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Abstract

Background: Most physiological studies interested in alcohol-dependence examined ethanol as a pharmacological agent
rather than a nutrient. We conducted two studies, which assessed the metabolic and endocrine factors involved in the
regulation of alcohol and nutrient intake in alcohol-dependent (AD) subjects. We also examined the potential role of
a disruption in energy balance in alcohol-dependence.

Methods and Results: In Study-1, quantitative dietetic interviews of eating and drinking habits were conducted with 97 AD
subjects. The population was split around a median alcohol intake value of 12.5 kcal/kg/day. The results showed that the
“low alcohol” drinking AD subjects had high Body Mass Index (BMI) and Fat Mass (FM) and alcohol intake was compensated
for by a decrease in non-alcoholic intakes. “High alcohol” drinking AD subjects, on the other hand, had low BMI and FM and
the total caloric intakes were largely above norms. In Study-2, 24 AD inpatients were submitted to dietetic interviews,
calorimetry and blood samplings for the measurement of biomarkers of the regulation of metabolism and satiety, on day 2,
5 and 16 of abstinence. These patients were compared with 20 controls matched for age and gender. We observed in AD
patients an increase in cortisol, leptin and PYY plasma levels and a decrease in ghrelin, which might explain the observed
decrease in non-alcoholic intakes. However, alcoholic and non-alcoholic intakes correlated positively with basal metabolism
and negatively with leptin and leptin/BMI.

Conclusion: For individuals consuming below12.5 kcal/kg/day of alcohol, alcohol intake is compensated for by a decrease
in non-alcoholic nutrient intakes, probably due to changes in metabolic and satiety factors. For individuals consuming
above 12.5 kcal/kg/day of alcohol, alcohol accelerates metabolism and decreases fat mass and leptin levels, and the total
caloric intake largely exceeds norms. A dual model for regulation of energy intake in AD subjects is proposed.
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Introduction reported a positive relation between alcohol consumption and
body weight [6-8], whereas others have reported a negative one
[9-12] or no relation at all [13-16]. One of possible explanations
for these discrepant results is that some studies reported the
relation in normal populations, whereas others described AD

“Where the brewer passes, the baker does not.” This popular
Belgian quotation alludes to the fact that alcohol-dependent (AD)
subjects, or at least those who drink beer, often replace food
consumption with substantial alcohol consumption. Previous
epidemiological studies have indeed shown that alcohol may
account for 10% of total energy consumption in alcohol
consumers and for more than 50% of dietary intake in AD
subjects [1-5]. However, alcohol-dependence, which is present in
5 to 7% of the population in developed countries, is associated
with weight gain but it is also considered as a leading cause of
malnutrition, suggesting a complex relation between eating and
drinking habits in these subjects. Indeed, several studies have

subjects presenting, or not, additional illnesses. The relation
between alcohol and food consumption, and how both are related
to body-weight, fat mass or metabolism in AD subjects has only
been studied quantitatively in a few prior studies. Furthermore,
these studies have only selected patients with very high alcohol
intakes [17] or individuals who were hospitalized for additional
illnesses [18] which may have also influenced body mass and
appetite.
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Recently, the peptides that influence body and fat mass and
present anorexigenic or orexigenic properties have been studied in
relation to alcohol consumption. With regard to leptin, Mantzoros
et al. [19] showed that obesity and alcohol intake were both
positively associated with circulating leptin in young healthy men,
whereas other studies failed to observe a relation between leptin
and alcohol intake [20,21]. For example, Santolaria et al. [18]
found that AD subjects who drink more than 80 g ethanol/day
exhibit decreased levels of fat mass and leptin.

Finally, several researchers have observed a positive correlation
between alcohol craving and plasma concentrations of the
anorexigenic peptides leptin [22-24], insulin [25], and orexigenic
peptide ghrelin [26,27]. These observations suggest that a relation
exists between the regulation of food and alcohol intake. However,
the role that (an)orexigenic peptides play in the modulation of
metabolic and/or nutritional control of alcohol consumption
remains unexplored.

Thus, the aim of the present work was to analyse, quantitatively,
energy metabolism in AD subjects who vary in levels of alcohol
consumption. Indeed, unlike prior research which only selected
AD subjects who consumed very high quantities of ethanol, we
decided to select all populations of AD subjects. We also excluded
all subjects that presented additional illnesses, which may also
affect appetite and energy regulation. For this project, we
conducted two studies.

The first consisted of careful diet recall interviews with 97 AD
inpatients to assess: 1- the importance of alcohol-related or
unrelated energy supplies and how both are interrelated; 2- the
relation between alcohol and non-alcoholic nutrients intake and
Body Mass Index (BMI) and Fat Mass (FM).

A second metabolic study was performed on 24 AD subjects
matched for age and gender with 20 control subjects, in order to
examine the regulatory mechanisms of energy balance during
alcohol-withdrawal. Therefore, at the onset, during, and at the end
of the withdrawal, we measured alcoholic and non-alcoholic
intake, basal metabolism and morphometric parameters including
BMI and FM. We also assessed various anorexigenic and
orexigenic peptides, which are potent regulators of the energy
balance (leptin, insulin, cortisol) and of the meal duration (ghrelin,
peptide YY (PYY), glucagon-like peptide 1 (GLP-1)) [28].

Finally, we designed a new comprehensive model to explain the
regulation of food and alcohol intakes in AD subjects.

Methods

Ethics Statement

The study protocol was approved by the ethical committee of
the hospital (Commission d’éthique biomédicale hospitalo-facul-
taire, UCL) and all subjects signed an informed consent form prior
to the investigation.

Subjects and Procedures

A total of 97 inpatients admitted for alcohol withdrawal and
rehabilitation, were enrolled in study-1 during a 12-month
period. All patients fulfilled the DSM - IV criteria of alcohol-
dependence [29]. The exclusion criteria were as follows: psychi-
atric diseases other than alcohol-dependence, clinical or laboratory
evidence of liver cirrhosis, diabetes mellitus, glucose intolerance,
pancreatic disease and other diseases which may affect appetite
and energy regulation. Among this group of 97 inpatients of study-
1, 33 subjects who had been drinking until day of admission were
included in study-2 and tested for metabolic, endocrine, and
psychological parameters between their admission and day 16. Of
these, 9 were excluded for having left the rehabilitation
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programme. The remaining 24 subjects were compared to 20
control social drinkers matched for age and gender.

