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ABSTRACT

Dietary carbohydrate, especially fructose, causes hypertri- »
glyceridaemia in humans and laboratory animals. The potency of fructoseA
in this respect is attributed to the ease of its conversion in the liver
to the precursors of triacylglycerol, i.e. sn-glycerol 3-bhosphate and
fatty acids. This thesis investigates the short-term effects of fructose
on lipid metabolism in isolated hepatocytes.

Incorporation of D- [U-MC] fructose into ;triacyklglycerol was much
greater than from D- [U-”'C] glucose. The majority of the radioactivity
was associated with the glycerol moiety in each case, although there was
a significant incorporation into fatty acids with fructose The extensive
incorporation of_E—[U-lhﬂ fructose into the glycerol moiety is the
result of the ease of its conversion to triose phosphate and .of the
increase in ggfglyéerol 3-phosphate content of the hepatocytes incubated
with fructose. The latter effect occurs without a change in the cyto-
plasmic NADH/NADf ratio. Thus the incorporation of D - [b-]hd fructose '
into triacylglycerol is a good measure of triacylglycerol synthesis; it
does not suffer from the disadvantage of the change in cytosolic redox |

potential observed with glycerol.

Increasing fructose concentration caﬁsed a stimulation of lipid
synthesis from endogenous‘acy] CoA, an effect also observed when
exogenous oleate was added to the hepatocyte which resulted in a much
higher level of triacylglycerol synthesis. Oleate also stimulated glucose
vincorporatioh into total lipid but, in cont}est to fructose, more
phospholipid than triacylglycerol synthesis 6§curred This suggested a
specific stlmulatory effect on trlacy]glycerol syntheS|s which was
- confirmed using [- C] oleate as a precursor. The stimulation was
attributed to the effect of the ketose on the cytoplasmic sn- glycerol
3-phosphate content of the cells. G]ucagon was found to inhibit the

fructose plus oleate stimulation of trlacylglycerol synthesis.



Physiological concentrations of fructose also caused increased
lipogenesis from L - [_U-MC] ~lactate and [1-”‘(:] acetate, but fatty
acid synthesis was substantially inhibited at concentrations of the

kefose above 2mM.

It is concluded that the hypertriglyceridaemic effect of fructose

is the result of the specific stimulation of hepatic triacylglycerol

synthesis and lipogenesis.
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There is a considerable body of literature which suggests that
high carbohydrate diets cause hypertriglyceridaemia in humans
(Macdonald and Braithwaite, 1964; Macdonald, 1966) and in laboratory
animals (Nikkila and Ojala, 1965; Macdonald, 1973). Sucrose feeding
is more hypertrig]yceridaemic than glucose or starch and this is
thought to be due to the fructose moiety of the sugar (Macdonald,
1973; Macdonald, 1975). Sucrose and fructose are also thought to be
lipogenic in the long term. They induce the synthesis of hepatic
l y 1971; Bruckdorfer et al.,
1972a) and acetyl CoA carboxylase (Cohen et al., 1972) to a greater
extent than glucose or starch. R

fatty acid5synthetase (Bruckdorfer et al.

This thesis is concerned with the short-term effects of the

components of sucrose, i.e. glucose and fructose, on hepatic tri-
acylglycerol and fatty ~acid synthesis. An attempt is made to show
that, in addition to the long-term effects involving enzyme induction,
fructose also has short-term effects on metabolism which can result in

increased fatty acid and triacylglycerol synthesis by hepatocytes.

I. METABOLISM OF FRUCTOSE IN LIVER

A. Fructose uptake by the liver

“In most animal species the liver is the principal site of
D-fructose metabolism. Dietary fructose is transported to the liver
from the small intestine via the hepatic portal vein. The concen-
tration of thé ketose in portal blood reaches a maximum of 2.2mM
when rats aré given a large fructose meal by intubation (Topping and
Mayes, 1971). Under these conditions the concentration in the
peripheral circﬁ]ation reachés only 0.3mM and very little fructose is

‘metabolised in extrahepatic tissues.

It has been reported that fructose does not enter the liver
cells freely and that a carrier mechanism is involved, despite the
existence of a steep gradient between the extra- and intra-cellular

concentrationsbof the sugar (Wodds et al., 1970; Sestoft and Fleron,
. 1974). The latter authors have found that the elimination of fructose
from blood is a functfon of its concentration and follows Michaelis
Menten kinetics. The Km of this system is 67mM and Vmax is 30 umole/
min/g. Although Baur and Heldt (1977) were unable to show
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that fructose transport is a saturable process, they found com-
petition between the ketose and D-glucose or D-galactose for the
transport system. Inhibition of transport of all three sugars by
cytochalasin B, phloretin and phlorizin suggest that there is carrier
mediated transport across the plasma membrane. Craik and Elliott
(1980) have estimated a Km of 212mM for fructose for the transport
system. The use of isolated hepatocytes has provided evidence for a

common carrier mechanism for the hexoses.

The Km and Vmax for fructokinase are reported to be 1M and
10.3 pmol/min/g respectively (Sestoft:gg:gl., 1972; Sestoft, 197ka;
Sestoft and F]éron, 1974) . Thus the affinity of fructose for its
carrier system is lower than the affinity of the ketose for fructokinase.
It is therefore cénc]udéd that.a carrier-mediated transport of
fructose 1imits itsmetabolism under physiological conditions. Thus,
although fructose fis takén ﬁp more slowly than g]ﬁcose by isolated
hepatocytés, fructose is immédiately metabolised within the cell.
(He]dt'éﬁ;gl., 1974; Baur and Heldt, 1976). Thérefore, un]ike“the '
uptake of glucose, thé ﬁptaké of fructose does not come to a stop in
iso]atéd livér cé]]s (Baﬁr and Heldt, 1976). These authors have also
shown that, if the phosphotﬁ1ation: of fructose within the cell is
abolishéd by addition of an uncohp]ér;’frﬁctose ﬁptake only proceeds
until the external frﬁctose goncéntration has been reached within the

cells,

The metabolism of fructose by the liver is known to be much more
rapid than that of glucose (Zakim'gijgl., 1969; Macdonald, 1971; Walker
et al., 1972).. The major known differences in fructose and glucose
metabolism occur in the initial phosphorylation and in the a]dolasé-
catalysed cleavage of the phosphorYIated hexoses (Cahill‘gg.él., 1958).
Fructose is able to by-pgss several enzymatic steps which are required
for thé metabolism of glucose. Thus, metabolism of fructose to triose
phosphate does not involvé any'kéy régu]atory enzymes. For this
féason fructosé is regardéd as a much better precursor of both hepatic

fatty acids and glyceride-glycerol (Zakim, 1973).

- The major metabolic pathways for' the conQngfbh‘bf glucdse and

fructose to triacylglycerol are summarised in Fig. 1.
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The initial step in fructose metabolisﬁ by the liver is a
phosphorylation by ketohexokinase yielding fructose 1-phosphate (Cori
et al., 1951; Hers, 1952a). Cleavage of fructose l-phosphate by liver
fructose bisphosphate aldolase yields D-glyceraldehyde and dihydroxy-
acetone phosphate.- ’The,dihydroxya¢etone phosphate may be converted
to lactate by glycolytic enzymes, to glucose and glycogen by
gluconeogenic enzymes or may be converted to sn-glycerol 3-phosphate
and used for the synthesis of triacylglycerol. There are three possible
enzymes which may be involved in the metabolism of D-glyceraldehyde;
triokinase which phosphorylates D-glyceraldehyde to D-glyceraldehyde
3-phosphate, an NAD*- specific aldehyde dehydrogenase that produces
D-glyceric acid which can be further phosphorylated to 2-phosphoglycerate
by glycerate kinase and NADﬁ, and NADP+- dependent alcohol dehydrogenases
which can both reduce D-glyceraldehyde to glycerol which, in turn, can
be phosphorylatéd to sn-glycerol 3-phosphate by glycerol kinase. The
former route is thought to operate in vivo. Thus the metabolism of
fructose by-passés the key regulatory enzymés of glucose metabolism,
glucokinase and phosphofructokinase I (Heinz, 1973). The only
regulatory enzyme which is common to the glycolysis of glucose and

fructose is pyruvate kinase.

B. ‘Key ‘enzymes ‘of Fructose metabolism

1. Ketohexokinase

D-fructose is mainly phosphorylated to fructose 1-phosphate by
an ATP-dependent kétohéxokinase (ATP: D-fructose l-phosphotransferase;
EC 2.7.1.3) (Cori et'al., 1951; Heinz, 1973). This enzyme is found in
all mammalian livers (Heinz et al., 1968; Heinz and Weiner, 1969).
Hepatic ketohexokinases havé been purified by a number of investigators
(Vestling et'al., 1950; Parks et al., 1957; Adelman et al., 1967;
n_Sénchezﬂgglgl., 1971a) . Purified rat liver ketohexokinase can be
. distinguished from thé other hexokinase by an absolute requirement for
K" ions (Sanchez et'al., 1971b). The enzyme has a Km of 0.46mM for
fructose and 1.56mM for the ATP-Mg2+ complex at a K™ concentration of
0.4M (Sanchez gg‘gl.; 19713) . The enzyme is strongly inhibited by
ADP, one of its reaction broducts. The inhibition is non-competitive
towards fructose and competitive with respect to the ATP-Mg2+ complex

) . t
and is partially reversed by K" ions, (Sanchez a1971b) .
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I't has been reported that ketohexokinase is inhibited by
fructose 1-phosphate (Froesch, 1959) but this inhibition was not
observed by Parks et al. (1957). Ketohexokinase is not specific for
D-fructose, it also catalyses the phosphorylation of other kétose
such as E;sorbose,vE:ga]actoheptu]osé, D-xylulose and D-tagatose and
can therefore be regarded as a ketohexokinase. The affinity of
ketohexokinase for these sugars also dependé on the K¥ concentration
(Adelman et al., 1967; Sanchez et al., 1971a).

