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A B S T R A C T The effect of acute and chronic ethanol
intake on hepatic glycerolipid biosynthesis in the
hamster was studied by in vivo and in vitro techniques.
The results were compared with those from control
hamsters receiving isocaloric amounts of glucose.
Both chronic and acute ethanol intake elevated

serum and hepatic triglyceride concentrations and
induced a rapid rise in the capacity of neutral glyc-
erolipid formation from sn [1,3-'4C]glycerol-3-phos-
phate by hamster liver homogenate and microsomal
fractions. Ethanol intake also produced a correspond-
ing increase in the incorporation of [1,3-14C]glycerol
into hepatic neutral glycerolipids by the intact animal.
The ethanol-induced rise in the capacity of neutral

glycerolipid production by liver as measured in vivo
and in vitro correlated well with an increase in hepatic
phosphatidate phosphohydrolase activity. Therefore,
the rise in hepatic and serum triglyceride levels
associated with ethanol intake may be explained in
part by an increase in the activity of this enzyme.

INTRODUCTION

Ethanol intake in man (1-3) and experimental animals
(3-7) is associated with a rise in serum and liver tri-
glyceride levels. Hypertriglyceridemia during ethanol
intake has been attributed to reduced plasma triglyceride
clearance (3, 6, 8) or to a rise in hepatic triglyceride
(5, 6, 9-15) and very low density lipoprotein produc-
tion (3, 6). The mechanism of the increase in hepatic
triglyceride biosynthesis during ethanol ingestion is
not clear. Elevated hepatic levels of fatty acids (3,
10, 16) and sn-glycerol-3-phosphate (3, 7, 9, 17, 18)
during ethanol consumption may contribute to the rise
in hepatic glycerolipid biosynthesis. Alternatively,
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enhanced activity of various enzymatic reactions in
hepatic glycerolipid biosynthesis during ethanol in-
take could accelerate hepatic triglyceride formation
(10-15). The latter possibility was evaluated in these
studies by measuring the rate of hepatic triglyceride
formation in vivo and in vitro after acute and chronic
ethanol intake in the hamster.

METHODS
Materials. All lipids used for thin-layer chromatography

standards were obtained from Applied Science Labs, Inc.
(State College, Pa.). Coenzyme A, palmitate, ATP, MgCl2,
EDTA, L-glycerol-3-phosphate, and Tris-HCl were secured
from Sigma Chemical Co. (St. Louis, Mo.). EGTA was ob-
tained from Eastman Kodak Co. (Rochester, N.Y.). Fatty
acid poor albumin (Fraction V) was obtained from Pentex
Biochemical (Kankakee, Ill.) and sn[1,3-14C]glycerol-3-phos-
phate and [1,3-'4C]glycerol were purchased from New
England Nuclear (Boston, Mass.).
Experimental procedure. Groups of male Golden Syrian

hamsters (four to six animals) weighing 90-100 g were used
in these studies because this rodent readily consumes
ethanol. In the chronic ethanol experiments (1-6 wk), three
groups of animals received one of the following diets. One
group (ethanol) had free access to chow and drinking water
that contained 20% ethanol (wt/vol). Another group (carbo-
hydrate) received glucose in drinking water and chow that
was isocalorically equivalent to the ethanol and chow con-
sumed by the ethanol group. The third group (control) was
given water and chow ad lib. The chow intake of each group
was measured in these experiments, and the control group
consumed a significantly larger amount than the other two.
Total caloric intake for each group was similar and ranged
from 29-32 calories/day per 100 g body wt. There was no
significant difference in the weight gained by each animal
group. Ethanol and glucose comprised 40-50% of the caloric
intake in the appropriate dietary group. The liquid diets
described by Thompson and Reitz (19) for rats were inap-
propriate because the hamsters refused to ingest them.
However, hamsters readily ingest the alcohol-water mixture.
In the acute ethanol experiments, the experimental and
control groups were given by oral intubation aliquots of a
50% (wt/vol) absolute ethanol or 87.5% (wt/vol) glucose
water solution to produce a dose of 5 or 8.75 g/kg body wt
of ethanol or glucose, respectively. In some acute experi-
ments a group of animals received a volume of water
equivalent to the liquid administered to the glucose- and
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ethanol-treated animals. All animals in the acute studies
were fasted after receiving the oral dose of glucose,
ethanol, or water.
The incorporation of intraperitoneally administered [1,3-

