatic mitochondrial compartment immediately following
birth, such as decreased mitochondrial volume and an increased number of
mitochondria per hepatocyte (Rohr et al., 1971; Herzfeld et al., 1973; Valcarce et al.,
1988). Thus, even without the complications caused by iliness or infection, oxidative
liver metabolism is different in neonates compared to adults.

Considering the situation in response to sepsis, Townsend et al., (1986) used an

animal model of peritonitis where rats underwent caecal ligation and puncture
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(CLP). They found that mitochondrial function in immature rats was less tolerant to
severe intra-abdominal infection than adults. Furthermore, Powis et al., (1997) and
Turi et al.,, (unpublished data) have recently shown that human neonates have a

different metabolic response to sepsis and/or trauma than adults.

7.1.1 Mitochondrial oxygen consumption

H.O and CO, are products of respiration and, as discussed in Chapter 1, the Krebs
cycle can account for the formation of CO,. Within mitochondria the reduction of O,
to H,O accounts for the ‘consumption’ of oxygen. This occurs via the reactions of
the respiratory chain.

The respiratory chain is a complicated multi-part structure, composed of a number of
assemblies containing strongly interacting proteins and centres capable of
undergoing cyclic reduction and oxygenation. These assemblies (complexes) are
situated in the inner mitochondrial membrane, which is composed of approximately
30% lipid and 70% protein. A significant proportion of the protein fraction of the
inner membrane is concemed with the reactions of the respiratory chain. For
example, in bovine heart mitochondria, the enzyme systems that catalyse oxidative
phosphorylation comprise approximately 50% of the inner membrane protein and
the remaining protein fraction includes various transport proteins and enzymes with
functions that relate to electron transfer as part of the respiratory chain (reviewed in
Hatefi, 1985).

Many workers have contributed to the understanding of these components, which
are shown schematically in Figure 7.1. The composition and function of each of the
enzyme complexes of the mitochondrial oxidative phosphorylation system is
summarised in this section.

Complex | (NADH:ubiquinone oxidoreductase, E.C. 1.6.5.3) contains approximately
42 polypeptides (Skehel et al., 1998) which can be divided into three groups: (i) a
water-soluble iron-sulfur protein fraction; (ii) a water-soluble iron-sulfur flavoprotein
fraction; and (iii) an insoluble hydrophobic fraction which surrounds the other two
groups (reviewed in Hatefi, 1985).
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The non-protein components of this complex include phospholipids, flavin
mononucleotide (FMN), which acts as the initial electron-accepting group, several
iron-sulfur clusters, which are also involved in electron carrying and co-enzyme Q
(also known as ubiquinone). Ubiquinone accepts reducing equivalents from
Complex I. The reduction of ubiquinone is coupled to outward, transmembrane
proton translocation (Figure 7.1).

Ubiquinone also acts as a ‘collecting point’ for reducing equivalents derived from
succinate, and the transfer of electrons from succinate to ubiquinone is catalysed by
Complex Il. The major component of complex Il is succinate dehydrogenase
(succinate:ubiquinone oxidoreductase, E.C. 1.3.5.1, SDH Figure 7.1), which is
present in all aerobic organisms as a membrane bound enzyme of the Krebs cycle.
Complex |l is composed of four polypeptides and is associated with iron-sulfur
clusters and FAD, which act as electron carriers (reviewed in Hatefi 1985).

The transfer of electrons from reduced ubiquinone (ubiquinol) to cytochrome c is
catalysed by complex Il (ubiquinol-cytochrome c reductase, E.C. 1.10.2.2), and this
reaction is coupled to outward transmembrane proton translocation (Figure 7.1).
This translocation of protons is linked to electron transfer via the protonmotive Q-
cycle, originally proposed by Mitchell (1976). Complex Ill comprises 9-10 proteins,
three of which are associated with redox centres: cytochromes b and ¢, as well as
an iron-sulfur protein (reviewed in Hatefi 1985).

Myxothiazol, an antibiotic produced by the myxobacterium Myxococcus fulvus, binds
stochiometrically to cytochrome b, thereby blocking ubiquinol reoxidation and the
entire respiratory chain (Figure 7.1) (Becker et al., 1981). Since it blocks the
respiratory chain, myxothiazol provides an experimental tool to investigate the
relative contributions of mitochondrial and non-mitochondrial oxygen consumption,
to total cellular oxygen consumption. From investigations using mitochondria and
submitochondrial particles, Thierbach and co-workers (1981) found that although
myxothiazol shares some features with the inhibitor antimycin, for example, the

same number of binding sites, these binding sites are not identical.

The terminal unit of the mitochondrial electron transport chain is complex IV. Within
this unit, the transfer of electrons to molecular oxygen is catalysed by cytochrome ¢
oxidase (E.C. 1.9.3.1). The final step of electron transfer from cytochrome a; to
oxygen may be regarded as the only reaction of the respiratory chain that is not
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reversible, since the K, for oxygen is very low, and as a result the equilibrium of the
system is displaced towards electron transport (and thus in the direction of ATP
synthesis). Outward transmembrane proton translocation also occurs at this
complex (Figure 7.1).

It can be seen, therefore, that as electrons are transferred along the respiratory
chain, hydrogen ions are exported from the mitochondrial matrix across the inner
membrane into the intermembrane space. This generates both a proton
concentration gradient across the membrane (ApH) and a charge separation (Ae),
which together constitute the protonmotive force (PMF). Mitchell et al, (1966)
developed the chemiosmotic theory, which indicated that respiration and proton
translocation are obligatory within respiratory chain systems. They stated that the
free energy stored within the electrochemical gradient is hamessed by the H'-
transporting ATP-synthase (E.C. 3.6.1.34), which allows protons back into the
mitochondrial matrix and utilizes their energy for the formation of ATP from ADP and
phosphate. Thus the highly active ATPase, which is a component of Complex V,
generates ATP from ADP and inorganic phosphate at the expense of protonic
energy derived from the respiratory complexes I, lil and IV (Figure 7.1). This
catalytic region of Complex V is also known as the F, segment, which is linked by a
‘stalk region’ to F,, the membrane segment, which is concemed with inward
transmembrane proton translocation.

The PMF also provides the energy for the translocation of ions and other
metabolites across the inner mitochondrial membrane. Additionally, some of the
PMF can dissipate without protons passing through the H’-transporting ATP-
synthase. Thus mitochondrial oxidative phosphorylation can be uncoupled from
ATP formation, leading to increased oxygen consumption. This proton-cycle or
‘leak’ reaction can be stimulated by uncouplers such as dinitrophenol or carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP), which act to increase the
permeability of the mitochondrial membrane to protons and by physiologically
regulated uncoupling proteins, such as uncoupling proteins 1-3. The mitochondrial
proton leak may be an important component of the reactions making up the
standard metabolic rate and it has been suggested that differences in proton leak
may partly explain the differences in ‘standard metabolic rate between mammals of
different body mass (Porter et al, 1993). In isolated rat liver cells, it has been
shown that (non-phosphorylating) proton-cycling processes make a significant

contribution to cellular respiration and its control (Brown et al., 1990) and in the
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absence of ATP synthesis, the proton leak is a major determinant of respiration rate,
with a large flux control coefficient of 0.7 (Brand et al., 1988). When ATP synthesis
occurs, proton flux through the leak decreases and the flux control coefficient also
decreases (Groen et al., 1982, Hafner et al., 1990). In isolated hepatocytes 20-40%
of the respiration rate may be involved in driving the proton leak and direct heat
production, rather than ATP synthesis (Nobes et al., 1990). More recently, Rolfe et
al., (1999) have calculated that the proton cycle accounts for 15% of the metabolic
rate in the liver, which although lower than previous figures derived from work in
hepatocytes, supports the hypothesis that the cycle has a significant contribution to
the metabolic rate.

Incomplete reduction of oxygen may occur at multiple sites in the inner
mitochondrial membrane. As a result mitochondria are a source of reactive oxygen
species (ROS) such as hydrogen peroxide H,O,, hydroxyl radicals OHe, and
superoxide radicals O,. For example, ROS can be generated from complex Ill of
the mitochondrial ETC, where ubisemiquinone formed by ubiquinone oxidation can
react directly with molecular oxygen to form O, (Dawson et al., 1993). Intracellular
components are protected from the adverse effects of ROS by a number of
endogenous ROS scavenging enzymes, however, as discussed in the previous
chapter, oxidative stress may occur where there is an imbalance between ROS
production and antioxidant activity. ROS are capable of producing tissue injury
during endotoxic shock by initiating lipid peroxidation, and damage to protein
components of the mitochondria and DNA, which may affect the oxidative capacity
and production of ATP (Portolés et al., 1993; Taylor et al., 1995).

7.1.2 Non-mitochondrial oxygen consumption

It has been estimated that 90% of the oxygen consumed by aerobic organisms
participates in the di-oxygen chemistry of cytochrome c¢ oxidase and becomes
reduced to water in the terminal step of respiration, within mitochondria (Chan et al.,
1990). However, extra-mitochondrial pathways may also be involved in the
consumption of oxygen including, for example, the reactions of the cytochrome Paso
family of enzymes. These mixed-function oxidases are found within the
endoplasmic reticulum of many animal and plant tissues and are so termed due to
the ability of their reduced forms to strongly absorb light at 460nm. Cytochrome Paso
enzymes have been implicated in the oxidative detoxification of a huge variety of

both endogenous and xenobiotic compounds (Figure 7.2).
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Cytochrome P,

RH » R-OH

NADPH + H* NADP*

02 |_|20
Figure 7.2  Hydroxylation by cytochrome Pj s

Generalised hydroxylation reaction catalysed by cytochrome P4s0. The product R-OH has
greater solubility in water and may, therefore, be more readily excreted. This family of
enzymes therefore have important roles in cellular detoxification.

