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Abstract

Background—Alcohol consumption is associated with oxidative stress in multiple tissues in
vivo, yet the effect of chronic alcohol intake on intestinal redox state has received little attention.
In this study, we investigated the redox status of 2 major intracellular redox regulating couples:
glutathione (GSH)/glutathione disulfide (GSSG) and cysteine (Cys)/cystine (CySS) in a rat model
of chronic alcohol ingestion.

Methods—Sprague-Dawley rats were fed the liquid Lieber-DeCarli diet consisting of 36%
ethanol of total calories for 6 weeks. Control rats were pair-fed with an isocaloric, ethanol-free
liquid diet. Defined mucosal samples from the jejunum, ileum, and colon were obtained and
analyzed by high-performance liquid chromatography (HPLC) for GSH and Cys pool redox status.
Mucosal free malondialdehyde (MDA) was measured as an indicator of lipid peroxidation.

Results—In the ethanol-fed rats, Cys and mixed disulfide (GSH-Cys) were significantly
decreased in all 3 segments of intestinal mucosa. Free MDA was increased in jejunal but not in
ileal or colonic mucosa. Chronic ethanol ingestion significantly increased mucosal GSH
concentration in association with a more reducing GSH/GSSG redox potential in the jejunum, but
these indices were unchanged in the ileum. In the colon, chronic ethanol ingestion increased
oxidant stress as suggested by decreased GSH and oxidized GSH/GSSG redox potential.

Conclusions—Chronic alcohol intake differentially alters the mucosal redox status in proximal
to distal intestinal segments in rats. Such changes may reflect different adaptability of these
intestinal segments to the oxidative stress challenge induced by chronic ethanol ingestion.
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Animal and clinical studies on alcohol abuse, either acute or chronic, have revealed
oxidative stress in tissues such as the lung,! heart,2 pancreas,3 liver,>® plasma and brain,’
and testis.8 This is evidenced by decreased antioxidants, such as glutathione (GSH),
disordered antioxidant enzyme systems, and increased lipid peroxidation products, such as
malondialdehyde (MDA) and 4-hydroxynonenal. However, GSH and peroxidation products
in the stomach and intestine exhibit diverse changes after alcohol abuse, depending upon the
concentration and frequency of alcohol ingested. In a rat model, acute ethanol ingestion at a
dose of 1 g/kg increased GSH levels in the gastric and intestinal mucosa, whereas a higher
dose of 4 g/kg decreased GSH.3 Moghadasian et al observed that acute gastric gavage with 1
mL of 8% ethanol increased GSH levels in rat gastric mucosa, whereas acute lavage with
absolute ethanol significantly decreased GSH concentration in gastric mucosa.®

The mechanisms for the ethanol-induced increase in GSH are unknown but have been
attributed to an adaptive protective response against alcohol-induced oxidative stress. One
potential mechanism is through the rate-limiting enzyme glutamate cysteine ligase, a process
induced by oxidant stimulation in cells'® and the small intestine in vivo.11 Activities of
GSH-related enzymes (glutathione reductase, peroxidase, and superoxide dismutase) are
also modified by alcohol.1 The notion of adaptive tissue response in rats acutely treated
with alcohol is further supported by the report that prior acute application of 8% ethanol to
the canine stomach attenuated gastric damage in response to a second treatment with 40%
ethanol.12 However, questions have been raised as to how long this adaptation lasts and
whether it is continuous in the gastrointestinal tract of animals receiving chronic alcohol
intake. In rats maintained on an alcohol diet for 5 weeks, Kaur el al found that ethanol-
treated groups were more susceptible to iron-induced lipid peroxidation and had increased
nonprotein thiol concentrations in the small intestine when compared with rats on a normal
control diet.13:14 This suggested that chronic ethanol ingestion resulted in oxidant stress in
the small intestine and increased the risk of injury in response to a second insult.

In addition to GSH, the low molecular thiol cysteine (Cys) provides additional cellular
antioxidant defense against oxidative stress. As a precursor for GSH synthesis, cellular Cys
concentrations are closely linked metabolically with changes in GSH concentrations.
Additionally, it was reported that upon oxidant stimulation in human fibroblasts, cellular
GSH increased through increased Cys uptake via the Xc™ transporter system.1®

Most ingested alcohol is absorbed in the stomach and duodenum. However, absorbed
alcohol is carried by blood to the more distal intestine and may exert differential effects in
proximal vs distal gut segments. Previous studies found that the ethanol metabolite
acetaldehyde, a pro-oxidant, accumulated in the colonic lumen of chronic ethanol-fed rats.16
This acetaldehyde accumulation was due to the alcohol dehydrogenase activity of colonic
bacteria and low endogenous activity of acetaldehyde dehydrogenase.18 The purpose of this
study was to investigate the effect of chronic alcohol intake on the redox status of the GSH
and Cys redox pools in jejunal, ileal, and colonic mucosa in an established rat model of
chronic ethanol ingestion. Our results show that chronic ethanol ingestion caused global
intestinal oxidative stress but with tissue-specific manifestations.
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Materials and Methods

