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fatty acids also inhibited the key enzymes of glycolysis and the
production of lactate from glucose (9, 10).
This work presents an investigation
of the inhibitory
action
of a number of free fatty acids of different chain length on enzymes catalyzing the phosphorylation
of glucose and fructose
6-phosphate.
The effect of fatty acids was also studied on
lactate production in a system of hepatic soluble fractions, with
glucose or glucose 6-phospate
as substrate.
These studies
reveal that the long chain fatty acids are more powerful inhibitors of the examined enzymes and of lactate production
than is the short chain fatty acid octanoate.

SUMMARY
The free fatty acids octanoate,
laurate, myristate,
palmitate,
and elaidate inhibit
in vitro the activity of liver
glucokinase,
hexokinase,
phosphofructokinase,
and lactate
production
from glucose and glucose 6-phosphate.
The
and concentration-dependent.
The
inhibition
is timelonger chain fatty acids are more effective at lower concentrations than is octanoate.
There is selective protection of
the glucose-phosphorylating
enzymes
by their substrate,
glucose, and phosphofructokinase
is protected
by its substrate, fructose 6-phosphate.
The possibility
is discussed
that a stimulation
of gluconeogenesis
might be caused by
the inhibition
of key enzymes of glycolysis by free fatty acids
in vivo.

EXPERIMENTAL

In an investigation of the role of free fatty acids in the regulation of liver carbohydrate
metabolism, it was observed that
octanoate inhibited the hepatic key glycolytic enzymes glucokinase, phosphofruct,okinase,
and pyruvate kinase under conditions in which gluconeogenic
enzymes and enzymes which
function in both glycolysis and gluconeogenesis were not affected
(1). The possibility
was considered that this action of free
fatty acids might be a factor in the stimulation of gluconeogenesis.
Other investigators reported that gluconeogenesis was increased
on administration
of fatty acids to tissue slices (2, 3) and perfused liver (4-6) and in whole animals (7). In the liver, the
increased gluconeogenesis might also be promoted by the activation of pyruvate carboxylase by acetyl coenzyme A (8).
However, a decrease or inhibition
of the key glycolytic enzymes
was considered to be a significant event which would provide an
important
alteration
in the equilibria
of the opposing key
enzymes of gluconeogenesis and glycolysis (1, 9). Preliminary
work indicated that the more physiological,
longer chain, free
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States Public Health
05034), the American
Memorial Fund.

was supported by grants from United
Service, National Cancer Institute
(CACancer Society, and the Damon Runyon

