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Refeeding a high-sucrose, fat-free diet to fasted rats caused drastic alterations in the 
fatty acid composition of hepatic diacylglycerols, triacylglycerols, and phosphatidylcholines. 
However, the fatty acid profile of phosphatidylethanolamines did not change significantly. 
These results suggest that the fatty acid composition of diacylglycerols may influence the 
distribution of diacylglycerols among triacy@ycerols, phosphatidylcholines, and phospha- 
tidylethanolamines. Fasting and refeeding also affected the activities in vitro of a number 
of enzymes responsible for the formation of triacylglycerols, phosphatidylcholines, and 
phosphatidylethanolamines. The activity of hepatic phosphatidate phosphatase increased 
fourfold upon refeeding. However, fasting the rats did not affect the activity of this enzyme 
despite the reduced triacylglycerol synthesis in the fasted liver in wivo. Fasting and refeed- 
ing induced alterations in the activities of diacylglycerol acyltransferase, cholinephospho- 
transferase, and ethanolaminephosphotransferase which correlated reasonably well with 
the changes observed in the synthesis of triacylglycerols, phosphatidylcholines, and phos- 
phatidylethanolamines in vivo, although the changes in diacylglycerol acyltransferase were 
too moderate. The changes in the activity of cholinephosphate cytidylyltransferase, which 
is suggested to catalyze the rate-limiting step in the formation of CDP-choline, ran parallel 
with the alterations in the synthesis of phosphatidylcholines in vivo. No such correlation 
was found between the activity of ethanolaminephosphate cytidylyltransferase and the rate 
of phosphatidylethanolamine synthesis. The present results indicate that the synthesis of 
triacylglycerols, phosphatidylcholines, and phosphatidylethanolamines is controlled by the 
availability of the various substrates as well as by the activities of several enzymes involved 
in these processes. 

Although the pathways involved in the 
biosynthesis of hepatic glycerolipids have 
been largely elucidated almost two decades 
ago (l), our knowledge on the regulation 
of glycerolipid synthesis in the liver is still 
rudimentary. Evidence is accruing (2-6) 
that the activity of phosphatidate phospha- 
tase (EC 3.1.3.4) which catalyzes the con- 
version of phosphatidic acid into diacyl- 
glycerols (DG),2 determines the flux of DG 
to triacylglycerols (TG). However, DG are 
also utilized as direct precursors in the syn- 
thesis of phosphatidylcholines (PC) and 

1 To whom all correspondence should be sent. 
*Abbreviations used: DG, diacylglycerols; TG, 

triacylglycerols; PC, phosphatidylcholines; PE, 
phosphatidylethanolamines. 

phosphatidylethanolamines (PE). In view of 
the divergent functions of TG as energy 
source and those of PC and PE as essential 
membrane components, it is to be expected 
that the synthesis of TG and that of the 
two phospholipids are regulated independ- 
ently. This view is supported by results from 
dietary studies. Experiments in viva (7, 8) 
and in vitro with isolated rat hepatocytes 
(8) and rat liver slices (9) have demonstrated 
that the rates of synthesis of TG, PC, and 
PE in the liver respond differently to changes 
in the nutritional state of the rat. Fasting 
caused a strong inhibition of the synthesis 
of TG, whereas the formation of PC and, 
particularly, that of PE were much less af- 
fected (7-9). Refeeding of high-carbohy- 
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drate, fat-free diets to fasted rats resulted 
in a drastic increase in the synthesis of TG 
in the liver bothin vivo (‘7,8,10> andin vitro 
(5, 7-9). The synthesis of PC was only 
slightly enhanced whereas the synthesis of 
PE was even further repressed (7, 8). 

Experiments of Gibson and colleagues 
(11, 12) have shown that refeeding high- 
carbohydrate, fat-free diets to fasted rats 
causes rapid and drastic alterations in the 
fatty acid composition of the total lipids frac- 
tion and TG of the liver. It was thought of 
interest to investigate in the present study 
how fasting and fasting followed by refeed- 
ing influence the fatty acid profiles of TG, 
PC, and PE in relation to the changes in 
DG, the common precursors of these 
glycerolipids. 