Animal and Ethanol Feeding

Weanling male Sprague-Dawley rats (n = 9, 175-200 g) were fed the Lieber-DeCarli liquid
diet (Research Diets, New Brunswick, NJ) containing ethanol (36% of total kcal) ad libitum
for 6 weeks.17 Pair-fed controls were fed an isocaloric mixture of liquid diet without ethanol
(Con, n =9, 175-200 g). Animal studies were conducted according to the Guide for the Care
and Use of Laboratory Animals published by the Department of Health and Human Service.
These studies were reviewed and approved by the Emory University Institutional Animal
Care and Use Committee.

Sample Collection and Processing

After 6 weeks of ethanol ingestion, the rats were anesthetized and sacrificed by
exsanguination at 9 AM to 12 PM. The intestine was stripped of mesenteric and vascular
connections and removed from the peritoneum. The lumen was flushed with ice-cold saline
to clear intestinal contents and suspended from a ring stand with a constant distal weight.
The segments used for the endpoints of this study were collected sequentially at equivalent
sites of each rat. The segments were longitudinally cut, and the mucosa was obtained by
gentle scraping with a glass slide. The mucosa was immediately placed in liquid nitrogen for
further analysis.

Thiol Determinations

Free MDA

The method for determination of tissue thiols has been previously described by Jones et al.18
After derivatization with iodoacetic acid and dansyl chloride, GSH and glutathione disulfide
(GSSG), reduced and oxidized cysteine (Cys and CySS) and mixed disulfide (MD) were
separated by high-performance liquid chromatography (HPLC). Quantitation was based on
integration relative to the internal standard (y-glutamyl-glutamate) and expressed as nmol/
mg protein. In addition, the redox potential (Ep) for the GSH/GSSG and CyS/CySS couples
were calculated from the respective concentrations using the Nernst equation, as previously
described.18:19

The free MDA content in the defined intestinal mucosa samples was determined using the
Bioxytech LPO-586 method (OXIS Health Products Inc, Portland, OR). Samples were
thawed, homogenized in phosphate buffer (pH, 7.4), and then centrifuged at 4000g for 10
minutes. Free MDA was assayed by its reaction with N-methyl-phenylindole to generate the
chromophore product according to the manufacturer’s instructions (OXIS Health Products
Inc). The results were standardized relative to the protein concentration of the original
homogenate.

Histological Assessment of Apoptosis in the Jejunum

Apoptotic cells were determined in colonic crypts by an examiner blinded to the study
groups. Classic morphological changes including nuclear condensation, perinuclear clearing,
and cell shrinkage were used as previously described.2? The apoptotic index was calculated
as the number of apoptotic cells per 1000 well-oriented crypt cells counted. The number of
apoptotic cells per crypt counted was also assessed.

Statistical Analysis

The Student’s t test was used to compare rats with or without ethanol ingestion. Data are
presented as mean + SEM.
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Results

Chronic ethanol ingestion induced global decreases in Cys, CySS, and MD in the small
and large intestine

In the mucosa, Cys was decreased in each of the 3 intestinal segments but particularly in the
jejunum and colon (Figure 1A). For the jejunum, ileum, and colon, Cys was decreased by
—44% (P < .01), —32% (P = .06), and —43% (P = .001), respectively. In the jejunum and
ileum, chronic ethanol ingestion also decreased the oxidized moiety CySS by approximately
78% and 75%, respectively, when compared to the controls (Figure 1B). For the colon,
CySS concentration was undetectable in both the control and ethanol-fed rats. The redox
potentials for the Cys and CySS pair were not significantly altered in the jejunum and ileum
(Figure 1C). Similar to Cys concentration, MD was depleted globally in each of the
intestinal segments from the ethanol-fed rats (Figure 1D). The magnitude of MD decrease
was 48% (P < .01), 50% (P < .01), and 45% (P < .01) in the jejunum, ileum, and colon
segments, respectively. This depletion of Cys, CySS, and MD suggested that chronic ethanol
ingestion induced oxidative stress in each of the intestinal segments.

