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Abstract The concentration of diacylglycerols in rat liver was 
measured by a newly developed procedure that entailed a)  
freeze-clamping of the liver in situ, b) lipid extraction with dimy- 
ristoylglycerol as an internal standard, G )  thin-layer chromato- 
graphy, and d) gas-liquid chromatography. Molecular species of 
diacylglycerol and total diacylglycerols were quantified. The av- 
erage level of diacylglycerol in livers of chow-fed rats was 102 
pg/g wet wt, equivalent to about 180 nmol/g wet wt. A high-car- 
bohydrate fat-free diet, known to increase the rate of fatty acid 
synthesis, greatly increased the liver diacylglycerol concentra- 
tion relative to the level observed in rats fed laboratory chow. Di- 
acylglycerol molecular species that contained 16-carbon fatty 
acids were most markedly elevated. Liver triacylglycerol, free 
cholesterol, and esterified cholesterol were concurrently increased. 
Molecular species of triacylglycerols and cholesteryl esters that 
contained 16-carbon fatty acids were elevated to the greatest de- 
gree. The concentrations of total triacylglycerol and cholesteryl 
esters exhibited a high correlation in the livers of all animals 
studied, suggesting their coexistence in metabolic pools, pre- 
dominantly the cores of lipid droplets and newly assembled very 
low density lipoprotein particles. The correlation of liver di- 
acylglycerol and triacylglycerol contents in the chow-fed rats 
suggests that the diacylglycerol concentration may be a rate- 
determining factor in triacylglycerol synthesis when diacylgly- 
cero1 levels are in the observed range of 70-150 pg/g wet 
wt. In conclusion, when the rates of fatty acid synthesis and 
hence triacylglycerol synthesis are increased in the liver, the 
steady state concentrations of diacylglycerols are also elevated. 
The tissue diacylglycerol assay described herein should be useful 
in studying diacylglycerol metabolism, inasmuch as molecular 
species containing 32, 34, 36, 38, and 40 carbons in the fatty acyl 
chains are resolved. - Ontko, J. A., and C-S. Wang. Elevation 
of liver diacylglycerols and molecular species of diacylglycerols 
in rats fed a lipogenic diet. J Lipid Res. 1989. 30: 691-699. 
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It is well established that diets that contain high levels 
of carbohydrate and low levels of fat promote hepatic lipo- 
genesis (1 -9). Under these nutritional conditions acetyl- 

CoA carboxylase is activated and carbon flux from citrate 
to long chain fatty acids via citrate lyase, acetyl-coA car- 
boxylase, and fatty acid synthetase is enhanced. Esterifi- 
cation of the newly synthesized long chain fatty acids 
concurrently promotes synthesis, deposition, and secre- 
tion of triacylglycerol by the liver (8-13). Since diacylgly- 
cerols are intermediates in the synthesis of triacylglycerols 
(14), it was of interest to examine the liver diacylglycerol 
concentrations in this state of enhanced flux through this 
pathway. Diacylglycerols are also messengers in the actions 
of hormones that initiate phosphatidylinositol hydrolysis 
(15- 18). In this regulatory cascade diacylglycerols activate 
protein kinase C and much attention has been focused on 
this process. Methodology was therefore developed for the 
quantitative assay of liver diacylglycerols and molecular 
species thereof. Freeze-clamping of the liver in situ was 
used to prevent changes that might occur following re- 
moval of organ samples. The lipids were then extracted 
and chromatographically resolved. The liver diacylglycer- 
01 concentration was found to be markedly affected by the 
lipogenic diet. This procedure may be useful in the analy- 
sis of diacylglycerols in other tissues and biological 
systems. 

EXPERIMENTAL PROCEDURES 

Animals 

Male Holtzman rats were obtained from Sasco. All ani- 
mals (200-300 g) were maintained on Purina Laboratory 
Chow and water ad libitum and were housed at constant 
temperature (22OC, with lights on at 6:OO AM and off at 

Abbreviations: GLC, gas-liquid chromatography; TLC, thin-layer 
chromatography. 
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6:OO PM). The rats were divided into two groups with 12 
animals in each group. The control group was continued 
on the pelleted chow diet and the other group was fed a 
pelleted fat-free diet (901683, ICN Nutritional Biochemi- 
cals, Cleveland, OH). This diet contained 21.1% casein, 
16.45% alphacel, 54.45% sucrose, 4.0% salt mixture 
U.S.P. XIV, plus a complete vitamin mixture (6 g/kg 
diet). The rats were given this diet ad libitum for 10 days. 
Animals were not fasted prior to blood and liver removal, 
since effects of the lipogenic diet on liver lipids were of 
major interest. 

