
Complement and alcoholic liver disease: Role of C1q in the
pathogenesis of ethanol-induced liver injury in mice

Jessica I. Cohen1,2, Sanjoy Roychowdhury2, Megan R. McMullen2, Abram B. Stavitsky2,3,
and Laura E. Nagy1,2,4

1Department of Nutrition, Case Western Reserve University, Cleveland, Ohio
2Department of Pathobiology, Cleveland Clinic, Cleveland, Ohio
3Department of Molecular Biology and Microbiology, Case Western Reserve University,
Cleveland, Ohio
4Department of Gastroenterology, Cleveland Clinic, Cleveland, Ohio

Abstract
Background & Aims—Complement is involved in the development of alcoholic liver disease in
mice; however, the mechanisms for complement activation during ethanol exposure have not been
identified. C1q, the recognition subunit of the first complement component, binds to apoptotic
cells, thereby activating the classical complement pathway. Since ethanol exposure increases
hepatocellular apoptosis, we hypothesized that ethanol-induced apoptosis would lead to activation
of complement via the classical pathway.

Methods—Wild-type and C1qa-/- mice were allowed free access to ethanol containing diets or
pair-fed control diets for 4 or 25 days.

Results—Ethanol feeding for 4d increased apoptosis of Kupffer cells in both wild-type and
C1qa-/- mice. Ethanol-induced deposition of C1q and C3b/iC3b/C3c was co-localized with
apoptotic Kupffer cells in wild-type, but not C1qa-/-, mice. Furthermore, ethanol-induced
increases in TNFα and IL-6 expression at this early time point were suppressed in C1q-deficient
mice. Chronic ethanol feeding (25d) increased steatosis, hepatocyte apoptosis, and activity of
serum alanine and aspartate aminotransferases in wild-type mice. These markers of hepatocyte
injury were attenuated in C1qa-/- mice. In contrast, chronic ethanol (25d)-induced increases in
CYP2E1 expression and oxidative stress did not differ between wild-type and C1qa-/- mice.
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Conclusions—For the first time, these data indicate that ethanol activates the classical
complement pathway via C1q binding to apoptotic cells in the liver and that C1q contributes to the
pathogenesis of ethanol-induced liver injury.
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Introduction
Alcoholic liver disease (ALD) is characterized by the development of steatosis,
inflammation, hepatocyte necrosis and apoptosis, with the eventual development of fibrosis
and cirrhosis. There is a growing appreciation that chronic inflammation is an important
contributor to ALD (1). In particular, different arms of the innate immune system, including
cellular components (macrophages and NKT cells) and fluid-phase components
(complement), make critical contributions to the progression of ALD (2). Despite improved
understanding of the pathophysiology of ALD, the development of effective preventative
and/or treatment strategies for ALD has remained elusive.

The complement system is an ancient part of the immune system that bridges innate and
adaptive immunity (3). Complement can be activated via the classical, lectin or alternative
pathways. Complement activation leads to increased expression of inflammatory cytokines
and chemokines, and plays an important role in host defense, as well as wound healing and
response to tissue injury (3). Ethanol feeding to mice activates complement; activation of
complement occurs as early as 2-4 days after the initiation of ethanol exposure, as well as
after chronic (4-6 weeks) ethanol exposure (4; 5; 6). Importantly, deficiency in C3 or C5
protects mice from chronic ethanol-induced liver injury, while mice lacking CD55/decay
accelerating factor, a complement regulator, exhibit exacerbated injury (7; 5). While it is
clear that complement is an important contributor to the pathophysiology of ethanol-induced
liver injury, the mechanisms by which ethanol activates complement have not been
investigated.

The classical pathway of complement is activated upon the binding of C1q, the recognition
subunit of first component (C1) in the classical pathway of activation, to immune complexes
(8). The classical pathway is also activated via the interaction of C1q with cell surface
markers on apoptotic cell, including interactions with phosphatidylserine (8), surface blebs
(9) or nucleic acids on the cell surface (10). The binding of C1q to apoptotic cells likely
plays a dual role in mediating the clearance of apoptotic cells. First, C1q binding leads to
activation of C1/classical pathway and production of C3 fragments that opsonize apoptotic
cells and mark them for clearance (11). Second, C1q on the surface of apoptotic cells likely
serves as a bridging molecule, interacting with receptors on the surface of macrophages
involved in the clearance of apoptotic cells (12).

