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Abstract
Background/Aims—Not all alcoholics develop liver disease (ALD). Thus, excessive ethanol
consumption is necessary, but not sufficient, to induce alcoholic steatohepatitis (ASH) & ALD. Since
endotoxemia is present in patients with ALD, it has been proposed that gut-derived, circulating
endotoxin is the necessary co-factor for ASH. But, it is not known whether endotoxemia is the
consequence or the trigger for ALD. Accordingly, the aim of the current study was to determine
whether endotoxemia occurs prior to development of ASH and whether gut leakiness is the primary
cause of the endotoxemia in an animal model of ASH.

Methods—Time courses for development of gut hyperpermeability, nitric oxide production,
oxidative injury to the gut, endotoxemia, and liver injury were assessed in rats during 10 weeks of
daily alcohol gavage.

Results—Liver fat and serum transaminase increased after 2 weeks, but evidence of liver cell injury
and inflammation (ASH) occurred after 8 weeks. Gut leakiness, intestinal oxidative injury, and
endotoxemia occurred in weeks 2–4 and progressed thereafter.

Conclusions—That alcohol-induced gut leakiness and endotoxemia preceded steatohepatitis
indicates they are not the consequence of ALD. Our data support the hypothesis that gut leakiness
resulting in endotoxemia is a key co-factor (trigger) for ASH.
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Introduction
Among the most serious complications of alcoholism is alcoholic liver disease (ALD) that
includes alcoholic steatohepatitis (ASH) and cirrhosis (1–5). It is now accepted that
steatohepatitis is required for development of cirrhosis. But, the mechanisms linking EtOH
consumption to steatohepatitis are not fully established. Since only about 30% of alcoholics
develop ALD (4), additional factors besides heavy EtOH consumption must be involved.

A most likely candidate is gut-derived endotoxin. Indeed, several recent clinical observations
and experimental studies strongly suggest that endotoxin is the key cofactor (6–10). However,
these studies have not: (a) ruled out the possibility that endotoxemia is a consequence of and
not a cause of ASH, (b) identified the underlying mechanism causing the endotoxemia.

To address the first issue, the cause and effect question, we did a time course study to test the
hypothesis that endotoxemia caused by chronic EtOH feeding precedes the development of
ASH. To address the question of the mechanism of the endotoxemia, we tested the hypothesis
that the endotoxemia is caused by alcohol-induced gut leakiness. We explored this mechanism
because we recently showed that only alcoholics with ALD, and not those without ALD, had
intestinal hyperpermeability (10). We also reported that oats supplementation prevented both
gut leakiness and liver injury in alcohol fed rats (11). These findings suggest that gut leakiness
is the mechanism causing the endotoxemia associated with ALD (11).

Equally unclear is the mechanism mediating EtOH-induced gut leakiness. Several lines of
evidence suggest that the culprit is EtOH-induced tissue oxidative stress. First, oxidative stress
has been postulated to be a key mechanism of alcohol-induced organ injury such as occurs in
the CNS (12), pancreas (13), heart (14) and liver (15). Second, in vitro studies have shown that
alcohol activates oxidative pathways including upregulation of iNOS (16–18). Third, our recent
in vitro study showed that alcohol disrupts the barrier integrity of monolayers of intestinal cells
and that alcohol-induced disruption is due to oxidative injury to the cytoskeleton (17). This
mechanism needed to be investigated in vivo.

The goal of this study was to fill the above mentioned gaps in our knowledge by conducting a
study to determine the time course for development of gut hyperpermeability, oxidative injury
to the gut, endotoxemia, and liver injury during 10 weeks of daily alcohol gavage in rats.

Materials and Methods
Animal Subjects

Male Sprague-Dawley rats (250–300 g at intake) were obtained from Harlan (Indianapolis,
IN). During experiments, each rat was given either alcohol or an isocaloric amount of dextrose
in liquid rat chow intragastrically (by gavage; 2 cc) 2X daily. The dose was gradually increased
every 2 to 3 days up to a maximum of 6 g/kg/day by 2 weeks. Study Day 1 was defined as the
first day rats received 6 g/kg/day alcohol. Rats received chow ad libitum and were weighed
daily. Intestinal permeability was measured just before sacrifice. Rats were sacrificed after 2,
4, 8 and 10 weeks of administration of 6 g/kg alcohol (see Table 1 for N in each group). Sacrifice
was done by CO2 inhalation, followed immediately by cardiac puncture (for blood draw) and
harvesting of intestine and liver.

