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The effects of ethanol administration on activity and regulation of carnitine palmi-
toyltransferase I (CPT-I) were studied in hepatocytes isolated from rats fed a liquid,
high-fat diet containing 36% of total calories as ethanol or an isocaloric amount of su-
crose. Cells were isolated at several time points in the course of a 5-week experimental
period. Ethanol consumption markedly decreased CPT-I activity and increased enzyme
sensitivity to inhibition by exogenously added malonyl-CoA. Changes in enzyme activity
occurred sooner than those in enzyme sensitivity. Fatty acid oxidation to CO; and ketone
bodies was depressed in hepatocytes from ethanol-fed animals during the first part of
the treatment. At the end of the 35-day period, there were no longer differences in the
rate of ketogenesis between the two groups. At that time, however, the rate of CO, for-
mation was still impaired in the ethanol-fed animals. Furthermore, addition of ethanol
or acetaldehyde to the incubation medium strongly depressed CPT-I activity and rates
of fatty acid oxidation in hepatocytes from ethanol-treated rats, whereas these effects
were much less pronounced in cells from control animals. The response of CPT-I activity
to insulin, glucagon, vasopressin, and phorbol ester was blunted in cells derived from
ethanol-fed rats. These changes in the regulation of CPT-I activity corresponded with
those observed in the rate of fatty acid oxidation. It is concluded that CPT-I may play a
role in the generation of the ethanol-induced fatty liver. o 1988 Academic Press, Inc.

It is well established that both acute and
prolonged ethanol administration cause
accumulation of triacylglycerols in liver.
This has been ascribed to a stimulatory
effect of ethanol on the uptake, synthesis,
and esterification of fatty acids in the liver
and to an inhibitory effect of this drug on
hepatic fatty acid oxidation. Changes in
the rate of secretion of triacylglycerols as
very low density lipoproteins (VLDL)? and
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enhanced mobilization of fatty acids from
adipose tissue are also thought to contrib-
ute to this disorder (for review see Refs. (1-
3)). The present study focuses on the
effects of ethanol feeding on hepatic fatty
acid oxidation, while the accompanying
paper discusses alterations in hepatic
fatty acid and glycerolipid synthesis (4).
Earlier studies have shown that ethanol
inhibits hepatic fatty acid oxidation on the
short term (1, 5-7) and that long-term eth-
anol consumption decreases oxygen uptake
and fatty acid oxidation by hepatic mito-
chondria (8). Carnitine palmitoyltransfer-

PMA, 48-phorbol 123-myristate 13 a-acetate; TDGA,
tetradecylglycidic acid; DMSOQO, dimethyl sulfoxide;
VLDL, very low density lipoproteins.
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ase I (CPT-I), the overt form of carnitine
palmitoyltransferase, is generally consid-
ered to catalyze the rate-limiting step in
the transport of long-chain fatty acids into
the mitochondrial matrix, both in liver and
in extrahepatic tissues (reviewed in (9,
10)). In physiopathological states charac-
terized by variations in the rate of hepatic
fatty acid oxidation, the flux through this
step is changed in parallel (9-15). These
long-term alterations in CPT-I activity are
often accompanied by changes in enzyme
sensitivity to malonyl-CoA, a physiologi-
cal intracellular inhibitor of CPT-I activ-
ity (11-15). The short-term regulatory
properties of the enzyme have not been
studied as extensively as the long-term
adaptive changes due to a lack of a reliable
assay to preserve short-term modulation
of CPT activity. Recently, we have de-
signed a procedure for rapid measurement
of cellular CPT-I activity which allows as-
sessment of short-term changes in enzyme
activity (16).

In the present paper we report the
effects of ethanol feeding on the rates of
hepatic fatty acid oxidation and on the ac-
tivity and regulation of liver CPT-I in the
course of a 35-day experimental period.
The data suggest a crucial role for acetal-
dehyde—the first product of hepatic etha-
nol oxidation—in the inhibition of CPT-I
activity and consequently in the rate of
fatty acid oxidation after prolonged etha-
nol administration. In addition, the short-
term regulatory properties of this enzyme
are markedly altered by ethanol treat-
ment.