One of the hallmarks of ethanol-induced liver injury is hepatocellular apoptosis; ethanol
sensitizes hepatocytes to apoptosis both in vivo (13; 14) and in vitro (15; 16). Because C1q
can bind to apoptotic cells and thereby activate the classical pathway, we hypothesized that
ethanol feeding would activate C1, stimulate complement activation via the classical
pathway and contribute to the progression of ethanol-induced liver injury. Through the use
of wild-type and C1qa-/- mice, we have identified a novel interaction between ethanol-
induced apoptosis of Kupffer cells, the resident macrophage in the liver, and a C1q-
dependent activation of complement in the early phase of the hepatic response to ethanol
exposure. C1q-deficient mice were protected from chronic ethanol-induced liver injury,
indicated by a reduced accumulation of hepatic triglycerides, hepatocellular apoptosis and
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reduced activity of serum alanine (ALT) and aspartate (AST) amino transferase activity
These data demonstrate for the first time that ethanol exposure activates the classical
complement pathway and that C1q contributes to the development of ethanol-induced liver
injury in mice.

Materials and Methods
Materials

Female C57BL/6 mice were purchased from Jackson Labs (Bar Harbor, Maine). C1qa-/-
mice were originally developed by Marina Botto (17) and back-crossed on a C57BL/6
background (18). A breeding pair, provided to us by Dr. Michael Carroll at Center for Blood
Research, Harvard University, Boston, was then used to establish a breeding colony at the
Cleveland Clinic. Lieber-DeCarli high-fat ethanol liquid diet was purchased from Dyets
(Bethlehem, PA). Antibodies were purchased from the following sources: CYP2E1
(Research Diagnostics, Inc. Flanders, NJ); hsc 70 (Santa Cruz Biotechnology, Inc, Santa
Cruz, CA); C3b-iC3b/C3c (C3b) and C1q (Hycult Biotechnology, Uden, The Netherlands);
4-HNE (Alpha Diagnostics Intl. Inc., San Antonio, TX); caspase-generated fragment of
cytokeratin-18 (M30) (Roche, Mannheim, Germany); F4/80 (Serotec, Raleigh, NC); tumor
necrosis factor α (TNFα) antibody for immunohistochemistry was purchased from R&D
Systems (Minneapolis, MN); TNFα and IL-6 ELISA antibody pairs (BioLegend, San Diego,
CA). TUNEL was visualized using the ApopTag® plus In Situ Apoptosis Detection kit
(S7111 for fluorescein staining, S7165 for rhodamine staining and S7101 for peroxidase
staining). Chemicon International, Temula, CA). Malondialdehyde (MDA) was measured
using a TBARS assay kit (Cayman Chemical Company, Ann Arbor, MI).

Ethanol-feeding
All procedures using animals were approved by the Cleveland Clinic Institutional Animal
Care and Use Committee. 8-10 week old female C57BL/6 and C1qa-/- mice were housed 2
per cage in shoe-box cages with microisolator lids. Mice were randomized into either
ethanol-fed or pair-fed groups. Both groups were allowed free access to the control liquid
diet for 2 days and then the ethanol-fed group was allowed free access to increasing
concentrations of ethanol in a complete liquid diet. Control mice were pair-fed diets which
iso-calorically substituted maltose dextrins for ethanol over the entire feeding period.
Ethanol concentrations were increased as follows: 5% ethanol (percent of total calories in
the diet) for 2 days, followed by 11% for 2 days, followed by 22% for 7 days, then 27% for
7 days and finally 32% for 7 days. Consumption of the ethanol diets and body weights were
not affected by genotype (Supplemental Table 1).

