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Fatty acid synthesis during

fat-free refeeding of starved rats

DAVID W. ALLMANN,* DOROTHY D. HUBBARD,t and DAVID M. GIBSON
Department of Biochemistry, Indiana University School of Medicine, Indianapolis, Indiana

SUMMARY Refeeding starved rats a fat-free diet over a 48
hr period brings about a marked elevation in the activity of
the enzymes in liver cytoplasm which catalyze the synthesis of
saturated fatty acids from acetyl CoA and malonyl CoA. Ace-
tate incorporation into palmitoleic and oleic acid is also ac-
celerated during this period. Enhanced capability for the syn-
thesis of these fatty acids is reflected in the net accumulation
of saturated and monounsaturated fatty acids, as well as the
triglyceride fraction of the liver lipids. Coincident with these
events the relative amount of linoleic acid among liver fatty
acids rapidly falls. These changes are substantially the same
as those observed in early linoleic acid deficiency.

KEY WORDS rat - liver linoleic acid fatty acid
composition fatty acid biosynthesis acetyl CoA
carboxylase fatty acid synthetase fatty liver - fat-
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IN THE PRECEDING paper (1) it was found that linoleic
acid deprivation in young mice led to relative depletion
of linoleic acid in the liver within a week, long before
the onset of any signs of the classical essential fatty acid
deficiency syndrome. Coincident with the fall in linoleic
acid there was a marked rise in the activity of the liver
enzymes catalyzing the synthesis of long-chain, saturated
fatty acids (predominantly palmitic) from acetate and
from malonyl CoA, as assayed in isolated, soluble liver
fractions in which these enzymes are quantitatively
recovered. At the same time certain long-chain fatty
acids accumulated, which resulted in striking changes in
the composition of the fatty acid fraction. A fatty liver
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ensued which was due primarily to rigly ceride deposi-
tion in the tissue.

In the present study an experimental system is ex-
amined in which the events just described can be
brought about within a 48 hr period in adult rats. If rats
are starved for 2 days and then are refed a fat-free diet,
the apparent adaptive increase in the liver enzymes
leading to the net formation of fatty acids was detectable
as early as 6 hr after the onset of refeeding (2-7). Coin-
cident with the enzyme changes there is a precipitous
fall in the relative linoleate content of liver, and a pro-
found perturbation in the relative amounts of other
long-chain fatty acids.

The above system is an extension of the observation of
Tepperman and Tepperman (8, 9), who found that
feeding a high-carbohydrate, low-fat diet to fasted rats
greatly enhanced the capacity of liver slices to incorporate
acetate into fatty acids. These authors also described
greatly elevated levels of glucose-6-phosphate dehydro-
genase activity in liver during the refeeding period. The
present investigation was initially undertaken to de-
termine whether or not an elevation in the activity of
the enzymes directly catalyzing the synthesis of saturated
fatty acids could explain the observed accelerated in-
corporation of acetate by the intact liver cell (2, 4, 10).

METHODS

Most of the methods employed in this study were de-
scribed in the preceding communication (1).

Animals

Male, albino rats of the Holtzman strain, weighing
between 100 and 200 g, were fed a balanced stock diet
on arrival for not less than 3 days. Before an experiment
was undertaken the variation in the weight of the indi-
vidual normal rats selected for experimentation was less
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TABLE 1 Farrvy Acip SyNTHESIS IN LIVER FRACTIONS FROM
STARVED RATs REFED A FAT-FREe DIET OR A BALANCED
Stock DieT

Acetyl-1-C14 Malonyl-1-C14

Acetate-1-C14 CoA CoA
Nutritional Incorporation Incorporation Incorporation

State (Supernatant) (P0-40) (P0-40)
N 1.00 1.00 1.00
S 0.11 0.08 0.19
R 10 0.18 0.24 0.39
R 23 0.51 1.01 1.28
R 48 1.44 1.79 2.3
F10 0.35 0.15 1.09
F23 1.47 2.09 3.58
F 48 11.0 6.19 12.8

Fatty acid synthesis was compared in normal rats (N) with rats
starved for 2 days (S), with rats starved 2 days and refed a chow
diet (R), or with rats starved for 2 days and refed a fat-free diet
(F) for the number of hours indicated.

Fatty acid synthesis was assayed by acetate-1-C!4, acetyl-1-Cl4
CoA, or malonyl-2-C!* CoA incorporation into long-chain fatty
acids. The acetate-1-Ci¢ incorporation was assayed in the follow-
ing system: potassium phosphate buffer (pH 6.5), 60 mm; potas-
sium isocitrate, 10 mum; MnCly, 0.80 mm; ATP, 4.0 mum; cysteine
(pH 6.5), 8.0 mm; TPN *, 0.20 mm; CoASH, 0.09 mm; KHCOj3, 20
mM; acetate-1-Cl¢ (2.4 X 108 cpm total), 2.2 mm; and 0.10-
0.50 mg of liver supernatant protein in a total volume of 1.0 ml. The
acetyl-1-C!* CoA incorporation was determined in a system simi-
lar to the one used for acetate-1-C'* except that the CoASH and
acetate-1-C'* were replaced by acetyl-1-C1* CoA (1 X 10¢ cpm
total), 30 um. The malonyl-2-C* CoA incorporation was assayed
by the system described in Fig. 1. All assays were carried out at
37°, The fatty acids were isolated and counted as described in the
preceding publication (1).

The results of the assays are expressed in terms of relative yield
of activity per liver with the normal value set equal to 1.00. The
observed normal values for each assay were: 0.325 umole of ace-
tate per 30 min per liver; 0.133 umole of acetyl CoA per 10 min per
liver; and 1.43 umoles of malonyl CoA per 3 min per liver.

Each experimental value of N and S is the average of six (pooled)
livers; each of the other values from three (pooled) livers.

than 15 g. Rats were starved for 48 hr and then refed for
48 hr ad lib. with either a balanced stock diet or a fat-
free diet (see preceding paper for analyses of diets em-
ployed). Supplements were added to the latter diet, as
indicated in the text. At various time intervals the rats
were killed and the liver (and other tissues) removed
for enzyme or tissue lipid analysis. Livers from three or
more rats in each experimental category were pooled by
homogenization and aliquots removed for the various
analyses (1).

