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C3:  
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Background & Aims: The complement pathways are important components of the innate and
adaptive immune response. Here we tested the hypothesis that activation of complement is required
for development of ethanol-induced fatty liver.

Methods: Wild type and mice lacking the 3rd (C3) and 5th (C5) components of the complement
activation pathway, as well as mice lacking decay accelerating factor (CD55/DAF), a complement
regulatory protein, were fed Lieber-DeCarli ethanol-containing diets for 6 weeks or pair-fed control
diets.

Results: Ethanol feeding to wild type mice increased C3a in plasma. Wild type and C5-/- mice fed
the ethanol diet developed hepatic steatosis characterized by micro- and macro-vesicular lipid
accumulation and increased triglyceride content. C3-/- did not develop steatosis, while CD55/
DAF-/- mice accumulated even more hepatic triglyceride after ethanol feeding than wild type mice.
Serum ALT and hepatic TNFα, indicators of hepatocyte injury and inflammation, respectively, were
increased in wild type and CD55/DAF-/- mice, but not in C5-/- mice after ethanol feeding. In contrast
to the protective effect of C3-/- against ethanol-induced steatosis, both ALT and TNFα were increased
in C3-/- mice after ethanol feeding.

Conclusions: Here we have identified several elements of the complement system as important
contributors to ethanol-induced fatty liver. C3 contributed primarily to the accumulation of
triglyceride in the liver, while C5 was involved in inflammation and injury to hepatocytes. Further,
the absence of CD55/DAF exacerbated these responses, suggesting that CD55/DAF serves as a
barrier to ethanol-induced fatty liver.

Introduction
The complement system, comprised of a network of more than 30 proteins, belongs to both
the innate and adaptive arms of the immune system. Activation of the complement pathway
can occur via the classical, lectin or alternative pathways; all three pathways culminate in the
activation of C3. Upon activation, C3 is cleaved into C3a and C3b, C3b then acts in the
activation/cleavage of C5 to C5a and C5b; these processes ultimately result in the formation
of the pore-forming C5b-9 membrane attack complex, which mediates lysis of target and
infected cells. In addition to their role in the formation of the membrane attack complex, the
complement cleavage products C3a, C3b and C5a, resulting from the activation of C3, together
contribute to a number of pro-inflammatory and protective responses, including phagocyte
recruitment, opsonization of pathogens and lysis of certain pathogens and cells. The C3a- and
C5a-mediated responses are characterized by the stimulation of cytokine production (35;39),
either alone or in the presence of other inflammatory mediators, such as lipopolysaccharide
(LPS) (39), as well as increased expression of chemokines and adhesion molecules (11;23).

The development of ethanol-induced liver injury is mediated, at least in part, by an
inflammatory response involving the innate immune system. Ethanol exposure, both in humans
and animal models, is associated with increased production of pro-inflammatory cytokines and
chemokines (43;45), as well as increased production of reactive oxygen species (18;20).
Kupffer cells, the resident macrophages in the liver, are critical to the onset of ethanol-induced
liver injury. Ablation of Kupffer cells prevents the development of fatty liver and inflammation,
early events in the progression of ethanol-induced liver damage, in rats exposed to ethanol via
intragastric feeding (1). Endotoxin (LPS), a component of gram-negative bacterial cell walls,
is an important activator of Kupffer cells, stimulating the production of inflammatory and
fibrogenic cytokines, as well as reactive oxygen species. LPS concentration is increased in the
blood of alcoholics (4;14) and rats exposed to ethanol via gastric infusion (37), probably due
to impaired barrier function of the intestinal mucosa (4).

Our interest in a possible role for the complement system in the development of ethanol-
induced liver injury was inspired by the large body of data implicating the complement system
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in the development of acute and chronic inflammatory responses to bacteria/bacterial products,
as well as in response to cell injury, both hallmarks of ethanol-induced liver injury. At the time
we initiated our experiments, there was a report by Jarvelainen, et al., (22) that ethanol feeding
to rats increased deposition of complement proteins C3 and C8, but not C1, in the liver. Lack
of C1 deposition suggests that ethanol feeding activates the complement cascade via the lectin
and/or alternative pathways (22). As LPS is a potent activator of the alternative pathway,
ethanol-induced activation of the alternative pathway would be consistent with the increased
LPS exposure observed in humans after alcohol consumption, as well as in animal models of
ethanol exposure (4;14;37).

