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Abstract We have studied the rat ethanol-liquid diet model 
for chronic ethanol modulation of lipid homeostasis, apolipo- 
protein (apo) B production and apoB mRNA editing. Male 
Wistar rats were fed one of three diets: i )  regular chow, ii) an 
isocaloric liquid diet, or iii) isocaloric ethanol-liquid diet 
where ethanol accounts for 35.5% of the total calories, for up 
to 40 days. There was no difference in body weight or 
liver/body weight ratio among the three groups of animals at 
the end of the feeding period. Hepatic and plasma 
triglycerides were elevated in the ethanol-treated animals only, 
correlated with an accumulation of lipid particles in the liver 
of these animals. By DNA excess hybridization, the steady 
state mRNA levels of apoB and apoB mRNAediting protein 
relative to actin were not significantly altered. The proportion 
of edited apoB mRN& Le., apoB-48 mRNA/(apoB-48 + E 
100) mRNA, increased in a timedependent manner from 
-50% to 100% in the ethanol-treated group. It remained 
unchanged in the chow- and liquid diet-fed animals. The 
proportion of apoB48/apoE100 protein synthesis was deter- 
mined by [%]methionine labeling followed by specific immu- 
noprecipitation and SDS-polyacrylamide gel electrophoresis. 
The amount of newly synthesized apoB48 increased from 
30-5096 to > 99% of the total apoB (apoB-48 + apoB-100). Thii 
increase in apoB48 biosynthesis is reflected by an increase in 
circulating plasma apoB-48 from barely detectable to -50% of 
total plasma apoB. Fractionation of plasma lipoproteins by 
fast protein liquid chromatography (FF'LC) indicates that the 
ethanol-induced hypertriglyceridemia is completely ac- 
counted for by an increase in plasma very low density lipopro- 
tein (VLDL). The proportion of apoM8 as a percent of total 
apoB in the VLDL fraction increased from -50% in controls to 
> 90% in ethanol-treated animals. Furthermore, there is a 
strong correlation between plasma triglyceride concentration 
and proportion of edited apoB-mRNA in the liver of ethanol- 
treated rats, but no direct correlation of the latter with intra- 
hepatic triglyceride content. I Ethanol-treated rats represent 
a new model for studying the regulation of apoB mRNA 
editing by dietary factors in vivo.-Lau, P. P., D. J. Cahill, H-J. 
Zhu, and L. Chan. Ethanol modulates apolipoprotein B 
mRNA editing in the rat. J. Lipid&. 1995.36: 2069-2078. 

polyadenylation (1,2). By this process, a single ribonu- 
cleotide (C to U) change in apoB-100 mRNA modifies 
codon (CAA) for glutamine2153 to .a translational stop 
codon (UAA), producing ap0B-M mRNA (reviewed in 
refs. 1 and 3). As a result of this tissue-specific process, 
translation of the edited apoB mRNA terminates prema- 
turely; apoB48, the translation product, contains 2 152 
amino acid residues instead of the 4536 residues in 
apoB-100. The major functions of apoB-100 include 
cholesterol uptake into hepatic and extrahepatic tissues 
by serving as a ligand for the low density lipoprotein 
(LDL) apoB/E receptor, as well as transporting 
triglycerides out of the liver. ApoB48, which lacks the 
putative receptor binding domain, functions mainly in 
transporting triglycerides out of the small intestine in 
humans and from both small intestine and liver in 
rodents. It is an obligatory component of chylomicrons, 
and also has sufficient structural competence to direct 
the effective intracellular assembly and secretion of 
hepatic very low density lipoprotein (VLDL) (4). In a 
study by Baum, Teng, and Davidson (5), hepatic lipo- 
genesis was modulated in the rat in vivo by a 48-h fast 
followed by high carbohydrate diet feeding for 24-48 h, a 
maneuver that produced a 30-fold increase in hepatic 
triglyceride content. Under these circumstances, hepatic 
apoB-100 synthesis became undetectable, being re- 
placed by the almost exclusive production of apoB48. 
This shift from the synthesis of apoB-100 to apoB-48 as 
the predominant apoB species was accounted for by an 
increase in the proportion of edited (apoB-48) mRNA 
from 37% in the fasting state to 79% and 91% after at 24 
and 48 h ofhigh carbohydrate refeeding, respectively (5). 

Supplementary key words apoBlOO apoB48 plasma 
triglycerides triglyceride metabolism Abbreviations: apo, apolipoprotein; FPLC, fast protein liquid 

chromatography; VLDL, very low density lipoprotein; LDL, low 
density lipoprotein; HDL, high density lipoprotein; RT-PCR, reverse 
transcriptase- polymerase chain reaction; TCA, trichloroacetic acid; ApoB mRNA editing is a posttranscriptionally regu-  REP^, protein. 

Iated process that is coincident with splicing and 'To whom correspondence should be addressed. 
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It was shown previously that isocaloric replacement 
of some of the carbohydrate of a liquid diet by ethanol 
produced a 5- to 10-fold increase in hepatic triglyceride 
concentrations in rats (6). We reasoned that such a shift 
in lipid homeostasis may modulate apoB mRNA editing. 
Therefore, we have investigated the effects of chronic 
alcohol ingestion on the extent of apoB mRNA editing 
and the biogenesis of apoB-100 and apoB48 and their 
correlation with plasma and intrahepatic lipid values. 

The mechanism of the ethanol-induced hyperlipemia 
has been attributed to an accumulation of lipids in blood 
that occurs when their rate of entry into the blood 
exceeds their rate of removal (for a review see ref. 7). In 
this report we show that chronic ethanol feeding in rats 
also increases the production of hepatic apoB48 by 
increasing the proportion of edited apoB mRNA result- 
ing in an increase in the proportion of apoB-48 in total 
plasma and VLDL. The ethanol-fed rat provides a novel 
animal model for dietary regulation of apoB mRNA 
editing and triglyceride metabolism. 