Chronic ethanol ingestion induced differential changes in the GSH redox status of the
small and large intestine

In the jejunum, chronic ethanol ingestion induced a significant increase in GSH
concentrations (+33%, P =.001), but GSSG remained unchanged (Figures 2A and B).
Accordingly, the ratio of GSH:GSSG was increased by 80% (P < .05; Figure 2C), and the
redox potential (En) was markedly more reduced by 12 mV (P < .01; Figure 2D) when the
samples from the ethanol-fed group were compared to those of the controls. In the colon,
alterations in GSH redox status in response to chronic ethanol were opposite to that
observed in the jejunum. Colonic GSH was decreased by 26% compared to controls (P <.
001; Figure 2A) without a significant change in colonic GSSG (Figure 2B). This
subsequently led to a 40% decrease in the GSH/GSSG ratio (P = .06; Figure 2C), and the
GSH/GSSG Ep, was oxidized by 11 mV (P < .05; Figure 2D) in the colonic segments of the
ethanol-treated rats. In the ileum, chronic ethanol ingestion did not significantly alter gut
mucosal GSH, GSSG, GSH:GSSG ratio, or Ey, (Figure 2A-D). These results suggested that
while chronic ethanol ingestion induced oxidative stress in the intestine, the intestinal
segments were differentially affected.

Chronic ethanol ingestion induced differential changes in the oxidative stress marker MDA
in the small and large intestine

To further assess oxidative stress induced by chronic ethanol ingestion, we measured the
oxidative stress marker MDA, a stable metabolite of lipid peroxidation. In the jejunum,
chronic ethanol ingestion increased MDA by 154% when compared to the control group (P
<.05; Figure 3). In contrast, there were no differences between the control-fed and ethanol-
fed rats in the MDA pools of the ileum or the colon (Figure 3).

Because chronic ethanol ingestion was consistently associated with chronic oxidant stress in
the jejunum, we examined whether apoptosis was upregulated in this particular intestinal
segment. Using histological assessment, the number of apoptotic cells located in the jejunal
crypt in the control group was not statistically different from that in the ethanol-fed group
(0.36 + 0.06 apoptotic cells/1000 cells vs 0.39 + 0.07 apoptotic cells/1000 cells for control
and ethanol, respectively; Figure 4A). Similarly, there were no statistical differences in the
number of apoptotic cells per crypt (0.17 + 0.03 apoptotic cells/crypt vs 0.17 £+ 0.03
apoptotic cells/crypt; Figure 4B).

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2011 April 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tian et al.

Page 5

Discussion

In the small intestine, chronic ethanol ingestion is associated with morphological lesions,
disrupted mucosal defenses, epithelial barrier dysfunction, and bacterial overgrowth.21-23
Given its association with oxidant stress, we examined the possibility that these effects were
due to ethanol-induced oxidant stress in the different segments of the small and large
intestine. When compared to pair-fed controls, Cys pools were significantly decreased in the
jejunum and the colon segments derived from ethanol-fed rats. For the ileum, the ethanol-
induced decrease in Cys approached but did not reach statistical significance. This decrease
in the Cys pools of the jejunum and colon was due to depletion rather than simple oxidation
as evidenced by no corresponding increase in the CySS or MD pools, respectively. Because
the decreases in both Cys and CySS were parallel in the ethanol-fed group, there was no
change in the redox potential (E},) for the Cys/CySS thiol pair. The redox potential for the
couple Cys/CySS reflects the level of reactants such as reactive oxygen species (ROS) and
also affects the dynamics (net flow) of the reversible Cys-CySS reaction. The shrinkage of
the Cys pool slows down the reaction, hence the loss of Cys buffering function against ROS.
Cysteine has traditionally been regarded as the rate limiting amino acid for GSH synthesis.
In this study, chronic alcohol ingestion increased total jejunal mucosal GSH with concurrent
decreased Cys concentration, suggesting the utilization of Cys for synthesis of GSH.
Differential responses of the Cys/CySS and GSH/GSSG redox pairs to oxidative stimuli
have been described in various tissues and reflect the complexity of these independent nodes
of cellular redox regulation.24 This differential regulation of Cys/CySS redox potential
(unchanged) compared to GSH/GSSG redox potential (oxidized) by alcohol in the jeunum is
consistent with these observations. Local Cys (including that converted from CySS) is
available for GSH synthesis, and the fall in these levels concomitant with the increase in
GSH in the jejunum with alcohol may reflect utilization to upregulate GSH synthesis.