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, NIH, and the publications:
U.S. Government Principles for the Utilization and Care of Vertebrate Animals used in Testing,

Keshavarzian et al. Page 2

J Hepatol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Research, and Training, and the Guide for the Care and Use of Laboratory Animals. Every
effort was made to minimize animal pain or discomfort.

Intestinal permeability
We used an oral sugar test to assess intestinal permeability as we described (11,19,20). After
an 8 h fast, rats were given, intragastrically, 2.0 ml of a solution containing 107 mg/kg lactulose,
30 mg/kg mannitol, 15 mg/kg sucralose, and 570 mg/kg sucrose. Rats were housed individually
in metabolic cages and urine samples were collected for 5h. To promote urine output, each rat
was subcutaneously injected with 10 ml of lactated Ringer’s solution, just prior to sugar
administration. Urinary sugar levels were measured by gas chromatography as we reported
(19,20).

Plasma Endotoxin
Blood was collected from rats at the time of sacrifice. Serum samples were then analyzed for
endotoxin by kit (Kinetic-QLC; Whittaker Bioproducts).

Liver Injury
a. Liver Histology—Formalin fixed liver tissues were stained with H&E. Blinded
assessment was done by a GI pathologist (SJ). Histological slides were assessed for liver
disease by grading steatosis, necrosis, inflammation & fibrosis (11). Our scoring system is
based on one widely used for the scoring of liver disease (21). Severity of steatosis (% of liver
cells containing fat) was scored 1+ to 4+, corresponding to the fraction of liver cells with fat.
These were, respectively, <25%, 26–50%, 51–75%, and >75%. Necrosis was quantified as the
# of necrotic foci/mm2 and # of Councilman Bodies per HPF and severity of necrosis graded
on a scale of 0–4. Severity of inflammation was graded on a scale of 0–4 based on the extent
[# of inflammatory foci per HPF and # of HPF with inflammatory foci] and density of
inflammatory foci (from a few inflammatory cells to dense inflammatory infiltrate). Severity
of fibrosis was scored on a scale of 0 to 4 using trichrom staining. However, the fibrosis score
in all rats was zero and thus fibrosis grade was not included in the histology score. A total
histological score (including fatty liver grade) and necroinflammatory score (inflammation and
necrosis score representing presence and severity of steatohepatitis) was then calculated. The
maximum histology score and necroinflammatory score were 12 and 8 respectively. When
assessing slides for pathology studies, at least 3 different sections were studied for each rat.
Alcoholic steatohepatitis (ASH) was defined as the presence, in the liver, of inflammatory cell
infiltration, spotty necrosis, and liver cell necrosis.

b. Liver Fat Content—Total liver fat was measured gravimetrically as previously described
(22) and used by us (20).

c. Liver Myeloperoxidase Level—MPO is present in myeloid lineage cells such as
neutrophils and has been reliably used to assess the presence and severity of inflammation
(23). Liver MPO was measured using the Myeloperoxidase Assay Kit (Cytostore, Calgary,
Alberta, Canada) and final values expressed as MPO units/mg tissue.

Serum alanine aminotransferase (ALT) and alkaline phosphatase (AP)
ALT & AP were measured in blinded serum samples by the Rush University Medical Center
clinical laboratories and the data provided as Units means/dl ± S.E.

NO Levels in Intestinal Mucosa and Urine
Nitrite and nitrate in urine and tissue samples were measured (μM/ml or μM/mg) using the
Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical, Ann Arbor, MI).
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Analysis of Inducible-Nitric Oxide Synthase (iNOS) Levels
Tissues were homogenized and samples (20 μg protein/lane) were separated by 7.5% SDS-
PAGE and quantitated as described (17).

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

Oxidation and nitration of mucosal proteins was assessed by measuring protein carbonyl and
protein nitrotyrosine formation using a slot-blotting method we previously described (24,25).

Data and Statistical Analysis
Data are presented as mean ± S.E. For parametric analyses of two groups, we used Student’s
t-test; ANOVA was used when we compared multiple groups. Least Standard Deviation (LSD)
was used for post-hoc analysis and a paired t-test for comparison of paired data such as intestinal
permeability. p ≤ 0.05 was regarded as significant.

Results
Alcohol-fed rats gained significantly less weight than dextrose control fed rats (week 10
dextrose fed rats 395 ± 10g vs. alcohol-fed 365 ± 10g; p ≤ .05). Below we present the results
as they relate to seven key questions this study addressed.

