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Abstract
Studies in both humans and animals suggest a positive relationship between the intake of ethanol
and intake of fat, which may contribute to alcohol abuse. This relationship may be mediated, in part,
by hypothalamic orexigenic peptides such as orexin (OX), which stimulate both consumption of
ethanol and fat, and circulating triglycerides (TG), which stimulate these peptides and promote
consummatory behavior. The present study investigated this vicious cycle between ethanol and fat,
to further characterize its relation to TG and to test the effects of lowering TG levels. In Experiment
1, the behavioral relationship between fat intake and ethanol was confirmed. Adult male Sprague-
Dawley rats, chronically injected with ethanol (1 g/kg i.p.) and tested in terms of their preference for
a high-fat compared to low-fat diet, showed a significant increase in their fat preference, compared
to rats injected with saline, in measures of 2 h and 24 h intake. Experiment 2 tested the relationship
of circulating TG in this positive association between ethanol and fat, in rats chronically consuming
9% ethanol vs. water and given acute meal tests (25 kcal) of a high-fat vs. low-fat diet. Levels of TG
were elevated in response to both chronic drinking of ethanol vs. water and acute eating of a high-
fat vs. low-fat meal. Most importantly, ethanol and a high-fat diet showed an interaction effect,
whereby their combination produced a considerably larger increase in TG levels (+172%) compared
to ethanol with a low-fat diet (+111%). In Experiment 3, a direct manipulation of TG levels was
found to affect ethanol intake. After administration of gemfibrozil (50 mg/kg i.g.) compared to
vehicle, TG levels were lowered by 37%, and ethanol intake was significantly reduced. In Experiment
4, the TG-lowering drug gemfibrozil also caused a significant reduction in the expression of the
orexigenic peptide OX, in the perifornical lateral hypothalamus. These results support the existence
of a vicious cycle between ethanol and fat whereby each nutrient stimulates intake of the other. Within
this vicious cycle, ethanol and fat act synergistically to increase TG levels, which in turn stimulate
peptides that promote further consumption, and these phenomena are reversed by gemfibrozil, which
lowers TG levels.
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Introduction
Ethanol and dietary fat are closely related at the behavioral level. Clinical evidence shows
significantly elevated ethanol intake in subjects consuming fat (Kesse et al., 2001). Conversely,
greater fat consumption is seen in ethanol drinkers compared to non-drinkers or in high-ethanol
compared to low-ethanol drinkers (Gruchow et al., 1985; Herbeth et al., 1988; Le Marchand
et al., 1989; Männistö et al., 1997; Swinburn et al., 1998). Additional studies reveal a co-
morbidity of bingeing on fat-rich foods with high rates of alcoholism (Hasunen et al., 1977;
Rotily et al., 1990), while carbohydrate intake is inversely related to ethanol consumption
(Forsander, 1998; Gruchow et al., 1985). These reports suggest the existence of a positive
relationship between ethanol and fat intake in human subjects.

Studies in rats have yielded similar results relating ethanol to fat consumption. Animals that
prefer fat exhibit higher ethanol intake than do carbohydrate-preferring rats (Carrillo et al.,
2004; Krahn and Gosnell, 1991). Furthermore, rats show greater ethanol intake after acute
exposure to a high-fat diet (HFD) compared to a low-fat diet (LFD) rich in carbohydrate, and
they also drink more ethanol after injection of the fat-emulsion, Intralipid, compared to saline
(Carrillo et al., 2004). In one study, rats exhibited greater ethanol intake when maintained
chronically on a HFD (Pekkanen et al., 1978), although this was not confirmed in a subsequent
report using a different feeding paradigm and diet composition (Fisher et al., 2002).