Materials-Adenosine
triphosphate,
DPN+, TPN+, glucose
6-phosphate, lauric acid, myristic acid, palmitic acid, and purified enzyme preparations
(aldolase, glucose g-phosphate
dehydrogenase, and lactate dehydrogenase)
were purchased from
Sigma. Fructose g-phosphate
was obtained
as the barium
salt from Boehringer and was converted to the sodium salt by
the addition of an equivalent amount of sodium sulfate.
Sodium
octanoate was kindly provided by Dr. Sidney Weinhouse, and
solutions were prepared in water.
Elaidic acid was supplied by
Aldrich.
Suspensions of laurate, myristate,
palmitate,
and
elaidate were prepared by homogenizing
the corresponding
fatty acid with water for 3 min at 600 rpm in a glass homogenizer
with a Teflon pestle. The pH was adjusted to neutrality by
the addition of 1 N potassium hydroxide.
Laurate and myristate gave a clear solution, but in the cases of palmitate and
elaidate a clear solution was not obtained and the concentrations given under “Results”
are for the maximum possible
concentration
to which the enzymes were subjected.
Preparation
of Homogenateand Supernutant Fluid-Male
Wistar rats weighing 125 to 200 g were used in these experiments.
The animals were stunned, decapitated,
and exsanguinated.
Livers were quickly removed, chilled in a beaker
on ice, and minced with scissors. The preparation
of homogenates and the supernatant
fractions was carried out as described previously (11).
Assay Methods-Estimations
of lactate production
and
enzyme assays were performed under conditions giving zero
order kinetics.
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Glucokinase
and hexokinase activities were assayed by a
modification
of the method of DiPietro and Weinhouse (12).
Assays were performed at 37” unless stated otherwise.
The
formation of TPNH was followed at 340 rnp in a Gilford model
2000 spectrophotometer.
The assay medium contained
the
following substances in a total volume of 2.5 ml at pH 7.4, in
their stated final concentrations:
50 mM glycylglycine,
7.5 mu
MgC&, 5 mu ATP, 0.75 mM TPN+, 0.2 international
unit of
glucose g-phosphate dehydrogenase, 2 mM cysteine, and either
0.5 mM or 100 mu glucose. The change in absorbance was read
against a blank from which glucose and ATP were omitted.
Hexokinase activity was provided by the cuvette containing
0.5 mM glucose. Glucokinase activity was given by the difference between the cuvettes containing 0.5 mu and 100 mM
glucose. Results were calculated on the basis of 1 mole of
glucose phosphorylated,
giving rise to the reduction of 2 moles
of TPNH in the presence of 6-phosphogluconate
dehydrogenase,
in the liver supernatant fraction.
Phosphofructokinase
activity was assayed at 37” in a medium
which contained the following substances in their designated
final concentrations
in a total volume of 1 ml at pH 7.4: 50 mM
Tris, 55 mM hydrazine, 2 mu ATP, 2 mM MgC12, 10 mM fructose g-phosphate,
and 1 international
unit of aldolase (13).
The reaction was stopped at 0, 10, 20, and 30 min by the addition of 1 ml of 10 y0 (w/v) trichloracetic
acid. After the addition
of 1.0 ml of distilled water, l.O-ml aliquots of the deproteinized
supernatant
were used for determinations
of both inorganic
phosphate and alkali-labile
phosphate.
The latter was obtained
by incubation with 1.2 ml of 2 N NaOH at room temperature
for 20 min. At the end of this incubation period, 1.2 ml of 2 N
H&O* were added, and inorganic phosphate was measured by
the method of Fiske and SubbaRow
(14). The increase in
inorganic phosphate
obtained after alkaline incubation
was
the measure of triose phosphate formation.
Results were calculated on the basis of 1 mole of fructose 6-phosphate phosphorylated, giving rise to 2 moles of alkali-labile
phosphate.
Lactate production was measured at 37” in a reaction mixture
which included the following substances in their designated
final concentrations in a total volume of 1 ml at pH 7.4: 2 mM
MgSO+ 2 mu ATP, 1 mM DPNf, 30 mu nicotinamide,
5 mM
potassium phosphate, and 50 mM glycylglycine.
The medium
also contained as substrate either 100 mu glucose or 10 mM
glucose g-phosphate.
The reaction was stopped at 0, 10, 20,
and 30 min by the addition of 1 ml of 10% (w/v) trichloracetic
acid. Lactate estimations were performed on 0.2 ml of the
deproteinized
supernatant
by the procedure of Hohorst (15).
Lactate production
increased in a linear fashion with time to
between 40 and 50 min.
It was established that the enzymes added to catalyze coupled
reactions did not become limiting in experiments on enzyme
inhibition.
RESULTS

Effect of Short and Long Chain Fatty Acids on Enzymes Catalyzing
Phosphor&Son
of Glucose and Fructose 6-Phosphate
Dose-Response Studies-Increasing
concentrations
of octanoate
resulted in a progressive inhibition
of rat liver glucokinase
of the short chain
activity, as shown in Fig. 1. Concentrations
fatty acid above 25 mM resulted in nearly complete inhibition
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FIG. 1. Inhibition
of rat liver glucokinase and hexokinase
activities by octanoate.
The lo-min preincubation
at 37” was
started by the addition of 0.5 ml of 10% liver supernatant fraction
to 1.0 ml of a solution containing 50 rmoles of glycylglycine, pH
7.4, and different concentrations
of octanoate.
The octanoate
concentration is given for the preincubation
medium. The assay
medium contained 0.2 ml of preincubation
mixture in a total
volume of 2.5 ml. Means and standard errors are shown for
determinations
on three rats. Inhibitions are expressed relative
to the activity observed after preincubation
in the absence of
octanoate.
TABLE
I
Inhibition of glucokinase and Lxokinase by fatty acids
The experimental conditions with the different fatty acids were
as described in the legend for Fig. 1.