In addition, it was investigated how the 
nutritional state affects the activities of 
various enzymes involved in the biosynthe- 
sis of TG, PC, and PE. This may provide 
further information on the question which 
enzyme(s) may be important in the regula- 
tion of the synthesis of these glycerolipids 
in the liver. 

MATERIALS AND METHODS 

Animals. Male Wistar rats, weighing 225-300 g, 
were obtained from the Central Institute for the 
Breeding of Laboratory Animals, Zeist, The Nether- 
lands. Rats of three different nutritional states were 
used throughout this study: (a) rats fed ad libitum 
a regular chow pellet diet, (b) rats fasted for 48 h, and 
(c) rats fasted for 48 h and subsequently refed ad 
libitum a high-sucrose, fat-free diet for 24 h. In some 
experiments the animals were refed for 72 h. All ani- 
mals had free access to water. The composition of the 
regular chow pellets and the high-sucrose, fat-free diet 
have been described in detail earlier (8). 

Preparation of subcellulurfractions. The rats were 
killed by decapitation. The livers were removed and 
homogenized in 0.33 M sucrose/O.01 M Tris (pH 7.4) 
with the aid of a Potter-Elvehjem homogenizer (1 g 
liver/IO ml). The microsomal and 105,OOOg supematant 
fractions were isolated from the liver homogenates as 
described previously (13). The microsomal pellets were 
resuspended in 0.125 M KCX0.1 M Tris (pH 7.4). Pro- 
tein contents of the various subcellular fractions were 
estimated by the method of Lowry et al. (14). 

Measurements of enzyme activities. Cholinephos- 
photransferase (EC 2.7.8.2) and ethanolaminephospho- 
transferase (EC 2.7.8.1) were assayed in the micro- 
somal fractions using the endogenous DG as substrates. 
Microsomes (0.4-0.6 mg of protein) were incubated 

at 37°C in 0.5 ml medium of the following composition: 
20 mM Tris-HCl (pH 7.4), 0.2 mM CDP-[methyl-“Cl- 
choline (sp act 0.25 Ci/mol) or 0.2 mM CDP-[2-l%]- 
ethanolamine (sp act 1.25 Ci/mol), 10 mM MgCl*, and 
4 mM dithiothreitol. The formation of radioactive PC 
or PE was monitored by the filter disk method intro- 
duced by Goldfine (15). The filter disks were trans- 
ferred into scintillation vials containing 5 ml of a scintil- 
lation medium composed as described by Fricke (16). 
Quench corrections were made by the channels ratio 
method. 

Diacylglycerol acyltransferase (EC 2.3.1.20) was 
also assayed in the microsomal fraction using endog- 
enous diacylglycerols as substrates. Microsomes (0.4- 
0.6 mg of protein) were incubated at 37°C in a medium 
which contained the following components: 80 mM 

Tris-HCl (pH 7.4), 10 mM MgCl*, 4 mM dithiothreitol, 
and 0.1 mru [lJ4C]palmitoyl-CoA (sp act 1.0 Ci/mol) 
in a total volume of 0.5 ml. The reactions were termi- 
nated after 0.5, 1, 1.5, and 2 min by the addition of 
2 ml methanol-chloroform (21, v/v). After extraction 
of the lipids (17), the TG were isolated via thin-layer 
chromatography (see below) and assayed for radioactivity. 

Phosphatidate phosphatase was measured in the 
105,OOOg supematant fractions exactly as described 
by Mangiapane et al. (3). Microsomal-bound [YJphos- 
phatidate, prepared as reported by Lamb and Fallon 
(18), was used as substrate. Choline kinase (EC 2.7. 
1.32) and ethanolamine kinase were determined in the 
IO5,OOOg eytosol fraction according to the method re- 
ported by Weinhold and Rethy (19). 

Cholinephosphate cytidylyltransferase (EC 2.7.7.15) 
and ethanolaminephosphate cytidylyltransferase (EC 
2.7.7.14) were assayed in the 105,OOOg fractions as de- 
scribed in detail by Sundler (20). 