Procedure for study-1. Patients were interviewed by expert
dieticians concerning periods of active alcohol drinking during the
7 days that preceded hospital admission. This dietary recall
interview [30], was collected by two expert dieticians (DG and JD),
using the hospital’s standardized semi-structured paper and pencil
retrospective interview form, adapted to alcohol-dependent
populations according to the principles of the time-line followback
approach [31,32] (sce supplemental material and methods section
Text SI).

Procedure for study-2. Between 8 and 9 AM on days 2
(T1), 5 (I'2) and 16 (T'3) of withdrawal, patients underwent fasting
blood samples to determine their plasma glucose, insulin, cortisol,
leptin, ghrelin, Peptide YY (PYY) and Glucagon Like Peptide-1
(GLP-1) levels. Aspartate aminotranferase (AST), Alanine amino-
transferase (ALT), y-Glutamyl transpeptidase (y-GT), total biliru-
bin, total blood protein (TBP), albumin and mean corpuscular
volume (MCV) were measured on day 2. On days 2 and 16, before
blood sampling, the patients were also subjected to indirect
calorimetry, a thorough food interview regarding the previous 7
days, and a bioelectric impedance measurement of fat mass (FM).
The methodology is detailed in Text S1.

Statistical Analysis

Study 1. Due to the large sample size (n=97), we assumed
statistical normality for each variable. Independent student’s t tests
were used to compare female AD vs. male AD, “low alcohol”
drinking AD vs. “high alcohol” drinking AD, and AD patients vs.
controls.

Study 2. The comparison of means at T1, T2 and T3 was
tested with one-way repeated-measures ANOVA. Data that
exhibited a non-normal distribution were log-transformed to
obtain normality. The assumption of sphericity, assessed with the
Mauchly’s test, was met for each variable (p>0.05). When the
results of ANOVA were significant (p<<0.05), post hoc tests with
Bonferroni adjustment for multiple comparisons were used for
pairwise comparisons. Finally, we conducted independent Stu-
dent’s t-tests to compare AD patients with the control group.
Correlations between scores of variables were calculated using
Pearson moment coefficients for linear relations and Spearman
coefficients for non-linear ones.

Results

Study 1. Interplay between Alcoholic and Non-alcoholic
Intakes and their Relation to BMI and Fat Mass in AD

Subjects

The characteristics of the population of study 1 are reported in
Table 1. Male and female populations evidenced similar BMI, but
the FM was significantly higher for females. The mean alcohol
intake was 159.4%108.7 g per day (range 32-587).

Importance and interrelation of alcoholic and non-
alcoholic energy supplies. I'rom the dietary interviews, we
calculated the number of meals taken per 7 days for each
participant. It was significantly lower for breakfast (2.72%3.06)
than for lunch (4.31£2.79) or for dinner (6.09%£2.02) and these
proportions were not significantly different across males and
females. The nutrient and alcohol (ethanol) intakes are presented
in Table 1. Ethanol consumption accounted for 38.9+14.9% of
total energy supplies (range = 12-68%) in AD subjects. The total
caloric intake, carbohydrates and alcohol intakes (expressed as
kcal/kg/day) were lower in females than in males. The proportion
of the different macronutrients remained similar in males and
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Table 1. Characteristics of AD subjects in study 1.
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Males (n=63) Females (n=34) Males + Females (n=97)
Anthropomorphic parameters
Age (y) 49+12 49+10 49+11
Weight (kg) 77.7%£15.1 66.4+13.8¥** 73.7%£15.6
BMI (kg/mz) 24.6+4.3 24.6+5.0 24.7+45
FM (%) (M; n=31/F; n=14) 25.3%84 33.9£6.9%* 28.0+£8.9
BM theoretical (kcal) 1743.9%193.3 1402.4+162.0%** 1624.2+£244.9
Nutrient intakes (kcal/kg/day)
Total 42.7+21.0 322+12.7%* 39.0+19.1
Proteins 36*1.7 35+1.4 35%15
Lipids 7.6+43 6.7+3.6 7.3%4.1
Carbohydrates 14.1x9.6 10.6£5.5* 12985
Non-alcohol 253+14.8 20.2+8.7 23.5+16.0
Alcohol 174x115 12.0£8.1** 15.5%10.7
Nutrient intakes (%)
Proteins 9.4*3.4 10.7+4.0* 9.8+3.7
Lipids 19.0+8.1 20.3+8.8 19.5+8.3
Carbohydrates 32.0+9.7 30.7+9.8 31.6+9.7
Non-Alcohol 60.1+13.8 64.7+£12.8 61.7£13.6
Alcohol 39.2+114.1 38.3+£16.6 38.9+14.9

Values are means *+ SD.

*p<0.05,

**p<0.01,

**¥p<<0.001 (Males vs Females).

BMI: body mass index; FM: fat mass; BM: basal metabolism.
doi:10.1371/journal.pone.0038682.t001

females except for the percentage of protein intake that was higher
in females. When we compared AD subjects according to the
alcohol type (Beer — Wine — Spirit), we found that alcohol intake
but also non-alcohol and total caloric intakes were significantly
higher for beer drinking AD subjects. This was due to an increase
in starch intake in beer drinking subjects, whereas protein and
lipid intakes remained similar between groups (see Table S1). We
also observed a lower ethanol intake in wine drinking subjects,
compared to the two other groups.