14C]glycerol (2.5 ,uCi) into hepatic glycerolipids was deter-
mined as previously outlined (20, 21) except that the ani-
mals were sacrificed 30 min after the injection of labeled
glycerol, when radioactivity was maximum in liver triglyc-
eride. The time-course of hepatic triglyceride formation
from [1,3-14C]glycerol was similar to that reported by Adams
et al. (20) for rat liver.

Liver homogenates and microsomes were prepared in
0.225 M sucrose containing 2.5 mM EDTA and 0.05 M
Tris-HCl pH 7.5 as described previously for rat liver (22).
The standard incubation mixture (*), which was optimum
for measuring the incorporation of sn-[1,3-'4C]glycerol-3-
phosphate into glycerolipids, contained 30 mM Tris-HCl
pH 8.0, 3.3 mM MgCl2, 0.70 mM dithiothreitol, 25 AM
coenzyme A, 1.6 mM ATP, 0.60 mM ammonium palmitate,
0.6 mM sn[1,3-14C]glycerol-3-phosphate (0.1 ,uCi), 1.25 mg
albumin, and 0.3 mg of microsomal or homogenate protein
in a total volume of 0.35 ml. Glycerolipid formation was
initiated by the addition of cellular protein. Homogenate
and microsomal incubations were terminated after 15 and 20
min at 370C in a shaking water bath by the addition of 3
ml of 1:2 (chloroform-methanol) containing 1% 1 N HCI.
Lipids were extracted, separated into neutral lipid and
phospholipid fractions by column chromatography (21, 22),
and individual compounds identified by thin-layer chromatog-
raphy as previously described (21-25).

Total lipid formation (neutral lipid plus phospholipid)
during the standard incubation (*) was used as a measure
ofsn-glycerol-3-phosphate acyltransferase activity. Enzymatic
reaction rates determined with this technique (Table II) in
liver microsomes isolated from hamsters exposed to iso-
caloric amounts of ethanol and glucose for 1 wk were similar
to that observed when palmitoyl coenzyme A (CoA)' replaced
ATP, CoA and palmitate in the incubation mixture (21).
However, the acyl CoA-generating system had several ad-
vantages: (a) the continual production of substrate permitted
longer incubation periods; (b) labeling of neutral lipids
was greater; (c) the detergent effect of micellar levels of
long-chain acyl CoA derivatives was prevented.
The ratio of neutral lipid (diglyceride plus triglyceride)

to phospholipid (lysophosphatidate 10-20% plus phos-
phatidate 80-90%) formed in the usual incubation was
used to estimate phosphatidate phosphohydrolase activity. A
more direct measure of phosphatidate phosphohydrolase
activity used membrane-bound phosphatidate as substrate
rather than an aqueous dispersion of phosphatidic acid.
The membrane-bound substrate was chosen because it is
unlikely that an aqueous dispersion of phosphatidate exists
intracellularly. Microsomal-bound phosphatidate was formed
by substituting 3.3 mM CaCl2 for MgCl2 in the standard
incubation mixture (*) of glycerolipid formation. This caused
phosphatidate to accumulate because Ca2+ inhibits and Mg2+
is required for hepatic microsomal phosphatidate phospho-
hydrolase activity (25). Although Ca2+ inhibited phos-
phatidate phosphohydrolase activity (25), it substituted for
Mg2+ in the formation of long-chain fatty acyl CoA com-
pounds by thiokinase. After an initial incubation of 20 min,
1.5 ,Lmol of EGTA (0.05 ml) was added and 30 s later 1 ,mol
of MgCl2 (0.05 ml) was also added to the mixture and the
reaction continued an additional 10 min. Neutral lipid forma-
tion was linear throughout the 10-min time period. Phos-