Enzyme Preparations and Assay

The soluble supernatant fraction of liver and the de-
rived fraction obtained at 409, saturation with am-
monium sulfate (P0—40) were prepared as previously
described (1). With these fractions, fatty acid synthesis
was determined by one or more of the following assays
in which the enzyme is limiting (3, 11-17): acetate-1-C1
incorporation into fatty acids, using the whole, un-
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Fic. 1. Restoration of fatty acid synthesis in liver on refeeding
starved rats a fat-free diet. Male rats were starved for 2 days,
then refed a fat-free diet over a 24 hr period. Enzyme fractions
were prepared from liver at the intervals indicated. The ordinate
represents the total yield of enzyme activity in terms of malonyl
CoA-dependent TPNH oxidation per liver, relative to the activity
level at the end of the starvation period (time zero) set equal to
1.0. Similarly, the relative yields of glucose-6-phosphate dehy-
drogenase and of 6-phosphogluconate dehydrogenase are also
given. The open circle and solid square at time zero represent
the level of fatty acid synthesis and the hexose dehydrogenases,
respectively, in normal animals. Each point is the result of three
pooled rat livers.

Fatty acid synthesis was determined from the initial rate of the
malonyl CoA-dependent TPNH oxidation using the P0-40 frac-
tion of the liver supernatant fraction (1). The enzyme assay sys-
tem consisted of potassium phosphate buffer (pH 6.5), 50 mM;
Versene, 10 mum; 2-mercaptoethanol, 2.5 mum; acetyl CoA, 0.175
mum; TPNH, 0.25 mm; malonyl-2-C14 CoA, 0.175 mm; and 0.1-
0.5 mg of enzyme in a total volume of 0.40 ml. Samples were in-
cubated in the spectrophotometer at 37°. The baseline value of
the zero time (48 hr starved) sample (set equal to 1.0) was 0.54
umole of TPNH oxidized per min per liver.

The glucose-6-phosphate (G-6-P DH) and 6-phosphogluconate
(6-P-G DH) dehydrogenases were assayed according to the pro-
cedure of Glock and McLean (18). The enzyme system consisted
of glycylglycine buffer (pH 7.5), 5.0 mum; MgClz, 2.0 muM; TPN T,
0.40 mum; and 0.1-0.5 mg of the whole, undialyzed, liver super-
natant fraction in a total volume of 0.50 ml. Glucose-6-phosphate
dehydrogenase activity was determined by the difference between
the initial velocities of TPN* reduction with both glucose-6-
phosphate (2.0 mm) and 6-phosphogluconate (2.0 mum) present
in the incubation mixture, and the system with 6-phosphoglucon-
ate alone (ie., 6-phosphogluconate dehydrogenase activity). The
baseline values of the zero time (48 hr starved) samples (set equal
to 1.0) for glucose-6-phosphate dehydrogenase was 6.0 umoles of
TPN reduced per min per liver, and for 6-phosphogluconate
dehydrogenase was 5.5 umoles/min per liver.

dialyzed supernatant fraction (11, 12) (Table 1);
acetyl-1-C" CoA incorporation into fatty acids using the
supernatant fraction or the P0-40 fraction (11) (Table
1) ; malonyl-2-C! CooA incorporation into fatty acids ;tand
malonyl CoA-dependent TPNH oxidation, using the
P0-40 fraction (3, 13) (Fig. 1). Pyruvate-2-C4, in-
corporation into fatty acids by adipose tissue was also
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studied (19) (see Fig. 2). As previously indicated (1),
the enzyme activity was determined from the rate of
incorporation of label into the fatty acid fraction, and
the results were finally expressed in terms of yield of
enzyme activity per liver, rather than specific enzyme
activity. In contrast with intact tissue or homogenates,
only saturated fatty acids are synthesized by these super-
natant enzymes (over 809, palmitic acid) (11-13, 15).
Each experimental determination is the mean value of
three or more animals. Since livers were pooled at the
time of homogenization variation among individual
animals was not examined.

Glucose-6-phosphate dehydrogenase and 6-phospho-
gluconate dehydrogenase were determined by the method
of Glock and McLean (18) (see Fig. 1).

Lipid Analysis

With the exception of the special study described in
Table 7, fatty acid analysis by gas-liquid chromatog-
raphy was carried out as described in the preceding
paper (1).

RESULTS

In the initial experiments it was of interest to determine
if the yield of the enzymes catalyzing fatty acid syn-
thesis, as assayed in soluble enzyme preparations, was
elevated in starved rats refed a fat-free diet (24, 6, 7).
In Fig. 1 are presented the results of liver enzyme assays
of a series of rats starved for 48 hr then refed a fat-free
diet for 24 hr. The data are given in terms of relative
yield of fatty acid synthetase activity (malonyl CoA-
dependent TPNH oxidation) in liver in reference to the
activity level of the starved rats set equal to 1.0. As
shown in Fig. 1, fatty acid synthesis began to be re-
stored as early as 6 hr after refeeding and attained a
level of 40 to 50 times the starved level at the end of 24
hr. In this experiment TPNH generation by glucose-6-
phosphate dehydrogenase and 6-phosphogluconate de-
hydrogenase was also determined. In starvation glu-
cose-6-phosphate dehydrogenase and 6-phosphoglucon-
ate dehydrogenase activities are reduced to low levels
and refeeding a fat-free diet results in a great increase of
these activities (8, 9). However, in this experiment the
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Fic. 2. Restoration of fatty acid synthesis in adipose tissue on refeeding
starved rats a fat-free diet. Epididymal fat pads were extirpated from each
of the rats in the series presented in Fig. 1. The ordinate represents the
specific rate of pyruvate-2-C!*incorporation into fatty acids per g of adipose tis-
sue, relative to the activity level at the end of the starvation period (time zero)
set equal to 1.0 (observed baseline value: 0.36 umole of pyruvate per g of
tissue per 3 hr. Fat pads (400-500 mg) were incubated (15) with 5.0 ml of
Krebs-Ringer bicarbonate buffer containing pyruvate-2-C* (5000 cpm/
umole), 40 mm and glucose 10mu, in stoppered 50 ml flasks. The flasks were
gassed with 959, 0,59, CO; for 5 min and then were incubated at 37° for
180 min. Fatty acids were isolated and counted as described in the preced-
ing publication (1). Each point represents the mean value for three animals.
The limits of variance about the mean are indicated by the horizontal bars.
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TABLE 2 Fatty AciD SYNTHESIS IN STARVED RATS REFED
DirrereENT DieTs AND THE LiNoLeic Acip CoNTENT OF Liver