We then split our 97 subjects population into two (“low alcohol”
vs. “high alcohol” drinking AD subjects) groups based on the
median value of alcohol intake (12.5 kcal/kg/day). The “low
alcohol” group evidenced a higher body weight, a higher BMI and
a higher proportion of FM than the “high alcohol” group
(Table 2). However, the proportion of females was higher in the
“low alcohol” group. This could explain the increase in FM
observed in the “low alcohol” group, fat being higher in women
than in men. We therefore split our population according to
gender (male vs. female) in both groups (low vs. high alcohol). We
observed that men exhibited higher weight, BMI and FM in the
“low alcohol” group compared with the “high alcohol” group. In
women, weight was also significantly higher in the “low alcohol”
group, but the observed differences in BMI and FM were not
significant between groups. However, this may be due to the low
number of women in the ‘“high alcohol” group, thereby
preventing us from making definitive interpretations. Figure 1
shows a positive relation between alcoholic and non-alcoholic
supplies (Pearson r=0.36, p<<0.001) and huge differences in
energy intake within the population of AD subjects.

@ PLoS ONE | www.plosone.org

The relation between energy intakes, BMI and
FM. When examining the relation between BMI and alcohol
intake we, surprisingly, observed a negative correlation for both
male and female subjects (Fig 2A). The best fits were obtained for
curvilinear power relations. The Spearman correlation coefficients
(n) were -0.38 (p<<0.0001), -0.48 (p<<0.0001) and -0.36 (p<<0.05) for
the total, the male, and the female populations, respectively. We
also observed a negative correlation between BMI and non-
alcoholic intake with Spearman 7’5 of -0.37 (p<<0.001), -0.38
(»p<<0.01) and -0.38 (p<<0.05) for the total, the male, and the female
populations, respectively. A similar curvilinear, negative relation
was also found between FM and alcohol intake (Fig 2B) and total
intake (Fig 2D), the Spearman 7’s were -0.51 and -0.61, p<<0.001,
respectively. We also observed a negative correlation between FM
and non-alcoholic nutrient intake but the best fit was a linear
relation, Pearson r= —0.63, p<<0.001 (Fig 2C).

Study 2. Evolution of Alcoholic and Non-alcoholic
Intakes, Metabolism and Orexigenic and Anorexigenic
Peptides during Alcohol Withdrawal

A group of 24 AD subjects who had drank alcohol until the day
of admission was compared to a group of 20 controls matched for
age and gender. The control group was tested once, and the AD
subjects were tested on days 2 (T'1), 5 (T2) and 16 (1'3) of alcohol
withdrawal.

Table 3 shows the general and metabolic characteristics of both
groups. The indexes of liver and synthetic function of this
population are given as supplemental material (Table S2).

At the onset of withdrawal, the AD subjects evidenced a similar
weight, BMI and waist size and theoretical basal metabolism

July 2012 | Volume 7 | Issue 7 | e38682



Alcoholism and Energy Balance

compared to controls. The FM calculated by impedancemetry was
higher in AD subjects than in controls and decreased significantly
during withdrawal to values similar to the control values. Basal
metabolism, calculated by calorimetry, was similar to that of
controls at onset of withdrawal in AD subjects, but it decreased
significantly during withdrawal. In AD subjects, at T1, the
respiratory quotient (RQ) was significantly lower than that of
controls and it increased significantly during withdrawal (Table 3).

The influence of alcohol intake and withdrawal on
nutrient intake. We observed a large decrease in meal
frequency at breakfast and lunch in AD subjects at T1 compared

o
-]

N

o

.
hd

w
o
.
.
re
°

5

4
'

>

Non-alcoholic intake (kcal/kg/day)
S
*
00‘
>
*
- ph%e X
o0 3
>
¢ d
* o
-
* <
4 *e
L d
e
i &
*
i d
*
@

o

0 10 20 30 40 50 60
Alcohol intake (kcal/kg/day)

Figure 1. Relation between alcoholic and non-alcoholic intakes
in AD subjects.
doi:10.1371/journal.pone.0038682.9001
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Table 2. Characteristics and intakes for AD subjects drinking “low” or “high” quantities of alcohol.
“Low alcohol” (n=48) ““High alcohol” (n=49)

Anthropomorphic parameters

Age (y) 51+10 47+12

Gender (male/female) 24/24 39/10

Weight (kg) 76.6+15.7 71.0+149

- Male (low; n=24/high; n=39) 83.2+16.0 74.3+13.6*

- Female (low; n=24/high; n=10) 70.0+12.9 57.8+12.7%

BMI (kg/m?) 26.1+4.6 23.2+4.0%*

- Male (low; n=24/high; n=39) 26.8+4.3 23.4+3.9%

- Female (low; n=24/high; n=10) 25.7+4.9 22.3+4.5

FM (%) (low; n=21/high; n=24) 325+7.8 24.0+7.9%%*

- Male (low; n=10/high; n=21) 30.5+7.9 22.9+7.6*

- Female (low; n=11/high; n=3) 34.4+7.6 32+4.1

Nutrient intakes (kcal/kg/day)

Total 28.1+£9.0 47.5+£17.3%%*

Proteins 82213 35*14

Lipids 7.0%+33 6.7+34

Carbohydrates 9.6+4.6 14.5+8.0%**

Non-alcohol 19.8+£7.8 24.7£10.4%*

Alcohol 83%+27 22.810.8%**

Values are means = SD.

*p<0.05,

**p<0.01,

**%p<<0.001 (“low alcohol” vs “high alcohol”).

The total population of alcoholics was split into two subpopulations depending on whether their consumption was lower or higher than the median value of 12.5 kcal/

kg/day of alcohol and described as “low alcohol” or “high alcohol” drinking alcoholics. BMI: body mass index; FM: fat mass.

doi:10.1371/journal.pone.0038682.t002

with the controls (Table 3). However, at T3, breakfast and lunch
frequency had partially or totally recovered, respectively. From
a quantitative standpoint, alcohol accounted for 36% of total
energy intake of AD subjects (Table 4). Due to these consequential
alcoholic supplies, the total caloric intakes were higher than that of
controls whereas the non-alcoholic intakes were significantly
lower. At the end of the withdrawal, we observed a significant
increase in non-alcoholic nutrient intake (in terms of kcal/kg/day)
but this intake remained largely lower than that of controls. In AD
subjects, the protein and carbohydrate intakes remained un-
changed but the lipid intake increased significantly from T'1 to T'3.
After withdrawal, the proportions of energy supplied by each
macronutrient were similar to those of controls (Table 4).