Tissue sampling 

Blood and liver samples were obtained between 9:00 
AM and 9:30 AM. Six animals (three chow-fed and three 
fed the lipogenic diet) were processed on each of 4 
different days. The diets were scheduled so that each group 
of rats consumed their respective diets for 10 days. 

The tissue clamps were first cooled in liqid nitrogen in 
a Dewar flask. The rats were individually anesthetized with 
diethyl ether in a closed chamber. The rats were then 
placed on a surgery board with continued ether inhalation 
via a 100-ml beaker which contained cotton saturated with 
ether. The abdominal cavity was opened, the liver was ex- 
posed, a blood sample was quickly removed from the vena 
cava, the animal was inverted, and a portion (approxi- 
mately 2 g) of the median lobe was freeze-clamped in situ 
with aluminum clamps at - 1 9 6 T  (19-21). These clamps 
were constructed of two symmetrical polished aluminum 
cylinders, each of which was 10.2 cm in diameter and 2.0 
cm thick. The stainless steel handles were 66 cm long with 
the fulcrum 48.3 cm from the end of the handle. The liver 
samples were instantly frozen in a flat cake approximately 
0.5 mm thick and placed in a bucket of crushed dry ice 
(solid COP). We have previously used this procedure to 
instantaneously arrest metabolism prior to the processing 
of heart (22) and liver (23, 24) for the assay of metabolic 
intermediates. The remainder of each liver, following 
freeze-clamping, was removed from the animal to deter- 
mine the residual liver weight. This was added to the 
weight of the freeze-clamped sample (described below) to 
provide total liver weight. 

Lipid extraction 

The frozen liver sections were then weighed and trimmed 
to remove the portions that were not pressed between the 
clamps. The interior zones (accurately weighed samples 
that ranged from 0.95 to 1.05 g) were then crushed and 
homogenized in a cold room in a pre-cooled porcelain 
mortar with pestle after addition of 10.0 ml of cold hep- 
tane-isopropanol 3:7 that contained 50 pg/ml of choles- 
teryl butyrate and 12.5 pg/ml of dimyristoylglycerol as 
internal standards. The homogenized tissue was allowed 
to stand in the solvent mixture 2 h in the cold room to en- 

sure complete lipid extraction. The extract was then 
filtered through a 25-mm diameter, 0.2-pm membrane 
filter (GA-8 Supor) in a syringe filter holder (filter 60300 
and holder 4320, Gelman Sciences Inc., Ann Arbor, MI), 
yielding a clear and colorless extract. 

Neutral lipid analysis 

One-ml samples of the lipid extract were analyzed in 
duplicate for neutral lipids by gas-liquid chromatography 
(GLC). Each one ml of the extract was diluted by the fur- 
ther addition of 3 ml of heptane-isopropanol 3:7 (v/v) and 
acidified with 5 ml of 0.033 N H2S04. After mixing for 
30 sec the upper phase, which contained the neutral lip- 
ids, was transferred to a 3-ml conical tube. Polar lipids are 
not quantitatively removed in this solvent partition pro- 
cess. After evaporation of the solvent under nitrogen, the 
residue was redissolved in 100 p1 of n-hexane. Two-pl ali- 
quots were injected into the gas-liquid chromatograph. 
The GLC analyses were performed using a Varian 3700 
gas chromatograph equipped with a series 8000 autosam- 
pler and a Spectra Physics SP4270 integrator. The separa- 
tion was performed using 3% OV-1 on 100/120 Supelco- 
port (Supelco, Inc.) packed in a 50-cm glass column with 
inner diameter of 2 mm. Initially, the column tempera- 
ture was 180T and the temperature was increased at a 
rate of 15'C per min. When the temperature reached 
349OC the column was held at this temperature for 7 min. 
This completed one cycle of the injection. Nitrogen was 
used as carrier gas at a flow rate of 25 ml - min-'. A flame 
ionization detector was utilized for analyses of the efflu- 
ents. The gas chromatograph was programmed to print 
out pg in each peak, retention time, area in each peak, 
and retention time relative to cholesteryl butyrate. This 
GLC analysis provided the analytical measurement of 
free cholesterol and molecular species of cholesteryl esters 
and triacylglycerols (25, 26). However, as revealed from 
the GLC chromatogram (not shown), the analysis of di- 
acylglycerols was interfered with by the presence of other 
lipids in the liver extracts that had retention times similar 
to those of diacylglycerols. It is possible that these other 
lipids were free diacylglycerols that became partially de- 
hydrated and/or pyrolysis products of residual glycero- 
phospholipids. Therefore, the diacylglycerols were purified 
by thin-layer chromatography prior to the GLC analysis, 
as described below. 

