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Glucose Fatty Acid Interactions and the
Regulation of Glucose Disposal
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Abstract Glucose is essential for the energy metabolism of some cells and conservation of glucose is obligatory
for survival during starvation. The principal site of this glucose conservation is the mitochondrial pyruvate dehydroge-
nase (PDH) complex, which is regulated by reversible phosphorylation (phosphorylation is inactivating). In cells in
which glucose oxidation is switched off during starvation, fatty acids are used as fuel, and acetyl CoA and NADH formed
by B-oxidation promote phosphorylation of PDH complex by activation of PDH kinase. A longer-term mechanism
further increases PDH kinase activity in response to cAMP and products of B-oxidation of fatty acids. Coordinated
inhibition of glycolytic flux mediated by effects of citrate on PFK1 and PFK2 in muscles and liver results in an associated
inhibition of glucose uptake. Similar mechanisms lead to impaired glucose oxidation in diabetes.  © 1994 Wiley-tiss, Inc.
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HISTORICAL AND GENERAL

This subject had its origin in the realisation
that although glucose is needed as a fuel during
starvation, the major fuel reserve in man and
laboratory animals is triacylglycerol. Because it
was known that fatty acids (FFA) cannot give
rise to glucose, it was pertinent to enquire
whether intermediates in FFA oxidation may
inhibit glucose oxidation. This led to the further
consideration that such intermediates might also
inhibit glucose oxidation in diabetes.

Some 30 years ago, these considerations led to
the formulation of the idea of the glucose fatty
acid cycle [Randle et al., 1963]. The essential
components of this regulatory cycle, which owed
much to parallel work by H.E. Morgan, J.R.
Williamson, J.C. Shipp, and L.H. Opie were as
follows: (1) the relationship between glucose
and FFA metabolism is reciprocal and not depen-
dent; (2) in vivo, oxidation of FFA and ketone
bodies released into the circulation in diabetes
and starvation may inhibit catabolism of glucose
in muscle; (3) in vitro, the oxidation of FFA
released from muscle triacylglycerol may have
similar effects; (4) these effects of FFA and ke-
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tone body oxidation are mediated by inhibition
of the pyruvate dehydrogenase (PDH) complex,
phosphofructo 1-kinase (PFK1), and hexokinase
(HK); (5) the essential mechanism is an increase
in the mitochondrial ratio of [acetyl CoAl/
[CoAl, which inhibits the PDH complex directly,
and which indirectly leads to inhibition of PFK1
by citrate and of HK by glucose 6-phosphate;
and (6) the effect of physiological concentrations
of insulin to activate glucose transport in heart
muscle is inhibited by FFA and ketone bodies.
The mechanism of citrate accumulation (unspan-
ning of the citrate cycle) was detailed subse-
quently [Randle et al., 1970]. A full review of
historical aspects of substrate competition is
given in Randle et al. [1966].

Although received favourably at the time, the
concept went out of favour as a result of some
negative findings with in vitro skeletal muscle
preparations in the late 1960s to early 1970s.
The process of revival began in the mid-1970s
with unequivocal demonstrations of effects of
FFA and ketone bodies on in vitro glucose utili-
zation by rat soleus [Cuendet et al., 1975; Mai-
zels et al., 1977] and perfused rat hindquarter
[Rennie and Holloszy, 1977]. Inhibitory effects
of FFA on glucose utilization by liver in vitro
were demonstrated in 1988 [Hue et al., 1988].
Inhibitory effects of FFA oxidation on glucose
disposal and oxidation in man have been shown
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unequivocally and repeatedly by (1) indirect calo-
rimetry in conjunction with glucose and insulin/
glucose clamp [Thiébaud et al., 1982b; Ferran-
nini et al., 1983; Boden et al., 1991; Johnson et
al., 1992; Wolfe et al., 1988]; (2) positron emis-
sion tomography in heart, and in hindlimb and
forelimb skeletal muscles [Nuutila et al., 19921,
and (3) forearm and hindlimb perfusion studies
[Piatti et al., 1991; Walker et al., 1990, 1991;
Yki-Jarvinen et al., 1991].

Since these concepts were formulated in the
1960s, two further major discoveries have been
made with respect to mechanism. These are the
regulation of the PDH complex by reversible
phosphorylation [Linn et al., 19697 and the dis-
covery of fructose 2,8-bisphosphate and the bi-
functional PFK2/fructose 2,6-bisphosphatase
[reviewed in Hers and Van Schaftingen, 1982;
Pilkis et al., 1987]. The following discussion
details the mechanism of the regulation of the
PDH complex by FFA oxidation and places it in
context in relationship to overall glucose dis-
posal and its regulation.