Ketohexokinase activity differs in various species. 'In rat
liver the activity of enzyme is 2-2.5 umoles/min/g (Heinz Elnil';
1968) which equates well with the rates (3.0 umole fructose/min/g
tissue) of extfaction of fructose from the medium during liver
perfusion (Sestoft, 1974a). It has been shown that feeding rats on a
diet enriched with fructose (65%) for 3 weeks causes an increase in

hepatic ketohexokinase activity (Heinz, 1968).

2. Fructose 1-phosphate. aldolase (E.C.4.1.2.13.).

The major fate of the fructose l-phosphate is an aldolase-
catalysed cleavage résulting in the formation of dihydroxyacetone
phosphate and D-glyceraldehyde (Hers and Kusaka, 1953; Leuthardt et al.,
1953) . The same enzyme also catalyses the conversion of fructose
1,6-bisphosphate into D-glycera]dehyde 3- phosphate and dlhydroxyacetone
phosphate, as well as the condensation of the triose phosphates to

yield fructose 1,6-bisphosphate.

There are three isoenzYmes of mammalian aldolase. .Type A enzyme
found in muscle, type B in the liver and type C in the brain
(Ruttef, 1964). Aldolase B also occurs in the intestine (Kawachi et al.,
1973). lsoenzymes A and C catalyse mainly the cleavage of fructose
1,6-bisphosphate, .but aldolase B utilises both fructose l-phosphate
and fructose 1,6-bisphosphate as substrates (Hers‘and Kusaka, 1953;
Rutter et al., 1968) . The ratios of fructose 1,6-bisphosphate; .
fructose l-phosphate utilisation for type A, B and C are 50, 1 and 10
respectively (Penhoet et al., 1966). The hepatic.énzyme is cytoplasmic
(Hatzfeld et al, 1976). In the adult rat and rabbit livers both A and
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B isoenzymes are found, but the latter is predominant. In foetal liver
all isoenzymes are present but isoenzyme B becomes predominant just
before birth (Rutter et al., 1968).

The Km values for fructose 1-phosphate and fructose 1,6-bisphosphate
are 9 x IOPEﬂ and 1 x 10-5 M respectively (Heinz, 1973). The Vmax values
reported for liver aldolase from male rat liver are 3.3 and 3.2 umole/
min/g (Hasheml,A193§3 A number pf hetabo]ites have an inhibitory effect
on liver aldolase. It has been shown that aldolase B is competitively
inhibited by AMP and ADP but not by ATP (Adelman, 1972). This inhibition
could play a physielogical role in in vivo controlling the activity of
liver aldolase (Adelman, 1972). It has been suggested (Woods et al.,
1970) that liver aldolase is inhibited after a fructose load because
this treatment causes the accumulation of fructose l-phosphate. This has
been suggested to be due to an increase in IMP concentration which
follows the hepatic depletion of the adenine nucleotides. However,.

Van den Berghe et al., (1977) haveshown that the FIP accumulation
precedes that of IMP and thus the latter effect could not be considered

to cause the accumulation of the ketose phosphate.

Liver aldolase is'regulated by dietary carbohydrate (Adelman and
Spolter, 1966). The total activity of the enzyme decreases to about
one-third of the normal activity if the animals are fasted for 48-72 h,
but activity can be restored to normal by re-feeding with glucose,
fructose or sucrose when the fasted rats are given diets rich in glucose
or fructose; the activity'of the enzyme is restored to normal when

diet is administered for three weeks (Adelman and Spolter, 1966).

3. Trloklnase (ATP: ;Lglycera]dehyde 3-phosgbotransferase,
E.C.2.7.1.23)

The ATP- dependent phosphorylation of D-glyceraldehyde into

D-glyceraldehyde 3-phosphate occurs by the action of triokinase (Hers

and Kusaka, 1953). 1n vivo D-glyceraldehyde is normally derived from
¢c-4, C-5 and C-6 of fructose. The high activity of triokinase in both
human and rat livers and the low K.m of this enzyme for nglyceraldehyde
strongly suggests that triokinase is the most important enzyme in

D- glyceraldehyde metabolism (Sillero et al., 1969) . The same con-
clusion was reached following a study of the conversion of . [k— H, 6-]hC]
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fructose to liver glycogen in mice (Hue and Hers, 1972). These
authors have shown that 3H is not lost in the conversion of fructose
into glycogen. |If the pathway proceeds via glyceric acid there should
be a loss of H during the oxidatign of D-glyceraldehyde (Fig. 2).

These authors have found that the H/]hc ratio in glycogen was 36.6%
of that in the injected fructose. The.loss of tritium through fructose
metabolism was equal to 29.2% and the C-6 to C~1 randomization to
fructose metabolism was 27.4%. These results are in agreement with
the hypothesis- that the D-glyceraldehyde formed in the liver upon

- aldolytic cleavage of fructose 1-phosphate is metabolised by phos-
phorylation to D-glyceraldehyde 3-phosphate under the action of
triokinase. The kinetic properties of triokinase also reflect the
central role of the enzyme in fructose metabolism (Frandsen and
Grunnet, 1971). These authors have shown that the amount of fructose
converted to D-glucose in rat liver slices corresponds to the activity
of triokinase and also that the enzyme displays-a Km of 0.77mM for
Mg-ATP. It is possible that D-glyceraldehyde phosphorylation is
regulated to a significant degree by ATP levels in vivo. Triokinase,
therefore, is effective when the concentration of ATP is high which
would favour other giuconeogenic processes and inhibit glycolysis.
These authors have also suggested that at low ATP levels the glycerate

and/or glycerol pathways may operate.

L, Pyruvate Kinase (ATP: pyruvate phosphotransferase, E.C.2.7.1.40)

Pyruvate kinase catalyses the final step in the formation of
pyruvate from glucose via the glycolytic pathway. This enzyme
catalyses the transfer of the 'energy rich' phosphate group from

phosphoenolpyruvate to ADP producing enolpyruvate and ATP (Heinz, 1973).

Hepatic pyruvate kinase (L-type) is localised in the cytoplasm.
In the absence of any effectors the liver pyruvate kinase shows
markedly sigmoidal kinetics wi;h’respect to phosphoenolpyruvate with
a;»[é] 0.5 of about ]0-3wﬂ (Seubert and'Schoner, 1971). Fructose
1,6-bisphosphate is a potent stimulator of the enzyme (Carminatti
et al., 1968). The V.« is not altered but the Km is markedly.dgcreased‘

to about IO-hqﬂ.,
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L-type pyruvate kinase is allosterically inhibited by ATP and
alanine (Seubert and Schoner, 1971; Imamura and Tanaka, 1972). The
presence of physiological concentrations of these effectors can have
a profound effect 6n the degree of co-operativily that the enzyme
shows, as well as on the '[§]f0.5 for phosphoenolpyruvate. Physiological
concentrations of fructose 1,6-bisphosphate, however, can completely
reverse the inhibition by these effectors. It has also been reported
that pyruvate kinase activity assayed at sub-optimal phosphoenol-
pyruvate concentration is increased by fructose l1-phosphate after
perfusion of rat liver with 10mM fructose (Eggleston and Woods, 1970).
Acetyl-CoA has also been shown to inhibit rat liver pyruvate kinase .

activity (Weber et al.; 1967).

The activity of the L-type isoenzyme is markedly altered by
phosphorylation catalysed by cyclic AMP-dependent protein kinase
(Ljungstrom et al., 1974; Engstrom, 1978). Moreover, phosphorylation
has been shown to occur in intact liver preparations in which the cyclic
AMP Tlevels have been increased: by ‘glucagon (Ben-Bassat et al., 1977;
Gurtler and Emmerich, 1978). Phosphorylation converts the enzyme into
a less active form. Dephosphorylation has been demonstrated in the .
presence of a protein phosphatase: extracted from liver (EngstrSm,
1978) . The phosphorylated and dephosphorylated formsof the enzyme
are characterised by high (800 uM) and Tow (300 pM) values for the
:[53‘0-5 for phosphoenol-pyruvate respectively. Recently, it has been
shown that L-type pyruvate kinase can also undergo a proteolytic
. cleavage which produces a less active enzyme molecule (Hall et al.,
1979) . These authors speculated that the clanagé:is a secdndary

response to'phosphorQIation and inactivates the enzyme irreversibly.

‘Pyruvate kinase activity has beéen studied in meal-trained
animals fed on either carbohydrate or Chow diets (Hopkirk and
Bloxham, 1979). |In both groups of rats the total activity of enzyme
increases during feeding and is maximum 1-5 h/.postﬁran&ially. Thus
the period of maximum enzyme activity coincides é]osé]y with the
period of maximum fatty acid synthesis. The total activity of pyruvate
kinase was about three times as great in Homogenates from high-
carbohydrate fed animals compared with chow-fed animals. This increase
parallels the enhanced fatty acid synthésis in high carbohydrate fed
rats (Hopkirk and Bloxham, 1979). |
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C. Consequences of hepatic fructose loading

The levels of fructose l-phosphate in the liver are increased
following fructose feeding (Hue and Hers, 1972). Oral and especially
parenteral administration of fructose cause a rapid accumulation of
fructose l-phosphate and a depletion of ATP and Pi in the tissues
that possess ketohexokinase. The accumulation of fructose l-phosphate
has been demonstrated in the livers of rats and mice (Burch et al.,
1969; Van den Berghe et al., 1973; 1979; lles et al., 1980) and
normal humans (Woods et al., 1970; Séstofq_gqigl, 1972). It is
postulated that the breakdown of fructose 1-phosphate is much slower
than its formation by fructokinase, as a result there is an increase
in the concentration of the fructose ester. It has been concluded
that the accumulation of IMP (an inhibitor of aldolase), which is also
observed when liver is perfused with fructose, is the reason for the
accumulation of ketose phosphate (Woods et al., 1970). The finding
that the accumulation of the fructose ester precedeé?the increase in
IMP_in vivo contradicted the above explanation (Van den Berghe et al.,.
1977) . Another explanation, the inhibition of fructokinase by fructose
1-phosphate, has also been disputed (Sestoft, 1974a) and the fact that
the concentration of ADP is barely changed after fructose load rules
out the possibility of inhibition by the other product of the reaction.
The decrease in ATP caused by a’ fructose load (Méenpéﬁ;gg_gl.; 1968)
could decrease the vé]ocity of the fructokinase mechanism, although
not sufficiently to stop the ~accumulation of fructose l-phosphate.
The availability of P. also plays a role snnce,ln isolated llver,the
rate of fructose uptake (Sestoft, 1974b), as well as the accumulation
of fructose 1-phosphate (WOods, 1972), can be enhanced by increasing

the concentration of Pl in the perfusion medium. "~

. Besides the accumulation of fructose 1-ph0$pﬁate'énd IMP, several =~

" other metabolites are increased after the administration of a fructose
load (Van den Berghe, 1978). It has been reported that the concen-

