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Abstract
AIM: To examine the consequences of cellular fibronec­
tin (cFn) accumulation during alcohol-induced injury, 
and investigate whether increased cFn could have an 
effect on hepatocytes (HCs) by producing factors that 
could contribute to alcohol-induced liver injury. 

METHODS: HCs were isolated from rats fed a control 
or ethanol liquid diet for four to six weeks. Exogenous 
cFn (up to 7.5 μg/mL) was added to cells cultured for 
20 h, and viability (lactate dehydrogenase), apoptosis 

(caspase activity) and secretion of proinflammat
ory cytokines (tumor necrosis factor alpha, TNF-α 
and interleukin 6, IL-6), matrix metalloproteinases 
(MMPs) and their inhibitors (tissue inhibitors of metall
oproteinases, TIMPs) was determined. Degradation of 
iodinated cFn was determined over a 3 h time period in 
the preparations.

RESULTS: cFn degradation is impaired in HCs isolated 
from ethanol-fed animals, leading to its accumulation 
in the matrix. Addition of exogenous cFn did not affect 
viability of HCs from control or ethanol-fed animals, and 
apoptosis was affected only at the higher concentration. 
Secretion of MMPs, TIMPs, TNF-α and IL-6, however, 
was increased by exogenously added cFn, with HCs fr
om ethanol-fed animals showing increased susceptibility 
compared to the controls. 

CONCLUSION: These results suggest that the elevated 
amounts of cFn observed in alcoholic liver injury can sti
mulate hepatocytes to produce factors which promote 
further tissue damage. 
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INTRODUCTION
Chronic alcohol consumption is a major health problem 
in the United States, and a leading cause of  end-stage liver 
disease. Though much evidence exists which suggests that 
ethanol itself  and/or its metabolites directly induce the 
cascade of  pathophysiological responses from the cells 
of  the liver that contribute to the development of  steato-
sis, inflammation and fibrosis, the precise mechanism(s) 
behind these events has not yet been completely de-
scribed[1-3]. To this end, our laboratory has largely focused 
on determining the specific processes underlying aberra-
tions in hepatocellular protein trafficking resulting from 
ethanol administration. In recent studies, we have dem-
onstrated that ethanol-induced impairments occur in the 
receptor-mediated endocytosis (RME) of  the hepatocyte-
specific asialoglycoprotein receptor (ASGP-R)[4-7]. 

Of  interest, cellular fibronectin (cFn), a purported 
natural ligand for the hepatic ASGP-R, is a matrix com-
ponent known to activate hepatic stellate cells (HSCs), 
and has been found, by our laboratory, as well as by oth-
ers, to be increased in the livers of  ethanol-fed animals[8,9]. 
Fibronectins are high molecular weight glycoproteins that 
exist as soluble dimers circulating in the blood and other 
tissue fluids, or as insoluble multimeric fibrils that are 
incorporated into the extracellular matrix (ECM). They 
are involved in numerous cellular processes that include 
cytoskeletal organization, cell adhesion, migration, growth 
and differentiation, that are mediated by interactions 
with integrin and non-integrin cell surface receptors[10]. 
Two major types of  fibronectin are found in vivo, having 
distinct structures that define their respective functions. 
Plasma fibronectin (pFn), which predominantly exists as 
a soluble dimer produced by hepatocytes, has terminal 
carbohydrate residues capped by sialic acid. In contrast, 
80%-85% of  cFn, which is synthesized in soluble form by 
mesenchymal, epithelial and inflammatory cells prior to 
deposition in the ECM to form fibrils, contains terminal 
galactose residues that are not capped by sialic acid[11]. 
Studies by Rotundo et al[9] show the direct participation of  
the ASGP-R in the rapid in vivo removal of  this desialylat-
ed fibronectin from the blood. In their study, Gillis and 
Nagy[8] suggest that accumulating levels of  cFn after long-
term ethanol administration in a rat model may be an early 
response to liver injury, and could lead to the activation 
of  a fibrogenic response in hepatic stellate cells (HSCs). 
Overall, it is believed that changes in cFn levels prompt 
the remodeling of  the hepatic ECM, which in turn may 
lead to the stimulation of  factors involved in the initiation 
and/or progression of  liver fibrosis[12,13]. The presence 
and accumulation of  cellular fibronectin after ethanol ad-
ministration may be involved in a variety of  autocrine and 
paracrine responses within liver cells. Specifically, accu-
mulating fibronectin generated in part by altered ASGP-R 
clearance may further stimulate the activity of  cells to re-
lease chemokines, cytokines or matrix factors that are as-
sociated with ethanol-induced pathological changes in the 
liver[8,14-16]. This accumulation of  cFn during liver injury 

may be attributed not only to impaired ASGP-receptor 
mediated clearance and increased cellular output, but also 
to alterations in the balanced interaction between matrix 
metalloproteinases (MMPs) that are largely responsible for 
the proteolytic degradation of  the ECM, and their associ-
ated inhibitors, the tissue inhibitors of  metalloproteinases 
(TIMPs)[17,18].