This family of enzymes catalyse the hydroxylation reactions in which an organic
substrate RH is hydroxylated to R-OH, at the expense of one molecule of O, (Figure
7.2) whilst the other is reduced by reducing equivalents formed by NADH or
NADPH. This hydroxylation process renders compounds more soluble, therefore
forming a vital step in their detoxification and excretion. Whilst many tissues, for
example, kidney, lung and intestine contain members of the cytochrome P4so family,
the mammalian liver is the major site of cytochrome P.s mediated metabolism of
endogenous and exogenous compounds. Multiple forms of cytochrome P4so have
been purified from rat liver (Lu, 1980) and in the human liver, there are at least 12
distinct P45 enzymes (Nebert et al., 1991). Different forms have different substrate
specificities and closely related P4so enzymes may participate in the same reaction.

Oxygen consumption may also occur within peroxisomes, which have important
functions in cellular metabolism. One function of peroxisomal respiration is to
dispose of excess reducing equivalents, which is done without the conservation of
energy as ATP and is therefore thermogenic. Additionally, peroxisomes protect
cells against the toxic effects of hydrogen peroxide, by compartmentalising its
decomposition by catalase (Lazarow, 1987). These reactions are summarised in
Figure 7.3.
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oxidases
0, (o] H20: catalase H:20

R’H

Figure 7.3 Schematic representation of peroxisomal respiration

Adapted from de Duve and Baudhuin (1966). The pathway is based on the formation of
hydrogen peroxide by a collection of oxidases and the decomposition of the hydrogen
peroxide by catalase (catalytic action, top part of figure, peroxidatically, lower part of figure).

From Figure 7.3 it can be seen that hydrogen peroxide is a key intermediate in
peroxisomal oxidative metabolism, being produced wa reactions of the general type
RH2 + O2 # R + H202, which are catalysed by a variety of type Il oxidases. The
resulting hydrogen peroxide may be removed a peroxidative mode, where it is
reduced to water using electrons derived from an organic donor. Alternatively, wa a
catalytic method, one molecule of hydrogen peroxide may be oxidized whilst a
second is reduced: H202 + H202 -> 0 2 + 2 H20. This second reaction has the net

result of removal of hydrogen peroxide and the evolution of oxygen.

7.1.3 Total cellular oxygen consumption
From the brief account considered in the previous sections, it can be seen that total

cellular oxygen consumption can be considered to have two components:

(i) a mitochondrial component, where O2 is consumed for the production of either

ATP (phosphorylation) or heat (proton leak); and

(i) non-mitochondrial processes, which are mainly concerned with detoxification

(Figure 7.4)

176



Chapter 7; LPS and/or cytokines (hepatocyte respiration)

Total cellular oxygen consumption

mitochondrial
via respiration
H,0
non-mitochondrial
cellular detoxification processes
HoO

Figure 7.4 Summary of total oxygen consumption

Both of these pathways consume oxygen and ultimately yield water. Any
investigation into cellular oxygen consumption should, therefore, investigate the
relative contributions of each of these fractions. The careful use of inhibitors such
as myxothiazol, provide a means of distinguishing between these different

components.

7.1.4 Oxygen consumption during sepsis
There are conflicting reports on the effects of sepsis on cellular respiration. For
example, mitochondrial respiration has been reported to be unchanged, inhibited or
stimulated in response to sepsis (reviewed in Singer et al., 1999). The differences
in reported observations may be due to the reasons discussed in Sections 6.1.3 and
6.4.2. It is clear, however, that there are abnormalities in cellular respiration during
sepsis and the mechanisms by which the changes occur have been the subject of
numerous investigations. For example, in an adult rat model of sepsis, Kantrow et
al.,, (1997) found that liver mitochondria isolated from a rat caecal ligation and
puncture (CLP) model of sepsis included uncoupled mitochondria with abnormal
structure and defective ETC. In addition, they found cellular respiration was
decreased in hepatocytes in cells isolated during sepsis, with apparent dysfunction
of complex Il (succinate dehydrogenase). This supported the earlier work of Taylor
et al., (1995) who, in a similar adult rat model, had found that OH' and H20:2
production were greater in mitochondria isolated from the livers of septic rats
compared to the sham-operated controls. Since these effects of ‘sepsis’ were
enhanced by FAD-linked but not NAD-linked substrates, this implicated Complex I
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of the ETC. Kantrow and co-workers (1997) suggested that it was possible that
these reactive species may cause damage to mitochondrial constituents and other
cellular structures.  Furthermore, increased ROS may result in increased
mitochondrial permeability and account for the mitochondrial swelling which has
been observed by some groups during sepsis. From work using mouse
fiborosarcoma cells, Schulze-Osthoff and co-workers (1992) found that TNFa
activated ROS production in mitochondria at the ubisemiquinone site in addition to
causing changes in the mitochondrial ultrastructure, which included clumping of

mitochondrial cristae.

From investigations in rats, where sepsis was established by CLP, Astiz et al,
(1988) suggested that despite the maintenance of systemic blood flow and tissue
oxygenation, cellular energy metabolism was affected early in the course of severe
sepsis. Rosser et al., (1998) found that an initial rise in oxygen consumption rate
was observed in cultured hepatocytes exposed to endotoxin compared to untreated
controls. Within 24 hours, however, there was a significant decrease in oxygen

consumption in the sepsis group.

This is consistent with other studies, which have suggested that there are two main
states of sepsis. These are discussed in Mela-Riker et al., (1992) and can be

summarised as follows:

() the initial state, State A, is characterised by increased heart rate, cardiac index,
improved myocardial contractility and increased whole body oxygen
consumption. It is typical of a "normal” stress response seen in compensated
sepsis and/or after trauma or major surgery;

(i) state B represents a more advanced stage, which, although hypermetabolic,
with increased cardiac index and heart rate, has decreased systemic vascular
resistance and decreased whole body oxygen consumption.

However, there is some uncertainty as to whether the hypemetabolic response to
sepsis observed in adults (Plank et al., 1998) also occurs in infants and children
(Turi et al, in press). There are few investigations into neonatal sepsis in the
literature which investigate the temporal changes occurring in sepsis, or which
specifically investigate the changes occurring during State A, the early stage of
sepsis.
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7.1.5 Reye’s Syndrome

Reye’s Syndrome (RS) is a rare but serious disorder, typically affecting children and
adolescents. It may lead to coma, convulsions and death. Although the precise
aetiopathogenesis is unknown, it is apparent that infection/endotoxin stimulation,
together with aspirin consumption, are risk factors for initiating the cascade of
events that culminates in RS (Green et al., 1992). TNFa has also been implicated
in this syndrome, and endotoxin, viral infection or ingestion of aspirin stimulate
TNFa production (Cooperstock et al., 1975; Larrick et al., 1986).

At present the only specific diagnostic marker of RS is electron microscopy of liver
biopsy tissue, which shows gross ultrastructural changes, including proliferation of
smooth endoplasmic reticulum, loss of glycogen, proliferation of peroxisomes,
decrease in number of the mitochondria and mitochondrial damage including
enlarged, irregularly shaped mitochondria, which are less electron-dense.
Tonsgard (1989) mimicked these morphological changes by exposing isolated
mitochondria to serum from RS patients and found that the serum demonstrated
similar effects to dinitrophenol, an uncoupler of oxidative phosphorylation. Both RS
and aspirin poisoning (salicylate intoxication) lead to increased oxygen consumption
and it has been found that at low concentrations and physiological pH, salicylic acid
functions as a proton carrier (Gutknecht, 1992) supporting the earlier reports of the
uncoupling effects.

Although the incidence of RS has greatly declined in recent years, which is believed
to be due to public and professional warnings about aspirin (and aspirin containing
products), the withdrawal of paediatric aspirin formulations (Green et al., 1992) and
increased diagnostic awareness of inherited disorders of metabolism, which
frequently have similar clinical presentations (Rowe et al., 1988), the serious nature
of RS warrants continued investigation. This disease principally occurs in childhood,
however, animal models in the literature are frequently based on adult animals and
the resulting conclusions extrapolated to neonates.

7.1.6 Aims of this section

From the introduction to this chapter, it can be seen that the multiple metabolic
derangements observed in adults both in vivo and in some in vitro septic models,
may not reflect the response of neonates or infants and, therefore, it is not possible

to extrapolate conclusions drawn from adults to the paediatric population. It is
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important, therefore, to investigate changes in oxidative metabolism during sepsis in
neonates. In the studies in this chapter, therefore, | aimed to explore the effect of
LPS, TNFa, or a combination of agents, (LPS+TNFa; LPS+TNFa+IL6) on total
respiration and on the relative contributions of mitochondrial and non-mitochondrial
respiration, as assessed by myxothiazol-resistant oxygen consumption, in
hepatocytes isolated from suckling rats. In this manner, | aimed to characterise
further the in vitro models of sepsis introduced in the previous chapter. An
additional aim of the studies in this chapter was to investigate the effects of salicylic
acid in an in vitro model of neonatal sepsis.