1 Abbreviation used in this paper: CoA, coenzyme A.

phatidate phosphohydrolase activity was also measured in
the 105,000 g supernate and the fraction of supernate
precipitated by 40% saturated (NH4)2S04 (25). This was ac-
complished by incubating the standard incubation mixture
with microsomes for 20 min before adding supernatant
protein and continuing the incubation for an additional 10-
min period. The neutral lipid formed in the absence of
supernatant protein was subtracted from the supernatant
incubations to correct for microsomal neutral lipid formation.
All incubations were terminated and lipids extracted and
identified as described above. Neutral lipid formation (pri-
marily diglyceride) during the second incubation period
(10 min) was used to estimate microsomal and supernatant
phosphatidate phosphohydrolase activity. These techniques
for determination of microsomal and supernatant phos-
phatidate phosphohydrolase gave results similar to those
obtained with other techniques previously described by
this laboratory (21, 25, 26).

Liver triglyceride concentrations were measured as de-
scribed by Haux and Natelson (27). Homogenate and micro-
somal protein levels were determined as outlined by Lowry
et al. (28).

RESULTS

Table I shows the effect of acute (3 and 20 h) and
chronic (1 and 6 wk) ethanol and glucose intake on
serum and hepatic triglyceride concentrations. At all
time periods, serum triglyceride levels were approxi-
mately twofold higher in animals receiving ethanol
when compared with those given an isocaloric
amount of glucose. However, hepatic triglyceride
content showed only a modest increase after either
acute or chronic ethanol ingestion. Groups of male
Sprague-Dawley rats given ethanol or glucose under
these same conditions showed similar changes in
serum triglyceride content.
Ethanol-induced increases in hepatic and serum

triglyceride levels may have resulted from a rise in the
rate of hepatic triglyceride biosynthesis. Therefore,
studies were conducted to measure the incorporation of
intraperitoneally administered [1,3-14C]glycerol into
hepatic neutral lipids at different periods after acute
(Fig. 1) and chronic (Fig. 2) ethanol intake. Fig. 1
indicates that hamsters given a single dose of ethanol
(5 g/kg) showed a rapid, but brief, rise in hepatic
neutral lipid formation in vivo, when compared
with controls administered an isocaloric amount of
glucose (8.75 g/kg). However, chronic ethanol ad-
ministration (Fig. 2) produced a sustained increase in
hepatic neutral lipid production from [1,3-14C]glycerol.
The ethanol-induced increase in hepatic triglyceride
production associated with acute ethanol administra-
tion could result from increased fatty acid production
if fatty acid oxidation were decreased and esterifica-
tion was nonlimiting. One report suggests that ethanol
intake does not increase hepatic fatty acid synthesis
(18), although acute ethanol ingestion may increase
serum free fatty acids. Alternatively, ethanol intake
could induce an increase in the capacity of liver to
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TABLE I
Effect ofAcute and Chronic Ethanol Intake on Serum and

Hepatic Triglyceride Concentrations

Triglyceride

Exposure* Serum Liver

mg/i 00 ml+SEM mglg±SEM

Ethanol, 3 h 147±26t 5.5±0.5
Glucose, 3 h 82+10 5.0±0.2
Ethanol, 20 h 213±19§ 10.7±1.0§
Glucose, 20 h 80±9 5.8±0.8

Ethanol, 1 wk 123±12t 7.8±0.2t
Glucose, 1 wk 82±3 6.0±0.5
Ethanol, 6 wk 131±+20t 10.6±0.8t
Glucose, 6 wk 61±9 7.7±0.6

* Each group contains (four to five) hamsters. See Methods
for a description of the administration of ethanol and glucose
in the acute (3 and 20 h) and chronic (1 and 6 wk) dietary
experiments.
t P s 0.05 level of significance from glucose control.
§ P c 0.01 level of significance from glucose control.