Fatty acid

Co?centration of fatty acid in preincubation
medum for 50% inhibltion of enzyme activity
Glucokinase

Hexokinase

5.0
0.50
0.14
0.94
0.30

36
1.0
2.4
-e
-D

mar

Octanoate
. ... .
.
Laurate
. ... . ... ..
Myristate
. .. .. . ..
Palmitate . . . . . . . . . . . . .
Elaidate..................
a Not determined.

of glucokinase activity.
Preincubation
in the absence of octanoate showed an average activity of 89 pmoles of glucose phosphorylated per hour per g of tissue at 37”. This activity was
reduced to 50% with 5 mM octanoate in the preincubation
medium. Under the same conditions, increasing concentrations of
octanoate also caused a progressive inhibition
of rat liver hexokinase activity (Fig. 1). In this case the mean hexokinase
activity of 16.4 pmoles of glucose phosphorylated
per hour per
g of tissue observed after preincubation
in the absence of octanoate was reduced to 50% with 36 mu octanoate in the preincubation medium.
Similar types of studies were carried out with the longer chain
This is
fatty acids, which were more effective than octanoate.
shown in Table I, which presents the preincubation
concentrations of free fatty acids required to give 50% inhibition
of
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phorylation
was the step in glycolysis
action of fatty acids under the conditions
Injtuence of Time of Preincubution-Under
tivo, enzymes are subject to the action
prolonged period of time.
Therefore, it

80

most sensitive to the
chosen.
circumstances in
of fatty acids over a
seemed of interest to
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2. Inhibition of rat liver phosphofructokinase
activity by
laurate.
The lo-min preincubation
at 37” was started by the
addition of 1.1 ml of 10% liver supernatant fraction to 1.3 ml of a
solution containing 50 pmoles of glycylglycine, pH 7.4, and different concentrations of laurate.
The laurate concentration is given
for the preincubation
medium.
The assay medium contained 0.4
ml of preincubation
mixture in a total volume of 1.0 ml. Means
and standard error
represent determinations
on three rats.
Inhibitions
are expressed relative to the activity observed after
preincubation in the absence of laurate.

12.5

FIG.

hepatic glucokinase
and hexokinase activities.
The longer
chain saturated fatty acids laurate, myristate, and palmitate,
and the unsaturated fatty acid elaidate, caused an equivalent
degree of inhibition
at concentrations
which were approximately an order of magnitude less than with oct,anoate.
Previous studies had shown that a concentration
of 20 my
octanoate in the preincubation
medium was required to achieve
50% inhibition
of liver phosphofructokinase
activity (1). Fig.
2 shows that increasing concentrations
of laurate caused a
progressive inhibition
of liver phosphofructokinase;
however,
the long chain fatty acid was more effective than octanoate.
A mean activity of 126 pmoles of fructose g-phosphate
phosphorylated per hour per g of tissue was observed after preincubation in the absence of laurate, and 50% inhibition of this activity
was obtained with 3.1 mu laurate in the preincubation
medium.

25.0

37.5

OCTANOATE

50.0

62.5

(mM)

FIG. 3. Inhibition
of lactate production
by octanoate.
The
IO-min preincubation
at 37” was started by the addition of 1.8
ml of 10% rat liver supernatant fraction to 0.G ml of a solution
containing
50 pmoles of glycylglycine,
pH 7.4, and different
concentrations
of octanoate.
The octanoate concentration
is
given for the preincubation
medium. The assay medium contained 0.4 ml of preincubat.ion mixture in a t’otal volume of 1.0 ml.
The substrate was 100 mM glucose. Means and standard errors
represent determinations
on three rat.s. Inhibitions are expressed
relative to the activity observed after preincubation
in the absence
of octanoate.
100

80

60

40

E$ect of Fatty Acids on LactateProduction
Dose-Response
Studies-Fig.
3 shows that when increasing
concentrations
of octanoate were preincubated
with rat liver
supernatant
fractions there was a progressive inhibition
of
lactate production.
The initial mean activity of 195 Imoles of
lactate formed per hour per g of tissue was 50% inhibited with
16 mu octanoate in the preincubation
medium.
When glucose
was used as a substrate, laurate was a more effective inhibitor,
with a 50% decrease in lactate production observed at a concentration of 1 mu laurate in the preincubation
medium.
When
glucose 6-phosphate was used as a substrate for lactate production, a higher laurate concentration
was required for 50% inhibition
(Fig. 4). These results suggested t’hat glucose phos-

