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Abstract
The effects of the dietary antioxidant N-acetylcysteine (NAC) on alcoholic liver damage were
examined in a total enteral nutrition (TEN) model of ethanol toxicity in which liver pathology occurs
in the absence of endotoxemia. Ethanol treatment resulted in steatosis, inflammatory infiltrates,
occasional foci of necrosis, and elevated ALT in the absence of increased expression of the endotoxin
receptor CD14, a marker of Kupffer cell activation by LPS. In addition, ethanol treatment induced
CYP2E1 and increased TNFα and TGFβ mRNA expression accompanied by suppressed hepatic IL-4
mRNA expression. Ethanol treatment also resulted in the hepatic accumulation of malondialdehyde
(MDA) and hydroxynonenal (HNE) protein adducts, decreased antioxidant capacity, and increased
antibody titers toward serum hydroxyethyl radical (HER), MDA, and HNE adducts. NAC treatment
increased cytosolic antioxidant capacity, abolished ethanol-induced lipid peroxidation, and inhibited
the formation of antibodies toward HNE and HER adducts without interfering with CYP2E1
induction. NAC also decreased ethanol-induced ALT release and inflammation and prevented
significant loss of hepatic GSH content. However, the improvement in necrosis score and reduction
of TNFα mRNA elevation did not reach statistical significance. Although a direct correlation was
observed among hepatic MDA and HNE adduct content and TNFα mRNA expression, inflammation,
and necrosis scores, no correlation was observed between oxidative stress markers or TNFα and
steatosis score. These data suggest that ethanol-induced oxidative stress can contribute to
inflammation and liver injury even in the absence of Kupffer cell activation by endotoxemia.
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Introduction
In the recent years a growing body of experimental evidence indicates that inflammatory
reactions and oxidative stress play a major role in alcohol hepatotoxicity [1-4]. Nonetheless
the relative contributions of these factors in the processes leading to alcohol-induced liver
damage (ALD) remain in dispute. One reason is that the various rodent models of ALD differ
significantly with regard to animal age, nutritional status, growth rate, and the development of
endotoxemia preceding pathological alterations [1,4-7]. Increased lipid peroxidation, impaired
antioxidant status, the appearance of free radical adducts derived from fatty acid breakdown
and CYP2E1-dependent ethanol metabolism to the 1-hydroxyethyl radical have all been shown
to correlate with the development of pathology [3,8-10]. Antioxidant treatment in vitro has
been demonstrated to protect hepatocytes overexpressing CYP2E1 from the synergistic
toxicity of polyunsaturated fats such as arachidonic acid and iron [11]. Similarly, in vivo,
feeding with the glutathione precursor L-oxothioazolidine-4-carboxylic acid and with dietary
antioxidant extracts from cocoa and green tea, as well as gene therapy resulting in hepatic
overexpression of either Cu/Zn or Mn superoxide dismutase has been shown to be protective
against ALD [4,12-16]. It is noteworthy that these later observations were performed in rat
intragastric ethanol-infusion models such as that originally developed by Tsukamoto et al.
[5] where pathology is accompanied by endotoxemia and Kupffer cell activation as measured
by increased production of oxidants via NADPH oxidase and increased expression of the
endotoxin receptor CD14 [4,12-18]. We have developed a total enteral nutrition (TEN) model
in which ethanol is also infused intragastrically, but in which ethanol substitututes for
carbohydrate as part of an isocaloric diet. In this model, development of ALD (steatohepatitis
accompanied by focal necrosis) above and beyond simple steatosis is dependent upon low
dietary carbohydrate content (≤5% total calories) and high polyunsaturated dietary fatty acids
(PUFA) (high PUFA/carbohydrate ratio) [19,20]. Moreover, in this later model, ALD develops
without significant elevations in endotoxin [21,22]. Since Kupffer cell activation by endotoxins
might represent a major source of free radical species, in the current study, we have used the
dietary antioxidant N-acetylcysteine (NAC) to determine whether oxidative stress might also
be responsible for ethanol toxicity in the absence of the proinflammatory stimulation by
endotoxins. NAC is a dietary antioxidant and glutathione precursor widely utilized in the
treatment of acute oxidative liver injury by acetaminophen overdose [23,24] and which has
been suggested to be a possible dietary therapy for ALD clinically [25].