Diacylglycerol analysis 
One-ml samples of the lipid extract in duplicate were 

placed in centrifuge tubes, evaporated to dryness under 
nitrogen, dissolved in 40 pl of chloroform (which contained 
1 % ethanol), and applied to thin-layer chromatography 
(TLC) plates of silica gel 60-G (E. Merck, distributed by 
VWR Scientific, Houston, TX,  cat. no. EM-7731-3). It 
was not necessary to quantitatively transfer the lipids in 
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the centrifuge tubes to the TLC plates, owing to the pre- 
sence of the dimyristoylglycerol internal standard. The 
plates were developed with a solvent system of 75 ml hex- 
ane, 25 ml diethyl ether, and 1 ml of glacial acetic acid. 
Recovery of the dimyristoylglycerol internal standard 
determined by GLC was found to be approximately 70%. 
A standard containing trioleoylglycerol, oleic acid, and 
dioleoylglycerol was applied to adjacent lanes. After 
migration was complete, the plates were dried in air for 
1 h and 45 min. The lanes containing the liver lipids were 
covered and the standard lanes were stained with a light 
stream of iodine vapor. The diacylglycerol zones were 
clearly separated and these zones were scraped into 4 ml 
of heptane-isopropanol 3:7 which contained 12.5 pg of 
cholesterol butyrate. Since diacylglycerol and free choles- 
terol migrate with similar Rj values in the TLC system 
used, these lipids are eluted together from the TLC adsor- 
bent. The 1, 2- and 1, 3-diacylglycerols are only partially 
resolved and these were also eluted together. Each 
heptane-isopropanol extract was centrifuged to remove 
the silica gel. The supernatant was transferred to a 25-ml 
round-bottom flask and evaporated to dryness under 
vacuum in a rotatory evaporator at 25OC. The sample 
was redissolved in 5 ml of acetic anhydride-pyridine 1:l 
(VI.), heated at 100°C in a sand bath for 10 min, and 
GLC analyses were performed as described above. 

The separation of a standard mixture of (diglycerides) 
DG-32, DG-34, DG-36, DG-38, and DO-40, with choles- 
terol butyrate internal standard having a retention time of 
6.50 min, is shown in Fig. 1.  These standards were 1,3-di- 
palmitoylglycerol, l-palmitoyl-3-stearoylglycerol, 1,2-di- 
oleoylglycerol, 1-stearoyl-3-arachidonoylglycero1, and 1,3- 
di-11-eicosenoylglycerol. We have observed that diacylgly- 
cerols with saturated and unsaturated fatty acids, for ex- 
ample distearoylglycerol and dioleoylglycerol, do not se- 
parate when they contain the same number of carbons. 
Also, 1,2-dipalmitoylglycerol and 1,3-dipalmitoylglycerol 
are not resolved under the experimental conditions used. 

Fatty acid composition of liver diacylglycerol 

For the analysis of fatty acid composition, the freeze- 
clamped liver samples were extracted as described above 
without the diacylglycerol internal standard, since added 
dimyristoylglycerol would contribute myristic acid to the 
fatty acid mixture. Instead, duplicate 1-ml samples of the 
liver lipid extracts were each added to 1 ml of heptane - 
isopropanol 3:7 which contained 12.5 gg of dimyristoyl- 
glycerol for diacylglycerol molecular species analysis 
(above) and another pair of 1-ml samples of the liver lipid 
extracts was each added to 1 ml of heptane-isopropanol 
3:7 which contained 12.5 pg of dipentadecanoylglycerol 
for analysis of the fatty acid composition. The dipentade- 
canoylglycerol could not be used as internal standard for 
the diacylglycerol molecular species analysis since this di- 

acylglycerol (DG-30) has a retention time similar to the 
unknown lipid shown in Fig. 2. This unknown could not 
be DG-30 (14:O + 16:O) since it has a retention time 
slightly higher than DG-30 (7.9 min vs 8.2 min) and there 
is insufficient 14:O in liver diacylglycerols, as shown later. 
These extracts were then separated by thin-layer chroma- 
tography as described above. The diacylglycerol bands 
were scraped into 1 ml of hexane. The slurry of silica gel 
and hexane was evaporated to dryness with nitrogen, 
saponified with 4.7 ml of 95% ethanol and 0.3 ml of 33% 
KOH for 30 min at 6OoC, cooled in an ice bath, acidified 
by addition of 5 mi of H 2 0  and 0.5 ml of 5.7 N HCl, and 
extracted twice with 2 ml hexane. The combined hexane 
extracts were evaporated to less than 1.0 ml with nitrogen. 
Fatty acids were methylated with 2 ml of BF3 (14%) in 
methanol at 100°C for 10 min. After addition of 5 ml 
H20,  the methyl esters were extracted twice with 2 ml of 
hexane. The extracts were concentrated under nitrogen 
and utilized for GLC analysis of fatty acid composition 
(27). Six livers from chow-fed rats and six from rats fed 