Circulating triglycerides (TG) show a strong, positive correlation with both ethanol and fat
intake and thus may serve as a common link between these two ingestive behaviors.
Triglycerides packaged as chylomicrons invariably rise in proportion to the amount of fat
consumed (Bahceci et al., 1999; Schrezenmeir et al., 1997) and can be lowered by fibrate drugs
such as gemfibrozil (Lopid) (Donnelly et al., 1994; Frick et al., 1987). These lipids are raised
by acute or chronic fat exposure (Chang et al., 2007b; Wortley et al., 2003), which in the short
term may have a stimulatory effect on ethanol consumption (Carrillo et al., 2004). Circulating
TG are positively correlated with acute and chronic ethanol consumption in animals and
humans (Chang et al., 2007a; Contaldo et al., 1989; Goude et al., 2002), perhaps due to a
reduced clearance of TG from the blood (Baraona et al., 1983; Siler et al., 1998) and a decrease
in fat oxidation (Siler et al., 1998). This stimulatory effect of ethanol on circulating TG may
contribute to the enhanced fat consumption seen in ethanol drinkers compared to non-drinkers
in previous studies (Herbeth et al., 1988; Le Marchand et al., 1989; Männistö et al., 1997). This
is supported by the finding that TG elevated by a high-fat meal are associated with an increase
in caloric intake in a subsequent test meal (Gaysinskaya et al., 2007). Moreover, direct
manipulations of TG levels reveal their importance in the control of food intake and body
weight, as illustrated by the ability of fenofibrate, a TG-lowering drug, to prevent the
development of obesity in mice fed a HFD (Jeong et al., 2004). In the clinical literature, ethanol
consumed with a high-fat meal has been shown to exacerbate the lipemic effects of the dietary
fat (Fielding et al., 2000; Pownall, 1994). This evidence supports the involvement of circulating
TG in the positive relationship between ethanol and dietary fat.

In addition to their similar effects on TG levels, ethanol and fat are also found to have similar
effects on specific hypothalamic, orexigenic peptides (Leibowitz, 2007). Recent studies have
focused on opioid peptides (Chang et al., 2007a; Chang et al., 2007b) and on the peptide orexin
(OX), which is believed to have a role in processes of arousal and reward (Harris and Aston-
Jones, 2006). Chronic and acute consumption of a HFD, along with raising TG, stimulates the
expression of OX (Wortley et al., 2003), and similar effects on TG and OX are seen with
peripheral injection of the fat emulsion, Intralipid (Chang et al., 2004). These results,
suggesting that TG are involved in the effect of dietary fat on OX, are substantiated by evidence
showing Intralipid to increase c-Fos-like immunoreactivity in specific neurons of the
perifornical lateral hypothalamus (PFLH) that synthesize OX (Chang et al., 2004; Lo et al.,
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2007). Further investigations reveal a similar relationship of ethanol to OX. Studies in rats
chronically consuming ethanol, which increases circulating TG (Chang et al., 2007a),
demonstrate an analogous increase in OX in the PFLH (Lawrence et al., 2006). The
involvement of OX in this positive relationship between fat and ethanol is also supported by
injection studies, which show an increase in ethanol intake after hypothalamic OX injection
(Schneider et al., 2007), increased intake of a HFD after ventricular OX injection (Clegg et al.,
2002), and a reduction in ethanol craving and self-administration after peripheral
administration of an OX 1 receptor antagonist (Lawrence et al., 2006). This evidence suggests
that a positive feedback exists between OX and ethanol, similar to the relationship between
OX and dietary fat.

The present study was carried out to further elucidate the relationship between ethanol and fat
and determine whether TG and OX mediate this connection. Specifically, this investigation
sought to determine whether: 1) ethanol intake increases preference for dietary fat, just as fat
increases ethanol intake; 2) ethanol and fat synergize in their stimulatory effect on TG levels;
3) lowering TG levels with gemfibrozil reduces ethanol intake; and 4) lowering TG suppresses
the orexigenic peptide, OX, which stimulates ethanol as well as fat intake.

