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Background and aims: Mood and cognition alterations play a role in the motivation for alcohol-drinking.
Lipopolysaccharides are known to stimulate inflammation that was shown to induce mood and cognitive
changes in rodents and humans. Enhanced intestinal permeability and elevated blood LPS characterize
alcohol-dependent mice. However, no data have been published in non-cirrhotic humans. Our first goal
was to test whether intestinal permeability, blood LPS and cytokines are increased in non-cirrhotic alco-
hol-dependent subjects before withdrawal and if they recover after withdrawal. Our second goal was to
test correlations between these biochemical and the behavioral variables to explore the possibility of a
role for a gut–brain interaction in the development of alcohol-dependence.
Methods: Forty alcohol-dependent-subjects hospitalized for a 3-week detoxification program were tested
at onset (T1) and end (T2) of withdrawal and compared for biological and behavioral markers with 16
healthy subjects. Participants were assessed for gut permeability, systemic inflammation (LPS, TNFa,
IL-6, IL-10, hsCRP) and for depression, anxiety, alcohol-craving and selective attention.
Results: Intestinal permeability and LPS were largely increased in alcohol-dependent subjects at T1 but
recovered completely at T2. A low-grade inflammation was observed at T1 that partially decreased during
withdrawal. At T1, pro-inflammatory cytokines were positively correlated with craving. At T2 however,
the anti-inflammatory cytokine IL-10 was negatively correlated with depression, anxiety and craving.
Conclusion: Leaky gut and inflammation were observed in non-cirrhotic alcohol-dependent subjects and
inflammation was correlated to depression and alcohol-craving. This suggests that the gut–brain axis
may play a role in the pathogenesis of alcohol-dependence.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Alcohol-dependence is a disorder that is present in 5–7% of the
population of developed countries (Anderson and Baumberg, 2006;
Grant et al., 2004). In addition to its familial, social and professional
consequences, it is also a major risk factor for several pathologies
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including liver or pancreatic diseases, cardiac diseases, cancers
and neurological or psychiatric disorders. This addiction is also
the first cause of malnutrition in developed countries. Indeed, both
human and animal studies have shown that heavy chronic alcohol
consumption leads to mucosal damages that will interfere with the
absorption of micro and macronutrients and with mucosal enzyme
activities contributing to malnutrition (Bode and Bode, 2003).
Alcohol-fed animals are characterized by an intestinal hyperper-
meability and possibly a Gram-negative bacterial overgrowth in
the upper small intestine that contribute to increased leakage of
lipopolysaccharides (LPS) into the circulation (Adachi et al., 1995;
Yan et al., 2010). LPS are potent pro-inflammatory agents that
through a CD14-TLR4 receptor mechanism (Akira and Hemmi,
2003) activate the transcriptional factor NFjB to induce the pro-
duction of inflammatory mediators such as pro-inflammatory
cytokines, chemokines, nitric oxide and reactive oxygen species
ility and inflammation in the biological and behavioral control of alcohol-
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Table 1
Characteristics of the alcohol-dependent and the control groups.

Variable AD-T1 AD-T2 Controls

Number of participants 52 40 16
Age 47 ± 11a 49 ± 11a 50 ± 11a

Gender, n (%)
Male 42 (81%) 32 (80%) 9 (56%)
Female 10 (19%) 8 (20%) 7 (44%)
BMI (kg/m2) 24.7 ± 4.1a 25.3 ± 3.9a 27.4 ± 4.1a

Alcohol intake (g/day) 195 ± 79a 0 10 ± 7a

AD-T1 and AD-T2 refer to alcohol-dependent subjects tested at onset and end of the
detoxification program, respectively.

a Data are means ± SD.
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(Wheeler, 2003). This LPS activated inflammatory process has been
thought to play an important role in the development of alcoholic
liver disease (Wheeler, 2003). These mechanisms have been
mainly studied in rodent models of alcohol-dependence (Adachi
et al., 1995; Mathurin et al., 2000; Rao et al., 2004; Wheeler,
2003; Yan et al., 2010) but data on whether this also occurs in alco-
hol-dependent humans are scarce.

Among the human studies, increased circulating LPS levels have
been reported in subjects that have already developed liver dam-
age and cirrhosis (Fukui et al., 1991; Parlesak et al., 2000) where
the increased LPS levels have been also be attributed to dysfunc-
tional Kupffer cells with reduced ability to detoxify endotoxins
(Rao et al., 2004). Therefore, the rise in plasma LPS and subsequent
inflammation in these patients can also be the consequence of the
liver disease. The analysis of the effects of alcohol consumption in
non-cirrhotic alcoholics would allow us to test the hypothesis that
changes in intestinal permeability, LPS and low-grade inflamma-
tion may not only be a consequence but also play a role in contin-
uing alcohol-dependence.