7.2 Results

In the literature, data is presented either in terms of cell number or dry mass. For
ease of reference, both types of analysis are provided here. Table 7.1 summarises
the effect of LPS and/or various cytokines on the absolute rates of oxygen
consumption, expressed in terms of nmol O, min™ (10° viable cells)” whilst Table
7.2 summarises the effect of LPS and/or various cytokines on the absolute rates of

oxygen consumption, expressed in terms of nmol O, min"'(mg dry mass)™.

7.2.1 Effect of LPS on hepatocyte respiration

As shown in Tables 7.1 and 7.2, there were no significant differences in oxygen
consumption between controls and LPS treated cells, with and without myxothiazol
and whether the data is expressed per cell number or dry mass.

7.2.2 Effect of TNFa on hepatocyte respiration

As shown in Tables 7.1 and 7.2, there were no significant differences in total oxygen
consumption between controis and TNFa treated cells whether the results were
expressed per cell number or dry mass. However, when non-mitochondrial oxygen
consumption was expressed in terms of number of cells, there was a significant
increase in the treated group, compared to controls (p<0.05).
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Agent added during

Total oxygen consumption

(nmol O2 min'* (10® viable cells)*")

Non-mitochondrial oxygen consumption
(nmol O2 min'* (10® viable cells)*")

hepatocyte Isolation Control Treated P Control Treated P

LPS (n=3) 2.18+0.27 2.70+0.61 NS 1.21+0.03 1.01+0.20 NS
TNFa (n=3) 2.66%0.24 3.02+0.38 NS 1.05+0.23 1.35+0.21 p<0.05

LPS+TNFa (n=6) 2.04+0.16 2.95+0.39 p<0.05 0.81%0.05 1.61+0.40 NS
% LPS+TNFa (n=3) 2.24+0.50 2.14+0.44 NS 0.73+0.17 0.96+0.17 p <0.05
LPS+TNFa+IL6 (n=6) 2.44%0.21 2.80+0.32 p<0.05 0.93+0.09 1.64+0.26 p <0.05
V2 LPS+TNFa+IL6 (n=4) 2.00%0.15 1.99%0.10 NS 0.83%+0.11 0.79+0.11 p <0.05

Table 7.1 Effect of LPS and/or various cytokines on hepatocyte respiration expressed in terms of cell number

Control and treated oxygen consumption experiments were carried out In parallel.

of preparations (e.g. n=4 Indicates data from 4 parallel hepatocyte preparations).

Values are presented as means * SEM, where n = number
Results were analysed using the Student’s paired /-test.
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Total oxygen consumption
(nmol O2 min"\img dry mass)’™")

Agent added during

Non-mitochondrial oxygen consumption

(nmol O2 min’Xmg dry mass)’’)

hepatocyte isolation Control Treated P Control Treated P
LPS (n=3) 2.46+0.41 2.66%0.60 NS 1.37+0.52 1.16+0.26 NS
TNFa (n=3) 2.54+0.23 1.90£0.41 NS 0.97+0.12 0.97+0.15 NS
LPS+TNFa (n=6) 1.83+0.20 2.30+0.27 NS 0.74+0.20 1.26+0.30 NS
% LPS+TNFa (n=3) 2.14+0.42 2.05+0.57 NS 0.75%0.17 0.91+0.22 NS
LPS+TNFa+IL6 (n=6) 1.60+0.14 2.22+0.29 p<0.05 0.64+0.06 1.25+0.17 p <0.05
% LPS+TNFa+IL6 (n=4) 2.17+0.17 1.97+0.21 p<0.05 0.94+0.16 0.77+0.10 NS

Table 7.2 Effect of LPS and/or various cytokines on hepatocyte respiration expressed in terms of dry mass

Control and treated oxygen consumption experiments were carried out in parallel.

Values are presented as means * SEM, where n = number

of preparations (e.g. n=4 indicates data from 4 parallel hepatocyte preparations). Results were analysed using the Student’s paired /-test.
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7.2.3 Effect of LPS+TNFa on hepatocyte respiration

The total oxygen consumption in cells treated with LPS+TNFa expressed per cell
number was significantly greater than controls (p<0.05) although where data is
expressed per dry mass, the increase is not significant. As shown in Tables 7.1 and
7.2, there was no significant difference in non-mitochondrial oxygen consumption.
The absolute rates of mitochondrial respiration in control and LPS+TNFa treated
hepatocytes have been calculated from the mean of total oxygen consumption for a
given experimental day minus the mean of oxygen consumption in presence of
myxothiazol for a given experimental day. There was no significant difference in
mitochondrial respiration between control and LPS+TNFa treated hepatocytes.
Absolute values of intramitochondrial oxygen consumption was 1.22+0.16 nmol O,
min'(108 viable cells)™* for controls and 1.34+0.36nmol O, min™'(10° viable cells)™ for
treated celis. Analysis by dry weights results in absolute values of control
intramitochondrial oxygen consumption was 1.08+0.19nmol O, min™'(mg dry mass)™
and treated group intramitochondrial oxygen consumption was 1.03+0.27nmol O,

min”'(mg dry mass)™

It should be noted that the errors stated in the above section may not necessarily
reflect the true errors, since intramitochondrial oxygen consumption is a derived
figure, as stated above. An alternative approach would be to calculate the
combined errors on the means, using the following equations:

Equation 7.1 se(diff) = S )l 4L
m m

Slz(n1—1)+S22(nz—l)
n1+n2"2

Equation7.2 § :)

Whilst the above equations should strictly be used where there at least 20
observations in each group, this method enables the combined errors to be
calculated. Since the sample sizes are smaller than 20, it is likely that the resulting
errors may still not reflect the true errors, but are likely to provide reasonable
estimates. Using this alternative approach to calculate errors, the results for
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intramitochondrial oxygen consumption can be restated as: 1.22+0.17 (control)
compared with 1.34+0.56 (treated) nmol O, min™'(10° viable cells)™, and 1.08+0.21
(control), compared with 1.03+0.30 (treated) nmol O, min™(mg dry mass)”. The
conclusions remain unchanged: i.e. there is no significant difference in intra-
mitochondrial oxygen consumption between control and LPS+TNFa-treated

hepatocytes.

7.24  Effect of half dose LPS+TNFa on hepatocyte respiration

As shown in Tables 7.1 and 7.2, there were no significant differences in total oxygen
consumption between controls and half dose LPS+TNFa treated cells whether the
results were expressed per cell number or dry mass. However, when non-
mitochondrial oxygen consumption was expressed in terms of number of cells, there
was a significant increase in the treated group, compared to controls (p<0.05).

7.2.5 Effect of LPS+TNFa+IL6 on hepatocyte respiration

Tables 7.1 and 7.2 and Figures 7.5(a) and (b) demonstrate that total oxygen
consumption in cells treated with LPS+TNFa+IL6, whether expressed per cell
number or per dry mass, was significantly greater than controls (p<0.05). Although
in the study presented here, | am interested in the effect of sepsis on ‘populations’ of
hepatocytes (i.e. untreated versus sepsis) it is interesting to note the effects of this
combination of agents in each paired hepatocyte preparation and for further
information, total oxygen consumption in each paired hepatocyte preparation is
shown in Figures 7.5 (c) and (d). Figures 7.5(a) and (b) also demonstrate that non-
mitochondrial oxygen was also significantly greater in the treated group compared to
controls using either method for expressing the results (p<0.05).

The mitochondrial fraction of total oxygen consumption, calculated as described
previously and reported in Figure 7.5(e) and (f), was not significantly different
between controls and cells exposed to LPS+TNFa+IL6. Control intramitochondrial
oxygen consumption was 1.52+0.25 nmol O, min"(10° viable cells)' Treated group
intramitochondrial oxygen consumption was 1.15+0.24 nmol O, min™(10°® viable
cells)”. Control intramitochondrial oxygen consumption was 0.96+0.10 nmol O, min®
'(mg dry mass)’ Treated group intramitochondrial oxygen consumption was

0.97+0.25 nmol O, min™'(mg dry mass)™.
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Figure 7.5 Total endogenous, non-mitochondrial and/or mitochondrial

respiration of

isolated

hepatocytes from control and

LPS+TNFa+IL6 treated groups

Control and treated oxygen consumption experiments carried out in parallel.

In Figures (a),

(b), (e) and (f) all individual data points from a particular experiment have been averaged,
with these figures showing the mean of these averaged values * SEM, n=6 (ie from 6

parallel hepatocyte preparations).

LPS+TNFa+IL6 treated groups.

Figures (c) and (d) show the paired data sets for (a) and
(b). Results were analysed using paired Student’s t test.

Note; treated’ indicates
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As before, errors on the derived intramitochondrial data can be re-calculated using
equations 7.1 and 7.2. The restated figures are as follows: 1.52+0.31 (control)
compared with 1.15+0.42 (treated) nmol O, min™(10° viable cells)”" and 0.96+0.15
(control) compared with 0.97+0.35 (treated) nmol O, min"(mg dry mass)”’. The
conclusions remain unchanged: i.e. there was no significant difference in the control
intramitochondrial oxygen consumption, compared with LPS+TNFa+IL6-treated
cells.