Analysis of lipids. DG and TG were isolated by 
thin-layer chromatography on silica gel G using petro- 
leum ether (bp 40-60”C):diethylether:acetic acid 
(80:20:2, v/v) as developing solvent and recovered from 
the silica by extraction with diethylether. Phospho- 
lipids were separated via two-dimensional thin-layer 
chromatography as described by Broekhuyse (21). PC 
and PE were extracted from the silica by the method 
of Bligh and Dyer (17) and that of Arvidson (22), re- 
spectively. The fatty acid composition of the various 
lipids was determined as reported earlier (23). The 
amounts of DG and TG were determined by adding 
heptadecanoic acid as an internal standard during the 
gas chromatographic analysis of the fatty acyl constitu- 
ents of these lipids (23). Quantitation of PC and PE 
was accomplished by phosphorus analysis (24). 

Radioactive compounds. [l-14C]Palmitic acid (sp act 
56 Ci/mol) and [l-‘*C]palmitoyl-CoA (sp act 54.8 Ci/mol) 
were obtained from the Radiochemical Centre, Amer- 
sham, U. K. [methyl-‘*C]Choline chloride (sp act 52 
Ci/mol), [1,2-Y&]ethanolamine (sp act 55 Ci/mol), 
[methyl-“Clcholinephosphate (sp act 52 Ci/mol), 11,2- 
%Jethanolaminephosphate (sp act 225 Cilmol), CDP- 
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TABLE I 

FATTY ACID COMPOSITION (%) AND AMOUNTS OF DIACYLGLYCEROLS, TRIACYLGLYCEROLS, 

PHOSPHATIDYLCHOLINES, AND PHOSPHATIDYLETHANOLAMINES OF THE 
LIVERS OF RATS OF DIFFERENT NUTRITIONAL STATES~ 

Ncmally 48 h fasted, 48 h fasted, Normally 48 h fasted, 48 h fasted, 
fed 48 h fasted 24 h refed 72 h refed fed 48 h fasted 24 h refed 12 h refed 

Diacylglycerols Triacylglycerols 

Amounts 21.3 + 5.5 5.1 f o.lY 15.0 + 2.1' 80.0 f 12.8' 10.7 + 5.5 23.1 f 5.50 83.0 z 12.5' 1024 f 229 
Fatty acids 1610 38.6 2 2.1 36.4 2 2.8 31.2 t 3.0 44.4 k 0.8' 27.5 + 1.4 33.5 f 4.6 31.1 L 2.0 42.8 2 0.1' 

161 15.3 + 2.6' 11.1 + 0.8’ 4.2 + 1.9 4.2 f 0.2 13.9 r 2.w 14.6 f 0.T 
18:o 18.0 * 1.1 22.1 + 1.6 6.4 + 1.5' 2.8 c 1.6? 4.5 + 1.1 6.8 e 2.8 4.6 -r 1.5 0.2 -r 0.1' 
l&l 15.6 f 0.6 11.7 f 0.2b 36.1 + 1.9’ 41.6 + 1.W 28.9 + 1.1 21.2 t 5.1 39.4 % 3.2' 42.4 k 0.4c 
182 18.1 + 1.3 14.8 k 0.3* 13 + 1.1' 34.9 f 2.8 28.3 2 0.8b 10.6 + 3.0' 
20~3 
20~4 9.0 + 2.5 15.0 2 O.lb 3.6 c 3.P tr tr tr 
226 

Phosphatidylcholines Phosphatidylethanolamines 

Amounts 161 f 15.4 97.9 + 7.6b 122 2 13.0 183.1 k 12.6’ 12.5 5 3.3 61.5 2 2.1b 49.1 + 3.1' 58.4 2 6.9 
Fatty acids 16~0 26.2 k 2.2 29.8 ? 1.4 33.2 f 1.9 28.6 2 2.8 21.0 t 2.9 19.3 ? 0.6 25.4 r 0.4r 25.4 f 0.3< 

161 16 r 0.8' 1.1 5 0.6' tr 2.6 r 0.4r 
18:O 22.0 f 1.1 22.2 t 1.1 14.5 k 1.6' 11.2 k 0.6’ 23.0 _f 0.1 26.9 k 0.9 21.6 z 0.6' 19.6 + O.lc 
18:l 9.3 c 1.0 7.5 + 0.5 19.0 c 0.w 27.2 % 1.8’ 7.4 t 1.6 4.3 + 0.9 9.5 + 1.3' 15.2 + 0.8' 
18:2 18.8 2 1.3 13.9 t 0.1” 8.3 2 0.6' 3.0 k 0.1’ 9.3 2 1.3 6.1 ? 1.2 4.3 k 0.6 1.0 + 0.3' 
20:3 7.6 % 0.3' 2.4 2 0.6< 
20~4 23.6 + 1.9 26.5 k 0.P 113 + 1.1’ 9.1 * 0.9 24.1 f 1.9 25.5 t 1.7 24.2 f 1.6 25.8 f 2.0 
226 tr tr tr tr 14.5 t 2.3 18.0 f 3.3 15.0 f 2.1 7.8 f 0.4' 