- tration of g]ycera]dehyde, glyceraldehyde 3-phosphate, dlhydroxyacetone
phosphate and especially sn-glycerol 3-phosphate are increased following
fructose load (Heinz and Junghanel, 1969; Burchﬂgg_il.; 1969; Woods

‘ 3£‘31., 1970). It has been shown that the concentration of sn-glycerol
3-phosphate is increased approximately eightfold in rat liver perfused

with ]Qmﬂ fructose (wghﬂand and Matschinsky, 1962; Woods et al., 1970).
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Davies and Mapungwana (unpublished observations) have also shown that
fructose can elevate sn-glycerol 3-phosphate levels in hepaiocytes
incubated with fructose, even at physiological concentrations of the
ketose, but the increase is only of the order of 1.5-2.0 fold (from
approximately 200 nmolés/gcells). The dihydroxyacetone phosphate
concentration, on the other hand, was unaffected by the ketose.
Recently, fructose metabolism has been studied with 3]P n.m.r.
in perfused livers from rats starved for 48 h (lles et al., 1986).
These authors have shown that a rapid fall in the concentration of
both ATP and Pi and a decrease in intracellular pH occurs after
infusion of fructose. These changes are accompanied by a rapid rise
in fructose l-phosphate. The uptake of lactate by the liver indicated
that the fall in intracellular. pH was caused primarily by production
of protons accompanying the formation of lactate from fructose, as

shown below.

Fructose + Mg ATPZ" >Fructose 1 - P2 & Mg.ADP]- + HF
2 Lactate-,+ ont > glucose
Fructose > 2HY + 2 Lactate”

However, this proton release is transientsince it is limited by
the magni tude of thé initial increase in fructose l1-phosphate concen-
tration and the fall in ATP concentration. Further metabolism of
fructose l-phosphate to glucose and re-conversion of ADP into ATP, to
maintain the new steady state concentrations, wi]l'result in a net
balance of zero protons released. However, at the same time it is
apparent that a change from lactate uptake to lactate output occurs by
this méchanism, which presumably accounts for the lowering of intra-
cellular pH (lles et'al, 1980). The concentration of other nucleo-
tides has also been reported to be decreased by fructose loading.

These are UTP, UDP-glucose (Burch EL.EL.,'ISGS; 1970) and GTP (Van

den Berghe et al., 1977). The decrease in.the GTPjand UTP occurs more :,
"slowly than the decrease of ATP. The reason for the decrease in GTP is
thought to be its utilisation for the phosphorylation of D-glyceraldehyde

by triokinase (Frandsen and Grunnet, 1971).
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The mechanism of D-fructose-induced hyperuricemia in humans is
probably by way of the rapid phosphorylation of fructose which causes
depletion of ATP and inorganic phosphate in the liver (Maenpada et al.,
1968; Woods et al., 1970; Sestoft, 1974a, Van den Berghe et al., 1977;

Van den Berghe, 1978). Both are essential for the stabilisation of AMP
level and, therefore, the total adenine nucleotide content of the tissue.
When the inhibition of AMP deaminase becomes less effective the hepatic
IMP concentration increases and both AMP and IMP undergo dephosphorylatioh
with the formation of adenine and inosine (Wood et al., 1970; Van den
Berghe et al., 1980) and eventually hypoxanthine, uric acid and allantoin,
as shown in Fig. 3 (Woods, 1972; Fox and Kelly, 1972).

The most likely route for, the degradationtJfAMP appears to be

via AMP deaminase, since the enzyme is stimulated by ATP and inhibited
by physiological ]eve]s of GTP and Pi' The depletion of the latter
metabolic intermediates appear to result in the loss of an important
regulatory control of AMP deaminase, i.e. the inhibition of the

enzyme under physiological substrate and regulator levels (Van den
Berghe et al., 1977). Therefore, fructose infusion results in an
increase in the serum level of uric acid (Heukenkamp and Zé6l1lner,

1971). In experimental .animals such as rats that possess uricase, the
administration of a fructose load causes an increase in the plasma level
of allantoin in addition to the increase in uric acid (Maenpaa et al.,
1968; Kekomdki et al., 1972). The mechanism of fructose induced
nucleotide catabolism was studied using isolated rat hepatocytes in
which the adenine nucleotide pool was pre-labelled with EhC] adenine
(Smith et al., 1977) Incﬁbatlon of isolated Eat hepatocytes with
fructose (28 mM) caused a rapid depletlon of the [. C] adenine nucleo-
tides and a corresponding increase in [ C] allantoin (Van den Berghe
et al., 1980). The production of allantoin by isolated hepatocytes

is not‘inflpenced by the addition of low concentrations of coformycin.
(0.1 uM), but is decreased by concentrations of coforhYcin~(50 uM)

that are inhibitory for AMP deaminase. With 50 uM - coformycin the
production of allantoin |s decreased by 85% and the formation of radio-
active allantoin from L c] adenine nucleotldes is comp]ete]y suppressed.
In the presence of 0.1 uM coformycin, or in its absence, the addition
of fructose to. the incubation medihm causes a rapid degradation of

ATP, without an equivalent increase in ADP and AMP, followed by transient

increases in IMP and in the rate of production of allantoin. In the
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presence of 50 pM_coformycin, the fructose-induced breakdown of ATP
is not modified, but thé depletion of the adenine nucleotide pool
proceeds much more slowly and the rate of production of allantoin
increases only slightly. A rise in IMP concentration is not
detectable but AMP level is increased. Inhibition of adenosine
deaminase requires only 0.1 pM.coformycin (Van den Berghe et al,,
1980). This is evidence for a major role of AMP deaminase in the

regulation of the adenine nucleotide breakdown.

D. End products of fructose metabolism

The major end products of fructose metabolism are glucose,
lactate and glycogen. It has been shown tHat when livers from fasted
rats are perfused with 20mM frﬁctosé for 1h, 52% of the ketose is
recovered as glucose, 18% as lactate plus pyruvate and 8% as glycogen;.
the remaining 22% is assumed to be metabolised to triacylglycerol,
co, and ketone bodies and to glycerol and sorbitol (Exton and Park,
1967). From studies performed on perfused liver, it is well known
that fructose is one of the best gluconeogenic substrates. The
maximum rate of glucosé formation from frﬁctbéé by perfused liver is
about twiceivthat from lactate (Exton and Park, 1967; Ross gg_gl;,
1967). 1t has been shown that fructose is utilised very effectively
by isolated liver cells from both fed (Seglen, 1974; Arinze and
Rowley, 1975) and fésted (Vénézia]e and Lohmar,. ]973;4Seglen, 1974)
rats. At 20mM fructose the rate of gluconeogenesns.s approximately
3 pmoles/min/g and glycogen has been shown to accumu]ate (Seglen,
1974) .  Gluconeogenesis from fructose (5-20mM) is not subject to
end-product inhibition by glucose at physiological concentrations in
cells from fasted rats (Seglen, 1974). In vivo studies with [’]h ]
fructose in experimental animals (Friedmanh'g};gl., 1970) " and in
human (Atwell and Waterhouse, 1971; Kellen and Froesch, 1972) have
demonstrated a rapid conversion of the ketose intbwblbod glucose
which results in hypérglycémia. ParenchYmal cells isolated from the
livers of hOh starved, but not from l6h fasted rats, show an increase
in the rate of gluconeogenesls from fructose compared to fed rats’
(Seglen, 1974) . '

Glucagon, adrenaline or cyclic nucleotides stimulate glucose
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synthesis from fructose nn |solated rat llver cells (Garrison and
Haynes, 1973). Glucagon enhances glucose formation from low concen-
trations of fructose in |so]ated hepatocytes from 24 h fasted rats
but does not enhance the initial raté of gluconeogenesis from 10mM
fructose (Zahlten'gg;gl,, 1973). Other authors have also found that
at high concentrations of substraté glﬁtagon has no significant effect
on glucose production (Ross et al., 1967; Exton and Park, 1968; 1969).
The effect of glucagon on g]uconeogénesis is mediated through changes
in the concentration of cyclic AMP Iéading to a decrease. in
phosphofructokinase (Van Schaftingén'gs;gl:, 1981) and an increase

in fructose l,6-bisphosphatasé (Van Schaftingen and Hers, 1981)
activity as the result of a lowering of the fructose 2,6-bfsphosphate
concentration in the liver (Van Schaftingén'gg_gl;,~1980).- Fructose
at low concentrationAelgvateéﬁ hépatocyté Fru 2,6-?2 but the level

of the effector is depleted at high concentrations of the sugar

(D.R. Davies, ﬁnphblisﬁed). This coﬁld éxp]ain the apparent dis=
crepancy betwéén the éfféct of glﬁcagon at differént concentrations

of fructose.

Perfusion of rat l?vér from fed animals with physiologica]‘con-
centrations of fructosé leads to a sfgnfficant lowering of glucose in
the perfusate and a concomltant |ncrease in liver g]ycogen (Topping and
Mayes, 1976). A reductlon ln glucose concentration has also been
reported in the hepatic venous.bloqd of rats absorbing a fructose meal
(Topping and Mayes, 1971). Fruétosé is known to caﬁse an increase in
hepatic glucose 6*phosphaté concentration (Walli et'al., 1975; Miller,
1978). This may. activate glycogen synthétase and inhibit phosphorylase
(Hérsfégjél.;;}97k)nthCh maxla;coﬁn;;fpr.the.Incréasé.in‘glyqogen
deposition observe&'by Topping ana’Mayeé'(1976).