7.2.6 Effect of half dose LPS+TNFa+IL6 on hepatocyte respiration

The effect of this combination of agents, at this lower dose, on total cellular and non-
mitochondrial oxygen consumption was examined and has been reported in Tables
7.1 and 7.2. There was no significant difference in either total oxygen consumption
or non mitochondrial oxygen consumption between controls and half dose
LPS+TNFa+IL6 treated cells where the results were expressed per cell number.
However, there was a significant decrease in total oxygen consumption in the
treated group, compared to the control, were the results were expressed per dry
mass.

7.2.7 Effect of salicylic acid on total endogenous hepatocyte respiration in
control and in LPS+TNFa+IL6 exposed hepatocytes
Absolute rates of total oxygen consumption in the absence or presence of 1 or 2mM
sodium salicylate are shown in Table 7.3. Figure 7.6, considered in detail below,
compares the effect of salicylic acid on total endogenous hepatocyte respiration in
control and in LPS+TNFa+IL6-exposed hepatocytes. For ease of interpretation in
this figure, hepatocytes not exposed to agents during the cell preparation technique
have been labelled as ‘control’ groups and hepatocytes exposed to LPS+TNFa+IL6

during the isolation procedure have been labelled as ‘sepsis’ groups.

When control hepatocytes were exposed to 1mM sodium salicylate there was an
increase in total oxygen consumption, although this was not significantly increased
compared to control hepatocytes in the absence of salicylate (Figures 7.6(a) and
(b)) unless the data was analysed in terms of dry mass. When the cells were
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Total oxygen consumption

(nmol O2 min"* (10® viable cells)*")

Treatment following isolation

Control LPS+TNF+IL6
Absence of sodium salicylate 3.17 ¥1.06 3.66 £1.02
1mM sodium salicylate 4.28 #1.30 5.07 ¥1.40
2mM sodium salicylate 2.68 *1.11 3.78 £ 0.96

Table 7.3

Control and treated oxygen consumption experiments were carried out in parallel.

preparation.

Total oxygen consumption

(nmol O2 min*” (mg dry mass)*")

Control LPS+TNF+IL6
2.00 £0.56 3.17 £1.27
2.76 £0.63 4.56 +1.88
1.73 £0.59 3.24 £1.17

Absolute rates of total oxygen consumption in the absence or presence of sodium salicylate

Results were analysed using the Student’s paired ftest.

Values are presented as means * SEM, n=4 parallel hepatocyte
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Total oxygen consumption: Control or LPS+TNFa+IL6-exposed

cells in absence or presence of salicylic acid

All individual data points from a particular experiment have been meaned, these figures

show the mean of these averaged values

SEM, n=4.

Results analysed using paired

Student’s ftest. Note: sepsis’ indicates LPS+TNFa+IL6 model.
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exposed to 2mM dose sodium salicylate, total oxygen consumption was similar to
that found in control hepatocytes in the absence of salicylate. When the data were
analysed in terms of dry mass or cell number the total oxygen consumption was
significantly lower with 2mM than 1mM sodium salicylate (Figure 7.6 (a) and (b)).

There were no significant differences in total oxygen consumption in
LPS+TNFa+IL6-treated hepatocytes exposed to 1mM and 2mM sodium salicylate
following cell preparation compared to LPS+TNFa+IL6-treated hepatocytes in the
absence of salicylate, whether the data were analysed in terms of number of cells or
dry weights (Figure 7.6(c) and (d)). However, the same trends were seen in these
LPS+TNFa+IL6 groups, as in the controls + salicylic acid reported above, i.e.
increased total oxygen consumption following 1mM sodium salicylate, whilst oxygen
consumption in the group exposed to the 2mM dose was similar to that seen in the
absence of sodium salicylate.

Figure 7.6(e) and (f) shows a comparison of the control and LPS+TNFa+IL6-treated
hepatocytes, exposed to 1mM and 2mM sodium salicylate. The LPS+TNFa+IL6-
treated group have significantly higher levels of total oxygen consumption compared
to untreated hepatocytes in the presence of 1mM sodium salicylate, when the data
were analysed by number of cells. There was no significant difference between
untreated and LPS+TNFa+IL6-treated groups when both groups were treated with
2mM sodium salicylate. There were no significant differences when the data were
analysed per dry mass.

7.3 Discussion

7.3.1 The effect of LPS or individual cytokines on hepatocyte respiration
Although LPS has been found to result in changes to oxygen consumption in some
models of sepsis, the results from the current study found that there was no
statistically significant difference in total cellular oxygen consumption between
control cells and cells exposed to LPS during the cell isolation procedure whether
the data were expressed in terms of number of viable cells or by dry mass. The
myxothiazol-resistant (i.e. non-mitochondrial) fraction of cellular oxygen
consumption was also unchanged in the two groups, whether the data were
expressed by number of cells or by dry mass. These results, using isolated
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hepatocytes, support the work of Stadler et al.,, (1991) who found that addition of
LPS to rat hepatocyte cultures had no effect on mitochondrial respiration.

Similarly, the addition of TNFa during the cell isolation procedure did not lead to a
significant difference in total cellular oxygen consumption between controls and the
TNFa exposed group, whether the data was expressed in terms of number of cells
or by dry mass. Non-mitochondrial respiration was unchanged between the controls
and the TNFa exposed group when the data were analysed by dry mass, but was
significantly increased where the data was analysed in terms of number of viable
cells (Tables 7.1 and 7.2). It is likely that these apparently conflicting trends have
arisen due to the relatively small sample size rather than due to the effects of the
treatment itself, since no difference was found in the ratio of number of cells:mg dry
mass between treated and untreated groups. When comparing the different ways of
expressing the results, it is also important to note that dry mass includes non-viable
cells and that the oxygen consumption of such cells is not known.

7.3.2 The effect of combinations of LPS and cytokines on hepatocyte
respiration

As discussed in the previous section, when added during the cell isolation procedure
singly neither LPS nor TNFa had a significant effect on total hepatocyte respiration.
However, when added to the cell preparation in combination (LPS+TNFa), a
statistically significant increase in total cellular oxygen consumption was observed
when the data were analysed in terms of number of viable cells. The same trend
was also seen when analysed by dry mass, although with this alternative way of
expressing the data, the difference between the two groups was not significant.
These results may suggest that in combination, these agents affect oxidative
metabolism. It is important, however, not to over-interpret the results from this
model since there is an apparent discrepancy between the alternative methods for
expressing the results. As with the previous models, incubations in the presence of
myxothiazol were performed to characterise the site of action of the agents on
hepatocyte oxygen consumption and no significant difference in extra-mitochondrial
oxygen consumption was observed with either method for expressing the data.

To investigate further the possible effects of this combination of agents, a half-dose

model of the LPS+TNFa combination was also examined. With this lower dose,
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non-mitochondrial oxygen consumption was significantly increased in the treated
group compared to controls where the results are expressed by number of cells,
whilst total cellular oxygen consumption was unchanged. @When using the
alternative method for expressing the data, no significant differences were observed.
It is, therefore, difficult to draw firm conclusions from these results. However, it is
possible that at this half-dose, total oxygen consumption is unchanged since any
increase in extra-mitochondrial respiration is offset by decreased mitochondrial
oxygen consumption.

Since the addition of LPS and TNFa in combination to the hepatocyte isolation
technique resulted in an apparent trend towards increased total hepatocyte
respiration, which was significantly greater in terms of number of cells, the effect of
the addition of a further cytokine, IL6, to this combination model was examined
(Figures 7.5(a)-(f)). This more complex combination of agents resulted in a
significant increase in total cellular respiration in the treated group, compared to the
controls and in significant increases in non-mitochondrial respiration in the treated

group, regardless of the method of analysis applied to the data.

The results from the LPS+TNFa+IL6 model presented here, support the work of
Moss et al., (1969), where liver homogenates from rats after E. coli endotoxin
injection were observed to consume more oxygen than controls. Furthermore,
whilst a decrease in oxygen consumption is observed in the later stages of sepsis, in
the early stages of sepsis there is an initial rise in oxygen consumption (Mela-Riker
et al,, 1992; Rosser et al., 1998). The results presented here are also similar to
those found by Wang et al, (1993) who implicated TNFa, either alone or in
combination with IL6, as the mediator(s) responsible for producing the
hepatocellular dysfunction observed in the early hypermetabolic stage of sepsis. It
is possible that injury in sepsis, mediated through TNFa and/or additional cytokines
could result in mitochondrial generation of ROS, which could lead to organelie
damage. The results reported here, together with those presented in the previous
chapter, where the potential of CPT | to control ketogenic flux was examined in in
vitro models of neonatal sepsis, suggest, therefore, that the addition of
LPS+TNFa+IL6 during the hepatocyte isolation procedure may mimic the early
hypermetabolic stages of sepsis, before major structural damage has occurred to
organelles and/or components of the respiratory chain, which would ultimately lead
to decreased total oxygen consumption.
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The observed increase in total oxygen consumption could be due to several factors,

as summarised in Table 7.4:

Increase in total oxygen consumption
Mitochondrial fraction Extra-mitochondrial fraction
Increased Increased
Increased Unchanged
Unchanged Increased
Decreased Increased
Increased Decreased