Fig. 1. Gas-liquid chromatogram of a standard mixture containing 
cholesteryl butyrate and diacylglycerols DG-32, DG-34, DG-36, DG-38, 
and DG-40. This designation of diacylglycerol molecular species indi- 
cates the number of carbons in the fatty acyl chains. The retention times 
of these standards were 6.50, 8.53, 9.27, 9.76, 10.20, and 10.97, respec- 
tively. The fatty acid composition of these diacylglycerol standards is 
described in Experimental Procedures. 
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the lipogenic diet for 10 days were processed for these ana- 
lyses. 

Serum lipids 

Serum triacylglycerol and cholesterol were measured 
by kit assays. The triacylglycerol procedure was previous- 
ly described (28). Total cholesterol was analyzed by an en- 
zymatic cholesterol oxidase method following hydrolysis 
of cholesteryl esters with cholesterol esterase. In this kit 
assay procedure, H202 is generated and reacts with 4- 
aminoantipyrene and phenol to produce a pink color 
(#65064/93, EM Diagnostic Systems, Gibbstown, NJ, 
procured from Scientific Products, McGaw Park, IL). 

Analysis of results 

For statistical analyses Student's t test was used. Pear- 
son correlational analyses of all measured variables were 
carried out using the Statistical Analysis System (SAS In- 
stitute, Inc., Cary, NC). Results are reported for signifi- 
cance at the P < 0.05 level. 

RESULTS 

Body weight, liver weight, and serum lipids 

Consumption of the lipogenic diet for 10 days did not 
significantly alter the body weights relative to those of the 
rats in the control group (Table 1). The liver weights were 
increased 14% (P < 0.01). Serum triacylglycerol , and 
cholesterol did not appreciably differ in the two animal 
groups. Rats were not fasted, since effects of the lipogenic 
diet on liver lipids were the major focus of the present 
study. Chylomicrons accordingly contributed to some ex- 
tent to the serum triacylglycerol in the chow-fed rats, 
since this diet contained 4% fat. 

Neutral lipid analyses of liver extracts 

In this study we utilized the freeze-clamping technique 
for obtaining liver tissue; therefore, the resulting analyti- 
cal data of liver lipids can be anticipated to be very close 
to the concentration in vivo since hepatic metabolism was 
instantaneously stopped by lowering the temperature to 
that of liquid nitrogen. Because of the presence of inter- 
fering material in the liver extracts, we were unable to 
analyze diacylglycerols by GLC directly. It was necessary 
to include a purification step of TLC for the analysis of 
diacylglycerols. In contrast, the analysis of free cholester- 
ol, cholesteryl esters, and triacylglycerols does not require 
purification prior to GLC analysis. With the presence of 
the dimyristoylglycerol internal standard, a reliable ana- 
lysis of diacylglycerol mass of liver extracts was possible 
based on the degree of recovery of dimyristoylglycerol. 
Molecular species of diacylglycerol that contained fatty 
acid acyl chains with a total of 32, 34, 36, 38, and 40 car- 
bons were resolved in this procedure. 

A representative GLC tracing of the acetylated lipids in 
the diacylglycerol band from TLC is shown in Fig. 2. The 
large peak at 5.73 min is cholesterol acetate. The added 
standard cholesteryl butyrate and internal standard di- 
myristoylglycerol appear at 6.58 and 7.26 min, respective- 
ly. The peak at 8.20 is an unknown present in all extracts 
but does not interfere. DG-32, DG-34, DG-36, DG-38, 
and DG-40 are well separated and have retention times of 
8.53, 9.16, 9.73, 10.20, and 10.74, respectively. 