Perfusion of rat lfvéf by frﬁctose has béen reported to result
in a transient Tncréasé in phosphorylasé a activity followed by an
_inactivation of the enzymé (wallilgglgl.,l975; Jakob, -1976).. Van den
Berghe et al., (1973) have also réportéd an inactivation of phosphorylase
in mouse liver'whén frﬁcto;é is administeréd intraperitoneally. The
activation of phosphorylase by fru;tosé is in contrast with the widely
held bélief that thé kétosé is a good précﬁrsor of glycogen. Miller
(1978) has provided evidence that the activation of pﬁosphorylase by
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fructose involves a cyclic AMP-dependent mechanism, since perfusion

of liver with fructose increases cyclic AMP concentration within the
cells and also increases cyclic AMP-dependent protein kinase. However,
very high levels of the ketose were used by this author. Van der
Werve and Hers (1979), howevér, were unable to demonstrate any change
in phosphorylase kinase or histoné kinasé actiVity in isolated
hepatocytes in responsé to the sﬁgar. They correlated the increase

in phosphorylase a to the décréaséd concéntration of ATP, since the
activation of phosphorylase was also obsérved with other ATP e
depleting agents shch as glycérpl, tagatosé and glhcose. The latter
effect was only observed when hexokinase was added. They suggest a
mechanism for the actlvatlon of phosphorylase involving a decrease in
the level of ATP-Mg, resulting |n a change in the ratlo of Mg /
ATP-Mg which would, in turn, stlmulate phosphorylase klnase and thus
increase thé conversion of phdsphéryTasé b to phosphorylase a. The
inactivation of phosphory]asé obsérvéd at 1ongér time intervals is
reported to be relatédﬂto thé lowering of cyclic AMP by fructose

(Van den Berghé'gilgl., 1973).

Fructose l-phosphaté has also béén réportéd to inhibit purified
phosphorylase a so that at concéntrations of 10mM fructose 1-phosphate
and 1.5mM Pi’ condi tions which are likély to occur in hepatocytes
subjected to a fructose load, the enzyme may be inhibited by approxi-
mately 70% (Van den Berghe et'al., 1973).

It has been reported that glycogen is synthesised from fructose
(20mM) at high rates by hepatocytes from fed or 16h-fasted rats, but
not in cells from 40h-starved animals (Seglen, 1974). There is a
strong synergism between the effects of fructose and of glucose on
glycogen synthesis. Glycogen synthase activity has’Béen reported to
be increased fo]lowiﬁg“* fructose administration in vivo (Van den
Berghe et al., 1973; Hue et al., 1973; Thurston et al., 1974) and in
perfused liver (Walli et al., 1975; Whitton and Hems, 1975). The
effect of fructose on glycogen.$ynthase is thought to be secondary
to the effect on phosphbrylasé,'since it has been shown that increasing
glucose concentration from 5.5mM to 55mM causes a sequential inactiva-
tion of glycogen phosphorylase/gnd activation ofrglyéogen'synthase;in
perfused liver (Hue ég_gl, 1975). The explanation for this is that

glucose binds to phosphorylase a and, as a result, there is a rapid
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conversion to phosphorylase b by phosphorylase phosphatase (Hers

et al., 1977). Synthetase phosphatase, which activates glycogen
synthase, is strongly inhibited by phosphorylase a; thus, the
conversion of phosphorylase a to phosphorylase b results in an
“activation of glycogen synthase.‘ However, Walli et al., (1975)

found that fructose increaséd phosphorylase a without a concomitant
decrease in glycogen synthase,‘a]thoﬁgh the decrease in phosphorylase a
observed after a longer perfusion period resulted in an increase in

glycogen synthase.

It has been shown that lactate formation from fructose is
several-fold faster than from glucose in liver slices (Renold et al.,
1956; Thieden and Lundqﬁist, 1967) in the perfusea liver (Exton and
Park, 1967) and in isdfated liver cells (Seglen, 1974; Davies and
Mapungwana, unpublished). This difference is explained by the higher
activity of fructokinase in comparison with the glucose phosphorylating
capacity of hepatic glucokinase’(Ade]man‘gz;gl., 1967; Aminoff, 1974)
" and the fact that fructolysis bypassés the regulatory enzymes,
glucokinase and phosphofrﬁctokinasé (Arinze and Rowley, 1975). In°~
addition ~ pyruvate kinase is stimulated by fructose 1-phosphate
(Eggleston and Woods, 1970) and by thé depletion of ATP. Fasting has
been shown to decrease the formation of lactate from fructose (Seglen,
1974; Sestoft, 1974a). It has also béén shéwn.that, under anaerobic
condi tions glycoTysis from fructose is stimulated in hepatocytes
(the Pasteur effect) and gluconéogenesis and g]yqogen synthesis is
is strongly inhibited (Seg]eﬁ;,197h)3 Administration of fructose in
~ humans has been shown to cause considerab]é increase in blood lactic
acid, accompanied by a fall in pH (Bérgstram_gg_gl:, 1968). It has
been shown that perfusion of liver with 8.9mM fructose resulted in
a net lactate ﬁroduction at low and high concentrétfoné of non--
esterified fatty acid but a net uptake occurred at physiological

fructose levels (Laker and Mayes, 1979).

E. Antiketogenic effect of fructose

. . The metabolism of long-chain fatty acid by the liver is a
complex process which is dependent on the hormonal and dietary condition

of the animal. The blood-borne fatty acids are converted to the
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acyl CoA derivative by the cytoplasmic =  acyl CoA synthase
(Williamson, 1979). The fate of the long-chain acyl CoA is either
esterification with sn-glycerol 3-phosphate to form triacylglycerol
(McGarry and Foster, 1980a) or B-oxidation to acetyl CoA. The latter
product may be used for the generation of ketone bodies or for the
synthesis of citrate which, in turn, can either be exported from

the mi tochondria and uséd for fatty acid synthésis or oxidised to

€0, via the tricarboxylic acid cycle (Fig. b).

B-Oxidation involvés thé sﬁccéssive oxidative removal of acetyl
unit as acetyl CoA from long-chain fatty acids. The carnitine-
dependent transfer of fatty'acid‘across the mitochondrial membrane
is established as an obligatory step in the B-oxidation of long-chain
fatty acid. The formation of acy)carhitiné and thé shbsequent
oxidation may be régu]atéd in the intact cell (Bremer et al., 1978)
but present evidence indicates that it is the‘mitothondrial uptake -

of fatty acid which is the most important factor (Williamson, 1979).

The regulation of the fate of acyl CoA appears to be under
hormonal control. |In the fed animal esterification predominates and
oxidation is shut down. In this casé thé major source of mitochondrial
acetyl CoA may be pyruvate. In the fasted state lipogenesis and _
trlacylglycerol synthesis are suppressed and ketone body formation
is increased. The uptakean414t|l|sat|on of citrate for oxidation is
virtually unaffected by diéfary Statﬁs. These changes-haﬁe been
ascribed to alterations in thé plasma glﬁqagon/insu]in ratio
(McGarry and Foster, 1980a; Zammit, 1981).

The reciprocal relationship between oxidation and esterification
of free fatty acid taken up by the liver has been well demonstrated
- (McGarry and Foster, 1971a; Topping and Mayes, 1972; McGarry et al.,
'1975). The channelling of fatty acids'throﬁgh thié metabolic branch
point may be governed by the esterifying capacity of the liver which,
_in turn, is thought to be depéndéht ﬁpon thé'availébiﬁty of sn-
glycerol 3-phosphate (Fritz, 1961; Wieland and Matschinéky, 1962;
Tzur et al., 196L; Mayés and Fé]ts, 1967) According]y,‘the enhanced

‘rate of hapatic fatty acid oxidation seen in insulin-deficient states

is postulated to be secondary to a dlmlnlshed esterlflcatlon capacity
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a .
resulting from/fall in sn-glycerol 3-phosphate levels. However, it

is not established that fluctuations in the sn-glycerol 3-phosphate
concentration can influence the rate of fatty acid oxidation
(Williamson_gg_gl., 1969; McGaEry and Foster, 1971a, Christiansen,
1979), but recent evidence by Zammit (1981) shows that sn-glycerol 3-
phosphatevlevels increase in parallel to total ketone body concen-
tration. |In addition, Debeer et al., (1981) have found that hepatocyte
sn-glycerol 3-phosbhate levels may regulate palmitate oxidation via
changes in ésterification'rates but there is no claim that sn-glycerol
3-phosphate affects oxidation directly. It is suggested (Zammit, 1981)
that the raised sn-glycerol 3-phosphate concentration is the result

of increased delivery of glycerol to the liver from the adipose tissue
under ketogenic conditions and that sn-glycerol 3-phosphate availability

is unlikely to limit esterification.

The addition of fructose to isolated liver preparation from
fasted animals decreases the formation of ketone bodies (McGarry and
Foster, 1971a; Ontko, 1972; Sestoft, 1974c). Such an antiketogenic
effect has also been described in man, following intravenous infusion
of fructose (Diétze.gg_gl., 1978). The antiketogenic effect of _
fructose is most probably due to the inhibition of B-oxidation of
fatty acids and an enhanced utilisation of acetyl CoA for lipogenesis.
From in vitro experiments it has been concluded that the effect of
fructose can be attributed to the accumulation of sn-glycerol 34phosphate
resulting in increased esterification and thus a decreased amount of
free fatty acid available for B-oxidation. On the other hand, an
increased activity of the citric acid cycle has been postulated to
be responsible (McGarry and Foster, 1971b). Ontko (1972) found that

fructose elevated CO, production from palmitate by hepatocytes at low

fructose cbncentratign but Topping and Mayes (1972), using.

physiological levels of the ketose, found inhibition of B-oxidation to
COé.' The increased activity of the citric acid cycle in response to
fructose may be associated with the falliin ATP concentration in the
liver. A more recent study of Christiansen (1979) using hepatocytes
treated with glucagon revealed that fructose, dihydroxyacetone, glycerol,
sorbitol and lactate were capable of:a similar antiketogenic effect
despite large differences in the accumulationof sn-glycerol 3-phosphate

in response to each of these substrates. It is suggested that the
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antiketogenic effects of these substrates may be exerted via changes

in the levels of long-chain acyl CoA and malonyl CoA.