If the complement system contributes to ethanol-induced liver injury, then mice lacking key
components of the complement activation system should be protected from ethanol-induced
liver injury. In contrast, mice lacking decay accelerating factor (CD55/DAF), a complement
regulatory protein that inhibits the cleavage-induced activation of C3 and C5, thus intering
with the activation of the rest of the complement cascade, including the formation of the
terminal C5b-9 complex, might be more susceptible to ethanol-induced liver injury. A recent
report found that mice lacking the 3rd component of the complement pathway (C3-/-) did not
develop hepatic steatosis or increased ALT concentrations in response to acute or chronic
ethanol exposure (5). Here we have further examined the role of complement in ethanol-
induced liver injury, making use of mouse lines that lack the 3rd (C3) and 5th (C5) components
of the complement activation pathway, as well as mice lacking CD55/DAF, to investigate the
role of complement activation in the progression of ethanol-induced liver injury.

Methods and Materials
Materials

Female C57BL/6 mice, C5-/- mice (B10.D2-Hc0H2dH2-T18c/0SnJ) and their haplotype
controls (B10.D2-Hc1H2dH2-T18c/nSnJ) (nSnJ)(8-12 weeks old) were purchased from
Jackson Labs (Bar Harbor, Maine). CD55/DAF-/- mice have been previously described and
were back-crossed 4 generations with the C57BL/6 strain (28). The C57/129 wild type mice
used in the current study were back-crossed in parallel with CD55/DAF-/-. C3-/- have been
previously described (49). Lieber-DeCarli high-fat ethanol and control diets were purchased
from Dyets (Bethlehem, PA). Antibodies were from the following sources: CYP2E1 (Research
Diagnostics, Inc., Flanders, NJ), anti-rat Fc and horseradish peroxidase conjugated goat-anti
mouse C3 (MP Biomedicals, Irvine, CA), rat anti-mouse C3a (mAb 3/11) (Cell Sciences,
Canton, MA) and HSC70 (Santa Cruz Biotechnology, Santa Cruz, CA). Antibody pairs used
for ELISAs for TNFα, IL-6 and IFNγ were from Biolegend (San Diego, CA). Anti-rabbit and
mouse IgG-peroxidase were purchased from Boehringer Mannheim (Indianapolis, IN).

Ethanol feeding
All procedures using animals were approved by the Case Western Reserve University
Institutional Animal Care and Use Committee. 8-12 week old female wild type mice (C57BL/
6, C57/129, nSnJ) and mice lacking specific complement pathway components (abbreviated
as “complement knock-out mice”) were housed in shoe-box cages (2 animals/cage) with
microisolator lids. Standard microisolator handling procedures were used throughout the study.
Mice were randomized into ethanol-fed and pair-fed groups and then adapted to control liquid
diet for 2 days. The ethanol-fed group was allowed free access to ethanol containing diet with
increasing concentrations of ethanol: 1% (vol/vol) and 2% each for 2 days, then 4% ethanol
for 7 d, and finally 5% ethanol for a further 4 weeks. The macronutrient composition Lieber-
DeCarli high fat control and ethanol-containg diets are 18% of calories as protein and 35% as
fat. Carbohydrates comprise 47% of calories in the control diet. In the ethanol-containing diets,
ethanol and carbohydrate content vary with ethanol dose to a final composition of 28% of
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calories as ethanol and 19% as carbohydrate, at the highest concentration of ethanol fed (5%
vol/vol). Control mice were pair-fed diets which iso-calorically substituted maltose dextrins
for ethanol over the entire feeding period. Mice were then anesthetized, blood samples taken
into non-heparinized syringes from the posterior vena cava, livers blanched with saline via the
portal vein and then excised. Portions of each liver were then either fixed in formalin or frozen
in optimal cutting temperature (OCT) compound (Sakura Finetek U.S.A., Inc., Torrance CA)
for histology or flash frozen in liquid nitrogen and stored at -80°C until further analysis. Blood
was either allowed to clot on ice for 60 min and then centrifuged to isolate serum or transferred
to heparin-containing tubes for the isolation of plasma. Plasma was then stored with (for
measurement of C3a (see below)) or without 20 mM EDTA at -80°C.

Short term ethanol exposure
Mice were exposed to 6 g/kg ethanol via an intragastric gavage. After 90 min, mice were
anesthetized and blood samples taken into non-heparinized syringes from the posterior vena
cava. Serum was isolated and then stored at -80 °C.