Materials and methods
Subjects and home cage conditions

Subjects in all studies were 200-250 g, male Sprague-Dawley rats from Taconic Farms
(Germantown, NY). They were individually housed in hanging wire cages and maintained on
a 12:12-hr light-dark cycle with ad libitum access to LabDiet rodent chow (St. Louis, MO)
unless otherwise stated. Water was always available, either through an automated system or
through graduated cylinders attached to the cages. All animal procedures used in these studies
were reviewed in advance by the Princeton University Institutional Animal Care and Use
Committee and followed the NIH Guide for the Care and Use of Laboratory Animals. Adequate
measures were taken to minimize animal pain and discomfort.

Diets
The HFD and LFD used in this report have been described in detail in previous publications
(Dourmashkin et al., 2006; Leibowitz et al., 2004). The constituents of the LFD were fat from
10% vegetable oil, carbohydrate from 30% dextrin, 30% cornstarch (ICN Pharmaceuticals),
and 40% sucrose (Domino), and protein from casein (Bioserv, Frenchtown, NJ) and 0.03% L-
cysteine hydrochloride (ICN Pharmaceuticals). The constituents of the HFD were fat from 75%
lard (Armour) and 25% vegetable oil (Crisco), carbohydrate from 30% dextrin, 30% cornstarch
(ICN Pharmaceuticals), and 40% sucrose (Domino), and protein from casein (Bioserv) and
0.03% L-cysteine hydrochloride (ICN Pharmaceuticals). These solid diets were supplemented
with minerals (USP XIV Salt Mixture Briggs; ICN Pharmaceuticals) and vitamins (Vitamin
Diet Fortification Mixture; ICN Pharmaceuticals). The macronutrient composition of these
diets was calculated as percentage of total kcal, with the LFD containing 10% fat, 65%
carbohydrate, and 25% protein (3.8 kcal/g) and the HFD containing 50% fat, 25%
carbohydrate, and 25% protein (5.2 kcal/g).

Acquisition of oral ethanol intake
For experiments using voluntary ethanol intake, subjects were acclimated to ethanol gradually,
using a variant of the two-bottle choice paradigm (Martinetti et al., 2000). Animals were
exposed to unsweetened ethanol in plastic bottles for 12 h each day, starting 4 h into the dark
cycle. Unless otherwise stated, every four days, the concentration of ethanol was increased in
the following manner: 1%, 2%, 4%, 7% and, in some cases, 9% (v/v).
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Test procedures
Experiment 1 was designed to test the effect of ethanol vs. saline on the rats’ preference for
the HFD compared to the LFD. Rats (N = 12) were matched for weight and given daily
injections of ethanol 10% v/v (1 g/kg i.p.) or saline for 21 days. During the next 4 days, they
were injected with ethanol or saline (n = 6/group) as before but were additionally given a 2-h
meal test at dark onset with lab chow removed. For the next 2 days after that, they were given
both HFD vs. LFD ad libitum for 24 h and their intake was measured to determine their relative
preference for the two diets.

Experiment 2 tested the effect on TG levels of a meal test with HFD vs. LFD in combination
with chronic drinking of ethanol vs. water. Rats were trained to consume 9% ethanol with water
and chow available or were maintained on water and chow alone. They were then matched for
weight and ethanol consumption and divided into 4 groups as follows: 1) HFD plus chronic
ethanol and water (n = 6); 2) HFD plus only water (n = 4); 3) LFD plus chronic ethanol and
water (n = 5); and 4) LFD plus only water (n = 4). After the rats were acclimated to their
assigned diet with 1 h of exposure for each of 6 days, they were tested for 1 h with 25 kcal of
the diet, with chow removed, immediately prior to daily ethanol access. Ethanol and water
intake were measured 2 h after the end of the test meal. Trunk blood from rats that consumed
at least 16 kcal of the meal was then collected for measurements of TG levels. At this time, the
ethanol-drinking rats had 26 days of access to ethanol.