MATERIALS AND METHODS

Materials. L-{Me-"*C]Carnitine was kindly provided
by Dr. H. R. Scholte, Erasmus University, Rotterdam
(The Netherlands); [1-"*Cloleate was from New En-
gland Nuclear, Dreieichenhain (FRG); phorbol 12-
myristate 13-acetate (PMA) was purchased from
Sigma (St. Louis, MO); vasopressin was from Boeh-
ringer, Mannheim (FRG); tetradecylglycidic acid
(TDGA) was a gift from Dr. J. M. Lowenstein, Bran-
deis University (Waltheim, MA); insulin and gluca-
gon were donated by Lilly Research Laboratories (In-
dianapolis, IN); 4-methylpyrazole was from Aldrich
(Milwaukee, WI); the origin of all other chemicals has
been described in (16, 17).
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Amnimals and their treatment. Male Wistar rats (195
+ 8 g initial body weight) were used in this study.
They were housed and treated as described in the pre-
ceding paper (4).

Isolation and incubation of hepatocytes. Parenchy-
mal liver cells were isolated, purified, and incubated
as deseribed in the preceding paper (4). Since stock
solutions of PMA, TDGA, and 4-methylpyrazole were
prepared in dimethyl sulfoxide (DMSO), control incu-
bations had the corresponding DMSO content. No sig-
nificant influence of DMSO on CPT-I activity and on
the rate of fatty acid oxidation was observed at the
concentration used (0.1%, v/v).

Measurement of CPT-I activity. In order to preserve
short-term changes of CPT-I activity, rapid measure-
ment of enzyme activity was assessed in permeabil-
ized hepatocytes by monitoring the incorporation of
L-{Me-"*Clearnitine and palmitoyl-CoA into palmi-
toylcarnitine. Further details of this novel assay are
described elsewhere (16, 17).

Measurement of the rate of fatty acid oxidation. Iso-
tope-containing incubations were run in parallel in
order to monitor rates of fatty acid oxidation. Reac-
tions were initiated by the addition of 0.4 mMm albu-
min-bound [1-"*Cloleate (0.05 Ci/mol) and carried on
for 30 min. Further details are given in (16, 17). Ke-
tone bodies were determined as nonvolatile, acid-sol-
uble products in the remaining flask content (18). To-
tal oxidation products were calculated as the sum of
CO; plus ketone bodies.

Other analytical procedures. Cell protein was mea-
sured by the method of Lowry et al (19) using bovine
serum albumin as a standard.

Statistical analysis. Results shown represent means
+ SD of at least two different cell preparations with
incubations carried out in triplicate. Statistical anal-
ysis was performed using the paired ¢ test.

RESULTS

Effects of ethanol feeding on CPT-I activ-
ity and on fatty acid oxidation. The effects
of ethanol administration on CPT-I activ-
ity and on fatty acid oxidation were stud-
ied in hepatocytes isolated from rats fed a
liquid, high-fat diet containing 36% of to-
tal calories as ethanol (ethanol group) or
an isocaloric amount of sucrose (control
group) for 35 days. During this period eth-
anol consumption induced a marked in-
crease of triacylglycerol levels in both liver
and serum VLDL (4). CPT-I activity was
determined in hepatocytes isolated from
both groups of animals after 1, 14, and 35
days on the experimental diets. As can be
inferred from Fig. 1A, ethanol feeding rap-
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F1G. 1. Activity of carnitine palmitoyltransferase I
and rate of fatty acid oxidation in hepatocytes iso-
lated at different time points in the course of a 35-day
dietary treatment period in ethanol-treated (shaded
bars) and control (open bars) rats. (A) Carnitine pal-
mitoyltransferase I activity; (B) fatty acid oxidation
to ketone bodies; (C) fatty acid oxidation to CO;. Er-
ror bars indicate +SD. Significantly different from
control: *P < 0.01; **P < 0.05.

idly decreased hepatic CPT-I activity. Af-
ter 1 day of ethanol consumption the en-
zyme activity was reduced to about 656% of
that measured in the control group. This
difference in enzyme activity can still be
observed at the end of the 5-week experi-
mental period.

