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Abstract

Since only 30% of alcoholics develop alcoholic liver disease (ALD), a factor other than heavy alcohol
consumption must be involved in development of alcohol-induced liver injury. Animal and human
studies suggest that bacterial products such as endotoxin are the second key co-factor and oxidant-
mediated gut leakiness is one of the sources of endotoxemia. Probiotics have been used to prevent
and treat diseases associated with gut-derived bacterial products and disorders associated with gut
leakiness. Indeed, “probiotic” Lactobacillus has been successfully used to treat alcohol-induced liver
injury in rats. But, the mechanism of action of the potential beneficial effects of Lactobacillus in
alcohol liver injury is not known. We hypothesized that probiotics could preserve normal barrier
function in an animal model of ALD by preventing alcohol-induced oxidative stress and thus prevent
development of hyperpermeability and subsequent alcoholic steatohepatitis. Male Sprague-Dawley
rats were gavaged with alcohol twice daily (8gm/kg) for 10 weeks. In addition, alcoholic rats were
also treated with once daily gavage of either 2.5 107 live Lactobacillus GG (LGG) or vehicle.
Intestinal permeability (baseline and 10wk) was determined using a sugar bolus and GC analysis of
urinary sugars. Intestinal and liver tissues were analyzed for markers of oxidative stress and
inflammation. In addition livers were assessed histologically for severity of alcoholic steatohepatitis
(ASH) and total fat (steatosis). Alcohol-LGG fed rats had significantly (p<.05) less severe ASH than
alcohol-vehicle fed rats. LGG also improved alcohol-induced gut leakiness and significantly blunted
alcohol-induced oxidative stress and inflammation in both intestine and the liver. LGG probiotic
gavage significantly ameliorated alcoholic steatohepatitis in rats. This improvement was associated
with reduced markers of intestinal and liver oxidative stress and inflammation and preserved gut
barrier function. Our study provides a scientific rationale to test probiotics for treatment and/or
prevention of alcoholic liver disease in man.
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Introduction

Alcoholic liver disease (ALD) remains as an important cause of morbidity and mortality with
more than 75,000 deaths annually worldwide and incidence increasing in the last decade
(Gramenzietal., 2006; Tsukamoto, 2007). However, only about 30% of heavy drinkers develop
alcoholic steatohepatitis (ASH) and clinically significant ALD (Gramenzi et al., 2006). Thus,
heavy alcohol drinking is required but not sufficient for development of ASH and other factor
(s) are required. Several animal and human studies have suggested that the gut-derived bacterial
product, endotoxin is the required co-factor. For example, ALD patients and animal models of
chronic alcoholism have abnormally high plasma endotoxin levels (Bode et al., 1987; Fukui
etal., 1991; Lumsden et al., 1988; Thurman, 1998; Tilg and Diehl, 2000).

The cause of alcohol-induced endotoxemia is not well established but several studies suggest
that alcohol-induced increased intestinal permeability to gut derived endotoxin is the possible
mechanism (Fukui et al., 1991; Keshavarzian et al., 1999; Parlesak et al., 2000; Rao et al.,
2004; Tilg and Diehl, 2000; Worthington et al., 1978). If endotoxemia and intestinal
hyperpermeability are the key factors in development of alcoholic steatohepatitis, then
intervention aiming at ameliorating endotoxemia and gut leakiness should prevent alcoholic
steatohepatitis. Indeed, studies in animal models of ALD have revealed that treatment with
antibiotics to sterilize the gut and thus eliminate this source of endotoxin can prevent alcohol-
induced liver injury (Adachi et al., 1995). Moreover, Lactobacillus GG supplementation
significantly decreased severity of liver injury in a rat model of alcoholic steatohepatitis (Nanji
etal., 1994). We also showed that oats supplementation prevented both increased intestinal
permeability and steatohepatitis in chronically alcohol fed rats (Keshavarzian et al., 2001).
These studies strongly support the notion that gut bacteria play a key role in the pathogenesis
of alcohol induced liver injury and that gut leakiness may be one mechanism that allows
proinflammatory bacterial products to reach the liver and initiate the proinflammatory cascade
required to cause ASH.