Prager and Ontko (1976) have investigated the effect of fructose
with a cell-free system utilising intact mitochondria and they have
found that fructose inhibits a step in the PB-oxidation sequence since
palmitoyl carnitine oxidation is inhibited substantially, an.effect
which is independent of changes in esterification since the microsomes

were removed in the procedures.

II. HEPATIC LIPOGENESIS

The de novo synthesis of fatty acids in the liver involves the
conversion of acetyl CoA to acyl CoA in the cytosol of the hepatocytes.
The initial step catalysed by acetyl CoA carboxylase is the carboxyla-
tion of acetyl CoA to malonyl CoA (Volpe and Vagelos, 1976). The
synthesis of the acy] CoA is catalysed by the fatty acid synthetase
complex which utilises acetyl CoA, malonyl CoA and NADPH as substrates.
The cytoplasmic acetyl CoA required for lipogenesis is thought to be
derived from citrate by the action of ATP citrate lyase. The conversion.
of pyruvate to fatty acid involves the mi tochondrial up take of the
former and its conversion to acetyl CoA in'the mi tochondria by |
pyruvate dehydrogenasé; Acetyl CoA combines with oxaloacetate in the
mitochondria.by action of citrate synthase and the Citrate which leaves
the mitochondria is'uﬁi]ised for the resynthesis of acetyl CoA in the

cytoplasm (Bhaduri and Srere, 1963).

A. Key enzymes of fatty acid synthesis

1. Acetyl CoA Carboxylése (E.C.6.4.1:2) or :'Acetyi‘CoA - C02
Ligase (ADP forming) | . ‘ ‘

The initial step in the biosynthesis of long-chain fatty acids is
catalysed by acetyl CoA carboxylase. Malonyl CoA is formed by
carboxylation of acetyl CoA. This is generally regarded as a rate

limiting step in'gg'nOVO'fatty acid biosynthesis. Acetyl CoA
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carboxylase catalyses.the biotin-dependent carboxylation of acetyl CoA

to form malonyl CoA in a two-stage reaction:

2+
Mg
ATP + Hco3’+ biotin = E —> cog - biotin - E + ADP + Pi
BC '
co;- biotin = E + CHyCO - SCoA ——> T00CCH,00 - SCoA + biotin~E
TC

Acétyl CoA carboxylase is an allosteric enzyme with a biotin prosthetic
group and consists of three sub-units; biotin carboxylase (BC), biotin
carboxy carrier protein (BCCP) and transcarboxylase (TC). Biotin .
carboxylase catalyses the first half-reaction, the carboxylation of
biotinyl moiety of the BCCP (Volpe and Vagelos, 1976). The trans-
carboxylase component of acetyl CoA carboxylase catalyses the reversible
transfer of carboxyl group from CO2 - BCCP to acetyl CoA to form ‘
malonyl CoA (Alberts et al., 1971; Guchhalt et al., 1971; Polakis et al.,
1974).

The enzyme . exists in two forms, an inactive monomeric form and
an active polymeric form (Gregolin et al., 1968). Evidence from
invitrostudies suggest that rat liver acetyl CoA carboxylase is also
regulated by a phosphorylation - dephosphorylation mechanism and it
has been postu]afed that the phosphorylation of the enzyme protomer
leads to a decrease in enzyme éctivigyngarlsonand Kim, 1973; Lee and

Kim, 1977).

Thus the activity of purified acetyl CoA cafboxylase depends on
its state of aggregation. The enzyme from animal tissues requires a
pre-incubation in the presence of a tricarboxy]ié acid, notably citrate,
to reveal the carboxylase activity (Lane et al., 1974; Witters et al.,
1979a) . The citrate activation of the purified enzyme has been shown
to be the result of the polymerisétion of the protomer to give a
catalytical]y active filamentous structure: (Grego]in‘gg_gl;,')966;
Hashimoto and Numa, ]97]; Moss and Lane, 1972; Moss et al., 1972;
Lane et al., 197%; Ashcraft et al.; 1980). However, the physiological
significance of effect of citrate preincubation has been somewhat doubt-
ful since the Ka for citrate is 3-4mM which is about 10-fold the level

which occurs in the liver cell. It is thought that the activation
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induces a conformational cnange in the protomer which results in
polymerisation'(Lane et al., 1974). Polymerisation is also enhanced
by the presence of Pi’ albumin, a pH between 6.5 - 7.0 and a high
enzyme concentration, whereas depolymerisation is induced by ATP -

Mg2+ and HCOE, malonyl CoA, fatty acyl CoA and alkaline pH (Lane et al.,

1974). 1t is generally raccepted that the major effect of the

activation of citrate is to increase the Vﬁax'OF the enzyme rather than

to change the Km values for the substrate (Volpe and Vagelos, 1976).
The Km of the carboxylase for acetyl CoA is 3 x lo-éﬂ, the Km

for bicarbonate is 6 x.10‘3§ and for ATP 2 x IO-Eﬂ under optimum assay

conditions (Alberts and Vagelos, 1972; Soler-Argilaga et al., 1978a).

It has been reported that physiological concentrations of CoA
can activate a partially'purified acetyl CoA carboxylase from rat liver
but this effect was lost on further purification of the enzyme. This
activation of the partially purified enzyme is accompanied by a lowering
of the Km for acetyl CoA from 200 uM to 4 pM, the latter value is
closer to the physiological concentration of cytosolic acetyl CoA.
The activation of acetyl CoA carboxylase by physiological concen-
trations of CoA has beén shown to be sigmoidal. Below 60 uM CoA.there
is little or no activation of the enzyme, suggesting that small changes
in the concentration of CoA can cause significant changes in
carboxylase activity. These authors have suggested that the binding
site for CoA is different from that for citrate (Yeh and Kim, 1980).

‘ - Treatment of the purified enzyme with Dowex 1 - X8 to remove :i
tightly-bound citrate results in the restoration of ‘the CoA activation

of the enzyme, in this case there is an increase in the V apparently

without a change in the Km. The activatidn(by CoA is acc:;:anied by

a polymerisation of the enzyme. The phdsphorylated form of acetyl CoA
carboxylaée,does not respond to CoA activation at ai] at physiologfcal
concentrations. There appears to be one high éffinity binding site

for CoA per sub-unit, binding at this site is unaffected by citfate

but is inhibited by palmityl CoA. Bovine serum albumin and CoA together

can activate the palmityl CoA inhibited enzyme.(Yeh and Kim, 1980).

It has been claimed that acetyl CoA carboxylase in liver
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homogenates is activated by incubation at 37° in vitro (Swanson et al.,
1968; Allred and Roehrig, 1978). The latter workers found that a liver
preparation obtained by homogenising the tissue in isotonic mannitol

and centrifugation at 27,000 x g contained an enzyme which was capable
of the acetyl CoA dependent fixation of HCOE into an acid-stable
product. However, more recent work Davies et al., (1982) has identified

the major product of such an incubation as C] aspartate, presumab]y

" formed as the result of the action of pyruvate carboxylase and a

transaminase. The former enzyme has almost identical substrate and
effector requirements as acetyl CoA carboxylase except that pyruvate

is the substrate for pyruvate carboxylase whereas acetyl CoA is an
allosteric stimulator. Davies-et al., (1982) have also shown that
sufficient pyruvate accumulation occurs during homogenisation and
incubation to account for the enhanced rates of carboxylation observed
by Allred and Roehrig (1978). The observations of Davies et al., (1982)
also cast doubt on some of the recent evidence that acetyl CoA carboxy-

lase activity in isolated hepatocytes is influenced by hormones. Geelen

et al., (1978b) reported a covariance between acetyl CoA carboxylase

level and lipogenesis in hepatocytes treated with insulin and glucagon.
Witters et al., (1979a) reported an inhibition of acetyl'CoA carboxylase
in isolated hepatocytes by glucagon and a stimulation by insulin.
Demonstration of these hormonal effects requifed for isolation of the
enzyme extract at room temperature using a vigorous homogenisation
technique. Sumllarly, Ass imacopolous-Jeannet et al., (1981) have also

found that insulin and vasopressin increase lipogenesis bem3H 0 and

. the latter hormone increases acetyl CoA carboxy]ase activity. All these

observations can be simply explained by the fact that these hormones
all regulate glycolysis and thus the level of pyruvate in the crude
extracts which are used for enzyme assay. |t is also possible that -
changes in pyruvate concentration could also account for the differences
in the rate of lipogenesis observed by these authors. ‘In fact, the 7
lattgr group have shown that the stimulatory effect of insulin is

abolished at a high concentration of pyruvate.

Some early reports (Swanson.gi_gl., 1967) indicated that acetyl
CoA carboxylase present.in an inactive form in a High;spéed supernatant
from rat liver could be stimulated by incubation with trypsin. In this
context Abdel-Halim and Porter (1980) have fpund a non-dialysable

factor in such a preparation which inhibits acetyl CoA carboxylase.
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This inhibition is destroyed by heating and by trypsin treatment,

" suggesting that a regulatory‘protein is present in the high-speed
supernatant which modulates the activity of the protein. This factor
has recently been purified (Shiao et al., 1981). These authors haver
shown that this factor behaves as a cAMP-independent protein kinase
that inactivates acety] CoA carboxylase by phosphorylation; this kinase
has a molecular weight of 16,000 and it requnres ATP and Mg2 for

activity (Shiao et al., 1981).

Hardie and Guy (1980) have also described an effect of trypsin on
the enzyme which results in partial hydrolysis of the protomer; this
treatment, however, appeared to have no effect on the activity of the
carboxylase despfté the apparent loss of one of the sites phosphorylated

by cAMP-dependent protein kinase.