It is generally agreed that acute doses of
ethanol inhibit fatty acid oxidation (5-7).
This effect has been proposed to make a
major contribution to the generation of a
fatty liver after acute ethanol treatment
(reviewed in (1)). The effects of continuous
ethanol feeding on the rate of fatty acid ox-
idation, on the other hand, are less well es-
tablished. As shown in Fig. 1C, ethanol ad-
ministration produced a rapid decrease in
the rate of CO; production from added ole-
ate. This effect is still apparent in the etha-
nol-fed group after 5 weeks of dietary
treatment. After 1 day of ethanol con-
sumption ketone body formation was also
depressed in hepatocytes from ethanol-fed
animals as compared to control cells (Fig.
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1B). However, upon continuation of etha-
nol feeding the rate of ketogenesis is grad-
ually restored to control values at the end
of the 35-day treatment period.

Effects of ethanol feeding on enzyme sen-
sitivity to inhibitors. Ethanol administra-
tion also led to alterations in enzyme sensi-
tivity to malonyl-CoA, a physiological in-
tracellular inhibitor of CPT-I activity (9).
At Day 1 and Day 14 of dietary treatment
no significant effect of ethanol feeding on
the sensitivity of hepatic CPT-I to added
malonyl-CoA was observed (Fig. 2A).
However, enzyme activity was markedly
more sensitive to inhibition by malonyl-
CoA in the ethanol-fed group than in the
controls after 35 days of dietary treat-
ment. Hence, differences in enzyme activ-
ity seem to precede alterations in enzyme
sensitivity to malonyl-CoA.

Several synthetic inhibitors of CPT-I ac-
tivity are available at present (20). The use
of these compounds provides a tool for the
study of the regulatory properties of this
complex enzyme system. When trans-
formed into its CoA ester, TDGA is a po-

CARNITINE PALMITOYLTRANSFERASE ACTIVITY
(% of incubations without additions}

0
DAY OF TREATMENT

FiG. 2. Hepatic carnitine palmitoyltransferase 1
sensitivity to inhibitors as determined in hepatocytes
isolated at different time points during a 5-week ex-
perimental period in ethanol-treated (shaded bars)
and control (open bars) animals. (A) Enzyme activity
was determined in the absence or presence of exoge-
nously added malonyl-CoA (50 uM); (B) prior to mea-
suring enzyme activity, cells were preincubated for 30
min with or without 10 uM TDGA. Error bars indicate
+SD. Significantly different from control: *P < 0.01.
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tent inhibitor which interacts specifically
and directly with CPT-I (20). In agreement
with previous data (21), addition of TDGA
to hepatocytes strongly inhibited CPT-I
activity (Fig. 2B) as well as the rate of
fatty acid oxidation (not shown). No
difference in the sensitivity of these two
parameters to inhibition by TDGA was ob-
served between hepatocytes isolated from
ethanol-fed rats and those from control
animals. Thus, chronic¢ ethanol adminis-
tration modifies CPT-I sensitivity to the
physiological inhibitor malonyl-CoA but
not to the synthetic inhibitor TDGA.
Short-term effects of ethanol and acetal-
dehyde on CPT-I activity and on fatty acid
oxidation. The alterations in CPT-I activ-
ity and fatty acid oxidation as described
above for rats fed the ethanol-containing
diet may be accompanied by changes in the
response of these two parameters to acute
doses of ethanol. Hence, CPT-I activity and
rates of fatty acid oxidation were also de-
termined in cells incubated in the presence
of 20 mM ethanol. Hepatocytes isolated
from ethanol-fed rats on the first day after
the initiation of the ethanol administra-
tion behave in the same manner as cells ob-
tained from the control animals (Table I).
In both types of hepatocytes, addition of
ethanol to the incubation medium mark-
edly decreased CPT-I activity and rates of
fatty acid oxidation, mainly CO, forma-
tion. However, at Day 35 of the dietary
treatment period, CPT-I activity and fatty
acid oxidation in hepatocytes from etha-
nol-fed rats were much more sensitive to
addition of ethanol to the incubation me-
dium than were these parameters mea-
sured in cells isolated from control rats
(Table I). Thus, prolonged ethanol admin-
istration to rats magnifies the ethanol-in-
duced inhibition of CPT-I activity, as well
as that of CO; formation and ketone body
production from exogenous fatty acids.
This may spare fatty acids for esterifica-
tion and may thus contribute to the accu-
mulation of triacylglycerols in the liver af-
ter chronic ethanol consumption.
Oxidation of ethanol in the liver pro-
duces acetaldehyde, which is primarily ox-
idized within mitochondria (22-24). Acet-
aldehyde is an extremely toxic compound
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with numerous effects on mitochondrial
functions (25-27). Therefore, we examined
the effects of acetaldehyde on CPT-I activ-
ity and on fatty acid oxidation in cells iso-
lated from ethanol-fed and control rats at
different times during a 5-week experi-
mental period. Table I shows that addition
of acetaldehyde to the incubation medium
inhibited CPT-I activity as well as fatty
acid oxidation after 1 day of initiation of
the dietary treatment. Continuation of the
dietary treatment led to an increased sus-
ceptibility of both CPT-I activity and fatty
acid oxidation to inhibition by acetalde-
hyde in cells obtained from ethanol-fed an-
imals, but not from controls (Table I). This
toxic effect of acetaldehyde was indeed
magnified when the conversion of acetal-
dehyde to ethanol was blocked by 4-meth-
ylpyrazole, a well-known inhibitor of alco-
hol dehydrogenase (28). Addition of 4-
methylpyrazole alone to the incubation
medium had no significant effect on CPT-
I activity and fatty acid oxidation at the
concentration used (0.5 mM). Furthermore,
addition of 4-methylpyrazole to the incu-
bation medium completely prevented the
ethanol-induced inhibition of CPT-I activ-
ity and fatty acid oxidation (data not
shown). Taken together, these data sug-
gest that acetaldehyde may play an impor-
tant role in the ethanol-induced inhibition
of the fatty acid oxidative process.