Nutritional Acetate
State Incorporation Linoleic Acid
%

Normal 1.00 20.5
Starved 0.093 15.9
Refed R 1.50 12.6
Refed F 8.90 1.2
Refed FL 4.29 3.7
Fed F 6.13 3.8

Normal rats were starved for 2 days and refed a stock diet
(Refed R); a fat-free diet (Refed F), or a fat-free diet containing
2% by weight of methyl linoleate (Refed FL) for 2 days. Another
group of rats was fed a fat-free diet (Fed F) for 4 days (without
previous starvation). In these animals fatty acid synthesis was as-
sayed as acetate-1-C!4 incorporation (see Table I). The extent of
fatty acid synthesis was compared with the percentage of linoleic
acid in the liver fatty acids (gas-liquid chromatography) (1). The
observed normal value for acetate incorporation (0.983 pmole/hr
per liver) was set equal to 1.00. Each experimental value is the
average of three (pooled) livers.

restoration of the dehydrogenase activities appeared to
occur after the increase in fatty acid synthesis (2-4), which
suggested that the increase in fatty acid synthesis activity
is not secondary to an enhanced capacity for TPNH
formation (4, 10).

Adipose tissue also displayed the same general adap-
tation to the feeding of a fat-free diet to starved rats (4).
In Fig. 2 the increase in fatty acid synthesis (pyruvate-
2-C" incubated with intact epididymal fat pads) is
evident.

The rates of incorporation of acetate-1-Cl4, acetyl-
1-C** CoA, and malonyl-2-C* CoA into fatty acids by
soluble enzyme preparations from liver were covariant
in all studies in which this comparison was made. As
presented in Table 1, these analyses were determined in
a series of rats starved for 48 hr and then refed over a
second 48 hr period, either with a fat-free diet or with
a balanced stock diet. The three assays for fatty acid
synthesis gave the same relative results: viz. synthetic

TABLE 3 Fatrry Acio CowmpositioN of Rat LivEr FrRoM
STARVED RATs REFED VARIOUS DIETS

Fatty Acids
16:0 16:1 18:0 18:1 18:2 20:4
%
Normal 30.6 0.3 24.5 13.7 20.5 10.6
Starved 40.5 0.9 28.7 10.1 15.9 5.6
Refed R 43.8 1.2 20.4 21.2 12.6 0.0
Refed F 42.9 13.9 9.1 32.2 1.2 0.0

The animals and feeding conditions were the same as described
in Table 2.

The composition of the fatty acids of liver was determined by
gas-liquid chromatography (1).
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activity was depressed in starvation, elevated in refeed-
ing, and especially elevated in refeeding with a fat-free
diet (4, 10). It may be concluded that both fatty acid
synthetase (malonyl CoA incorporation assay) and
acetyl CoA carboxylase (acetate or acetyl CoA in-
corporation assay) vary in the same direction in these
nutritional states provided that the assay systems are
coupled directly to fatty acid synthesis (see Discussion).

Feeding a balanced stock diet, instead of a fat-free diet,
to rats previously starved for 48 hr resulted in only a
2-fold increase in activity over normal levels (Table 2)
(4). This is in contrast to the 9-fold increase over nor-
mal when a fat-free diet was fed. The addition of
methyl linoleate to the fat-free diet tended to suppress
the elevation of fatty acid synthesis seen when the fat-free
diet alone was fed. As in the preceding study with
linoleic acid-deficient mice (1), these results suggested
that the elevated fatty acid synthesis was due in part to a
lack of linoleic acid in the diet (2, 6, 7).

Since a relative decrease in liver linoleic acid ac-
companied the increase in fatty acid synthesis when
mice were fed a linoleic acid-free diet (1), it was thought
the linoleic acid content of the liver might also be
decreased after feeding a fat-free diet to starved rats
even though the refeeding period was 48 hr or less
(2, 6, 7). In Table 2 the percentage of linoleic acid in
the liver fatty acid fraction was compared with the level
of fatty acid synthesis. As in the preceding study with
linoleic acid deficiency in mice, fatty acid synthesis was
inversely related to the relative linoleic acid concentra-
tion in liver. Prior starvation, however, accelerated these
changes, and permitted the employment of adult rats in
the present study. For comparison, analyses were also
performed with a series of rats which were fed a fat-free
diet, but without their being previously starved (Table
2) (see Discussion).

Accompanying the decrease in liver linoleic acid
during the brief refeeding period there were profound
changes in the composition of the total fatty acid frac-
tion of liver (7) (Table 3): the relative concentration of
palmitoleic (16:1) and oleic acids (18:1) increased,
while that of stearic (18:0) and arachidonic acids
(20:4) decreased. These changes have previously been
observed in various tissues in established linoleic acid
deficiency (20-25) and in liver of young mice fed
linoleic acid-deficient diets for several days (1).

These initial studies indicated a very rapid onset of a
relative linoleic acid deficiency state in the liver of
adult, normal rats subjected to the starvation—refeeding
experimental conditions. Consequently, the refeeding
period was analyzed in some detail to determine the se-
quence of events. In Fig. 3 fatty acid synthesis and the
relative linoleic acid content are compared in rats refed
a fat-free diet. Fatty acid synthesis progressively in-
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Fic. 3. Fatty acid synthesis and linoleic acid content of the liver during refeeding of
fat-free diet. Male rats were starved for 48 hr, then refed a fat-free diet for 48 hr. The
left ordinate represents the yield of malonyl CoA-dependent TPNH oxidation (fatty
acid synthetase) relative to the activity level at the end of the starvation period (time
zero) set equal to 1.0 (observed baseline value: 0.64 umole of TPNH oxidized per min per
average liver). The right-hand ordinate represents the percentage of linoleic acid in the
fatty acid fraction. Each point is the result of three pooled rat livers. The linoleic
acid content was determined by gas-liquid chromatography (see preceding paper) (1).

creased during the 48 hr refeeding period while the
percentage of linoleic acid decreased correspondingly.
Definite changes were observed as early as 6 hr after
initiating refeeding.