Matrix metalloproteinases (MMPs) are the principal 
enzymes involved in the remodeling of  ECM compo-
nents. Expressed in a cell or tissue-specific pattern, these 
highly specialized proteases are important in many bio-
logical and pathological processes. Of  specific interest to 
our laboratory is the knowledge that, under certain condi-
tions, the balanced interaction between TIMPs and the 
associated MMPs is altered with consequent changes to 
the ECM. More specifically, liver fibrosis, which is charac-
terized by changes in the composition and extent of  the 
ECM, is regulated by the activity of  MMPs and TIMPs 
both of  which play a role in healing after acute injury[17,18]. 
As previously mentioned, fibronectin deposition has been 
suggested to be an early indicator of  liver fibrosis, and, as 
such, it may be a trigger for certain mechanisms that lead 
to changes in MMP/TIMP expression[8,13]. Cytokines have 
also been implicated in the regulation of  MMP/TIMP 
activity, and the consequent remodeling of  the ECM dis-
tinctive in liver injury[19-21]. Notably, production of  these 
soluble ligands is influenced by cellular interactions with 
ECM molecules[22]. 

To date, no studies have examined the effect of  cel-
lular fibronectin accumulation following chronic ethanol 
administration on the functionality of  hepatocytes in the 
liver. Any associations that have been drawn focus on 
non-parenchymal cellular activity, with little parenchymal 
cell involvement. In the present study, our goal is to ex-
amine the effect of  exogenous cFn on hepatocyte perfor-
mance including cytokine release and the MMP/TIMP 
relationship. We demonstrate, for the first time in a model 
of  ethanol induced liver injury, a response by hepatocytes 
to elevated concentrations of  exogenous cFn, such as is 
found in tissue exposed to alcohol, that reveals the ability 
of  these cells to play an active role in the promotion of  
damage.

MATERIALS AND METHODS
Materials
William’s Eagle culture medium, Percoll, lipopolysac
charide (LPS), type Ⅳ collagen, HEPES, BSA (fraction Ⅴ), 
collagenase, phosphotungstic acid (PTA), trichloroacetic 
acid (TCA), human plasma fibronectin (pFn), and NADH 
were purchased from Sigma Chemical Co. (St. Louis, MO). 
Fetal Bovine Serum (FBS) was obtained from Gemini 
(West Sacramento, CA). Human cFn was received from 
Millipore (Temecula, CA). Penicillin/streptomycin was 
obtained from Cellgro (Manassas, VA) and L-glutamine 
and gentamicin were purchased from Gibco BRL (Grand 
Island, NY). Na125I was obtained from Amersham-Phar
macia. The antibodies for MMP-2 and TIMP-2 came 
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from Calbiochem (San Diego, CA), and ICN (Costa Mesa, 
CA) supplied the cFn antibody. All other materials not 
specifically identified were of  reagent grade. Nutritionally 
adequate liquid diets were formulated according to the 
method of  Lieber and DeCarli[23] and purchased from 
Dyets Inc. (Allentown, PA). The caloric distribution of  
the ethanol-containing diet was 18% as protein, 35% 
as fat, 11% as carbohydrate and 36% as ethanol. In the 
isocaloric control diet, additional carbohydrates replaced 
ethanol. 

Animals and diet administration
Male Wistar rats weighing 175-200 g, purchased from 
Charles River Labs (Portage, Michigan) were paired 
according to weight, and housed in individual cages in the 
Animal Research Facility at the Omaha Veterans Affairs 
Medical Center. After three days acclimatization on a 
control Lieber-DeCarli liquid diet, one animal from each 
pair was gradually introduced to a liquid diet containing 
6.4% ethanol by volume as 36% of  total calories. Each 
counterpart was pair-fed the isocaloric control diet. This 
feeding regimen was carried out for 12 wk for one group 
of  rats, and 4-6 wk for all others, after which time the 
animals were sacrificed. As the purpose of  this study was 
to ascertain whether cFn contributes to the development 
of  advanced liver injury, animals were fed for a shorter 
duration of  4-6 wk, sufficient for the development of  the 
early stages of  alcoholic liver injury, but not prolonged 
enough for substantial cFn accumulation to have already 
taken place[8]. All animals received humane care in acc
ordance with the guidelines established by the American 
Association for the Accreditation of  Laboratory Animal 
Care. All protocols were approved by the Animal Studies 
Subcommittee of  the Omaha Department of  Veterans 
Affairs Medical Center. At necropsy, the livers of  these 
animals were either removed completely and frozen for 
immunohistochemical analysis (12 wk fed group) or perfu
sed for hepatocyte isolation in subsequent studies (4-6 wk 
fed group).