One mechanism whereby alcohol induces intestinal permeability in vivo may be oxidative
stress. Antioxidants have been shown to normalize intestinal permeability in alcoholic patients
(\Varella Morandi Junqueira-Franco et al., 2006). We have also shown that alcohol increases
intestinal epithelial cell permeability in vitro through an oxidant stress mediated mechanism
(Banan et al., 1999; Banan et al., 1998). In those studies we demonstrated that alcohol
stimulates activation of the key transcription factor NF-kB which in turn stimulates
upregulation of inducible nitric oxide synthase (iNOS) (Banan et al., 2000; Banan et al.,
2007). Our data support iNOS production of reactive nitrogen species (e.g. peroxynitrite) as
the principal source of ethanol induced oxidative stress. The resulting oxidative stress causes
increased carbonylation and nitrotyrosination of cellular proteins including the actin and
microtubule cytoskeletons which when disrupted results in loss of tight junction integrity and
increased paracellular permeability (Farhadi et al., 2006). This model has recently been
supported independently by studies examining alcohol-induced epithelial permeability in the
lung (Brown et al., 2004; Polikandriotis et al., 2007). Thus we propose that oxidative stress is
the key element driving alcohol-induced intestinal hyperpermeability and anti-oxidants may
be effective therapeutic agents to prevent ASH.

Probiotics are microorganisms that when taken by the host have beneficial effects on the host
beyond their simple nutritive value (Ewaschuk and Dieleman, 2006). They can change the gut
microbiota profile and thereby change the gut lumen favoring an anti-inflammatory milieu
resulting in decreased production of pro-inflammatory bacterial products and also improved
barrier integrity. One widely studied probiotic bacterium is Lactobacillus rhamnosus GG
(LGG) (Di Caro et al., 2005; Mattar et al., 2001; Nanji et al., 1994; Zhang et al., 2006).
Probiatics including LGG have been shown to have several beneficial effects on intestinal
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function including stimulating intestinal development and mucosal immunity, ameliorating
diarrhea, prolonging remission in ulcerative colitis and pouchitis, and maintaining and
improving intestinal barrier function (Bruzzese et al., 2004; Ewaschuk and Dieleman, 2006;
O'Hara and Shanahan, 2006; Resta-Lenert and Barrett, 2003; Sartor, 2004; Versalovic,
2007). LGG has also been shown to reduce intestinal oxidative stress (Tao et al., 2006).

To determine whether we can exploit these favorable characteristics of LGG in order to prevent
alcohol-induced leaky gut and liver injury, we studied the effects of daily LGG on intestinal
permeability, intestinal and liver oxidative stress, and severity of steatohepatitis in our rat
model of alcohol-induced leaky gut and steatohepatitis. We hypothesized that LGG would
reduce alcohol-induced oxidative stress and preserve barrier function and thus prevent liver
disease in alcohol fed rats. Using our model of chronic alcohol gavage, we show in this study
that treatment with LGG significantly reduces markers of intestinal oxidative stress, normalizes
barrier function, and ameliorates alcoholic steatohepatitis.

Materials and Methods

Culture of Lactobacillus rhamnosus GG

Lactobacillus rhamnosus Gorbach-Goldin (LGG) (ATCC 531030) were cultured in
Lactobacillus MRS broth (Difco, BD, Sparks, MD) at 37°C in accordance with ATCC
guidelines. Bacteria were harvested from MRS broth by centrifugation and CFU counted by
dilution and streaking on MRS agar plates (Difco) at 37°C overnight. LGG were then
centrifuged and resuspended at a dilution of 2.5x107/ml in PBS and 1ml gavage was used for
once-a-day daily treatment.