REGULATION OF THE PYRUVATE
DEHYDROGENASE COMPLEX BY REVERSIBLE
PHOSPHORYLATION

Reactions and Chemistry of the Complex

The PDH complex is a mitochondrial multien-
zyme complex catalyzing the reaction of pyru-
vate with CoA and NAD to form acetyl CoA,
NADH,, and CO,. It utilises intramitochondrial
substrates and coenzymes and provides acetyl
CoA for the citrate cycle and (in liver/adipose
tissue) for fatty acid synthesis. The complex
contains multiple copies of three component en-
zymes and also a binding protein (protein X),
which links E3 to the complex. The subunit
composition, M,, and number of copies of the
individual enzymes per purified complex are
shown in Table I. The complex is assembled on a
core of 60 copies of E2. The number of copies of
E1 varies from 30 in bovine kidney complex and
40 in bovine heart complex to 60 in pig heart
complex [Barrera et al., 1972; Sugden and
Randle, 1978; Roche et al., 1993]. The elemen-
tary reactions catalysed by the individual en-
zymes are shown in Figure 1. The decarboxyl-
ation reaction catalysed by E1 is essentially
irreversible and this confers irreversibility on
the holocomplex reaction. The other reactions
are freely reversible. The enzymes interact
through lipoate residues attached to the mobile
arm of E2, which functions to transfer acetyl (to

TABLE I. Component Enzymes of the
Mammalian Pyruvate
Dehydrogenase Complex

M; Moles per

Enzyme (kDa)2 complex®

E1  Pyruvate dehydrogenase 156  30-60
holoenzyme (a-subunit 42; 60-120
B-subunit 36)

E2 Dihydrolipoate acetyl trans- 52 60
ferase (subunit)

E3  Dihydrolipoyl dehydroge- 110 12
nase holoenzyme subunits 55 24

X E3 binding protein 52 6
Pyruvate dehydrogenase 93 5
kinase holoenzyme (a-sub- 5

unit 46; B-subunit 43)

PDH Phosphatase holoenzyme
(subunits 97, 50)

aData for M, are from our own observations with pig heart
PDH complex, except for (1) PDH kinase, based on our own
observations with the bovine kidney E2-protein X-PDH
kinase subcomplex (kindly supplied by Dr. T.E. Roche); and
(2) bovine kidney PDH phosphatase, from Stepp et al. [1983].
bMoles per complex are based on Barrera et al. [1972],
Sugden and Randle [1978], Teague et al. [1982], Stepp et al.
{19831, and Roche et al. [1993].
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Fig. 1. Elementary reactions of the PDH complex. Substrates
and products are boxed; enzymes are circled; lip, lipoate; TPP,
thiamin pyrophosphate. **Reactions inhibited by phosphoryla-
tion of Ela.

CoA) and H via the flavoprotein E3 to NAD.
End-product inhibition of the PDH complex by
acetyl CoA (competitive with CoA) and NADH,
(competitive with NAD) is based on reversal of
reactions involving E3 and E2 leading to forma-
tion of hydroxyethyl-TPP-E1 thus blocking the
decarboxylation of pyruvate. For review and/or
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further references see Reed [1981], Randle
[1986], and Roche et al. [1993].

Reversible Phosphorylation in the PDH
Complex: Component Enzymes

As purified, the PDH complex contains an
intrinsic PDH kinase. The addition of ATPMg
to the complex results in phosphorylation and
inactivation. A PDH phosphatase, which sepa-
rates from the complex during its purification
catalyses dephosphorylation and reactivation.
There are no known allosteric activators of the
phosphorylated form of the complex. The two
regulatory enzymes, PDH kinase and PDH phos-
phatase, are mitochondrial, they utilise intra-
mitochondrial substrates and effectors. Phos-
phorylation is on three seryl residues in the
a-chain of the E1 component of the PDH com-
plex. It results in inactivation of the two reac-
tions catalysed by E1, i.e., decarboxylation of
pyruvate and reductive acetylation of E2-lipoate
by hydroxyethylTPP carbanion (see Fig. 1). This
blocks the holocomplex reaction; the other el-
ementary reactions of the holocomplex are unaf-
fected [for bibliography, see Reed, 1981; Randle,
1986].