A number of different candidates for the inhibition of the enzyme
in vivo have been postulated. Long-chainkfatty adyl CoA thioesters at
micromolar concentrations inhibit the carboxylase from rat liver; the
inhibition is compétitivé with respect to citrate (Bortz and Lynen,
1963; Numa et al., 1965a; 1965b; Volpe and Vagelos; 1976). The most
potent thioesters are those of the C]6 - C]8 fatty acids, such as
palmityl, stearyl and oleyl CoA (Goodridge, 1973b; Goodridge et al.,
1974; Lunzer et'al., 1977). This inhibition is thought to be of
physiological importance since half-maximal inhibition occurs at con-
centratlonsof the thioesters between 3 and 8 x 10 7M and the concentration
of acyl CoAs in vivo is thought to be 15- ]hO pM (Greenbaum et al., 1971
Yeh and Leveille, 1971).

It has been demonstrated that palmitoyl CoA binds tightly and
reversibly to mammalian acetyl CoA carboxylase in an equimolar ratio to
completely inhibit the enzyme (Ogiwara et al., 1978). The inhibition
constant (Ki).is as low as 6nM, about three orders of magnitude smaller
than the critical micellar concentration of palmi toyl CoA. Comparison
of the Ki values for various structural analogues of pa]mitdyl CoA
indicate that 3'-phosphate of the CoAmoiety and the long-chain acyl
residue are essential for the inhibition of the enzyme (Nikawa et al.,
1979) . The inhibition.is competitive with respect to citrate but non-
competitive with respect to acetyl CoA, bicarbonate, or ATP_(Numa.gg‘gl.,

1965a, 1965b). Regulation of acetyl CoA carboxylase activity by
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palmityl CoA has also been studied in chiéken liver (Goodridge, 1972).
In the presence of bovine serum albumin (25 mg/ml), palimityl CoA (100 M)
inhibited incorporation of IQC citrate into fatty acids by a 100,000
X g supernatant of chicken liver and inhibited the activity of acetyl
CoA carboxylase putified from chicken liver (Goodridge, 1972). This
"specific'" inhibition of acetyl CoA carboxflase can be reversed by one
of three ways: (1) increase in concentration of albumin, (2) increase
in concentration of citrate or (3) addition of (+) - palmityl carnitine.
Palmityl carnitine may act as a structural analogue that binds to the
enzyme at the same site as palmityl CoA but does not inhibit enzymatic
activity (Goodridgé,,]972).

Malonyl CoA is a potent inhibitor of the avian liver acetyl CoA

carboxylase (Gregolin'éﬁ;il., 1966; Chang et al., 1967) exhibiting a

Ki of about lO’Sﬁ. It has been established that the inhibition by
malonyl CoA is competitive with respect to both acetyl CoA and the
tricarboxylic acid activator (Gregolin et al., 1966). While competitive
inhibition by malonyl CoA with respect to acetyl CoA is of the
"'classical' type, the competitive relationship between malonyl CoA and
isocitrate affects the protomér/po]ymer equilibrium (Lane EE.El:’ 1974) .
Citrate and isocitrate causé a shift in the equilibrium towards the
catalytically activé polymeric form and malonyl CoA is known to promote
depolymerisation. (Gregolin et al., 1966; Gregolin et al., 1968) thereby
shifting the equilibrium towards the catalyfically inactive form (Lane
et al., 1974). The capacity of the acetyl CoA carboxylase to generate
malonyl CoA approximately equals the capacity of the fatty acid
synthetase to incorporaté malonyl CoA info long-chain fatty acids,
suggesting that circumstances may arise in vivo when the malonyl CoA
concentration would be sufficient to inhibit acetyl CoA carboxylase
activity (Chang'é};gl:;f1967). The tissue malonyl CoA level has been
shown to fluctuate in thé rangé 0.7 - 3.5 nmol/g wet weight (McGarry
and Foster, 1980a). Inhibition of acetyl CoA carboxylase by malonyl
CoA may providé‘a saféguard against excessive acetyl CoA utilisation
.for malonyl CoA production, thereby providing a fine control over the
fatty acid synthesis (Lanélgg;gl., 1974). It has been shown that the
cellular cohtént of malonyl CoA in hepatocytes from fed rats i§ lowered
as the concentration of oleate in the medium is raised and this is

accompanied by a proportional fall in the rate of endogenous fatty acid
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synthesis (McGarry and Foster, 1980a); This is most likely due to the
inhibition of acetyl CoA carboxylase by an increase in the intracellular

concentration of long-chain acleCoA as described above.

Thus there are a number of regulatory metabolites.which have been
postulated to control the activity of acetyl CoA carboxylase in vivo.
The malonyl CoA content of liver has been reported to change under
different dietary regimes. Values of about knmol/g in fasted or
diabetic animals, and a 1éve] of 15 nmol/g in rats fed on a high
carbohydrate lipid-freé diet have been found (McGarry et al., 1978).
These authors suggest a central role for malonyl CoA in the co-ordination
of fatty acid synthesis and B-oxidation in isolated hepatocytes.
Glucagon has an acute éffect on hepatocyte fatty acid metabolism
causing a switch from synthesis to oxidation. The high level of
malonyl CoA inhibits mitochondrial carnitine acyltransferase, thus '
inhibiting fatty - acid oxidation. The effect of glucagon is, therefore,
thought to bé éxértéd at two levels; ffrstly, the regulation of
glycolysis and, sécond]y; by partial inhibition of acetyl CoA
carboxylasé.' The rationale behind this conclusion is that the inhibition
of lipogenesis by the hormone could be largely, but not completely,
offset by addition of pyrﬁvate and lactate. Additionally, glucagon
inhibits the genération of citrate and malonyl CoA in cells from fed
animals. Howevér, addition of lactate and pyruvate in the presence of
glucagon restorés thé cellular citrate level, but only partially
restorés malonyl CoA concéntration. This is interpretedlas a direct
effect of the hormone on acetyl CoA carboxylase or, possibly, on

citrate cleavage enzyme (McGarry et al., 1978) .

Watkins et al., (1977) found that glucagon inhibited fatty acid
synthesis by isolated chick hepatocytes wi thout énvappérent change in
acetyl CoA carboxylase activity. This inhibition was ascribed to the -
decrease in cytosolic citrate after hormone treatment."Cobk et al.,
(1977) were also unable to show any effect of the glucagon administered
in vivo on acetyl CoA carboxylase4activity, although the hepatic

malonyl CoA concentration was reduced by 70% and the long-chain acyl CoA

content was only slightly elevated.

On the other hand, Witters et gl,,(19793) and Geelen et al.,
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(1978b) have claimed that insulin stimulates and glucagon inhibits
acetyl CoA carboxylase in isolated hepatocytes, and Assimacopolous-
Jeannet et al., (1981) have reported a positive effect of vasopressin
on the enzyme. It is postulated that the effect of the hormones on
acetyl CoA carboxylase is mediated via a protein kinase and that the
enzyme is controlled by a phosphorylation/dephosphorylation mechanism
(Carlson and Kim, 1973; 1974). The phosphorylation and inactivation
of the carboxylase stimulated by physiological concentrations of AMP
and the degree of enzyme phosphorylation is related to the energy
change. Maximum phosphorylation and inactivation occurréd in the
presence of 1.6 mM ATP and 2.4 mM AMP (Yeh et al., 1980)

Pekala et al., (1978) have reported a cAMP independent incor-
poration of 32Pi into acetyl CoA carboxylase by chick liver cells.
The fully phosphorylated enzyme appears to be fully active and they
suggest that it is the dephosphorylated form which is inactive. This
is in contradiction to the more recent reports by Yeh et al., (1980)
and Shiao et al., (1981). The latter group have provided evidence for
the presence in rat liver of a cAMP-independent kinase that inactivates
acetyl CoA carboxylase by phosbhorylation and also a phosphoprotein-
phosphatase which dephosphorylates the enzymé and regenerates the

carboxylase activity. All three enzymes are separable.

Acetyl CoA carboxy]ase in isolated hepatocytes is known to be
phosphorylated in response to glucagon (Witters et al., 1979a; Witters,
1981) but there is no convincing evidence that this leads to a decrease
in enzyme actnvnty, although a number of reports have appeared which
claim to observe changes in response to the hormone (W|tters et al.,
1979b; Geelen et al., 1978b; Assimacopolous-Jeannet et al., 1981)

Insulin causes a small increase in phosphorylation of acetyl CoA
' carboxylase, an effect whlch is additive to that of glucagon and
lndependent of cAMP. The effect of insulin on enzyme actlvnty was not,

however, examined (Witters, 1981).

Thus, most of the evidence so far points to a regulation of
acetyl CoA carboxylase by variousphosphorylatioq@ephosphorylation

mechanisms whiéh, allied to changes in effectors, could change rates

of lipogenesis in response to hormones. There is no direct conclusive
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evidence for the short-term regulation of the liver enzyme activity

by hormones. However, the enzyme from mammary gland does appear to

be inactivated by a cAMP-dependent protein kinase (Hardie and Guy,
1980) and Brownsey et al., (1981) have reported evidence for the
phosphorylation and activation of adipose acetyl CoA carboxylase by a
plasma membrane-associated, cAMP-independent kinase. It is postulated

that insulin may regulate this kinase.

The activity of acetyl CoA carboxylase is enhanced by a fatty
acid_and acyl CoA binding protein (FABP) from rat liver cytosol, which
overcomes the inhibition of the enzyme by palmityl CoA. This discovery
led to the theory that FABP may participate in the short-term regu]atlon
of lipogenesis (Lunzer et al., 1977). '

The hypotriglyceridaemic agent clofibrate, when given to rats
increases the concentration of FABP in the liver cytosol by two-fold.
This can be correlated to an increase in the uptake of free fatty acid
by perfused livers from clofibrate-treated rats. However, there has
been no evidence for a change in the rate of esterification of free
fatty acid following drug treatment (Renaud et al., 1978). The
B -oxidation capacity of mitochondria has been reported to be enhanced
by clofibrate (Lazarow and De Duve, 1976). Thus, it has been suggested
that FABP plays an |mportant part in the uptake and metabollsm of free

fatty acid in the liver.