u Means ? S.D. of three rats are presented. The amounts of the various lipids are given as qWliver. 
b Significantly different from normally fed rats (P < 0.01). 
r Significantly different from 48-h fasted rats (P < 0.01). 

[methyl-‘“Clcholine (sp act 40 Wmol), and CDP-[2-W]- 
ethanolamine (sp act 28 Wmol) were purchased from 
NEN-Chemicals, Dreieichenhain, FRG. 

RESULTS 

The In$uence of Fasting and Refeeding on 
the Fatty Acid Composition of DG, TG, 
PC, and PE 

Table I presents the fatty acid composi- 
tion of DG, TG, PC, and PE of the liver of 
rats kept in various nutritional states. Fast- 
ing did not cause pronounced alterations in 
the fatty acid composition of these glycero- 
lipids, which is in agreement with reports 
by other investigators (11,12,22). Refeeding 
a high-sucrose, fat-free diet to 48-h fasted 
rats profoundly changed the fatty acid pro- 
file of hepatic DG within 24 h: Strong in- 
creases occurred in the proportions of pal- 
mitoleic (16:l) and oleic acids (l&l). These 
increases were compensated by considerable 
reductions in the contents of stearic (l&O), 
arachidonic (20:4), and linoleic acids (l&2). 
The effects of the refeeding on the composi- 
tion of DG were even more pronounced after 

refeeding for ‘72 h. The changes in the fatty 
acid profile of DG were reflected by similar 
changes in the composition of TG and PC. 
The decrease of arachidonic acid in PC seems, 
however, less pronounced than that in DG. 
Moreover, the appearance of eicosatrienoic 
acid (20:3), not detected in DG, seemed to 
partly compensate for the decreased level 
of arachidonic acid in PC. Apparently, eico- 
satrienoic acid is introduced into PC by a 
deacylation-reacylation process (25) rather 
than via synthesis de novo. The fatty acid 
composition of PE was much less affected 
by the refeeding despite the drastic altera- 
tions in DG, the direct precursor in the de 
novo synthesis of PE. Even after refeeding 
for ‘72 h, the content of arachidonic acid of 
PE was not reduced. Also, the increase in 
the proportion of palmitoleic acid in PE was 
minor despite the abundance of this fatty 
acid in DG. Gibson and colleagues (11, 12) 
have reported similar increases in the pro- 
portions of oleic and palmitoleic acid and 
decreases in linoleic and arachidonic acid 
in total lipids and TG of rat liver upon re- 
feeding of fasted rats. However, these au- 
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TABLE II 

CYTOSOLIC PHOSPHATIDATE PHOSPHATASE ACTIVITY IN THE LIVERS 

OF RATS OF DIFFERENT NUTRITIONAL STATES” 

Nutritional state 
Specific activity Total activity 

(nmoi/min/mg protein) (nmoi/min per liver) 

Normally fed 
48-h fasted 
48-h fasted and 24-h refed 

a high-sucrose, fat-free 
diet 

1.85 f  0.48 1009 rt 321 
2.55 f  0.18 1123 IL 116 

8.31 2 1.23* 4589 2 857 

a Incubations were performed in the presence of 178 nmol microsome-bound phosphatidic acid (92 nmoI/mg 
microsomal protein). For further experimental details see Materials and Methods. Means -+ SD of three rats 
are presented. 

* Significantly different from normally fed and 48-h fasted rats (P < 0.01). 

thors did not investigate the different ef- 
fects of the refeeding on the composition of 
PC and PE nor the alterations in DG, the 
common precursors of TG, PC, and PE. 