Ethanol- and pair-fed mice were euthanized at 4 days (4d/11% ethanol model, termed short-
term ethanol) and 25 days (25d/32% ethanol model, termed chronic ethanol). At the end of
the feeding trial, blood was collected in tubes containing EDTA. Plasma was collected and
stored at -80°C. Livers were perfused with saline and excised. Portions of each liver were
then either fixed in 10% formalin or frozen in optimal cutting temperature (OCT) compound
(Sakura Finetek U.S.A., Inc., Torrance, CA) for histology, preserved in RNAlater (Qiagen,
Valencia, CA) or flash frozen in liquid nitrogen and stored at -20 or -80°C until further
analysis.

Acute ethanol exposure by intragastric gavage
Mice were exposed to 6g/kg of ethanol via an intragastric gavage. Plasma ethanol
concentrations at 90 mins after the gavage were measured using an enzymatic assay kit
(Diagnostic Chemicals, LTD, Oxford CT) and were not affected by genotype (data are
provided in Supplemental Table 1).
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Biochemical assays
Plasma samples were assayed for ALT and AST using commercially available enzymatic
assay kits (Diagnostic Chemicals, LTD). Total liver triglycerides were measured
biochemically using the Triglyceride Reagent Kit from Pointe Scientific Inc. (Lincoln Park,
MI). Hepatic malondialdehyde (MDA) was measured in liver lysates using a TBARS assay
kit following the manufacturer's instructions.

Immunohistochemistry
Immunohistochemical analysis of 4-HNE, TUNEL, a caspase-generated fragment of
cytokeratin-18, F4/80 and TNFα was performed in liver sections, as previously described
(19; 20; 6). C1q and C3b immunohistochemical analysis was performed in frozen liver
sections (6). For C1q, both a slide without primary antibody and sections from C1qa-/- mice
were used as negative controls. Images were semi-quantified using Image Pro software
(Media Cybernetics, Inc., Bethesda, MD). Apoptosis was detected by deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining. TUNEL-positive nuclei relative to
total DAPI stained nuclei were counted using Image Pro software. The caspase cleavage
product of cytokeratin-18 (M30), a marker of hepatocyte apoptosis, was stained with
monoclonal antibody recognizing the M30 fragment, according to the manufacturer's
instructions. Three 10× magnification images were taken of each section and the number of
positive cells per 10× frame counted.

Analysis of hepatic proteins
Frozen liver was homogenized as previously described (19). Protein concentrations were
measured using a BCA kit (Pierce, Rockford, IL). Liver lysates were used for Western blot
analysis (19) or used to measure the concentrations of TNFD and IL-6 by ELISA (6).

Statistical analysis
Values reported are means ± SEM. Data were analyzed by general linear models procedure
(SAS, Carey, IN). Data were log transformed if needed to obtain a normal distribution.
Follow-up comparisons were made by least square means testing. Adjustments for multiple
group comparisons were made using the Tukey-Kramer test.

Results
Hepatic C1q and C3b deposition in mice after short-term ethanol

Complement activation contributes to the progression of ethanol-induced liver injury (7; 6;
5); however, the specific complement activation pathways involved in the response to
ethanol are not known. (7; 6). In wild-type mice, ethanol feeding for 4 days increases the
deposition of C3b/iC3b/C3c (abbreviated here to C3b for convenience) in hepatic sinusoids
(6). If the classical pathway of complement activation contributes to ethanol-induced
complement activation, then C1q protein would also deposit in the liver in response to
ethanol. While a minimal amount of immunoreactive C1q protein was detected in liver of
pair-fed wild-type mice, after short-term ethanol feeding (4d/11% ethanol), immunoreactive
C1q was 2.5-fold higher when compared to pair-fed control mice (Figure 1A and C). C1q
was deposited with a sinusoidal distribution (Figure 1A).