Perturbations in the fatty acid composition as a
function of time are plotted in Figs. 4 and 5. Note that
during the brief (fat-free) refeeding period the relative
concentration of palmitoleic and oleic acids progres-
sively increased and stearic acid decreased (Fig. 4),
whereas palmitic acid remained unchanged. As shown in
Fig. 5, the relative quantity of linoleic acid decreased,
but arachidonic acid first increased, then decreased
nearly to zero. The transient rise in arachidonic acid
may be the result of an accelerated conversion of the
liver linoleic acid into arachidonic, the process coming
to a halt as linoleic acid stores are depleted. No trienoic
acids were detected in this early deficiency state.

The particulate fractions of liver seem to participate
equally well in this rapid upheaval of the fatty acid
composition. The results presented in Table 4 are
indicative of rapid fatty acid turnover in the membranous
components of liver. Linoleic acid does not seem to be
preferentially preserved in any particular fraction, al-
though the relative drop in mitochondria is slower.

The liver is not the only tissue that shows changes in
fatty acid composition. It has been noted, however, that
the extent of change is much more profound in liver
during the limited 48 hr refeeding period. In Table 5
it is seen that adipose tissue (epididymal fat pad), heart
tissue, and the remaining carcass also reflect the varia-
tions noted with liver, but the extent of change is less in
the period studied.

During the refeeding period there is an accumulation
of total fatty acids in the liver, principally as triglyceride.
The rise in the quantity of total fatty acids per liver
accompanies the enhanced capacity for fatty acid syn-
thesis (enzyme assay) and the alteration in fatty acid
composition (Fig. 6). A net increase in palmitic acid was
observed even though the relative concentration of this
acid does not change remarkably (see Fig. 4). Both oleic
and palmitoleic acids accumulated (Fig. 7). The net
quantity of stearic acid, however, does not change re-
markably although the relative concentration is greatly
decreased. The relative decrease in linoleic acid, as ob-
served here, is primarily the result of the accumulation
of the more saturated fatty acids. However, there was
usually a significant net decrease of total linoleic acid per
liver (Table 6). Periods beyond 48 hr were not examined.
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Fic. 4. Percentage of palmitic, palmitoleic, stearic, and oleic acids in the liver fatty
acids during refeeding of fat-free diet. Analyses were performed with the same series

of rats presented in Fig. 3.
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Fic. 5. Percentage of linoleic and arachidonic acids in the liver fatty acids during re-
feeding of fat-free diet. Analyses were performed with the same series of rats presented in

Fig. 3.
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TABLE 4 Farry Acip COMPOSITION OF THE NUCLEI, MITOCHONDRIA, AND MICROSOMES IN STARVED RaTs REFED
A Far-Free DiET

Fatty Acid Composition of the

Fatty Acid Composition of the

Fatty Acid Composition of the

Nuclei Mitochondria Microsomes
Hr of Refeeding 16:0 16:1 18:0 18:1 18:2 20:4 16:0 16:1 18:0 18:1 18:2 20:4 16:0 16:1 18:0 18:1 18:2 20:4
% % %
Normal 22.9 1.9 26.0 12.0 21.1 16.2 24.1 0.44 23,1 8.8 225 18.7 29.8 1.4 376 12.6 12.8 4.8
0 26.4 0.7 30.6 4.8 25.6 12.9 25.3 0.88 25.5 10.2 15.9 17.7 33.9 0.7 428 9.6 9.8 3.8
6 27.6 1.7 26.9 8.6 20.3 14.9 26.6 1.01 284 7.9 17.2 18.0 344 3.0 417 9.9 7.9 3.6
12 31.8 4.3 195 14.8 9.7 20.9 30.4 3.6 17.7 16.1 16.1 14.9 354 8.2 28,2 21.8 4.3 2.1
18 32.7 9.3 13.9 26.0 5.5 10.6 34.3 6.1 16.8 21.3 10.6 9.6 35,7 11.5 20.0 31.7 1.2 .25
36 40.0 12,5 7.6 35.0 1.4 1.0 33.8 9.3 9.9 33.3 6.0 6.0 37.1 10.8 12.2 39.6 .10 .10
48 38.6 14.9 7.1 38.6 0.0 0.0 33.2 9.4 9.9 31.3 5.25 8.25 37.9 10.8 12.3 38.8 .01 .01

The animals and feeding conditions were the same as in Fig. 3. The 0 hr sample is liver from rats previously starved for 48 hr. A pooled liver sample from
three rats was homogenized in 0.25 M sucrose employing a glass~Teflon homogenizer for 1 min. The homogenate was centrifuged in a Spinco model L ultra-
centrifuge. The nuclei were sedimented by centrifuging at 300-500 X g for 10 min; the mitochondria at 10,000 X g for 10 min; and the microsomes at
104,000 X g for 60 min. The fatty acid composition was determined as previously described (1).

In the previous set of experiments there was a net
accumulation of palmitoleic and oleic acids, in addition
to palmitic acid, during the refeeding period. In view of
this increase in the monounsaturated fatty acids an
examination was made of the apparent rate of synthesis
of fatty acids other than palmitic (the principal fatty
acid synthesized in the soluble malonyl CoA system) by
whole liver tissue. Liver slices were incubated in the
presence of acetate-1-C'4, Fatty acids were isolated from
the liver slices and separated by gas-liquid chromatog-
raphy. The radioactivity in each isolated fatty acid was
then determined. The data in Table 7 represent the net
incorporation of acetate-1-C! into each fatty acid. This
information is also expressed in terms of the percentage
of the total counts recovered in the entire fatty acid
fraction for each fatty acid. Along with the expected in-
crease in the incorporation of acetate into all fatty

TABLE 5 Farry Acio ComposiTION OF Liver, HEeARrT,
Ap1rose TissUE, AND CARCASS FROM STARVED RATs REFED A
Far-FreEe DieT

Fatty Acid
Nutritional
Tissue State 16:0 16:1 18:0 18:1 18:2 20:4
%
Liver N 36.3 1.4 249 13.3 16.6 4.9
F 48 38.8 12.1 6.0 36.4 0.1 0.1
Heart N 19.5 1.0 27.0 9.65 29.8 10.4
F 48 21.6 2.0 27.0 18.0 18.0 11.9
Adipose N 27.5 5.1 3.6 37.6 23.3 0.0
F 48 240 6.8 4.5 42.5 19.0 0.0
Carcass N 248 4.1 7.0 36.4 23,0 0.0
F 48 26.1 2.2 8.1 445 17.0 0.0

Comparison of the fatty acid composition of normal rats (N)
and starved rats refed a fat-free diet (F 48) for 48 hr. The fatty
acids were isolated, esterified, and analyzed as described earlier
(1). The remaining carcass consisted of the whole animal minus
the head, heart, liver, epididymal fat pad, and intestine.