Inactivation of the purified complex and of
PDH complex in mitochondria is due almost
entirely (> 80% purified complex; > 90% in mito-
chondria) to phosphorylation of site 1 (phosphor-
ylation of site 2 is also inactivating but phosphor-
ylation of site 3 is not). This is because relative
rates of phosphorylation are site 1 > site 2 >
site 3 and (in mitochondria) because relative
rates of dephosphorylation are site 2 > site 1 =
site 3 (PDH kinase and PDH phosphatase are
simultaneously active in mitochondria and in
vivo). Phosphorylation of sites 2 and 3 inhibits
dephosphorylation of site 1 and reactivation by
the phosphatase [for bibliography, see Reed,
1981; Randle, 1986; Sale and Randle, 1982a,b].
The amino acid sequences around the phosphor-
ylation sites (identified originally in tryptic phos-
phopeptides from bovine and pig complexes) are
highly conserved. Reversible phosphorylation of
PDH complex is widespread in animal tissues
containing the complex, including those of hu-
mans [Stansbie, 1976].

PDH kinase has been purified and contains
two subunits a (M, = 46kDa) and 8 (M, = 43
kDa). The a-subunit is the catalytic subunit.
The kinase is much more active toward its sub-
strate (Ela) when E2 is present. PDH phospha-
tase I has two subunits a (M, = 97 kDa) and 8

(M, = 50 kDa; catalytic subunit). A second phos-
phatase has been described in bovine kidney
mitochondria, but its function is uncertain.

Reversible phosphorylation is now accepted as
the major mechanism regulating the PDH com-
plex in animal tissues though end product inhi-
bition is likely to be important in rapid adjust-
ments of flux. For reasons discussed in more
detail elsewhere reversible phosphorylation is
also accepted as the major determinant of the
rate of glucose oxidation in animal tissues.

Regulation of the PDH Complex by Reversible
Phosphorylation in Tissues In Vivo and In Vitro

It is convenient to follow the usual convention
and to refer to the active (dephosphorylated)
and inactive (phosphorylated) forms of PDH
complex as PDHa and PDHb. Except in adipose
tissue of rats fed a high fat diet for a prolonged
period, the total amount of PDH complex in rat
tissues (PDHa + PDHb) is not altered by the
physiological and pathophysiological variations
to be detailed. Except where individual refer-
ences are given, full bibliographies may be found
in Randle et al. [1978, 1988] and Randle [1986].

Effects of diet, obesity, diabetes, and ex-
ercise. In the rat tissues examined (heart, skel-
etal muscles, liver, kidney, adipose tissue and
intestine) percent of PDHa is decreased by star-
vation, high fat/low carbohydrate diet and insu-
lin deficient diabetes (alloxan or streptozotocin).
The maximum changes require 24—48 hr and
reversal by carbohydrate refeeding or insulin
treatment also requires 24-48 hr. Percentage
PDHa is also decreased in heart muscle of gold-
thioglucose obese hyperinsulinaemic rats in
which glucose oxidation is impaired in muscles
and adipocytes.

Effects of starvation, diabetes, high-fat diet or
obesity to decrease per cent PDHa persist into
isolated tissues incubated in vitro and effects of
contraction in skeletal muscles and of increased
work in heart is also demonstrable with in vitro
preparations. The effect of exercise to increase
per cent PDHa is decreased in hearts of starved
or diabetic rats as compared with controls.

Short term (rapid) in vitro effects of hormones
are as follows. Insulin increases percentage of
PDHa in rat adipocytes by 1.8-2-fold in 5-8 min
and a smaller effect (approximately 1.2-fold) is
seen in rat hepatocytes. Consistent in vitro ef-
fects of insulin in heart or skeletal muscle have
yet to be demonstrated. Rapid effects of other
hormones comprise mainly increases in percent-
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age of PDHa induced in liver by a-adrenergic
agonists, glucagon and vasopressin and in heart
muscle by B-adrenergic agonists. The role of
hormones in longer-term regulation is discussed
in a later section.

In vitro effects of short chain (C2-C8) and of
long chain FFA (C16) and of ketone bodies to
decrease per cent PDHa have been shown in
perfused rat heart (approximately 70% decrease)
and in perfused rat liver (FFA only). Effects of
ketone bodies to decrease percentage PDHa have
also been demonstrated in skeletal muscles (per-
fused rat hindquarter). The effects of long-chain
FFA (but not of ketone bodies) are blocked by
inhibitors of B-oxidation such as sodium 2-tetra-
decylglycidate.