Experiment 3 determined the effect of a lipid-lowering drug on ethanol intake. Rats (n = 18)
were trained to consume 7% ethanol. Once they had attained a weight of at least 300 g, they
were mock-gavaged to acclimate them to the procedure. Following the acclimation, they were
tested in a counter-balanced, within-subject design during 2 days, wherein half of the group
received gemfibrozil (50 mg/kg i.g.) on one day and vehicle (Tween 20, Sigma-Aldrich Co.,
St. Louis, MO) on the next day, and vice versa for the other half. Starting 2 h into the dark
cycle, food was removed from the home cage, and rats were gavaged with gemfibrozil or
vehicle. Two hours later, ethanol and chow were returned to the cage and were measured for
4 h. Tail vein blood was drawn for measurement of TG levels both before and 2 h after gavage,
prior to ethanol access.

Experiment 4 tested the effects of gemfibrozil on OX expression. Rats (n = 30) were trained
to drink 7% ethanol and were acclimated to the gavage procedure as in Experiment 3. Subjects
were tested in a between-subject design, wherein rats were administered gemfibrozil (n = 15)
or vehicle (n = 15) for 5 d. On the 5th day, after they had received their last gavage, ethanol
and food intake were measured for 1 h, and rats were then sacrificed for analysis of OX mRNA
using real-time quantitative PCR. Trunk blood was collected at the time of sacrifice for
measurement of TG levels.

Brain dissections
Immediately after sacrifice, the brains examined using real-time quantitative PCR were placed
in a matrix with the ventral surface facing up, and three 1.0 mm coronal sections were made,
with the middle optic chiasm as the anterior boundary. As previously described (Chang et al.,
2004), the sections were placed on a glass slide, and the PFLH (Bregma -2.8 to -3.6 mm) was
rapidly microdissected under a microscope, using the fornix and third ventricle as landmarks.
The dissection was taken from the area surrounding the fornix, within a range of 0.2 mm medial
and ventral to the fornix, 0.3 mm dorsal and 0.1 mm lateral. These dissections were immediately
frozen in liquid nitrogen and stored at -80° C until processed.
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Real-time quantitative PCR analysis
As previously described (Chang et al., 2008), total RNA from pooled microdissected
hypothalamic samples was extracted with TRIzol reagent. RNA was treated with RNase-free
DNase I before RT, and cDNA and minus RT were synthesized using an oligo-dT primer with
or without SuperScript II reverse transcriptase. The real-time PCR was performed with Applied
Biosystems’ system. With Applied Biosystems Primer Express V1.5a software, primers were
designed to have a melting temperature of 58-60°C and to produce an amplicon of 50-150 bp.
The last five bases on the 3’ end contained no more than 2 G and/or C bases to reduce the
possibility of nonspecific product formation. For orexin (OX), the primer pairs (5’-
AGATACCATCTCTCCGGATTGC-3’ and 5’ CCAGGGAACCTTTGTAGAAGGA-3’)
(GenBank #AF019565) generate a 73 bp amplicon corresponding to the nucleotide 48-121 of
the sequence. For the house-keeping genes, the primer pairs for β-actin (5’-GGC CAA CCG
TGA AAA GAT GA-3’ and 5’-CAC AGC CTG GAT GGC TAC GT-3’ (GenBank
#NM031144) generate a 79 amplicon corresponding to the nucleotide 420-498 of the sequence
that crosses exon 2 and exon 3. The SYBR Green PCR core reagents kit (Applied Biosystems,
Foster City, CA) was used, with β-actin as endogenous control. PCR was performed in
MicroAmp Optic 96-well Reaction Plates (Applied Biosystems, Foster City, CA) on an ABI
PRISM 7900 Sequence Detection system (Applied Biosystems, Foster City, CA), with the
condition of 2 min at 50°C, 10 min at 95°C, then 40 cycles of 15 s at 95°C and 1 min at 60°C.
Each study consisted of 4 independent runs of PCR in triplicate, and each run included a
standard curve, non-template control, and negative RT control. The concentrations of primers
were 100 to 200 nM, and all reagents, unless indicated, were from Invitrogen (Carlsbad, CA).
The levels of target gene expression were quantified relative to the level of β-actin, using
standard curve method. While GAPDH and cyclophilin were also tested in some initial
experiments and found to yield stable results with no response to a high-fat diet, β-actin was
generally the least variable of these 3 house-keeping genes and thus used as the control in the
present experiments.