MATERIALS AND METHODS 

Animal treatment 

We used the chronic ethanol rat model as described 
(7). Male Wistar rats initially weighing about 200-250 g 
were housed, three per cage, in temperature- and light- 
controlled rooms and fed Purina rat chow for at least 10 
days prior to entry into the study protocol. Before 
establishing treatment groups, they were accustomed to 
drinking a liquid diet as their only source of nourish- 
ment. Baseline lipoproteins (see below) and body 
weights were measured. To exclude that malnutrition is 
a primary factor for development of chronic alcoholic 
fatty liver, a liquid diet pair-fed control group was in- 
cluded to monitor for the nutritional adequacy of the 
diets. Rats were randomly assigned to three dietary 
groups: i) untreated controls that were fed regular 
chows and drinking water, ii) isocaloric controls that 
were fed a control liquid diet, and iii) ethanol-treated 
that were fed an ethanol liquid diet (Bio-Serv Inc., 
Frenchtown, NJ), with ethanol making up 35.5% of the 
total calories. The control liquid diet in a liter contained 
protein 180 kcal, fat 350 kcal, carbohydrate 470 kcal; the 
ethanol diet contained protein 180 kcal, fat 350 kcal, 
carbohydrate 115 kcal, and ethanol 355 kcal which 
corresponds to 6.7% ethanol (v/v). Ethanol was incor- 
porated in the liquid diet containing all required nutri- 
ents and offered as the only source of fluid and food as 
recommended by the manufacturer. Animals were 
gradually introduced to the ethanol diet as follows: the 
first 3 days, 1/3 ethanol and 2/3 control diet; 4th-7th 
day, 2/3 ethanol and 1/3 control diet, and from the 8th 

day on, pure ethanol diet. Ethanol consumption was 
finally increased to account for 35.5% of the total caloric 
requirement, a proportion comparable to moderate 
alcohol consumption in humans (7). The animals were 
treated for 15, 20,30, and up to 4-y periods. At the 
end of the treatment period, they were weighed and 
killed and blood was collected by cardiac puncture. 
Tissues were collected and treated differently according 
to the subsequent manipulations. The total amount of 
liquid diet consumed was recorded. 

Serum and hepatic triglyceride and cholesterol 
levels and tissue morphology 

Serum cholesterol and triglyceride concentrations 
were determined enzymatically by using kits from Sigma 
Diagnostics. Hepatic lipid was extracted from liver ho- 
mogenates as described by Folch, Lees, and Sloane 
Stanley (8) and total cholesterol and triglyceride were 
assayed enzymatically by using kits from Sigma, St. 
Louis, MO. Lipid particles in the fuced tissue (3% glu- 
taraldehyde in PBS) of the control and ethanol-treated 
rats were also examined and counted under light micros- 
copy and electron microscopy. 

Steady-state levels of apoB and editing protein 
"A 

Total RNAs were extracted from fresh or pulverized 
frozen tissue of large sections of liver (1 g) to minimize 
sampling variability by a guanidinium isothiocyanate/ 
CsCl method (9). RNA concentration was determined 
by the orcinol colorimetric method (10). The integrity 
of the purified total RNA was assayed by formalde- 
hyde-agarose (1.5%) gel electrophoresis, and 28s and 
18s ribosomal RNAs were found to be intact under 
these conditions. Quantitation of steady-state mRNA 
level was determined by DNA-excess hybridization as 
described (1 1). Probes used were: oligonucleotide for 
rat apoB (including both apoB-100 and B-48) mRNA, 

TTCAAGTT; for actin mRNA, GCCACACGCAGCT- 
CATTGTAGAAGGTG; and for the rat apoB mRNA- 
editing protein mRNA (12), CAACGTGTITGITGGT- 
GTTlTGGCTCGTGTGTCGCCAGAT. The oligonu- 
cleotides were end-labeled with %32P]ATP (3000 Ci/ 
mmol), and purified from 12% acrylamide/7 M urea 
sequencing gels. Total RNAs (50 pg) were incubated 
with the gel-purified, end-labeled oligonucleotides in 3 x 
aqueous buffer (3 M NaC1,0.5 M HEPES, pH 7.5, and 1 
mM EDTA) at 75°C for 10 min and reannealed at 55°C 
for 18 h. The tubes were topped off with mineral oil 
during the extended incubation. The hybridization re- 
action mixtures were digested with 100-300 U of S1 
nuclease. Reactions were stopped and run on 12% acry- 
lamide/7 M urea sequencing gels. The autoradiograms 

TATCGCGTATGTCTCAAGTTGAGAGAGTITITCA- 

2070 Journal of Lipid Research Volume 36, 1995 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


were scanned with a BioImage scanner to quantify the 
mRNA signals. The hybridization signals were linear 
with respect to increasing RNA concentrations. Funher- 
more, for individual reactions, the RNA samples were 
incubated with the specific oligonucleotide and the actin 
oligonucleotide in the same tubes so that the ratio of the 
specific message versus that of actin could be calculated. 

Hepatic apoB (B-100 and B-48) synthesis 

Tissue samples from all liver lobes were pooled and 
sliced to 0.1-mm-thick pieces by a tissue slicer. Tissue 
slices (400 mg/dish) were incubated for 2 h in 2 mL 
Eagle's medium supplemented by 1 unit/mL penicillin 
and 1 mg/mL streptomycin in the presence of 100 pCi 
[s%]methionine. Tissue slices were homogenized in 
phosphate-buffered saline, 1% Triton, 2 mM methionine 
containing the following protease inhibitors added at 
the indicated final concentrations: PMSF (1 mM), ben- 
zamidine ( 1 mM), Nptosyl-L-lysine chloromethyl ketone 
(25 pM), leupeptin (100 pM), EDTA (5 mM), papain (2 
VM). A 225,000 g supernatant fraction was prepared and 
stored at 80°C prior to immunoprecipitation. Aliquots 
of homogenate were saved for measurement of total 
protein concentration, trichloroacetic acid-insoluble ra- 
dioactivity and for lipid extraction. Under these condi- 
tions, incorporation of [Wlmethionine into TCA-pre- 
cipitable protein was linear (data not shown). 
Quantitative immunoprecipitation of apoB (B-100 and 
B-48) was performed using monospecific polyclonal 
sheep antisera directed against rat apoB in the following 
buffer (final composition): 100 mM NaC1, 50 mM LiC1, 
5 mM EDTA, 50 mM Tris, 0.02% sodium azide, 0.5% 
Triton, 0.5% sodium deoxycholate, and 0.05% SDS, at 
pH 7.40. This buffer had been optimized for apoB 
immunoprecipitation, particularly in the presence of 
high lipid concentrations (5). ApoB-immune complexes 
precipitated by Gamma-Bind G (Pharmacia, LKB) were 
washed extensively and analyzed on denaturing SDS- 
PAGE (4-15% gradient gels, Bio-Rad). 