Effect of lipogenic diet on liver lipids 

An approximately twofold increase in liver triacylgly- 
cero1 content was observed in the rats fed the lipogenic 
diet. Liver diacylglycerols were elevated fourfold. There 
were also elevations in the liver free cholesterol (30%) and 
cholesteryl ester (51%) concentrations, although these in- 

TABLE 1. Effects of a high-carbohydrate fat-free diet on body weight, liver weight, and liver lipids 

Conrrof (12)' Lipogenic Diet (12) P value 

Initial body weight, g 276 f 156 278 * 16 N S' 
Final body weight, g 324 f 18 328 f 25 NS 
Liver weight, g 12.8 i 1.0 14.6 f 1.8 < 0.01 

Serum triacylglycerol, mg/dl 98.4 f 19.9 98.9 f 18.2 NS 
Serum total cholesterol, mg/dl 45.3 f 9.7 46.5 * 18.2 NS 
Liver triacylglycerol, pg/$ 3964 t 1401 8482 + 3652 < 0.001 

Liver diacylglycerol, pg/g 102 f 27 392 f 155 < 0.001 

Liver free cholesterol, pglg 1622 t 130 2103 + 382 < 0.001 

Liver total cholesterol, pg/g 1996 f 182 2668 342 < 0.001 
Liver esterified cholesterol, pg/g 374 f 82 565 * 174 < 0.005 

'The number of animals in each group is shown in parentheses. 
bStandard deviations. 
'NNS is not significant (P > 0.05). 
dValues are pg/g liver wet weight. 
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Fig. 2. Gas-liquid chromatogram of rat liver lipids eluted from the 
diacylglycerol band of TLC and acetylated. Cholesteryl butyrate, stan- 
dard DG-28 (dimyristoylglycerol) and liver cholesterol (present as cho- 
lesteryl acetate), DG-32, DG-34, DG-36, DG-38, and DG-40 appear at 
6.58, 7.26, 5.73, 8.53, 9.16, 9.73, 10.20, and 10.74 min, respectively. 

creases were much less than found in liver acylglycerols. 
Correlation analyses indicated several interesting rela- 

tionships. Comparison of liver triacylglycerol and choles- 
terol contents indicated that in both control and lipogenic 
diet groups there was a high degee of correlation between 
the triacylglycerol and cholesteryl ester concentrations 
(Fig. 3). It was also found that in the lipogenic diet group 
the liver triacylglycerol concentration was significantly 
correlated with liver weight (r = 0.62, P < 0.05). No 
such correlation was observed in the control group. Since 
liver weight was correlated with body weight, the liver 
triacylglycerol concentration in the rats fed the lipogenic 
diet was found to be also correlated with body weight ( T  

= 0.69, P < 0.05). As anticipated, the correlation was 
due to the weight gain in the feeding period ( r  = 0.71, 
P < 0.01). 

Effect of lipogenic diet on acylglycerol and cholesteryl 
ester molecular species of liver 

As shown in Table 1, feeding a lipogenic diet to rats 
leads to accumulation of liver diacylglycerols. The extent 
of increase in diacylglycerols was found to be related to 
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Fig. 3. Liver total triacylglycerols versus total cholesteryl esters. Val- 
ues are plotted in mg/g wet wt of liver. Open circles are the 12 livers from 
chow-fed rats and closed circles are those from rats fed the lipogenic diet. 
The correlation was highly significant with r = 0.873 and P < 0.001. 
The values in the control group alone were r = 0.676 and P < 0.05, and 
those in the lipogenic diet group were r = 0.821 and P < 0.005. 

the acyl-carbon numbers (Table 2). There was about a 
sevenfold increase in DG-32, a fourfold increase in DG- 
34, a threefold increase in DG-36, and a twofold increase 
in DG-38 and no change in DG-40. Apparently, the 
degree of the increase was reduced with each increase in 
acyl-chain length. 

In the analyses of liver triacylglycerols (Table 2), it was 
found that, despite the increase of total triacylglycerol 
concentration in the lipogenic diet group, there was ac- 

TABLE 2. Effects of a high-carbohydrate fat-free diet on molecular 
species of rat liver diacylglycerols, triacylglycerols, and 

cholestervl esters 

Control (12)" Lipogenic Diet (12) P Value 

P&kb 
Diacylglycerols 

32' 8 i 2d 75 f 31 < 0.001 
34 54 f 15 219 f 101 < 0.001 
36 20 f 7 63 * 26 < 0.001 
38 13 + 4 27 * 14 < 0.005 
40 7 + 3  a t 5  NS' 