The influence of circulating cytokines on the human brain
functions and the development of depression is supported by sev-
eral studies (Dantzer and Kelley, 2007; Dantzer et al., 2008; Maes,
1999). Furthermore, an infection (Dantzer et al., 2008; Konsman
et al., 2002) or the injection of LPS (Reichenberg et al., 2001) will
induce several symptoms (fever, fatigue, anorexia, sleep abnor-
malities, loss of interest in social activities), and cognitive distur-
bances (e.g. memory or attention dysfunctions) that are close to
symptoms of depression. These symptoms are induced by the ef-
fect of inflammation on the brain through both humoral and
autonomic pathways (Konsman et al., 2002). These observations
support the idea that inflammation induces a Sickness Behavior,
which may play a role in the pathophysiology of some psychiatric
diseases. Consistent with this idea, depressed subjects have high-
er plasma pro-inflammatory cytokines concentrations than con-
trols (Dowlati et al., 2010; Maes, 1999). On the other hand, the
anti-inflammatory cytokine IL-10 seems to prevent LPS-mediated
mood and cognition disturbances (Bluthe et al., 1999; Richwine
et al., 2009; van den Boogaard et al., 2010). In addition, depres-
sion plays an important role in the behavioral mechanism of
addiction (Schuckit, 1994) and has been shown to be strongly
and consistently correlated to alcohol craving (Andersohn and
Kiefer, 2004) which could be defined as the appetitive urge to
drink alcohol (Anton, 1999). Also, recent psychological studies
indicated that negative affects (depression, anxiety) and craving
largely improve during the alcohol-withdrawal (Cordovil De Sou-
sa Uva et al., 2010; De Timary et al., 2008). Selective attention
also improved during the detoxification programme whereas
other cognitive functions such as executive functions (inhibition,
flexibility, decision making) remained unchanged (Cordovil De
Sousa Uva et al., 2010).

Our first goal was to show that heavy chronic alcohol consump-
tion induced an increase in intestinal permeability. Then, we tested
whether this hyperpermeability was associated with a rise in plas-
ma LPS levels (Cani et al., 2007, 2008) and systemic inflammatory
response. Finally, we hypothesized that these biological changes
would in turn influence the severity of depressive symptoms, the
intensity of craving and consequently alcohol consumption. To test
these hypotheses, alcohol-dependent subjects were carefully se-
lected upon diagnosis as non-cirrhotic. They were assessed for
intestinal permeability, plasma LPS levels, plasma pro- and anti-
inflammatory cytokines levels, high-sensitivity C-reactive protein
(hsCRP) levels and for behavioral measures both at the onset and
end of alcohol-withdrawal. This alcohol-dependent group was
compared to a control group consisting of individuals matched
for age and body mass index (BMI) and who socially consume
low amounts of alcohol.
Please cite this article in press as: Leclercq, S., et al. Role of intestinal permeab
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2. Material and methods

2.1. Participants and procedure

The study protocol was approved by the ethical committee of
the hospital and all subjects signed an informed consent form prior
to the investigation (B40320096274, Commission d’éthique bio-
médicale hospitalo-facultaire de l’UCL). A total of 52 subjects with
diagnosis of alcohol-dependence according to the DSM-IV criteria
(APA, 1994) were clinically evaluated by a psychiatrist (P.d.T.)
and admitted to the gastroenterology ward for a 3-week detoxifi-
cation and rehabilitation programme. This programme consists of
2 weeks of hospitalization separated by 1 week where the patients
return back home. All patients had kept on drinking until the day of
admission to the detoxification ward or the day before. Patients
were tested twice, on the day of or the day following their admis-
sion (T1) and on day 18–19 (T2) corresponding to the last days of
the detoxification program. Among the 52 patients who were in-
cluded, only 40 participated at both times of the testing. The sub-
jects who abandoned their treatment or who relapsed during the
week at home were excluded. Also excluded prior to the study en-
try were patients who suffered from diabetes and Crohn’s disease
or other chronic inflammatory diseases (such as rheumatoid arthri-
tis), those who presented gastric bypass or other bariatric surgery,
those who took antibiotics, probiotics or glucocorticoids and non-
steroidal anti-inflammatory drugs during the 2 months preceding
enrollment, and subjects who presented with a diagnosis of cirrho-
sis. Transient liver elastrography (Fibroscan�) was applied to all
patients in order to quantify liver stiffness which correlates with
fibrosis grades, according to the METAVIR classification system of
fibrosis (Bedossa and Poynard, 1996). Based on this evaluation,
only patients without significant fibrosis (F0 and F1 scores) were
included in the study (see Supplementary material section 1).
Alcohol-dependent patients were compared to 16 age- and
BMI-matched controls who consume low amounts of alcohol
(<20 g/day) (Table 1).
2.2. Measurement of intestinal permeability with 51Cr-EDTA