Determination of the proportion of edited apoB 
mRNA in the liver 

The extent of endogenous apoB mRNA editing was 
determined by using the complementary techniques of 
i) PCR-cloning-colony hybridization using allele-specific 
oligonucleotides (13, 14) and i i)  RNA primer extension 
analysis using a modification of the method described 
by Wu et al. (14). Quantitation was found to be linear 
using either method within the range of detection as 
required in this study (2-100% UAA/(UAA + CAA)). 

Briefly, RQ1 DNase (Promega) pretreated total RNA 
was used for RT-PCR with the oligonucleotide primers; 

CATAAITATCTCTAATTAT, to amplify the 65-mer 
GGAAITCTGAMAACTCTCTCAAC and CGGATC- 

spanning the CAA site in apoB mRNA. The single-band 
PCR cDNA product (65-mer) was excised from the 
low-melting 3% agarose gel and purified with the Magic 
PCR Preps kit (Promega). After removal of the residual 
dNTPs, whose presence might interfere with T 4  ligation 
or give false UAA stops in the primerextension assay, 
the gel-purified products were used either for sub 
cloning into pGEM3Z (Promega) or directly for the 
primerextension assay. The BGln and B-Stop allele-spe- 
cific oligonucleotides and the primers used for primer 
extension assay were those described by Wu et al. (14). 
In the PCRcloningcolony hybridization assays, a mini- 
mum of 2,000 colonies was plated for sequence-specific 
oligonucleotide hybridization in each assay. The ability 
of this technique to correctly discriminate between 
apoB-100 and apoB48-specific colonies was verified by 
double-stranded sequencing of randomly picked clones 
as described previously (14). The proportion of edited 
apoB mRNA of the control rat liver consistently fell 
between 51 and 56% (2, 14, and this study). 

FPLC fractionation of plasma samples and 
assessment of apoB-lOO/apoB-48 in VLDL 

The method of Jiao et al. (15) was used for FPLC 
fractionation of rat plasma. We used a system with two 
Superose-6-columns (Pharmacia LKB) connected in se- 
ries, run isocratically in 1 mM EDTA, 154 mM NaC1, and 
0.02% NaN3 at a flow rate of 0.5 ml/min at room 
temperature. Fractions of 0.5 mL were collected and 
total cholesterol and triglyceride in each fraction were 
assayed enzymatically. VLDL, LDL, and HDL fractions 
were well separated under these conditions. 

The proportions of plasma apoB (apoB-100 plus 
apoB-48) were determined by Western blotting of the 
SDS-PAGE (4-15% gradient) gels (Bio-Rad). Samples of 
1 p1 of the plasma of the ethanol-treated and control rats 
were treated with 2% SDS, 0.5YwNonidet P40 at room 
temperature without reduction or heating before elec- 
trophoresis at 15 mA and at room temperature. The gels 
were then transferred electrophoretically on a transblot 
apparatus (Bio-Rad) to nitrocellulose membranes. The 
membranes were immunostained with sheep anti-rat 
apoB antiserum and subsequently with lZ51-labeled pro- 
tein G (Amersham). Membranes were washed exten- 
sively, dried, and exposed to Kodak XAR-5 X-ray films. 

To analyze VLDL apoB, pooled FPLC fractions under 
the VLDL peak were precipitated with TCA before 
electrophoresis. The pellets were resuspended with 2% 
SDS, 10 mM EDTA, 5 mM DTT, 2% glycerol, and 0.01% 
pyronin Y, all dissolved in the running buffer (pH 8.3) 
(16). For analysis of plasma VLDL, rats were fasted 
overnight with free access to drinking water for 14-16 
h before they were killed and blood was drawn around 
9 AM. The hepatic apoB mRNA editing in the control 

Lau et al. Dietary regidation of apoBlOO mRNA editing 2071 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 1. Effects of an ethanol liquid diet in rats 