Short-term ethanol did not increase C3b deposition in C1q-deficient mice
If activation of complement by ethanol is dependent on C1q, then ethanol-induced
complement activation should be abrogated in C1q-deficient mice. Complement activation
in the liver was assessed using an antibody that recognizes neo-epitopes on C3b/iC3b/C3c
that are revealed after cleavage of C3 (21). C3b was not detected in the livers of pair-fed
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mice. Short-term ethanol feeding (4d/11% ethanol) increased immunoreactive C3b in liver
of wild-type mice in a sinusoidal distribution (Figure 1B and D), but not in C1q-deficient
mice (Figure 1B and D), suggesting that C1q is required for early ethanol-induced activation
of complement.

Short-term ethanol increased apoptosis of Kupffer cells in both wild-type and C1q-
deficient mice

One important mechanism for activation of complement by the classical pathway is via the
interaction of C1q with molecules on the surface of apoptotic cells (8). Long-term ethanol
exposure, as well as exposure to high concentrations of ethanol, increases hepatocellular
apoptosis; the extent of apoptosis is positively associated with severity of liver injury (13).
However, it is not known whether exposure to low concentrations of ethanol, such as those
used in the short-term ethanol model (4d/11% ethanol), also results in hepatocellular
apoptosis. The number of TUNEL-positive nuclei increased in both wild-type and C1qa-/-
mice after short-term ethanol exposure when compared to pair-fed controls. This increase in
TUNEL staining after short-term ethanol feeding was not affected by genotype (Figure 2A).

Hepatocytes are important targets for ethanol-induced apoptosis after long-term/high dose
ethanol (13; 14). However, the quantity of M30, a caspase-generated fragment of
cytokeratin-18 used as a marker of early hepatocyte apoptosis (20), was not increased after
short-term ethanol feeding in either wild-type or C1q-deficient mice (data not shown),
suggesting that short-term ethanol exposure targeted non-parenchymal cells for apoptosis.
Because of the sinusoidal distribution of C1q and C3b, we next investigated whether
Kupffer cells were undergoing apoptosis at this early period of ethanol exposure. Liver
sections were co-labeled with TUNEL (Figure 2A red) and F4/80 (Figure 2A green), a
marker for mouse macrophages. In both wild-type and C1q-deficient mice, TUNEL staining
was almost completely restricted to F4/80-positive cells (Figure 2A merge). Further, after
short term ethanol feeding, TUNEL-positive cells, visualized using DAB staining, exhibited
characteristic macrophage-like morphology (Supplemental Figure 1). In contrast, when liver
sections were co-labeled with TUNEL and stabilin-2, a marker for sinusoidal endothelial
cells, minimal (<10%) of the TUNEL-positive cells co-localized with stabilin-2 positive
cells (data not shown). C1q opsonizes apoptotic cells, marking them for clearance by
phagocytosis (22). Therefore, we hypothesized that the ethanol-induced deposition of C1q in
the liver would be localized primarily to macrophages. When liver sections were co-labeled
with antibodies specific to C1q (Figure 2B red) and F4/80 (Figure 2B green), the
localization of C1q was almost completely restricted to F4/80-positive cells (Figure 2B
merge), suggesting that C1q marked apoptotic macrophages for clearance.

C1qa-/- mice were protected from short-term ethanol-induced increases in inflammatory
cytokine expression

Short-term ethanol exposure increases expression of TNFα in liver of wild-type mice; this
early increase is dependent on complement activation (6). Since C1q was required for
complement activation in response to short-term ethanol exposure, we hypothesized that
C1qa-/- mice would be protected from ethanol-induced increases in inflammatory cytokine
expression. In wild-type mice, short-term ethanol exposure increased expression of hepatic
IL-6 and TNFα protein by 2-3 fold over pair-fed mice (Figure 2 C/D). This early ethanol-
induced increase in inflammatory cytokine expression was prevented in C1qa-/- mice
(Figure 2 C/D).