Effects of ethanol feeding on short-term
hormonal regulation of CPT-I activity and
Jatty acid oxidation. Short-term regulation
of CPT-I activity and fatty acid oxidation
by hormones was studied in hepatocytes
isolated from ethanol-treated and control
animals in the course of the 35-day dietary
treatment period.

Insulin and glucagon displayed opposite
effects on CPT-I activity. The former in-
hibited whereas the latter increased en-
zyme activity (Table II). At Day 1 of the
dietary treatment, hepatocytes isolated
from ethanol-fed rats showed the same
sensitivity to these two hormones as did
cells from control animals. However, con-
tinuation of ethanol administration led to
loss of CPT-I sensitivity to short-term in-
cubation with insulin and glucagon (Table
IT). These changes in the regulatory prop-
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TABLE I

SHORT-TERM EFFECTS OF ETHANOL AND ACETALDEHYDE ON CARNITINE PALMITOYLTRANSFERASE-I ACTIVITY
AND FATTY ACID OXIDATION IN ISOLATED RAT HEPATOCYTES

Oleate oxidation

Type of
diet CPT-1 Ketone Total oxidation
Addition (day) activity CO; bodies products
(% of incubations without additions)

Ethanol (20 mm) C-1 7.9+ 78 60.4+128 8411109 764119
E-1 694+ 3.0 430+ 6.6 89.1+ 134 721+ 62
C-14 84+ 22 652+ 4.6 845+14.1 788+120
E-14 644+ 3.1* 38.3 + 10.2** 76.8+ 10.6 671+ 8.7
C-35 909+ 29 650+ 83 96.7+ 5.7 868+ 6.3

E-35 574+ 5.8** 319+ 58** 740+ 25** 64.8+ 1.7**
Acetaldehyde (10 mm) C-1 830+ T4 63.7+ 54 912+ 8.6 822+ 22
E-1 849+ 6.2 573+ 99 84.7+13.7 71.0+ 52
C-14 90.7+ 8.3 59.3+13.2 945+ 8.6 835+ 84
E-14 69.4+ T.7* 46.1 +10.7 81.0 +10.8 710+ 69
C-35 874+ 59 871+ 98 946+ 3.9 918+ 09

E-35 64.1 + 5.7** 33.6 + 14.6** 778+ 24* 684+ 04**
Acetaldehyde (10 mm) C-1 83.1+14.3 31.0+ 27 834+ 32 66.7+ 3.8
plus 4-methylpyrazole E-1 80.7+ 5.7 334+ 56 848+ T4 658+ 24
(0.5 mM) C-14 814+ 1.7 388+ 25 862+ 9.3 705+ 32
E-14 594+ 5.8** 326+ 4.1 810+ 6.2 67.8+10.0
C-35 80.7+ 8.1 542+ 12.6 904+ 4.6 789+ 6.6