We measured intestinal paracellular permeability with 51Cr-
EDTA. This non-toxic probe was neither degraded by gut flora
nor metabolized by the body and not naturally present in the urine
(Bjarnason et al., 1995; Peeters et al., 1994). After an overnight fast
and emptying of the bladder, patients drank a Nutridrink� (200 ml,
150 kcal/100 ml) (Nutricia, Brussels, Belgium) containing 50 lCi
(1.85 MBq) 51Cr-EDTA. Urine was collected for 24 h during two
periods that were expected to reflect small (0–4 h) and large
(4–24 h) bowel permeability, respectively. Urine creatinine was
measured to ensure completeness of the collections and subjects
with very low creatinine clearance rates (< 8 mg/kg/24 h) were
excluded (De et al., 1993). Complete collections at T1 and T2 were
ility and inflammation in the biological and behavioral control of alcohol-
bi.2012.04.001

http://dx.doi.org/10.1016/j.bbi.2012.04.001


S. Leclercq et al. / Brain, Behavior, and Immunity xxx (2012) xxx–xxx 3
obtained in 26 alcohol-dependent subjects and 16 controls. The
radioactivity was measured with a gamma counter (Cobra5003
Canberra Packard, Downers Grove, IL, USA). Results were expressed
as percentages of the ingested dose normalized for creatinine.

2.3. Biochemical analyses

The LPS concentration was measured with the Limulus amebo-
cyte lysate kinetic chromogenic methodology that measures the
color intensity directly related to the endotoxins concentration in
a sample, using Endosafe-MCS (Charles River laboratories, Lyon,
France). Plasma were diluted 1/10 with endotoxin-free buffer to
minimize interferences in the reaction (inhibition or enhancement)
and heated for 15 min at 70 �C. Each sample was diluted 1/70 with
endotoxin-free Limulus amebocyte lysate reagent water (Charles
River Laboratories, Wilmington, MA) and treated in duplicate,
and 2 spikes per sample were included in the determination. All
samples have been validated for recovery and coefficient of varia-
tion determination. The lower limit of detection was 0.01 EU/mL
(Everard et al., 2011; Luoto et al., 2011).

Plasma cytokines (interleukin (IL)-6, IL-10 and tumor necrosis
factor (TNF) a) were determined in duplicate by multiplex immu-
noassay (Millipore, Belgium) and measured using Luminex�xMap�

technology (Biorad, Nazareth, Belgium) following the manufac-
turer’s instructions. Plasma hsCRP was measured by an automated
turbidimetry method (DxC 800, Beckman Coulter).

2.4. Psychological tests

All patients were tested for depression, anxiety, craving for
alcohol and selective attention at T1 and T2 (see Supplementary
material section 2).

The Beck Depression Inventory (BDI) is a 21-item self-report
inventory designed to measure the severity of depressive symp-
toms, with a maximum score of 63 (Beck et al., 1996). The vali-
dated French translation of the second version of the BDI (BDI-II)
was used in this study (Bourque and Beaudette, 1982).

The state report of the State-Trait Anxiety Inventory (STAI Form
YA) is a valid and reliable 20-item self-report inventory for mea-
suring the state of anxiety (Spielberger et al., 1983). The scores
range from 20 to 80 where higher scores indicate greater anxiety.
A valid French version was administered (Bruchon-Schweitzer
and Paulhan, 1993).

The Obsessive–Compulsive Drinking Scale (OCDS) is a question-
naire that assesses the cognitive aspects of alcohol craving during
the preceding 7 days.(Anton et al., 1995) This 14-question ques-
tionnaire provides a global craving score, as well as two sub-
scores: an obsessive score (6 items) and a compulsive score (8
items). A valid French version was used in this study (Ansseau
et al., 2000).

Selective attention was evaluated with the validated double bin-
ary computerized task from the ‘‘Batterie d’Attention de William
Lennox’’ (BAWL) in its version 4.0 (Leclercq, 2007). Briefly, the sub-
ject was asked to react when a specific target appeared on the
screen by pressing as quickly as possible the response button on
the computer. The reaction time needed to press the button is cal-
culated for each of the 40 targets.