Table 7.4 Possible combinations resulting in increased total oxygen
consumption

Since non-mitochondrial oxygen consumption was significantly increased in this
LPS+TNFa+IL6 model and no significant difference was observed between treated
and untreated controls with respect to mitochondrial oxygen consumption, these
results suggest that the observed increase in total oxygen consumption in this
combination model was predominately extramitochondrial in origin. These results
contrast with those of Kantrow et al., (1997) where no difference was observed in
non-mitochondrial oxygen consumption between sepsis or control cells. However,
these workers used cyanide to inhibit mitochondrial respiration, which they suggest
may have also inhibited some cytosolic oxygen consuming enzymes. Furthermore,
their model used adult rather than neonatal rats. The increased non-mitochondrial
oxygen consumption seen in this model has also been observed in an ex vivo model
of neonatal sepsis where neonatal rats have received intraperitoneal injection of
LPS (Markley et al, 2000). In subsequently isolated hepatocytes, these workers
found a decrease in intramitochondrial oxygen consumption and an increase in
extramitochondrial oxygen consumption. It is interesting to note that mitochondrial
respiration in the LPS+TNFa+IL6 model presented here shows an apparent
decrease in mitochondrial oxygen consumption, although this difference is not
significant. The increase in extramitochondrial oxygen consumption may be due to
the action of, for example, the cytochrome P. family of enzymes. The
cytochromes in this system utilize oxygen for the oxidation of a wide range of
substrates, and the increase may therefore result from an increased oxygen
requirement for cytosolic detoxification and repair purposes. The present study did
not, however, assess the activities of individual oxygen-dependent enzymes.
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In the control groups for the various models of neonatal sepsis presented here,
under conditions of saturating myxothiazol, 60% of the hepatocyte oxygen
consumption was inhibited, suggesting that the largest contributor to total oxygen
consumption was mitochondrial in origin (Figure 7.7(a)). In these controls,
approximately 40% of total cellular oxygen consumption arose from non-
mitochondrial processes. These results support the general conclusions of Romeo
et al., (1999), although these workers found that 78% of total oxygen consumption
derived from mitochondrial sources, with 22% non-mitochondrial in origin. The
apparent discrepancy between the figures presented here and the figures presented
by these workers, may have arisen due to the age range of the rat-pups used in the
studies by Romeo et al., which was wider than that used in the studies discussed
here: 11-15d, compared with 11-13d. From experience gained during the studies
discussed in this thesis, rats older than 13d may have opened their eyes and may
no longer feed exclusively on maternal rat milk (Henning, 1981). The results
presented by these authors, therefore, may not be a true reflection of the distribution
of oxygen consumption in neonatal (suckling) rats. Furthermore, the work of Lionetti
et al., (1998) has highlighted that important changes occur in hepatic respiratory

function with aging

(a) control hepatocytes (b) treated hepatocytes

Figure 7.7 Comparison of the distribution of oxygen consumption in
isolated hepatocytes from (a) control and (b) LPS+TNFa+IL6
treated groups

O Mitochondrial respiration ©  Non-mitochondrial respiration

Comparing the distribution of oxygen consumption in control cells, as discussed
above, to that observed in the LPS+TNFa+1L6 treated cells, it can be seen that the
relative contributions of the two fractions to total oxygen consumption had changed

(Figure 7.7(b)). In this neonatal model of sepsis, 55% of total cellular oxygen
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consumption was myxothiazol resistant, i.e. non-mitochondrial in origin. This
suggested that the contribution of the non-mitochondrial processes to total cellular

oxygen consumption was greater in the LPS+TNFa+IL6 treated groups.

As with the previous combination model, the effect of a ‘half dose’' of the
LPS+TNFa+IL6 cocktail on oxygen consumption was examined. This ‘half dose’
cocktail had no significant effect on either total oxygen consumption or on non-
mitochondrial oxygen consumption, compared to controls when the data was
analysed by number of cells. However, a significant decrease in total oxygen
consumption was found where the data was analysed by dry weights. This apparent

discrepancy may be due to the small sample size used for this model.

7.3,3 Comparison of the effects of the different models of neonatal sepsis
on oxygen consumption

In summary, Figure 7.8 compares the percentage change in total oxygen

consumption in each of the models of neonatal sepsis presented in this chapter.

Each full dose model shows a rise in oxygen consumption compared to control,

which becomes significant (as indicated by the asterix in Figure 7.8) in the models

where agents have been used in combination.
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HTNFa 23 1/2 LPS+ThFa 1/2 LPS+TNFa+IL6

Figure 7.8 Percentage change in total endogenous respiration in
hepatocytes

Values have been calculated as the percentage change in oxygen consumption, compared
to appropriate control values. The range of control values is indicated by the shaded band
and the mean absolute rate for untreated controls was 2.25+0.11 nmol O2 min'* (10® viable
cells)* n=25.
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As discussed above, it is not sufficient to consider only changes in total oxygen
consumption. Any changes observed could be due to changes in the distribution of
oxygen consumption, i.e. changes in the mitochondrial and/or non-mitochondrial
contribution to total oxygen consumption. By using myxothiazol, the changes in the
distribution of oxygen consumption were investigated. Figure 7.9(a) and 7.9(b)
summarise the results for each of the models considered in this thesis.

Figure 7.9(a) demonstrates that little variation is seen in the relative contribution of
the extramitochondrial fraction to total oxygen consumption across the various
control groups, which is to be expected, since they represent equivalent groups.
Based on the mean of all the control groups, approximately 40% of oxygen
consumption was non-mitochondrial in origin, i.e. a greater proportion of total
oxygen consumption, 60%, was due to mitochondrial processes (as shown in Figure
7.7).

In contrast, Figure 7.9(b) demonstrates the changes in the relative contributions of
the non-mitochondrial fraction in response to the different treatments. The
proportion of non-mitochondrial oxygen consumption shows apparent increases,
with increasing complexity of model used. Using the information here, and from
Tables 7.1 and 7.2 and Figures 7.5-7.9, this suggests that the trend towards
increased total oxygen consumption seen in each of the models, which was
significantly increased in the two full-dose, combination models, may have different
origins, although some caution needs to be applied, since not all of the trends were
significantly different. TNFa used in isolation appears to increase oxygen
consumption in the extra-mitochondrial fraction more than the addition of LPS alone.
When used together, these agents further increase the contribution of the non-
mitochondrial proportion to total oxygen consumption, whilst the mitochondrial
fraction is apparently unchanged. In the most complex model considered here,
LPS+TNFa+IL6, whilst the mitochondrial contribution is lowered the non-
mitochondrial fraction has increased such that overall, there is still a net increase in
total oxygen consumption. This may indicate damage to the electron transport chain
complexes.
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(a) Appropriate control groups

Controls for each "sepsis" model

ILPS ALPS+TNFa 1/2 LPS+TNFa
TNFa # LPS+TNFa+IL6 1/2 LPS+TNFa+IL6

(b) in vitro models of neonatal sepsis
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Figure 7.9 Changes in the contribution of the non-mitochondrial fraction to
total oxygen consumption

Both (a) and (b) show the myxothiazol-resistant oxygen consumption expressed as a
percentage of total oxygen consumption.

(a) each bar represents the appropriate control group for each model of sepsis, and as
expected, there is little variation across the control groups.

(b) each bar represents a treated group for each model of sepsis.

The dashed line indicates the mean value for all control groups.
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7.3.4 Investigating the effects of salicylic acid on hepatocyte respiration in
the LPS+TNFa+IL6 in vitro model of neonatal sepsis
Kilpatrick etal., (1989) have administered sub-lethal doses of endotoxin and aspirin
(acetylsalicylic acid, which is hydrolysed in situ to produce salicylic acid), to adult
rats to produce metabolic and histopathic alterations similar to those that have been
reported in Reye’s Syndrome. The experiments presented in this Chapter provide a
preliminary investigation into the effects of salicylic acid on control and a model of
neonatal sepsis, with the aim to develop a model which mimics the effects seen
during Reye’s Syndrome in the neonate. The LPS+TNFa+1L6 model was chosen
since it showed significantly increased oxygen consumption compared to untreated
controls, regardless of the method used to express the data. Figure 7.10 below

summarises the changes in total oxygen consumption presented in Section 7.2.7.
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Figure 710 Comparison of total oxygen consumption in control and

LPS+TNFatlLe exposed hepatocytes in response to two
different doses of salicylic acid

Total oxygen consumption was increased in control and LPS+TNFa+IL6 exposed
hepatocytes when ImM sodium salicylate was added to the incubation medium. However,
when 2mM sodium salicylate was added, respiration in the control group was the same as in
control cells not exposed to salicyclic acid. Oxygen consumption in LPS+TNFa+IL6 cells
was also lower than in response to the half salicylic acid dose.