Animal Subjects

Male Sprague-Dawley rats (Zivic-Miller Laboratories, Zelienople, PA; n = 17; 250-300 g,
initial body weight) were acclimated for 6 to 7 days, at 22 + 1°C with a 12:12-h dark-light
cycle. During acclimatization, rats were given water and standard laboratory food (rat chow)
ad libitum. During the experiment, alcohol or dextrose were administered intragastrically by
gavage twice daily (6h between doses). A 12-gauge gavage needle was used (Popper & Sons,
New Hyde Park, NY). Alcohol-fed rats received alcohol gavage (~2-3 ml) twice daily starting
with an initial dose of 2 g/kg/day. This dose was progressively increased during weeks 1 and
2 to a maintenance dose of 8 g/kg/day (solutions maximally contained 50-60% alcohol with
each gavage containing 4g/kg that is 1/2 the daily dose) that was continued for 8 more weeks.
Control rats received an isocaloric amount of dextrose, also by gavage. Rats also received
intragastric feedings of a slurry of either powdered rat chow (vehicle) or Lactobacillus
rhamnosus Gorbach-Goldin (LGG) (ATCC, #53103)(2.5x107 ''V¢/once daily). All rats also had
regular rat chow available (ad libitum) throughout the 10-week period. Rats were weighed
daily. Four treatment groups were studied: 1) alcohol + vehicle alone (ALC-V) (n = 11); 2)
alcohol + Lactobacillus GG (ALC-LGG) (n = 9); 3) dextrose control (CON) (n = 5); and 4)
dextrose + Lactobacillus GG (CON-LGG) (n = 3). Gut permeability was measured (as
described below) at baseline and at the end of 10 weeks. Blood samples were taken for blood
alcohol levels (BAL)1 h after gavage because we previously showed peak BAL one hour after
gavage (Keshavarzian et al., 2001). Another recent study supports our own data showing peak
BAL I hour after gavage (Walker and Ehlers, 2008). Samples were taken 3 weeks after initiation
of alcohol (i.e., after the final ethanol dose of 8 g/kg/day had been administered for at least 5
days). BAL values were in agreement with values we have previously published for this model
of 398 + 70 mg/100 ml (Keshavarzian et al., 2001).

At 10 weeks, the animals were humanely killed by CO, inhalation, followed immediately by
cardiac puncture (for blood collection), and laparotomy for the collection of intestinal and liver
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tissues. All animal protocols and practices were reviewed and approved in advance by the Rush
University Institutional Animal Care and Use Committee (IACUC) in accordance with
guidelines set forth by the Office of Laboratory Animal Welfare (OLAW), NIH, and the
publications: U.S. Government Principles for the Utilization and Care of Vertebrate Animals
used in Testing, Research, and Training, and the Guide for the Care and Use of Laboratory
Animals (Guide). Every effort was made to minimize animal pain or discomfort.

Intestinal Permeability

Intestinal permeability in rats was assessed after an 8 h fast as previously described by us
(Keshavarzian et al., 1994). We gavaged 2.0 ml of a solution containing: sucralose 15 mg/kg,
lactulose 107 mg/kg, mannitol 30 mg/kg, and sucrose 570 mg/kg. Two tests of Intestinal
permeability were performed in each rat- one at baseline and one 10 weeks after daily alcohol
feeding. Rats were housed individually in metabolic cages, and urine was collected for the first
5 h. To promote urine output, each rat received 10 ml of a Ringer-lactate solution
subcutaneously, just prior to sugar administration. Only rats with adequate urinary output (2.4
ml or more) were included in the analysis. Then we measured the concentration of the four
sugars (as well as the lactulose/mannitol ratio) in 5 hour urine using gas chromatography as
described (Farhadi et al., 2003). We used percent excretion of the urinary sucralose (% of oral
dose recovered, typically 1-4%) as our primary index of increased whole gut permeability
(Meddings and Swain, 2000).

Quantitative Slot-Immunoblotting for oxidation (carbonylation) and nitration
(nitrotyrosination)

Oxidation and nitration of mucosal proteins were assessed by measuring protein carbonyl and
protein nitrotyrosine formation using a slot-blotting method and densitometry (Image J, NIH)
we previously described (Banan et al., 2004; Keshavarzian et al., 2003).

Urinary and colonic total NO measurements

We measured the urinary or tissue nitric oxide (NO) as the sum of urinary nitrite (NO,) and
nitrate (NO3) levels using the Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical, Ann
Arbor, MI). Assays were performed using the method and standard curve provided by the
manufacturer.

Colonic and liver myeloperoxidase (MPO)

Colonic and liver MPO were measured using the Myeloperoxidase Assay Kit (Cytostore,
Calgary, Alberta, Canada). Tissue samples were flash frozen and stored at -80°C until thawing
on ice. Thawed samples were weighed and homogenized on ice. Samples were processed
according to manufacturers instructions and final values expressed as MPO units/mg tissue.