Chronic ethanol-induced liver injury was attenuated in C1qa-/- mice
Early ethanol-induced increases in complement activation and inflammatory cytokine
expression are required for the subsequent development of ethanol-induced liver injury (6).
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Since short-term ethanol did not activate complement or increase inflammatory cytokine
expression in C1q-deficient mice, these mice should be protected from the progression of
chronic ethanol-induced liver injury. To test this hypothesis, wild-type and C1qa-/- mice
were allowed free access to increasing concentrations of ethanol in the diet for 25 days (25d/
32% ethanol) or pair-fed control diets. Wild-type and C1qa-/- mice consumed an equivalent
quantity of ethanol containing diets and body weights were not affected by genotype
(Supplemental Table 1). Chronic ethanol feeding (25d/32% ethanol) increased hepatic
triglycerides in wild-type mice, but not in C1qa-/- mice (Figure 3A). Chronic ethanol
feeding also increased the activity of plasma ALT and AST by 2-fold in wild-type mice
compared to pair-fed controls (Figure 3B and C). These increases were attenuated by
40-50% in C1qa-/- mice (Figure 3B and C).

To better understand the specific mechanisms by which C1q contributes to the
pathophysiology of liver injury, it was next asked whether C1q was required for
complement activation after chronic ethanol exposure. Similar to the effects of short-term
ethanol exposure, both C1q (Figure 4A) and C3b (Figure 4B) protein deposited in livers
from wild-type mice after chronic ethanol feeding. In contrast to the sinusoidal distribution
of C1q/C3b in response to short-term ethanol exposure (Figure 1), after chronic ethanol
exposure, C1q/C3b deposition was shifted to the parenchyma in wild-type mice (Figure 4A
and B). Deposition of C3b in response to chronic ethanol was ameliorated in C1qa-/- mice,
indicating a continued role for C1q in ethanol-mediated complement activation after chronic
ethanol exposure (Figure 4B and D).

In wild-type mice, chronic ethanol feeding increased the number of TUNEL-positive nuclei
compared to pair-fed controls (Figure 5A). Unlike the response to short-term ethanol
feeding, the morphology of the apoptotic nuclei after chronic ethanol exposure suggested
primarily hepatocyte apoptosis. Further, chronic ethanol feeding increased the quantity of
M30, the caspase-generated fragment of CK-18, in wild-type mice, indicating a shift to
hepatocyte apoptosis after chronic ethanol exposure (Figure 5B). Importantly, chronic
ethanol-induced hepatocyte apoptosis was prevented in C1q-deficient mice (Figure 5A/B).
Thus, protection from chronic ethanol-induced liver injury in the C1qa-/- mice was
associated with reduced hepatocyte apoptosis.

Chronic ethanol exposure increased CYP2E1 and oxidative stress in both wild-type and
C1q-deficient mice

The enzyme cytochrome P450 2E1 (CYP2E1) is induced after prolonged ethanol exposure
and/or exposure to high concentrations of ethanol. While short-term ethanol feeding did not
increase the expression of hepatic CYP2E1 in wild-type or C1qa-/- mice (data not shown),
chronic ethanol feeding induced CYP2E1 expression to an equal extent in both wild-type
and C1qa-/- mice (Figure 6A). Chronic ethanol feeding also increased accumulation of
oxidized lipids in the liver (Figure 6B-D). Quantity of hepatic 4-HNE, assessed by
immunohistochemistry (Figure 6B/C), as well as malondialdehyde, measured by ELISA
(Figure 6D), were increased after chronic ethanol feeding; this response was independent of
genotype (Figure 6B-D). Another hallmark of chronic ethanol-induced liver injury is
increased expression of inflammatory cytokines. Chronic ethanol exposure increased
expression of hepatic IL-6 and TNFα by 2-3-fold in both wild-type and C1q-deficient mice
(Figure 6D-E). Collectively, these data suggested that induction of CYP2E1, increased ROS
accumulation and inflammatory cytokine expression were independent of C1q after chronic
ethanol exposure.
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Discussion
Activation of complement is required for the development of ethanol-induced liver injury in
mice (5; 7); however, the specific pathways by which ethanol exposure activates
complement have not been identified. Here we have identified for the first time an essential
role of C1q in ethanol-induced complement activation after short-term/low dose ethanol (4d/
11%) and chronic/high dose ethanol (25d/32%). Importantly, in the absence of C1q, mice
were protected from hepatic pathology associated with both short- and long-term ethanol
exposure. In the short term, C1q-deficiency decreased inflammatory cytokine expression in
the liver, while after chronic ethanol exposure, the absence of C1q prevented ethanol-
induced steatosis and hepatocyte apoptosis, as well as attenuated chronic ethanol-induced
increases in ALT and AST.