Group Days of Hepatic Lipid Total Serum Lipid Total 

(n) Treatment Body Wt. Liver/Body TG CH TG CH 
~~~~~~ 

g g % W% prokin mg/dL 
Untreated control (6) 0 371 f 9.0 14.00 f 0.8 3.7 f 0.08 7.0 f 0.12 1.70 f 0.48 45.3 It 4.3 52 f 9 
Ethanol diet (3) 15 311 f 9.6 9.27 f 0.3 2.98 f 0.03 23.7 f 0.0P 2.20 f 0.55 72.5 It 2.8 118 f 30 
Ethanol diet (3) 25 283f1.49 9.53f0.2’7 3.36f0.10 13.2f0.326 1.65f0.33 156.0 f 4.W 89 f 3.5 
Ethanol diet (6) 35 365 f 29.6 13.25 f 0.62 3.63 f 0.20 15.3 f 0.W 2.50 f 0.58 126.8 f 3.04 60 f 5 
Control diet (6) 35 368f6 .3  11.25f0.5’7 3.05f0.09 8.9f0.07 0.95f0.15 71.0 It 4.25 75 f 9.5 

(ethanol-free) liquid diet. Abbreviations used are TG, triglyceride; CH, cholesterol. 
Ethanol made up 35.5% of the total calories in the experimental diet. Animals were pair-fed the experimenral (ethanol) or isocaloric control 

“P < 0.05 vs. control diet. 

rats was unchanged under these conditions (data not 
shown) and this manipulation did not interfere with our 
alcohol experiments, which is consistent with data re- 
ported by Baum et al. (5). 

RESULTS 

Effects of ethanol diet on body weight and liver 
weight, lipid content, and serum lipid concentrations 

The effects of chronic ethanol administration on he- 
patic weight, lipid contents, and serum lipid composi- 
tions were analyzed prior to the molecular study. The 
two most conspicuous features of alcoholic fatty liver are 
the fat deposition and the organ enlargement. The 
hepatomegaly was attributed to an increase in lipid, 
protein and water retention (7). Our data showed that 
chronic ethanol administration did not significantly 
change the final body weight or liver/body weight ratio 
(Table I), although the liver of ethanol-treated animals 
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was enlarged and fat infiltration was apparent in the 
form of a whitish sheen morphologically. There was also 
an increase in hepatic triglyceride content and serum 
triglyceride level (Table l), whereas hepatic cholesterol 
content and serum cholesterol level did not show any 
significant change. It had previously been demonstrated 
that the increase in hepatic cholesterol occurs mainly in 
the esterified fraction with little increase in free choles- 
terol in the rat (7). Under light microscopy, the number 
of lipid particles inside the liver cells increased 45- to 
70-fold in ethanol-treated rats compared to the un- 
treated controls. None of these changes were observed 
in controls pair-fed the isocaloric liquid diet. 

Serum total triglyceride also showed a 280% increase 
from 45.3 f 4.3 mg/dL (in untreated controls) to 126 f 
3 mg/dL (in ethanol diet-treated for 35 days) (Table 1). 
Plasma lipoproteins were fractionated on FPLC. Com- 
pared to controls, VLDL triglyceride showed a timede- 
pendent rise after ethanol treatment (Fig. l), whereas 
VLDL cholesterol was not significantly different be- 
tween ethanol-treated rats and control rats (data not 

I Day 20 Day 35 

Fig. 1. FPLC fractionation of rat plasma. The FPLC separation system has two Superose-6 columns serially 
connected and run isocratically in 1 mM EDTA, 154 mM NaCl and 0.02% NaNs at a flow rate of 0.5 ml/min. 
Fractions (0.5 ml) were collected and analyzed for triglyceride concentration. Representative profiles of three 
treatment periods (day 1, day 20, day 35) are shown with relative absorbance unit &oonm. 
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Control  Ethanol 
' 1  2' ' 3 4  5 6 '  

-ApoB 

-Actin 

Fig. 2. Steady-state levels ot'apoB mKN.1 versus Actin mRNA. Lanes 
1, 2: chow and isocaloric diet controls, respectively; lanes 3-6 four 
different ethanol-treated rats on day 35. 

shown). The level of VLDL triglyceride increased more 
than 2-fold from day 1 to day 35. Essentially all the serum 
triglyceride was contained in the VLDL fractions, and 
LDL andHDL did not have any detectable triglyceride 
(Fig. 1). Control animals that were fed the isocaloric 
liquid diet for 35 days had plasma lipid levels that were 
not significantly different from controls fed regular 
chow (Table 1). Therefore, ethanol ingestion causes an 
increase in serum triglyceride which is almost entirely 
accounted for by the increase in the VLDL triglyceride. 

Effects of ethanol on the steady-state levels of the 
mRNAs for apoB and apoB mRNA-editing protein 

The steady-state levels of apoB mRNA in the total rat 
liver RNA were quantified by quantitative DNA-excess 

0 10 20 30 40 - 
v V 

V w 
Q z 
lY 

L ._ 

E 
m 
0 a 
Q 

C al 
c 

2 
a 

45 u 45 
0 10 20 30 40 

A Days of Treatment 

Control Ethanol 
1 2  3 4 5 6 7 8 9101112 
r 

Actin + - 

Fig. 3. REPR/Actin mRNA ratio determined by DNAexcess hybridi- 
zation. Lanes 1-2, chow and isocaloric controls; lanes 3-5, 15 days; 
lanes 6-7.20 days; lanes 9- 12, 35 days. 

oligonucleotide hybridization (1 1). By this technique, 
we found that total apoB mRNA content in ethanol- 
treated rats was unchanged compared to the regular 
chow- and isocaloric liquid diet-fed controls (Fig. 2). The 
relative mRNA concentration of apoB mRNA-editing 
protein (REPR) was determined by a similar technique. 
Because we found that the proportion of edited apoB 
mRNA was changed with the ethanol diet (see below), 
we measured the relative concentration of the mRNA 
for the editing protein by DNA-excess hybridization in 
the same RNA samples. We found that the level of apoB 
mRNA-editing protein (REPR) mRNA relative to actin 
mRNA remained unchanged (Fig. 3). Therefore, etha- 
nol treatment apparently had no detectable effect on the 
relative amount of mRNAs for apoB or its editing pro- 
tein compared to actin. 

Control Ethanol 

1 2  3 4 5 6 7 8 9  

UAA, 

CAAb 

Fig. 4. Ethanol effects on endogenous apoB mRNA editing in rat liver. A: Data were obtained by two 
complementary methods (see Materials and Methods); they represent means f SE for 3-6 animals. For some 
data points, the standard error bars fall within the symbol and are not evident. The ethanol-treated animals 