ALT activity
Serum samples were assayed for ethanol and alanine aminotransferase (ALT) using
commercially available enzymatic assay kits (Diagnostic Chemicals, LTD, Oxford, CT).

C3a ELISA
The concentration of C3a in the plasma was assessed using a specific rat anti-C3a specific
monoclonal antibody that recognizes neo-activation epitopes on the C3a peptide (29;31). An
ELISA assay was carried out exactly as described by Mastellos, et al. (31). Briefly, anti-rat Fc
antibody was used to coat microtiter plates, then rat anti-C3a monoclonal antibody (mAb 2/11)
was added to the plates as the capture antibody. Plasma samples were treated with 20 mM
EDTA to prevent further activation of C3 during the ELISA assay and serial dilutions of plasma
added to the ELISA plate (10-25 ul). A horseradish peroxidase conjugated goat anti-mouse C3
antibody was used as the detection antibody. Plates were washed four times in 1% bovine serum
albumin in phosphate buffered saline containing 0.05% Tween 20 after each step. Serial
dilutions of plasma treated with zymosan (2mg/ml) for 30 min at 36°C was used to generate a
C3a standard curve. C3a concentration in plasma samples is expressed as percent of total C3a
in zymosan-activated plasma. Non-specific binding in the ELISA assay, assessed with plasma
from C3-/- mice, was included as a negative control. C3-/- mice did not have detectable C3a
in their plasma under the conditions of this ELISA (data not shown).

Liver histology and triglycerides
Formalin-fixed tissues were paraffin embedded, sectioned and stained with hemotoxylin and
eosin. Sections were coded prior to analysis and examined by two independent individuals.
For Oil Red O staining, 10 micron sections were cut from frozen OCT samples and affixed to
a microscope slide. Slides were then stored at 4°C until staining. Liver sections were then air
dried for 5-10 min at room temperature and stained in fresh Oil Red O (Sigma, St. Louis, MO)
for 12 minutes, rinsed in water and then counterstained with hematoxylin. Total liver
triglycerides were measured using the Triglyceride Reagent Kit from Pointe Scientific Inc.
(Lincoln Park, Michigan).

Liver homogenization and Western blotting
0.5-1.0 g of frozen liver tissue was homogenized in 10ml/g tissue in lysis buffer (50 mM Tris-
HCl, pH7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA with added
protease inhibitors (Complete™ (Roche Diagnostics, Mannheim, Germany), 17.5 μg/ml
aprotinin, 5μg/ml bestatin, 10 μg/ml leupeptin, 1 mg/ml bacitracin, and 20 μg/ml E64) and
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phosphatase inhibitors (1 mM vanadate and 10 mM Na pyrophosphate)) using 15 strokes in a
glass on glass homogenizer (loose pestle). After 15 min on ice, samples were centrifuged at
16,000 x g for 15 min to remove insoluble material. Protein concentrations were measured.
Samples were then used to measure hepatic cytokine concentrations (see below) or normalized
and samples prepared in Laemmli buffer and boiled for 5 min. Samples were then separated
by SDS-polyacrylamide gel electrophoresis and transferred to membranes for Western blotting.
Membranes were probed with specific antibodies against CYP2E1 or HSC70, used as a control
for equal protein loading, overnight at 4°C, then washed and incubated for 1 h in secondary
antibodies coupled to horseradish peroxidase. Bound antibody was detected by
chemiluminescence. Immunoreactive protein quantity was assessed by scanning densitometry.

Hepatic cytokine concentration
Liver homogenates were used to measure the concentration of hepatic cytokines by ELISA.
20-30 μg of hepatic protein were used in ELISA assays to measure TNFα, interleukin 6 (IL-6)
and interferon-γ (IFN-γ) peptides accumulated in the liver.

Statistical analysis
Values reported are means + SEM. Because of the limitations in the number of mice available,
several feeding trials were carried out over the course of 18 months and combined for the final
data analysis. Pair-fed controls within each genotype were always carried out in parallel with
ethanol feeding. Data from C5-/- mice and their haplotype controls (nSnJ) were analyzed
separately from the other genotypes because of differences in the response of the nSnJ mice
compared to C57BL/6 and C57/129 wild type strains to ethanol feeding. Data were analyzed
by general linear models procedure (SAS, Carey, IN), blocking for trial effects when data from
more than one feeding trial was used in a data set. Data were log transformed if needed to
obtain a normal distribution. Follow-up comparisons were made by least square means testing.