Activation of the classical pathway occurs in response to the binding of C1q to immune
complex (23). Over the past 15 years, accumulating evidence indicates that the classical
pathway is also activated by apoptotic cells (8; 9; 10). C1q is an opsonin that binds to “eat
me” signals, such as phosphatidylserine, on the surface of apoptotic cells, marking them for
clearance by phagocytes (8). In humans with C1q deficiencies, apoptotic bodies accumulate
and cause an autoimmune response (24). Ethanol feeding induces both complement
activation (5; 7) and apoptosis (13); therefore, we hypothesized that ethanol would activate
the classical complement pathway and C1q would contribute to complement activation in
response to ethanol exposure. Here, we monitored the activation of complement in the liver
by measuring the deposition of immunoreactive C1q and C3b. In wild-type mice, ethanol
feeding increased C1q and C3b deposition in the hepatic sinusoids and C3b deposition did
not occur in the absence of C1q. These are the first data demonstrating C1q deposition in
response to ethanol feeding and suggest an important role for the classical pathway of
complement activation following ethanol exposure.

C1q deposition during ethanol exposure was associated with ethanol-induced apoptosis in
the liver. However, the relationship between C1q deposition and ethanol-induced apoptosis
was complex and differed after short-term and chronic ethanol exposure. We first detected
C1q deposition in the liver after ethanol feeding for 4 days at 11% ethanol, a very early
period in the progression of liver injury. This short-term exposure is characterized by a
transient increase in C3b deposition and inflammatory cytokine expression; these events
precede the induction of CYP2E1, steatosis or increases in the release of liver enzymes (6;
25). Here we provide evidence that ethanol also increased the apoptosis of Kupffer cells at
this early phase. The targeting of ethanol-induced apoptosis to Kupffer cells at this early
phase of ethanol exposure contrasts with apoptosis of sinusoidal endothelial cells and
hepatocytes observed after longer periods of ethanol exposure (4-7 weeks) (26; 27).

The complete mechanisms for early ethanol-induced apoptosis of Kupffer cells are not
understood at this time; however, our data indicate that Kupffer cell apoptosis was not
dependent on the expression of C1q. Instead, after short-term ethanol exposure, C1q protein
was associated with Kupffer cells in the sinusoid, apparently marking the apoptotic Kupffer
cells for clearance. Activation of C1q then increased the cleavage of C3 and expression of
inflammatory cytokines in wild-type mice. We have previously demonstrated that early
increases in hepatic TNF-α during ethanol feeding are dependent on the presence of Kupffer
cells in the liver, as well as the receptors for the anaphylatoxins C3a and C5a, but
independent of TLR4 (6). C1q may also directly increase inflammatory cytokine expression
in Kupffer cells, since C1q can induce TNFα protein and receptor expression and up-
regulate C3 in macrophages (28). However, in other studies, C1q actually mitigates TLR4-
dependent cytokine expression in macrophages and monocytes (29; 30)
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In contrast to the short-term response to ethanol, chronic ethanol exposure increased
apoptosis of hepatocytes and C1q was required for chronic ethanol-induced hepatocyte
apoptosis (Figure 5). C1q deposition in the liver exhibited a more parenchymal distribution
after chronic ethanol feeding, consistent with the increase in hepatocyte apoptosis. Chronic
ethanol exposure sensitizes hepatocytes to TNFα-dependent, as well as TNFα-independent,
apoptosis (31;32). Thus, protection of C1q-deficient mice from chronic ethanol-induced
hepatocyte apoptosis is likely due to the decrease in inflammatory cytokine production in
C1qa-/- mice observed during earlier periods of ethanol exposure. Similarly, decreased
expression of inflammatory cytokines in the C1qa-/- mice at early times of ethanol exposure
also likely contributes to the protection of C1q-deficient mice from chronic ethanol-induced
steatosis, as it is clear from previous work that inflammatory cytokines are critical to the
accumulation of triglycerides in hepatocytes in response to long-term ethanol exposure (33).