esterify fatty acids and form neutral lipids. If correct,
changes in the biosynthetic pathway of neutral lipid
formation would be anticipated during ethanol in-
gestion. The enzymes in this pathway include glycerol-
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3-phosphate acyltransferase, lysophosphatidate acyl-
transferase, phosphatidate phosphohydrolase, and,
finally, diglyceride acyltransferase (see Fig. 3).
Table II shows the effect of acute (3 h) and chronic

(1 wk) ethanol or glucose intake on the incorporation of
sn[1,3-14C]glycerol-3-phosphate into neutral lipid,
phospholipid, and total glycerolipids (total) by hamster
liver homogenates and microsomal fractions. Total
glycerolipid formation was used as a measure of sn-
glycerol-3-phosphate acyltransferase activity. Inas-
much as maximum lipid production, as measured in
vitro, was not elevated by acute or chronic ethanol
intake, it seems unlikely that alterations in sn-
glycerol-3-phosphate acyltransferase activity are re-
sponsible for the ethanol-induced rise in hepatic
triglyceride production (13). However, ethanol intake
did increase hepatic neutral lipid (diglyceride and
triglyceride) production and the neutral lipid/phos-
pholipid ratio at all exposure periods. The neutral
lipidlphospholipid ratio is an indirect but reliable (25,
26) indicator of phosphatidate phosphohydrolase
activity. Furthermore, a similar increase in activity
was found when microsomal phosphatidate phos-
phohydrolase activity was measured directly (Table
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FIGURE 1 The incorporation of intraperitoneally ad-
ministered [1,3-14C]glycerol into liver neutral (NL) glycero-
lipids in hamsters receiving a single dose of ethanol (5
g/kg) or glucose (8.75 g/kg) for various time periods. Hamsters
were sacrificed 30 min after receiving labeled glycerol
when liver neutral glycerolipid radioactivity was maximum
and at a steady state (plateau). Each point represents the
mean of four to five animals with the SEM indicated by the
brackets.

WEEKS

FIGURE 2 The formation of hepatic neutral (NL) glycero-
lipids from intraperitoneally administered [1,3-'4C]glycerol
in hamsters receiving isocaloric amounts of ethanol, glucose,
and laboratory chow for various time periods. The water-
treated animals consumed more chow so that their total
caloric intake was not significantly different from the glu-
cose- and ethanol-treated animals. Each point represents the
mean of four to five animals and the brackets indicate the
SEM. See the legend of Fig. 1 for a more detailed description
of the methodology.
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FIGURE 3 Individual reactions involved in the incorpora-
tion of sn[1,3-14C]glycerol-3-phosphate into hepatic glye-
erolipids. The following enzymes are represented: (1) sn-
glycerol-3-phosphate acyltransferase; (2) lysophosphatidate
acyltransferase; (3) phosphatidate phosphohydrolase; (4)
choline phosphotransferase; (5) diglyceride acyltransferase.

II). Phosphatidate phosphohydrolase activity meas-
ured in the 105,000g supernate or supernatant frac-
tion precipitated by 40% saturated (NH4)2SO4 also
was elevated 138 and 70% after 4 h and 1 wk of ethanol
exposure, respectively. These results suggested that

ethanol intake increases the enzymatic capacity for
hepatic neutral lipid production by raising total
phosphatidate phosphohydrolase activity.