Liver Histology and Liver Fat

Liver Histology. Formalin fixed liver tissues were processed for staining with H&E and then
studied by light microscopy. The assessment was done by a Gl pathologist (SJ) who was
blinded to group assignments. Histological slides were assessed for scoring of liver disease by
grading steatosis, necrosis, inflammation & fibrosis (Keshavarzian et al., 2001). Severity of
steatosis (% of liver cells containing fat) was scored 1+ to 4+, where the # of liver cells with
fat were, respectively, <25%, 26-50%, 51-75%, or > 75%. Necrosis was quantified as the # of
necrotic foci/mm? and severity graded on a scale of 0-4. Severity of inflammation was scored
as the # of inflammatory cells/mm? and severity graded on a scale of 0-4. Severity of fibrosis
was scored on a scale of 0 to 4 using trichrom staining. Two scoring systems were calculated:
A total histological score (max=16) that included all 4 components of histological assessment;
A necroinflammatory score (max=8) that included only inflammation and necrosis scales.
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When assessing the pathological slides, at least 3 different sections were studied in each rat.
Steatohepatitis was defined as the presence of spotty necrosis and liver cell necrosis with
inflammatory cells.

Liver Fat Content. Total liver fat was measured gravimetrically as described (Folch et al.,
1957) and used by us (Farhadi et al., 2003).

Lactobacillus GG gavage ameliorates alcohol-induced liver disease

Daily LGG treatment significantly improved severity of alcohol-induced steatohepatitis. Total
histology score was more than 3-fold the value for livers of ALC-V fed rats (7.6+ .95) compared
to ALC-LGG fed rat livers (2.16% 1.45). Indeed, the ALC-LGG fed rat liver histology mean
score was not significantly different from the dextrose-V fed (CON) rats (1.4+ .92). The
improvement in total histology score by LGG was primarily due to improvement (6-fold) in
necroinflammatory components of the histopathological scoring system (Fig.1). Indeed, when
severity of liver inflammation was assessed by biochemical measurement of hepatic
myeloperoxidase (MPO), an index of the magnitude of neutrophil infiltration into the liver,
LGG significantly improved the severity of hepatic inflammation (Fig. 2a). The LGG
effectively prevented a 7-fold increase in liver MPO levels in alcohol fed rats. It should be
noted that LGG also significantly decreased the degree of fatty liver and ALC-LGG fed rats
had near normal amounts of fat in their livers (Fig. 2b).

Lactobacillus GG also ameliorated alcohol-induced oxidative stress in the liver. Alcohol fed
rats who also received LGG had significantly less liver tissue protein carbonyl (marker of
protein oxidation) and nitrotyrosine (marker of protein nitration) levels (Fig. 3). Liver carbonyl
values were reduced by 55% in ALC-LGG treated rats (Fig. 3a). In addition, nitrotyrosine
levels in ALC-V fed rat livers were 5.7-fold of ALC-LGG fed rats or dextrose-V fed CON rats
(Fig. 3b). Taken together, the histological and necroinflammatory scores, MPO, and oxidative
stress measurements confirm that chronic alcohol gavage resulted in significant alcoholic
steatohepatitis (ASH) and that LGG gavage significantly reduced the severity of ASH and
oxidative stress in livers of alcohol fed rats.

Probiotics ameliorate alcohol-induced intestinal hyperpermeability (leaky gut)

Chronic daily alcohol gavage did not significantly affect urinary sucrose levels (data not
shown) demonstrating that our chronic alcohol gavage model does not significantly disrupt
gastro-duodenal mucosal integrity. Chronic daily alcohol gavage did not significantly affect
lactulose/mannitol ratio (not shown). However, as shown in Fig. 4, after 10 weeks of daily
alcohol feeding, the ALC-V fed rats had significantly higher levels of urinary sucralose, an
index of whole gut intestinal permeability, than dextrose-V fed control rats. Urinary sucralose
levels in alcohol fed rats were about 3-fold higher than dextrose fed rats (4.1 + .2 % recovered
dose in 5 hour urine vs. 1.0 £ 0.2%) indicating alcohol-induced whole gut leakiness.
Furthermore, the ALC-LGG fed rats exhibited a robust and significant reduction in urinary
sucralose values to less than half that of ALC fed rats (1.8 £ 0.2% recovered dose). Finally,
urinary sucralose values in dextrose-LGG fed rats were similar to the values in the dextrose-
V fed CON rats showing LGG alone has no effect on “normal” gut permeability.