(closed circles) were compared with isocaloric liquid diet-fed controls (closed triangles). The day zero indicates 
untreated controls. B: Endogenous apoB mRNA editing assayed by the method of primer extension. Repre- 
sentations of ethanol-treated versus control animals: control (1) is untreated; (2) is isocaloric control for 35 days; 
(3)(4) are ethanol treated for 15 days; (5)(6) are those of day 25; (7) is day 35; and (8)(9) are day 40. 
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Ethanol mays) Control Effects of ethanol on hepatic apoB mRNA editing 
The proportions of edited apoB mRNA [i.e., apoB48 

mRNA/(apoB48 + apoB-1 OO)mRNA] were assayed by 
both PCRcloning and primerextension methods; their 
accuracy as well as reproducibility were verified (see 
Materials and Methods) as previously reported (14). For 
each data point, there were 3-6 animals in each treat- 
ment group and the standard errors are as indicated 
(Fig. 4A). After ethanol feeding, the proportions of 
hepatic edited apoB mRNA increased toward 100% 
(Figs. 4A, 4B). The pretreatment (day 1) proportion of 
edited apoB mRNA was 51.9 & 1.9%; the proportions 
increased with the time of ethanol treatment; they were, 
on day 15,62 f 1.0%; day 25,67.85 f 1.2%; day 30,86.8 f 
0.9%; day 32, 88.3 k 1.66%; day 35, 76.4 & 1.77%; and 
day 40, 99.5 f 0.5%. The increase in the proportion of 
apoB48 mRNA occurred in a roughly linear fashion 
over the course of 40 days of ethanol intake (Fig. 4). In 
the pair-fed controls where ethanol was replaced isocal- 
orically by carbohydrate, no change in the proportion 
of edited (apoB48) mRNA was evident (Fig. 4). 

The results of primer-extension assays on repre- 
sentative RNA samples from selected time points are 
displayed in Fig. 4B. A 32P end-labeled rat 23-nucleotide 
oligonucleotide was used as the primer in the primerex- 
tension assays. UAA corresponds to the B 4 8  mRNA 
extension product and CAA corresponds to the B-1 00 
mRNA extension product. By this assay, control liver 
samples from rats that were receiving the regular chow 
(lane 1) or isocaloric liquid diet (lane 2) have approxi- 
mately half of their apoB mRNA in the edited form. In 
the samples from ethanol-treated animals, the percent 
edited apoB mRNA/total apoB mRNA displayed a pro- 
gressive increase from -70% (day 25, lanes 3-5) to 
-100% (day 40, lanes 6-9). The data presented in Figs. 
4A and 4B indicate that ethanol treatment in rats in vivo 
up-regulates the proportion of edited apoB48 mRNA 
relative to total apoB mRNA in the liver. 

- 10 27 35 
I - -  

8-100- 7 
8-48 - 

Fig. 5. Ethanol effects on rate of synthesis of apoW8 versus apoB- 
100 in rat liver. The controls are isocaloric controls and those of the 
untreated; and the ethanol-treated ones are those up to day 35. Rat 
liver slices were labeled with [S5S]methionine for 2 h and radioactivity 
incorporated into newly synthesized apoB was immunoprecipitated 
by anti-rat apoB antiserum. The precipitated samples were fraction- 
ated on a 4- 15% SDS-PAGE gel and analyzed by fluorography. 

Effects of ethanol on hepatic synthesis of apoB 
(B-100 and B-48) 

The increase in apoB48 in total plasma and in plasma 
VLDL fractions can be attributed either to up-regulation 
of apoB48 biogenesis or preferential secretion of the 
small molecular form (B48) over the large molecular 
form (apoB-100) of apoB from hepatocytes in ethanol- 
treated rats, as ethanol is known to affect protein secre- 
tion (17). We found that total immunoprecipitable apoB 
as a percent of total (TCA) precipitable protein did not 
change significantly on days 10, 27, and 35 of ethanol 
treatment as compared to controls (Table 2). We also 
determined the relative synthetic rates of the two mo- 
lecular weight forms of apoB in the rat liver under 
conditions where the incorporation of radiolabeled 
methionine into apoB was linear. When total liver slices 
were labeled with [35S]methionine for 2 h and the radio- 
activity incorporated into newly synthesized apoB in the 
liver homogenates was immunoprecipitated by an anti- 
rat apoB antiserum and analyzed by SDS polyacrylamide 
gel electrophoresis, apoB48 increased progressively to 
-100% of total apoB synthesized by liver slices of etha- 
nol-fed rats (Fig. 5); little if any apoB-100 was synthesized 

TABLE 2. Ethanol effects on apoB synthesis in liver slices on day 27 and-day 35. This is in contrast to control rat 
liver slices which synthesized substantial amounts of the 
total %-labeled apoB as apoB-100 (Fig. 5). Quantitation 

Diet ADOR-100 ADoE~A of the radiolabeled bands indicated that over 99.5% of 

lmmunoprecipitable ApoB cpm x 100 

TCA-Precipitable cpm 
- r - -  - -  

the apoB species synthesized by the ethanol-treated rats Control 0.23 f 0.057 0.346 f 0.06 
Ethanol consisted of apoB-48 compared to amioximatelv .. 

Day 10 0.18 f 0.06' 30-50% in the untreated controls. We conclude that one 
Day 27 ND 8:::; 8:::; major effect of ethanol treatment in rats is the greatly Day 35 ND 

enhanced synthesis of apoB48 relative to apoB-100 in 

apoB48/apoB-100 ratio in the presence of a 

0.430 f 0.c158~ 

given as SD = per ffouP, three the liver, which is consistent with the greatly increased 
determinations per animal: ND. not detectable. 

"Student's t-tests show no simificant differences of total apoB as - 
compared to controls constant level of total apoB mRNA. Additionally, the 
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total apoB synthesized as percent of total TCA precipi- 
table proteins did not change significantly (Table 2). 

Effects of ethanol on the relative concentrations of 
apoB-100 and apoB-48 in total plasma and VLDL 

The relative concentrations of circulating plasma 
apoB-100 and apoB-48 were assessed by Western blot 
analysis. Total plasma from three control animals and 
two animals treated with the ethanol diet for 35 days 
were analyzed on 4-15% gradient polyacrylamide gels 
in SDS (Bio-Rad), transferred to nitrocellulose mem- 