Short-Term Regulation of PDH Kinase and PDH
Phosphatases

PDH kinase. Some of the principle metabo-
lite effectors of PDH kinase are paired such that
the activity of PDH kinase is enhanced by in-
creasing mitochondrial concentration ratios of
acetyl CoA/CoA, NADH,/NAD, and ATP/ADP,
(i.e., the activating effects of acetyl CoA and
NADH are reversed by CoA and NAD, respec-
tively; ATP is a substrate inhibited competi-
tively by ADP). Pyruvate is an inhibitor of PDH
kinase; the degree of inhibition is enhanced by
increasing ADP concentration. These regula-
tory interactions have been shown with purified
PDH complexes and in studies with isolated rat
heart and skeletal muscle mitochondria [for full
bibliography, see Randle et al., 1978, 1988;
Randle, 1986]. It has been claimed that PDH
kinase may be activated directly by acetyl CoA
and NADH, in assays with peptide substrates
[Reed, 1981]. However, there is now overwhelm-
ing evidence that the effects of acetyl CoA and
NADH, to activate PDH kinase with the PDH
complex as substrate involve reductive acetyla-
tion or reduction of lipoate in the complex. This
was suggested initially by the observations that
pyruvate and acetoin can activate PDH kinase
in the presence of TPP (thiamin pyrophos-
phate), whereas they are inhibitors of the kinase
in the absence of TPP; and that activation of
PDH kinase by acetyl CoA requires a nonstimu-
latory concentration of NADHj; or of some other
reducing agent such as dithiothreitol but is not
dependent on TPP [Cooper et al., 1974, 1975;
Kerbey et al., 1976, 1979; Roche and Cate, 1976;
Cate and Roche, 1978, 1979]. For the elemen-
tary reactions involved in reduction and acetyla-

tion of lipoate, see Figure 1. Other evidence is
given by Rahmatullah and Roche [1985] and
Rahmatullah et al. [1985]. These short term
regulators of PDH kinase modulate phosphory-
lation of all three sites in PDH complex [Kerbey
et al., 1979].

PDH phosphatases. PDH phosphataseIre-
quires Mg?* for activity (K., 0.5 mM) [Hucho et
al., 1972; Randle et al., 1974]; in the presence of
Mg?*, the enzyme is activated by Ca?* in the
physiological range (0.1-10 pM; K, 0.5 pM)
[Denton et al., 1972; Randle et al., 1974]. The
effects of Ca?*, at concentrations in the physi-
ological range, to effect conversion of PDHa to
PDHb have been readily demonstrable in iso-
lated mitochondria [Midgley et al., 1987]. Ca2*
may act by effecting binding of the phosphatase
to E2. PDH phosphatase I may also be inhibited
by NADH, (reversed by NAD) [Reed, 1981].
PDH phosphatase II is divalent cation indepen-
dent but is activated by spermine and is inhib-
ited by adenine and guanine nucleotides (Ki,
0.1-0.2 mM) [Damuni and Reed, 1987].

Mechanism of exercise and short-term
actions of hormones. The major factor re-
sponsible for the increase in percentage PDHa
in muscle during contraction is activation of
PDH phosphatase I by the associated increase in
mitochondrial [Ca?*]—a passive consequence of
the increase in cytosolic [Ca2*], which initiates
contraction. The increases in percentage PDHa
induced in liver by a-adrenergic agonists, gluca-
gon and vasopressin, and in heart by B-adrener-
gic agonists are likewise mediated by Ca2* [for
review of evidence, see Denton and McCormack,
1990].

The action of insulin to effect conversion of
PDHb into PDHa in rat adipocytes is effected
through activation of PDH phosphatase by a
mechanism that is not mediated by known effec-
tors of PDH phosphatase I (Mg?* or Ca?*) or II
(spermine). The effect of insulin is stable, and
increased activity of PDH phosphatase is demon-
strable in mitochondria isolated from adipose
tissue exposed to the hormone. The insulin ef-
fect is rapidly lost when mitochondria are dis-
rupted by freezing and thawing [Hughes and
Denton, 1976; Thomas and Denton, 1986; Rut-
ter et al., 1992].