The work presented in this chapter is in broad agreement with other published work,
i.e. there is a tendency for hepatocytes exposed to ImM sodium salicylate to
demonstrate increased oxygen consumption compared to appropriate controls,

although this is only significantly increased where the data is expressed in terms of
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dry weight. These results may indicate that salicylic acid causes the hydrogen ion
gradient across the inner mitochondrial membrane to be dissipated, by allowing
hydrogen ions to pass through without the production of ATP, effectively uncoupling
oxidative phosphorylation from ATP formation, removing negative feedback and
increasing oxygen consumption, as has been shown in studies using planar
phospholipid bilayer membranes (Gutknecht, 1992), although from the current
preliminary investigation, this has not been confirmed. Curiously, addition of
salicylic acid at the higher dose resulted in decreased total cellular oxygen
consumption compared to the 1mM dose, although this decrease was only
significant in the control groups. Rates of total cellular oxygen consumption with
2mM salicylic acid were similar to that found in groups in the absence of salicylic
acid (summarised in Figure 7.10). This may indicate an additional process acting to
depress the oxygen consumption rate, for example, damage to the components of
the respiratory chain.

Further investigations of oxygen consumption using different doses of salicylic acid
would be advantageous in explaining the events observed here. In addition, it would
be of interest to carry out electron microscopy studies on the gross morphological
features in response to various doses of salicylic acid, and to use myxothiazol to
dissect out the relative contributions of mitochondrial and non-mitochondrial oxygen
consumption to total cellular oxygen consumption.

7.3.5 Conclusions

The data presented in this chapter, together with the electron micrographs from
Chapter 6, where no gross morphological differences were observed between
treated and untreated controls, suggest that these results may reflect changes
occurring at the biochemical rather than the gross morphological level within these
models. The results presented in this study also demonstrate that addition of
combinations of agents resulted in abnormal neonatal hepatic oxidative metabolism,
which may mimic that seen in the early stages of sepsis. Furthermore, these results
indicate that the transient hypermetabolism observed in the early stages of neonatal
sepsis may be due to an increase in extramitochondrial metabolism.

The preliminary results of the effects of salicylic acid on hepatocytes suggest that
this model may warrant further investigation into its suitability as an in vitro model of
Reye’s Syndrome in the neonate.
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Chapter 8
Conclusions and future research

8.1 The effects of development and substrate on the potential of CPT | to
control carbon fluxes

As discussed in the main introduction and other relevant chapters of this thesis, the
distribution of control over the pathways of fatty acid oxidation and ketogenesis are
incompletely understood. In this thesis, | have sought to begin to address this issue,
with the primary aim to report and discuss the control exerted by CPT | over carbon
fluxes through the pathways of fatty acid oxidation, ketogenesis and Krebs cycle, in
hepatocytes isolated from suckling rats and the effect of different substrates or
clinical status on control distribution over these pathways. Through the application
of MCA in neonatal rat models, the work | have presented in this thesis has provided
answers to some fundamental questions, which are considered below.

e “How much control does CPT | exert over carbon fluxes from palmitate to ketone
bodies, carbon dioxide and total carbon products, in suckling rats?”

The results presented in this study have suggested that the distribution of control
over ketogenic flux, flux to carbon dioxide and total carbon products, is different in
suckling rats compared to an equivalent adult group (Drynan et al., 1996, Chapter
3). Although the numerical value of the flux control coefficient for CPT | over
ketogenic flux was high in adult rats, which suggested its contribution to control was
high; the value of the coefficient was significantly lower in suckling rats. This
indicated that the control exerted by CPT | over ketogenic flux during this stage of
development was low and that the sum of other steps of the pathway have a larger
contribution to control. The results presented in this thesis suggested, therefore,
that in this suckling system, the traditional assumption that CPT | is necessarily the
‘rate-limiting’ step of fatty acid oxidation and ketogenesis may not be appropriate.
These results also supported the concept of multi-site control (Fell et al., 1995).

These conclusions, drawn from the work using hepatocytes systems, were
supported by those obtained from work using mitochondrial systems. Through the
application of BUCA on data obtained from the original system used for TDCA by
Krauss et al., (1996) individual flux control coefficients for CPT | over ketogenesis
and over total carbon flux were calculated and reported for the first time (Chapter 3).

Through comparisons of equivalent sets of coefficients from suckling and adult
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mitochondria, it was demonstrated that coefficients were consistently lower in the
suckling system than in the adults. These results suggested, therefore, that the
potential of CPT | to control hepatic B-oxidation flux was low during suckling and that

the contribution of other steps to control flux was greater at this stage.

e “What control do sections of the pathway, for example, the Krebs cycle block of
reactions, or the HMG-CoA cycle block, exert over pathway carbon fluxes?”

This question remains outstanding. The application of TDCA in this suckling rat
system was investigated and reported in this thesis in Chapter 4 and Appendix I. It
appears, however, there are complications arising due to the very low carbon
dioxide flux, which lead to large errors when flux data is substituted into the
appropriate equations.

¢ “How much control does CPT | exert over carbon flux to ketone bodies in a
system using different substrates?”

Quantitative assessment of the potential of CPT | to control ketogenic flux in
response to different physiological substrates suggested that the pattern of control
distribution changed with the different substrates used (Chapter 5). The numerical
value of the flux control coefficients for CPT | over ketogenesis were lower in
experiments using medium-chain, or mixtures of medium-/long-chain fatty acids,
compared to those using the long-chain fatty acid as substrate, which indicated that
the potential of CPT | to control ketogenesis was also low under these conditions.
The results presented in this thesis suggested that it may no longer be appropriate
to consider CPT | as a ‘rate-controlling’ step over the pathways of ketogenesis and
that the level of control exerted by CPT | in vivo, in neonatal rats, may be very small.
These results also demonstrate a threshold: if only approximately 20% CPT | activity
is present, for example, due to low levels of expression, or defects in the enzyme
itself, ketogenic flux may be compromised, with resulting physiological implications
for the individual. However, prior to this threshold (i.e. up to approximately 80%
enzyme inactivity), the effects of a defect may not be observed.

Since the results presented in this thesis indicate that ‘control’ is not a static process
and that the distribution of control may vary with nutrition or age, further
investigation into the distribution of control over the pathways of ketogenesis in

response to age/nutritional factors would be beneficial. For example, the distribution
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of control is likely to be different in fetal, premature and immediately post-weaning
rats, which has implications for the clinical environment. In addition, the distribution
of control over carbon fluxes is likely to differ, for example, in formula fed infants,
those receiving TPN and in babies receiving breast milk, for several reasons
including differences in the composition of these diets. It would, therefore, be
interesting, and of some clinical relevance, to develop neonatal rat models where
newborns received differing diets, for example, mimicking the differences between
maternally fed rats and those receiving an altemative, for example, infant formula
mixture. Additionally, an investigation into the role of CPT | in tissues other than
liver would be of interest, since other tissues, such as the intestine and kidney, have
a role in ketogenesis during the neonatal period.

8.2 Development and use of in vitro neonatal model of sepsis

A further aim was to investigate and report on the development of an in vitro
neonatal hepatocyte model to study the onset and progression of neonatal sepsis
(Chapters 6 and 7). This was achieved through the addition of LPS, TNFa and ILS,

either alone or in combination, during the cell isolation procedure.

In Chapter 6, the effect of these various agents on hepatocyte yield and viability was
reported and discussed. In summary, the addition of these agents, either singly or
in combination, resulted in a significant decrease in cell yield in the treated groups,
compared to untreated controls, whilst cell viability, was unchanged between treated
and untreated controls. Additionally, no difference in gross cell morphology was
observed, with both treated and untreated groups having an intact cell membrane,
dense mitochondria with intact cristae and no vacuolisation of the cytoplasm or

nucleus.

Also in Chapter 6, the two combination models (LPS+TNFa and LPS+TNFa+IL6)

were used to answer the following question:

¢ “How much control does CPT | exert over pathway carbon fluxes in response to
clinical conditions, for example, sepsis?”

The work presented in this chapter demonstrated that the control structure for the
ketogenic pathways changed when hepatocytes were challenged to the more

complex combination of agents known to be involved in the septic response
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(LPS+TNFa+IL6), compared to controls. The numerical value of the flux control
coefficient was significantly higher in the group exposed to this combination of
agents compared to untreated controls and the more simple combination model.
These results suggested that the potential of CPT | to control ketogenic flux was
greater under the treated conditions. It is, of course, important to keep in mind the
complex interactions between cytokines and type of experimental system used
before extrapolating to human situation however, once again, these results indicated
that ‘control’ over pathway flux is not a static property.

The work presented in Chapter 7 further characterised the models developed and
used in Chapter 6, through investigation of the effect of the addition of LPS and/or
various cytokines on neonatal hepatic oxidative metabolism. In both combination
models (LPS+TNFa and LPS+TNFa+IL6), an increase in total cellular oxygen
consumption compared to appropriate controls was observed, which was
predominantly extra-mitochondrial in origin (although these differences between
control and model were only significant, for either method of data expression, in the
LPS+TNFa+IL6 model). In conclusion, the results presented in this thesis
suggested that the addition of LPS and/or various cytokines may be suitable models
for the early stages of sepsis.

The results from the preliminary investigation into the effects of salicylic acid on
oxygen consumption in the combination sepsis models compared to appropriate
paired controls were presented and reported in Chapter 7 and suggested that
salicylic acid may act as an uncoupler. Whilst these results supported conclusions
from other workers, as discussed in Chapter 7, the effect of the dose of salicylic acid
and the exposure time needs to be investigated before any conclusions can be
made on this aspect of the study.