Triacylglycerols 
48 
50 
52 
54 
56 

Cholesteryl esters 
16 
18 
20 

88 f 40 
462 + 199 

2022 f 664 
830 + 290 
569 + 322 

187 * 53 
330 f 76 
112 * 25 

1099 * 502 
3058 1302 
3516 * 1549 
789 -L 373 
30 f 21 

377 * 87 
502 + 192 
35 * 25 

< 0.001 
< 0.001 
< 0.01 

NS 
< 0.001 

< 0.001 
< 0.01 
< 0.01 

"The number of animals in each group is shown in parentheses. 
bValues are Pg/g liver wet weight. 
'Indicates the number of fatty acyl carbons. 
dStandard deviations are given. 
'"S is not significant (P > 0.05). 
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Fig. 4. Liver total triacylglycerols versus total diacylglycerols. Values 
are plotted in mg/g wet wt of liver. Open circles are the values from 
chow-fed rats and closed circles are those from rats fed the lipogenic diet. 
A significant correlation was observed in the chow-fed rats with r = 0.62 
and P C 0.05. At the high concentrations of liver diacylglycerols present 
in the lipogenic diet group, liver diacylglycerols and triacylglycerols did 
not increase in proportion. 

tually no change in the TG-54 concentration and the TG- 
56 content decreased. With the control and lipogenic 
diets, TG-52 represents the major molecular species of tri- 
acylglycerols of the liver. With the feeding of a high carbo- 
hydrate diet, there was a 12-fold increase of TG-48, a 7 -  
fold increase of lG-50, and a 1.7-fold increase of TG-52. 

A similar trend in the effects of the lipogenic diet on 
cholesteryl ester molecular species was found (Table 2). 
There was approximately a 100% increase in CE-16, a 
50% increase in CE-18, and 70% decrease in CE-20 upon 
feeding the lipogenic diet. 

Diacylglycerol versus triacylglycerol contents 

As the diacylglycerol concentration in the liver increased 
in the control group, the triacylglycerol content was also 
increased ( r  = 0.62, P < 0.05; Fig. 4). At the high con- 
centrations of diacylglycerol present in the lipogenic diet 
group, the liver diacylglycerol and triacylglycerol contents 
were not correlated (Fig 4). The diacylglycerol concentra- 
tions in the chow and lipogenic diet groups ranged from 
66 to 150 pg/g wet wt and from 200 to 695 pg/g wet wt, 
respectively. 

Fatty acid composition of diacylglycerols 

Since our analyses of diacylglycerols required initial 
purification by thin-layer chromatography, we also per- 
formed fatty acid analyses to examine the possible ran- 
dom or nonrandom distribution of the fatty acyl chain in 
forming the various molecular species of diacylglycerols. 
As shown in Table 3, the fatty acid compositions of liver 
diacylglycerols in the two animal groups are quite differ- 
ent. The feeding of the lipogenic diet led to increases in 
the molar percent compositions of 14:0, 16:0, 16:1, and 

18:1, and decreases in 18:0, 18:2, and 20:4. As expected, 
the change in composition of the fatty acids available for 
the synthesis of diacylglycerols led to changes in the 
relative abundance of molecular species of diacylglycerols. 
However, based on the observed fatty acid composition of 
diacylglycerols (Table 3) and on the diacylglycerol molec- 
ular species present in these livers, fatty acids were not 
distributed randomly in the diacylglycerols (Table 4). 
Specifically, the DG-34 was significantly higher and the 
DG-36 was significantly lower than anticipated, based on 
a purely random distribution of fatty acids in both control 
and lipogenic diet groups (Table 4). Also, DG-38 in the li- 
pogenic diet group and DG-40 in both groups were higher 
than predicted from random distribution. In terms of the 
observed percent molar composition, the DG-34 was not 
altered (57.13 vs 55.12, Table 4). The decreases in the 
observed (experimental) percentages of DG-36, DG-38, 
and DG-40 in the lipogenic diet group were compensated 
by the increase in DG-32. 

DISCUSSION 

Diacylglycerols are major intermediates in the synthesis 
of triacylglycerols and phospholipids. They also are mes- 
sengers in hormone signal transduction. It is therefore 
desirable to be able to quantitatively measure the spec- 
trum of diacylglycerols present in tissues. In this study we 
have utilized combined TLC and GLC to analyze the in- 
dividual molecular species and total mass of diacylgly- 
cero1 in the liver in vivo. The total diacylglycerol content 
of liver in control rats averaged 102 pg/g Table l), equiva- 
lent to about 180 jM. The range of values observed 
(66-150 pg/g wet wt) was within the range reported to be 
present in hepatocytes by Preiss et al. (29) with a diacyl- 
glycerol kinase method and by Bocckino et al. (30), who 
employed a TLC-Coomassie Blue procedure. The distinct 
advantage of the method reported herein is that molecular 
species are also quantified. 