Immunohistochemistry
Cellular fibronectin was detected in control and ethanol 
rat livers using monoclonal antibody (Clone DH1) spe-
cific to the extra domain of  cellular fibronectin (EDA-
sequence). Liver tissue was removed from the rats that 
were fed for 12 wk, and flash frozen in liquid N2. A piece 
of  frozen tissue was embedded in freezing media and 
frozen tissue sections were sliced into 6-micron sections 
and affixed to slides (Fisher, Superfrost Plus). The sec-
tions were fixed in acetone for 10 min at -20℃ and subse-
quently washed with TBS (15 mmol/L Tris, 150 mmol/L 
NaCl, pH 7.6) at room temperature. Monoclonal antibody 
at 1:50 dilution in TBS was added to each section and 
incubated overnight at room temperature in a humidified 
chamber. Mouse IgG1 (Sigma, St. Louis, MO) was used as 
a negative control. After a series of  washes with TBS the 
sections were further incubated with rhodamine (TRITC) 
conjugated anti-mouse IgG (H + L) (Jackson Immunore-

search, West Grove, PA) at 1:50 dilution at room tem-
perature for 3 h in a humidified chamber. The slides were 
further washed, then mounted using Vectashield (Vector 
Laboratories, Burlingame, CA), viewed, and quantified, us-
ing a confocal-laser scanning microscope (Carl Zeiss LSM 
410 inverted microscope with an argon-krypton laser with 
DIC capabilities) at the appropriate wavelengths.

Isolation of hepatocytes
Hepatocytes (HC) were obtained from control and etha
nol-fed rats by the collagenase perfusion method[24] as 
described in our previous work[25]. The isolated cells were 
washed with Seglen suspension buffer and purified over 
a 35% (controls) or 33% (ethanol) Percoll gradient. Hepa
tocyte viability, determined by trypan blue dye exclusion 
was routinely > 85% for all the experimental groups. 
These cells were used for cFn degradation studies, or were 
cultured overnight to determine the biological effects of  
exogenously added cFn.

Degradation of cellular fibronectin
Preparation of  iodinated cellular fibronectin: Iodin-
ated cellular fibronectin was prepared according to the 
procedure of  Fraker and Speck[26]. Briefly, 10 μL of  a 1 
mg/mL solution of  1, 3, 4, 6-tetrachloro-3a, 6a-diphenylg-
lycoluril was evaporated under nitrogen gas in a glass tube 
(12 mm × 75 mm). To the tube (on ice) was then added 
200 μL of  a solution of  cFn (1 mg/mL) in phosphate-
buffered saline (PBS) followed by 7.5 μL of  Na125I (750 
μCi). This mixture was swirled on ice for 10 min; after 
mixing, the sample was loaded onto a column (1 cm × 
12 cm) of  Sephadex G-25 (medium) and eluted at room 
temperature with PBS.

Measurements of  125I-cFn degradation: Isolated hepa-
tocytes were pre-incubated in suspension buffer with 2% 
BSA at 37℃ for 30 min  in a metabolic shaker before use 
in order to increase and equilibrate the number of  cell sur-
face receptors. The hepatocytes were then suspended in 
Williams Eagle’s medium, pH 7.4, with 10 mol/L HEPES 
and 0.5% BSA at a concentration of  2 × 106 cells/mL. 
125I-cFn, at a final concentration of  2.5 μg/mL, was added 
to the cell suspension, which was subsequently incubated 
at 37℃ with gentle swirling. At 0, 15, 25, 60, 85, 120, 
150, and 180 min respectively,  an aliquot was removed to 
an ice-cold suspension buffer, pH 7.4, with 25 mmol/L 
EDTA, and incubated on ice to remove surface-bound 
ligand. After a minimum of  10 min on ice, the cells were 
pelleted (900 g, 4℃, 3 min), and an aliquot of  the supernat
ant was placed in an equal volume of  ice-cold 2% PTA 
in 20% TCA. The PTA/TCA mixture was incubated for 
a further 10 min on ice, then centrifuged (900 g, 4℃, 10 
min), after which the radioactivity of  an aliquot of  the re-
sulting supernatant was determined (125I-cFn degradation).

Assays of cultured hepatocytes
Plating and incubation: Hepatocytes were plated a densi-
ty of  7.5 × 105 viable cells/well on type Ⅳ collagen coated 
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6-well plates as detailed in Tuma et al[27] in Williams Eagle 
media supplemented with 10% FBS, penicillin/streptomy-
cin (100 IU), 2 mmol/L L-glutamine and 40 mg/L genta-
micin, and allowed to equilibrate at 37℃, 5% CO2 for 2 h. 
Non-adherent cells were aspirated, and fresh serum-free 
Williams E media was added to the wells. The hepatocytes 
were subsequently treated with different concentrations of  
cFn (0 μg/mL, 0.2 μg/mL, 0.75 μg/mL, 4.0 μg/mL and 
7.5 μg/mL), and 40 ng/mL LPS, a known activator of  liver 
cells, as a positive control, and incubated at 37℃, 5% CO2 
for 20 h. 