Materials and methods
Animals and experimental design

All the animal studies described below were approved by the Institutional Animal Care and
Use Committee at the University of Arkansas for Medical Sciences. All animals received
humane care according to the criteria outlined in the Guide for the Care and Use of Laboratory
Animals at an AAALAC approved animal facility at ACHRI. Groups of N = 6–13 male
Sprague-Dawley rats, 300 g, were fitted with an intragastric cannula and infused with liquid
diets using TEN as described previously [21,22]. Controls were infused at the NRC
recommended caloric intake of 187 kcal/kg.75/day allowing growth at comparable rates to ad
libitum chow-fed animals [21,22,26]. Control diets contained 16% protein (whey peptides),
41% carbohydrate (dextrose and maltodextrin), and 43% fat (corn oil) together with NRC
recommended levels of vitamins and minerals [26,27]. In the ethanol-treated (EtOH) groups,
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ethanol was used to substitute isocalorically for carbohydrate calories at a dose of 10 g/kg/day.
Thereafter, fat calories were reduced as the ethanol infusion was increased to a final level of
13 g/kg/day to produce a final diet composition of 16% protein, 5% carbohydrate, 43% fat,
and 36% ethanol calories and to maintain a constant level of 5% carbohydrates throughout the
study as described previously [21,22]. In addition, control and ethanol groups were treated with
NAC at 1.2 g/kg/day added to the diets. Urine ethanol concentrations (UEC) were measured
daily using an Analox Instuments GL5 analyzer. All rats were sacrificed after 45 days of
infusion.

Biochemical analysis
Blood ethanol concentration (BEC) at sacrifice was measured by Analox and serum ALT levels
were assessed as a measure of liver damage using the Infinity ALT liquid stable reagent
(Thermo Electron Corp., Waltham, MA) according to manufacturer’s protocols. Liver
microsomes were prepared by differential ultracentrifugation and p-nitrophenol hydroxylation
was measured as described previously [19]. Carbon tetrachloride-dependent lipid peroxidation
was measured as described by Johansson and Ingelman-Sundberg [28]. CYP2E1 apoprotein
expression was measured by Western blot as described previously [19] using a rabbit
polyclonal antibody raised against purified rat CYP2E1. Intracellular soluble antioxidant
capacity was measured in protein-precipitated liver cytosol using the oxygen radical
absorbance capacity (ORAC) assay [29,30]. Briefly, the assays were carried out on a FLUOstar
Galaxy plate reader, which was equipped with an incubator and two injection pumps. The
temperature of the incubator was set to 37°C. The procedures were based on the modified
ORACFL method [30]. 2,2′-Azobis(2-amidinopropane) dihydrochloride (AAPH) was used as
a peroxyl radical generator and Trolox as a standard. Forty microliters of sample or blank
(phosphate buffer), and Trolox calibration solutions (in phosphate buffer), was transferred to
48-well microplates in duplicate based upon a set layout. The plate reader was programmed to
record the fluorescence of fluorescein (FL) every cycle. In cycle 1, the instrument reads the
fluorescence in each of the wells. In cycle 2, the computer was programmed to pipette 400
μL FL from pump 1 into the respective wells to give a final FL concentration of 14 μM followed
by reading the fluorescence. During cycle 3, the instrument read the fluorescence of all wells
in the plate. During cycle 4, pump 1 was not used, and pump 2 was programmed to inject 100
μL AAPH to the respective wells to give a final AAPH concentration of 117.5 mM or 6.3
μmol/well. The plate contents were mixed by shaking for 20 s following each injection and/or
reading. Major parameters of assay for the microplate reader were: cycle number, 35; cycle
time, 210 s with 8 s orbital shaking (4 mm shake width) before each cycle; position delay, 0.3
s; injection speed of 420 μL/s for both pump 1 and pump 2. The final ORAC values were
calculated using a linear regression equation (y = a + bx) between the concentration of Trolox
standards (y) and the net area under the FL decay curve for the standards (x). ORACFL values
were expressed as micromoles of Trolox equivalent (TE). The data were analyzed using
Microsoft Excel (Microsoft, Roselle, IL).