The specificities of RT-PCR products were confirmed by both a single dissociation curve of
the product and a single band with corresponding molecular weight revealed by agarose gel
electrophoresis. In addition to the non-template control and negative RT control, an anatomical
negative control was also performed by using the corpus callosum in the same brain, to verify
the specificity of the quantitative PCR. No signal above threshold of OX was detected by
quantitative PCR in any of these controls.

Metabolite assessment
Serum from tail vein or trunk blood was assayed for TG using a Triglyceride Assay kit (Sigma-
Aldrich Co., St. Louis, MO).

Statistical analysis
All values are expressed as mean ± SEM. Hypotheses were tested using either a one-way or
two-way ANOVA, followed by a Bonferroni post-hoc test for multiple comparisons between
groups, or an unpaired t-test, where appropriate. For quantitative PCR, the ratio of the relative
concentration of peptide to β-actin mRNA in the experimental vs. control samples was analyzed
by an unpaired t-test. The criterion for use of the term ‘significant’ in the text is p < 0.05.

Results
Experiment 1: Ethanol stimulates fat intake

Knowing that ingestion of a HFD stimulates ethanol intake (Carrillo et al., 2004), we tested
whether ethanol can, in turn, stimulate the ingestion of a HFD, thus creating a positive feedback
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loop. As shown in Fig. 1, after 21 days of 10% ethanol (1g/kg, i.p.) or saline injection, rats
receiving ethanol increased their relative preference for the HFD vs. LFD in a 2-h test, from
39% in the saline group to 60% in the ethanol group [F(1,3) = 5.12, p < 0.05]. An even greater
effect was observed in the measure of 24-h intake, which revealed an increase in fat preference
from 36% in the saline group to 62% in the ethanol group [F(1,1) = 6.47, p < 0.05]. These
results suggest that the relationship between dietary fat and ethanol is bidirectional, with
ethanol stimulating fat ingestion in addition to fat potentiating ethanol intake.

Experiment 2: Dietary fat synergizes with ethanol in raising TG levels
To identify the physiological link between fat and ethanol, rats trained chronically to drink 9%
ethanol or drink only water were given a 1-h meal test with 25 kcal of the HFD or LFD.
Measurements of ethanol or water intake were taken 2 h after the end of the meal and, in rats
that consumed at least 16 kcal of their respective diet, trunk blood was collected for
measurements of circulating TG levels. Focusing on the effect of the meal independent of what
the rats were drinking, the HFD meal produced a significant increase in TG compared to the
LFD meal in both ethanol- and water-drinking rats (+142%; F(1,16) = 61.89, p < 0.0001) (Fig.
2). Focusing on the effect of ethanol vs. water independent of what the rats had as a meal, the
ethanol also produced a significant increase in TG (+30%; F(1, 16) = 4.66, p < 0.05). An
interaction effect [F(1,16) = 4.66, p < 0.05] revealed a synergy between ethanol and fat in
raising TG. This was evident in the considerably larger increase in TG levels in ethanol-
drinking rats after the HFD meal (+172%) compared to the LFD meal (+111%). These groups
showed no differences in their measures of caloric intake [F(3.16) = 2.29, ns], daily water
intake [F(3.16) = 1.91, ns], or 2-h ethanol intake after the meal (0.22 ± 0.11 g/kg for HFD vs.
0.22 ± 0.08 g/kg for LFD). Thus, the only significant difference between these groups was
found in their circulating TG levels.