Longer-Term Regulation of PDH Kinase

Discovery. Longer-term regulation of revers-
ible phosphorylation of the PDH complex was
first suspected from the observation that per-
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centage PDHa in perfused hearts of 48-hr
starved or alloxan-diabetic rats is lower than in
hearts of normal rats perfused with FFA. This
suspicion was confirmed when it was observed
that the effect of starvation or diabetes to lower
percentage PDHa in heart muscle persists into
mitochondria prepared from the tissue and incu-
bated in vitro with 2-oxoglutarate/malate or
succinate [Kerbey et al., 1976]. It was shown
later by direct analysis that this was not due to
differences in mitochondrial [ATP]/[ADP] or
[acetyl CoA]/[CoA] or [NADH,]/{NAD] [Kerbey
et al., 1977]. This led on to the demonstration
that 48-hr starvation or alloxan-diabetes in-
crease the activity of PDH kinase 2-3-fold in
extracts of heart, mammary gland, skeletal
muscle, or liver mitochondria [Hutson and
Randle, 1978; Baxter and Coore, 1978; Fuller
and Randle, 1984; Denyer et al., 1986]. This was
a stable form of activation because it persisted
through isolation and purification of mitochon-
dria, incubation of mitochondria at 30°C with
uncoupler to effect conversion of PDHb to PDHa,
and extraction. The effects of starvation or diabe-
tes to increase PDH kinase and decrease percent-
age PDHa were initially demonstrated over
24-48 hr, and reversal by refeeding of starved
rats also took 24—48 hr to complete [Kerbey and
Randle, 1982]. More recently, detailed time
courses have shown that the major decreases in
percentage PDHa in response to starvation oc-
cur at 12-18 hr in skeletal muscles and at 4-8 hr
in heart and liver [Holness et al., 1989; Holness
and Sugden, 1989). After refeeding (48-hr star-
vation) restoration of percentage PDHa in heart
began at 1-2 hr, but most of the restoration
(70%) occurred after 4 hr. In liver, restoration
was complete by 4 hr [Holness and Sugden,
1989]. Restoration of normal PDH kinase activ-
ity in liver was 50% complete after 4 hr and 90%
complete after 8 hr [Jones et al., 1992].
Factors that may mediate longer-term
effects of starvation and diabetes on PDH
kinase. The question as to which hormones or
metabolites may mediate longer-term effects of
starvation on the activity of PDH kinase has
been investigated with rat hepatocytes, cardiac
myocytes, and soleus muscle strips in tissue
culture [Fatania et al., 1986; Marchington et al.,
1989, 1990; Stace et al., 1992]. These studies
have shown uniformly that culture of cells from
fed rats with agents that increase cAMP (gluca-
gon or dibutyryl-cAMP or 8-bromo-cAMP), or
with FFA (n-octanoate or albumin-bound palmi-

tate) increases PDH kinase activity 2-3-fold.
The effect of glucagon was detectable within 1
hr of culture but took 21 hr to reach 2-fold.
Culture of hepatocytes from fed rats had no
effect on PDH kinase in the absence of agonists.
Culture of hepatocytes from starved rats re-
versed the effect of starvation on PDH kinase
activity by about 60 percent in 21 hr; this rever-
sal was blocked by octanoate or dibutyryl cAMP
or a combination. Representative data for hepa-
tocytes are shown in Figure 2.

PDH kinase activator protein (KAP). It
was possible to separate from PDH complex in
mitochondrial extracts a fraction that enhanced
the PDH kinase activity of highly purified pig
heart PDH complex. This separation was
achieved by ultracentrifugation or, more effec-
tively, by gel filtration on Sephacryl S300. The
activity thus separated was thermolabile, nondi-
alysable, and inactivated by trypsin and was
termed kinase activator protein [Kerbey and
Randle, 1981, 1982; Kerbey et al., 1984] because
it increased the PDH kinase activity of purified
pig heart PDH complex, which contains intrin-
sic PDH kinase. It could therefore be either free
PDH kinase or a protein activator of the intrin-
sic PDH kinase.

There is now substantial evidence that rat
liver KAP is a free PDH kinase. KAP phosphory-
lates and inactivates pig heart PDHE1 that is
devoid of PDH kinase activity. It also phosphory-
lates and inactivates E1 in S. cerevisiae PDH
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Fig. 2. Effects of 24-hr culture + glucagon, insulin, dibutyryl
cAMP, and fatty acids on PDH kinase activity measured in
mitochondrial extracts of rat hepatocytes. Results are mean +
SEM. (Data from Marchington et al., 1989.)
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complex, which, although devoid of PDH kinase,
is nevertheless a substrate for mammalian PDH
kinases. The fed/starved difference is retained
in assays with these substrates. Like PDH ki-
nase, KAP is inactivated by thiol-reactive re-
agents such as N-ethylmaleimide and p-chloro-
mercuribenzoate (the latter is reversed by
dithiothreitol). KAP was also shown to undergo
pseudo first order inactivation by fluorosulpho-
nylbenzoyladenosine which is known to block
the ATP binding sites of protein kinases [Mistry
et al., 1991]. More recent and as yet unpublished
studies have shown that antibodies prepared
against highly purified KAP cross-react with the
a-chain of bovine kidney PDH kinase (shown by
Western blots with E2-X-kinase subcomplex
kindly provided by Dr. T.E. Roche). It has also
been shown [Jones and Yeaman, 1991] that
KAP phosphorylates synthetic peptide sub-
strates for PDH kinase.