Histopathology, immunostaining, and imaging
Liver samples were processed and paraffin-embedded sections were stained with hematoxylin
and eosin (H&E). H&E-stained liver sections were scored for macro-and microsteatosis,
inflammation (macrophage infiltration), and necrosis by a board-certified pathologist (S.K.)
with no prior knowledge of the treatment groups. Scoring was based on a scale encompassing
1 (baseline) to 4 (most extensive) as described elsewhere [19]. Steatosis was scored as the
percentage of parenchymal cells containing fat (micro-or macrosteatosis) as <25% = 1, 25–
50% = 2; 50–75% = 3; >75% = 4. The presence of inflammation based on infiltration by
polymorphonuclear cells, leukocytes, and mononuclear cells was evaluated using a scale where
no inflammation = 1; occasional foci of inflammatory cells = 2; frequently occurring small
foci of inflammatory cells = 3; frequently occurring large foci of inflammatory cells = 4.
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Necrosis was assessed using a scale where occasional (<1%) necrotic hepatocytes = 1; frequent
(5–10%) necrotic hepatocytes = 2; small foci of necrosis (clusters of >10 necrotic cells) = 3
and extensive areas of necrosis (>25% of the lobular unit) = 4. Total pathology score was
determined by summing the scores for steatosis, inflammation, and necrosis. Therefore, the
total pathology score for a normal liver = 3. Immunostaining for proteins adducted with the
lipid peroxidation products malondialdehyde (MDA) and 4-hydroxynonenal (HNE) was
performed with protein G-purified polyclonal antibodies specific for MDA and HNE adducts
as described in detail previously by Sampey et al. [31]. Quantitation of immunostained sections
was carried out using Image-Pro image acquisition software (Media Cybernetics, Silver Spring,
MD) as described previously [31].

Autoantibodies against MDA, HNE, and hydroxyethyl radical (HER) protein adducts
Bovine serum albumin adducts with MDA, HNE, and HER were prepared as described by
Mottaran et al. [32]. Antibodies to adducted proteins in rat serum were measured in microwell
plates coated with modified or native BSA as described previously [21,22,32].

Cytokine analysis
Expression of mRNAs coding for the cytokines interleukin (IL)1β, IL-4, IL-6, tumor necrosis
factor (TNF)α, and tumor growth factor (TGF)β were quantified by real-time RT-PCR as
follows. Total RNA was isolated from tissue using SV total RNA Isolation System (Promega,
Madison, WI) according to the manufacturer’s protocol. The integrity of the RNA was
confirmed by denaturing gel electrophoresis. RNA samples were quantified using the
RiboGreen quantitation assay, after DNase digestion, according to procedures developed by
the manufacturer (Molecular Probes, Eugene, OR). Reverse-transcription reaction was
performed with 0.5 μg of total RNA in a final volume of 10 μl, using M-MLV Reverse
Transcriptase (Invitrogen. Stockholm, Sweden) essentially according to procedures developed
by the manufacturer. Each PCR contained 2–10 μl of cDNA template, 1X Buffer, 1.25 to
1.5mM MgCl2, 0.2 mM dNTPs, 0.25 μM of each primer, and 0.625 units Taq DNA Polymerase
(ABGene, Epsom, UK). For primer sequences, see Table 1. Each PCR consisted of 95°C for
1 min followed by 25–40 cycles of 95°C for 15 s, 52 or 60°C for 20 s, and 72°C for 1 min.
PCR products were separated on ethidium bromide-containing agarose gels. Identity of PCR
products was verified by DNA sequencing, using the BigDye Terminator cycle sequencing
ready reaction kit (Applied Biosystems) according to the manufacturers instructions. Real-time
PCR was performed using 5 μl of diluted cDNA template in a 25-μl reaction containing 0.25
μM of each primer and 12.5 μl SybrGreen real-time PCR MasterMix (Applied Biosystems).
Each run consisted of 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for
15 s, 60°C for 20 s, and 72°C for 60s and was followed by a melt curve analysis, and separation
on ethylene bromide-containing agarose gels. PCR was performed using the Applied
Biosystems ABI PRISM 7700 sequence detection system. For primer sequences see Table 1.
All samples were run blind and reactions were performed in at least duplicates from separate
cDNA reactions. All primers were designed to span at least one intron.

CD14 expression analysis
Liver expression of mRNA for the endotoxin receptor CD14 was quantified by real-time RT-
PCR as described previously [33] using the following primer sequences: forward, 5′-
ACACACGTTGAAACCGGGTCAA-3′; reverse, 5′-
CCCAACTCAGGGTTGTCAGACA-3′. As for the cytokines, mRNA expression data were
normalized to expression of the housekeeping gene cyclophilin.
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Measurement of liver GSH concentrations
GSH levels were quantified in livers from control and ethanol-treated rats using a commercially
available kit (703002) from Cayman Chemical Co. (Ann Arbor, MI). The kit is based on
enzymic recycling of GSH using GSH reductase followed by reaction of GSH with Ellman’s
reagent. The colored product is measured at 405 nm and quantified using a standard curve.