0

1

2
LAURATE

3
(mM)

4. Inhibition
of lactate prodnction
phate as substrate by laurate.
Conditions
Fig. 3.
FIG.

4

with glucose li-phoswere the same as in
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examine the effect of preincubation
time on the inhibitory
activity of free fatty acids. Rat liver supernatant fractions were
preincubated at 37” for periods up to 30 min both with and without laurate, myristate, and palmitate.
Table II describes the results of such an experiment with
laurate.
In the control experiment,
a 30-min preincubation
time reduced the lactate production
to 87%.
However, when
the supernatant fraction was preincubated
with 0.5 mM laurate,
the lactate production decreased to 78% in 5 min, and with the
increase in incubation
time there was a progressive decline in
lactate production.
In 30 min, the lactate production decreased
to 30%. When the laurate concentration
was doubled, there
was a more marked decrease, and with a 30-min incubation time
the lactate production was reduced to 15%.
Table III shows the effect of time of preincubation
with
myristate on lactate production.
In this series the control
values decreased to 80% in 30 min of preincubation.
When
0.5 mu myristate was included in the preincubation
mixture,
the lactate production decreased to 30% in 30 min.

of law-ate

production

A l.l-ml
aliquot
of 10% liver supernatant
fraction
was preincubated
at 37” with
1.3 ml of a solution
containing
50 rmoles
of
glycylglycine,
pH 7.4, and appropriate
concentrations
of laurate
to give a final concentration
of 0,0.5,
or 1.0 mM.
From this mixture, 0.4-ml aliquots
were taken after stated
preincubation
times
for the determination
of lactate
production
in the standard
fortified
medium
with
a final volume
of 1.0 ml.
The substrate
was 100 mM glucose.
Each value is the mean and standard
error
of assays on three animals.

Preincubation

time

production
after preincubation
in different
media

No laurate

0.5 nod laurate
pmoles/hr/g

min

0

121
113
113
105

5
15
30

f
f
f
f

12
14
8
14

118
92
61
35

TABLE
Effect
A l.l-ml
bated
at
glycylglycine,
From this
cubation
standard
substrate
standard

of preincubation
production

aliquot
37” with
pH
mixture,
times for
fortified
was 100
error
of

f
f
f
f

tissue

8
10
4
4

116
43
24
17

f
f
f
f

15
3
4
5

of lactate

of 10% liver supernatant
fraction
was preincu1.3 ml of a solution
containing
50 pmoles
of
7.4, with
or without
1.2 pmoles
of myristate.
0.4-ml aliquots
were taken after stated
preinthe determination
of lactate
production
in the
medium
with a final volume
of 1.0 ml.
The
mM glucose.
Each value is the mean and the
assays on three animals.
production
after preincubation
in different
media

No myristate

0.5 md myristate
,moles/hr/g

min

5
15
30

laurate

III

time

0

1.0 nnl

time on inhibition
by myristate

Lactate
Preincubation

113
111
99
90

----._.
Preincubated
with
1.0 mM Palmitate
I
I

I
1

I
,

I

I
1

1

0

5

10

15

20

25

TIME

on lactate

Lactate

Preincubated
with
0.5 mM Palmitate

II

TABLE

Effect
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f
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5
2
3
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85
57
34
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5
6

OF PREINCUBATION

FIG. 5. Effect
of palmitate
on lactate
were the same as in Table
II.

I

30

IN MINUTES

production.

Conditions

Fig. 5 shows the effect of time of preincubation
with palmitate
on lactate production.
There was a minor decrease in the control values; however, in the presence of 0.5 mM palmitate in the
preincubation
medium, the ability to produce lactate progressively declined.
When 1 mM palmitate was present in the preincubation medium, there was a more pronounced
inhibition
of lactate production
at 5 min of preincubation,
but the subsequent effects were similar to those observed with 0.5 mM palmitate in the preincubation
medium.
These results indicate that the effect of laurate, myristate,
and palmitate on lactate production is strongly influenced by the
preincubation
time.
Factors