(i) Can chronic alcohol consumption disrupt intestinal permeability in rats?
Daily feeding of alcohol to rats disrupted intestinal barrier function as early as 2 weeks after
the start of 6 g/kg alcohol administration. Five hour urinary lactulose (small bowel permeability
index) was significantly higher in alcohol-fed rats than in control rats as early as week 2 (Fig.
1a, p= 0.04). Urinary lactulose was also significantly higher in alcohol-fed rats than in dextrose
fed rats at 10 weeks (p<0.015). Urinary sucralose (index of whole gut [small bowel + large
bowel] permeability) was also increased in alcohol-fed rats and the difference was significant
by week 10 (p≤0.05, Fig. 1b).

(ii) Can chronic alcohol consumption cause endotoxemia in rats?
Endotoxin was assessed in serum obtained from blood at sacrifice. Serum endotoxin values
remained low and unchanged throughout the study in dextrose fed rats. In contrast, daily
alcohol feeding led to significant endotoxemia as early as 4 weeks. Serum endotoxin levels
were even greater (~6 fold rise) at 8 and 10 weeks (Fig. 2, p≤.05).

(iii) Can chronic alcohol consumption cause steatohepatitis (ASH) in rats?
Daily feeding of alcohol to rats caused a progressive increase in liver fat content over the 10
weeks (Fig. 3). Steatosis was detectable histologically as early as 2 weeks (Fig. 4). In contrast,
alcoholic steatohepatitis (ASH), defined by the presence of inflammatory cell infiltration,
spotty necrosis and liver cell necrosis, was not seen histologically until week 8 (Table 1). The
severity of ASH (defined by necroinflammatory score and liver MPO levels) was greatest at
week 10 (Table 1) with the appearance of liver cell necrosis and Councilman Bodies (Fig. 4).
The distribution of the inflammatory cell infiltrate and liver cell necrosis was always in the
pericentral zone of the liver acini. Alcohol fed rats also had elevated serum transaminase (ALT)
levels (Table 1) as early as 2 weeks. Daily alcohol feeding also caused elevation of serum
alkaline phophatase after 4 weeks (Table 1) with markedly elevated serum levels after 8 weeks
of alcohol feeding when the first signs of liver inflammation were noted histologically and
remained elevated at 10 weeks.
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(iv) Is endotoxemia involved in development of alcoholic steatohepatitis?
Our summarized time course data (Fig. 5) show that endotoxemia (4 weeks) occurred prior to
development of steatohepatitis (MPO, 8 weeks) and thus it is highly unlikely that endotoxemia
is the consequence of liver inflammation. Instead, our data support the model in which
endotoxemia is involved in initiation of the hepatic necroinflammatory cascade and
development of alcoholic steatohepatitis (ASH).

(v) Is gut leakiness contributing to alcohol-induced endotoxemia?
Statistically significant small bowel leakiness (increased urinary lactulose; Fig. 1) occurred 2
weeks after daily alcohol gavage, preceding endotoxemia that occurred after 4 weeks of alcohol
exposure. Colonic leakiness occurred after additional weeks of alcohol exposure (increased
urinary sucralose representing both small bowel and colon leakiness), corresponding to more
severe endotoxemia (Fig. 2). These findings suggest that gut leakiness may be the mechanism,
at least in part, of endotoxemia in alcohol fed rats.

(vi) What is the mechanism of alcohol-induced gut leakiness?
We found that daily alcohol feeding causes oxidative stress as indicated by 9-fold levels of
total urinary NO (NO2+NO3)(week 10 control 92 ± 9μM vs. alcohol-fed 857 ± 92μM; p ≤ .
05). To determine the source of alcohol-induced tissue oxidative stress, we measured iNOS
protein in the colonic mucosa. Daily alcohol feeding upregulated mucosal iNOS (Fig. 6, p <
0.05) in alcohol fed rats. Mucosal iNOS increased to 400% of control values. This increase
was associated with increases in intestinal mucosal total NO, the reaction product of this
enzyme (Fig. 7), More importantly, chronic alcohol consumption caused intestinal mucosal
oxidative stress with markedly elevated tissue protein nitration (nitrotyrosine levels; Fig. 8)
and protein oxidation (protein carbonyl levels; Fig. 9) in jejunal, ileal and colonic mucosa of
alcohol-fed rats.