The relation between nutrient intakes, basal metabolism
and orexigenic and anorexigenic peptides. Iigure 3 shows,
at onset of withdrawal, a strong positive correlation between basal
metabolism measured by calorimetry and alcoholic (r=0.69,
$<<0.001), non-alcoholic (r=0.47, p<0.05) or total energy intakes
(r=0.63, p<0.005). We next evaluated the evolution of several
orexigenic and anorexigenic peptides during withdrawal and
compared them to the values obtained in controls (Table 5). The
leptin and leptin/BMI were significantly higher compared to
controls at T2 and marginally higher at T1. Conversely, the
plasma ghrelin levels at T1 and T2 were significantly lower and
the PYY levels at T1, T2 and T3 were significantly higher
compared to controls. The GLP-1 levels were significantly lower at
T2 and T3 compared to controls. At T2, the insulin levels were
significantly higher than controls. Insulin sensitivity calculated
according to the HOMA model was decreased at T2 compared to
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Figure 2. Relation between alcohol intake and BMI (A) and between intakes and fat mass (B,C,D).

doi:10.1371/journal.pone.0038682.9g002

T1. Insulin secretion calculated according to the HOMA model
was increased at T2 and T8 compared to controls. Cortisolemia
was higher at onset of withdrawal and decreased progressively but
the recovery was only partial compared to controls.

We next calculated correlations between nutrient intakes and
the different orexigenic and anorexigenic factors. All the
correlations were non-significant except for a negative correlation
between alcoholic, non-alcoholic or total energy intakes and leptin,

Table 3. Anthropomorphic, calorimetric and meal characteristics of AD and control subjects in Study 2.

AD-T1 (n=24) AD-T3 (n=24) Controls (n=20)
Anthropomorphic parameters
Age 47+10 4710 44+9
Gender (Male/Female) 15/9 15/9 13/7
Weight (kg) 72.8+12.8 73.2%£13.2 75.2+14.1
BMI (kg/mz) 246+3.9 24.7+4.0 242+3.0
FM (%) 27.6+9.1* 25919444 253%75
Waist size (cm) 93.0x11.4 92.0x11.1 91.0+11.7
BM (theoretical) (kcal) 1617.0+224.3 1621.7+230.7 1667.8+267.6
BM (calorimetry) (kcal) 1699.1+285.5 1549.1 2274 4#H## 1674.3+299.0
Respiratory Quotient 0.791£0.057** 0.843+0.051## 0.838+0.054
Meal frequency (/7 days)
Breakfast 3.0£3.3%** 4.9+3.24* 7.0£0.0
Lunch 5.1+2.4% 6.31.44# 6.5+1.0
Dinner 6.8+0.7 6.8+0.7 7.0%0.0

Values are means * SD.
*p<0.05,

**p<0.01,

***p<<0.001 (AD vs Controls).
#p<0.05,

##5<0.01,

###p<0.001 (AD-T1 vs AD-T3).

index; FM: fat mass; BM: basal metabolism.
doi:10.1371/journal.pone.0038682.t003
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Theoretical basal metabolism was calculated according to the Schofield equations. Respiratory Quotient was calculated as CO, consumed/O, output. BMI: body mass
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Table 4. Nutrients intakes in controls and AD subjects at the onset (T1) and end (T3) of withdrawal.

AD-T1 (n=24) AD-T3 (n=24) Controls (n=20)
Nutrient intakes (kcal/day)
Total 2859.0£1118.3 1913.0+£456.2*** 2404476144
Proteins 282.2+634 282.8£63.8 367.9+88.5**9 ¢
Lipids 599.0£196.9 707.3+210.2% 849.7+313.5%*
Carbohydrates 893.7£434.1 906.0+302.6 1084.9+362.3
Non-alcohol 1773.5+586.7 1891.5+462.2 2304.6+716.1*9
Alcohol 1085.5+704.1 21.5£51.0%** 103.7£96.8***¢ ¢
Nutrient intakes (kcal/kg/day)
Total 39.9+15.9 27.1£9.3% 31.8%7.2%
Proteins 4.0*+1.1 40%1.2 4.9+0.8*9
Lipids 8.5%3.2 10.1+4.0* 11.1£2.7*
Carbohydrates 12.3%6.1 12.7+54 14.5+4.3
Non-alcohol 24.9+8.6 26.8-9.4* 30.5+7.0%
Alcohol 15.010.0 0.3£0.6%** 1.451.2%%%4q
Nutrient intakes (%)
Proteins 10.7%3.1 15.02.8%%* 15.62.3%%*
Lipids 22.5+84 37.2£8.4%** 34.9+4.1%**
Carbohydrates 30.6+8.5 46.7£10.2%** 4524 4*x*
Alcohol 36.2+11.5 1.242.8%** 4.313.4%**qq
Protein intakes (g/kg/day) 0.99+0.27 1.00+0.31 1.22+0.20%*9

Values are means *+ SD.

*p<0.05.

**p<0.01.

**¥p<<0.001 (vs AD-T1).

Yp<0.05.

1p<0.01 (vs AD-T3).
doi:10.1371/journal.pone.0038682.t004

with Spearman r coefficients of -0.61 (p<<0.005), -0.44 (p<<0.05)
and -0.59 (p<<0.005), respectively (Fig 4A). The leptin/BMI were
also negatively correlated to alcoholic, non-alcoholic or total
energy intakes with Spearman r coefficients of -0.63 (p<<0.005), -
0.52 (p<0.01) and -0.66 (p<<0.005) respectively. We also observed
a negative correlation between leptin and basal metabolism
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Figure 3. Relation between basal metabolism and intakes at
the onset of withdrawal.
doi:10.1371/journal.pone.0038682.g003
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calculated by calorimetry, with Spearman coefficient of -0.62

(p<0.0001) (Fig 4B).

Discussion

This article focused on energy balance in alcoholic patients
before and after alcohol withdrawal. All the patients diagnosed
with alcohol-dependence according to the DSM-IV criteria were
included in the study and the quantity of ethanol consumed daily
did not serve as an exclusion criteria. This permitted the
observation of subjects with large ranges of alcohol consumption
in their daily diet.