Protecting

Enzymes

against

Inhibition

by Free Fatty

Acids

The addition of free fatty acids directly to the assay medium
without preincubation
resulted in little or no inhibition
of the
enzymes examined (Tables II and III).
This suggested the
presence of protecting factors in the assay medium, which were
not present during preincubation,
and an examination was made
for such factors. The possible protective action of the substrate
on the enzymes was explored in the following experiments.
The protection of glucokinase by its substrate, glucose, against
inhibition arising from preincubation
with octanoate is illustrated
by Fig. 6. After preincubation
in the absence of octanoate,
the glucokinase activity was 71.4 pmoles of glucose phosphorylated per hour per g of tissue. The liver glucokinase activity
was reduced to nearly zero with a suitable octanoate concentration in the preincubation
medium.
In subsequent experiments,
the concentration
of free fatty acid was kept constant but increasing concentrations
of glucose were included in the preincubation mixture.
The data indicate that increasing concentrations of the substrate provided an increasing extent of protection
for glucokinase.
The protection of phosphofructokinase
by its substrate, fructose B-phosphate, against inhibition resulting from preincubation
with octanoate is shown by the data in Table IV. Wl-en p’?osphofructokinase
activity was assayed after preincubation
with
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6. Effect of glucose on the inhibition
of glucokinase activity by preincubation
with octanoate.
Preincubations
were
performed for 15 min at 30” with 0.5 ml of 10% liver supernatant
fraction in a total volume of 1.0 ml, with or without 50 mM octanoate. Glucose concentrations in the presence of octanoate were
varied from 0 to 100 mM. A 0.2-ml aliquot of the preincubation
mixture was assayed at 30” for glucokinase activity in a total
volume of 2.5 ml. The glucose concentration in the assay medium
was adjusted to be 100 mM in all cases. The difference in activity
observed in the presence and absence of octanoate without glucose
in the preincubation
medium is expressed as 100%.
FIG.

of fructose
&phosphate
on inhibition
phosphofructokinase
by octanoate

n&M

octanoate, the activity decreasedto 13%. When increasing
concentrations of fructose 6-phosphatewere included in the
preincubation mixture, the increment in substrate concentration provided an increasingextent of protection for phosphofructokinase. Approximately 50% protection against inhibition was observed with 0.5 rnM fructose 6-phosphatein the
preincubationmedium.
It is important that the presenceof 100 mu glucosein the
preincubationmediumdid not affect the inhibition by octanoate
of phosphofructokinase,suggestinga substratespecificity in the
protection phenomena.
Further studieswerecarried out on the protection by substrate
against the inhibitory effect of a longer chain fatty acid on
lactate production. Fig. 7 showsthe protective action which
may be exerted by glucose. In this figure the jht point gives
the lactate production in preparationspreincubatedfor 15 min
in the absenceof laurate. The second point showsthe inhibition
achievedby the inclusionof 0.5 mM laurate in the preincubation
mixture. The inclusion of increasingconcentrationsof glucose
in the preincubationmedium progressivelydecreasedthe degree
of inhibition by the long chain fatty acid. The glucoseadded
to the assaymediumwasadjustedsothat the final concentration,
after addition of an aliquot of the preincubationmedium, was
100 mM in all cases. At normal physiologicalconcentrationsof
glucoseup to 10 mu, sucha protective action would be smallbut
significant, and it would be related also to the concentrationof
the free fatty acids present.
In a study to examinefor possiblereversibility of the inhibition of glucokinaseby fatty acids,7.0 ml of 10% rat liver supernatant fraction were preincubatedwith 1.0 ml of a solution giving a final concentration of lam-ateof 0.25 or 0.5 mM. After
150.

of

A 2.0-ml aliquot of 10% liver supernatant fraction was preincubated at 37” for 5 min with 1.0 ml of a solution containing varied
concentrations
of sodium octanoate and fructose 6-phosphate.
The final concentrations
of octanoate and fructose 6-phosphate
are given for the preincubation
medium.
From this mixture,
0.5-ml aliquots were then taken for assay of phosphofructokinase
activity in a final volume of 1.0 ml. The assay medium was
adjusted to contain a final concentration
of 10 mM fructose 6phosphate in all cases. Each value is the mean and the standard
error of assays on four animals.
Octanoate
in
preincubation
medium
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TABLE

E$ect

VIII

Fructose
6-phosphate
in
preincubation
medium

Phosphofructokinase
activitp

0

60
60
60
60
60
60
60

0

0.2
0.5
0.7
1.0
5.0
10.0

126 f
17 f

5
10

54
79
93
101

17
7
4
4

f
f
f
f

110 f
112 *

0 Expressed in micromoles of fructose 6-phosphate
ated per hour per g of tissue.

120

5

110.