Increases in GSH have been demonstrated in the stomach and upper small intestine after
ethanol ingestion.39:25 In the current study, the jejunum demonstrated a significant increase
in the GSH pool, the ratio of GSH to GSSG moieties, and the redox potential for the GSH/
GSSG redox pair (GSH Ey,). Therefore, chronic ethanol ingestion induced a shift in the
jejunum to a more reduced state for the GSH/GSSG redox pair. Paradoxically, chronic
ethanol ingestion increased the free lipid peroxidation product MDA in the jejunum. This
suggested that oxidant stress was ongoing in the jejunum of the ethanol-fed rat. Increased
tissue MDA has been shown to be associated with other indices of oxidative stress in animal
models of ethanol ingestion,28 but our study is the first to associate this index with changes
in GSH:GSSG redox potential. This may be a compensatory mechanism in response to the
oxidant stress responsible for lipid peroxidation. Induction of enzymes involved in GSH
metabolism such as GSH reductase has been reported.2”-28 Similar findings to ours have
been reported in a recent rat study in which chronic alcohol ingestion induces higher GSH
level and lipid and protein peroxidation in the rat stomach.24 The mechanism by which the
jejunum responds to chronic ethanol ingestion by independently regulating these 2 thiol
redox pairs, Cys/CySS and GSH/GSSG, is unclear and requires additional investigation. The
differential responses of redox pairs to redox interventions have been reported before and
may reflect the complexity of independent nodes of cellular redox regulation.?® We focused
on the jejunum for the measurement of apoptosis, as redox in this tissue was most
dynamically affected by chronic ethanol ingestion in this gut segment as evidenced by
markedly upregulated MDA levels, a decrease of Cys, CySS, and MD concentrations, and
an adaptive reduction of GSH redox potential. However, the ethanol-induced increased
oxidant stress did not alter apoptosis of this proximal gut segment.

Despite the changes in the CySS and the MDA pools in the ileum of the ethanol-fed rat,
there were no significant changes in the Cys redox potential. Similarly, chronic ethanol
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ingestion did not significantly alter the GSH, GSH:GSSG ratio, or the GSH redox potential
in the ileum. The absence of ethanol-induced chronic oxidant stress was further supported
by no significant changes in free MDA.

In the colon, chronic ethanol ingestion resulted in decreased GSH and no corresponding
increase in GSSG, resulting in a significant decrease in the GSH:GSSG ratio as well as an
oxidation in the redox potential of this thiol couple. This ethanol-induced decrease in the
colonic GSH pool paralleled that observed in the Cys and MD pools. This shift to a more
oxidized state (GSH/GSSG and GSH Ey) suggested that chronic ethanol ingestion resulted
in oxidant stress in the colon. However, the absence of increased free MDA argued that the
oxidant stress was not sufficient to induce lipid peroxidation. It is unclear why the different
intestinal segments would respond differently to chronic ethanol ingestion. However, both
intracolonic microbes and colonic mucosal cells may contribute to ethanol metabolism in the
colon to acetaldehyde, a reactive oxidant species, which, in turn, may alter mucosal redox in
this distal bowel segment.29

Conclusions

Ethanol-induced oxidant stress resulted in differential regulation in the rat small bowel and
colon. Furthermore, oxidant stress as reflected in the alteration of Cys/CySS, MD, and MDA
was regulated independently within the colon and jejunum. In contrast, ethanol induced
minimal oxidant stress in the ileum.
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Figure 1.

Intestinal mucosal cysteine (Cys), cystine (CySS), and mixed disulfide (MD) concentration
changes measured by high-performance liquid chromatography (HPLC) in ethanol-treated
and control rats. (A) Mucosal Cys concentration. (B) Mucosal CySS concentration. (C)
Redox potential for mucosal Cys/CySS. (D) Mucosal MD concentration. See Materials and
Methods for animal diet and treatment. n = 9 for each group. *P < .05 vs control group.

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2011 April 6.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tian et al.

Page 9

T
I 1L

Figure 2.

Intestinal mucosal glutathione/glutathione disulfide (GSH/GSSG) redox status changes
measured by high-performance liquid chromatography (HPLC) in ethanol-treated and
control rats. (A) Mucosal GSH concentration. (B) Mucosal GSSG concentration. (C)
Mucosal GSH:GSSG ratio. (D) Mucosal GSH/GSSG redox potential. See Materials and
Methods for animal diet and treatment. n = 9 for each group. *P < .05 vs control group.
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Figure 3.

Intestinal mucosal free malondyaldehyde (MDA) concentrations in ethanol-treated and
control rats. Free MDA content in the defined intestinal mucosa samples was determined
using the Bioxytech LPO-586 method. See Materials and Methods for animal diet and
treatment. n = 9 for each group. *P < .05 vs control group.
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Figure 4.

Crypt cell apoptosis in the jejunum. Apoptosis was determined by classic morphological
cellular features and presented as the group mean of 10 representative well-oriented crypts
in each rat + SE. (A) Apoptotic cells per 1000 cells counted. (B) Apoptotic cells per crypt. n
=9 in each experimental group. P was not significantly different between groups.
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