Statistics
Data are expressed as means ± standard error. In most cases, groups were compared statistically
by two-way analysis of variance (ANOVA) followed by Student’s Neuman-Keuls post hoc
analysis for specific comparisons between means using SigmaStat for Windows (Jandal
Scientific Software). In the case of the liver pathology scores which were not normally
distributed, median values were compared by two-way ANOVA of Ranks followed by Dunn’s
test. Pearson’s r values were used for the estimation of correlations. The specific statistical
comparisons between means and medians were as follows: within each diet between rats fed
ethanol and controls and within controls or ethanol-treated groups for the effects of the
antioxidant supplementation.

Results
Weight gain data are presented in Table 2. TEN controls gained 3.3 g/day, a rate comparable
with the ~3 g/day weight gain of male rats of the same age and weight fed chow ad libitum.
Body weight gains were higher (P < 0.05) in the NAC-supplemented control group. Ethanol
treatment reduced weight gain in the NAC-supplemented group (P < 0.05). Urine ethanol
concentrations presented in Fig. 1 reveal that ethanol-treated rats demonstrated a characteristic
pulsatile pattern of peaks around 300–400 mg/dl and nadirs below 50 mg/dl as previously
observed by ourselves and other investigators, even though the same dose of ethanol was
infused continuously throughout the study [17,22,31,34]. Supplementation with NAC had no
effect on UEC profiles: average UEC 171 ± 13 mg/dl vs 178 ± 15 mg/dl in the NAC + EtOH
vs EtOH groups (Fig. 1). Similar lack of effects of NAC were observed on BEC values at
sacrifice (Table 2) as would be expected since ethanol equilibrates with body water and UECs
are known to accurately track BEC values [34]. UECs/BECs represent the small fraction of
infused ethanol which escapes first pass and systemic metabolism.

Dietary supplementation with NAC partly protects against liver injury by ethanol
Liver pathology and serum ALT values are presented in Fig. 2 and Table 2. As described
previously, rats infused ethanol as part of low carbohydrate TEN diets developed micro-and
macrovesicular steatosis, inflammatory infiltrates, and occasional foci of necrosis and this was
accompanied by 2-to 3-fold increases in serum ALT [19-22,31]. Dietary supplementation with
NAC provided partial protection against ALT release which was decreased (P < 0.05) in the
NAC + EtOH compared to the EtOH group. However, in the EtOH + NAC group ALT values
were still significantly elevated relative to diet controls. Liver steatosis was not influenced by
dietary supplementation with NAC. The pathology score for inflammation was significantly
(P < 0.05) lower in the NAC + EtOH compared to the EtOH group. Necrosis scores were also
30% lower in the liver of rats receiving NAC + EtOH, but the mean values did not reach
statistical significance.

Dietary NAC enhances liver antioxidant status, maintains hepatic GSH concentrations after
ethanol treatment, and abolishes ethanol-induced MDA and HNE adducts

Dietary supplementation with NAC in rats fed control TEN diets increased soluble antioxidant
capacity (P < 0.05) in liver cytosol as measured by the ORAC assay (Fig. 3). Ethanol treatment
lowered antioxidant capacity by the same amount in both the EtOH and the EtOH + NAC
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groups (P < 0.05), but since the EtOH + NAC group started with a higher level, ORAC values
for EtOH + NAC rats were statistically identical to TEN controls. EtOH treatment also
decreased liver GSH concentrations (P < 0.05) and this was prevented by NAC
supplementation (Fig. 4). Oxidative stress was monitored by the immunohistochemical
detection of MDA and HNE adducted to liver proteins [31]. As shown in Figs. 5 and 6, ethanol
infusion as part of a low carbohydrate liquid diet significantly increased protein adduct
formation by both products of lipid peroxidation. Dietary supplementation with NAC
effectively abolished ethanol-induced formation of protein MDA and HNE adducts (Figs. 5
and 6). Correlational analysis revealed a positive correlation between MDA and HNE adduct
immunostaining and the pathological scores for both inflammation and necrosis (r values
ranging from 0.71 to 0.91; P between 0.01 and 0.0001).

NAC treatment has no effect on ethanol induction of CYP2E1
Data for CYP2E1 apoprotein expression in hepatic microsomes and for the CYP2E1-dependent
monooxygenase activities p-nitrophenol hydroxylation and microsomal carbon tetrachloride-
dependent lipid peroxidation are shown in Figs. 7 and 8. As shown previously, ethanol
treatment as part of a low carbohydrate liquid diet resulted in a large induction of CYP2E1
apoprotein and activity (P < 0.05). This was not significantly affected by supplementation of
the diet with NAC.