TABLE 3. Effect of a lipogenic diet on fatty acid composition of 
rat liver diacylglycerols 

Fatty Acid Control (6)' Lipogenic Diet ( 6 )  P Value 

mol 76 
14:O 1.20 * 0.68' 6.06 f: 4.41 C 0.05 
16:O 26.49 f 5.29 33.49 f: 1.69 < 0.05 
16:l 3.07 2.36 8.77 f 1.32 < 0.001 
18:O 16.30 f: 5.94 6.82 f: 2.66 < 0.01 
18:l 23.03 f: 6.39 38.90 f: 3.98 c 0.001 
18:2 18.95 k 3.30 2.74 f: 1.03 < 0.001 
20:4 10.95 f: 6.55 3.23 * 2.21 < 0.05 

'The number of animals in each group is shown in parentheses. 
'Mean ~t SD. 
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TABLE 4. Comparison of calculated and experimentally determined diacylglycerol composition in rat liver 

Control (6)" Lipogenic Diet (6) 

Experimental Calculatedb Experimental Calculated 
~ 

mol 90 mol 90 
DG-32 7.40 + 1.84 10.65 f 4.94 21.24 f 3.04' 24.94 f 3.59 

DG-34 57.13 f 2.92 34.64 f 7.37d 55.12 f 1 . 7 1  43.74 + 3.40d 

DG-36 19.34 f 3.19 40.24 f 5.0gd 15.63 f 1.98' 27.86 + 3.78d 

DG-38 10.85 f 1 . 1 1  12.89 f 7 .77  6.41 f 1.21' 3.30 f 2.32f 

DG-40 5.27 + 1.24 1.57 f 1.7V 1.61 + 0.61' 0.16 f 0.18d 

"The number of animals in each group is shown in parentheses. All data are mean f SD. 
'Calculated from the data in Table 3 and based on the random distribution of the two acyl chains in the diacyl- 

glycerols. The total liver diacylglycerol in these animals increased from 88 f 18 pg/g liver wet wt in the control 
group to 269 f 70 pg/g liver wet wt in the lipogenic diet group ( P  < 0.001). 

' P  < 0.001 between control and lipogenic diet. 
dP < 0.001 between experimental and calculated. 
'P  < 0.05 between control and lipogenic diet. 
'P < 0.05 between experimental and calculated. 
gP < 0.005 between experimental and calculated. 

The correlation of liver diacylglycerol and triacylglycer- 
01 concentration in the control group (Fig. 4) suggests that 
the diacylglycerol concentration may be a rate-limiting 
factor in the synthesis of triacylglycerols. In contrast, in 
the lipogenic diet group, there was no positive correlation 
between liver diacylglycerol and triacylglycerol and, in 
fact, the calculated slope was negative (Fig. 4). This sup- 
ports the view that under this nutritional condition, in 
which the diacylglycerols are more rapidly produced, di- 
acylglycerols achieve such high concentrations that they 
are no longer rate-limiting in triacylglycerol synthesis. In 
this situation diacylglycerol acyltransferase activity (14) 
may be rate-limiting. Further information is required, 
however, to enable a conclusion on the subject. Specific 
sites of diacylglycerol formation include phosphatidic acid 
phosphatase in endoplasmic reticulum (14), phospholi- 
pase C in plasma membranes (15-18, 29, 30), and triacyl- 
glycerol lipase in lysosomes (31). Diacylglycerol concen- 
trations at intracellular sites of formation and utilization 
are not known. 

Enhanced hepatic synthesis of triacylglycerol in the rats 
fed the lipogenic diet clearly exceeded the capacity of the 
liver to secrete triacylglycerol in verly low density lipopro- 
teins, as evidenced by the accumulation of liver triacylgly- 
cero1 in these animals (Table 1). This increase in liver 
triacylglycerol content is probably a consequence of ex- 
pansion of all liver triacylglycerol pools, namely lipid 
droplets, triglyceride-rich lipoprotein species in the secre- 
tory pathway, and the membrane-bound pool of newly syn- 
thesized triacylglycerol (28, 32). Despite this increased 
hepatic synthesis of triglyceride well established to occur 
in animals fed the fat-free sucrose-rich diet (1-13), serum 
triacylglycerols were not elevated and this may be a result 
of enhanced serum triacylglycerol removal, owing to in- 

creased insulin secretion and lipoprotein lipase activity 

The significant correlation of body weight-gain and 
liver triacylglycerol concentration in rats fed the lipogenic 
diet (see Results) indicated that the rate of triacylglycerol 
synthesis in the liver is closely coupled to the body weight- 
gain process. The weight gained by the animals varied 
considerably and this was undoubtedly a reflection of dif- 
ferences in caloric intake. Since the lipogenic diet was fat- 
free, liver triacylglycerol was largely derived from de novo 
fatty acid synthesis. The rate of this synthetic process is 
dependent on the quantity of carbohydrate supplied via 
the portal circulation, especially when plasma free fatty 
acids are low and insulin is high, as in the rats fed the 
lipogenic diet. Triacylglycerol synthesis and storage in the 
liver was accordingly proportional to influx of carbohy- 
drate. 