Viability assessment: Hepatocyte viability was assessed 
following the 20-h incubation for necrotic cell death as 
indicated by lactate dehydrogenase (LDH) leakage, as 
well as for caspase-3 activity, which is an upstream indi-
cator of  an activated programmed cell death (apoptosis) 
cascade. The leakage of  LDH from the cells into the cell 
culture supernatant was measured by assaying the rate 
of  change in the absorbance of  NADH as it is oxidized 
(through the enzymatic activity of  LDH) to NAD+ in 
the culture media and comparing this value to that ac-
tivity originally in the cells. The cell lysate was further 
assayed for caspase-3 activity, by measuring the ability 
to cleave a fluorogenic substrate Ac (N-acetyl)-DEVD-
AMC (7-amino-4-methylcoumarin) (BD Biosciences, San 
Jose, CA), and quantified by spectrofluorometric analysis 
as previously demonstrated[28].

Cytokine assay: BD OptEIA rat TNF and BD OptEIA 
rat IL-6 ELISA sets (BD Biosciences, San Jose, CA) were 
used to measure TNF-alpha and IL-6 levels in the media 

obtained from HC cultures. The assays were performed 
according to the manufacturer’s directions. 

Western blot analysis: Cell culture supernatant was 
prepared in Laemmli[29] denaturing sample buffer and 
electrophoresed on 15% polyacrylamide gels using Mini-
Protean Ⅱ Cell (Bio-Rad, Hercules, CA). Proteins were 
transferred (30 V, 4℃, 16 h) onto 0.2-μm nitrocellulose 
membrane using the Mini Trans-Blot Electrophoretic 
Transfer Cell (Bio-Rad, Hercules, CA) and probed with 
specific antibodies against MMP-2 and TIMP-2. Briefly, 
the nitrocellulose blots were incubated at room tempera-
ture for 1 h in Odyssey blocking buffer (Licor Biosciences, 
Lincoln, NE), followed by exposure to either MMP-2 or 
TIMP-2 antibody (1:500 or 1:250 respectively diluted in 
blocking buffer) overnight at 4℃. After washing in PBS 
with 1% Tween-20, the blots were incubated in 1:5000 
diluted IRDye 800 CW labeled-goat anti mouse IgG for 
1 h at room temperature. Subsequent to a final wash, the 
immunoreactive proteins were visualized and quantified 
using LICOR Odyssey Infrared Imaging System.

Gelatin zymography: The total activity of  MMP-2 relea
sed in the cell culture supernatant was measured by gelatin 
zymography. Culture media was prepared in non-reducing 
sample buffer without boiling, then electrophoresed on 
7.5% polyacrylamide gels containing 0.1% gelatin using 
Mini-Protean Ⅱ Cell (Bio-Rad, Hercules, CA). Proteins 
were renatured (30 min to 1 h) in 2.5% Triton-X100 (Sigma, 
St. Louis, MO), after which the gels were incubated in an 
activation buffer (50 mmol/L Tris, 200 mmol/L NaCl, 5 
mmol/L CaCl2, 0.02% Brij-350, pH 8.0) for 24 h at 37℃. 
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Figure 1  Ethanol administration delays degradation of 
iodinated cellular fibronectin in rats. Isolated hepatocytes 
were obtained from rats fed a control or ethanol-containing liq-
uid diet for 4-6 wk. The degradation of iodinated cellular fibro-
nectin (125I-cFn) that has been internalized by the hepatocytes 
was monitored over a 3-h time period as described in Material 
and Methods. Data are presented as femtomoles bound per μg 
DNA and are means ± SEM (n = 3 experiments). f
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Figure 2  Immunohistochemical detection of cellular 
fibronectin in rat liver. Cellular fibronectin was detected 
by rhodamine conjugated antibody staining in liver sections 
from rats which had been fed control diet (A) or in ethanol-
fed (B) animals for 12 wk. No staining was seen for isotype 
controls. Increased cellular fibronectin staining was observed 
(60% increase in intensity) in liver sections after ethanol 
administration. Values were determined using Carl Zeiss 
LSM 410 inverted confocal-laser scanning microscope.
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The gels were washed in deionized water and stained with 
Coomassie Blue (40% Methanol, 10% Acetic Acid, 0.5% 
Brilliant Blue R-250), and subsequently dried. MMP ac-
tivity, represented by unstained bands was quantified by 
scanning densitometry using Quantity-One analysis soft-
ware (Bio-Rad, Hercules, CA).

Statistical analysis
Results refer to the average from 3-15 experiments repo
rted as mean ± SEM. Groups were compared using Stu
dent t-test, with values P < 0.05 considered significant. 

RESULTS
Degradation of cellular fibronectin is delayed and 
accumulates in the liver after ethanol feeding
Ethanol administration alters the amount of  cFn de
graded by hepatocytes. When compared with the cells 
from control animals, the cells isolated from ethanol-fed 
rats degraded significantly less iodinated cFn (50%-75%) 
(Figure 1). Soluble pFn, however, was not degraded by any 
of  the cells (data not shown). Immunohistochemical data 
revealed a dramatic up-regulation in cFn accumulation 
after ethanol feeding in our rat model of  liver injury (Figure 
2). Little or no staining was evident in the liver sections of  
animals fed control diets, while a dramatic increase in cFn 
staining (60%) was observed in the liver sections from the 
ethanol-fed rats. 