The models of neonatal sepsis reported and discussed in Chapters 6 and 7 could be
further investigated in a variety of ways. For example, future research could focus
on:

o Assessment of leakage of enzymes and/or determination of intracellular

concentrations of, for example, glutathione, Ca*, K', ATP andlor H,0,
production.
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o Dose/time-response profiles, and addition of other cytokines to develop a more
complex in vitro model, which more closely represents that found in vivo.

e Use of regulation analysis with MCA to assess ‘effectiveness’ of agents on
hepatocytes.

e Addition of cytokine mixtures to attempt to mimic later stages in the progression
of sepsis, with appropriate investigations into oxygen consumption / application of
control analysis.

¢ Application of control analysis in hepatocytes which have been exposed to H,O,
to provide a comparison with results found in models where addition of cytokines
are used to mimic the septic response.

¢ [nvestigation into the control exerted by CPT | over pathway carbon fluxes in
response to clinical conditions, for example, sepsis, using different substrates.

o Dose/time-response profiles for the addition of salicylic acid to further
characterise a Reye’s Syndrome Model.

By using the models reported and discussed in this thesis, | aimed to investigate the
early metabolic changes in response to sepsis with a long-term aim to investigate
factors that may pre-empt/reverse the changes seen. It would be interesting to
investigate whether the changes in the potential of CPT | to control carbon flux and
the changes in oxidative metabolism, in response to ‘sepsis’, are reversible. In
particular, glutamine has been implicated in the reversal of some of the responses to
sepsis (Markley et al., unpublished work) and an investigation into its effect on these
models would be interesting, for both academic and clinical reasons.
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Appendix |
Derivation of generalised and specific forms of the equations used in the
TDCA in Chapter 4

A1.1 Introduction

This appendix outlines the derivation of the general and the specific equations for
the calculation of group flux control coefficients, in a three branched system, from
flux data alone. The convention used for naming equations in this appendix is as
follows: equations named a, b, etc., relate to the infermediate equations used in the
derivation of the equations of Brown et al, (1990), Quant (1993) and Brand (1996)
modified from the original equations set out by Kacser and Burns (1973). These
modified equations, which are named A, B, C, etc., form the starting point for the
derivation of the key equations for this particular system. Key equations, which are
used in the top down control analysis described in Chapter 4, are named 1,2,3 etc.,.
Equations named A4, A,, B4, B,, C4, C, etc., are intermediate equations, used in the

derivation of the key equations from the modified equations.

A1.2 Consideration of sign convention
Until recently, it has been assumed that in a three branched system, such as that
shown in Scheme A1.1, fluxes towards and away from the intermediate should be

considered as ‘positive’.

+ + Thus:
Ji Jo
—» X —> J=J2+Js  and, therefore,
Block 1 Block 2
J1 - Jz - J3 =0
Block 3 J3 +
Scheme A1.1

Whilst this sign convention enables the three flux control coefficients relating to J; to
be calculated (i.e. *(Th ; *Cosi*Co.,) due to limitations imposed by the

branching theory, which relates flux control coefficients to fluxes as follows:

1
Clli‘lock2 — J 2

CJl —2, the flux control coefficients for the other blocks, for example, * C’
Block3

Blockl
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could not be obtained.

However, the sign convention formalised by Brand (1996), provides more flexibility
and enables the sign to be an arbitrary designation (note, this is a mathematical
device, it does not reflect chemical behaviour). For example, in the scheme
considered previously, fluxes towards the intermediate may be considered as
‘positive’ and those away from the intermediate may be considered as ‘negative’, as
shown in Scheme A1.2:

Thus:
+ -
J1 Jo Ji1=-J2—Js and, therefore,
Block 1 Block 2 Ji+da+J3=0
Block 3 Js | -
Scheme A1.2

Using this new sign convention it is possible to describe the control exerted

(expressed as group flux control coefficients, *CJ) by each block of reactions

(Block 1; Block 2; Block 3) over the flux (J 1; J 2; J 3) through its own block of
reactions (* C;oc“ ¥ C’;l’ ot C’; _.,) respectively, and over the fluxes through the

other two blocks. The complete set of nine flux control coefficients for a three
branched system is set out in general terms in Table A1.1, whilst Table 4.1 provides
the complete series specific to the system described in Chapter 4.

Series 1 * CJ! * C” * CJ] Flux control coefficient for each
Blockl Block2 Bla3 | block over flux through J; block of
reactions

Series 2 2 2 2 Flux control coefficient for each
*Covr [*Covas [*C

lockl lock2 lock3 | block over flux through J; block of

reactions
Series3 |« 3 * C»'s % CJ3 Flux control coefficient for each
Blockl Block?2 Blak3 | block over flux through J; block of

reactions

Table A1.1 Full series of generalised flux control coefficients in hepatocyte
TDCA system
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A1.3 Derivation of generalised equations using sign convention set out by
Brand (1996)

The connectivity theorem (Section 1.4.5) states that the sum of each flux control

coefficient on a particular flux, J, multiplied by its elasticity with respect to X, equals

zero, thus:

1 Blockl 1 Block2 1 lock. .
CCrmoar ¥ Eve VT CCosa *€r - IFCCros * £ ) =0 Equation a

Note: as with flux control coefficients, a superscript * indicates a group elasticity
rather than an individual elasticity.

Rearrangement of Equation a provides:

CJ' _ (_ (* gflockl * C;;ocld)— (* gflocﬂ. * C;;ocw
B

lockl & Blockl Equatlon b

x

Since Summation (Section 1.4.3) can be stated as:

I J1 1 N
* (:;lockl =1- (* Cmockz + *C;m3) Equatlon C

Substitution of Equation ¢ into Equation b provides:

(_ ¢ Block2 4 1 )_ ¢ Block3 4 CJI
1_(*CJ‘ +*C"‘ )= E: Block2 E: - Block3
Block? Block3’ & _Blockl

X

Equation d

Multiply through Equation d with * gf’““ to give Equation e:

% Blockl _ *CJI * Blockl _ *CJl * Blockl _ Block2 CJI Block3 J1
gx ( Block2" 81: ) ( Block3"® gx ) - (*gx . * BIockZ) - (*gx : * CBlockS)

Divide all terms in Equation e by * C;;ockz and rearrange to = 0, gives Equation f:

% _ Blocki * J1 * !
Sx % Blockl _ CBIock3 * Block} + ® Block?2 Block3 % Block3 _

Cos 0 Co & & o &
Block?2 Block?2 Block2

0

*Crinss _J

22 Equation f can be restated as:

*(" J2
Block2

Since Branching theorem states that:
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Blockl
* Ex « _Blockl J3 x Blockl g Block2 J3 5 Block3 .
—— % -—*e t*g +—*g =0 Equation g
1 x x x x
*C J2 J2
Block?2

Multiplication of this with * C J2 gives Equation h

Block2

Blockl N Blockl ' Blockl Block?2 Block3
* % * _* * * *go Lx
Ja*g x C;IockZ VM x C;)ockZ Ji*g e T Block?2 J2 CBlock2 E:

=0

Rearrangement of Equation h gives Equation i:

Black 1 Block1

CBlockl( J2 J3*£xloc

Block3 Block|

+J2*8flockz+J3*gx )=—Ja* gl Equation i

Since the sign convention formalised by Brand (1996) states that. Ji = -J; — Ja
Equation i can be rearranged to provide Equation j:

J* Blockl
—J2

(T = x Equation j
CJBlockZ * Blockl( JZ _ J}) + (Jz * BlockZ) + (J * Block3)

Finally, this can be stated as Equation A

Block 1

% C Ji _ - Jz' * Ex N
Block 2 (.]1- * gflwk1)+ (‘]2' . gflack z)+ (‘]3. * gflack:i)
Equation A
Similarly, Equation B can be derived, using the same sign convention:
A VAT
dmkl U * Blockl) U * gflock2)+ (']3. * gflock3)
Equation B

Equations A and B enable the flux control coefficients for the first series in Table
A1.1 to be calculated. However, in their present form, these equations require
information on fluxes and elasticities. The next section will discuss the derivation of
equations to calculate flux control coefficients using flux data alone.
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A1.4 Derivation of generalized equations for the calculation of group flux
control coefficients as a function of fluxes alone

Equations A and B derived in Section A1.3 can be used as detailed below, to obtain

the generalised equations for the calculation of group flux contro! coefficients as a

function of fluxes alone.