Results
Activation of the complement pathway via the classical, lectin and alternative pathways
culminates in the generation of a C3 convertase that enzymatically cleaves C3 to form C3a and
C3b (48). C3b then initiates the second part of the complement cascade resulting in the
production of the pathophysiologically key C5a and C5b-C9 components. Here we first asked
whether ethanol feeding activated the complement pathway by measuring C3a concentration
in plasma of wild type mice. Plasma concentrations of C3a were measured by ELISA in wild
type mice. C3a concentrations were undetectable in pair-fed mice, but increased after ethanol
feeding to 7.6% of the total C3a in mouse plasma after activation with zymosan, an agent that
stimulates the proteolytic cleavage of C3 (Figure 1).

If complement activation contributes to ethanol-induced fatty liver, then mice lacking C3 or
C5 should be protected from ethanol-induced steatosis. Further, mice lacking CD55/DAF, an
intrinsic complement regulatory protein that terminates the complement cascade at the level
of C3 and C5 cleavage, should be more susceptible to ethanol-induced liver injury. To test this
hypothesis, wild type mice and mice lacking specific complement pathway components were
adapted to an ethanol-containing liquid diet for 2 weeks and then maintained on a 5% ethanol
liquid diet for 4 weeks or pair-fed control diets. Ethanol- and pair-fed mice gained equivalent
body mass during the ethanol feeding protocol in each of the mouse strains studied (Table 1).
After ethanol feeding, all three strains of wild type mice developed steatosis characterized by
micro- and macro-vesicular structures observed on H&E stained sections of liver (Figure 2),
although the nSnJ mice (C5 haplotype controls) accumulated less lipid compared to C57BL/6
and C57/129 mice (Figure 2 and 3). Characteristic of the ad libitum Lieber DeCarli feeding
model, little evidence of inflammation was observed in wild type mice after ethanol feeding.
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While steatosis developed in C5-/- mice, micro- and macro-vesicular steatosis was not
observed in liver sections from C3-/- mice (Figure 2). In contrast, CD55/DAF-/- mice
developed more severe liver injury, accumulating more macro-vesicular structures compared
to wild type mice after ethanol feeding (Figure 2).

Oil red O staining of frozen liver sections and quantitative assessment of total hepatic
triglyceride paralleled the histological observations in H&E stained samples (Figure 3). Total
hepatic triglyceride concentration (Figure 3A and B) and Oil Red O staining of neutral lipids
(Figure 3C) increased in all three wild type strains in response to ethanol feeding, compared
to pair-fed controls, although triglyceride concentrations in nSnJ mice were lower than that in
C57BL/6 and C57/129 strains (Figure 3). C3-/- mice did not accumulate excess triglyceride
compared to pair-fed controls, while hepatic triglycerides were even further increased in CD55/
DAF-/- compared to wild type mice (Figure 3). In contrast to C3-/- mice, C5-/- mice were not
protected from ethanol-induced triglyceride accumulation (Figure 3). Liver to body weight
ratios, a general measure of liver injury, were increased in C57BL/6 and C57/129 wild type
mice after ethanol feeding, with no change in C3-/- mice (Figure 4A). In contrast, neither the
C5-/- mice or their haplotype controls exhibited increased liver to body weight ratios (Figure
4B). Serum ALT activities were increased after ethanol feeding in C57/BL6 and C57/129 wild
type mice (Figure 5A), as well as in the nSnJ mice (Figure 5B). In C3-/- mice, ALT activity
was increased with ethanol feeding compared to their pair-fed controls, but to a lesser extent
then in the wild type controls. ALT activity was also increased in response to ethanol feeding
in CD55/DAF-/- mice; however, this increase in ALT activity in response to ethanol exposure
was even greater than that observed in wild type mice. Finally, despite the development of
steatosis, C5-/- mice did not exhibit increased ALT activity after ethanol feeding (Figure 5B).