While C1q-deficient mice were completely protected from chronic ethanol-induced steatosis
and apoptosis, the increase in plasma ALT and AST activity, measures of hepatocyte
necrosis and injury, after chronic ethanol exposure was only attenuated by 40-50%. Further,
increased inflammatory cytokine expression and markers of oxidative stress, important
biomarkers of liver injury, were not attenuated in C1q-deficient mice after chronic ethanol
exposure. These data suggest that while C1q makes an important contribution to chronic
ethanol-induced liver injury, additional pathways are also involved in mediating chronic
liver disease. First, since expression of CYP2E1 was induced in both wild-type and C1qa-/-
mice, it is likely that CYP2E1-dependent ROS production contributed, at least in part, to
chronic ethanol-induced hepatocyte injury even in C1q-deficient mice. Interestingly,
CYP2E1-dependent mechanisms did not appear to contribute to steatosis or apoptosis, as
C1q-deficient mice were completely protected from chronic ethanol-induced steatosis and
apoptosis. Second, after chronic ethanol exposure, increased inflammatory cytokine
expression is likely due to activation of TLR4 by increases in circulating lipopolysaccharide,
as well as increased expression of CYP2E1 and generation of ROS (1). Finally, it is also
possible that additional pathways of complement activation may contribute to the C1q-
independent component of chronic ethanol-induced liver injury. Studies are currently
underway to analyze the contribution of the lectin and alternative pathways of complement
activation to chronic ethanol-induced liver injury.

The modest protection of C1qa-/- mice from chronic ethanol-induced increases in
hepatocyte necrosis and injury, as evidenced by the 40-50% reduction in ethanol-induced
increases in ALT and AST activity in the plasma, may also be a consequence of the
decreased apoptosis. There is a growing appreciation for a complex relationship between
apoptosis and programmed necrosis (34), with a likely role for autophagy in the regulation
of these pathways of cell death (35; 36). Because of these inter-relationships, when
apoptosis is inhibited in a variety of cell types, there is an increase in necrotic cell death (35;
36). We and others have reported that inhibition of apoptosis, by treatment with recombinant
thioredoxin-1, an anti-apoptotic protein (14) or pancaspase inhibitors (unpublished
observations), during chronic ethanol feeding completely prevents apoptois, but only
modestly decreases ALT/AST activities. Similar results have been observed in mouse
models of non-alcholic steatohepatitis upon treatment with pan-caspase inhibitors (37).
Therefore, future studies will be necessary to test the hypothesis that inhibition of
hepatocyte apoptosis during ethanol exposure leads to increases in hepatocyte necrosis.