As reported earlier (8), the dietary state 
also affects the amounts of various lipid 
classes in the liver. Fasting strongly reduces 
the levels of DG and TG whereas the amounts 
of PC and, particularly, PE are much less 
affected. Refeeding for 24 h results in sig- 
nificant increases in the contents of DG and 
TG which are even more pronounced after 
refeeding for 72 h. Particularly interesting 
is the observation that refeeding for ‘72 h 
hardly affects the level of PE. (Table I) 

The InJluence of Fasting and Refeeding 
on the Activities of Enzymes Involved 
in the Formation of TG, PC, and PE. 

Phosphatidate phosphatase. The conver- 
sion of phosphatidic acid into DG is a com- 
mon step in the synthesis of TG, PC, and 
PE. Although phosphatidate phosphatase 
is also present in liver microsomes, several 
authors have concluded that the 105,OOOg 
supernatant is the major source of this en- 
zyme in the liver (18, 26). Table II shows 
the changes measured in the specific and 
total activities of the soluble phosphatidate 
phosphatase after fasting and fasting fol- 
lowed by refeeding. It was found that re- 
feeding of fasted rats resulted in a drastic 
increase in both the specific and total activity 
of the enzyme. This increase may be re- 
sponsible for the strongly enhanced forma- 

tion of TG measured in this dietary condition 
(‘7, 8, 10). Although fasting for 48 h caused 
a slight increase in the specific activity of 
phosphatidate phosphatase, the total activ- 
ity did not differ from the value measured 
in the control rats. This is in contrast with 
the results of VavreEka et al. (2) who re- 
ported an increased activity of this enzyme 
in the liver of fasted rats. Their observa- 
tion, however, cannot easily explain the 
strong decrease in the formation of TG in 
the fasted state reported by most investiga- 
tors (7-9, 27, 28). 

Diacylglycerol acyltransferase, choline- 
phosphotransferase, and ethanolaminephos- 
photransferase. The effects of fasting and 
refeeding on the specific and total activities 
of these three enzymes, which catalyze the 
conversions of DG into TG, PC, and PE, 
respectively, are shown in Table III. These 
enzymes are localized in the microsomal 
fraction of the liver (29,30) and were meas- 
ured using endogenous DG as substrates. 
Fasting did not influence the specific activi- 
ties of diacylglycerol acyltransferase, cho- 
linephosphotransferase, or ethanolamine- 
phosphotransferase. However, the total 
activities of these three enzymes were de- 
creased in microsomes from fasted rats 
when compared to microsomes from nor- 
mally fed animals. Refeeding a high-sucrose, 
fat-free diet did restore the total activity 
of cholinephosphotransferase to that meas- 
ured in microsomes from control rats. The 
same phenomenon, although less pronounced, 
was observed for diacylglycerol acyltrans- 
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TABLE III 

ACTIVITIES OF DIACYLGLYCEROL ACYLTRANSFERASE, CHOLINEPHOSPHOTRANSFERASE, 
AND ETHANOLAMINEPHOSPHOTRANSFERASE IN THE LIVERS OF RATS 

OF DIFFERENT NUTRITIONAL STATES” 

Nutritional state 

Specific activity Total activity 
(nmol/min/mg protein) (nmol/min per liver) 

DGATb CPT EPT DGAT CPT EPT 

Normally fed 
48-h fasted 
48-h fasted and 24-h refed 

a high-sucrose, fat-free 
diet 

1.9 ” 0.2 1.0 k 0.2 0.09 k 0.03 576 of: 61 303 k 61 27 ? 9 
1.8 ” 0.1 1.1 2 0.2 0.12 k 0.03 241 + 13’ 147 -t 27’ 16 2 4 

2.5 + 0.2d 2.4 k O.ld 0.11 + 0.04 384 ? 31d 368 2 15d 17 rt 6 

u Means + SD of three rats are presented. Incubations were carried out as described under Materials 
and Methods. 

* Abbreviations used: DGAT, diacylglycerolacyltransferase; CPT, cholinephosphotransferase; EPT, eth- 
anolaminephosphotransferase. 

c Significantly different from normally fed rats (P < 0.01). 
d Significantly different from 48-h fasted rats and normally fed rats (P < 0.01). 

ferase. Interestingly, the activity of ethanol- 
aminephosphotransferase was not increased 
upon refeeding. 