Lactobacillus GG gavage prevents alcohol-induced oxidative stress in the small intestine

We next sought to determine possible mechanisms for the observed protection by LGG of

alcohol-induced intestinal hyperpermeability by evaluating the effects of LGG on markers of
oxidative stress and found that alcohol-induced increased intestinal protein carbonylation and
nitrotyrosination epitope expression in alcohol fed rats were significantly (p< 0.05) reduced in
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proximal (duodenum/ jejunum) and distal (ileum) portions of the small bowel by daily
administration of intragastric LGG (Table 1). For proximal small bowel (duodenum and
jejunum), although LGG treatment significantly decreased carbonylation in alcohol fed rats,
the levels were still significantly higher than in dextrose fed rats. LGG decreased ileal carbonyl
levels in alcohol fed rats to levels similar to the dextrose fed rats. LGG supplementation
significantly reduced nitrotyrosine levels in both small bowel and colon in a similar pattern as
with tissue carbonyl. For proximal small bowel (duodenum and jejunum), LGG significantly
decreased nitrotyrosine levels by 31% and 28% respectively in the alcohol fed rats, but the
levels remained significantly higher than in the dextrose fed rats. For ileum, LGG dropped the
nitrotyrosine levels in the alcohol fed rats more robustly by 38% and the levels were no longer
significantly different from the levels in the dextrose fed control rats.

Lactobacillus GG gavage prevents alcohol-induced oxidative stress in the colon

We also assessed oxidative stress markers of carbonylation and nitrotyrosination in the rats'
colons (Table 1). Alcohol feeding significantly increased carbonyl expression in the colon and
LGG treatment reduced the levels by 73% and dropped carbonyl expression levels to values
similar to those in dextrose fed control rats. Alcohol feeding also increased nitrotyrosine levels
in the colon and LGG gavage decreased the levels by 82% and normalized the colonic
nitrotyrosine values as there was no longer any significant difference between ALC-LGG and
dextrose fed control rats. As a further measure of NO mediated oxidative stress we also
measured colon tissue total NO (nitrite+nitrate) and found the colonic mucosa NO in ALC-V
fed rats was 4-fold higher than dextrose fed rats (Table 1). LGG markedly and significantly
decreased NO levels in the colon of alcohol fed rats and NO levels in alcohol- LGG fed rats
were not significantly different from dextrose fed rats (Table 1).

Lactobacillus GG gavage prevents alcohol-induced inflammation in the colon

There was no gross structural or histological abnormality in the small bowel or colonic mucosa
of alcohol fed rats when they were assessed macroscopically (careful inspection of mucosa)
or microscopically (H&E staining; data not shown), However, there was biochemical evidence
of mild inflammation in the colon of alcohol fed rats. Myeloperoxidase (MPO) is present in
the cytoplasm of myeloid derived cells such as neutrophils and has been successfully used as
a reliable marker of tissue inflammation (Malle et al., 2007). We found that alcohol feeding
results in a modest (29%) but significant increase in MPO levels in the colon (Table 1). LGG
treatment significantly dropped the MPO levels in the colon of alcohol fed rats. Indeed, LGG
prevented colonic inflammation induced by alcohol feeding since there was no significant
difference in colonic MPO levels between the ALC-LGG and dextrose fed control rats (Table
1).