Experiment 3: Gemfibrozil reduces TG levels and ethanol intake
Together with published studies (see Introduction), the results of Experiment 2 suggest that
dietary fat stimulates the consumption of ethanol and that circulating TG may be involved in
this phenomenon. To examine this idea further, the TG-lowering drug gemfibrozil was tested
to determine whether an acute reduction in TG can produce a decrease in ethanol intake. Rats
consuming at least 2.5 g/kg of 7% ethanol each day were tested in this experiment. Whereas
the vehicle (Tween) had no effect on TG levels 2 h after administration, gemfibrozil (50 mg/
kg i.g.) produced a significant decrease in circulating TG levels, compared to both pre-drug
levels (-28%, p < 0.05) and to levels after the vehicle (Fig. 3A). Subsequent to this decline in
TG, gemfibrozil also reduced intake of ethanol, with a statistically significant effect (-22%,
p < 0.05) during the first hour of daily access, a smaller, insignificant effect (-14%, ns) during
the second hour, and a significant reduction again during the fourth hour (-18%, p < 0.01) (Fig.
3B). In contrast to these changes in TG and ethanol intake, gemfibrozil had no effect on chow
intake at any time-point (data not shown). These findings demonstrate that a lipid-lowering
drug can reduce voluntary intake of ethanol.

Experiment 4: Gemfibrozil suppresses the expression of OX in the PFLH
This experiment tested whether gemfibrozil, in addition to exerting a physiological effect, alters
the brain peptide OX known to stimulate consumption of ethanol, as well as intake of a fat-
rich diet (see Introduction). An additional set of rats was examined in the same manner as
Experiment 3, except that a between-group design was used. The rats receiving gemfibrozil
(50 mg/kg i.g.) compared to vehicle had circulating TG levels that were 35% lower (p < 0.05)
(Fig. 4A). They also consumed 52% less ethanol in the first hour of daily access [F(1,1) = 5.99,
p < 0.05], thus confirming the results of Experiment 3 (Fig. 4B). To determine the effect of
gemfibrozil on OX expression independent of any change in ethanol intake, only rats with
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similar intakes (n = 5/group) were selected for measurement of peptide mRNA using real-time
quantitative PCR. Rats treated with gemfibrozil compared to vehicle exhibited a significant
reduction in OX expression in the PFLH (-64%, p < 0.001) (Fig. 4C). Thus, with ethanol intake
eliminated as a variable, these results demonstrate that gemfibrozil, while lowering TG,
suppresses a peptide known to stimulate ethanol intake, suggesting a mechanism through which
this drug may act to reduce ethanol consumption.

Discussion
The purpose of this study was to further investigate the interaction between ethanol intake and
dietary fat and determine if TG and hypothalamic peptides may contribute to this relationship.
To this end, four experiments were conducted which examined: 1) the interaction between fat
and ethanol; 2) the association of fat and ethanol with TG levels; 3) a possible pharmacological
means for reversing this relationship; and 4) a neural mechanism underlying this reversal.

Ethanol-induced stimulation of fat intake
Given the extensive evidence showing the deleterious effects of ethanol and fat consumption
on behavior, physiology, and neurobiology, and the high rate of over-consumption of these
two nutrients in our society, it is of interest to determine how they interact. We have previously
shown that ingestion of a fat-rich diet or injection of Intralipid, both of which raise TG levels,
can stimulate consumption of ethanol (Carrillo et al., 2004) and that fat-preferring rats exhibit
a preference for ethanol (Carrillo et al., 2004). From these studies, it was unknown whether
ethanol, which also elevates circulating TG (Chang et al., 2007a), can in turn stimulate the
ingestion of a fat-rich diet, thus creating a positive feedback. This possibility was suggested
by a clinical study showing that acute ethanol consumption stimulates preference for fat-rich
foods (Caton et al., 2004). The data presented here demonstrate that ethanol injection
preferentially stimulates consumption of a HFD compared to a LFD. This effect was observed
with both the 2-h and 24-h access periods, indicating that ethanol has a significant effect on
macronutrient selection in the course of a day. The mechanism underlying the effect of ethanol
on fat preference is the matter under study. Ethanol injection, with the same paradigm used
here, stimulates circulating TG levels 1.5 h after the injection (Chang et al., 2007a). One
possibility is that ethanol, in elevating TG levels, works in concert with fat to stimulate the
expression and production of the orexigenic peptides (Chang et al., 2007a) that, in turn, promote
further consummatory behavior. This is supported by the findings that hypothalamic injection
of OX in ethanol-drinking rats preferentially stimulates consumption of ethanol rather than
chow (Schneider et al., 2007) and that ventricular injection of OX also stimulates intake of a
HFD more than a LFD (Clegg et al., 2002). The possibility that calories themselves from the
ethanol injection (approximately 14 kcal/day) are involved in stimulating this orexigenic
peptide to promote further consummatory behavior is unlikely, given the finding that food
intake, TG levels and OX are stimulated by a small meal (10-15 kcal) high in fat content as
compared to an equicaloric meal low in fat content (Gaysinskaya et al., 2007). Together, these
data indicate that ethanol has a stimulatory effect on fat consumption, which in turn positively
affects ethanol consumption.