It should be realized that the content of 
DG in liver microsomes varies with the nu- 
tritional state (Table IV): It is decreased 
in the liver of the fasted rats and increased 
in the refed state. However, it is unlikely 
that the increased specific activities of di- 
acylglycerol acyltransferase and choline- 
phosphotransferase in microsomes from 
refed rats are due to the increased avail- 
ability of DG since fasting did not affect the 
specific activities of these enzymes notwith- 
standing the large decrease in the level of 
endogenous DG. 

Enzymes involved in the synthesis of 
CDP-choline and CDP-ethanolamine. CDP- 
choline is synthesized from choline and CTP 
by the sequential action of choline kinase 
and cholinephosphate cytidylyltransferase. 
The specific and total activities of choline 
kinase were decreased significantly by fast- 
ing. These decreases were not reversed by 
refeeding a high-sucrose, fat-free diet for 
24 h. (Table V). Fasting resulted also in a 
diminished activity of cholinephosphate 
cytidylyltransferase. The activity of this 
enzyme was, however, restored by refeed- 
ing to the value measured in normally fed rats. 

The activities of ethanolamine kinase and 

ethanolaminephosphate cytidylyltransferase 
which catalyze the formation of ethanol- 
aminephosphate and CDP-ethanolamine, 
respectively, were also measured in the 
105,OOOg supernatant fractions. Fasting 
strongly depressed both the specific and 
total activities of ethanolamine kinase. 
These decreases were partly reversed by 
refeeding for 24 h. The activity of ethanol- 
aminephosphate cytidylyltransferase was 

TABLE IV 

LEVELS OF DIACYLGLYCEROLS IN MICROSOMES FROM 
THE LIVERS OF RATS OF DIFFERENT 

NUTRITIONAL STATES” 

Diacylglycerols 

Nutritional state 
nmol/mg Total amount 
protein (nmol) 

Normally fed 11.8 k 3.5 3577 k 1061 
48-h fasted 4.2 2 1.0” 562 2 133* 
48-h fasted and 24-h refed 

a high-sucrose, fat-free 
diet 16.0 z.t 2.8” 2457 2 430’ 

n Means + SD of three rats are presented. 
* Significantly different from normally fed rats 

(P < 0.01). 
o Significantly different from 48-h fasted rats (P 

==c 0.01). 
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TABLE V 

ACTIVITIES OF CHOLINE KINASE AND CHOLINEPHOSPHATE CYTIDYLYLTRANSFERASE IN LIVER 
SUPERNATANTS OF RATS OF DIFFERENT NUTRITIONAL STATES* 

Specific activity Total activity 
(nmol/min per mg protein) (nmol/min per liver) 

Choline Cholinephosphate Choline Cholinephosphate 
Nutritional state kinase cytidylyltransferase kinase cytidylyltransferase 

Normally fed 1.28 -I- 0.23 0.38 f  0.07 722 r 80 214 f  22 
48-h fasted 0.64 + 0.07* 0.31 k 0.06 316 r 32b 151 f  18* 
48-h fasted and 24-h refed 

a high-sucrose, fat-free 
diet 0.39 h 0.06’ 0.35 f  0.11 256 -r- 56 235 k 86 

a Means + SD of three rats are presented. Incubations were carried out as described under Materials 
and Methods. 

b Significantly different from normally fed rats (P < 0.01). 
c Significantly different from fasted rats (P < 0.01). 

also decreased by fasting and, subsequently, 
increased by refeeding. 

DISCUSSION 

The nutritional state of the rat undoubt- 
edly plays a major role in the partitioning 
of DG among TG, PC, and PE. It was shown 
recently (8, 9) that the synthesis of TG and 
that of PC and PE responded differently 
to changes in the dietary state. Particularly 
important in this respect was the finding 
that refeeding fasted rats for 24 h resulted 
in a strongly enhanced synthesis of TG 
whereas the formation of PC was only slightly 
enhanced and that of PE even further de- 
pressed. Even after continued refeeding for 
72 h the level of PE is still lower than that 
in normally fed rats despite the accumula- 
tion of DG (Table I). It seems that the level 
of DG is not important in determining the 
rate of synthesis of PC and PE in viva. It 
should be noted, however, that the composi- 
tion of DG is drastically altered after re- 
feeding for 24 or 72 h (Table I). Particularly, 
the degree of unsaturation is severely de- 
pressed. The changes in DG are reflected by 
analogous alterations in the fatty acid pro- 
files of TG and, to some extent, of PC. In- 
terestingly, the fatty acid composition of PE 
is hardly changed after refeeding. Ap- 
parently, the available molecular classes of 
DG are not suitable as substrates for the 

synthesis of PC and, particularly, PE. These 
findings extend an earlier suggestion by 
Sundler and Akesson (31) that the fatty acid 
composition of the available DG may be an 
important factor in controlling the rate of 
synthesis of PC and PE. In line with this 
concept is the recent report by Glenny et al. 
(32) that feeding an unsaturated corn-oil 
diet to rats resulted in an increased activity 
of cholinephosphotransferase in the liver. 