2.5. Statistical analyses

For each variable, normal distribution was tested with the
Kolmogoroff–Smirnov test. As all biological measures exhibited
non-normal distributions, a log-transformation was applied to
obtain normality and statistical analyses were performed on log-
transformed data. The data presented in the graphs are, however,
non-transformed means ± standard error of the mean (SEM).
Please cite this article in press as: Leclercq, S., et al. Role of intestinal permeab
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Biological and psychological measures were analyzed using t-tests.
Paired t-tests were performed to compare alcohol-dependent (AD)
subjects at T1 and T2. Unpaired t-tests were performed to compare
AD to controls (CT). Concerning selective attention, to detect a
practice effect as a result of test–retesting, the control group was
tested twice and data were analyzed with repeated-measures anal-
ysis of variance (ANOVA), with time as a within factor (T1 vs. T2)
and group as a between factor (AD vs. CT). Correlations were calcu-
lated using Pearson’s moment correlations. Statistical analyses
were performed using SPSS version 18.0 and graphs with GraphPad
Prism version 4.0. Statistical significance was defined for a p-value
lower than 0.05.
3. Results

3.1. Increased intestinal permeability and LPS in alcohol-dependent
subjects and recovery after withdrawal

Intestinal permeability was measured by calculating the
quantity of 51Cr-EDTA found in urines. At T1, the small bowel
permeability was significantly higher in alcohol-dependent sub-
jects than in controls, t (40) = 2.44, p < .05. It decreased signifi-
cantly from T1 to T2, t (25) = 5.63, p < .001, and this decrease
was observed in 92.5% of patients. At T2, it did not differ
anymore from controls, t (39) = 1.01, p = .32. At T1, alcohol-
dependent subjects had higher colon and total intestinal perme-
ability than those of controls but the difference between groups
did not reach significance. However, both colon and total intes-
tinal permeability decreased significantly during withdrawal,
t (25) = 2.22, p < .05 and t (25) = 3.66, p < .01 (Fig. 1A). These
observations suggest that the effects of alcohol on gut perme-
ability are more prominent at the level of the small bowel than
the colon.

Patients at T1 also exhibited higher plasma LPS concentrations
than controls, t (37) = 2.21, p < .05. It significantly decreased during
withdrawal, t (23) = 2.27, p < .05, and at T2, LPS levels did not differ
from controls (Fig. 1B).
3.2. Induction of plasma cytokines in alcohol-dependent subjects and
partial decrease after short-term withdrawal

The levels of pro-inflammatory cytokines TNFa and IL-6 were
significantly higher in alcohol-dependent subjects than in controls
at T1, t (44) = 3.77, p < .001 and t (31) = 2.185, p < .05, and at T2,
t (44) = 3.50, p < .01 and t (28) = 2.20, p < .05 (Fig. 2A and B). The
mean plasma cytokine concentrations decreased during with-
drawal, although not significantly. The levels of plasma IL-6
decreased in only half of the patients. The TNFa concentrations
decreased in 66% of patients but increased in 33% of them. HsCRP,
which is one of the acute phase proteins that increases during
systemic inflammation, was significantly higher in alcohol-depen-
dent subjects than in controls at both T1, t (47) = 2.45, p < .05, and
T2, t (48) = 3.12, p < .01 (Fig. 2D). There was no significant
decrease of hsCRP levels from T1 to T2. The anti-inflammatory
cytokine IL-10 was 2-fold higher in alcoholics at T1 than in
controls but this difference did not reach significance (Fig. 2C).
Surprisingly, plasma IL-10 decreased significantly during with-
drawal, t (26) = 4.20, p < .001, and this decrease was observed in
85% of the patients. At the end of withdrawal, IL-10 returned to
the same level as controls. These results permit us to conclude
that alcohol-dependent subjects indeed present with a low-grade
inflammation, which is defined by a 2- to 3-fold increase in
inflammatory cytokines and acute phase proteins (Petersen and
Pedersen, 2005; Ross, 1999).
ility and inflammation in the biological and behavioral control of alcohol-
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Fig. 1. A 3-week detoxification program induced a total recovery of intestinal permeability (n = 26) and blood LPS (n = 27). (A) Intestinal permeability was assessed by
measurement of 51Cr-EDTA excreted in urine. The first 4-h urinary collection reflects the small bowel permeability and the second 20-h collection large bowel permeability.
Total intestinal permeability was also calculated. (B) Plasma LPS concentrations measured in alcohol-dependent subjects and in controls. Results are means ± SEM but
corresponding p-values are derived from log-transformed data. Creat: creatinine; EU: endotoxin units; LPS: lipopolysaccharide; CT: control group; AD-T1 and AD-T2 refer
respectively to the alcohol-dependent group at the onset and at the end of withdrawal. ⁄p < 0.05 as determined by a two-tailed Student’s unpaired t-test (comparison between
alcoholics and controls). #p < 0.05 as determined by a two-tailed Student’s paired t-test (comparison of alcohol-dependent subjects during withdrawal).