It has been demonstréted that the levels of hepétic acetyl CoA
carboxylase and fatty acid synthetase are affected by different
nutritional factors. It has been shown that rat liver acetyl CoA
carboxylase activity increases at the time of weaning (Lockwood et al.,

1970). This increase has been related to a change from a high fat to

a high carbohydrate'diet.

A decrease in enzyme activity has been: found fd occur in fasted
rats (Numa et al., 1961; Bortz and Lynen, 1963). Activity.of acetyl CoA
carboxylas;—;;—;nown to increase on re-feeding the fasted animals with
a high-carbohydrate diet (Goodridge, 1973a; Craig et al., 1972; Gibson
et al., 1972) . The rates of both synthesis and degradation of acetyl CoA

carboxylase are altered by the nutritional and hormonal states of the
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animal (Nakanishi and Numa, 1970). These authors have shown that
changes in the enzyme activity were accompanied by proportional changes
in the amount of immunochemically-reactive protein. The relative rates
of synthesis of acetyl CoAﬁcarboxylase as measured by the incorporation
of [3H] leucine were decreased 1.9 and 1.7 fold by fasting and in
diabetes, respectively. However, the rate of enzyme degradation is the
same in normal, refed and diabetic rats (half-1ife 59h), but is
accelerated in fasted rats (half-lifg 3]h).. They suggested that the
former animals are in a steady state, whereas the latter are adjusting
to a new environment and this adjustment results in accelerated enzyme
degradation. A specific polysome fraction which is involved in the
synthesis of liver acetyl CoA carboxylase has been identified
(Nakanishi.gg_gl., 1976; Tanabe et al., 1976) . These authors have

shown that the binding of E?Si] - anti-acetyl CoA carboxylase to the
isolated polysomés from faéted rats is' two-fold lower than to polysomes -
from normal animals, whéreas this binding is four-fold higher when the
polysomes aré iso]atéd from liver of a re-fed rat. Thus, the hepatic
content of acétyl CoA carboxylase synthesising polysomes is closely
cprré]ated to changes in acetyl CoA carboxylase synthesis due to different

nutritional states; the translational process is not greatly affected.

A number of hormonal factors have been implicated in the long-term
regulation of the acetyl CoA carboxylase content of rat liver. |t has
been suggested that insulin stimulates synthesis of the enzyme and !
glucagon prevents the synthesis induced by carbohydrate feeding (Volpe _
and Vagelos, 1976). | ‘ '

2. Fatty acid syhthetase I

'In the presence of NADPH, fatty acid synthetase catalyses the
formation of fatty acid from acetyl CoA and malonyl CoA. This cytoplasmic

enzymes has been resolved into seven subunits, each with a separate

enzymic capability::
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1. Acetyl CoA ACP transacylase

2. Malonyl CoA ACP trané%ylase

3. B -Ketoacyl ACP syntﬁase

L, B -Ketoacyl ACP reductase

5. B -Hydroxybutyryl ACP dehydrase
6. Enoyl ACP reductase

, .

. Fatty acyl - S ACP thioesterase

The following reactions catalysed by the subunits are as follows:

Acetyl: - S - CoA + ACP - SH —> - Acetyl - S - ACP + CoA - SH
Malonyl - S - CoA + ACP - SH -—214> Malonyl - S - ACP + CoA - SH

Acetyl -~ S - ACP + malonyl - S - ACP ——2—9 Acetoacetyl - S - ACP +

CO2 + ACP - SH

Acetoacetyl - S - ACP + NADPH + HY —25  D(=) - B- Hydroxybutyryl -
S - ACP + NADPY.

D-(-) - B- Hydroxybutyryl - S - ACP -—ji%> Crotonyl - S - ACP +'H20

Crotonyl - S = ACP + NADPH + Ht ——§—9 Butyryl - S - ACP + NADPT
Fatty acyl - S - ACP + HZO N fatty acid + ACP - SH
(ACP "= Acyl carrier protein).

The major fatty acid produced is palmitate, This is thought to .
be a cohsequence of the high specificity of the thioesterase for 16 and
18 carbon acyl CoA derivatives compared to the low specificity for the
shorter chain derivatives (Kumar.gg_gl., 1972) . The molecular weight

of rat liver fatty acid synthetase is about 500,000 (Kumar et al., 1972).

Hepatnc fatty acid synthetase eXthltS Km values for acetyl CoA
of 4.4 x 10 6M for malonyl CoA of 10 x 107 M (Nepokroeff et al., 1975)
and for NADPH the Km is 4.0 x 10” M(Vo]pe and Kishimoto, 1972). It has
been found that both acetyl CoA and malonyl CoA competitively inhibit
the enzyme activity at high concentrations (Katiyar and Porter, 1974).
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Recently, it has been shown that chicken 1iver fatty acid synthetase

is irreversibly inactivated by malonyl CoA and by acetyl CoA plus
malonyl CoA (Srinivasan and Kumar,.198]). .These adthors have demon-
strated that the rate of inactivation is controlled by the conformational
state of the enzyme; NADP+ protects the enzyme against inactivation

by acetyl CoA and malonyl CoA. Inactivation results from the enhanced
covalent binding of malonyl CoA groups at multiple sites on the enzyme
in addition to those required for fatty acid synthesis.’ The Tiver
enzyme is also competitively inhibited by palmitoyl CoA and long-chain
free fatty acids_(Knoche'gngl., 1973). Bovine serum albumin prorects
fatty acid synthetase from the effect of the inhibitor (Knoche et al.,
1973) . _The inhibition occurs at a palmitoyl CoA concentration of

20 x ]0?6M (Hsu'et al., 1969). Other authors believe that the
inhibition of fatty acid synthetase by long-chain acyl CoA is non-
SpelelC and is due to the detergent properties of the compound (Dorsey
and Porter, 1968).

It has been demonstrated that rat liver fatty acid synthetase is
lnactlvated by the substrate analogue chloroacety] CoA. The overall loss
of enzyme activity results from the inhibition of condensation-CO2
exchange activity of theenzyme complex (Kumar et al., 1980). It is ~
- suggested that the date is consistent with a proposition that fatty acid
synthetase consists of two‘fnnctionally identical subunits of 250,000

molecular weight.

. It has been suggested’thét CoA is reouired for the termination

of the fatty acid synthetase reaction (Linn and Srere, 1980). These
authors have shown that highly purified rat liver fatty acid synthetase
is completely inhibited when assayed in the preSence»of a co-enzyme A -
"depleting system such as that catalysed by phosphotransacetylase,

acetyl CoA synthetase, or ATP citrate lyase and the addition of free
CoA causes a reversal of this inhibition (Linn and Srere, 1980; Linn

et 'al., 1980; Sedgwick and Smith, 1981). In the absence of CoA, the
rate of elongation of acyl moieties on both native fatty acid synthetase
and ‘fatty acid synthetase lacking the chain-terminating thioesterase I
component was reduced 100-fold and the addition of CoA promoted

elongation of acyl - S - mu]tlenzyme thioester without affecting the
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release from the enzyme (Sedgwick and Smith, 1981).

The enzyme activity appears to be stimulated by Pi and various
organic phosphates (Wakil et al., 1957). The most effective stimulator
is Fru 1,6 - P2 but the levels of this effector required to produce a
significant activation are far above the physiological levels. Kinetic
studies show that the effect of the Fru 1,6 - P, was to decrease the

2
Km for NADPH whilst reversing the inhibition by ma]onyl CoA (Plate

et al., 1968).

Long=-chain acyl CoA have also been reported to inhibit fatty
acid synthetase, bpt agairxthe physiological significance of this effect
is doubtful and the general conclusion drawn is that it is acetyl CoA
carboxylase and.nbt fatty acid synthetase which is the critical enzyme

in the acute. regulation of lipogenesis (Lane'gs_al., 1974) .

Nutrional factors are also known to be important in the adaptive
changes in fatty acid synthetase activity; for example, fasting causes
a lowering of enzyme activity (Craig et al., 1972) ‘and re-feeding fasted
animals with a high-carbohydrate, low-fat diet results in the induction
of enzyme synthesis leading to a great increase in the level of the
enzyme in the liver. The natbre of the dietary carbohydrate is important
on the fatty acid synthetase activity. Thus, fructose feeding increases
fatty acid synthetase by 2-3 fold more than glucose feeding (Bruckdorfer
et al., ]972a§ Volpe and Vagelcs,rl97k). This difference has been
ascribed to the fact that frnctose metabolism to pyruvate is more rapid
than glycolysis from‘glbcosevand'that the induction of fatty acid
synthetase is the’resnlt of eleyated levels of the precursors of fatty

acids.

Fatty acid synthetase activity is Iow in dnabetlc rats but is
restored to normal after lnsulln admlnlstratnon (Lakshmanan et al., 1972
Craig and Porter, 1973) The lncrease |n enzyme activity appears to
be the result of an. |ncrease in the rate of enzyme synthesis (Lakshmanan
et al., 1972) Other authors have found no evidence that insulin is
necessary for the regulatlon of liver fatty acid: synthetase activity.
Volpe and Vage]os, (1974) demonstrated an increase:in llver ‘enzyme
‘activity fol]ownng fructose feedlng in both normal and diabetic rats.

These authors suggest that it is the carbohydrate lntake which is causing
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the increase in fatty acid synthetase rather than a specific insulin
effect. It has been shown that fructose-feeding results in high levels
of hepatic fatty acid synthetase and plasma triacylglycerol, but low
adipose fatty acid synthetase and plasma insulin levels (Bruckdorfer
.EE.El" 1972a). Thus, these authors did not find any correlation
between plasma insulin'levels and hepatic fatty acid synthetase
activity, but there was a correlation between the latter and plasma
triacylglycerol leyels_when the animals were fed on fructose or sucrose.
Then the rate of hepatic lipogenesis may become an important factor in

determining plasma triacylglycerol levels.

The induction of liver fatty acid synthetase in fasted-re-fed
rats can be inhibited by glucagon and theophylline (Volpe and Marasa,
1975) and by cAMP (Lakshmanan et al., 1972). They suggested that the
enzyme activity is regulated by the relative levels of insulin and
glucagdn in the blood. The effects ot insulin and glucagon are regarded
to be due to changes in the rate of enzyme synthesis (Lakshmanan et al.,
1972; 1975) and this is a reflection of the translatable fatty acidsyntheltadse
mRNA content of the liver.(Pry-and Porter, 1981).