brane electrophoretically, immunostained with mono- 
specific sheep anti-rat apoB antibody, and analyzed by 
1251-labeled Protein G and autoradiography. In control 
animals, total plasma apoB consists almost exclusively of 
apoB-100 (Fig. 6A). In ethanol-treated animals, the rela- 
tive amount of apoB-48 increased markedly and its 
molar concentration made up about 50% of the total 
plasma apoB. Therefore, ethanol treatment in vivo 
markedly increases the amount of circulating apoB-48 
relative to apoB-100 in rat plasma. 

Plasma VLDL in ethanol-treated rats are elevated (Fig. 
1). ApoB-1 OOcontaining VLDL are metabolized to LDL, 
but VLDL containing apoB-48 cannot be converted to 
LDL (18,19). We examined the ratio of apoB-48/apoB- 
100 in the VLDL fractions of the ethanol-fed rats versus 
the untreated controls. The pooled FPLC fractions con- 
taining the VLDL from the fasted rats were analyzed by 
4-15% gradient SDSdenaturing gels. As shown in Fig. 

Control Ethanol 
A m -  

8 - 1 0 0  

4 - 4 8  

Control Ethanol 

B-100 

205 k - 

11 6.5 k - 

. B-48 

Fig. 6. A: Total plasma apoB in control and ethanol-treated rats 
studied by Western blot analysis. Control lanes are those of untreated 
and isocaloric controls; ethanol lanes are from animals treated with 
ethanol diet for 35 days. The gel was electretransferred onto a 
nitrocellulose membrane. 1y51-labeled anti-rat apoB antiserum was 
used for immundetection. R: VLDL apoB in control and ethanol- 
treated rats studied by Western blot analyses. Control lanes are those 
of untreated and isocaloric controls and ethanol-treated are from 
animals treated with the experimental diet for 35 days. The VLDL 
fractions were separated by FPLC and TCA precipitated before elec- 
trophoresis was performed on a 4-15% SDSpolyacrylamide gel. 

6B, VLDL from two ethanol-treated rats had almost 
exclusively apoB-48, whereas VLDL from three control 
animals contained approximately equal amounts of 
apoB-100 and apoB-48. Therefore, the observed in- 
crease in the proportion of apoB-48 mRNA after ethanol 
treatment was reflected by an increase in the relative 
concentration of apoB48 in total plasma as well as in 
VLDL. 

DISCUSSION 

In this study, we showed that in the rat the hyper- 
lipidemia and fatty infiltration in the liver resulting from 
chronic ethanol intake are associated with an increase 
in the proportion of edited apoB mRNA in the liver 
(Figs. 4A, 4B). This increase in apoB48 mRNA with a 
reciprocal decrease in apoB-100 mRNA is reflected by 
changes in the biosynthetic rates of the two apoB species 
in vivo (Fig. 5), leading to a marked increase in circulat- 
ing apoB-48/apoB-100 ratio in total plasma (Fig. 6A) as 
well as in the plasma VLDL fraction (Fig. 6B). The 
amounts of circulating apoB-100 and apoB-48 can be 
modulated intracellularly at a posttranslational level 
(reviewed in ref. 20) or extracellularly in the intravascu- 
lar and interstitial compartments via receptor- and non- 
receptor-mediated pathways (2 1). The correlation of 
apoB mRNA editing with apoB-48 protein production 
is not absolute. For example, Teng et al. (22) found that 
in some tissues containing both edited and unedited 
apoB mRNA, only apoB-100 synthesis was detected. We 
have therefore examined both the amount of apoB 
mRNA editing and proportion of apoB-48 synthesis in 
the rat liver after ethanol ingestion. The fact that the 
higher relative amount of apoB-48 mRNA during 
chronic ethanol ingestion in the rat was associated with 
an increase in circulating apoB-48 relative to apoB-100 
indicates that the up-regulation in the extent of apoB 
mRNA editing contributes significantly to the altered 
pathophysiological state induced by ethanol in this ani- 
mal. 

The hyperlipidemia associated with chronic ethanol 
administration in the rat involves mainly VLDL. Pre- 
vious studies suggest that the clearance of plasma lipo- 
proteins is unchanged after acute or chronic ethanol 
administration in the rat (for a review, see ref. 7). 
Therefore, the hyperlipidemia in the experimental ani- 
mals is apparently not caused by an impaired LDL 
(apoB/E) receptor-mediated uptake of the apoB-48-rich 
VLDL particles. The two major sources of VLDL in the 
rat are the liver and the small intestine. The small 
intestine puts out increased amounts of VLDL in the 
lymph after ethanol infusion (23). However, the overall 
contribution of the small intestine to the hyperlipidemia 
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Fig. 7. Correlation of plasma triglycerides with percent apoB mRNA edited. Data are derived from experi- 
mental animals presented in Table 1 and Fig. 4. The line drawn was first-ordered, leastsquared regression by 
Sigma-Plot, r = 0.813. 

of chronic ethanol intake is relatively small compared to 
that from the liver. Hepatic VLDL production in the rat 
is stimulated by chronic ethanol administration, a proc- 
ess associated with an increased synthesis of the protein 
components in VLDL (7,24). In this study, we showed 
that apoB mRNA (Le., apoB-100 plus apoB48 mRNA) 
level is not selectively stimulated by this dietary manipu- 
lation; this is in keeping with the observation that apoB 
mRNA transcription rates are generally not selectively 
changed by various dietary manipulations. Further- 
more, the hyperlipidemia, mainly in the form of elevated 
VLDL, is associated with increased production of apoB- 
48 rather than apoB-100. Therefore, the ethanol-in- 
duced VLDL would likely be metabolized via an apoE- 
mediated pathway and would not result in any 
enhancement of the plasma LDL, which contains exclu- 
sively apoB-100 (19, 25). 

In the adult rat liver and small intestine, apoB mRNA 
editing can be modulated by dietary and hormonal 
factors. When an animal is fasted and subsequently 
refed a high carbohydrate diet, the proportion of he- 
patic apoB48 mRNA decreases from about 60-70% to 
about 30-40% during fasting, increasing to 80-90% in 
2-3 days of refeeding (5,26). Similarly, thyroid hormone 