(vii) Is oxidative stress involved in alcohol-induced gut leakiness?
Statistically significant small bowel leakiness (increased urinary lactulose) occurred 2 weeks
after daily alcohol gavage, preceding both intestinal oxidative stress and endotoxemia that
occurred after 4 weeks of alcohol exposure. Thus, our time course experiments are consistent
with the idea that alcohol-induced oxidative stress might contribute, at least in part, to
development of the gut leakiness in alcohol-fed rats.

Discussion
Several studies have provided evidence that gut-derived bacterial products are the necessary
cofactors for development of ALD in a minority of alcoholics (6–10). For example, alcoholics
with ALD have high serum endotoxin levels, and serum endotoxin levels correlate with ALD
severity (26). Peripheral monocytes from ALD patients are primed for producing cytokines
and oxidants (reactive oxygen and nitrogen species) and this priming seems to be due to
endotoxin (27–29). Still others showed that alcohol fed rats with liver damage have high
endotoxin levels in the portal vein, and there is a strong correlation between endotoxin levels
and the severity of liver damage in these rats (30).

Indeed, it is well-established that alcohol exerts its damaging effect on the liver in synergy with
endotoxin. For example, neither alcohol alone nor endotoxin alone (at least not low endotoxin
levels) cause severe liver injury, but a combination of these two agents was sufficient to cause
significant liver damage. Endotoxin can prime and activate macrophages (Kupffer cells) in rats
chronically exposed to EtOH so that they overproduce cytokines such as TNF-α, IL-6, and
IL-8 (8,31). These cytokines not only injure hepatocytes directly, but also, they can initiate a
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hepatic necroinflammatory cascade, which includes migration of leukocytes, including
neutrophils, into the liver (15,31). These leukocytes produce injurious products, especially
oxidants resulting from nitric oxide (16) such as peroxynitrite, which can cause liver cell
necrosis. The EtOH-endotoxin synergy, along with other direct metabolic effects of EtOH on
the liver (e.g., hypoxia, perturbation of NO-dependent pathways), not only can initiate liver
injury, but also, can create a vicious circle that sustains a chronic necroinflammatory process
and hastens the onset of liver failure.

Nevertheless, these studies have not ruled out the possibility that endotoxemia is a consequence
of and not a prerequisite for ALD. The finding that lowering serum endotoxin level by oral
administration of non-absorbable antibiotics (7) or lactobacillus (6) attenuates alcohol-induced
liver damage in alcohol fed rats support the idea that endotoxin is key for promoting severe
liver injury but does not provide direct evidence for endotoxin as a trigger for ASH. Our time
course study, for the first time, demonstrates that endotoxemia precedes ASH and thus supports
the view that endotoxin is not the consequence of liver disease and could act as a trigger for
development of ASH. Our finding that fatty liver occurs early and before significant
endotoxemia supports the hypothesis that simple steatosis is primarily due to the direct effects
of alcohol on hepatic lipid metabolism and is not dependent on endotoxin (32). Unlike steatosis,
steatohepatitis appears to be dependent on endotoxin. Although the mechanism of endotoxemia
in alcoholics is not fully established, it is clear that the source of the endotoxin is the gut flora.
Endotoxin, which is generated by bacteria in the gut lumen, permeates into the portal circulation
and then travels to the liver where it is usually taken up and eliminated by Kupffer cells. Hence,
abnormally high blood endotoxin levels (endotoxemia) could be due to: (i) increased
production of endotoxin by small bowel bacterial overgrowth or abnormal gut flora (dysbiosis),
(ii) increased permeation of endotoxin through the intestinal wall (gut leakiness), (iii) reduced
liver clearance due to portal blood shunting that occurs in advanced liver disease and portal
hypertension, and/or (iv) reduced endotoxin clearance due to defective liver Kupffer cell
function. Gut leakiness may have a particularly large effect because it can potentiate the other
three mechanisms. This could happen because integrity of the intestinal barrier is a gate keeper.
Changes in the integrity of the intestinal barrier can blunt or accentuate the effect of the other
possible mechanisms of endotoxemia.

Both small bowel and colonic bacteria can be the source of endotoxemia. Thus, it is important
to assess both small bowel and colonic permeability to determine whether gut leakiness is the
source of endotoxemia. Unfortunately, there is no universally accepted method to assess in
vivo intestinal permeability. But, use of poorly absorbed sugars to assess small and large bowel
permeability has now been validated in several studies in both healthy and disease states (33,
34). Mannitol (M) and lactulose (L) are poorly absorbed in the small bowel and their
concentration in the urine (or L/M ratio) is a valid marker of small bowel leakiness. Since both
lactulose and mannitol are extensively metabolized by colonic bacteria, they are not appropriate
substrates to assess colonic permeability. In contrast, a poorly absorbed sugar, sucralose, is not
metabolized by bacteria and thus is an appropriate marker for assessing total gut (small bowel
and colon) permeability (35).