Fig. 2. Change in inflammatory state during alcohol-withdrawal. Plasma (A and B) pro-inflammatory and (C) anti-inflammatory cytokines levels and (D) plasma hsCRP in
alcohol-dependent and in control group. Results are means ± SEM but corresponding p-values are derived from log-transformed data. TNFa: tumor necrosis factor a (n = 30);
IL-6: interleukin-6 (n = 16); IL-10: interleukin-10 (n = 26); hsCRP: high-sensitive C-reactive protein (n = 31); CT: control group; AD-T1 and AD-T2 refer respectively to the
alcohol-dependent group at the onset and at the end of withdrawal. ⁄p < 0.05 as determined by a two-tailed Student’s unpaired t-test (comparison between alcohol-
dependents and controls. #p < 0.05 as determined by a two-tailed Student’s paired t-test (comparison of alcohol-dependent subjects during withdrawal).
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3.3. Recovery of psychological markers during alcohol-withdrawal

Depression and anxiety scores were significantly higher in alco-
hol-dependent subjects at T1 than in controls, t (51) = 9.95, p < .001
and t (45) = 6.74, p < .001, and decreased significantly from T1 to
T2, t (39) = 10.11, p < .001 and t (39) = 6.83, p < .001. However, at
the end of withdrawal, both scores remained significantly higher
than those of controls, t (50) = 4.51, p < .001 and t (42) = 3.18,
p < .01 (Fig. 3A and B). For craving, the total OCDS score as well
as the obsession and compulsion subscores were significantly
Please cite this article in press as: Leclercq, S., et al. Role of intestinal permeab
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higher at T1 in alcohol-dependent subjects than in controls,
t (53) = 22.61, p < .001 and t (45) = 20.94, p < .001 and
t (51) = 19.86, p < .001, and all three decreased significantly during
withdrawal, t (39) = 15.63, p < .001 and t (39) = 14.33, p < .001 and
t (39) = 12.93, p < .001, while remaining significantly higher than
those of controls at the end of withdrawal, t (50) = 5.51, p < .001
and t (45) = 6.04, p < .001 and t (53) = 3.88, p < .001 (Fig. 3D–F).
Selective attention was evaluated using reaction times from the
double binary task of BAWL. The results of the repeated-measures
ANOVA show a main effect of group, F (1,54) = 19.98, p < 0.001,
ility and inflammation in the biological and behavioral control of alcohol-
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Fig. 3. Decrease in emotional, motivational and cognitive disturbances during alcohol-withdrawal (n = 40). (A and B) Comparison of levels of depression and anxiety in
alcohol-dependent subjects and in controls. (C) Selective attention, measured by reaction times, was evaluated twice on each participant to detect a possible practice effect.
Analyses were performed using repeated-measures analysis of variance (ANOVA), with time as a within factor (T1 vs. T2) and group as a between factor (alcohol-dependents
vs. controls). (D–F) Comparison of total craving, obsessive and compulsive components of craving in alcohol-dependent and in control groups. Results are means ± SEM. BDI:
Beck depression inventory; STAI: state-trait anxiety inventory; OCDS: obsessive–compulsive drinking scale; ms: milliseconds; ALC: alcohol-dependent group; CT: control
group; AD-T1 and AD-T2 refer respectively to the alcohol-dependent group at the onset and at the end of withdrawal. ⁄p < 0.01 as determined by a two-tailed Student’s
unpaired t-test (comparison between alcohol-dependents subjects and controls). #p < 0.001 as determined by a two-tailed Student’s paired t-test (comparison of alcohol-
dependents during withdrawal). Data with different superscript letters were significantly different according to t-tests following 2 � 2 MANOVA statistical analysis.
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g2 = 0.27, meaning that the performances of alcohol-dependent
subjects were lower than in controls. As expected, there was also
a main effect of time, F (1,54) = 17.13, p < 0.001, g2 = 0.24, indicat-
ing that subjects had a quicker reaction time at T2 than at T1 (prac-
tice effect) (Fig. 3C). Most importantly, there was a significant
Time � Group interaction, F (1,54) = 6.93, p = 0.011, g2 = 0.11,
showing that reaction times in alcohol-dependent subjects im-
proved more than those of controls from T1 to T2.
3.4. Correlations between biological and psychological factors