Dietary NAC suppresses immune responses to ethanol-induced protein adducts
Titers of antibodies directed against proteins adducted to the hydroxyethyl (HER) radical and
against proteins adducted to the lipid peroxidation products MDA and HNE are shown in Fig.
9. Ethanol treatment increased titers of antibodies toward all three adducts (P < 0.05). The
ethanol effect on antibodies to HNE adducts was abolished (P < 0.05) and the effect on
antibodies to HER and MDA adducts was reduced by supplementation with NAC.

Ethanol treatment in the TEN model does not induce expression of endotoxin receptor CD14
mRNA in rat liver

Real-time RT-PCR quantification of hepatic CD14 mRNA is shown in Fig. 10. Neither ethanol
treatment nor NAC supplementation had a significant effect on CD14 gene expression.

Effects of dietary NAC on ethanol-induced alterations in cytokine profile
The expression of hepatic mRNAs coding for the cytokines TNFα, TGFβ, IL-1β, IL-4, and
IL-6 is shown in Table 3. NAC supplementation of control diets produced a greater than 50%
decrease in IL-6 mRNA (P < 0.05) and a nonsignificant decrease in IL-4 mRNA expression.
Ethanol infusion increased liver TNFα and TGFβ mRNA expression (P < 0.05), while
expression of IL-1β and IL-6 mRNAs was not affected. As previously observed [21,22] IL-4
mRNA was lower in ethanol-treated rat groups (P < 0.05). The liver mRNA content of
TGFβ, IL-4, and IL-6 was not different between the EtOH and the NAC + EtOH groups.
However, NAC decreased the mean TNFα expression in ethanol-treated rats by 44%. Because
of large intraindividual variations, this difference did not reach statistical significance.
Nonetheless, liver TNFα expression showed a direct correlation with both MDA (r = 0.77; P
= 0.004) and HNE (r = 0.66; P = 0.018) immunostaining. A significant (P < 0.0001) correlation
was also evident between TNFα mRNA and the pathological scores for both inflammation and
necrosis (r = 0 0.69 and 0.63, respectively).

Discussion
Whereas the species of prooxidants involved, and their source, remains the subject of
considerable dispute, ethanol-induced oxidative stress and its role in the development of ALD

Ronis et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2010 October 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



has been the subject of many studies [3,4]. Superoxide anions (O2
•−) derived primarily from

NADPH oxidase in endotoxin-activated Kupffer cells have been implicated in ethanol-induced
inflammation and development of ALD in the gastric infusion model developed by the late Dr.
Ron Thurman and colleagues at UNC [4-7]. Evidence in favor of this includes the NADPH-
oxidase-dependent induction of the endotoxin receptor CD14 in liver from ethanol-treated rats
[17,18]. Similar induction of CD14 is observed in other models of increased gut permeability
and endotoxemia such as thermal injury and estriol treatment [35,36] and in all cases can be
reversed by antibiotic treatment [17,35,36]. In addition, protection against alcoholic liver
pathology and elevation of TNFα has been demonstrated in p47phox knockout mice [37] and
gene therapy resulting in overexpression of either Cu/Zn or Mn superoxide dismutase (SOD)
is also protective against development of pathology in this model [15,16]. However, we have
previously demonstrated that in the rat TEN model of ALD utilized in the current study, no
significant increases in plasma endotoxin occur following ethanol treatment [21,22]. Data from
the current study demonstrating a lack of significant induction of hepatic CD14 mRNA
expression following ethanol treatment are consistent with a lack of Kupffer cell activation in
this model. Since (O2

•−) is not a potent oxidant, it has also been suggested that more potent
oxidant radicals are formed by subsequent catalytic pathways including hydroxyl radicals via
SOD-derived H2O2 and subsequent Fenton reactions with transition metals, H2O2 reaction
with Cl− derived from myeloperoxidase in neutrophils to form hypochlorous acid (HOCl−),
and reaction of O2