ArimMann, HuBBARD, AND GIBSON

acids during refeeding, there was an increase in the
fraction of the total fatty acid C* in palmitoleic and oleic
acids, relative to palmitic acid. In view of the net in-
crease of acetate-1.C'¢ incorporated into each fatty acid,
it would seem likely that there was accelerated syn-
thesis by the intact liver cell, not only of palmitic acid,
but also of palmitoleic and oleic acids during fat-free
realimentation. Although there was no apparent net
increase in the quantity of stearic acid, a turnover of this
fatty acid is not excluded. (Acetate is efficiently in-
corporated.) Control experiments in the same series of
rats showed, as before, that the rate of synthesis of
saturated fatty acids from acetate and malonyl CoA was
greatly increased in assays with the soluble cytoplasmic
enzyme preparations (see Table 1).

The increase of total fatty acids per liver during fat-
free alimentation is also reflected in an accumulation of

TABLE 6 QuaNTiTy oF FaTTY Acips AND LiNOLEIC AcID IN
Rat Liver

Total Fatty Acids Linoleic Acid

mg/ mg/g mg/ mg/g % of

total liver total ltver fatty

liver liver actds
N 200 21 33 3.5 16.6
S 51 11 6.2 1.4 12.2
R 10 62 8.6 11 1.5 18.0
R 23 97 12 11 1.3 11.3
R 48 169 21 18 2.2 10.7
F 10 72 9.1 7.5 0.9 10.4
F 23 155 17 7.1 0.7 4.6
F 48 321 33 0.32 0.03 0.1

The animals and feeding conditions are the same as those de-
scribed in Table 1 (also see Tables 7 and 8). With the exception
of the column on the right, results are expressed in terms of milli-
grams of methyl ester of total fatty acids or of linoleic acid. The
absolute values for linoleic acid were calculated from the percentage
of linoleic acid in the total fatty acid fraction (right column).
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the triglyceride fraction. In Table 8 data are presented
showing that the triglyceride content increased to about 3
times its normal level when a fat-free diet was fed to rats
for 48 hr after a prior starvation. This fraction increased

only to a normal level when a balanced diet was refed.
Phospholipid returned to normal values during the
realimentation phase in both series of rats. As in the case
of mice maintained on a linoleic acid-deficient diet (1),

100 T T T
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Fic. 6. Fatty acid synthesis, total fatty acids, and the yield of palmitic acid in liver
during refeeding of fat-free diet. Analyses were performed with the same series of rats
presented in Fig. 3. The left ordinate represents the yield of malonyl CoA-dependent
TPNH oxidation (fatty acid synthetase) relative to the activity level at the end of the
starvation period (time zero set equal to 1.0 (observed baseline value: 0.64 umole of
TPNH oxidized per min per average liver). The latter curve is also presented in Fig. 3.
The total fatty acids (@) were measured as the hydroxamate (26) formed from the
methyl esters of the fatty acid fraction (right ordinate). The palmitic acid content (©)
was calculated from the percentage of palmitic acid in the total fatty acid fraction.

TABLE 7 INCORPORATION OF AcCETATE-1-Cl4 INTO FaTTY AcCIips By Liver SLices

<16:0 16:0 16:1 1 18:0 18:1 >18:1
Normal 0.54 5.18 0.15 0.15 0.67 0.15 0.52
(7.4) (70.0) (2.1) (2.1) 9.1) (2.1) (7.0)
FF 10 0.22 3.52 0.26 0.11 0.60 0.46 0.18
(4.1) (65.6) (4.9) (2.0) (11.2) (8.5) (3.4)
FF 23 0.88 9.85 1.26 0.08 1.86 3.92 0.42
(4.8) (53.7) (6.9) (0.5) (10.2) (21.4) (2.3)

The incorporation of acetate-1-C* into the various fatty acids of liver was determined by incubating liver slices from normal rats and
from rats fed a fat-free diet for 10 hr (FF 10) and 23 hr (FF 23) after a starvation period of 48 hr. The animals employed in this study
were selected from the series described in Table 1 (also see Tables 6 and 8). Net incorporation is expressed as umoles of acetate per 90
min per average liver. The values in parentheses are percentage of the total incorporation. The column designated “I” contains the values
obtained for the effluent emerging from the column after 16:1 and before 18:0. Liver slices (500 mg) were incubated in 5.0 ml of Krebs-
Ringer bicarbonate buffer, containing 5 umoles of acetate-1-C!* (8 X 105 cpm) for 90 min at 37 °. The fatty acids were isolated and esteri-
fied as described earlier (1). Each fatty acid was collected in a U-shaped glass tube (immersed in ice water) connected to the outlet of the
gas-liquid chromatograph. The fatty acid fraction was eluted from the U-tube with 15 ml of toluene containing 0.40%, 2,5-diphenyloxazole

and counted in a liquid scintillation counter (Packard Tri-Carb).
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Fie. 7. Yield of palmitic, palmitoleic, stearic, and oleic acids in the liver during refeeding
of fat-free diet. Analyses were performed with the same series of rats presented in Fig. 3.
The individual fatty acids are represented in terms of milligrams of fatty acid methyl ester

per liver,

lipid accumulation was also evident grossly and micro-
scopically.

DISCUSSION

Refeeding a starved animal a balanced diet restores the
normal status of the liver as reflected in the levels of the
enzymes catalyzing fatty acid synthesis and in the com-
position of the liver fatty acids. The restoration of nearly
normal levels from the starvation state is not accom-
panied by a linoleic acid deficiency in the liver tissue.

TABLE 8 CHANGES IN THE TRIGLYCERIDE AND PHOSPHOLIPID
ConTENT OF LiveR oF STARVED RATsS REFED A BALANCED
Stock DiET OR A Far-FREE DIET

Nutritional
State Triglyceride Phospholipid
mg [liver
Normal 57.4 282
Starved 24.2 81
R 10 57.6 174
R 23 90.0 195
R 48 80.2 195
F 10 54 .4 165
F 23 129.0 183
F 48 164.0 174

The animals and feeding conditions were the same as described
in Table 1. The liver triglyceride and phospholipid analyses were
previously described (1). (Also see Tables 6 and 7.)