Consequences of elevated levels of cellular fibronectin 
on hepatocyte function
Exogenous cellular fibronectin has minimal effect 
on hepatocyte necrosis but increased apoptotic cas

pase-3 activity: The viability of  isolated hepatocytes 
from control and ethanol-fed animals incubated with 
different concentrations of  cFn as described in Material 
and Methods was characterized to determine whether cFn 
treatment produced a cytotoxic effect. The present data 
(Figure 3A) reveals a significantly higher percentage of  
LDH in the media of  cultured cells from ethanol-fed ani
mals when compared with the  control group. However, 
the presence of  exogenously added cFn did not induce 
an additional effect. The activity of  caspase 3, a death 
protease, in the cell lysates of  hepatocytes from control 
and ethanol-fed animals was determined by quantifying 
the release of  the fluorogenic AMC, which was produced 
by cleavage of  the highly specific Ac-DEVD-AMC syn
thetic tetrapeptide caspase-3 substrate. From our data 
(Figure 3B), it is apparent that a significantly elevated level 
of  basal caspase-3 activity exists in cultured hepatocytes 
from ethanol-fed rats, compared to that of   the control 
rats. Similar results were obtained from assays of  freshly 
isolated hepatocytes (data not shown). Furthermore, the 
hepatocytes from ethanol-fed animals were more suscep
tible to the effect of  cFn at the high concentration of  7.5 
μg/mL. However, cFn appeared to have no effect on the 
viability of  cells derived from the control animals. We also 
included data of  another isoform of  fibronectin, plasma 
fibronectin (pFn), that is increased after alcohol admini
stration but is neither a ligand of  the ASGP-R, nor does it 
activate non-parenchymal cells. This isoform did not have 
an effect on either cell type.

Cellular fibronectin stimulates the secretion of  MMP-2 
and its corresponding inhibitor TIMP-2 by hepatocy
tes isolated from control and ethanol-fed rats: As outl- 
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Figure 3  Effect of cellular fibronectin on hepatocyte 
viability. A: Percentage leakage of the cytosolic lactate 
dehydrogenase (LDH) enzyme into the cell culture supernatant 
was used to test for severe irreversible cell damage (necrosis) 
as described in Material and Methods. Incidence of necrosis 
was consistently higher in cultured cells from ethanol-fed 
animals (n = 8 - 12); B: Caspase-3 activity in the cells was 
determined as described in Material and Methods. Basal level 
caspase-3 activity was significantly higher in hepatocytes from 
ethanol-fed animals when compared with controls. Enzyme 
activity is presented as picomoles of fluorogenic AMC product 
released upon cleavage of the caspase-3 substrate Ac-
DEVD-AMC, per µg protein in the cell lysate in an hour. At 
the higher dose of exogenous cellular fibronectin (cFn) (7.5 
μg/mL), caspase-3 activity was significantly induced in cells 
from the ethanol-fed animals. No changes were seen in the 
control cells (n = 5 - 14). Plasma fibronectin exhibited no effect 
on either cell type (inset). Data are represented as means ± 
SEM. Ethanol values significantly different from those of the 
control are expressed as aP < 0.05, and treatment significantly 
different from untreated cultures is expressed as bP < 0.05. 
μgP: μg protein.
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Figure 4  Effect of cellular fibronectin on the secretion of pro- and active-matrix metalloproteinase-2 by cultured hepatocytes isolated from control and ethanol-
fed rats. Protein and activity levels of pro- and active-matrix metalloproteinase-2  (MMP-2) in the cell culture media of hepatocytes after 20 h of treatment with cellular 
fibronectin (cFn) were determined as described in Material and Methods. In the presence of higher concentrations of exogenous cFn (4 μg/mL and 7.5 μg/mL), cells from 
both control and ethanol-fed animals released elevated levels of pro- and active-MMP-2 (A) with corresponding higher MMP-2 activity (B). Plasma fibronectin treatment 
produced no effect on either cell type (C). GZ: gel zymography; WB: western blot. Data are represented as means ± SEM. Ethanol values significantly different from those 
of the control are expressed as aP < 0.05, and treatment significantly different from untreated cultures is expressed as bP < 0.05. (n = 3 - 11 experiments).

ined in the Material and Methods section, the media from 
cultured hepatocytes was collected after a 20-h incubation, 
clarified and assayed on SDS-PAGE gels, followed by 
Western blot analysis for MMP-2 and its corresponding 
inhibitor, TIMP-2 expression, and via gelatin zymography 
for MMP-2 activity. Data from Figure 4A and B show th-

at MMP-2 expression and activity levels from both control    
and ethanol-fed animals, in a basal condition of  incuba
tion, are very low in hepatocytes. At low concentrations 
of  exogenous cFn, there is very little response. However, 
at the higher concentrations of  4 and 7.5 μg/mL cFn, 
secreted levels of  MMP-2 are significantly increased in 
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the media of  both cultured cell-types. This increase in 
expression corresponds with the gelatin zymography da
ta, which shows a higher level of  MMP-2 activity in the 
media of  hepatocytes from both control and ethanol-
fed rats. However, there appears to be no distinction in 
the response between the two cell types. Similarly, in the 
absence of  cFn and at low concentrations, the secretion 
of  TIMP-2 by hepatocytes from both control and 
ethanol-fed animals is very low (Figure 5). In the presence 
of  higher concentrations of  exogenous cFn (4 μg/mL 
and 7.5 μg/mL), there is a substantial response from both 
cell types, with hepatocytes from ethanol-fed animals 
secreting significantly more TIMP-2 in the presence of  7.5 
μg/mL cFn than in the corresponding control animals. As 
shown in Figures 4C and 5B, overall, pFn did not produce 
an effect.