E-35 469+ 9.5%* 18.0+ 7.3** 689+ 4.6%* 578+ 6.5%*

Note. In the course of the 35-day dietary treatment period hepatocytes were isolated at the indicated days
from ethanol-fed (E) or control (C) animals. Following a 20-min preincubation period of cells with the indi-
cated additions, assays for CPT-I activity and oleate oxidation were started. Versus the respective control: *P

< 0.05; **P < 0.01.

erties of CPT-I activity corresponded to
parallel variations in the rate of fatty acid
oxidation (Table II). Similarly, the re-
sponse of CPT-I activity and fatty acid oxi-
dation to inhibition by vasopressin was
progressively blunted in hepatocytes iso-
lated from ethanol-fed animals along the
experimental period (Table II). Therefore,
CPT-I activity becomes progressively in-
sensitive to short-term hormonal regula-
tion after chronic ethanol feeding. Tumor
promoting phorbol esters such as PMA are
able to mimic certain aspects of vasopres-
sin action (29). Therefore, we studied the
effects of PMA on CPT-I activity and on
fatty acid oxidation during the dietary
treatment period. As shown above for va-
sopressin, long-term ethanol consumption
led to a progressive loss of response of both

CPT-I activity and fatty acid oxidation to
inhibition by PMA (Table II).

DISCUSSION

In the present paper we have presented
the effects of ethanol feeding for 1, 14, or
35 days on the activity and regulation of
CPT-I in isolated rat hepatocytes made
permeable with digitonin. Parallel incuba-
tions were run to monitor rates of fatty
acid oxidation. The results of this study
show a good correlation between changes
in hepatic CPT-I activity and those in the
rate of fatty acid oxidation, supporting the
idea that this enzyme represents an impor-
tant control point of the fatty acid oxida-
tive process (reviewed in (9, 30)).

As can be seen in Fig. 1A, ethanol ad-
ministration leads to a decrease of CPT-I



EFFECTS OF ETHANOL ON HEPATIC FATTY ACID OXIDATION

585

TABLEII

EFFECTS OF ETHANOL ON SHORT-TERM HORMONAL CONTROL OF CARNITINE PALMITOYLTRANSFERASE-I
ACTIVITY AND OF FATTY ACID OXIDATION IN ISOLATED HEPATOCYTES

CPT-1 Total oxidation products
Additions Day Control Ethanol fed Control Ethanol fed
(% of incubations without additions)
Insulin (85 nM) 0 850+ 7.8 846+ 10
1 83.7+ 1.0 904+ 21 876+ 1.2 881+ 4.6
14 88.1+ 45 938+ 1.6 823+ 19 89.2+ 20
35 864+ 3.2 953+ 24* 836+ 38 95.7+ 0.6*
Glucagon (10 nM) 0 1207+ 25 129.7+ 3.3
1 130.2+19.2 1368+ 1.8 122.8 +10.7 128.1+11.2
14 1321+ 6.3 110.0 + 10.6* 1220+ 8.7 1099+ 0.4*
35 1364+ 4.1 1123+ 6.3* 1347+ 05 1155+ 7.8*
Vagopressin (100 nM) 0 819+ 6.7 878+ 23
1 883+ 83 91.0+ 23 904+ 79 90.1x 15
14 840+ 33 889+ 26 827+ 27 93.0+ 84
35 883+ 1.8 1004 + 4.1* 86.1+ 4.1 96.8+ 1.5*
PMA (1 uM) 0 56.8+ 9.7 520+ 9.3
1 56.2 +13.8 77.9+16.7 621x 0.6 66.6+ 84
14 642+ 3.1 75.8 +10.6 59.3+ 4.0 704+ 93
35 581+ 19 90.6 + 4.8%* 564+ 45 86.8+ T.3**

Note. In the course of the 35-day dietary treatment period hepatocytes were isolated at the indicated days
from ethanol-fed or control animals. Following a 30-min preincubation period of cells with the indicated addi-
tions, assays for CPT-I activity and oleate oxidation were started. Versus the respective control: *P < 0.05;

**P <0.01.

activity when measured with the perme-
abilized cell assay. This is in agreement
with results in which isolated liver mito-
chondria were used (15, 31). Others, on the
other hand, did not observe a reduction of
hepatic CPT activity after chronic ethanol
feeding to rats (8). These authors used
freeze-thawed mitochondria for measur-
ing enzyme activity. This may be the rea-
son for the discrepancy since such a proce-
dure may damage the mitochondrial inner
membrane and may thereby modify the
catalytic and regulatory properties of the
CPT system as well as expose the inner
form of the enzyme (CPT-II). As CPT-II
has a much higher activity than CPT-I (9,
21), variations in CPT-I activity due to eth-
anol consumption will be masked when the
combined activities of CPT-I and CPT-II
are determined.