•− with nitric oxide synthase-derived NO• to form peroxynitrite (ONOO−)
[4]. In addition, it has been suggested that hydroxyethyl radicals derived from CYP2E1-
dependent ethanol metabolism also contribute to ethanol-induced oxidative stress, cytokine
production, and ALD [3,38-42]. Regardless of the source of ROS and other short-lived radical
species, reaction with membrane lipids has been shown to result in production of lipid-derived
radicals, lipid peroxidation, and depletion of antioxidant defenses in the liver following ethanol
treatment [3,4,20,31]. Diets high in polyunsaturated fats which result in liver membranes most
susceptible to free radical attack and lipid peroxidation, also result in the greatest degree of
experimental alcoholic liver injury and protection by dietary saturated fats is associated with
reductions or reversal of hepatic oxidative stress [20,43,44]. Lipid peroxidation products such
as MDA and HNE and the hydroxyethyl radical form adducts with proteins which may alter
their normal function. These adducts have also been shown to display cytotoxic effects in
several cell types [45,46], interfere with intracellular proteolysis [47], and may alter
intracellular signaling pathways [31]. In addition, adducted proteins also stimulate the host
immune response and result in an autoimmune-like disease. Antibodies to MDA-, HNE-, and
HER-adducted proteins have been demonstrated in plasma from both animal models of ALD
and human alcoholics [21,22]. Oxidative stress has also been suggested to be involved in the
activation of a number of signaling cascades associated with the redox modification of thiols
including the transcription factor nuclear factor κB (NFκB), stress-activated protein kinases
(e.g., p38, JNK), apoptosis modulators such as Bcl-2, and calcium signaling which have been
associated with ALD [4]. In particular it has been suggested that activation of NFκB in Kupffer
cells is involved in the up-regulation of cytokines such as TNFα and is a key mediator of
ethanol-induced hepatic inflammatory responses [4,48].

The data presented above confirm that ethanol treatment produces substantial oxidative stress
even in a rat model where endotoxin is not elevated and Kupffer cell activation is minimal.
Moreover, we have shown that dietary NAC is an effective hepatic antioxidant that abolishes
ethanol-induced lipid peroxidation after chronic exposure. The increased antioxidant capacity
observed in liver cytosol following NAC supplementation of TEN control diets using the
ORAC assay in Fig. 3 probably reflects increases in the hepatic NAC pool since hepatic GSH
concentrations were unaffected in control rats supplemented with dietary NAC and NAC is
itself an effective antioxidant. Ethanol treatment reduced antioxidant capacity in both control
and NAC-supplemented rats; however, since NAC treatment resulted in higher capacity to
begin with, there was no depletion in antioxidant capacity in NAC + EtOH rats compared to
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TEN controls. Moreover, although ethanol treatment significantly lowered hepatic GSH
concentrations, consistent with previous studies in the TEN model [20], NAC supplementation
prevented this loss. Thus, increased GSH synthesis from the NAC precursor appears to be
stimulated in response to ethanol-induced oxidative stress. In addition, NAC treatment
effectively prevented ethanol-induced formation of protein adducts derived from lipid
peroxidation products and blocked ethanol-associated immune responses. In particular, NAC
abolished the ethanol-induced increase in antibody production toward HNE adducts and
reduced antibody production toward hydroxyethyl free radical adducts. This latter effect is
likely related to the capacity of –SH groups to scavenge HER [49], since NAC does not interfere
with HER formation consequent to CYP2E1 induction. Inhibition of ethanol-induced oxidative
stress by dietary NAC supplementation resulted in partial protection against the development
of liver injury. Specifically, ALT values and the inflammation score were significantly lower
relative to the ethanol-treated group and the mean necrosis score was also decreased. Although
ALT values in control rats in this study were slightly higher than the 40–60 SFU/ml we have
generally observed in the TEN model [19], this was not associated with any pathological
change. Clinically, ALT values are only poorly correlated with ethanol-induced liver injury
and are only increased 2-to 8- fold in human ALD similar to the increase observed in the current
study [50].