Production of  pro-inflammatory cytokines by hepa
tocytes isolated from control and ethanol-fed rats 
increased in response to cellular fibronectin: Hepa
tocytes were cultured in the presence of  low (0.2 and 0.75 
μg/mL ) and high (4 and 7.5 μg /mL) concentrations of  
cellular fibronectin, and the secretion of  TNF-α and IL-6 
into the cell culture media was determined by ELISA, 
as described in Material and Methods. The results show 

that hepatocytes cultured in the presence of  exogenous 
cFn are stimulated to release TNF-α and IL-6 (Figure 
6A and B). In the absence of  cFn, cells from ethanol-
fed rats produced significantly higher amounts of  both 
cytokinesin comparison with hepatocytes from control-
fed animals. The level of  IL-6 in the media of  cultured 
hepatocytes from the ethanol-fed rats was consistently 
higher, regardless of  the presence of  cFn. However, only 
at the higher concentrations of  cFn (4 and 7.5 μg/mL), 
did chronic ethanol administration result in a significant 
enhancement of  the secretion of  TNF-α. There was a 
marked difference in the levels of  cytokines secreted by 
hepatocytes from control animals and ethanol-fed animals 
in the presence of  7.5 μg/mL cFn, in comparison with 
corresponding untreated cells (4-fold increase in TNF-α 
and 2-fold increase in IL-6). Treatment of  both cell types 
with pFn did not produce an effect (inserts Figure 6A and 
B).

DISCUSSION
The results of  this study demonstrate that the accumula-
tion of  cellular fibronectin in the liver tissue of  rats sub-
ject to chronic ethanol administration elicits a response in 
the parenchymal cells that leads to the increased secretion 

Figure 5  Effect of cellular fibronectin on the secretion of tissue inhibitor of metalloproteinase-2 by cultured hepatocytes isolated from control and ethanol-
fed rats. The level of tissue inhibitor of metalloproteinase (TIMP)-2 released into the cell culture media of hepatocytes after 20 h of treatment with cellular fibronectin (cFn) 
was determined as described in the Material and Methods. At the higher concentrations of exogenous cFn (4 μg/mL and 7.5 μg/mL), hepatocytes from both control and 
ethanol-fed animals secreted significantly higher levels of TIMP-2 forms than corresponding untreated cells, and those incubated in the presence of low concentrations of 
cFn. The cells from ethanol-fed animals cultured in the presence of 7.5 μg/mL cFn were significantly more responsive than those of the controls (A). Plasma fibronectin 
treatment produced no effect on either cell type (B). Data are represented as means ± SEM. Ethanol values significantly different from those of the control are expressed 
as aP < 0.05, and treatment significantly different from untreated cultures is expressed as bP < 0.05. (n = 11 experiments).
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of  factors that could contribute to the progression of  
alcohol-induced liver injury. Prior studies from our labo-
ratory have shown that chronic ethanol administration 
can alter the function and expression of  the hepatocyte-
specific asialoglycoprotein receptor[4-7]. A consequence of  
the impaired function of  this receptor is the inability to 
adequately bind and internalize respective ligands for ve-
sicular transport to the lysosome where they are degraded. 
Of  particular interest is cellular fibronectin, cFn, a ligand 
for the ASGP-R and a protein that is known to participate 
in alcohol-induced fibrogenesis. We first examined the 
degradation of  iodinated cellular fibronectin in isolated 
hepatocytes from control and ethanol-fed rats and found 
a significant disparity in the ability of  each cell type to de-
grade cFn, in that hepatocytes from ethanol-fed animals 
were markedly impaired. The impaired degradation of  
cFn would contribute to the previously identified accu-
mulation of  cFn in the livers of  ethanol-fed animals, and 
may be a factor in alcohol-induced liver pathology[30-34]. In 
addition, impaired degradation could lead to an increase 
in the concentration of  circulating cFn, which has been 
identified in patients, and reflects a corresponding increase 
in tissue matrix changes and endothelial cell activation in 
the liver, events which are known to occur during ethanol-
induced liver injury[27,34]. 

In our investigation, we investigated the addition of  
exogenous cFn to isolated HC preparations that had been 
obtained from rats fed ethanol or a control diet for 4-6 

wk. We used a range of  cFn from 0.2-7.5 μg/mL, for 
which the low concentration (0.2 μg/mL) represented 
circulating cFn levels in healthy subjects, while the higher 
concentrations (4 and 7.5 μg/mL) represented character-
istic pathological levels of  cFn as determined by previous 
studies[35,36]. 