These differential effects of ethanol feeding in C3-/- and C5-/- mice suggested that the C3- and
C5-activation pathways may contribute to distinct aspects of ethanol-induced liver injury.
Since increased expression of pro-inflammatory cytokines, such as TNFα, contributes to
hepatocellular injury during ethanol exposure (45), we assessed the effects of ethanol feeding
on hepatic TNFα, IL-6 and IFN-γ expression in C3-/-, C5-/- and CD55/DAF-/- mice compared
to wild type controls. As expected, ethanol feeding increased hepatic TNFα, IL-6 and IFN-γ
peptide concentrations in all wild type strains, as well as in CD55/DAF-/- mice (Figure 6). In
the C3-/- mice, ethanol feeding also increased hepatic cytokines (Figure 6A), while C5-/- mice
were protected and did not exhibit increased TNFα, IL-6 or IFN-γ (Figure 6B).

In order to ensure that differences in susceptibility to ethanol-induced liver injury between wild
type and complement knock-out mice were not due to differences in ethanol metabolism, serum
ethanol concentrations in response to a single exposure to ethanol were assessed. Chow-fed,
ethanol-naïve mice were treated with 6 g/kg ethanol by gavage and serum concentrations of
ethanol measured after 90 min. No ethanol was detected in the serum of C57BL/6 wild type
mice treated with saline (data not shown). Ethanol concentrations ranged from 56-104 mM
(Table 1). The concentration of ethanol at 90 min did not differ between the C57BL/6 wild
type, C3-/-, C5-/- and CD55/DAF-/- transgenic lines, but was slightly (p<0.05) elevated in the
mixed background C57/129 wild type compared to C5-/- and CD55/DAF-/- all other strains
(Table 1). However, this small difference in ethanol concentration did not appear to be
biologically important, as the C57/129 mice were not more susceptible to liver injury after
long-term ethanol feeding compared to the other wild type mice used in these studies. Ethanol
feeding increased the expression of CYP2E1, measured by Western blotting, in both wild type
and complement knock-out mice (Figure 7), suggesting that the complement pathway is not
required for CYP2E1 induction in response to ethanol exposure. Taken together, the similar
serum ethanol concentrations observed in response to short term ethanol exposure and
equivalent induction of CYP2E1 expression suggest that the metabolic handling of ethanol is
similar between wild type and the complement knock-out mice used in this study.
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Discussion
Components of the innate immune response, including NK and NKT cells (34), Kupffer cells
(resident hepatic macrophages) (36) and the complement system (29;40), as well as T-cells
and antibody-dependent adaptive immune responses (46), are involved in the hepatic response
to various types of injury, including bacterial and viral infections, exposure to toxins, partial
hepatectomy and ischemia-reperfusion. Previous studies have demonstrated a primary role for
several components of the innate immune response, including Kupffer cells (36) and NKT cells
(34) in the progression of ethanol-induced liver injury. Here we demonstrate that the
complement pathway is intimately involved in the progression of ethanol-induced fatty liver .
First, we show that C3a concentration is increased in the serum after ethanol feeding, providing
evidence for C3 activation. Second, making use of mice lacking the 3rd and 5th components of
the complement system, we report that C3 and C5 have differential contributions to the
pathophysiological progression of fatty liver. C3 contributes to the development of hepatic
steatosis, while C5 acts primarily to mediate increased pro-inflammatory cytokine production
and injury to hepatocytes. Finally, we show that CD55/DAF, a complement regulatory protein,
serves as a brake to inhibit the progression of steatosis and hepatocyte injury in response to
ethanol exposure in mice.

Activation of the complement pathway can occur via the classical, lectin or alternative
pathways, with all three pathways culminating in the activation of C3. These pathways leading
to C3 cleavage are “triggered enzyme cascades”, analogous to the regulated activation of the
coagulation pathway (48). Making use of monoclonal antibodies developed to neo-epitopes
revealed on C3a and C3b/iC3b (31), here we report the presence of C3a in the serum of mice
after ethanol exposure (Figure 1). These data are consistent with a previous report using an in
vitro complement activation assay demonstrating a deposition of C3 and C8, but not C1, were
observed in periportal regions of the liver after ethanol feeding (22). Jarvelainen, et al (22)
proposed that this lack of C1 activation suggests that ethanol activates complement via the
alternative pathway. However, the sensitivity and/or the timing of these assays for C1
deposition may have precluded the identification of a role for the classical pathway in mediating
the effects of ethanol in liver injury. Future studies will be required to delineate the precise
mechanisms and time course for complement activation in response to ethanol exposure.