NAC treatment alone decreased IL-6 expression, but it is unclear if this is an effect specific to
NAC or also occurs with other thiol-like antioxidants. TNFα mRNA expression was decreased
in the EtOH + NAC group 30–45% relative to the EtOH group and a good correlation was
observed between reduction in oxidative stress markers, TNFα mRNA expression,
inflammation, and necrosis scores. In contrast, little effect of NAC treatment was observed on
steatosis score and changes in TGFβ and IL-4 mRNA expression for the EtOH + NAC group
were identical to those of animals infused ethanol alone. One possible explanation for the partial
protection against ALD afforded by NAC in the current study compared to the other studies
showing more potent reversal of liver pathology by antioxidants may reflect differences in the
animal models used by different research groups. One area of general agreement between
investigators studying mechanisms of ALD is that hepatosteatosis is necessary a prerequisite
for any further damage. Dietary protection against development of ALD by saturated fats
reported in our laboratory and others does coincide with reduced oxidative stress indices [20,
43]. However, in this case, increased fatty acid degradation and reversal of ethanol effects on
triglyceride packaging and transport also result in reduced steatosis. A significant role for
oxidative stress in the elevation of TNFα following ethanol consumption and a central role for
TNFα in the development of necrosis in alcoholic livers have been proposed by several
investigators [4,51-54]. However, it has also been proposed that elevation of TNFα plays a role
in the development of alcoholic steatosis [4]. This hypothesis is based largely on the report of
Yin et al. [51] demonstrating that liver damage and steatosis were completely prevented in
ethanol-infused TNFR1 knockout mice and a recent report from Zhou et al. [52] that NAC
reverses oxidative stress, TNFα, and steatosis following acute ethanol administration to 129/
Sv mice. However, our current data with chronic ethanol administration in rats showed no
correlation between TNFα expression and steatosis score and suggests that TNFα plays little
or no role in the development of alcoholic steatosis. Our data are in better agreement with a
recent study by Ji et al. [54] in ethanol-infused TNFR1 knockout mice which also demonstrated
significantly reduced ALT levels and necroinflammatory changes in liver compared to wild-
type mice but which showed less than a 20% reduction in steatosis score. Previous studies
demonstrating that administration of the nonglucocorticoid 21-aminosteroid, tirilazad mesylate
to intragastric alcohol-fed rats greatly reduced MDA and 8-isoprostane formation and
completely prevented the development of necro-inflammatory changes, without affecting liver
steatosis, also suggest that lipid peroxidation is unrelated to development of fatty liver [55].
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The majority of data showing protective effects of chemical antioxidants and knockout/
transgenic effects have been reported in the intragastric model of Thurman and colleagues.
[1,4]. This model is characterized by significant endotoxemia and LPS-dependent Kupffer cell
activation [1] that further enhances oxidative stress. In contrast, little or no endotoxemia has
been reported in the TEN model studied in our laboratory [21,22] and the lack of CD14
induction in the current study is consistent with a lack of Kupffer cell activation. Nonetheless
the observation that, in the TEN model, there is an association between the lipid peroxidation
and both TNF-α mRNA expression and the extent of inflammatory infiltrates indicates that, in
the absence of endotoxiemia and Kupffer cell activation, oxidative stress contributes to the
stimulation of inflammatory reactions associated with ethanol toxicity. At the moment, the
mechanism by with ethanol-induced oxidative stress contributes to maintain chronic
inflammation is unclear. However, the observation that NAC reduces the immune response
triggered by HER and lipid peroxidation products suggests that immune mechanisms might be
involved. This hypothesis is consistent with the observations in humans showing that elevated
titers of circulating IgG toward MDA, 4-HNE, and oxidized arachidonic acid adducts are also
detectable in a large fraction (55–70%) of patients with biopsy-proven advanced alcoholic liver
disease (alcoholic hepatitis and/or cirrhosis), but only in few (8–13%) subjects with fatty liver
only, irrespective of the magnitude and the duration of alcohol intake [32]. These antibodies
are also higher in patients with severe cirrhosis (Child’s Grade B and C) as compared to those
with milder disease (Child’s Grade A) [32]. The possibility that an immune response triggered
by oxidative stress might have a role in the progression of alcohol liver damage is further
strengthened by the association between high titers of anti-MDA antibodies and the presence
of a T-lymphocyte response toward the same antigens [56] and the capacity of anti-HER IgG
to activate antibody-dependent cell-mediated cytotoxicity (ADCC) [57].

In conclusion, in the current study, using NAC in combination with the TEN model, we have
demonstrated that ethanol-induced oxidative stress contributes to promote inflammatory
reactions and liver injury even in the absence of endotoxin-mediated Kupffer cell activation.
Thus, it appears that oxidative stress not only may exacerbate some aspects of ethanol-induced
injury, but potentially by promoting an immune response, has a role in maintaining chronic
inflammation that is important for the development of fibrosis.
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Abbreviations

ALD alcohol-induced liver damage

TEN total enteral nutrition

PUFA polyunsaturated dietary fatty acids

NAC N-acetylcysteine

UEC urine ethanol concentrations

BEC blood ethanol concentration

ORAC oxygen radical absorbance capacity

AAPH 2,2′-azobis(2-amidinopropane) dihydrochloride

FL fluorescein

MDA malondialdehyde
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HNE 4-hydroxynonenal