The Relation between Eating and Drinking Habits in AD
Subjects

Our methodology was based on a dietary recall interview [30],
adapted to alcohol-dependent populations according to the
principles of the time-line followback approach [31,32]. This
methodology consists of a retrospective face-to-face interview on
the 7 days that preceded admission to the hospital, by expert
dieticians. Indeed, it was shown that the use of prospective self-
reported dairies is often associated with a risk of under-eating in
periods of recording [33,34]. Also, self-reported questionnaires
generally lead to under-reporting, especially in individuals with
high BMI [35] and heavy alcohol consumption can lead to
inappropriate answers to questionnaires. In our 7-day dietary
recall interview, the questions are posed in a redundant manner in
order to ensure the quality of our results.
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From a phenomenological standpoint, we observed a specific
modification of the eating habits in AD subjects, with a large
decrease in frequency of having breakfast or lunch but a normal
frequency of having dinner. Changes in ecating habits of AD
subjects have previously been correlated with disorganisation of
living and social habits [36]. In the second week of abstinence, we
observed a recovery of non-alcoholic intakes, which was partial
when compared to controls. Quantitatively, the non-alcoholic
energy supplies were lower for active drinking AD subjects
compared to the norms, especially for lipids and carbohydrates.
Indeed, according to the Belgian dietary guidelines, the intake of
proteins, lipids and carbohydrates represent respectively 0.8 g/kg/
day, a maximum of 30-35% of total energy intake, and at least
55% of total energy intake [37]. Alcoholic supplies were
compensated for by a decrease in non-alcoholic supplies in
females and only partially in males. However, surprisingly, AD
subjects exhibited a positive relation between alcoholic and non-
alcoholic energy supplies. In an attempt to resolve this paradox, we
split our population around the median value of alcohol intake of
12.5 kcal of ethanol/kg/day. We observed that below that value,
which, for a mean body mass of 70 kg corresponds to 156 g of
ethanol, ie ~13 ethanol units of 13 g per day [38], alcohol intake
was compensated for by a decrease in non-alcoholic intake and the
total intake was close to normative values. Above that median
value, the total calorie intake largely exceeded norms. Therefore,
at relatively low doses, ethanol seems to have a negative effect on
food energy intake, maintaining a balance in total energy supplies.
By contrast, above ~12.5 kcal of ethanol per kg per day, the
balance is disrupted and the total intake is in excess, suggesting
another mechanism modulating alcohol and food consumption.

The Relation between Energy Intakes, Body Weight, Fat
Mass and Metabolism

Previous research [38,39] suggests that when the proportion of
alcohol in the diet is high (~50%), part of the energy contained in
the diet is lost or wasted. Consistent with this, we found that AD
subjects who drink large amounts of alcohol (>12.5 kcal/kg/day)
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Table 5. Plasma concentrations of (an)orexigenic peptides, glucose and cortisol, estimation of insulin sensitivity and secretion
using the HOMA model in AD subjects during withdrawal and controls.

AD-T1 (n=24) AD-T2 (n=24) AD-T3 (n=24) Controls (n=20)
Leptin (ug/L) 7,7%53 8,6*6.0 7.0+5,588 51+%3.78
Leptin/BMI 0.30+0,17 0.33%0.20 0.27+0.188§ 0.21+0.15§
Ghrelin (pg/ml) 102.0+34.4 99.3+355 104.6+39.8 130.548.948
PYY (pg/ml) 110.9+37.3 110.1+31.5 113.8+38.7 91.5+21.4#48
GLP-1(pm/ml) 248+1.57 2.24+1.56 2.23%1.56 3.2+1.289
Insulin (uU/ml) 38+16 52+2.84H 45+25 3.3+1.48
Glycemia (mg/dl) 86.8+10.7 79.1+10.2# 83.5+13.2 84.6+8.1
HOMA %S 187.4+70.8 151.9+67.3# 178.4+82.0 200.7+83.9
HOMA %B 73.4%213 113.6+57.54 85.6:25.3#8 70.9+15.689
Cortisol (ng/ml) 447.5+154.4 41971314 350.2%139.4#48§ 234.3%57.6#4H##888
Values are means * SD.
#p<OA05,
##p<0.01, p<0.001 (compared to AD-T1).
$p<0.05,
§§p<0.01,
$83p<0.001 (compared to AD-T2).
p<0.05,
1"6<0.01 (compared to AD-T3).
doi:10.1371/journal.pone.0038682.t005

had lower weight, BMI and I'M than the subjects drinking lower
amounts of alcohol (<12.5 kcal/kg/day). To avoid two potential
biases — the first being the higher proportion of FM in women than
in men, and the second being the higher proportion of women in
the “low alcohol” group compared with “high alcohol group” —
we calculated the differences in men and women and observed
higher weight, BMI and FM in the “low alcohol” group than in
the “high alcohol” group in men and a similar trend in women.
Furthermore, we also observed a negative relation between alcohol
supplies and BMI or FM in both genders. Addolorato and
colleagues had previously observed that heavy drinking AD
subjects evidenced a lower body weight and FM than social
drinkers [40,41]. Our results further support and extend this result
by finding similar results within our AD subjects. It may also
explain why alcohol-dependence has been linked to both increases
and decreases in body weight.

We also observed that, in AD subjects, basal metabolism was
larger than the theoretical values according to the Schofield
equations. It decreased significantly after withdrawal. At T'1, basal
metabolism strongly correlated with the energy contained in
alcoholic beverages. Our data are in keeping with those of
Addolorato and colleagues that suggested that the high resting
energy expenditure and the preferential utilization of lipids as
energy substrates explained the low BMI and FM observed in
heavy drinking AD subjects [42]. In support for a stimulation of
lipid oxidation in heavily drinking AD subjects (over 100 g of
alcohol/day), the group of Addolorato observed a recovery of FM
during abstinence, that was complete after 3 months [42].
Consistent with these results, we observed a low RQ in drinking
AD subjects, which suggests an increased lipid metabolism in
drinking AD subjects, and this RQ increased significantly after
withdrawal. Furthermore, we observed a significant increase in
lipid intake after 1-2 weeks of abstinence, whereas carbohydrate
and protein intakes remained unaffected. This suggests that the
recovery of FM observed by Addolorato et al. after alcohol
withdrawal is due both to a decrease in lipid oxydation and
a selective increase in lipid intake during recovery.
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The paradoxically negative relation between alcohol intake and
BMI or FM may be due to ethanol-induced basal metabolism
activation, which can be attributed to sympathic activation [43],
microsomal MEOS induction [44,45] and/or inducing mitochon-
drial metabolism [46,47]. However, ethanol may also exert
a negative effect on nutrient absorption by the gastrointestinal
tract.