Cytokines have in the past been suggested to play a role in the
development of psychiatric diseases and mostly in major depres-
sion (Dantzer and Kelley, 2007; Dantzer et al., 2008; Konsman
et al., 2002; Maes, 1999). Here, we decided to test the possibility
that intestinal permeability and inflammation that were observed
to be abnormal in alcohol-dependent subjects could be related to
some behavioral symptoms that are specific to alcohol-depen-
dence, particularly depression, anxiety, selective attention and
alcohol craving.

We first examined correlations in patients at T1. We found that
IL-6 was positively correlated with depression (r = 0.44, p < .05).
Moreover, all cytokines measured in this study were positively
and significantly correlated with alcohol craving (TNFa: r = 0.44,
p < .05; IL-6: r = 0.52, p < .05; IL-10: r = 0.52, p < .01; hsCRP:
r = 0.46, p < .01). We also observed that selective attention was sig-
nificantly correlated with small bowel permeability (r = 0.38,
p < .05) (Fig. 4).
Please cite this article in press as: Leclercq, S., et al. Role of intestinal permeab
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After 3 weeks of abstinence, it was the anti-inflammatory cyto-
kine IL-10 that was this time negatively correlated with all psycho-
logical factors: depression (r = �0.45, p < .05), anxiety (r = �0.44,
p < .05), craving (r = �0.48, p < .05) and selective attention
(r = �0.39, p = .05). This suggests a potent psychological role for
anti-inflammatory cytokines. However, the pro-inflammatory
cytokine TNFa was still positively correlated with craving
(r = 0.41, p < .05). Finally, we also observed that selective attention
was positively correlated with large bowel permeability (r = 0.39,
p < .05) and with hsCRP (r = 0.37, p < .05) (Fig. 4).
4. Discussion

Several animal and human studies support the view that alco-
hol-induced increase in intestinal permeability and portal LPS play
a role in the development of alcoholic liver disease (Adachi et al.,
1995; Bode and Bode, 2003; Keshavarzian et al., 2009; Mathurin
et al., 2000; Mutlu et al., 2009; Parlesak et al., 2000; Ramachandran
et al., 2002; Rao et al., 2004; Wheeler, 2003; Yan et al., 2010). How-
ever, these previous human studies have always been done in alco-
hol-dependent subjects that had already developed liver damage
(Parlesak et al., 2000). The first aim of our study was to test
whether intestinal permeability, circulating LPS and inflammatory
response would be elevated in non-cirrhotic alcohol-dependent
subjects. Our results clearly showed that these patients presented
with a greater intestinal permeability than control subjects, pre-
dominantly in the small intestine. Interestingly, the permeability
of all intestinal segments decreased significantly during
ility and inflammation in the biological and behavioral control of alcohol-
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Fig. 4. Correlations between biological and psychological factors at the onset (T1) and at the end (T2) of withdrawal. BDI: Beck depression inventory; STAI: state-trait anxiety
inventory; OCDS: obsessive compulsive drinking scale; BAWL: batterie d’attention de William Lennox; IP: intestinal permeability. ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001.
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withdrawal and reached at T2 the level observed in controls. This
confirms the deleterious effect of alcohol on the small intestine,
where alcohol is mainly absorbed (Inserm, 2001). The rapid recov-
ery suggests that 3 weeks of abstinence are sufficient to restore a
functional gut barrier, probably because of the rapid turn-over of
intestinal mucosa (Creamer et al., 1961).

Concerning circulating LPS that can be elevated in the case of
gut impairment (Muccioli et al., 2010), we found that plasma LPS
levels were significantly higher in alcohol-dependent group at T1
than in controls but returned to normal at T2. This observation
supports the view that severe alcohol intake may increase LPS lev-
els independently of the development of cirrhosis. Our study is the
first to observe intestinal hyperpermeability and increased LPS lev-
els in non-cirrhotic alcohol-dependent humans, thereby confirm-
ing the results of a recent study in rats (Keshavarzian et al.,
2009). The increase in LPS levels can probably be attributed to
the increase in small intestine permeability. However, we cannot
exclude that small intestinal bacterial overgrowth, that character-
izes alcohol-dependent subjects (Bode and Bode, 2003; Bode et al.,
1993), might also contribute to the increase in LPS. As mentioned
above and in contrast with a previous study performed in obese
animals (Cani et al., 2009), we failed to find a significant correlation
between intestinal permeability and plasma LPS concentrations.
This discrepancy may be explained by two reasons: firstly, in our
study, blood samples were taken from the antecubital and not from
the portal vein; secondly, the probe we used to assess permeability
was 51Cr-EDTA, that has a molecular mass of 350 Da, whereas LPS
have a molecular weight of 2000–20,000 Da (Caroff et al., 2002).
Indeed, in a previous study, LPS were found to correlate with per-
meability only when probes of large molecular weight were used
(Mathurin et al., 2000; Parlesak et al., 2000).