IL interleukin

TNF tumor necrosis factor

TGF tumor growth factor

HER hydroxyethyl

SOD superoxide dismutase

NFκB nuclear factor κB
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Fig. 1.
Urine ethanol concentration profiles for ethanol-infused rats on TEN diets with and without
NAC. Data are means ± SE for N = 8 – 13 rats/group.
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Fig. 2.
Representative liver pathology produced by ethanol treatment in the presence or absence of
dietary supplementation with NAC demonstrating the presence of macro- and microvesicular
steatosis, inflammatory infiltrates, and focal necrosis. (A and B) Control diets (×10
magnification); (A) control, (B) control + NAC, (C–F) ethanol diets (C and D ×10
magnification; E and F ×40 magnification); (C and E) EtOH; (D and F) EtOH + NAC.
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Fig. 3.
Effects of ethanol and antioxidants on liver cytosolic antioxidant status as determined by the
ORAC assay. Data are mean ± SE for N = 8–13 rats/group. Means with different superscripts
differ significantly (P < 0.05) by two-way ANOVA followed by Student’s Neuman-Keuls post
hoc analysis.
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Fig. 4.
Quantitation of GSH concentrations in liver homogenates from rats fed control or ethanol diets
in the presence or absence of dietary supplementation with NAC. Data are means ± SEM for
N = 8 – 13 rats/group. *Significantly different from control (P < 0.05) by two-way ANOVA
followed by Student’s Neuman-Keuls post hoc analysis.
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Fig. 5.
Representative H&E and immunohistochemical staining of serial slides of livers from rats
treated with ethanol in the presence or absence of dietary supplementation with NAC using
antibodies against protein adducts of the lipid peroxidation products 4-HNE and MDA. (A–C)
Control; (D–F) EtOH; (G–I) control + NAC; (J –L) EtOH + NAC. Top panels (A,D,G,J),
Hemotoxylin & Eosin; middle panels (B,E,H,K); anti-4-HNE; bottom panels (C,F,I,L), anti-
MDA.
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Fig. 6.
Quantitation of lipid peroxidation product-protein adducts in liver slices from rats fed control
or ethanol-containing diets in the presence or absence of dietary supplementation with the
antioxidant NAC. Data are presented as means ± SE for N = 8– 13 rats/group. Means with
different superscripts differ significantly (P < 0.05) by two-way ANOVA followed by
Student’s Neuman-Keuls post hoc analysis.
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Fig. 7.
CYP2E1-mediated carbon tetrachloride-dependent lipid peroxidation (CCl4) and p-
nitrophenol hydroxylation (pNP) in liver microsomes prepared from rats fed control or ethanol-
containing diets using the TEN system in the presence or absence of the dietary antioxidant
NAC. Data are means ± SE for N = 8 –13 rats/group. Means with different superscripts differ
significantly (P < 0.05) by two-way ANOVA followed by Student’s Neuman-Keuls post hoc
analysis.
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Fig. 8.
Western blot analysis and immunoquantitation of CYP2E1 peroxidation in liver microsomes
prepared from rats fed control or ethanol-containing diets using the TEN system in the presence
or absence of the dietary antioxidant NAC. Data are means ± SE for N = 8– 13 rats/group.
Means with different superscripts differ significantly (P < 0.05) by two way ANOVA followed
by Student’s Neuman-Keuls post hoc analysis. C, control; E, ethanol-treated.
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Fig. 9.
Effects of ethanol-treatment in the presence or absence of the dietary antioxidant NAC on
antibody titers toward HNE-, MDA-, or HER-adducted proteins. Data are means ± SE for N =
8– 10 rats/group. Means with different superscripts differ significantly (P < 0.05) by two-way
ANOVA followed by Student’s Neuman-Keuls post hoc analysis from TEN and NAC + TEN
groups.
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Fig. 10.
Effects of ethanol-treatment in the presence or absence of the dietary antioxidant NAC on
hepatic expression of mRNA to the endotoxin receptor CD14. Data are means ± SE for N = 8
– 10 rats/group of CD14/cyclophilin mRNA ratios determined by real-time RT-PCR.
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Table 1

Real-time RT-PCR probes for cytokines

Primer name Sequence 5′–3′ Product size, bp

IL1β forward TGA CCC ATG TGA GCT GAA AG 241

IL1β reverse GAA GAC AAA CCG CTT TTC CA 241

IL 4 forward GCA ACA AGG AAC ACC ACG G 91

IL 4 reverse AAG CAC GGA GGT ACA TCA CGT 91

IL 6 forward TGA TGG ATG CTT CCA AAC TG 230

IL 6 reverse GAG CAT TGG AAG TTG GGG TA 230

TNFα forward ACT GAA CTT CGG GGT GAT TG 153

TNFα reverse GCT TGG TGG TTT GCT ACG AC 153

TGFβ forward CTT CAG CTC CAC AGA GAA GAA CTG C 298

TGFβ reverse CAC GAT CAT GTT GGA CAA CTG CTC C 298

Cyclophilin A forward GCA TAC AGG TCC TGG CAT CT 192

Cyclophilin A reverse TTC TTG CTG GTC TTG CCA TT 192
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