treatment in hypothyroid rats also increases the relative 
amount of apoB-48 mRNA in the rat, concomitant with 
increased hepatic triglyceride synthesis and secretion 
(27,28). A relationship between triglyceride metabolism 
and apoB mRNA editing in the rat liver is also suggested 
by the very strong correlation between the proportion 
of edited apoB mRNA and plasma triglyceride levels 
(Fig. 7, r = 0.813) observed in this study. However, there 
is no direct linear correlation between hepatic 

triglyceride content and the extent of apoB mRNA 
editing during the time course of chronic ethanol treat- 
ment ( r  = 0.36) although both are increased by ethanol 
treatment (Table 1). Whether hepatic triglyceride accu- 
mulation plays a direct role in modulating apoB mRNA 
editing in the rat remains unclear. The acute effects of 
dexamethasone-induced increase in hepatic triglyceride 
content is not accompanied by any change in the extent 
of apoB mRNA editing (29). 

ApoB mRNA editing is a complex process. In the rat 
liver, it is an intranuclear process that occurs posttran- 
scriptionally, coincident with RNA splicing and 
polyadenylation and is essentially complete before the 
mature apoB mRNA is exported into the cytoplasm (2). 
There is considerable evidence that multiple protein 
components are involved in the process (30-32). Re- 
cently, the cDNA for a 27-kDa apoB mRNA-editing 
protein was cloned from rat small intestine (12). This 
protein appeared to be a cytidine deaminase requiring 
zinc for activity (33). It is active against synthetic apoB 
mRNA substrates only in the presence of chicken intes- 
tinal extracts or SlOO fractions from other mammalian 
tissues. Inui et al. (34) found that in the rat liver in vivo, 
alterations in cholesterol flux might modulate the com- 
plex interplay of the apoB mRNA-editing protein and 
complementation factor( s). The editing protein may not 
be necessarily rate-limiting because Funahashi et al. (35) 
demonstrated that in the rat, hepatic and kidney apoB 
mRNA editing both demonstrated a temporal dissocia- 
tion from alterations in the abundance of editing pro- 
tein mRNA. In this study, we found that the increased 
proportion of edited transcripts in the total hepatic 
apoB mRNA after ethanol feeding in the rat was not 
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accompanied by any significant change in the level of 
the steady state mRNA level for the apoB mRNA-editing 
protein. A number of RNA-binding proteins have been 
described that bind to apoB mRNA in the vicinity of the 
editing site, including a 40 kDa nuclear protein de- 
scribed by Lau et al. (36) and a 60 kDa and a 43 kDa 
protein in the SlOO extracts described by Harris et al. 
(32) and Navaratnam et al. (31). It is not clear whether 
these proteins are actually involved in the editing proc- 
ess or whether they are affected by ethanol treatment in 
the rat. Alternatively, if edited apoB mRNA is selectively 
stabilized and/or unedited mRNA selectively desta- 
bilized by ethanol feeding, the end result would be that 
edited mRNA would predominate in the ethanol-fed rat. 
Finally, we found that direct exposure of McAR7777 
cells to ethanol did not affect the ratio of apoB-48/B-100 
synthesized in these cells (data not shown). This is in 
contrast to the stimulation of apoB mRNA editing in 
primary rat hepatocytes by chronic insulin treatment 
(37). To date, only a handhl of manipulations have been 
found to significantly affect hepatic apoB mRNA editing 
in the rat; these include thyroid hormone treatment 
(27), fasting and carbohydrate refeeding (5) ,  and high- 
dose estrogen treatment (38). Here we document that 
chronic ethanol treatment in the rat is another useful 
model for studying the regulation of apoB mRNA edit- 
ing in vivo. 

We thank Ms. Sally Tobola for expert secretarial assistance. 
This study was supported by grants from the National Insti- 
tutes of Health (HL27341) for a Specialized Center of Re- 
search in Arteriosclerosis at Baylor College of Medicine to L. 
C. and from the Alcoholic Beverage Medical Research Foun- 
dation to P. L. 
Manuscrip received 26 October 1994 and in reuised fm 26 June 1995. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

Chan, L. 1993. RNA editing: exploring one mode with 
apolipoprotein B mRNk BioEssays. 15: 33-41. 
Lau, P. P., W. Xiong, H-J. Zhu, S-H. Chen, and L. Chan. 
1991. Apolipoprotein B mRNA editing is an intranuclear 
event that occurs posttranscriptionally coincident with 
splicing and polyadenylation. J. Bwl. Chem. 266 

Hodges, P., and J. Scott. 1992. ApoB mRNA editing: a 
new tier for the control of gene expression. Trends Bio- 

Sparks, C .  E., and J. B. Marsh. 1981. Metabolic heteroge- 
neity of apolipoprotein B in the rat. J. Lipid Res. 22: 

Baum, C. L., B-B. Teng, and N. 0. Davidson. 1990. ApoB 
mRNA editing in the rat liver. Modification by fasting and 
refeeding a high carbohydrate diet. J. Biol. C h a .  265: 

Leiber, C. S., J. P. Jones, and L. M. DeCarli. 1965. Effects 

20550-20554. 

them. Sci. 17: 77-81. 

519-527. 

19263- 19270. 

of prolonged ethanol intake: production of fatty liver 
despite adequate diets. J. Clin. Invest. 44 1009-1021. 

7. Baraona, E., and C. S. Leiber. 1979. Effects of ethanol on 
lipid metab0lism.J. Lipid Res. 2 0  289-315. 

8. Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A 
simple method for the isolation and purification of total 
lipids from animal tissues. J. Biol. Chcm. 226 497-509. 

9. Chirgwin, J. M., A. E. Przybyla, R. J. Macdonald, and W. 
J. Rutter. 1979, Isolation of biologically active ribonucleic 
acid from tissues enriched in ribonucleases. Biochemishy. 

10. Ceriotti, G. 1955. Determination of nucleic acid in animal 
tissues. J. Bwl. Chnn. 214: 59-70. 

11. Ausubel, F. M., and M. Frederick. 1987. Current Protocols 
in Molecular Biology. John Wiley and Sons, Vol. 2: 

12. Teng, B. B., C. F. Burant, and N. 0. Davidson. 1993. 
Molecular cloning of an apolipoprotein B messenger 