These bacterial lipopolysaccharides are the major components
of the outer surface of Gram-negative bacteria and are considered
to be powerful pro-inflammatory agents (Caroff and Karibian,
2003). We assessed the inflammatory markers of the alcohol-
dependent subjects and observed that the levels of TNFa, IL-6, IL-
10, and hsCRP were significantly higher than in controls at T1. Sur-
prisingly, the anti-inflammatory cytokine IL-10 was the only one to
totally recover at T2 whereas the pro-inflammatory cytokines
TNFa, IL-6 and hsCRP only partially decreased. This indicated that
IL-10 was the first cytokine that responded to the decrease in intes-
tinal permeability and circulating LPS. Although the exact source of
plasma cytokines remains unknown in alcohol-dependent sub-
jects, we may hypothesize that IL-10, which is mainly produced
by leukocytes (Sabat et al., 2010) and epithelial intestinal cells
(Autschbach et al., 1998) could be more related to the intestine
and that TNFa and IL-6 are mainly produced by the liver, after
activation of Kupffer cells by LPS (Elsharkawy and Mann, 2007).
Please cite this article in press as: Leclercq, S., et al. Role of intestinal permeab
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Indeed, IL-10 is commonly considered as a Th3 cytokine which is
involved in immune tolerance by T cells at sites for first line of de-
fense such as intestinal mucosa, where they have a protective role
against the development of uncontrolled inflammation in the gut
(Allez and Mayer, 2004). Moreover, IL-10 inhibits the production
of pro-inflammatory cytokines by monocytes and macrophages
(de Waal et al., 1991) and might hence play a significant role in
maintaining a non-inflammatory immune status in the normal
intestine (Autschbach et al., 1998). In case of inflammatory bowel
disease (IBD), the immunosuppressive effect of IL-10 is probably
not sufficient to control local inflammation (Autschbach et al.,
1998; Kucharzik et al., 1995) since patients with IBD also have high
levels of pro- and anti-inflammatory cytokines (Kucharzik et al.,
1995). Our data also suggested that in alcohol-dependent subjects
in whom there is systemic immune activation, the anti-inflamma-
tory cytokines are increased to counteract the actions of pro-
inflammatory cytokines. This may explain the strong correlations
between IL-10 and TNFa (T1: r = 0.50, p < .01; T2: r = 0.51,
p < .01) or IL-6 (T1: r = 0.74, p < .001; T2: r = 0.45, p = .06) that we
found in our study. Another evidence for the role of IL-10 in the
intestine immune tolerance is the observation that IL-10 knock-
out mice spontaneously develop chronic enterocolitis (Kuhn
et al., 1993). All of these data support the fact that the recovery
of plasma IL-10 observed in alcohol-dependent subjects during
withdrawal could be related to the recovery of local inflammatory
state that induced intestinal permeability. On the other hand, the
explanation for the lack of recovery of the pro-inflammatory cyto-
kines is unclear. It could be due to the persistence of liver inflam-
mation. There is evidence of ongoing liver damage at the end of a
3-week withdrawal, as assessed by the persistence of liver stiffness
on transient elastography measures after 30 days of abstinence
(Gelsi et al., 2011) and the absence of total recovery of cytolytic en-
zymes observed in our patients (data not shown). However, we can
also propose the hypothesis that the incomplete resolution of the
general immune response could also contribute to the continuing
low-grade inflammation observed at the end of the detoxification
program.

Our study also has a second important aim: to test the possible
role of these markers of permeability and inflammation on psycho-
logical factors that play a central role in the development of alco-
hol-dependence. We therefore decided to assess psychological
factors that play a role in the development of alcohol-dependence
but that are also known to change during withdrawal. We ob-
served, as expected, that scores of depression, anxiety, alcohol
craving and selective attention were largely altered in alcohol-
dependent subjects. All the scores recovered during withdrawal,
following a pattern parallel to that of biological markers. However,
despite a total recovery of intestinal permeability and circulating
ility and inflammation in the biological and behavioral control of alcohol-
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LPS after alcohol-withdrawal, markers of inflammation and of psy-
chological distress had only partially recovered. This suggests that
they are not related only to the intestinal permeability.