The purpose of the present investigation 
was also to study the relation between the 
influence of the nutritional state on hepatic 
glycerolipid metabolism in viva and the 
changes in the activities in vitro of a number 
of enzymes involved in these processes. 
Glycerolphosphate acyltransferase which 
catalyzes the step where fatty acids first 
become committed to glycerolipid synthesis, 
was not included in the present study since 
several investigators have studied the effect 
of fasting and refeeding on the activity of 
this enzyme (3, 33, 34). 

Of the enzymes involved in the formation 
of TG it is usually phosphatidate phospha- 
tase in the soluble fraction which responds 
the most rapidly and to the greatest extent 
to various environmental changes (5,6,34). 
As shown in Table II, the total activity of 
this enzyme is increased fourfold after re- 
feeding a high-sucrose, fat-free diet to fasted 
rats. This finding, which supports earlier 
observations by Lamb and Fallon (4), could 
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TABLE VI 

ACTIVITIES OF ETHANOLAMINE INASE AND ETHANOLAMINEPHOSPHATE CYTIDYLYLTRANSFERASE 

IN LIVER SUPERNATANTS OF RATS OF DIFFERENT NUTRITIONAL STATES” 

Specific activity Total activity 
(nmohmin per mg protein) (nmol/min per liver) 

Nutritional Ethanolamine Ethanolaminephosphate Ethanolamine Ethanolaminephosphate 
state kinase cytidylyltransferase kinase cytidylyltransferase 

Normally fed 0.44 2 0.09 2.31 2 0.22 250 2 49 1203 ? 135 
48-h fasted 0.09 2 0.01* 1.85 2 0.03b 44 e 56 879 k 20b 
48-h fasted and 24-h refed 

a high-sucrose, fat-free 
diet 0.17 ? 0.06 2.76 2 0.33’ 118 k 43’ 1529 2 110’ 

a Means ? SD of three rats are presented. Incubations were carried out as described under Materials 
and Methods. 

b Significantly different from normally fed rats (P < 0.01). 
r Significantly different from fasted rats (P < 0.01). 

explain the increased TG synthesis observed 
in refed rats. There is evidence that the 
activity of phosphatidate phosphatase is 
rate limiting in the synthesis of TG, at least 
in vitro (4,35-38). The evidence for a regu- 
latory function of this enzyme in vivo is still 
less convincing (39, 40). In this respect it is 
interesting to mention the accumulation of 
diacylglycerols in the liver of refed rats 
(Table I). In the present study, no altera- 
tion was found in the activity of phospha- 
tidate phosphatase after fasting despite the 
fact that the synthesis and level of TG were 
severely depressed in this dietary state 
(7-9). However, the studies of McGarry et 
al. (28) indicate that fasting produces no 
defect in the ability to form TG in rat liver 
but diverts fatty acid substrates to ketogen- 
esis. Therefore, the overall control of TG 
synthesis may be exerted both by the activ- 
ity of the enzymatic pathway as well as by 
the flow of substrates. 

The different effects of dietary alterations 
(7-9) or several hormones (41-43) on the 
synthesis of TG, PC, and PE suggest that 
the synthesis of these glycerolipids is not 
only regulated at a step prior to the forma- 
tion of phosphatidic acid (44) or at the level 
of phosphatidate phosphatase (5, 6, 34) but 
also at a step after the DG branchpoint. The 
alterations in the activities of diacylglycerol 
acyltransferase, cholinephosphotransferase, 
and ethanolaminephosphotransferase due 

to fasting and refeeding correlated well with 
the changes in the synthesis of TG, PC, and 
PE observed in vivo (7, 8), although the 
changes in diacylglycerol acyltransferase 
seem too moderate to account for the pro- 
nounced alterations of TG synthesisin vivo. 