i?
z

100

F
2
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’
4

80

z1
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60

w5.w
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6
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d

I

F
80

I
I

0

I
1

10
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Preincubated

I
I

20

I
I

30

I
1

40

I
1

50

I
1

60

(mM) in preincubation

I
1

70

I
I

80

I
1

SO 100

medium

for 15 min with 0.5 mM lauric

acid

FIG. 7. Effect of glucose concentration
on the inhibition
of
lactate production
by laurate.
Preincubations
were performed
for 15 min at 37” with a mixture of 1.1 ml of 10% liver supernatant
fraction plus 1.3 ml of a solution containing 50 Imoles of glycylglytine, pH 7.4. From this mixture, 0.4-ml aliquots were taken for
determination
of lactate production
in the standard medium
adjusted to contain a final concentration of 100 mra glucose in all
cases. Means and standard errors are given for determinations
on three rats.
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preincubation,
assays were performed immediately
for glucokinase activity, and the remainder of the solutions were dialyzed
for 90 min against 1 liter of 0.15 M KCl, pH 7, containing 0.1%
bovine serum albumin,
The dialysis medium was renewed
after 45 min. Fallowing
dialysis, assays were conducted for
glucokinase activity.
In the absence of laurate, the activity was
reduced after dialysis from 67 to 50 pmoles per hour per g of
tissue. With 0.25 mu laurate in the preincubation
medium,
the decline in activity was from 57 to 43 pmoles per hour per g
of tissue, and with 0.5 PM laurate the change was from 3 to 0
Hmole. Under these conditions, therefore, the inhibition
of
enzyme activity was not reversed.
In another experiment, 1.8
ml of 10% rat liver supernatant fraction were preincubated
for
5 min at 37” with 0.6 ml of a solution giving a final concentration
of 0 or 50 mu octanoate.
Preincubation
with octanoate reduced
phosphofructokinase
activity from 151 to 5 pmoles per hour per
g of tissue. The inclusion of 1% bovine serum albumin in the
preincubation
medium gave an activity of 65 pmoles per hour
per g of tissue after preincubation
with octanoate, but when this
concentration
of bovine serum albumin was included only in the
assay medium the activity was 5 pmoles per hour per g of tissue.
Thus, protection was observed when bovine serum albumin was
added to the preincubation
medium, but not when it was included
only in the assay medium.
It is considered that possibilities
for reversal of fatty acid inhibition
have not been exhausted,
and further studies are in progress.
DISCUSSION