In Equation A, all group elasticities may be expressed as a function of fluxes and all

terms divided by the expanded form of (*85’“", Section 1.4.4) as shown below in

Equation A;:

Cr;lmz‘]v&_x_ J@i Jd‘]’i
l.Jl.&+ 2'J2.&+. JJJ'&
al, x al, x d, x
J, & J, & J, &

General Equation A,

All terms containing the intermediate (x) and each of the absolute fluxes are
cancelled where possible and the expression rearranged to give general Equation 1
(Quant, 1993). This equation enables the first group flux control coefficient in series
1 (Table A1.1) to be calculated from flux data alone:

_Jz
*C-’l _ Al
Block 2 - 5.]2(3) . 5J3(2)
3 INE> o J o

General Equation 1
In general equation 1, the numbers in brackets represent the two independent

experimental manipulations of the system. For example, 8J, @ indicates the change

in flux J> brought about by the experimental manipulation of system block 3.
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As seen for Equation A, Equation B can be modified by expressing all group

elasticities (* £2°* , Section 1.4.4) as a function of fluxes (V) and intermediate levels

(x), and dividing all terms by the expanded form of the (*85"’”"), thus general

equation B, can be derived:

Equation B,

Cancelling all x —terms (i.e. terms relating to the intermediate) in Equation B,
dividing each term by J, and rearranging the expression, enables general equation 2
to be derived. As before, superscripts in brackets indicate two independent

experimental manipulations of two separate blocks of reactions.
General Equation 2
(é"]z(s)} . (5,]3(2)]
s J,® s J o Equation 2

* J _
CBlockl 1+ 5.]2(3) . 5J3(2)
oJ ® oJ ,®

The final group flux control coefficient in the first series (Table A1.1) can be
calculated by application of the summation theorem (Kacser and Bumns,1979). This
states that the sum of all the flux control coefficients in a pathway is generally one
(Section 1.4.3) and can be arranged to obtain the remaining group flux control
coefficient, giving general Equation 3:

* C;;ock3 =1- (* C-};:ockl +* C;:wkz)

General Equation 3
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Hence a complete series of group flux control coefficients for each block over J, can
be calculated from flux data alone and without measuring the intermediate, using

general equations 1, 2 and 3.

A1.5 Specific equations for the calculation of the first series of group flux
control coefficients as a function of fluxes alone

The first series of group flux control coefficients (Chapter 4, Table 4.1) may be
calculated using the general equations described previously. To form the specific
equations needed for TDCA in this hepatocyte system from the generalised
equations, block 1 from the generalised equations can be said to represent the
reactions of the HMG-CoA cycle (and Jxs represents ketogenic flux), block 2
represents the f-oxidation block of reactions (and Jsox represents total carbon flux),
and block 3 represents the reactions of the Krebs cycle (and Jco. represents the flux
to CO,). Thus the specific equations for this hepatocyte system become:

o,

o 1+{5JWX(C02)]+(5JCOZ(WX)}

5JKB(COZ) 5.]@(,90){)
Specific Equation 1

[5me (002>J+(5J002 (ﬁDX)J
" S J 5 (con) 6 J o (BO1)
KB 1+£5JmX(COZ)J+[5JCOZ(mX)J
0 J o S J 5200

Specific Equation 2

As in the general equations, the superscript terms in brackets represent the blocks
of reactions being manipulated when the changes in fluxes are calculated, thus in
these specific equations (CO,) indicates that the Krebs cycle block of reactions has
been manipulated.

* m__(* I ﬂ)
coz_l C’KB+ pox

Specific Equation 3:
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Thus, using these three specific equations, all three group flux control coefficients
for flux through the KB block (Series 1, Table 4.1) may be calculated by substitution
of flux data into the appropriate equation.

However, application of the rearranged equations to obtain group flux control
coefficients for Jco, and Jgox would require the experimental manipulation of the
HMG-CoA cycle block of reactions. At present, there is no specific inhibitor of this
block (or other means of independently manipulating its activity). Therefore, whilst

the specific equations in this section may be used to calculate the *C’™ series of

flux control coefficients, it is not appropriate to use these equations to calculate
either of the other two series of flux control coefficients (Table 4.1). In order to
calculate the remaining series of flux control coefficients, relative elasticities may be

used, as described in the following section.

A1.6 Calculation of relative elasticities

Elasticities describe how the potential of an enzyme (or block of reactions) to control
flux is related to the kinetic properties of the enzyme (or block of reactions) (Section
1.4.4). In the hepatocyte system being used for TDCA in Chapter 4, three group

CcOo2
elasticities can be considered: * gfo X,*gx and * ng_ Elasticities may be

measured experimentally, using data on fluxes and intermediates. However, in the
system described in Chapter 4, the intermediate is not measured, therefore group
elasticities cannot be obtained using this approach. Instead, in this system, since it
is the relative proportions, rather than absolute elasticity that is of interest, relative

elasticities may be used

Thus it is appropriate to assign an arbitrary value of 1 to an elasticity and let the
other elasticites be considered relative to this term:

BOX _ 4
Ex ~ Equation C

The second group elasticity, *gfoz, may be calculated by application of the

Connectivity theorem (Kacser and Bumns, 1973, Section 1.4.5) which relates
elasticities to flux control coefficients and which has been shown to hold for group
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elasticities (Brown et al., 1990; Quant, 1993, Brand, 1996):

b Croe* et Cla v )b Cln 7)o

Equation D
This can be rearranged to derive Equation D4:
kB KB} JKB y: 0)¢ XB co2
b gl)=-t o Ex )-tCm*657)
Equation D,
Which may also be rearranged, deriving Equation D,:
* kB, POX JxB
*8103:_ pOX " 81 *CCOZ* x
x JxB JKB
*C *Cw
Equation D,

coz2
Equation D; can be derived by dividing Equation D, throughout by % E. and
cancel terms where appropriate:

KB kB pOX KB
* "Cor*e. *C.
E: _ _ pox Ex _ co2

co2 ~ JKB co2 JKB
*E. *Co*e *Chs

Equation D,

By describing the elasticities shown on the left hand side of equation in terms of
fluxes and intermediate, Equation D, may be derived:

0Jw x
JIGB L :_* ;X'*ngX_* cZz
0Jer x  *Cu'e. *Ca
Jeor &

Equation D,

212



Appendix I: Derivation of TDCA equations

After terms are cancelled where appropriate, this then forms Equation Ds:

0w L o
XB
JKB ___*CﬁOX'*gx * €o2

0Jer  *Cau*e.” *Ca
Jcoz

‘Flip’ left hand side of equation, deriving Equation Ds:

JKB pOX KB
5.]1@ Jcoz __*CﬂOX'*gx *Céoz

JK_B .5JC02_ *CII;:'*gioz *CJK:

Finally, this can be rearranged, forming Equation E:

pox- Ex ___6-]103 Jcoz _ co2

*CI£~*8:OZ B J}a? .5.]002 *C],;B

Equation Ds

Equation Dg

Equation E

. . . _— pox ,
Since this section describes relative elasticities and * &, has been defined = 1,

there is only one unknown in Equation E, *

co2
Ex

Thus, by substitution of

appropriate flux data, the second elasticity coefficient, * gfoz , may be obtained.

The final elasticity, * ng, may be calculated by application of connectivity once

. . * co?2 * KB i . .
more, multiplyingby ~ &, toget ™ £, onits own, forming Equation F:

\Cm g™ O
* KB - ﬂOX X _ co2 | % Cco2

E T *C/KI:'*EZ.”OZ *CJK:: Ex

Equation F
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Thus, substitution of flux data and the values for the first series of group flux control
coefficients obtained using Equations 1, 2 and 3, into these expressions, enables all
the relative elasticities to be calculated. Once these relative elasticities have been
calculated from flux data, the remaining six flux control coefficients, Series 2 and 3
(Table 4.1), may be calculated.

A1.7 Calculation of the remaining series of group flux control coefficients

As values for elasticity coefficients have been calculated, it is possible to use

fOX
Equation A to obtain values for *CJ series of group flux control coefficients,

deriving Equation 4:

pox
~JI<B.*8X

- (Jﬂ’)X. * gfx)+ (Jcoz. * g§02)+ (JKB. * gf(B)

Equation 4

* ,vIBOX
Then Equation B, can be used to derive an expression for specific to the C

series, forming Equation 5:

A

P T ¥ T €5 ) U o ¥ £57°)

*CJﬂOX 3 (‘]m'l*gxm).*—(‘]coz'*(gfm)

Equation 5

Application of the summation theorem gives the final flux control coefficient for the
second series:

% pOX —1__ (* poX * WX)
co2 1 CJKB + AOX

Equation 6
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Similarly, for the final series of flux control coefficients. * ¢

co2
Joo2 —JKB. SX

C KB ~
(/lboa-.£"“ ")+ (As.£¢“ )+ (/c-02.

L BOX \ ~ KB A-€02/

Equation 7

Equation 8

Equation 9

A1.8 Summary of key equations for calculation of each group flux control

coefficient

For convenience, the key equations derived in this Appendix and which are used in

Chapter 4, are summarised in the following tables;

Group flux control Specific equation
coefficient
JKB
C kB
Ak
KB \ |/
1+ +
Cka
BOX = J pox.
AKB _ KB
c H)X — f
1+
Cco2 . —1_ ¢ I 1
AN€EOD2 \ ~ KB pox!

Table A1.2 (a) Equations used for series 1 flux control coefficients
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Group flux control

coefficient

*

KB

L sox

Appendix I: Derivation of TDCA equations

Specific equation
{jm.*

i)+ (fco2.* g°r)+ {la. * )

{ja*s "hijcor*sr)

AAAM~fjrr*sTh\ja*S:h[jcor*sT)

C- coz

A KB A pox)

Table A1.2 (b) Equations used for series 2 flux control coefficients

Group flux control

coefficient
L kB
LcKB
*
BOA A BOX
ANC 02
VA'C02

ij BOx)\ (J Kb\ (f C02\
1BOKER " j+\jKB.A-J+[lc02.g*.

_L~uco2

"Ucor *£T )+ i/a

Specific equation

co2

J

*AIC02 ]
v-co2/

\ ~ KB
*fr)

¥p o)+ tIn v £ T )

Table A1.2 (c) Equations used for series 3 flux control coefficients
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