The progression of alcohol-induced liver injury follows a characteristic pattern from fatty liver/
steatosis, inflammation, hepatocyte necrosis and apoptosis, regenerating nodules, fibrosis and
eventually cirrhosis in some individuals (30). Current models for the progression of injury
suggest that accumulation of triglyceride in the hepatocyte is “lipotoxic” and acts as an
initiating event in the disease process (27). However, several lines of evidence suggest that
there is a critical relationship between the increased production of inflammatory cytokines and
activation of components of the innate immune response with the development of steatosis.
For example, ablation of Kupffer cells by treatment with gadolinium chloride, or treatment of
mice with antibody to TNF-α prevents the development of both steatosis and hepatic
inflammation in response to ethanol exposure (17). Similarly, mice lacking TLR4, CD14 or
the TNF receptor I are protected from ethanol-induced steatosis, as well as inflammation and
early stages of fibrosis (43;45). Here we find differential roles for the 3rd and 5th component
of the complement pathway in the development of ethanol-induced steatosis and increased
inflammatory cytokine production. Mice lacking C3 did not develop steatosis in response to
ethanol feeding, but still exhibited a modestly increased ALT in the circulation, a marker of
hepatocyte injury, as well as increased expression of inflammatory cytokines in the liver. In
contrast, mice lacking C5 had increased hepatic triglycerides, but were completely protected
from ethanol-induced increases in ALT and inflammatory cytokines. These data suggest that
the development of steatosis requires C3. Further, the data from C3-/- mice are consistent with
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the hypothesis that neither ethanol-induced increases in hepatic inflammatory cytokines or
hepatocellular damage are dependent on the development of steatosis.

The mechanisms by which C3 contributes to ethanol-induced steatosis are not known. One of
the breakdown products of C3, termed acylation stimulating protein (ASP or C3adesArg) is
involved in the regulation of glucose and lipid metabolism (reviewed in (6). While adipose
tissue is the primary target of ASP, in vivo studies suggest that it also regulates fatty acid uptake
and utilization in the liver (6), although this role is controversial (25;25). In one study, “ASP
deficient” mice (a C3-/- strain on a 129 background) exhibited a decrease in the uptake of fatty
acids into adipose tissue in response to an oral fat load. In contrast, the uptake of fatty acids,
as well as the accumulation of fatty acid oxidation products, in liver was increased in ASP/
C3-/- mice (38). These data suggest that fatty acid oxidation was upregulated in the ASP/
C3-/- mice; however, the mechanisms for this increase were not investigated (38).

While the effects of C3 deficiency on lipid homeostasis are still controversial, it is possible
that the absence of ASP/C3adesArg contributes to the protection of the C3-/- mice from
ethanol-induced steatosis. It has been hypothesized that one of the mechanisms for ethanol-
induced steatosis is failure to up-regulate genes involved in fatty acid oxidation in the liver
(8). Indeed, the therapeutic efficacy of PPARα agonists (12) and adiponectin (51) in preventing
ethanol-induced steatosis is thought to be due to the ability of these agents to up-regulate genes
required for fatty acid oxidation in the liver. Therefore, the absence of C3-/- could lead to an
increase in fatty acid oxidation in ethanol-fed mice and thus decrease the fatty acids available
for synthesis of triglyceride and reduce the development of steatosis.

C3a and C5a, termed the anaphylatoxins, are important regulators of the inflammatory
response, exhibiting both pro- and anti-inflammatory properties. C3a and C5a stimulate the
production of cytokines in a number of cell types (35;39), either alone or in the presence of
other inflammatory mediators, such as LPS (39). C5a is generally much more pro-inflammatory
than C3a with respect to effects on blood flow, lymphatic drainage and vascular permeability
and neutrophil activation, and consequently, with respect to local concentrations of agonists
and complement components (21). C5a has also been correlated with increased expression of
cytokines and chemokines (3;7) and reactive oxygen species (9). C5 has been associated with
injury to lung (15) and kidney (10)(11).

While C3a and C5a have numerous pro-inflammatory properties, they also have anti-
inflammatory activity. C3a suppresses LPS-induced TNFα, IL-1 and IL-6 secretion from
isolated peripheral blood mononuclear cells and lymphocytes (13;41;42). Further, C3a receptor
knock-out mice show increased LPS-induced pro-inflammatory responses, suggesting
important anti-inflammatory function for C3a-mediated activation of the C3a receptor (24).
Similarly, C5-/- mice exhibit an enhanced inflammatory response to bleomycin-induced lung
injury (2) and C5a suppresses LPS-stimulated synthesis of IL-12 family cytokines by
macrophages (16).