We used the sugar test to address the question whether gut leakiness is involved in alcohol-
induced endotoxemia and if so, where is the site of leakiness in the gut. We now report that
gut leakiness indeed occurs after daily alcohol feeding and the time course of gut leakiness and
endotoxemia suggests that gut leakiness is, at least in part, responsible for endotoxemia in
alcohol fed rats. Our current finding confirms our prior observation in alcoholic subjects (10)
and alcohol-fed rats (11). Gut leakiness as the source of endotoxemia in alcoholics was also
suggested by others (15). Indeed, other reports show that alcohol consumption substantially
disturbs intestinal mucosal structure and function in both man and animals (18,36–39). Our
time course study provides yet another and more direct evidence for the importance of gut
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leakiness in alcohol-induced endotoxemia. We also report, for the first time, that alcohol
disrupts barrier function throughout the gut. The deleterious effect of alcohol on small bowel
barrier function (increased urinary lactulose) appears to be more rapid and occurs after only 2
weeks of exposure. In contrast, longer exposure to daily alcohol is required for disruption of
colonic barrier (increased urinary sucralose). It is interesting that the magnitude of endotoxemia
in the first 4 weeks of alcohol feeding, when the small bowel was leaky, was modest; while
endotoxemia was more severe in the second month (4–8 weeks) of alcohol exposure when total
gut leakiness was present. This finding is compatible with permeation of the high endotoxin
content of the colon. But, the contribution of defective clearance of endotoxin by an injured
liver should also be considered. Further studies are needed to determine the mechanism for the
differences of time courses between disruption of small bowel and colonic barrier function.

How alcohol causes gut leakiness is not yet established. The integrity of intestinal barrier
function depends on both healthy epithelial cells and an intact paracellular pathway, which
appears to be the main route for permeation of macromolecules such as endotoxin (33).
Oxidative injury to key proteins regulating this paracellular pathway is a plausible mechanism
because oxidative stress is responsible for alcohol-induced tissue injury and organ failure
(40–42). More specifically, alcohol increases oxidative stress and we (16,43,44) and others
(45,46) have shown that oxidative stress disrupts the monolayer barrier. Our data now support
the key contribution of tissue oxidative injury in alcohol-induced gut leakiness. Our data also
suggest that alcohol–induced oxidative injury to the gut is a result of upregulation of iNOS.
Upregulation of iNOS causes overproduction of NO and then peroxynitrite and superoxide.
NO can generate superoxide via a process called NOS uncoupling that refers to uncoupling of
NADPH oxidation as well as by disruption of cytochrome C function (47,48). Eventually
peroxynitrite and superoxide anion cause nitration and carbonylation of key proteins
responsible for integrity of barrier resulting in gut leakiness. Our in vitro studies (16,17,49)
suggest the following cascade of events: alcohol activates NF-kB resulting in upregulation of
iNOS. Increased iNOS increases NO production and high levels of peroxynitrite and
superoxide resulting in nitration and carbonylation of tight junctional and cytoskeletal proteins.
This oxidative damage to these key proteins disrupts integrity of intestinal barrier. Our rat
model can not differentiate between luminal versus bloodstream effects of alcohol on the gut.
But, since both apical and basolaterally applied alcohol promote monolayer hyperpermeability,
one can conclude that both local and the systemic effects of alcohol could be involved in gut
leakiness.