Lactobacillus GG treatment decreases alcohol-induced systemic oxidative stress markers

As a further measure of systemic alcohol-induced oxidative stress we determined values for
urinary NO> (nitrite), NO3 (nitrate), and total NO (Table 1). Alcohol feeding significantly
increased urinary nitrite and nitrate and LGG supplementation prevented the increase. Urinary
nitrite (NO,) was up 7.8-fold in the ALC-V fed rats compared to ALC-LGG fed rats, while no
significant difference was found between ALC-LGG fed and dextrose fed or dextrose-LGG
fed control rats. Also, urinary nitrate (NOg) values in ALC-V fed rats were 3-fold higher than
the nitrate values in ALC-LGG fed rats, while no significant differences were found between
ALC-LGG fed and dextrose fed or dextrose-LGG fed control rats. Finally, the total NO value
in ALC-V fed rats was 3-fold higher than values in ALC-LGG rats and the ALC-LGG total
NO was not significantly different than dextrose fed or dextrose-LGG fed control rats (Table
1). Thus treatment with LGG reduced markers of systemic and tissue oxidative stress in the
alcohol fed rats.
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Discussion

The aims of the current study were to: 1) Determine if LGG treatment could prevent alcohol-
induced gut leakiness and development of alcoholic steatohepatitis in our animal model of
alcoholic steatohepatitis (ASH); and 2) Identify one possible mechanism for LGG beneficial
effects, namely reduction of alcohol-induced intestinal and systemic oxidative stress.

We have previously established that chronic gavage of alcohol in rats represents a valid
experimental model of ASH (Keshavarzian et al., 2001). In those studies we showed that
prevention of alcohol-induced intestinal hyperpermeability ameliorated alcohol-induced
endotoxemia and alcoholic steatohepatitis. In the present study, using the same rat model, we
now show that daily gavage with Lactobacillus GG also prevented alcohol-induced gut
leakiness and development of alcoholic steatohepatitis in alcohol fed rats. With regard to
possible mechanisms for preservation of gut barrier function, our data show that LGG gavage
significantly reduced intestinal markers of oxidative stress and inflammation in alcohol-fed
rats.

Our finding that LGG prevented ASH in our rat model of alcoholic liver disease confirmed the
previous study by Nanji et al who also showed that Lactobacillus supplementation improved
fatty liver in rats fed an alcohol Lieber-Decarli diet (36% of calories from alcohol)(Nanji et
al., 1994). Although the study did not directly assess the mechanism of action of Lactobacillus,
the fact that serum endotoxin was significantly lowered by LGG treatment suggested that the
beneficial effects of LGG is through its ability to prevent alcohol-induced endotoxemia (Nanji
etal., 1994). Indeed, a probiotic Lactobacillus sp. also prevented endotoxemia and liver damage
in a model of acute alcohol exposure and pancreatitis (Marotta et al., 2005).

One possible mechanism of alcohol-induced endotoxemia is gut leakiness. Several studies have
demonstrated a role for alcohol-induced increased intestinal permeability to luminal contents
(gut leakiness) and the development of liver injury in animal models and in alcoholic subjects
(Bode and Bode, 2005; Keshavarzian et al., 1999; Lumeng and Crabb, 2001; Rao et al.,
2004). Thus, the observed beneficial effect of LGG in preventing endotoxemia could be due
to its ability to improve barrier function. Our data show that gavage with LGG robustly reduced
gut leakiness (to sucralose by 56%). These data support our hypothesis that by promoting
normal intestinal barrier function LGG treatment might prevent ASH in this model. Indeed,
several studies support the notion that Lactobacillus spp. including LGG, can improve gut
barrier function in a wide range of pathological conditions. For example, LGG treatment was
recently shown to protect against gastric hyperpermeability and injury caused by acute alcohol
exposure in a rat model (Lambert et al., 2007). In addition, Lactobacillus sp. treatment
prevented liver injury mediated directly by endotoxin without alcohol in another recent study
(Osman et al., 2006). LGG reversed increased intestinal permeability caused by cows milk in
suckling rats (Isolauri etal., 1993). Treatment with Lactobacillus spp. restored normal intestinal
permeability and greatly ameliorated intestinal inflammation in IL-10 knockout mice (Madsen
et al., 1999; Schultz et al., 2002). Also, in two different rat models of psychological stress-
induced intestinal dysfunction Lactobacillus treatment prevented bacterial translocation and
restored normal gut barrier function (Eutamene and Bueno, 2007; Eutamene et al., 2007; Zareie
etal., 2006). In vitro and ex-vivo studies also support the protective effect of LGG on intestinal
barrier integrity. Lactobacillus spp. promoted normal intestinal epithelial cell (IEC) barrier
function (increased TER) and inhibited increased permeability caused by inflammatory
cytokines and pathogenic E. coli. (Resta-Lenert and Barrett, 2003; Resta-Lenert and Barrett,
2006; Roselli et al., 2006; Sherman et al., 2005; Zareie et al., 2006). Lactobacilli protected IEC
tight junctions from aspirin-induced damage in HT-29 cells as well (Montalto et al., 2004). In
a rat intestinal loop model Lactobacilli and other probiotics were shown to directly modulate
and improve intestinal permeability (Garcia-Lafuente et al., 2001). Thus, in vitro and in vivo
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animal models, including our study reported here, have shown that probiotics and especially
LGG can preserve barrier function in response to alcohol and diverse other injurious stimuli.