Fig. 4 shows the time-course of sn[1,3-14C]glycerol-
3-phosphate incorporation into neutral lipids by ham-
ster liver microsomes after acute administration of
ethanol (5 g/kg) or glucose (8.7 g/kg). The rapid rise
in the rate of neutral lipid formation after ethanol in-
take was sustained for 10-12 h. Because the data pre-
sented in Table II suggested that increased con-
version of phosphatidic acid to neutral lipid occurred
during ethanol treatment, microsomal phosphatidate
phosphohydrolase activity was measured directly
using membrane-bound phosphatidate as substrate
after acute ethanol intake. The results demonstrate
that phosphatidate phosphohydrolase activity in-
creases in a manner similar to the ethanol-induced
rise in neutral lipid production (Fig. 4). The absolute
increase in phosphohydrolase activity is greater than
the rise in neutral lipid formation shown in Fig. 4
because higher levels of microsomal phosphatidate
substrate were used under these incubation condi-
tions. The time-course of the ethanol-induced change in
hepatic neutral lipid production as measured in vivo
(Fig. 1) and in vitro (Fig. 4) and the rise in micro-
somal phosphatidate phosphohydrolase activity (Fig.
5) are all similar, supporting the concept that phos-
phatidate phosphohydrolase activity is an important
determinant of hepatic triglyceride production in vivo.

DISCUSSION

Acute and chronic ethanol intake is associated with a
rise in serum and liver triglyceride levels (1-6).

TABLE 1I
Effect of Acute and Chrotnic Ethanol Intake on In Vitro Hepatic Glycerolipid Biosynthesis*

Phosphatidate
Cell fraction Exposure NL PL Totalt NL/PL§ phosphohydrolase

Homogenate (5)f Ethanol, 3 h 0.18+0.02** 0.16±0.01 0.33±0.02 1.15
Homogenate (5) Glucose, 3 h 0.11±0.01 0.24+0.01 0.35±0.02 0.48
Microsoine (5) Ethanol, 3 h 0.34±0.0244 0.48±0.03 0.82±0.04 0.71 0.74±0.084t
Microsome (5) Glucose, 3 h 0.25±0.03 0.65±0.08 0.90±0.09 0.38 0.46±0.04
Microsome (5) Ethanol, 1 wk 0.36±0.02 0.40±0.08 0.75±0.09 0.89 0.76±0.1044
Microsome (5) Glucose, 1 wk 0.27±0.04 0.66±0.14 0.93±0.16 0.42 0.43±0.08

*All rates are expressed as the nanomoles of sn[1,3-'4C]glycerol-3-phosphate incorporated into the
indicated glycerolipid (NL, neuitral lipid; PL, phospholipid; total = PL + NL) per min per milligraam
protein+SEM.
Total glycerolipid fornmation is a metasure of sto-glycerol-3-phosphate acyltransferase activity.

§ The NL/PL ratio is an indirect measure of phosphatidate phosphohydrolase activity.
"IMicrosomnal phosphatidate phosphohydrolase activity was measured as described in Methods using
membrane-bounid( phosphatidic acid as substrate. Reaction rates are expressed as the nanomoles of
phosphatidic acid incorporated into diglyceride per minute per milligramn of microsomnal protein.
Number in parentheses indicates the number of hamsters in each group.
P c 0.01 level of significanrce fronm glucose control.
P c 0.05 level of significance from glucose control.
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FIGURE 4 The incorporation of sn[1,3-14C]glycerol-3-phos-
phate (GP) into neutral (NL) glycerolipids by hamster liver
microsomes isolated from animals receiving a single dose of
ethanol (5 g/kg) or glucose (8.75 g/kg) for various time
periods. Each point represents the mean of four to five
animals and the brackets indicate the SEM.

The results presented here support these observa-
tions. Several previous studies indicated that alcohol
consumption increased hepatic (3, 5, 6, 9-15) and
intestinal (29-31) triglyceride production. However,
the mechanism by which ethanol elevates glyceride
formation is not clear. Increases in hepatic fatty acid
and sn-glycerol-3-phosphate concentrations may pro-
vide substrate for the rise in hepatic triglyceride
formation in vivo (3, 7, 9, 10, 12, 17, 18, 32). However,
the rise in hepatic glycerolipid formation measured
in vitro, as reported here and previously ( 11-14),
indicates that ethanol intake also increases the capacity
to synthesize glycerolipids by liver. The greater rise
in glycerolipid formation (Figs. 4 and 5) than in hepatic
triglyceride content (Table I) is not surprising be-
cause serum triglyceride levels also are elevated
(Table I), presumably by increased release of very
low density lipoprotein from liver.
The major pathway of hepatic glycerolipid bio-