The results so far do suggest that the 
synthesis of PC and PE are regulated in- 
dependently from that of TG and that any 
excess of DG, which may occur e.g., during 
refeeding, is channeled into TG. This view 
agrees with that of other investigators (31, 
45) and is consistent with the fact that the 
content of TG in the liver varies much more 
than the concentration of PC and PE. 

Less certainty exists on the question 
which factors regulate the distribution of 
DG between PC and PE. On the basis of 
theoretical principles of metabolic regula- 
tion, Infante recently concluded that choline- 
and ethanolaminephosphotransferase are 
not rate-limiting enzymes in the synthesis 
of PC and PE (46). From the data presented 
in Table III a role of these enzymes in the 
regulation of PC and PE synthesis can, 
nevertheless, not be excluded. It is possible 
that the different affinities of these enzymes 
toward a given class of DG may determine 
whether a particular DG is utilized for the 
synthesis of PC or that of PE. Another pos- 
sibility is that the concentrations of CDP- 
choline and CDP-ethanolamine affect the 
activities of choline- and ethanolaminephos- 
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photransferase (31). In the sequence of en- 3. MANGIAPANE, E. H., LLOYD-DAVIES, K. A., AND 

zymes which catalyze the formation of CDP- BRINDLEY, D. N. (1973) Biochem. J. 134, 

choline, cholinephosphate cytidylyltransfer- 103-112. 

ase has the lowest activity if the enzymes are 4. LAMB, R. G., AND FALLON, H. J. (1974) Biochim. 

measured in vitro under optimal conditions. Biophys, Acta 348, 179-188. 

The alterations in the activity of this en- 
5. FALLON, H. J., LAMB, R. G., AND JAMDAR, S. C. 

zyme due to changes in the nutritional state 
(19’77) Biochem. Sot. Trans. 5, 37-40. 

(Table V) run parallel with the changes ob- 
6. BRINDLEY, D. N. (1978) Int. J. Obesity 2, 7-16. 
7. PARK, C. E., MARAI, E., AND MOOKERJEA, S. 

served in the synthesis of PC in vivo (7, 8). (1972) Biochim. Biophys. Acta 270, 50-59. 

This supports the concept that cholinephos- 8. GROENER, J. E. M., AND VAN GOLDE, L. M. G. 

phate cytidylyltransferase might be rate (1977) Biochim. Biophys. Acta 487, 105-114. 

limiting in the formation of CDP-choline 9. IRITANI, N., YAMASHITA, S., AND NUMA, S. (1976) 

and, possibly, that of PC (31, 4’7). In the J. Biochem. 80, 217-222. 

synthesis of CDP-ethanolamine the lowest 10. WADDELL, M., AND FALLON, H. J. (1973) J. Clin. 

activity was measured for ethanolamine 
Invest. 52, 2725-2731. 

kinase which is in agreement with the results 
11. ALLMANN, D. W., AND GIBSON, D. M. (1965) J. 

of Schneider and Vance (47). The alterations 
Lipid Res. 6, 51-62. 

in the activities of ethanolamine kinase and 
12. ALLMANN, D. W., HUBBARD, D. D., AND GIBSON, 

ethanolaminephosphate cytidylyltransferase 
D. M. (1965) J. Lipid Res. 6, 63-74. 

13. VEREYKEN, J. M., MONTFOORT, A., AND VAN 
due to fasting and fasting f&wed by re- 
feeding do not correlate with the changes 
observed for the synthesis of PE in vivo. 
The increased activities of these enzymes 
after refeeding (Table VI) are not expressed 
in increased levels of PE. This may indicate 
that the changes in the fatty acid com- 
position of DG after refeeding (Table I> 
exert a larger influence on the formation 
of PE than changes in the supply of CDP- 
ethanolamine. 

As a conclusion it may be suggested that 
the distribution of DG among TG, PC, and 
PE is under multiple control. Probably the 
synthesis of TG serves predominantly as 
an overflow mechanism for those DG which 
are not utilized for conversion into PC and 
PE. The synthesis of these phospholipids 
appears to be controlled by the availability 
of the various substrates as well as by the 
activities of several enzymes involved in 
these processes. 
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