Dietary fat and ethanol synergize in raising TG levels
In identifying physiological links between fat and ethanol, a variety of evidence leads us to
focus on TG as a strong, positive correlate of ethanol and fat intake. Circulating TG rise in
proportion to the amount of fat consumed (Bahceci et al., 1999; Schrezenmeir et al., 1997).
TG also rise from alcohol consumption (Contaldo et al., 1989; Goude et al., 2002), and
hypertriglyceridemia is known to be a strong indicator of alcoholism (Baraona et al., 1983). In
the clinical literature, ethanol consumed with a high-fat meal has been shown to exacerbate
the lipemic effects of the dietary fat (Fielding et al., 2000; Pownall, 1994). This evidence led
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to the prediction that a high-fat meal and ethanol may interact in their stimulatory effect on TG
levels in rats. Experiment 2 confirmed this prediction. Rats drinking ethanol after a HFD meal
had markedly elevated levels of circulating TG compared to water-drinking rats after this HFD
meal or ethanol-drinking rats after a LFD meal. The failure of ethanol, when combined with a
LFD, high-carbohydrate meal, to raise TG levels compared to water alone with this meal may
be due to the enhanced metabolism and clearance of ethanol from the blood associated with
carbohydrate intake (Rogers et al., 1987; Yonekura et al., 1993). In addition to underscoring
the similarity of ethanol and dietary fat in raising circulating TG, this experiment reveals an
interaction effect between ethanol and dietary fat on circulating TG.

TG-lowering drug and ethanol intake
In light of the evidence that TG may play a role in the stimulation of ethanol and fat intake,
the next step was to manipulate the TG levels directly to see what effect this might have on the
consumption of ethanol. For that purpose, a widely used lipid-lowering drug, gemfibrozil
(Lopid), was utilized. Gemfibrozil, a fibrate, binds to peroxisome proliferator-activated
receptor-alpha (Fruchart and Duriez, 2006) which increases lipoprotein lipase synthesis and
thus enhances the clearance of TG (Donnelly et al., 1994; Frick et al., 1987; Fruchart and
Duriez, 2006). In the current study, administration of gemfibrozil caused a suppression of both
circulating TG levels and ethanol intake. These effects are opposite to the increase in TG and
ethanol intake induced by administration of Intralipid (Carrillo et al., 2004; Leibowitz, 2007).
This combination of findings demonstrates that ethanol consumption can be directly influenced
by circulating TG. Furthermore, it validates the assertion that a high-fat meal, by raising TG,
leads to an increase in ethanol intake which in turn increases the intake of a fat-rich diet, thereby
driving a vicious cycle. In a society with such a high proportion of fat in its diet (Prevention,
2004), the results of this experiment may have important implications for understanding
mechanisms underlying the consumption of ethanol. They may also provide insight into
making dietary recommendations for individuals who over-consume ethanol.