Expression of inflammatory cytokines in the livers of mice during ethanol exposure was
different in the C3-/- and C5-/- mice. C3-/- mice, while protected from ethanol-induced
steatosis, had increased expression of inflammatory cytokines and moderately increased ALT.
In contrast, C5-/- mice did not increase liver cytokines or ALT, even though they exhibited
steatosis. These data suggest that C5, but not C3, activation contributes to increased production
of inflammatory cytokines during ethanol exposure.

While reduced liver cytokines in the C5-/- after ethanol exposure clearly point to a pro-
inflammatory function of C5a during ethanol exposure, the maintenance of increased
inflammatory cytokines in the livers of C3-/- mice may be due to several possible mechanisms.
First, we would expect that C3-/- mice would be functionally deficient in both C3a and C5a
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(See Table 2), since C3b-dependent C5 convertase activity would be lacking in C3-/- mice.
However, , alternative non-complement mechanisms for activation of C5 have been described,
including a role for plasmin-(50) and thrombin-mediated C5 proteolytic cleavage (19). The
presence of C5a, with potent pro-inflammatory functions, in the C3-/- mice would be consistent
with the increased liver cytokines after ethanol feeding. In addition, it is also possible that C3a
has an anti-inflammatory function during ethanol exposure. Given the importance of LPS-
stimulated cytokine production in the progression of ethanol-induced liver injury (44), the
absence of an anti-inflammatory function for C3a in the C3-/- mice could allow for the
maintenance of LPS-stimulated cytokine production during ethanol exposure. This hypothesis
is consistent with the particularly effective ability of C3a to inhibit LPS-stimulated cytokine
production (24).

Induction of CYP2E1 expression and associated production of reactive oxygen species is
another important mechanism thought to contribute to ethanol-induced liver injury (18).
However, several lines of evidence suggest that CYP2E1-induced oxidant stress is not
sufficient to generate ethanol-induced liver injury, suggesting that additional pathways are
required to develop the pathological responses of the liver to ethanol. For example, CYP2E1
deficient mice still develop ethanol-induced liver injury (26). Further, while mice deficient in
LPS-binding protein, iNOS, or Egr-1 are protected from ethanol-induced liver injury, CYP2E1
is still induced after ethanol exposure in each of these knock-out strains (32;33;47). The
response of each of the complement deficient strains to an acute ethanol exposure (Table 1),
as well as the equivalent induction of CYP2E1 (Figure 7) suggests that the complement
pathway does not regulate ethanol metabolism. Further, these data show that the induction of
CYP2E1 in the different strains does not correlate well with the development of ethanol-
induced fatty liver.