It is important to point out that other
enzyme activities related to lipid metabo-

lism reveal certain adaptive changes after
35 days of ethanol feeding. For example,
the activities of rat liver acetyl-CoA car-
boxylase, fatty acid synthase, and diacyl-
glycerol acyltransferase differ between
ethanol-fed and control animals in the be-
ginning of the dietary treatment, but after
5 weeks of ethanol administration these
differences disappeared despite continua-
tion of triacylglycerol accumulation in the
livers of the ethanol group (see preceding
paper (4)). Thus, inhibition of CPT-I activ-
ity all along the experimental period may
make a major contribution to the genera-
tion of ethanol-induced fatty liver.
Changes in CPT-I activity under differ-
ent physiopathological conditions such as
fasting (11), hyper- and hypothyroidism
(12, 14), and diabetes (13) are accompanied
by variations in enzyme sensitivity to mal-
onyl-CoA, the physiological enzyme inhib-
itor (9). Ethanol administration reduced
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CPT-I activity and increased enzyme sen-
sitivity to exogenously added malonyl-CoA
(Fig. 2). Interestingly, changes in CPT-I
activity appeared sooner than those in en-
zyme sensitivity. However, when isolated
rat liver mitochondria were used, varia-
tions in enzyme activity and malonyl-CoA
sensitivity by ethanol feeding were ob-
served to occur in parallel (15). The reason
for this discrepancy is unknown yet. It is
noteworthy that enzyme sensitivity to the
synthetic unhibitor TDGA was not altered
by ethanol feeding (Fig. 2B). Hence, the al-
terations in CPT-I response to inhibition
by malonyl-CoA seem to be rather specific.
Results shown in Fig. 1C demonstrate
that CO, production from exogenous fatty
acids is inhibited in hepatocytes isolated
from ethanol-fed animals as compared to
control rats already after 1 day of dietary
treatment. Decreased oxidation of fatty
acids in the liver has been proposed as the
most likely explanation for the ethanol-in-
duced hepatic deposition of dietary fat or
fat derived from endogenous synthesis (1).
This has been ascribed to effects of ethanol
on @-oxidation, citric acid cycle activ-
ity, and the electron-transport chain (re-
viewed in (1-3)). Although the rate of fatty
acid oxidation to CO; was depressed in the
ethanol-fed rats at the indicated time
points, the rate of ketogenesis which is in-
hibited right at the beginning of ethanol
consumption is less inhibited at Day 14 of
treatment and reached control values at
the end of the 5-week experimental period
(Fig. 1B). This could be associated with the
striking functional abnormalities ocecur-
ring in liver mitochondria after chronic
ethanol feeding (25-27). Lefevre et al. (32)
have shown enhanced ketogenesis in liver
slices from ethanol-fed rats in the absence
of ethanol. Our results show that fatty acid
oxidation is depressed in hepatocytes iso-
lated from long-term ethanol-treated ani-
mals as compared to controls. The diminu-
tion of fatty acid oxidation after 35 days of
treatment, however, is mainly due to im-
pairment of the tricarboxylic acid cycle.
Acetaldehyde, the product of the action
of alcohol dehydrogenase, catalase, or the
microsomal ethanol-oxidizing system on
ethanol, is also able to inhibit hepatic fatty
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acid oxidation (23, 33). Acute doses of acet-
aldehyde have been shown to inhibit 8-oxi-
dation, citric acid cycle activity, and the
respiratory chain in rat liver mitochondria
(33). In addition, prolonged ethanol admin-
istration reduces the ability of rat liver mi-
tochondria to metabolize acetaldehyde
(34). Our results demonstrate that hepato-
cytes from ethanol-treated animals de-
velop a markedly increased susceptibility
to the inhibitory effects of acute doses of
ethanol and acetaldehyde on CPT-I activ-
ity and the rates of fatty acid oxidation
(Table I). These findings support the idea
that after chronic ethanol consumption ae-
etaldehyde becomes really injurious to he-
patic mitochondria, contributing to the
ethanol-induced accumulation of triacyl-
glycerols in the liver (34, 35). More than a
decade ago, Hasumura et al. (34) proposed
the theory of a “vicious cycle” induced by
long-term ethanol consumption: chronic
ethanol uptake would lead to an increased
acetaldehyde concentration, which will
impair mitochondrial functions including
the capacity of mitochondria to oxidize ac-
etaldehyde. This in turn will elevate acet-
aldehyde levels even further, thereby per-
petuating liver damage. Our results not
only support this notion, but also suggest
a central role of CPT-I in the ethanol-in-
duced inhibition of fatty acid oxidation.
There is accruing evidence indicating
that hepatic CPT-I activity is regulated on
the long term by changes in the hormonal
and nutritional status of the animal (11-
15). However, few data are available show-
ing short-term regulation of the enzyme
activity by cellular effectors. This may in-
dicate that short-term changes in CPT-I
activity are difficult to preserve during the
procedure of cell breakage and subsequent
isolation of mitochondria. Using the per-
meabilized cell assay for measuring CPT-1
activity, it is possible to demonstrate
short-term hormonal modulation of CPT-I
activity (16). Thus, we also investigated
short-term regulation of CPT-I activity
and the rate of fatty acid oxidation in he-
patocytes isolated from both experimental
groups. The well-known opposite effects of
insulin and glucagon on fatty acid oxida-
tion (18) were also reflected in CPT-I activ-
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ity. However, the response to these hor-
mones was blunted in cells isolated from
ethanol-treated rats at the end of the 5-
week experimental period (Table II). The
molecular basis for these adaptive changes
is presently unknown. Recently, Boon and
Zammit (36) also published a procedure
for determining CPT-I activity in digito-
nin-permeabilized hepatocytes. However,
these authors did not observe short-term
effects of insulin or glucagon on activity
and malonyl-CoA sensitivity of hepatocel-
lular CPT-I. Their method is quite differ-
ent from the one presented in the present
article. We perform both the permeabiliza-
tion of the cells and the assay of enzyme
activity at the same time in a 1-min proce-
dure while Boon and Zammit follow a
much more complicated and time-consum-
ing schedule. This may be the reason for
the lack of hormone effects on CPT-I activ-
ity measured with their method.