In our study, HCs from both control and ethanol-fed 
livers were fairly resistant to any additional death by either 
necrosis or apoptosis in the presence of  added cFn, so the 
cFn was not considered to be toxic on its own. The in-
creased level of  caspase-3 activity observed in hepatocytes 
from ethanol-fed rats at the highest concentration of  cFn 
tested, suggest that this ECM protein may contribute in 
some way to the induction of  apoptosis. It is thus plau-
sible that, at elevated levels, cFn could facilitate apoptosis 
in hepatocytes whose viability has already been otherwise 
compromised by the effects of  ethanol. 

The increased deposition of  cFn is implicated in the 
induction of  matrix remodeling activity, that may contrib-
ute to the progression of  liver injury towards fibrosis[8,13]. 
Correspondingly, we observed an increase in secreted 
MMP-2 levels and activity when excess cFn was intro-
duced to cultured HCs. This output was observed in both 
cell types, with little variance between the two populations, 
and was seen as a likely regulatory response to excess cFn.  
The secreted proteases should break down the fibronectin 
molecule, rendering it non-functional, and decreasing its 
accumulation about the cell. However, even fragments of  

Figure 6  Secretion of cytokines tumor necrosis factor-alpha 
and interleukin-6 by cultured hepatocytes isolated from the 
livers of rats that were pair-fed control and ethanol diets and 
stimulated with cellular fibronectin. Hepatocytes were cultured in 
the presence of different concentrations of exogenous cultured he-
patocytes (cFn) (0 μg/mL, 0.2 μg/mL, 0.75 μg/mL, 4.0 μg/mL and 7.5 
μg/mL) for 20 h. After this time, the level of each cytokine (pg/well) 
released by the cells into the culture supernatant was determined 
by ELISA, as described in Material and Methods. In the presence 
of 7.5 μg/mL cFn, cells from both control and ethanol-fed animals 
released elevated levels of tumor necrosis factor-alpha (TNF-α) (A) 
and Interleukin-(IL)-6 (B) compared with corresponding untreated 
cells, with hepatocytes from ethanol-fed rats secreting significantly 
higher levels of both cytokines compared with controls. Plasma 
fibronectin treatment produced no effect on either cell type (inserts, 
A and B). Data are represented as means ± SEM. Ethanol values 
significantly different from those of the control are expressed as aP 
< 0.05, and treatment significantly different from untreated cultures 
is expressed as bP < 0.05. (n = 8 - 15 experiments).
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fibronectin have been reported to be involved in signal 
transduction events, thus the effect of  excess cFn may not 
necessarily be neutralized[37-39]. 

Our data also show that the cells from ethanol-fed 
animals exposed to high concentrations of  cFn, secreted 
substantially more TIMP-2 than corresponding control 
and untreated cells. These cells from the ethanol-fed ani-
mals appear to be more susceptible to cFn-induced up-
regulation of  TIMP-2 secretion, and are thus more likely 
to produce a disproportionate amount of  TIMP-2 relative 
to MMP-2, that could lead to inhibited metalloproteinase 
activity and facilitate further build-up of  cFn, as well as 
other ECM proteins characteristic of  the early stages of  
fibrosis. An additional form of  TIMP-2, two-chain (tc)-
TIMP-2, a more potent inhibitor of  MMP-2 function, was 
also detected at elevated levels[40]. The increased presence 
of  tc-TIMP-2 would also contribute to a further reduction 
in the number of  active-MMP-2 that could be involved in 
ECM degradation. 

It should be noted that although our data demon-
strates a seemingly similar release of  MMP-2 and TIMP-2 
by cells from both control and ethanol-fed animals, in 
normal control livers cFn accumulation does not occur. 
By introducing cFn to control cell cultures, we are re-
producing conditions found in livers subject to ethanol-
induced injury.  This analysis allows us to identify ethanol-
induced alterations that may exist in a cell’s response to 
homeostatic challenge.

Generally, fibrosis and inflammation are coordinate 
events in liver injury; mediators of  fibrosis may operate 
in concert with pro-inflammatory factors[20]. Although 
the output of  pro-inflammatory factors TNF-α and IL-6, 
have been previously observed from primary cultured 
hepatocytes in other models[20,41], our results demonstrate 
for the first time the in vitro secretion of  these cytokines 
by rat hepatocytes in a study of  alcohol liver disease. We 
demonstrate a greater responsiveness by hepatocytes from 
ethanol-fed animals, that appears to be exacerbated in the 
presence of  the higher concentrations of  cFn.  