Longer-term regulation of enzymatic activity
usually involves a change in enzyme concentra-
tion, but this does not appear to be the case with
the increase in PDH kinase activity effected by
starvation. Initial evidence was provided by the
effect of varying concentrations of KAP, pre-
pared from liver mitochondria of fed and starved
rats, on PDH kinase activity of purified pig
heart PDH complex. The effect of starvation was
to increase the V,,,, of PDH kinase at saturating
ATP from 7.3 (fed) to 17.3 min~! (apparent first
order rate constants) (the rate constant in the
absence of KAP was 0.2). The KAP concentra-
tion required for 0.5 V_,, was unchanged
[Denyer et al., 1986]. This conclusion was con-
firmed by purifying KAP from fed and starved
rats to apparent homogeneity as established by
SDS-PAGE and N-terminal sequence analysis.
The specific activity of purified KAP from starved
rats was 4.5-fold greater than that from fed rats
{Priestman et al., 1992]. SDS-PAGE gave a
single band of M, = 45 kDa, suggesting that
KAP is the free a-subunit of PDH kinase (the
Mr of KAP on SDS-PAGE was lower by about
1kDa than the 46kDa given by the a-subunit of
PDH kinase in the bovine kidney PDHE1-X-
kinase subcomplex provided by Dr. T.E. Roche).

Further support for this conclusion has been
obtained in more recent unpublished studies
employing purified polyclonal antibodies to KAP
in an enzyme-linked immunosorbent assay
(ELISA) to measure the concentration of KAP
protein in mitochondrial extracts. This showed
no significant difference in KAP protein concen-

tration between extracts of liver mitochondria
from fed and starved rats.

Two alternative hypotheses consistent with
these findings are under consideration viz. that
starvation increases the specific activity of KAP
by covalent modification; or that there are two
isozymes of PDH kinase which differ in specific
activity and that starvation increases the rela-
tive concentration of the more active isozyme. It
has not been possible to ascertain in vivo whether
protein synthesis is required for the effect of
starvation on PDH kinase activity because rats
undergoing starvation are intolerant of protein
synthesis inhibitors such as cycloheximide. Stud-
ies with hepatocytes in tissue culture show that
cycloheximide completely blocked the effect of
dibutyryl cAMP to increase PDH kinase activ-
ity, but that it did not block the effect of palmi-
tate (Fig. 3). Etomoxir, an inhibitor of B-oxida-
tion of FFA blocked the effect of palmitate (Fig.
3), indicating that a product of B-oxidation is
likely to mediate the effect.

Mechanisms by Which Starvation and Diabetes
Decrease Activity of the Pyruvate
Dehydrogenase Complex and Glucose Oxidation

Figure 4 summarises the current state of
knowledge of the mechanisms by which starva-
tion and diabetes leads to phosphorylation and

PDH kinase activities 3-hydroxy-
butyrate

A B cycloheximide T 6 r

| [ etomoxir
s
Sh

—L

2 B )
+ dbcAMP ——- palmitate -- dbcAMIP  palmitate
- albumin--—-——-——-

Fig. 3. Effects of cycloheximide and of the g-oxidation inhibi-
tor Etomoxir on longer-term regulation of PDH kinase in hepa-
tocytes. Left: Effect of 30 pM-cycloheximide or 1T mM-Etomoxir
on the increase in PDH kinase activity induced in cultured rat
hepatocytes by 50 pM-dibutyryl cAMP or 0.6 mM-palmitate/
0.8% bovine serum albumin. Right: 3-Hydroxybutyrate forma-
tion as an index of the rate of B-oxidation of fatty acids. Results
are means + SEM of ratios + dibutyryl cCAMP or = palmitate in
the absence or presence of cycloheximide or of Etomoxir; i.e., a
ratio > 1 indicates an effect of dibutyryl cAMP or of palmitate.
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Fig. 4. Mechanisms leading to inactivation of PDH complex in starvation and in insulin-deficient diabetes
inrat tissues. A, B, C inhibitors of lipolysis (e.g., Acipimox; 5-methypyrazole 3-carboxylate), -oxidation of
fatty acids (e.g., 2-tetradecylglycidate, Etomoxir), and of PDH kinase (e.g., dichloroacetate) respectively. X,

unidentified metabolite of the B-oxidation pathway.

inactivation of PDH complex in rat heart, skel-
etal muscle, and liver (the only tissues studied in
all aspects). In Figure 4, the short-term mecha-
nisms occupy the periphery, and the longer-
term mechanisms the central shaded area.