The Relation between Peptides, Energy Intake and
Metabolism

Finally, we examined the evolution of various orexigenic and
anorexigenic peptides between the onset and the end of
withdrawal. Leptin is an adipocyte-derived hormone that is
essential for the regulation of food intake and body weight
[48,49]. As rising with the increase in adiposity, the physiological
role of leptin was originally thought to signal the brain to inhibit
food intake (anorexigenic effect) limiting therefore the body weight
gain [48]. On the other hand, leptin levels fall rapidly in response
to fasting [50] or caloric restriction [51]. These low leptin levels
induce overfeeding, by increasing levels of orexigenic peptides and
reducing levels of anorexigenic peptides, and suppressing energy
expenditure [49]. The leptin level can therefore be considered as
a sensor for energy balance [52]. Here, we showed that AD

@ PLoS ONE | www.plosone.org

Alcoholism and Energy Balance

« Low alcohol » drinking alcoholics - HIGH BMI
! |
2APYY
Food Intakes —— AFatMass —— A Leptin |+ 7 Cortisol
+ + N Ghrelin
Alcohol Intakes
« High alcohol » drinking alcoholics - LOW BMI
e |
Food Intakes ~ ---------- + N FatMass —— N Leptin APYY
- + 72 Cortisol
2 Metabolism N Ghrelin
+

Alcohol Intakes

Figure 5. Model for disruption of energy balance in AD
subjects.
doi:10.1371/journal.pone.0038682.9005

subjects exhibited higher leptin levels compared to the controls,
which is consistent with data from previous researches [22,53,54].
Insulin, which is also a long-term moderator of energy metabo-
lism, and which is considered as a satietogenic peptide, [28] was
higher compared to controls, but only significantly higher at T2.
Our results are the first to demonstrate that the anorexigenic
peptides PYY and GLP-1 were significantly higher and lower,
respectively, when compared to the controls. Conversely, the
orexigenic peptide ghrelin was significantly lower, which is
consistent with some [26,55] but not all prior studies [56].
Altogether, except for the decrease in GLP-1 that should have
a positive effect on appetite, the increases in leptin, insulin and
PYY and the decrease in ghrelin might induce an anorexigenic
state that contributes to the decrease in food intake observed in
AD subjects. We observed a strong negative correlation between
leptin and leptin/BMI and alcoholic, non-alcoholic and total
energy intake. This observation suggests that leptin might exert
a negative effect on energy intake, including alcohol. This is
consistent with the classic role of leptin as a regulator of energy
intake [28].

Notably, however, we observed a negative relation between
serum leptin level and oxidative metabolism (Fig 4B) in AD
subjects, which is inconsistent with the role of leptin as a stimulator
of oxidative metabolism [57]. This observation may mean that
ethanol is a stronger metabolic stimulator than leptin, and that this
stimulation induces large decreases in fat mass. Hence, this may
help explain why subjects drinking high ethanol quantities present
high metabolism and low fat mass and leptin levels.

More studies are necessary to determine the level of alcohol
intake where BMI and fat mass start to shift towards a decrease in
alcoholic patients. Additionally, experimental examining the role
of leptin in the context of alcohol dependence would be highly
valuable to better ascertain the role of leptin in the management of
alcohol consumption, i.e. in ob/ob or db/db mice subjected to
high and low level alcohol.

A Dual Model of Energy Intake Regulation in Alcohol-
dependent Subjects

In line with our observations, we propose a model to explain the
complex relation between alcohol intake and BMI or FM
regulation. This model ascribes a central role to plasma leptin in
the regulation of energy intake (Fig 5). In AD subjects drinking
“low alcohol” quantities, overall, metabolism and lipid oxidation
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are not promoted. FM is increased or unaffected. An increase of
most anorexigenic peptides including leptin, and a decrease in
ghrelin are observed. The alcohol related energy intakes are
compensated for by a decrease in food intake. In AD subjects
drinking “high alcohol” quantities, overall and especially lipid
metabolism is increased while FM is decreased. The leptin levels
are decreased and, irrespective of changes in other appetite factors,
food intake is not inhibited: the total energy intakes (alcohol +
food) largely exceed norms.

This model provides an explanation to the dual relation that we
observed between alcohol intakes and FM, depending on the
quantities of alcohol intake. It also suggests that, in AD subjects,
the loss of control of intake is not to be attributed solely to an effect
of alcohol on the brain reward circuit [58]. It could also be due to
a progressive metabolic adaptation, with a new allostatic balance,
where the capacity of energy intake is greatly increased compared
to norms. We suggest that this adaptation of energy balance
contributes, aside from the effects of ethanol on the brain reward
system, to the loss of control of alcohol intake classically observed
in AD subjects [29].

References

1. Block G, Dresser CM, Hartman AM, Carroll MD (1985) Nutrient sources in the
American diet: quantitative data from the NHANES II survey. II. Macro-
nutrients and fats. Am J Epidemiol 122: 27-40.

2. Windham CT, Wyse BW, Hansen RG (1983) Alcohol consumption and nutrient
density of diets in the Nationwide Food Consumption Survey. J] Am Diet Assoc
82: 364-70, 373.

3. Dennis BH, Haynes SG, Anderson JJ, Liu-Chi SB, Hosking JD, et al (1985)
Nutrient intakes among selected North American populations in the Lipid
Research Clinics Prevalence Study: composition of energy intake. Am J Clin
Nutr 41: 312-329.