The mechanisms for probiotics beneficial effects on barrier function are not known. Probiotics
including LGG have been shown to inhibit inflammatory signaling by producing bacteriocins
that inhibit pathogenic bacteria and other proteins that modulate IEC signaling (Menard et al.,
2004; Tao et al., 2006; Yan et al., 2007). Probiotics ameliorate inflammation in experimental
colitis models using DSS and TNBS (Osman et al., 2006; Peran et al., 2007). In vivo, probiotics
may also directly modulate immune cell functions including dendritic cells, macrophages, and
T cells (Feleszko et al., 2007). A recent study showed lactobacillus probiotics restored normal
neutrophil function in alcoholics with cirrhosis (Stadlbauer et al., 2008). LGG also decreases
systemic inflammation markers caused by LPS in rats (Zhang et al., 2006). One significant
anti-inflammatory mechanism identified for probiotics including LGG is inhibition of NF-kB
activation, a pathway we have identified as being critical to alcohol-induced oxidative stress
and intestinal hyperpermeability (Banan et al., 2007; O'Hara and Shanahan, 2006; Petrof et al.,
2004; Zhangetal., 2005). For example, gene array analysis of LGG treatment in humans reveals
downregulation of NOS and NF-kB family genes in IEC (Di Caro et al., 2005). Our data now
support our proposed hypothesis that LGG inhibition of NF-kB activation by alcohol results
in decreased iINOS expression and reduced oxidative stress resulting in the reduced markers
of oxidative stress. The result is the improved barrier function that led to our observed
improvement of steatohepatitis.

Lactobacillus spp. also can modulate epidermal growth factor receptor (EGFR) mediated
intracellular signaling (Resta-Lenert and Barrett, 2003), a pathway we and others have shown
can also reverse alcohol and E. Coli-induced disruption of intestinal monolayer barrier integrity
(Banan et al., 1999; Banan et al., 2000; Resta-Lenert and Barrett, 2003). In addition, LGG has
been shown to secrete proteins that protect IEC from oxidative stress by upregulation of heat
shock proteins (Tao et al., 2006). That the antioxidant effects observed are specifically related
to LGG treatment is supported by the pattern of the carbonyl and nitrotyrosine data in our study.
Studies in mice and rats inoculated with Lactobacillus species have noted that although
lactobacilli are detectable throughout the digestive tract, due to the ‘washout effect’ of gut
motility, ingested lactobacilli were especially prevalent in the more static ileum and colon
(Tannock, 2004). In our study, ileum and colon- the areas of intestine previously documented
to harbor the greatest levels of ingested Lactobacilli- exhibited the most dramatic evidence of
antioxidant benefit and protection by LGG gavage from alcohols effects. Further studies are
needed to determine the exact mechanisms of LGG antioxidant effects and preservation of
barrier function after chronic alcohol consumption in animals and man.