TG-lowering drug and hypothalamic peptides
There is a well-established link between ethanol intake and orexigenic peptides known to be
related to dietary fat and circulating lipids (see Introduction). In addition to being stimulated
by fat intake and Intralipid, the expression of OX in the PFLH is stimulated by ethanol and is
closely related to levels of TG (Chang et al., 2004; Lawrence et al., 2006; Wortley et al.,
2003). Results from the present study provide further support for this positive relationship
between fat intake, ethanol intake, TG and OX. Administration of gemfibrozil, which lowers
TG levels, is found to reduce OX mRNA expression in the PFLH. This finding supports the
hypothesis that the decrease in ethanol intake produced by gemfibrozil is mediated by a
decrease in OX expression in the PFLH, resulting from a decline in TG. This hypothesis is
substantiated by previous studies showing that Intralipid, which increases circulating TG and
OX expression in the PFLH, has a stimulatory effect on ethanol drinking in rats (Carrillo et
al., 2004; Chang et al., 2004). Direct evidence for a positive relationship between OX and
ethanol is provided by injection studies, which show a stimulation of ethanol intake after
hypothalamic injection of OX and a reduction in ethanol consumption after peripheral
injections of an OX receptor antagonist (Lawrence et al., 2006; Schneider et al., 2007). There
is evidence that OX neurons of the PFLH regulate both reward processing for food and drugs
of abuse as well as arousal and responses to stress (Harris and Aston-Jones, 2006). The present
study demonstrates the importance of OX in the control of ethanol intake and its close
association with circulating TG. Further studies with opioid peptides, which are known to
respond to TG (Chang et al., 2007b), may reveal a similar relationship in the control of ethanol
intake. The evidence presented here with OX is the first to suggest that lipid lowering drugs
such as gemfibrozil may be of use in the treatment of alcohol abuse.
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Conclusions
The studies conducted here demonstrate that: 1) injection of ethanol stimulates consumption
of a high-fat diet in preference to a low-fat carbohydrate-rich diet; 2) intake of ethanol with fat
synergistically raises circulating TG levels; 3) lowering TG levels leads to a reduction in
voluntary ethanol intake; and 4) lowering TG levels decreases PFLH OX expression in ethanol-
drinking animals. These results lead to the conclusion that manipulation of TG levels, by
ingestion of a high-fat meal or administration of a lipid-lowering drug, can impact ethanol
consumption via its effect on a hypothalamic peptide that controls ethanol intake. Given the
increases in obesity and hypertriglyceridemia in many of the world’s populations in recent
years (Ford et al., 2004; Lilja et al., 2008), these findings have potentially important
implications, both for the treatment of alcohol addiction as well as for nutritional choices that
have medical consequences.
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Fig. 1.
Ethanol preferentially stimulated fat intake over carbohydrate intake. Injection of ethanol (1
g/kg, i.p.) led rats (n = 6/group) to consume more kcal from a high-fat diet compared to a high-
carbohydrate diet during a 2-h or 24-h period compared to injection of saline. *p < 0.05 vs.
saline.
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Fig. 2.
Ethanol and fat synergized to elevate TG levels. A HFD meal raised TG levels more than a
LFD meal. Rats given a 25 kcal HFD meal, whether drinking 9% ethanol and water (n = 6) or
water only (n = 4), showed a greater elevation in TG levels than did rats given a 25 kcal LFD
meal and drinking 9% ethanol and water (n = 5) or water only (n = 4). ***p < 0.001, **p <
0.01 vs. low-fat meal.
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Fig. 3.
Gemfibrozil lowered TG levels and ethanol intake. A. Administration of gemfibrozil (50 mg/
kg i.g.), but not vehicle, lowered TG levels in rats drinking more than 2.5 g/kg/d (n = 6). *p <
0.05 vs. immediately prior to drug administration. B. Gemfibrozil also lowered subsequent 7%
ethanol intake (n = 6). **p < 0.01, *p < 0.05 vs. vehicle.
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Fig. 4.
Gemfibrozil decreased OX. A. Gemfibrozil lowered TG levels in rats with chronic access to
7% ethanol (n = 15/group). B. Gemfibrozil (50 mg/kg i.g.) lowered1-h 7% ethanol intake. C.
Among rats with similar 7% ethanol intake, gemfibrozil decreased OX mRNA in the PFLH (n
= 4/group). *p < 0.05, ***p < 0.001 vs. vehicle.
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