4. Nace EP (1984) Epidemiology of alcoholism and prospects for treatment. Annu
Rev Med 35: 293-309.

5. Bebb HT, Houser HB, Witschi JC, Littell AS, Fuller RK (1971) Calorie and
nutrient contribution of alcoholic beverages to the usual dicts of 155 adults.
Am J Clin Nutr 24: 1042-1052.

6. Jacobsen BK, Thelle DS (1987) The Tromso Heart Study: the relationship
between food habits and the body mass index. J Chronic Dis 40: 795-800.

7. Seppa K, Sillanaukee P, Pitkajarvi T, Nikkila M, Koivula T (1992) Moderate
and heavy alcohol consumption have no favorable effect on lipid values. Arch
Intern Med 152: 297-300.

8. Weatherall R, Shaper AG (1988) Overweight and obesity in middle-aged British
men. Eur J Clin Nutr 42: 221-231.

9. Gruchow HW, Sobocinski KA, Barboriak JJ, Scheller JG (1985) Alcohol
consumption, nutrient intake and relative body weight among US adults.
Am ] Clin Nutr 42: 289-295.

10. Jones BR, Barrett-Connor E, Criqui MH, Holdbrook MJ (1982) A community
study of calorie and nutrient intake in drinkers and nondrinkers of alcohol.
Am ] Clin Nutr 35: 135-139.

11. Schatzkin A, Jones DY, Hoover RN, Taylor PR, Brinton LA, et al (1987)
Alcohol consumption and breast cancer in the epidemiologic follow-up study of
the first National Health and Nutrition Examination Survey. N Engl ] Med 316:
1169-1173.

12. Addolorato G, Capristo E, Greco AV, Stefanini GF, Gasbarrini G (1998)
Influence of chronic alcohol abuse on body weight and energy metabolism: is
excess ethanol consumption a risk factor for obesity or malnutrition? J Intern
Med 244: 387-395.

13. Camargo CA Jr, Vranizan KM, Dreon DM, Frey-Hewitt B, Wood PD (1987)
Alcohol, calorie intake, and adiposity in overweight men. J Am Coll Nutr 6:
271-278.

14. Fisher M, Gordon T (1985) The relation of drinking and smoking habits to diet:
the Lipid Research Clinics Prevalence Study. Am J Clin Nutr 41: 623-630.

15. Gordon T, Doyle JT (1986) Alcohol consumption and its relationship to
smoking, weight, blood pressure, and blood lipids. The Albany Study. Arch
Intern Med 146: 262-265.

16. Hillers VN, Massey LK (1985) Interrelationships of moderate and high alcohol
consumption with diet and health status. Am J Clin Nutr 41: 356-362.

17. Addolorato G, Capristo E, Marini M, Santini P, Scognamiglio U, et al (2000)
Body composition changes induced by chronic ethanol abuse: evaluation by dual
energy X-ray absorptiometry. Am J Gastroenterol 95: 2323-2327.

@ PLoS ONE | www.plosone.org

Alcoholism and Energy Balance

Supporting Information

Table S1 Characteristics of AD subjects in study 1
according to alcohol type.
(DOC)

Table S2 Biological characteristics of AD subjects at the
onset of withdrawal in study 2.

(DOC)

Text S1 Material and Methodology.
(DOC)

Acknowledgments

We would like to thank the patients and controls for their involvement and
the nurses from Unité Intégrée d’Hépatologie for their technical help in
our study.

Author Contributions

Conceived and designed the experiments: PdT JD PS DG. Performed the
experiments: JD AN PC DG AB SL PFL. Analyzed the data: PdT JD DG
SL PFL. AN PC AB ND PS. Contributed reagents/materials/analysis tools:
PdT DG PFL AN PC AB ND PS. Wrote the paper: PdT ND JD PC PS
PFL AN ND SL AB.

18. Santolaria F, Perez-Cejas A, Aleman MR, Gonzalez-Reimers E, Milena A, et al
(2003) Low serum leptin levels and malnutrition in chronic alcohol misusers
hospitalized by somatic complications. Alcohol Alcohol 38: 60-66.

19. Mantzoros CS, Liolios AD, Tritos NA, Kaklamani VG, Doulgerakis DE, et al
(1998) Circulating insulin concentrations, smoking, and alcohol intake are
important independent predictors of leptin in young healthy men. Obes Res 6:
179-186.

20. De SA, De Court, Zimmet P, Nicholson G, Kotowicz M, et al (1998) Lifestyle
factors fail to explain the variation in plasma leptin concentrations in women.
Nutrition 14: 653-657.

21. Lagiou P, Signorello LB, Mantzoros CS, Trichopoulos D, Hsiech CC, et al (1999)
Hormonal, lifestyle, and dietary factors in relation to leptin among elderly men.
Ann Nutr Metab 43: 23-29.

22. Hillemacher T, Bleich S, Frieling H, Schanze A, Wilhelm J, et al (2007)
Evidence of an association of leptin serum levels and craving in alcohol
dependence. Psychoneuroendocrinology 32: 87-90.

23. Kiefer F, Jahn H, Kellner M, Naber D, Wiedemann K (2001) Leptin as
a possible modulator of craving for alcohol. Arch Gen Psychiatry 58: 509-510.

24. Kraus T, Reulbach U, Bayerlein K, Mugele B, Hillemacher T, et al (2004)
Leptin is associated with craving in females with alcoholism. Addict Biol 9: 213~
219.

25. Leggio L, Ferrulli A, Malandrino N, Miceli A, Capristo E, et al (2008) Insulin
but not insulin growth factor-1 correlates with craving in currently drinking
alcohol-dependent patients. Alcohol Clin Exp Res 32: 450-458.

26. Addolorato G, Capristo E, Leggio L, Ferrulli A, Abenavoli L, et al (2006)
Relationship between ghrelin levels, alcohol craving, and nutritional status in
current alcoholic patients. Alcohol Clin Exp Res 30: 1933-1937.

27. Kim DJ, Yoon §J, Choi B, Kim TS, Woo YS, et al (2005) Increased fasting
plasma ghrelin levels during alcohol abstinence. Alcohol Alcohol 40: 76-79.