In conclusion, here we report for the first time that ethanol activates the classical
complement pathway via C1q binding to apoptotic cells in the liver, leading to an early
increase in inflammatory cytokine expression. We show that during chronic ethanol
exposure, C1q contributes to the pathogenesis of ethanol-induced liver injury. These data
add to our understanding of the complex dynamics of ethanol-induced liver injury. Further,
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since apoptosis is a common element to other forms of liver disease, including non-alcoholic
fatty liver/steatosis and hepatitis C (38; 39), apoptosis-mediated activation of C1q/
complement may also contribute to the progression of other forms of liver injury. Consistent
with this hypothesis, Renson, et al. observed complement activation in the livers of patients
with non-alcoholic fatty liver disease; the extent of complement activation was associated
with the severity of liver injury (40). Taken together, these data suggest that
pharmacological strategies that modulate the classical pathway of complement activation
may be useful targets for therapeutic intervention in ALD, as well as other forms of liver
injury.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hepatic C1q and C3b deposition in mice after short-term ethanol
Wild-type and C1qa-/- mice were allowed free access to ethanol-containing diets (4d/11%
ethanol) or pair-fed control diets. Immunoreactive (A) C1q and (B) C3b were visualized by
immunohisotochemistry in frozen liver sections. Images are shown at 200X magnification.
(C/D) The total number of fluorescent pixels per 200X field was determined using Image
Pro software. Values represent means ± SEM. Pair-fed n=4, ethanol-fed n=6. Values with
different superscripts are significantly different from each other, C) p<0.047, D) p<0.001.
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Figure 2. TUNEL, F4/80 and C1q staining and inflammatory cytokine protein concentration in
mouse livers after short-term ethanol feeding
Wild-type and C1qa-/- mice were allowed free access to ethanol-containing diets (4d/11%
ethanol) or pair-fed control diets. (A) TUNEL-positive nuclei and F4/80-positive cells were
visualized by immunohistochemistry in formalin-fixed liver sections. (B) F4/80 and C1q-
positive cells were visualized by immunohistochemistry in frozen liver sections. Images are
representative of at least 4 mice per group and are shown at 200X magnification. (C/D)
Livers lysates were prepared and quantity of IL-6 (C) and TNFα (D) protein was measured
by ELISA. Values represent means ± SEM. Pair-fed n=4, ethanol-fed n=6. Values with
different superscripts are significantly different from each other, C) p<0.001, D) p<0.003.
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Figure 3. Hepatic triglycerides and plasma ALT and AST activity in mice after chronic ethanol
feeding
Wild-type and C1qa-/- mice were allowed free access to ethanol-containing diets (25d/32%
ethanol) or pair-fed control diets. (A) Hepatic triglyceride concentrations, and (B) ALT and
(C) AST in plasma were measured. Values represent means ± SEM. Pair-fed n=8, ethanol-
fed n=12. Values with different superscripts are significantly different from each other, A)
p<0.005, B) p<0.03, C) p<0.04.

Cohen et al. Page 14

Gastroenterology. Author manuscript; available in PMC 2012 February 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Hepatic C1q and C3b deposition in mice after chronic ethanol feeding
Wild-type and C1qa-/- mice were allowed free access to ethanol-containing diets (25d/32%
ethanol) or pair-fed control diets. Immunoreactive (A) C1q and (B) C3b were visualized by
immunohisotochemistry in frozen liver sections. (C/D) Total number of fluorescent pixels
per 200X field was determined using Image Pro software. Values represent means ± SEM.
Pair-fed n=4, ethanol-fed n=6. Values with different superscripts are significantly different
from each other, C) p<0.001, D) p<0.05.
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Figure 5. Markers of apoptosis in livers of mice after chronic ethanol feeding
Wild-type and C1qa-/- mice were allowed free access to ethanol-containing diets (25d/32%
ethanol) or pair-fed control diets. (A) TUNEL-positive nuclei were visualized as in Figure 2.
(B) The presence of caspase-generated cleavage fragments of cytokeratin-18 was visualized
in formalin-fixed liver sections. Images were shown at 200X magnification. Red arrows
point to hepatocytes staining positive for the cytokeratin-18 cleavage product. Images are
representative of Pair-fed n=4, ethanol-fed n=6.
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Figure 6. Markers of oxidative stress and inflammatory cytokine expression after chronic
ethanol feeding
Wild-type and C1qa-/- mice were allowed free access to ethanol-containing diets (25d/32%
ethanol) or pair-fed control diets. (A) Immunoreactive CYP2E1 protein in liver lysates was
assessed by Western blot analysis. Values under the images represent arbitrary units of
density for CYP2E1 relative to hsc 70, used as a loading control. (B/C) Immunoreactive 4-
HNE adducts were visualized by immunohistochemistry in formalin-fixed liver sections and
fluorescence intensity per 200X field determined using Image Pro. (D) MDA was measured
biochemically using a TBARS assay kit. (E/F) IL-6 (E) and TNFα (F) protein in liver
lysates was measured by ELISA. Values represent means ± SEM. Pair-fed n=4, ethanol-fed
n=6, except in panel D where pair-fed n=8, ethanol-fed n=12. Values with different
superscripts are significantly different from each other, C) p<0.02, D) p<0.006, E/F)
p<0.02. .
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