Under the gluconeogenic
conditions of fasting (16-18) and
diabetes (l&-20),
fatty acid levels are elevated and insulin
levels are decreased (21, 22). In these situations, a predominance of gluconeogenesis over glycolysis is reflected in part in a
decrease in the activities of the key glycolytic enzymes, glucokinase, phosphofructokinase,
and pyruvate kinase (12, 23, 24).
Along with what is assumed to be a decrease in the biosynthetic
rate of these enzymes, there could be a further reinforcement
of
the decline in glycolysis by the inhibition of their uctitity by the
fatty acids (1, 9). A striking inhibition
of lactate production
and a rise in glucose formation described in liver by Williamson,
Kreisberg, and Felts on perfusion with oleate (6) is in line with the
inhibition
of lactate production
by fatty acids in the fortified
supernatant system described in the present work.
The inhibition of glucokinase and hexokinase observed by Yugari and
Suda with certain long chain fatty acids (25) is also in accord
with the present study. The inhibibion of pyruvate kinase with
long chain fatty acids which are effective in concentrations
of
0.01 mM (26) is also in agreement with the previously reported
inhibition
of t.his glycolytic enzyme by octanoate and by oleic
acid (1, 9). In consequence, if insulin is required as an inducer
of the three key glycolytic enzymes (12, 23, 24, 27), then an
inhibitory
action of the free fatty acids would reinforce and
amplify the effect of depressed insulin levels and might provide
an enzymatic basis for the rapid decline of glycolysis under
these conditions.
The action of free fatty acids on over-all
metabolism of carbohydrate in the body was discussed by Randle
et al. (28, 29), and the delayed response of the diabetic to insulin
may be related to such action at the glycolytic enzyme level.
For the fatty acids to function as metabolic regulators, promoting increased gluconeogenesis
and decreased glycolysis, a
selectivity of action would be required.
Enzymes that are
essential in gluconeogenesis, such as glucose 6-phosphatase and
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fructose 1,6-diphosphatase,
should not be inhibited,
and enzymes which participate in both glycolysis and gluconeogenesis,
such as lactate dehydrogenase,
aldolase, and phosphohexose
isomerase, should also remain unaffected so that gluconeogenesis
can proceed.
Evidence obtained for the enzymes stated indicates that, in fact, they are not inhibited by octanoate (1, 9).
It remains to be est,ablished whether pyruvate carboxylase,
phosphoenolpyruvate
carboxykinase, and other enzymes not yet
examined are subject to inhibition by fatty acids.
At an early step of gluconeogenesis the acetyl-CoA generated,
as a result of an increase in free fatty acid concentration
might
activate pyruvate carboxylase (8), which, through formation of
oxalacetate and the function of phosphoenolpyruvate
carboxykinase, could initiate hepatic gluconeogenesis, leading to phosphoenolpyruvate
formation.
It has been pointed out (1, 9)
that, because of the high activity of pyruvate kinase (5000
pmoles per g per hour at 37”) in comparison to that of phosphoenolpyruvate
carboxykinase
(approximately
50 to 60 pmoles
under similar conditions, as calculated from Krebs (30)), inhibition of pyruvate kinase is necessary to prevent recycling to
pyruvate.
The inhibition of pyruvate kinase might be achieved
by blocking of the enzyme activity by the free fatty acids (1,
9). The present work suggests that the recycling at subsequent
key steps of the gluconeogenic process could be prevented by
inhibition
of glucokinase, hexokinase, and phosphofructokinase.
A degree of selectivity of the action of free fatty acids is further
supported by the fact that the substrate of glucokinase and
hexokinase was protective for these enzymes, but glucose did
not protect phosphofructokinase.
Both glucose and fructose
6-phosphate, as well as phosphoenolpyruvate,
were ineffective
in protecting pyruvate kinase (9). It is not known to what
extent the inhibition
of enzymes by free fatty acids may be
reversed in wivo, and it is possible that this action is important
for enzyme degradation but that biosynthesis is required for the
restoration
of enzyme activity.
Such a role as a “natural
denaturant”
was suggested by Srere (31) for palmityl-CoA,
although he considered it unlikely.
In the operation of free fatty acids at levels obtaining in wivo,
relevant to the control of the activity of glycolytic enzymes,
several regulating factors might play a role. The inhibition
is
dependent not only on the concentration
of the fatty acids,
but also on the length of exposure of the enzymes to that concentration.
There were also differences in the effective inhibitory concentrations of individual fatty acids noted in the present
investigation.
Thus, changes in the type of fatty acids may have
a bearing on enzyme regulation.
The protection against inhibition of the key enzymes and the over-all metabolic pathway
provided by substrate draws attention to the significance of the
relative levels of substrates and inhibitors in the regulation of
enzyme activity in the rate and direction of carbohydrate metabolism, and in the role of enzymes in homeostasis.
The high concentrations
of octanoate which were necessary
to achieve inhibitory
effects suggest that this fatty acid does
not have a regulatory role in tivo. With the longer chain fatty
acids, inhibitory
effects were noted at concentrations
less than
1 mM. These concentrations
are in the range of those reported
in the plasma of diabetic rats and humans (18-20).
However,
a direct extrapolation
cannot necessarily be made from the
results in vitro reported here, to the situation in wivo. The degree
of micelle formation and protein binding is likely to differ for
fatty acids in the cell and on addition to cell-free systems.
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fatty

Alternative
mechanisms may operate for the action of long
chain fatty acids on gluconeogenesis.
Veneziale
et al. (32)
obtained data suggesting that octanoic acid could exert an
influence on gluconeogenesis by increasing the rate of malate
and aspartate formation.
An effect mediated through acetylCoA formation and the activation of pyruvate carboxylase (8)
may also stimulate gluconeogenesis.
Moreover, it was shown
recently that acetyl-CoA
inhibited
liver pyruvate kinase and
glucokinase (33). Further documentation
is required to establish the relative importance in the cell of these different effects
of free fatty acids.
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