That shorter-term mechanisms based on oxi-
dation of lipid fuels are of continuing impor-
tance in starvation and diabetes can be deduced
from rapid (minutes) restoration of per cent
PDHa to normal in rat heart muscle following in
vivo and in vitro administration of the B-oxida-
tion inhibitor sodium tetradecylglycidate (TDG)
[Caterson et al., 1982]. TDG was not effective in
skeletal muscle [Caterson et al., 1982; Holness
et al., 1989] but the lipolysis inhibitor 5-methyl-
pyrazole 3-carboxylic acid inhibited the decrease
in percentage PDHa in skeletal muscles effected
by starvation, whereas elevation of plasma FFA
with corn oil/heparin accelerated it [Holness et
al., 1989]. There is some evidence to suggest
that the effects of FFA to decrease percentage
PDHa, and glucose oxidation can be inhibited by
hyperinsulinaemia {Jenkins et al., 1988; Bona-
donna et al., 1989; Holness and Sugden, 1990].
The likely role of cAMP in mediating longer-
term effects of starvation and diabetes on PDH
kinase is assumed from the known increases in
tissue cAMP in starved and/or diabetic rats
{Exton et al., 1972, 1973; Selawry et al., 1973;
Stace et al., 1992].

Holness and Sugden [1990] have used incorpo-
ration of [3H]-2-deoxyglucose into [2H]-2-deoxy-
glucose 6-phosphate as an index of glucose utili-
zation by individual muscles in vivo and have
thus compared effects of elevation of FFA with
corn oil/heparin on glucose utilization indices
and percentage PDHa. Their findings indicated

that in skeletal muscles FFA decreased percent-
age PDHa before there was any significant
change in glucose utilization index; i.e., the ef-
fects of FFA on glucose utilization either require
longer exposure to FFA (7-9 versus 3-5 hr) or
longer exposure in conjunction with a longer
period of starvation (the animals received no
food during these studies). In humans, Boden et
al. [1991] find that the effect of raising plasma
FFA to inhibit glucose oxidation is more rapid
than the effects to inhibit glucose uptake (and
presumably glycogen synthesis).

In humans, it is known that starvation, type I
diabetes and type II diabetes, and elevation of
plasma FFA in normal people decrease glucose
oxidation and increase FFA oxidation and that
elevation of plasma FFA increases muscle [ace-
tyl CoA]/[CoAl [e.g., see Boden et al., 1991;
Cahill and Owen, 1968; Caprio et al., 1990;
Felber et al., 1988; Groop et al., 1989, 1990]. It
is not known whether percentage active PDHa
in tissues is changed in humans by starvation,
diabetes or elevation of plasma FFA. In humans,
inhibitors of lipolysis (Acipimox), FFA oxidation
(Etomoxir, tetradecylglycidate), and PDH ki-
nase (dichloroacetate) increase glucose oxida-
tion [Fulcher et al., 1992; Hubinger et al., 1992;
Rousselle et al., 1982; Tutweiler, 1989; Vaag et
al., 1991].

FATTY ACIDS AND THE REGUILATION OF
GLUCOSE DISPOSAL

Glucose Oxidation, Glucose Storage, Cori Cycle
Virtually all the glucose utilised by animal