Collectively, the data is summarized in Figure 7, which 
depicts a model of  ethanol-induced liver injury linking 
altered asialoglycoprotein receptor clearance of  cellular fi-
bronectin with hepatocyte activation by the accumulating 
protein. Activation leads to a subsequent increase in cas-

pase-3 activity, and an elevated secretion of  pro-inflamma-
tory cytokines, TNF-α and IL-6, as well as that of  MMP-2 
and its corresponding inhibitor, TIMP-2. These results, in 
conjunction with those from the aforementioned studies, 
suggest that autocrine and paracrine effects could exist 
that would produce a feedback relationship as a result of  
fibronectin-mediated changes in metalloproteinases and 
associated factors. For example, TNF-α has been shown 
to induce signaling that leads to apoptosis, thus it is plausi-
ble that the cFn-induced activation of  caspase-3, observed 
at the higher cFn concentration, in cells from ethanol-fed 
animals, may in part be attributed to the associated cFn-
induced increase in the secretion of  this proinflammatory 
cytokine[42]. As a consequence of  such reinforcing interac-
tions, the promotion of  tissue injury can be enhanced.

Conventionally, hepatocytes have been regarded mere-
ly as recipients and respondents of  action taken by their 
other more reactive non-parenchymal counterparts; the 
results described here have been mainly ascribed to non-
parenchymal cells only. Though it has been shown that 
in vitro conditions can evoke changes in cell-signaling and 
protein expression profiles in hepatocytes that cause them 
to exhibit behavior less representative of  intact in vivo tis-
sue, this study supports the contention that hepatocytes 
may be more involved in the orchestration of  liver injury 
than previously considered. 

In summary, our results demonstrate an effect result-
ing from accumulating cellular fibronectin, due in part to 
altered ASGP-R mediated clearance, on hepatocytes, that 
is enhanced by ethanol-induced injury. Further character-
ization of  these responses, especially in the non-parenchy-
mal cells of  the liver, as well as further investigation of  the 
mechanisms governing these responses, will help elucidate 
the specific role cFn has in promoting the progression of  
alcoholic liver disease.

COMMENTS
Background
Alcohol abuse is the leading risk factor for terminal liver disease worldwide. 
Though this association has long been established, the mechanisms of alcohol-
induced liver injury remain poorly understood. To date, no effective strategies 
exist to counter the progression of alcoholic liver disease. It is known that alcohol-
induced alterations to the character and function of the cells of the liver contribute 
to the build-up of cellular fibronectin in hepatic tissue. On the other hand, the 
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Figure 7  Schematic representation of the proposed mod-
el of ethanol-induced liver injury linking altered asialo
glycoprotein receptor clearance of cellular fibronectin 
with hepatocyte activation by the accumulating protein. 
Subsequently, there is an increase in caspase-3 activity and 
an elevated secretion of pro-inflammatory cytokines tumor 
necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), as well 
as secretion of matrix metalloproteinase-2 (MMP-2) and its 
corresponding inhibitor tissue inhibitors of metalloproteinase-2 
(TIMP-2). RME: receptor-mediated endocytosis; ASGP-R: 
asialoglycoprotein receptor.
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significance of this excess cellular fibronectin, and its effect on the liver during a 
condition of prolonged alcohol-induced damage, is not known.
Research frontiers
The increased deposition of cellular fibronectin in the liver is implicated in the 
development of liver fibrosis, the onset of which is characterized by remodeling 
of the extracellular matrix, as well as the myofibroblastic transformation of 
hepatic stellate cells. The composition of the extracellular matrix is regulated by 
the balanced interaction between matrix metalloproteinases and their inhibitors. 
Alterations in this balance often have pathological consequences. This fibrotic 
response is also preceded by an increase in pro-inflammatory cytokine levels, 
which in turn may contribute to the activation of stellate cells, as well asinfluencing  
the activity of extracellular matrix regulatory factors. The increased production 
of these cytokines may occur as a direct response to  higher cellular fibronectin 
levels. The evaluation of these effects of cellular fibronectin and their potential 
roles in the development and progression of alcoholic liver disease is the focus of 
this research.
Innovations and breakthroughs
In the present study, we identifythese increased levels of cellular fibronectin not 
only as a symptom of progressive disease, but also as a contributing event to 
the development of alcohol-induced injury. Moreover, we demonstrate, for the 
first time in a model of alcohol-induced liver injury, a response by hepatocytes 
to elevated concentrations of exogenous cellular fibronectin, such as is found in 
tissue exposed to alcohol, that reveals the ability of these cells to play an active 
role in the promotion of damage. 
Applications
Understanding how elevated levels of cellular fibronectin affect the cells of the 
liver, specifically, in this study, hepatocytes, during a condition of alcohol abuse 
could yield additional targets for the development of new strategies to prevent and 
treat alcoholic liver disease. 
Terminology
Hepatocytes are the chief functioning cells of the liver, and key targets for 
mediators of injury. Cellular fibronectin is an extracellular matrix glycoprotein 
that is normally present at low levels in the body, and is only briefly up-regulated 
during tissue repair. A sustained elevation in cellular fibronectin levels has been 
observed during several pathological conditions, including that of alcoholic liver 
disease. 
Peer review
This paper describes the effect of cellular fibronectin on hepatocytes isolated from 
control and ethanol-fed rats. Overall, this paper is interesting, well written and 
provides new information for the field, though several points need clarification 
and/or correction.
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