Previous studies have demonstrated that the progression of ethanol-induced liver injury
involves several components of the innate immune response including Kupffer cells (36) and
NKT cells (34). Recent studies have also suggested that activation of C3 in the complement
pathway, an integral element of the innate immune response, may also contribute to ethanol-
induced liver injury (5;22). Here we demonstrate that ethanol exposure to mice results in the
activation of the complement pathway and that C3 and C5 appear to differentially contribute
to the development of steatosis, increased production of pro-inflammatory cytokines and injury
to hepatocytes. CD55/DAF, a complement regulatory protein, serves as a brake on ethanol-
induced steatosis and injury to hepatocytes . Taken together, these data demonstrate an
important role for complement activation in ethanol-induced fatty liver and suggest that
understanding the role of specific components in the complement pathways may facilitate the
development of novel therapeutic strategies in the treatment of alcoholic liver disease.
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Figure 1.
Plasma C3a in C57BL/6 wild type mice after ethanol feeding. C3a, an activation product of
C3, was measured in plasma of C57BL/6 mice either allowed free access to ethanol-containing
diets or pair-fed control diets as described in Methods. C3a concentration was measured by
ELISA and is expressed as % of total C3a in zymosan-activated plasma of control mice. Plasma
from C3-/- mice was used as a negative control in the ELISA assay; C3a was not detectable in
the plasma of C3-/- mice under the conditions of this assay. Values represent means ± SEM,
n=5 for pair-fed and 10 for ethanol-fed, *p<0.05 compared to pair-fed.
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Figure 2.
Liver histology in wild type and complement knock-out mice after ethanol feeding. Livers
from mice allowed free access to ethanol-containing diets or pair-fed control diets were
perfused with saline, then fixed in formalin. Liver sections were prepared and stained with
hemotoxylin and eosin. Images were taken at a 100 x magnification. Figures are representative
of at least 5 mice in each experimental group.
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Figure 3.
Liver triglycerides (A/B) and Oil Red O staining (C) in wild type and complement knock-out
mice after ethanol feeding. A portion of the livers from wild type and complement knock-out
mice (A: C57BL/6, C57/129, C3-/-, CD55/DAF-/- and B: nSnJ and C5-/- ), allowed free access
to ethanol-containing diets or pair-fed control diets, were perfused with saline, weighed and
then frozen in liquid nitrogen or frozen in OCT reagent and then stored at -80°C until assay.
A/B: Total triglycerides were measured using the Trinder reagent. Values represent means ±
SEM, A: n=7-9 and B: n=5-13. *p<0.05 compared to pair-fed mice of the same strain. C: Frozen
liver sections were prepared and stained in Oil Red O. Images were taken at a 100 x
magnification. Figures are representative of 2-3 mice in each experimental group.
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Figure 4.
Liver to body weight ratios in wild type and complement knock-out mice after ethanol feeding.
Livers from wild type and complement knock-out mice (A: C57BL/6, C57/129, C3-/-, CD55/
DAF-/- and B: nSnJ and C5-/- ), allowed free access to ethanol-containing diets or pair-fed
control diets, were perfused with saline, excised, blotted on tissue paper and weighed. Values
represent means ± SEM, A: n=4-6 (except CD55/DAF-/- where n=2) and B: n=5-13. *p<0.05
compared to pair-fed mice of the same strain.#n=2 for ethanol-fed CD55/DAF-/- mice; this
treatment was not included in the statistical analysis.
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Figure 5.
Serum ALT activity in wild type and complement knock-out mice after ethanol feeding. Wild-
type and complement knock-out mice (A: C57BL/6, C57/129, C3-/-, CD55/DAF-/- and B:
nSnJ and C5-/- ) were allowed free access to ethanol-containing diets or pair-fed control diets.
ALT activity in serum was measured enzymatically. Values represent means ± SEM, A: n=6-9
and B:n=5-13. *p<0.05 compared to pair-fed mice of the same strain, #p<0.05 compared to
EtOH-fed C57Bl/6 and C57/129 wild-type mice.
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Figure 6.
Hepatic TNFα, IL-6 and IFN-γ concentrations in wild type and complement knock-out mice
after ethanol feeding. Wild-type and complement knock-out mice (A: C57/129, C3-/-, CD55/
DAF-/- and B: nSnJ and C5-/- ) were allowed free access to ethanol-containing diets or pair-
fed control diets. Livers were perfused with saline and frozen in liquid nitrogen. Lysates were
prepared from frozen livers and TNFα, IL-6 and IFN-γ peptides measured by ELISA. The
concentrations of each cytokine in the liver lysates (pg/mg protein) were used in the statistical
analysis. The concentrations of cytokines in pair-fed controls did not differ between wild type
and complement knock-out mice. Values represent means ± SEM of the percent increase in
cytokine concentration in ethanol-fed compared to pair fed mice within each genotype, A:
n=6-9 and B: n=3-7 for nSnJ and 9-12 for C5-/-. *p<0.05 compared to pair-fed mice of the
same strain.
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Figure 7.
CYP2E1 expression is induced in livers of wild type and complement knock-out mice after
ethanol feeding. Wild-type and complement knock-out mice (A: C57BL/6, C57/129, C3-/-,
CD55/DAF-/- and B: nSnJ and C5-/- ) were allowed free access to ethanol-containing diets or
pair-fed control diets. Livers were perfused with saline and frozen in liquid nitrogen.
Homogenates were prepared from livers of ethanol- and pair-fed mice and the relative
expression of CYP2E1 assessed by Western blot analysis. Western blots were also probed with
antibody against HSC70 as a loading control. Values represent means ± SEM, n=4. *p<0.05
compared to pair-fed controls of the same strain.
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Table 2
Summary of the role of complement and chronic ethanol-induced liver injury

Genotype Complement phenotype Hepatic triglyceride Hepatic cytokines ALT

Wild type C3+/C5+ ⇈ ⇈ ⇈
C3-/- C3-/C5-/+? ↔ ⇈ ↑
C5-/- C3+/C5- ⇈ ↔ ↔

CD55/DAF-/- C3++/C5++ ↑↑↑ ⇈ ↑↑↑
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