tissuesis either stored as glycogen or triacylglyc-
erol or oxidised by a combination of glycolysis,
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the PDH complex reaction, and the citrate cycle.
Oxidation is limited by O, consumption and
physical activity is the major determinant of O,
consumption. Glucose oxidation is enhanced by
intake of the sugar, but the maximum rate at
rest is about 16 g/hr for a 70-kg man, whereas
the maximum rate of nonoxidative disposal (=
glycogen synthesis) is > 118 g/hr [Thiébaud et
al., 1982b]. Protein oxidation is relatively con-
stant over a wide range of circulating insulin
and glucose concentrations, whereas FFA oxida-
tion is readily suppressed by a combination of
hyperglycaemia and associated hyperinsulinae-
mia [Thiébaud et al., 1982a]. The relationships
between glucose utilization, glucose production
glucose oxidation, and PDH complex activity are
displayed in Figure 5. In tissues, glycolytic flux
generally exceeds pyruvate oxidation, so lactate
is present in blood and pyruvate in cells; for this
reason, it is assumed that PDH complex activity
is rate-limiting for glucose oxidation. Conver-
sion of PDHb to PDHa with dichloroacetate
suffices to increase glucose oxidation in tissues
of starved or diabetic animals [reviewed in
Randle et al., 1988]. The continuing production
of lactate by extrahepatic tissues with reconver-
sion to glucose in liver (the Cori cycle) is about
10-15% of glucose disposal rate in humans. It
has been shown that after oral glucose when
there is hyperlactataemia, and stimulation of
glycogen synthesis by insulin, limb muscles may
actually remove circulating lactate (presumably
by oxidation) [Jackson et al., 1987]. The source
of this lactate is possibly gut and liver, thus
suggesting the possibility of “reverse lactate
cycling” postprandially.

\ fatty acid synthesis )

glucose
\// BLOOD \’ EXTRAHEPATIC )

( LIVER
lucose
8 glucose
glycogen * lactate glycogen
- - pyruvate - _
= alanine

: lactate lactate

PDH pyruvate pyruvate
Comple" alanine alanine |PDH

complex
citrate cycle, lactate // 3
pyruvate L citrate cycle

alanine

FFA and Glucose Utilisation and Production

FFA and ketone bodies inhibit glucose utilisa-
tion in heart and skeletal muscles, especially
when insulin is present and the mechanisms
include inhibition of PFK1 by citrate leading to
accumulation of glucose 6-phosphate and inhibi-
tion of HK; and inhibition of glucose transport
at physiological insulin concentrations (shown
only for heart) [see Randle et al., 1966; Rennie
and Holloszy, 1977; Maizels et al., 1977]. FFA
inhibit glucose utilization and glycolysis in liver
and the mechanisms involve inhibition of PFK2
by citrate; inhibition of PFK1 by citrate and by
decreased [fructose 2,6-bisphosphate]; and
stimulation of glucose recycling (i.e., increased
flux through glucose 6-phosphatase with un-
changed flux through glucokinase [Hue et al.,
1988; Berry et al., 1993]). In humans, glucose
recycling is increased in acromegaly, but acute
elevation of plasma FFA by growth hormone
administration did not increase glucose recy-
cling [Neely et al., 1992]. Stimulation of gluco-
neogenesis by FFA may involve activation of
pyruvate carboxylase by acetyl CoA; inhibition
of the PFK2 activity of the bifunctional enzyme
with consequential decrease in hepatic fructose
2,6-bisphosphate, inhibition of PFK1 and activa-
tion of fructose 1,6-bisphosphatase; and activa-
tion of glucose 6-phosphatase.

Some studies in humans have suggested that
increased FFA oxidation induced by increasing
plasma FFA may inhibit glycogen synthesis [Fel-
ber et al., 1988; Bonadonna et al., 1989). The
mechanism proposed by Felber et al. [1988] is
muscle oxidation of FFA, leading to accumula-

Fig. 5. Glucose recycling (the Cori cycle), “reverse lactate cycling,” and relationships with glucose uptake (or
formation), glycogen synthesis, and breakdown in liver and in muscles, as well as the role of the pyruvate

dehydrogenase complex.
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tion of glycogen, inhibition of GS phosphatase
(protein phosphatase I), and phosphorylation of
glycogen synthase (GS). Bonadonna et al. [1989]
observed a decrease in percentage GSa. Other
studies have shown no effect of acute elevation
of plasma FFA on glycogen synthesis [Johnson
et al., 1992].

CONCLUDING REMARKS

The glucose fatty acid cycle is 30 years old this
year; the past decade in particular has witnessed
a substantial resurgence of interest in FFA glu-
cose interactions and the regulation of glucose
disposal. Part of this renewed interest is due to
technical developments that have made it pos-
sible to study FFA glucose interactions in vivo in
humans under controlled conditions of circulat-
ing glucose and insulin and with much greater
precision. The discovery of longer-term regula-
tion of PDH kinase by FFA in liver and muscles
is a novel departure which should pave the way
for more general studies of longer-term regula-
tion of glucose metabolism by FFA. Obvious
targets for such study are regulatory enzymes in
glucose production, as well as glycogen synthe-
sis and glucose transporters.
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