28. Schwartz MW, Woods SC, Porte D Jr, Seeley RJ, Baskin DG (2000) Central
nervous system control of food intake. Nature 404: 661-671.

29. American Psychiatric Association (1994) Diagnostic and Statistical Manual of
Mental Disorders, ed 4.

30. Block G (1982) A review of validations of dietary assessment methods.
Am ] Epidemiol 115: 492-505.

31. Sobell LC, Sobell MB, Leo GI, Cancilla A (1988) Reliability of a timeline
method: assessing normal drinkers’ reports of recent drinking and a comparative
evaluation across several populations. Br J Addict 83: 393-402.

32. Maisto SA, Sobell LC, Cooper AM, Sobell MB (1982) Comparison of two
techniques to obtain retrospective reports of drinking behavior from alcohol
abusers. Addict Behav 7: 33-38.

33. Goris AH, Westerterp-Plantenga MS, Westerterp KR (2000) Undereating and
underrecording of habitual food intake in obese men: selective underreporting of
fat intake. Am J Clin Nutr 71: 130-134.

34. Goris AH, Meijer EP, Westerterp KR (2001) Repeated measurement of habitual
food intake increases under-reporting and induces selective under-reporting.
Br J Nutr 85: 629-634.

35. de Castro JM (2006) Varying levels of food energy self-reporting are associated
with between-group, but not within-subject, differences in food intake. ] Nutr

136: 1382-1388.

July 2012 | Volume 7 | Issue 7 | e38682



36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

Santolaria F, Perez-Manzano JL, Milena A, Gonzalez-Reimers E, Gomez-
Rodriguez MA, et al (2000) Nutritional assessment in alcoholic patients. Its
relationship with alcoholic intake, feeding habits, organic complications and
social problems. Drug Alcohol Depend 59: 295-304.

Conseil Supérieur de la Santé (2009) Recommandations nutritionnelles pour la
Belgique, 2009, n° 8309.

Lieber CS (2003) Relationships between nutrition, alcohol use, and liver disease.
Alcohol Res Health 27: 220-231.

Pirola RC, Lieber CS (1972) The energy cost of the metabolism of drugs,
including ethanol. Pharmacology 7: 185-196.

Addolorato G, Capristo E, Greco AV, Stefanini GF, Gasbarrini G (1998)
Influence of chronic alcohol abuse on body weight and energy metabolism: is
excess ethanol consumption a risk factor for obesity or malnutrition? J Intern
Med 244: 387-395.

Addolorato G, Capristo E, Marini M, Santini P, Scognamiglio U, et al (2000)
Body composition changes induced by chronic ethanol abuse: evaluation by dual
energy X-ray absorptiometry. Am J Gastroenterol 95: 2323-2327.

Addolorato G, Capristo E, Greco AV, Caputo F, Stefanini GF, et al (1998)
Three months of abstinence from alcohol normalizes energy expenditure and
substrate oxidation in alcoholics: a longitudinal study. Am J Gastroenterol 93:
2476-2481.

Berneis K, Ninnis R, Keller U (1997) Ethanol exerts acute protein-sparing effects
during postabsorptive but not during anabolic conditions in man. Metabolism
46: 750-755.

Lieber CS, De Carli LM (1973) Ethanol dependence and tolerance:
a nutritionally controlled experimental model in the rat. Res Commun Chem
Pathol Pharmacol 6: 983-991.

. Lieber CS (2004) The discovery of the microsomal ethanol oxidizing system and

its physiologic and pathologic role. Drug Metab Rev 36: 511-529.
Lieber CS (1991) Perspectives: do alcohol calories count? Am J Clin Nutr 54:
976-982.

@ PLoS ONE | www.plosone.org

10

47.

48.

50.

51.

52.

53.

&
o

56.

57.

58.

Alcoholism and Energy Balance

Horvath B, Spies C, Horvath G, Kox WJ, Miyamoto S, et al (2002) Uncoupling
protein 2 (UCP2) lowers alcohol sensitivity and pain threshold. Biochem
Pharmacol 64: 369-374.

Ahima RS (2008) Revisiting leptin’s role in obesity and weight loss. J Clin Invest
118: 2380-2383.

. Morton GJ, Cummings DE, Baskin DG, Barsh GS, Schwartz MW (2006)

Central nervous system control of food intake and body weight. Nature 443:
289-295.

Boden G, Chen X, Mozzoli M, Ryan I (1996) Effect of fasting on serum leptin in
normal human subjects. J Clin Endocrinol Metab 81: 3419-3423.

Rosenbaum M, Murphy EM, Heymsfield SB, Matthews DE, Leibel RL (2002)
Low dose leptin administration reverses effects of sustained weight-reduction on
energy expenditure and circulating concentrations of thyroid hormones. J Clin
Endocrinol Metab 87: 2391-2394.

Flier JS (1998) Clinical review 94: What’s in a name? In search of leptin’s
physiologic role. J Clin Endocrinol Metab 83: 1407-1413.

Nicolas JM, Fernandez-Sola J, Fatjo F, Casamitjana R, Bataller R, et al (2001)
Increased circulating leptin levels in chronic alcoholism. Alcohol Clin Exp Res

25: 83-88.

. Kiefer F, Jahn H, Jaschinski M, Holzbach R, Wolf K, et al (2001) Leptin:

a modulator of alcohol craving? Biol Psychiatry 49: 782-787.

. Badaoui A, De SC, Duchemin J, Gihousse D, de Timary P, et al (2008) Alcohol

dependence is associated with reduced plasma and fundic ghrelin levels.
Eur J Clin Invest 38: 397-403.

Kraus T, Schanze A, Groschl M, Bayerlein K, Hillemacher T, et al (2005)
Ghrelin levels are increased in alcoholism. Alcohol Clin Exp Res 29: 2154-2157.
Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, et al (1994) Positional
cloning of the mouse obese gene and its human homologue. Nature 372: 425—
432.

Koob GF (2003) Alcoholism: allostasis and beyond. Alcohol Clin Exp Res 27:
232-243.

July 2012 | Volume 7 | Issue 7 | e38682