Another possible mechanism for LGG beneficial effects in our model is the preservation of a
normal gut microbiota community. For example, prevention of bacterial overgrowth by
pathogenic species could contribute to protection of intestinal barrier integrity as well as reduce
the endotoxin load in the gut that could travel to the liver (Versalovic, 2007). An abnormal
profile of intestinal microbiota (dysbiosis) has been demonstrated in pathological conditions
such as aging, inflammatory bowel disease, and liver disease where endotoxin appears to play
a pathogenic role (Fabia et al., 1993; Hopkins et al., 2001; Martinez-Medina et al., 2006;
Riordan and Williams, 2006; Seksik et al., 2003). Several studies suggest an abnormal gut
microbiota profile may contribute to both alcoholic and nonalcoholic liver disease and that
probiotic therapy can have beneficial effects by normalizing the dysbiotic microbiota (Riordan
and Williams, 2006). For example, several studies reported beneficial therapeutic effects of
Lactobacillus spp. and other probiotics in patients with hepatic encephalopathy and non-
alcoholic liver disease (Adawi et al., 2001; Chiva et al., 2002; Liu et al., 2004). More
specifically, intestinal bacteria were shown to contribute to alcohol-induced liver injury in a
rat model of alcoholic liver disease (Ferrier et al., 2006). Furthermore, a recently published

Alcohol. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Forsyth et al.

Page 9

study, using culture technique reported dyshiosis in alcoholics with liver disease (Kirpich et
al., 2008) and supports our findings. The authors showed that chronic alcoholics have an
abnormal profile of gut microbiota with significantly lower numbers of bifidobacteria and
lactobacilli. Patients who received probiotic therapy with bifidobacteria and lactobacillus spp.
restored numbers of these species to levels seen in controls and demonstrated significant
improvement in liver function. Further studies are needed to directly assess the effect of LGG
on gut microbiota in the alcohol fed rats and alcoholic subjects with and without liver disease.

In summary, we showed for the first time that gavage with the probiotic Lactobacillus GG
robustly reduces the severity of alcoholic steatohepatitis, alcohol-induced gut
hyperpermeability, and alcohol-induced tissue (gut and liver) and systemic oxidative stress in
our rat gavage model of ALD. Further, our data suggest that possible underlying mechanisms
for beneficial effects of LGG on ASH are the reduction of alcohol-induced oxidative stress and
restoration of barrier function.
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Figure 1. The effect of Lactobacillus GG on the severity of alcoholic steatohepatitis assessed by the
total liver histology and liver necroinflammation scores

After 10 weeks liver tissues from rats in the four gavage treatment groups were processed,
stained (H&E) and assessed histologically and total histology scores and necroinflammation
scores were calculated as described in Methods. Fig.1a shows representative liver histology
slides from each of the 4 treatment groups (400x, bar = 20um). Large arrow denotes area of
focal necrosis and inflammatory cell infiltration, small arrow is additional inflammatory cell
infiltration. Fig. 1b histogram summarizes the necroinflammatory scores for the four groups.
Treatment groups were: Control: isocaloric dextrose; Alcohol: alcohol + vehicle: 8g/kg/day
ethanol; Alcohol + LGG (Alc+LGG): ethanol 8g/kg/day + Lactobacillus GG 2.5 x 107/day;
Control + LGG (Con+LGG): isocaloric dextrose + Lactobacillus GG 2.5 x 107/day. Data are
histology and necroinflammation score means + standard error of the mean (S.E.) expressed
as a percent of the alcohol alone treated group (% ALC). * denotes significance (ANOVA) of
p < .05 for alcohol group versus alcohol + LGG group in all figures.
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Figure 2. The effect of Lactobacillus GG on the severity of alcoholic steatohepatitis assessed by
liver fat content and liver MPO levels

After 10 weeks liver tissue from the treatment groups described in Fig. 1 was assessed for
myeloperoxidase (MPO) (Fig. 2a.) and total fat (mg fat/gram liver) (Fig. 2b) as described in
Methods. Data are for means (as % alcohol group) + S.E.
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Figure 3. The effect of Lactobacillus GG on the severity of hepatic oxidative stress assessed by liver
carbonyl and nitrotyrosine levels
Liver tissue from the four treatment groups was assessed after 10 weeks for markers of

oxidative stress namely liver carbonyl (Fig. 3a) and liver nitrotyrosine (Fig. 3b) by slot blot
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and densitometry as described in Methods. Data are means of relative density (as % alcohol
group) = S.E.
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Figure 4. Effect of Lactobacillus GG on alcohol-induced intestinal permeability

Whole intestinal permeability to Sucralose was assessed at 10 weeks in the four treatment
groups by analysis of 5h urine samples with gas chromatography (Methods). Data are means
of percent oral Sucralose dose recovered in urine (as % alcohol group) + S.E.
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