Apparently there is a coordinated synthesis of triacyl- 
glycerol and cholesteryl ester (Fig. 3). Much of the 
triglyceride is accumulated in lipid droplets (28, 32). Cho- 
lesteryl esters may be sequestered in these hydrophobic 
structures. Alternatively, the coordinated increase in tri- 
acylglycerol and cholesteryl ester may result from the 
sharing of the common metabolite acyl-CoA in the final 
step of formation of cholesteryl ester and triacylglycerol. 
However, it is also possible that there is concerted regula- 
tion of cholesteryl ester synthetase and diacylglycerol acyl 
transferase. The differentiation of these, as well as other 
possibilities, will require additional future studies. 

In this study we have also examined the fatty acid com- 
position of diacylglycerols. It is apparent that the di- 
acylglycerol composition is also directly related to the diet 
regimen. From the increase in total triacylglycerol (Table 
1) and the fatty acid composition of these lipids (Table 3), 

(33, 34). 
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it was calculated that the lipogenic diet increased the 14:0, 
16:0, 163, 18:0, and 18:l present in liver diacylglycerols 
approximately 20-, 5-, 12-, 1.5-, and 7-fold, respectively. 
The net mass increases in these fatty acids were 23, 104, 
31, 10, and 129 pg/g liver, respectively. The increaes in 
14:0, 16:0, and 18:O may be attributed to increased de 
novo fatty acid synthesis from carbohydrate. The in- 
creases in 16:l and 18:l may be due to the combined effect 
of fatty acid synthesis and the increase of fatty acyl-CoA 
desaturase activity with the lipogenic diet (35). Based on 
the diacylglycerol molecular species distribution (Table 3) 
and fatty acid composition (Table 4), it is clear that the 
distribution of the two fatty acids on the diacylglycerol 
molecule cannot be described by random distribution. For 
this reason, we conclude that the formation or degrada- 
tion of diacylglycerol must not be a random event with 
respect to the fatty acyl-chain of the diacylglycerols. Thus, 
the enzyme-catalyzed reactions involved with the forma- 
tion and/or degradation of diacylglycerol must also exhi- 
bit acyl-chain and/or positional specificity. The present 
results, indicative of nonrandom distribution of fatty 
acids in liver diacylglycerols, are consistent with earlier 
reports of a nonrandom distribution of fatty acids in liver 
triacylglycerols (36, 37). 

The increased concentration of liver diacylglycerols in 
rats fed the lipogenic diet could arise from more active 
biosynthesis of diacylglycerols in the process of triacylgly- 
cerol formation, or from increased lipolytic degradation 
of the expanded triacylglycerol pool, or from both pro- 
cesses. Increased phospholipase activity is not inclu.ded 
here, since DG-32 and DG-34 were most affected (Table 
2). In view of the enhanced state of hepatic triacylglycerol 
synthesis and secretion in these animals (1 -13), elevated 
diacylglycerol formation via phosphatidic acid phospha- 
tase in the endoplasmic reticulum (14) is probably the 
major contributor. Further, since triacylglycerol-rich lipo- 
proteins are secreted, the synthesis of hepatic triacylgly- 
cerol clearly exceeds its degradation in the steady state 
when the diet is fat-free. This also favors the concept that 
increased formation of diacylglycerol from phosphatidic 
acid is the most significant source of the elevated liver 
diacylglycerol in the lipogenic diet group. This remains 
tentative, since the kinetic properties of the enzymes 
which influence the pool sizes of diacylglycerols in triacyl- 
glycerol synthesis and degradation are not yet defined. 

In conclusion, in this study we have developed a me- 
thod for the analysis of rat liver diacylglycerol by GLC. 
We have applied this procedure in determining the effect 
of a fat-free, high-carbohydrate lipogenic diet on the rat 
liver neutral lipid profile. The results clearly demonstrate 
the effect of this diet in causing the increase of steady state 
concentration of diacylglycerols and other neutral 
lipids. I 
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