It has been demonstrated that hepatic fatty acid synthetase>actfvity

}ncreases in hyperthyroid animals (Volpe and Kishimoto, 1972; Baquer
et al., 1976). Neither adrena]éctomy nor hydrocortisone administration
have any effect on thé‘]ivér énzyﬁeln:tédipose tissue fatty acid
synthetase écti§ity is décréased in animals treated with the hormone
and increased in adrenalectomised animals (Baquer et al., 1976). This

_ change in the activity of the enzyme in adipose tissue is due to change
in the rate of enzyme synthesis. It has been demonstrated that, although
adrenalectomy of normal rats has no effect on liver fatty acid
synthetase activity (Vb]pe and Maraza, 1975), snmllar treatment of
diabetic rats results in restoration of the decreased fatty acnd

synthetase which is found in livers of dtabetlcranlmajs (Volpe qqd

Maraza, 1975).

The presence of polyunsaturated fat in the diet is also known to
reduce the ]evélS of hépatic fatty acid synthetase (Bruckdorfer et al.,
1Y72b). In this context Flick et al., (1977) have shown that the
induction of hepatic fatty acid synthetase is markedly reduced by feeding
linoleate; an effect which is reflected both in a decrease in the

half-1ife of the enzyme and in a decreased rate of synthesis of the



enzyme.

3. ATP-ci;rate lyase (E.C.5.1.3.8), ATP; citrate oxaloacetate-

lyase (CoA - acetylating and ATP-dephosphorylating) .

ATP-cei'ga;cRe' lyase, also known as citrate -.cleavage enzyme, is a
key lipogenicvproviding cytosolic acetyl CoA for fatty acid synthesis
from citrate produced in the mitochondfia (Kornacker and Lowenstein,

1965a) .

The enzyme catalyses the following reaction:

Citrate + ATP + CoA _ — écetyl CoA +

oxaloacetate + ADP + Pi

Translocation of acetyl CoA from mitochondria into cytoplasm is
an obligatory process in de novo fatty acid synthesis. There are two
hypotheses for the mechanism of this transfer. ,Firstly; that free
acetate leaves thé.mitochondria and is then converted to acetyl CoA’
by acetyl CoA synthase. Second]y,'that citrate generated by the action
of mitochondria :  is used to generate acetyl CoA in the cytoplasm by
the action of ATP-citrate lyase (Lowenstein, 1968) .(Fig. 5). Acetyl CoA
 synthetaseand ATP-citrate lyase are both present in rat liver (Kornacker
and Lowenstein, 1965a; Barth et al., 1971; 1972), but the level of the
latter is much higher, suggesting that the citrate shuttle is the most
important meChaniém_for acetyl CoA transfer from mitochondria to
¢ytoplasm, although it has been reported (Endemann et al., 1982) that
ketone bodies may contribute significantlx to lipodenesis via a

cytoplasmic acetoacetyl CoA synthase,

ATP-citrate lyase has a Km of 5.8 x 10'55 for citrate (Spector,
1972). The specific enzyme activity is reported to be 2.4 pmol/min/g
liver (Plowman and Cleland, 1967). It has been shown that Mg2+
stimulatésvthé enzymé activity and that ADP is a competitive inhibitor
K, 1.71 x 1o’5ﬂ (Walsh and Spector, 1968; 1969).‘ The enzyme is
susceptible to oxidation of the sulphydryl group at the active site

and EDTA is also needed to prevent enzyme inactivation (Walsh and
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Spector, 1969).

The activity of citrate-cleavage enzyme varies in accordance
with the nutritional state of the animal. The activity of the enzyme
is suppressed on starvation and is restored on re-feeding (Kornacker
and Lowenstein, 1965b). These authors have shown. that the increase
in enzyme activity that occurs on re-feeding starved animals'depehds
on the diet. Theé enzyme activity is highest in animals fed on diets
rich in carbohydrate and low in fat, and lowest in animals fed on diets
high In fat or in a]loxanfdiébéfic animals. These authors have shown
that diets high in glucose or fructose elevate the activity of citrate-
cleavage enzyme in normal animals, whereas only the diet high in
fructose does so in digbe;ic animals. The specific activities of
ATP-citrate lyase increased significantly in rats fed on the fructose--
based diet (Pearce, 1980). A high~fat diet containing polyunsaturated
fatty acids results in the conversion of the enzyme into a catalytically

inactive form (Schwartz and Abraham, 1981).

The activity of ATP-citrate lyase is under hormonal regulation.

Acute insulin administration to the rat or to isolated perfused normal
liver causes an increase in enzyme activity (McCormick et al., 1978)
and these authors have also demonstrated that the effect of chronic
hyperinsulinaemia in young rats is an increase in rat liver citrate-
cleavage enzyme over a 6-day period. Yen et al.,(1976) found.a higher-
enzyme activity in obese mice with hyperinsulinism, in comparison to -
that in lean mice wnth lower plasma insulin level. They suggested
that there is a posntlve correlation between the p]asma insulin level
and ATP-citrate lyase activity. Addition of |nsu1|n (1 2M) to cultured
hepatocytes increaéés ATP-citrate lyase activity by 2. 6—fo]d whereas

. glucagon (0.1 pM) decreases the activity by 68% (Spence et al., 1979)
Bt, cAMP (0.1 pM)mimicked the effect of g]ucagon and glucagon

supplementation of culture medium already containing Bt2 cAMP had no
additive effect. The increase in enzyme activity caused by insulin is
the result of new enzyme protein synthesis as was shown by the increased
incorporation of radioactivity into ATP-citrate lyaseAimmunqprecipitated
from extracts of hepatocytes (Spence et al., 1979). These authors have
also shown that; when hepatocytes isolated from thyroidectomi zed rats
were placed in culture, they exhibited decreased levels of ATP-citrate
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lyase activity which could be restored by the addition of 3,3',5-trilodo-
L-tyronine (10 pM) to the culture medium.

ATP-citrate lyase is reported to be phosphorylated via a glucagon
stimulated cAMP-dependent protein kinase (Janski et al., 1979;
Ranganathan et al., 1980, 1982) and by an insulin-stimulated cAMP-
independent mechanism (Alexander‘gs_gl., 1982) but neither modification
results in a change in the regu]afory or catalytic properties of the
enzyme. I; is suggested that the enzyme may be subjected to hormonal
influences which alter its susceptibility to degradation (Osterlund
et al., 1980; Vogel and Bridger, 1981).

B. Regulation of lipogenesis

1. Hormonal control

The biosynthesis of fatty acid is regulated by both nutritional
and hormonal factors. These factors initiate short-term as well as
adaptfve mechanisms for controlling fatty acid synthesis (Goodridge,
1975) . Lipogenesfs has been reported to be diminished in the insulin-
deficient, diabetic animal and insulin has been reported to stimulate
lipogenesis both in vivo and in vitro (Hers, 1977). Insulin has been
reported to increase«fétty acid synthesis by isolated rat hepatocytes
~ (Geelen and Gibson, 1975; MUlier et al., 1976; Geelen et al., 1978b) .
It has been shown that physnologlcal levels of |nsu1|n (1 to 10 ng/mi
and hlgher) stimulates the incorporation of [i - Cl_acetate and 3H 0
into fatty acids in cultured rat hepatocytes (Geelen and Gibson, 1976)
Insulin has also been shown to stimulate fatty acid synthesis in freshly

. isolated hepatocytes from livers of neonatal chicks (qudridge, 1973c).

Since those reports a number of papers showing the short-term

. stimulation of llpogene5|s by insulin .in isolated hepatocytes (MUller
et al., 1976; Geelen et al., 1978b, Witters et al., 1979b3
Assimacopolous-Jeannet et al., 1981) and in perfused liver -
(Assimacopolous-Jeannet et al., 1977) have appeared. These changes
have been corre]afed to'éppargnt changes in acetyl CoA carboxylase
levels (Geelen et al., 1978b; Wftters.gg'gl., 1979b; Assimacopolous-
Jeannet et al., 1981). Little is known about the substrate availabllity

for fatty acid synthesis, glucose has been reported to be a poor precursor
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of fatty acids whereas glycogen and lactate are much better precursors
(Clark et al., 1974; Bloxham et al., 1977). The effects of insulin
could be related to the évai]ability of lactate and pyruvate, since
the hormone is known to promote glycolysis. Generally, lipogenesis

is measured by the incorporation'of,D - 'hc]iacetate, L- fp - 146]
lactate, or 3HZO into fatty acids. Fatty acid synthesis by isolated
liver cells as assayed by the latter method is dependent on the availa-
bility of lactate and pyruvate (Harris, 1975). There is a lag in fatty
acid synthesis which reflects the time required for .lactate and pyruvate
to accumulate. It is of interest to note that inclusion of high
concentrationsof -lactate and pyruvate in the hepatocyte * incubation
medium results in a loss of the insulin response, sugaesting that

fatty acid synthesis is maximally stimulated under these conditions.
This implies that the stimulation of lipogenesis by insulin may simply
be the result of lactate accumulation. However, Assimacopolous-Jeannet
_g&_gl.;.(1977)have also found that lipogenesis from\[! - ]hé] acetate

is also stimul3ted by the hormone in a perfused liver system; suggesting
that control is also exerted at a post-acetyl CoA step in fatty acid
synthesis, presumably acetyl CoA carboxylase. Thus, lactate orkpyruvate
may stimulate lipogenesis independently by their roles as substrates.
More recently Rognstad and Katz (1980) have estimated lipogenesis from
3H20 and B -_‘}AQI:Iactate by isolated hepatocytes from fasted-re-fed
rats in the presence and absence of added lactate. Glucagon inhibition
of lipogenesis from both substrates is overcome by the addition of -
unlabelled lactate to the medium, suggesting that the major effect of

the hormone is, in fact, to control glycolytic flux.

. The rate of hépatic lipogenesis from 3HZO has been reported to
be increased in the perfused mou