synthesis is the sn-glycerol-3-phosphate pathway
(33). Optimum rates in vitro for each reaction of this
pathway in rat liver microsomes have been deter-
mined (25). The latter studies indicate that two en-

zymes, sn-glycerol-3-phosphate acyltransferase and
phosphatidate phosphohydrolase are rate-limiting in
the formation and metabolism of phosphatidic acid,
respectively. Joly et al. (13) noted that chronic ethanol
intake of >24 d elevated hepatic microsomal sn-
glycerol-3-phosphate acyltransferase activity by 73%.
Our studies (14), however, indicate that acute and
chronic ethanol feeding does not cause a signifi-
cant rise in microsomal sn-glycerol-3-phosphate acyl-
transferase activity as measured by our methods. This
discrepancy may be attributed to differences in
experimental techniques and animal models. In con-
trast, microsomal and supernatant phosphatidate
phosphohydrolase showed alterations in activity
that correlated well with ethanol-induced increases in
hepatic triglyceride formation as measured both in
vivo and in vitro. Other investigators have also demon-
strated that acute ethanol intake increases hepatic
supernatant phosphatidate phosphohydrolase activity
(11, 12). At present, it is uncertain whether micro-
somal and supernatant phosphatidate phospho-
hydrolase activities are distinct enzymes. The differ-
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FIGURE 5 The conversion of labeled membrane-bound
phosphatidic acid (PA) to diglyceride (DG) by microsomes iso-
lated from livers of hamsters exposed to a single dose of
ethanol (5 g/kg) or glucose (8.75 g/kg) for various time
periods. Each determination represents the mean of four to
five animals and the SEM is indicated by the brackets.
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ences in enzyme characteristics reported previously
from this laboratory (25) may have resulted from re-
lease of the enzyme from the lipid environment of
the microsomal membrane. Alternatively, the two
activities could have different specificities or func-
tions as yet unrecognized. Nevertheless, both superna-
tant and microsomal phosphatidate phosphohydrolase
showed similar increases in activity after ethanol
administration, which is consistent with other evi-
dence that phosphatidate phosphohydrolase is im-
portant in the regulation of hepatic triglyceride
formation during high sugar intake (26, 33), fasting
(34), hepatectomy (35), obesity (36), diabetes (37),
toxin exposure (38, 39), and exposure to lipid-lower-
ing agents (21, 40). Hence, phosphatidate phospho-
hydrolase appears to possess characteristics of a rate-
controlling reaction because (a) it regulates a branch
point between phospholipid and triglyceride bio-
synthesis; (b) it has a lower reaction rate in vitro
than other enzymes involved in glycerolipid biosyn-
thesis; and (c) it exhibits rapid responses in activity
under various physiological and nutritional conditions.
At present, the mechanism of the ethanol-induced

increase in phosphatidate phosphohydrolase is un-
known. The rapid rise in activity with acute ethanol
intake (4 h) suggests that either phosphatidate phos-
phohydrolase content rapidly increases or a preexisting
enzyme is activated.
Recent studies (41) using hepatocyte monolayers

indicate that cells exposed to ethanol in vitro also
demonstrate a significant rise in phosphatidate phos-
phohydrolase activity. Ethanol-induced increases in
hepatocyte phosphatidate phosphohydrolase activity
are reduced by simultaneously exposing hepatocyte
monolayers to either pyrazole or cycloheximide. These
results suggest that a metabolite of ethanol increases
phosphatidate phosphohydrolase activity, and the rise
in enzymatic activity may be a result of an increase in
enzyme content. The latter hypothesis is supported
by the observation of Mangiapane et al. (35) that
actinomycin D administration can block the rise in
hepatic phosphatidate phosphohydrolase activity after
partial hepatectomy.
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