RNA editing protein. Science. 264.1816-1819. 

13. Chen, SH., G. Habib, GY. Yang, ZW. Gu, G. R. Lee, Sa. 
Weng, S. R. Silberman, SJ. J. Cai, J. P. Deslypere, M. 
Rosseneu, A. M. Gotto, Jr., W-H. Li, and L. Chan. 1987. 
Apolipoprotein B-48 is the product of a messenger RNA 
with an organ-specific in-frame stop codon. Science. 55% 

14. Wu, J., C. F. Semenkovich, SH. Chen, W-H. Li, and L. 
Chan. 1990. Apolipoprotein B mRNA editing: validation 
of a sensitive assay and developmental biology of RNA 
editing in the rat. J. Biol. Chem. 265 12312-12316. 

15. Jiao, S., T. G. Cole, R. T. Kitchens, B. Pfleger, and G. 
Schonfeld. 1990. Genetic heterogeneity of lipoproteins in 
inbred strains of mice: analysis by gel-permeation chre 
matography. Metabolism. 39 155-160. 

16. Laemmli, U. K. 1970. Cleavage of structural proteins 
during the assembly of the head of bacteriophage T4. 
Nature (London). 227: 680-685. 

17. Tuma, D. J., and M. Sorrell. 1988. Effects of ethanol on 
protein trafficking in the liver. Smin. Liver Dis. 8 69-80. 

18. Elovson, J., Y. 0. Huang, N. Baker, and R. Kannan. 1981. 
Apolipoprotein B is structurally and metabolically hetere 
geneous in the rat. Proc. Natl. Acad. Sci. USA. 7 8  157-161. 

19. Van’t Hooft, F. M., D. A. Hardman, J. P. Kane, and R. J. 
Havel. 1982. Apolipoprotein B (B-48) of rat chylomicrons 
is not a precursor of the apolipoprotein of low density 
lipoproteins. Proc. Natl. Acad. Sci. USA. 7 9  179-182. 

20. Dixon, J. L., and H. N. Ginsberg. 1993. Regulation of 
hepatic secretion of apolipoprotein B-containing lipopre 
teins: information obtained from cultured liver cells. J. 
Lipid&. 34: 167-179. 

21. Brown, M. S., andJ. L. Goldstein. 1986. A receptor-medi- 
ated pathway for cholesterol homeostasis. S h .  232: 
34-47. 

22. Teng, B., M. Verp, J. Salomon, and N. 0. Davidson. 1990. 
Apolipoprotein B messenger RNA editing is developmen- 
tally regulated and widely expressed in human tissues.J. 
Biol. C h a .  265: 20616-20620. 

23. Mistilis, S. P., and R. K. Ockner. 1972. Effects of ethanol 
on endogenous lipid and lipoprotein metabolism in small 
intestine.J Lab. Clin. Med. 8 0  34-46. 

24. Baraona, E., R. C. Pirola, and C. S. Leiber. 1973. Pathe 
genesis of postprandial hyperlipemia in rats fed ethanol- 
containing diets.J Clin. Invest. 52: 296-303. 

25. Yang, C. Y., 2. W. Gu, S. A. Weng, T. W. Kim, SH. Chen, 
H. J. Pownall, P. M. Sharp, S-W. Xu, W-H. Li, A. M. Gotto, 
Jr., and L. Chan. 1989. Structure of apolipoprotein B-100 

18: 5294-5299. 

4.6.1-1 1. 

3 6 3 - 3 6 6. 

Lau et al. Dietary regulation of apoB-100 mRNA editing 2077 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


of human low density lipoproteins. Arterioschosis. 9: 

26. Leighton, J. K., J. Joyner, J. Zamarripa, M. Deines, and R. 
A. Davis. 1990. Fasting decreases apoB mRNAediting and 
the secretion of small molecular weight apoB by rat 
hepatocytes: evidence that the total amount of apoB 
secreted is regulated post-transcriptionally. J. Lipid Res. 

27. Davidson, N. O., L. Powell, S. E. Wallis, andJ. Scott. 1988. 
Thyroid hormone modulates the introduction of a stop 
codon in rat liver apoB mRNA. J. Biol. Chem. 263: 

28. Davidson, N. O., R. Carlos, and A. M. Lukaszewicz. 1990. 
Apolipoprotein B mRNA editing is modulated by thyroid 
hormone analogs but not growth hormone administra- 
tion in the rat. Mol. Endom'nol. 4: 779-785. 

29. Inui, Y., A. M. L. Hausman, N. Namthakumar, S. J. 
Henning, and N. 0. Davidson. 1992. ApoB mRNA editing 
in rat liver: developmental and hormonal modulation is 
divergent from apoAIV gene expression despite in- 
creased hepatic 1ipogenesis.J Lipid Res. 33: 1843- 1856. 

30. Smith, H. C., S-R. Kuo, J. W. Backos, S. G. Harris, C. E. 
Sparks, and J. D. Sparks. 1991. In vitro apolipoprotein B 
mRNA editing: identification of a 27s editing complex. 
hoc .  Natl. Acad. Sci. USA. 88: 1489-1493. 

31. Navaratnam, N., R. Shah, D. Patel, V. Fay, and J. Scott. 
1993. Apolipoprotein B mRNA editing is associated with 
UV crosslinking of proteins to the editing site. hoc .  Natl. 
Acad. Sci. USA. 9 0  222-226. 

32. Harris, S. G., I. Sabio, E. Mayer, M. F. Steinberg, J. W. 
Backus, J. D. Sparks, C. E. Sparks, and H. C. Smith. 1993. 

96-108. 

31: 1663-1668. 

13482- 13485. 

Extract-specific heterogeneity in high-order complexes 
containing apolipoprotein B mRNA editing activity and 
RNA-binding proteins. J. Biol. Chem. 468: 7382-7392. 

33. Navaratnam, N., J. R. Morrison, S. Bhattacharya, D. Patel, 
T. Funahashi, F. Giannoni, B. Teng, N. 0. Davidson, and 
J. Scott. 1993. The p27 catalytic subunit of the apolipo- 
protein B mRNA editing enzyme is a cytidine deaminase. 
J Biol. Chem. 268: 20709-20712. 

34. Inui, Y., F. Giannoni, T. Funahashi, andN. 0. Davidson. 
1994. REPR and complementation factor(s) interact to 
modulate rat apolipoprotein B mRNA editing in response 
to alterations in cellular cholesterol flux. J. Lipid Res. 3 5  

35. Funahashi, T., F. Giannoni, A. M. DePaoli, S. F. Skarosi, 
and N. 0. Davidson. 1995. Tissue-specific, developmental 
and nutritional regulation of the gene encoding the cata- 
lytic subunit of the rat apolipoprotein B mRNA editing 
enzyme.J Lipid Res. 36 414-428. 

36. Lau, P. P., S-H. Chen, J. C. Wang, and L. Chan. 1990. A 
40 kilodalton rat liver nuclear protein binds specifically 
to apolipoprotein B mRNA around the RNA editing site. 
Nucleic Acids Res. 18: 5817-5821. 

37. Thorngate, F. E., R. Raghow, H. S. Wilcox, C. S. Werner, 
M. Heimberg, and M. B. Elam. 1994. Insulin promotes 
the biosynthesis and secretion of apolipoprotein B-48 by 
altering apolipoprotein B mRNA editing. Proc. Natl. Acad. 
Sci. USA. 91: 5392-5396. 

38. Seishima, M., C. L. Bisgaier, S. L. Davies, and R. M. 
Glickman. 1991. Regulation of hepatic apolipoprotein 
synthesis in the 17u-ethinyl estradiol-treated rat. J. Lipid 

1477-1489. 

Res. 30: 941-951. 

2078 Journal of Lipid Research Volume 36, 1995 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