In summary, our findings provide the first evidence that alcohol-mediated gut leakiness and
endotoxemia precede the development of alcoholic liver disease and thus might be the
necessary trigger for development of ASH. Further studies are needed to determine whether
inhibition of iNOS upregulation in alcohol fed rats prevents gut leakiness, endotoxemia and
steatohepatitis. Controlled clinical trials in alcoholics to see if interventions that prevent gut
leakiness and endotoxemia prevent ALD must wait until an effective intervention to prevent
gut leakiness is developed. We acknowledge that the best approach to prevent ALD is
abstinence but unfortunately the long term success of maintaining sobriety is very poor. Thus,
alternative approaches such as preventing gut leakiness would still have a positive impact in
patients’ quality of life of sober alcoholics at risk for or suffering from ALD.
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Figure 1.
Figure 1a. Intestinal Permeability Measured by Urinary Lactulose. Intestinal permeability was
measured by urinary lactulose (Methods). Five-hour urinary lactulose (a marker of small bowel
permeability) increased throughout the study in both groups. Lactulose levels in the alcohol-
fed group were significantly greater (p<.05) than in the control group at weeks 2,4,6,8, and 10.
Only weeks 2 and 10 are shown. Data are means of fraction of oral dose recovered (e.g. .016=
1.6% recovered) ± S.E. for N= 6 or more rats for each time point.
Figure 1b. Intestinal Permeability Measured by Urinary Sucralose. Five-hour urinary sucralose
(a marker of whole gut permeability) increased throughout the study although sucralose levels
in the alcohol-fed group were only significantly greater than in the control group at week 10.
Data are means of fraction of oral dose recovered ± S.E. for N= 6 or more rats for each time
point.
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Figure 2.
Serum Endotoxin Levels. Serum endotoxin was determined for control and alcohol fed rats at
sacrifice at the indicated weeks as described in Methods. Serum endotoxin levels increased
throughout the study. Levels were significantly higher in alcohol-fed rats as early as week 4.
Data are expressed as mean endotoxin Units (EU) per ml serum ± S.E. for N=6 or more rats
for each time point.
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Figure 3.
Total Liver Fat. Liver fat content was determined for both treatment groups after sacrifice
(Methods). Liver fat content increased in alcohol-fed rats. It was significantly higher in alcohol-
fed rats as early as week 4 and remained higher than controls thereafter. Data are means of
total liver fat (mg fat/100gm liver tissue) ± S.E. for N=6 or more rats for each time point.
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Figure 4.
Histological Analysis of Liver Tissue. Liver tissue obtained at sacrifice was fixed and stained
with H&E (Methods) and representative samples are shown. Panel a shows a normal liver
section from a control rat. Panel b shows that macro and micro vesicular steatosis (arrows) in
the liver is observed as early as week 2 in alcohol-fed rats although not significantly different
until week 4 (Fig. 4). Panel c shows inflammatory cells and spotty necrosis (arrow) in the liver
in alcohol-fed rats at week 10. Panel d shows a necrotic hepatocyte ‘Councilman’s
Body’ (arrow) characteristic of alcoholic cirrhosis (ALD) in alcohol fed rats at 10 weeks.
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Figure 5.
Time course summary for permeability (lactulose), endotoxemia, liver fat, and liver MPO in
alcohol fed rats. Values for urinary lactulose, serum endotoxin, liver fat, and liver MPO were
determined as described (Methods) and significance has been shown for specific data in
previous figures. Data are presented as percent change ± S.E. for weeks 2, 4, 8, and 10.
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Figure 6.
Colonic mucosa iNOS protein. Expression of iNOS protein (130 kDa) was determined by
western blotting in control and alcohol fed rat colonic mucosa (Methods). Equal amounts of
protein (50μg) were loaded per lane except the lane 6 iNOS positive control (10μg) from rat
brain (Cayman Chemical). Blot is representative of more than three experiments.
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Figure 7.
Colonic mucosa total NO. Total NO (NO2 + NO3) was determined from colonic mucosa tissue
from control and alcohol fed rats after sacrifice (Methods). Data are means of Total NO (μM/
mg) ± S.E. for N=6 or more rats for each time point.
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Figure 8.
Slot blot and densitometry measurement of nitrotyrosine levels in intestinal tissue. Levels of
the oxidative stress marker nitrotyrosine epitope were determined by slot blot and quantitative
densitometry in tissue samples obtained after sacrifice from Ileum (Fig. 8a), jejunum (Fig. 8b),
and colonic (Fig. 8c) mucosa (Methods). Data shown are means of relative densities ± S.E. for
N=6 or more rats and N=3 blots for each time point. Additionally, for colonic mucosa
representative slot blot data images are shown (Fig. 8c).
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Figure 9.
Slot blot and densitometry measurement of carbonyl levels in intestinal tissue. Levels of the
oxidative stress marker carbonyl epitope were determined by slot blot and quantitative
densitometry in tissue samples obtained after sacrifice from Ileum (Fig. 9a), jejunum (Fig. 9b),
and colonic (Fig. 9c) mucosa (Methods). Data shown are means of relative densities ± S.E. for
N=6 or more for each time point. Additionally, for colonic mucosa representative slot blot data
images are shown (Fig. 9c).
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