CPT-I response to vasopressin was also
blunted after chronic ethanol consumption
(Table II). Binding of vasopressin to its
specific membrane receptor triggers phos-
phatidylinositol 4,5-bisphosphate hydroly-
sis to generate diacylglycerol and inositol
1,4,5-trisphosphate as second messengers
(87). It has been suggested that the diacyl-
glycerol limb of the phosphatidylinositol
4,5-bisphosphate breakdown is solely re-
sponsible for the regulation of hepatic
fatty acid synthesis by vasopressin (38).
Tumor promoting phorbol esters such as
PMA are able to replace endogenous diac-
ylglycerols in the activation of protein ki-
nase C through promotion of the translo-
cation of this enzyme from the soluble to
the particulate fraction of the cells (29).
The fact that CPT-I response to PMA is
quite similar—at least from a qualitative
point of view—to that of vasopressin dur-
ing ethanol administration suggests that
(i) the diacylglycerol limb of the phospha-
tidylinositol 4,5-bisphosphate hydrolysis
may control fatty acid transport into the
mitochondria and/or (ii) the disappear-
ance of enzyme response to vasopressin
could be, at least partially, a postreceptor
defect. Further research is required to
clarify the molecular basis of these effects.
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In conclusion, the present article pro-
vides evidence that ethanol feeding pro-
foundly alters the activity and short-term
regulation of hepatic CPT-I, the key en-
zyme in the transport of fatty acids into
the mitochondria. The impairment of both
the oxidation of fatty acids and the activity
of CPT-I after prolonged ethanol consump-
tion, as well as the enhanced susceptibility
of these two parameters to inhibition by
acute doses of ethanol and acetaldehyde,
may play a crucial role in the generation of
ethanol-induced fatty liver.
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