Refeeding with a fat-free diet, however, permits the
levels of the synthetic enzymes to rise far above normal.
Coincident with the enhanced enzyme activity there is
net accumulation of saturated and monounsaturated
fatty acids, principally in the triglyceride fraction of
liver (2-9). Aside from the rapid onset, the latter events
are the same as those attending the feeding of young
mice (which were not starved) a fat-free or a linoleic
acid-free diet (1). In both studies supranormal activity
of the enzymes catalyzing fatty acid synthesis was ob-
served only under those conditions that brought about a
relative depletion of linoleic acid in the liver. A similar
study by Reiser et al. (27) has recently been reported in
which fatty acid synthesis was evaluated by the in-
corporation of acetate into fatty acids in intact rats fed
purified lipids (309 of the diet).

The liver is the first tissue to register an upheaval in
fatty acid composition in response to the fat-free diet.
Epididymal fat pads, heart muscle, and the remaining
carcass responded to a less significant degree in the brief
time interval of the experiment. Although there is a net
decrease in the total amount of linoleic acid in liver the
precipitous fall in the relative linoleic acid content may
be attributed to the great accumulation of saturated and
monounsaturated fatty acids (1). All of the liver cellular
subfractions promptly display linoleic acid depletion and
an altered composition that indicates a rapid turnover of
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all fatty acid moieties in the various lipid compartments
of the cell.

Coincident with a fall in the linoleic acid content of
liver is the dramatic rise in the enzymes catalyzing the
incorporation of acetyl CoA or malonyl CoA into fatty
acids as assayed in soluble, semipurified fractions of liver.
These assays measure acetyl CoA carboxylase and fatty
acid synthetase activities which are directly coupled to
the synthesis of saturated fatty acids. The activities of
these two enzymes, as determined in the assays em-
ployed, were covariant under all experimental condi-
tions examined. The assay in which C*O; incorporation
into malonate is followed (a ““direct” assay of acetyl CoA
carboxylase) was not covariant (28), employing the
standard conditions published for this determination
(29). The apparent “uncoupled” activity of acetyl CoA
carboxylase may, however, be influenced by the presence
of malonyl CoA decarboxylase or other factors.

Evidence has been presented which indicates that
acetate incorporation into palmitoleic, stearic, and oleic
acids by liver slice preparations was enhanced during the
fat-free refeeding period. Synthesis of these acids re-
quires a set of particulate enzymes in order to lengthen
the palmitate carbon chain and to introduce the A9
unsaturation (30~33). Eicosatrienoic acid formation via
oleic acid (34, 35) was barely detectable during these
very brief periods of linoleic acid restriction.

The net increase in saturated and monounsaturated
fatty acids appears primarily in the triglyceride fraction
of the liver lipids. There is also a definite increase
in total liver cholesterol, probably in the form of
cholesterol ester (36), and an initial jump in phos-
pholipid. Since virtually no exogenous sources of lipid
are available to the liver it seems reasonable to conclude
that fatty acids and triglyceride accumulate in the liver
as a result of the enhanced capacity for synthesizing
these compounds.

Liver triglycerides are the precursors of the plasma
triglycerides in the low density B-lipoproteins (37).
The increased synthesis of liver triglycerides may thus be
of critical importance in generating the lipemia observed
in the course of feeding high-carbohydrate, low-fat
diets (38).

The fall in linoleic and arachidonic acids, and the
accumulation of palmitic, palmitoleic, and oleic acids in
the liver lipids should greatly influence the physico-
chemical nature of the lipids that comprise membrane
systems and of the circulating lipids originating in the
liver (39). The swelling of liver mitochondria (40, 41),
the sensitivity of adipose tissue to insulin (42) that is
observed in animals receiving a fat-free diet, and the
abnormal equilibration of circulating lipids with the
vascular endothelium in atherosclerosis (43, 44), may be
the direct result of altered tissue or plasma lipoprotein
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properties. A study of the composition of the fatty acid
moiety of cholesterol esters found in the early ‘“fatty
streaks” of the arterial intima has shown that linoleic
acid levels are well below normal (45).

The changes in the liver described in this study were
brought about acutely, in adult rats, long before the
possibility of general depletion of linoleic acid in other
tissues, as seen in the classical essential fatty acid de-
ficiency syndrome (34, 46, 47). Thus the consequences of
early liver depletion of linoleic acid may have far-
reaching effects on other tissues because of the central
role of liver in the metabolism of the animal. The liver,
however, is not the only tissue to respond to these nu-
tritional states. For example, the rise in fatty acid bio-
synthesis in the epididymal fat pad was coincident with
a significant change in the general fatty acid composi-
tion and in the relative linoleic acid concentration of the
adipose lipids.

It is not unexpected that other enzymes, generally
concerned with triglyceride formation from glucose,
may also be increased during the refeeding period.
For example, as originally described by Tepperman and
Tepperman (8, 9), glucose-6-phosphate and 6-phos-
phogluconate dehydrogenase activities (assayed in the
soluble liver supernatant fraction) increased during the
refeeding period, but well after the rise in fatty acid
synthesis (see Fig. 1) (4). In the intact cell these ancillary
enzymes provide a continuing supply of reduced TPN,
a necessary component for the synthesis of both saturated
and monounsaturated fatty acids. The activities are
elevated although the rate of generation of TPNH is
not necessarily limiting. The activity of the citrate
cleavage enzyme (48, 49) responds to starvation and fat-
free refeeding in a manner similar to the enzymes
synthesizing fatty acids (50). This list may also include
the malic enzyme (51) and glucokinase (52, 53).

The events accompanying the refeeding of a starved
animal with a fat-free diet rest primarily on the fact that
the enzymes catalyzing fatty acid synthesis are hyper-
active. This rise in activity may be due to a paucity of
long-chain fatty acyl inhibitors in the liver tissue.
Following the preliminary observations that a diet high
in fat depresses fatty acid formation in vivo, and in vitro
by liver slices (14, 54-58), evidence has recently ac-
cumulated showing that fatty acid derivatives directly
inhibit the enzymes catalyzing fatty acid synthesis
(15, 16, 59—64). Whether or not linoleic acid is a more
effective inhibitor than other long-chain acids has not
been established. The tissue concentration of acyl CoA
is elevated over the normal in starvation (65, 66) and
during the feeding of fat; but the levels are lower than
normal during high-carbohydrate alimentation. It
has also been suggested (62) that fatty acids may inter-
fere with the citrate-dependent association of inactive
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acetyl CoA carboxylase subunits into the complete,
competent enzyme (17). Palmityl CoA is also known to
inhibit purified citrate synthetase enzyme (63).