To test this last hypothesis, we looked for correlations between
biological and psychological factors. Previous animal or human
studies have shown some emotional and cognitive disturbances
when inflammation was artificially induced by the injection of
LPS. For instance, Sparkman et al. (2006) reported that IL-6 could
be a key mediator of the deficit in working memory in mice in-
jected with LPS. Reichenberg et al. (2001) reported that LPS injec-
tion in humans induced memory dysfunctions and an increase in
depression and anxiety. Moreover, LPS-induced depression and
anxiety were correlated with cytokines and cortisol levels. Inter-
estingly, we observed that alcohol-drinking is a condition that
naturally induces changes in LPS, intestinal permeability and cyto-
kines, and hence resembles the artificial situations described
above. In accordance with these previous reports, we observed at
T1, when LPS levels are elevated, a correlation between the pro-
inflammatory cytokine IL-6 and depression. However, we also
found at T1 that cytokines IL-6, TNFa and IL-10 are correlated with
alcohol craving. It is, to our knowledge, the first observation of a
relationship between inflammation and craving in alcohol-depen-
dent subjects, where craving is expected to play a central role in
drinking behavior. Selective attention correlated with intestinal
permeability at both times of withdrawal. More importantly, we
found at T2 that IL-10 was negatively correlated with depression
and alcohol craving. These two markers are known to be important
predictors of relapse after withdrawal (Andersohn and Kiefer,
2004) suggesting therefore an important role for the anti-inflam-
matory cytokine in abstinent alcohol-dependent subjects. Animal
studies have suggested a role for IL-10 to prevent the effects of
LPS on mood and cognition. Bluthe et al. (1999) showed that IL-
10 injection in mice abrogated the depressive symptoms induced
by central or peripheral LPS administration. More recently, LPS-in-
duced fatigue and deficits in psychomotor coordination were found
to be exacerbated in mice deficient in IL-10 (Krzyszton et al., 2008).
Richwine et al. (2009) reported that LPS injection induced cogni-
tive disturbances in IL-10�/� mice but not in wild-type mice. How-
ever, only one recent study mentioned a positive impact of IL-10 on
human cognitive performances (van den Boogaard et al., 2010).
Whether IL-10 influences behavior through an inhibition of the
secretion of pro-inflammatory cytokines (Bluthe et al., 1999; Di
et al., 1995) or through a direct effect on the brain (Mesquita
et al., 2008) is still under debate.

In conclusion, our study is the first to demonstrate a relation-
ship between heavy chronic alcohol consumption, increased intes-
tinal permeability, increased circulating LPS and low-grade
inflammation in non-cirrhotic alcohol-dependent subjects. Fur-
thermore, the parallel changes of these biological markers and of
psychological markers related to drinking behavior observed dur-
ing withdrawal, suggest a role for a gut–brain interaction in alco-
hol-dependence. While pro-inflammatory cytokines are positively
correlated with depression and craving at the onset of withdrawal,
the anti-inflammatory cytokine IL-10 becomes negatively corre-
lated with depression and craving at the end of the detoxification
program, suggesting a potential protective role for this cytokine
against relapse. Moreover, we can suggest that the incomplete
recovery of pro-inflammatory cytokines after a short-term with-
drawal could also contribute to the high number of relapses ob-
served among these patients within several weeks or months
following the detoxification program.

Because correlation does not imply causal connections, further
experimental studies using agents that directly affect the levels
of inflammation are definitely needed to reinforce the evidence
of the important role of cytokines in the behavior of AD subjects.
However, this potential gut–brain interaction opens a new field
Please cite this article in press as: Leclercq, S., et al. Role of intestinal permeab
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of research for pharmacological interventions in alcohol-depen-
dent subjects, targeting the gut or inflammation. Indeed current
pharmacological approaches of alcohol-dependence that only tar-
get brain neurotransmitters have proved so far to be modestly effi-
cient (Johnson, 2010), eventually because they fail to take into
account of intestinal permeability and inflammation as a driving
force for the psychological components of alcoholic pathology.
An interesting perspective would be to test whether nutritional
factors such as probiotics or prebiotics that are known to have po-
sitive impacts on the gut barrier (Delzenne et al., 2011) will be able
to reduce inflammation and improve mood and craving, as a new
treatment of alcohol-dependence.
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