The picture which emerges is that several long-chain
fatty acids (as the acyl CoA) nonspecifically inhibit
acetyl CoA carboxylase and possibly fatty acid synthetase.
This provides a basis for the depressed fatty acid syn-
thesis observed in alloxan diabetes and starvation (2,10,
28, 67), situations in which the release of free fatty acids
from adipose tissue is accelerated (68). Studies with
anti-insulin serum support this view (69). If diminished
activity is found in a soluble fraction of liver from an
animal in starvation, then it might be surmised that the
enzyme protein was present but its activity was ham-
pered by a bound fatty acid inhibitor. This being the
case, then the inhibitor is not readily dissociated by the
fractionation process used to isolate the enzyme frac-
tion. By the same token, animals on a fat-free diet or a
linoleic acid-free diet would possess enzyme free of the
inhibitor (even though the enzyme is isolated from grossly
fatty livers). Realimentation of the starved animal with
a high-carbohydrate, low-fat diet would favor the
generation of a-glycerophosphate and the esterification
of fatty acids (65, 70), so that low levels of acyl CoA
would be expected.

The elevated enzyme activities observed in the present
experiment could also be the result of an adaptive
synthesis of new enzyme. Puromycin and actinomycin
injected in vivo at the onset of the refeeding period
blocks the elevation in enzyme activity and the asso-
ciated changes in fatty acid composition.! Such an effect
is considered to be diagnostic of adaptive enzyme forma-
tion even in the intact animal (71, 72). Insulin may play
a direct role in determining enzyme levels. The return of
enzyme activity in the soluble fractions of liver following
insulin treatment of the alloxan diabetic rat and following
refeeding of the starved animal has been reported pre-
viously (2, 10, 28). A similar response has now been
observed with the glucokinase enzyme system of liver
(52, 53). The malic enzyme of liver rises to very high
levels following the injection of insulin (73). The me-
tabolism of glucose by epididymal fat pads from rats
maintained on a fat-free diet responds more dramatically
to insulin in vitro than control preparations (42).

The pattern of changes seen in early linoleic acid
deficiency (1) appear to be the same as those accompany-
ing fat-free refeeding. In both studies hyperlipogenesis
(beyond the recovery of normal enzyme activity levels)
was coincident with a fall in the relative linoleate con-
centration in liver lipids. It might be postulated that such
a radical shift in the composition of the fatty acids

1S. E. Hicks, D. W. Allmann, and D. M. Gibson (unpub-
lished data).

making up the lipid-containing structures in all parts of
the cell (Table 4) could influence the accessibility
(compartmentalization) of nonspecific fatty acid in-
hibitors (including ““free” linoleic acid itself), as well as
the acceleration of new enzyme formation.

The authors are indebted to Drs. Halina Den and Shamsur
Rahman for their participation in these studies. The technical
assistance of Mrs. J. R. Wilson and Mr. C. S. Hollinden is
gratefully acknowledged.

This research has been supported by grants from the American
Heart Association (62-G-139); the American Cancer Society
(P-178-D) ; and the Public Health Service, National Institutes
of Health (HE-04219-05 and GM-K3-18413), and the Heart
Research Center Grant H-6308 of the National Heart Institute.
Portions of this paper are from a thesis by D. W. Allmann, sub-
mitted to the Graduate School of Indiana University in partial
fulfillment of the requirements for the Ph.D. degree (Public
Health Service Training Grant, PHS-2G-360-C1).

Manuscript received June 22, 1964; accepted August 17, 1964.

REFERENCES

1. Allmann, D. W,, and D. M. Gibson, J. Lipid Res. 6: 51,
1965.

2. Gibson, D. M. In Biosynthesis of Lipids (Proc. Fifth Inter-
national Congress of Biochemistry, Moscow, 1961, Vol.
VII), edited by G. Popjsk. Pergamon Press, London, 1963,
pp. 48-53.

3. Hubbard, D. D, R. E. McCaman, M. R. Smith, and D.
M. Gibson. Biochem. Biophys. Res. Commun. 5: 339, 1961.

4. Hubbard, D. D., D. W. Allmann, G. S. McLain, and D.
M. Gibson. Federation Proc. 20: 274, 1961.

5. Gibson, D. M., D. W. Allmann, and C. H. Lingeman.
Abstracts of Papers, 139th Meeting, Am. Chem. Soc. St. Louis,
March 1961, p. 30c.

6. Allmann, D. W., and D. M. Gibson. Federation Proc. 21:
288, 1962.

7. Allmann, D. W., H. Den, M. S. Rahman, and D. M.
Gibson. Federation Proc. 22: 362, 1963.

8. Tepperman, H. M. and J. Tepperman. Diabetes 7: 478,
1958.

9. Tepperman, J. and H. M. Tepperman. Am. J. Physiol.
200: 1069, 1961.

10. Gibson, D. M., D. D. Hubbard, and W. C. Love. Federa-
tion Proc. 19: 227, 1960.

11. Gibson, D. M., E. B. Titchener, and S. J. Wakil. Biochim.
Biophys. Acta 30: 376, 1958,

12. Porter, J. W., S. J. Wakil, A. Tietz, M. 1. Jacob, and D. M.
Gibson. Biochim. Biophys. Acta 25: 35, 1957.

13. Wakil, S. J. J. Lipid Res. 2: 1, 1961.

14. Bortz, W., S. Abraham, and I. L. Chaikoff. J. Biol. Chem.
238: 1266, 1963.

15. Porter, J. W,, and R. W. Long. J. Biol. Chem. 233: 20,
1958.

16. Boriz, W. M, and F. Lynen. Biochem. Z. 337: 505, 1963.

17. Vagelos, P. R., A. W. Alberts, and D. B. Martin. J. Biol.
Chem. 238: 533, 1963.

18. Glock, G. E., and P. McLean. Biockem. J. 55: 400, 1953,

19. Winegrad, A. 1., and A. E. Renold. J. Biol. Chem. 233:
267, 1958.

20. Morton, R. A, and A. A. Horner. Biochem. J. 79: 631,
1961.

ArrMaNN, HuBBARD, AND GiBson Fatty Acid Synthesis During Fal-Free Refeeding 73

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1)l mmm woiy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

21.
22.
23,
24.
25.

26.
27.

28.

29.
30.

31.
32.
33.

34.
. Mead, J. F., and W. H. Slaton, Jr. J. Biol. Chem. 219: 705,

36.
37.

38.
39.
40.

41,

42.
43,
44,

45.
46.
47.
48.

74

Mohrbauer, H., and R. T. Holman. J. Lipid Res. 4: 151,
1963.

Mohrhauer, H., and R. T. Holman. J. Lipid Res. 4: 346,
1963.

Witting, L. A.,, C. C. Harvey, B. Century, and M. K.
Horwitt. J. Lipid Res. 2: 412, 1961.

Gellhorn, A., W. Benjamin, and M. Wagner. J. Lipid Res.
3: 314, 1962.

Tischer, K., E. Opalka, and J. L. Glenn. Federation Proc.
22: 377, 1963.

Entenman, C. Methods Enzymol. 3: 323, 1957.

Reiser, R., M. C. Williams, M. F. Sorrels, and N. L.
Murty. Arch. Biochem. Biophys. 102: 276, 1963.

Gibson, D. M., and D. D. Hubbard. Biochem. Biophys. Res.
Commun. 3: 531, 1960.

Wakil, S. I. J. Am. Chem. Soc. 80: 6465, 1958.
Schoenheimer, R. The Dynamic State of Body Constituents.
Harvard Univ. Press, Cambridge (Mass.), 1942.
Bloomfield, D. K., and K. Bloch. J. Biol. Chem. 235; 337,
1960.

Marsh, J. B., and A. T. James. Biochim. Biophys. Acta 60:
320, 1962.

Harlan, W. R. Jr., and S. J. Wakil. J. Biol. Chem. 238:
3216, 1963.

Holman, R. T. J. Nusr. 70: 405, 1960.

1956.

Alfin-Slater, R. B., and S. Bernick. Am. J. Clin. Nutr. 6:
613, 1958.

Havel, R. J., J. M. Felts, and C. M. Van Duyne. J. Lipid
Res. 3: 297, 1962,

Ahrens, E. H., Jr. Trans. Assoc. Amer. Phys. 74: 134, 1961.
Salem, L. Can. J. Biochem. Physiol. 40: 1287, 1962.

Levin, E., R. M, Johnson, and S. Albert. J. Biol. Chem. 228:
15, 1957.

Wilson, J. W., and E. H. Leduc. J. Cell Biol. 16: 281,
1963.

Doisy, R. J. Endocrinology 72: 273, 1963.

Sinclair, H. M. Lancet. i: 381, 1956.

Beeler, D. A, and F. W. Quackenbush. J. Nutr. 79: 360,
1963.

Smith, E. B. Biochem. J. 88: 49p, 1963.

Burr, G. O., and M. M. Burr. J. Biol. Chem. 82: 345, 1929,
Aaes-Jorgensen, E. Physiol. Rev. 41: 1, 1961.

Bhaduri, A., and P. A. Srere, Biochim. Biophys. Acta 70: 221,
1963.

JournaL oF Lipip REsEarcH  VOLUME 6, 1965

49.
50.

51.
52.
53.

54.
55.

56.
57.
58.

59.

60.
61.

62.
63.

64.
65.
66.
67.
68.
69.
70.
71.
72.

73.

Eggerer, H., and U. Remberger. Biochem. Z. 339: 62, 1963.
Kornacker, M. S., and J. M. Lowenstein, Science 144: 1027,
1964.

Tepperman, H. M., and J. Tepperman. Am. J. Physiol.
206: 357, 1964.

Salas, M., E. Vifiuela, and A. Sols. J. Biol. Chem. 238: 3535,
1963.

DiPietro, D. L., and S. Weinhouse. J. Biol. Chem. 235:
2542, 1960.

Brice, E. G., and R. Okey. J. Biol. Chem. 218: 107, 1956.
Whitney, J. E., and S. Roberts. Am. J. Physiol. 181: 446,
1955.

Lyon, I., M. S. Masri, and I. L. Chaikoff. J. Biol. Chem.
196: 25, 1952.

Hill, R.,, J. M. Linazasoro, F. Chevallier, and I. L.
Chaikoff. J. Biol. Chem. 233: 305, 1958.

Hill, R. J., W. W. Webster, J. M. Linazasoro, and I. L.
Chaikoff. J. Lipid Res. 1: 150, 1960.

Langdon, R. G. In Chemisiry of Lipids as Related to Athero-
sclerosis, edited by 1. H. Page. Charles C Thomas, Phila-
delphia, 1958, pp. 291-309.

Mudd, J. B, and P. K. Stumpf. J. Biol. Chem. 236: 2602,
1961.

Robinson, J. D., R. O. Brady, and R. M. Bradley. J. Lipia
Res. 4: 144, 1963.

Levy, H. R. Biochem. Biophys. Res. Commun. 13: 267, 1963.
Wieland, O., and L. Wiess. Biockem. Biophys. Res. Commun.
13: 26, 1963.

Wieland, O., L. Weiss, 1. Eger-Neufeldt, and U. Miiller.
Life Sciences 7: 441, 1963.

Bortz, W. M., and F. Lynen. Biochem. Z. 339: 77, 1963.
Tubbs, P. K., and P. B. Garland. Biochem. J. 89: 25P, 1963.
Numa, S., M. Matsuhashi, and F. Lynen, Biochem. Z. 334:
203, 1961.

Fredrickson, D. S., and R. 8. Gordon, Jr. Physiol. Rev. 38:
585, 1958.

Kalkhoff, R. K., K. R. Hornbrook, H. B. Burch, and D. M.
Kipnis. Federation Proc. 23: 554, 1964.

Tzur, R., E. Tal, and B. Shapiro, Biochim. Biophys. Acta
84: 18, 1964.

Mueller, G. C., J. Gorski, and Y. Aizawa. Proc. Nat. Acad.
Sci. 47: 164, 1961.

Conney, A. H. and A. G. Gilman. J. Biol. Chem. 238:
3682, 1963.

Shrago, E., H. A. Lardy, R. C. Nordlie, and D. O. Foster.
J. Biol. Chem. 238: 3188, 1963.

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

