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ABSTRACT
A major limitation to the use of rat hepatocytes in the study of
drug metabolism and toxicity is the rapid loss of CYPs. We
demonstrate that the culture of rat hepatocytes results in a
rapid loss of liver-specific CYP2C11 mRNA and transcripts
encoding the general housekeeping gene copper-zinc super-
oxide dismutase (CuZnSOD) as well as poly(A1) mRNA. These
losses are accelerated by fibronectin, which has no effect on
the transcription of CYP2C11 and CuZnSOD. However, fi-
bronectin, an extracellular matrix protein involved in cell adhe-
sion and spreading, induces ribonuclease (RNase) activity. Fi-
bronectin also increases hepatocyte diameter and data are
presented that cell spreading is involved in the loss of both

CYP2C11 and CuZnSOD mRNAs. The use of functional block-
ing antibodies demonstrates that fibronectin is operating
through its a5b1 integrin receptor and genistein, a tyrosine
kinase inhibitor, prevents hepatocyte spreading, RNase induc-
tion, and CYP2C11 mRNA loss. Collectively, the data indicate
that hepatocytes in vitro actively promote the extinction of their
phenotype via the autocrine effects of fibronectin rather than
the current consensus that they simply lose differentiated func-
tion, such as CYP2C11 expression, through the absence of
extracellular matrix proteins. The substrate specificity of the
ribonuclease induced is also considered.

Hepatic CYPs (Nelson et al., 1996) are the major determi-
nants of the pharmacological and toxicological activity of
numerous drugs and many other foreign chemicals present in
the human environment (Gonzalez, 1989; Paine, 1995).
Therefore, a major limitation to the use of hepatocyte cul-
tures in pharmacotoxicological studies is their rapid loss of
CYP content (Paine, 1990). This loss of CYP and associated
xenobiotic metabolism occurs in hepatocyte cultures pre-
pared from the common species of experimental and farm
animals as well as in human hepatocyte culture, suggesting
a common underlying mechanism (Paine, 2000).

In adult male rat liver, a single CYP isoform, designated
CYP2C11 (Nelson et al., 1996), constitutes the bulk of he-
patic CYP content (Paine, 2000) and is responsible for the
metabolism of endogenous steroids as well as a broad range
of drug substrates (Morgan et al., 1985a,b; Morgan and
Gustafsson, 1987). Here we demonstrate, in adult male rat
hepatocyte cultures, that fibronectin, an extracellular matrix
protein involved in cell adhesion and spreading, activates
signaling pathways that rapidly control hepatocyte shape,
RNase activity, and CYP2C11 mRNA content.

Materials and Methods
Cell Culture. Hepatocytes with a viability .85% were prepared

from 250 to 290 g male Sprague-Dawley rats by collagenase perfusion
(Wang et al., 1997). Cells (1.8 3 107) were routinely cultured on 150-mm
diameter plastic Petri dishes in 20 ml of serum-free William’s medium
E (both from Flow Labs) as described previously (Wang et al., 1997)
with treatments detailed in the figure legends. Bovine and rat plasma
fibronectin was purchased from Sigma (St. Louis, MO), and the inhib-
itors used were of the highest purity available from commercial sources.

To inhibit hepatocyte spreading in culture, cells were cultured at
a density of 5.4 3 107 viable cells/150-mm diameter Petri dish in 20
ml of culture medium, which is three times normal density. Com-
plete inhibition of hepatocyte attachment to the culture plate sub-
stratum in the presence of 1 mg/ml fibronectin was achieved by
treating Petri dishes with 3 mg of polyhydroxyethylmethacrylic acid
(PHEMA)/cm2, as described previously (Folkman and Moscona,
1978).

Western Blotting for Detection of Medium and Cell-Associ-
ated Fibronectin. Hepatocytes were isolated and cultured without
fibronectin and cells and culture medium collected at various times.
In brief, medium was centrifuged at 1000g for 2 min at 4°C to remove
cellular debris and 15 ml of supernatant was concentrated using
Amicon centrifugal concentrators (30,000 mol. wt. cut-off). Hepato-
cyte monolayers were given five washes each of 20 ml of Williams
medium E and then scraped into ice-cooled 20 mM Tris buffer, pH
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7.4, containing 250 mM sucrose and 1 mM dithiothreitol and homog-
enized using an Ultra-Turrax T-25 blender for 15 s. Aliquots were
analyzed for protein using the Lowry assay and samples containing
20 mg of homogenate protein or 120 ml of concentrated culture me-
dium were denatured with SDS under reducing conditions and sub-
jected to SDS-polyacrylamide gel electrophoresis (6.8% separating
gel/4% stack), blotted onto nitrocellulose membranes as described
previously (Wang et al., 1997). Fibronectin was detected on blots by
incubation with a purified rabbit anti-rat fibronectin polyclonal an-
tibody (Chemicon International Inc., Temecula, CA) followed by
horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad,
Hercules, CA). Immunoreactive band chemiluminescence was de-
tected on autoradiographic film using the enhanced chemilumines-
cence system (Amersham, Paisley, UK). Nuclear run-on transcrip-
tion assays were performed as described previously (Wang et al.,
1997).

RNA Isolation and Northern Blotting. Total RNA was isolated
with RNAzol B (Biogenesis, Bournemouth, Hants, UK) and subjected
to Northern blotting as described previously (Wright et al., 1996).
Blots were probed for poly(A1) mRNA levels using an oligo-dT18

Fig. 1. Nuclear run-on transcription of CYP2C11, CuZnSOD, and actin
genes in intact liver, isolated hepatocytes, and hepatocytes cultured for
4 h with (1) and without (2) fibronectin. Run-on transcription assays
from intact liver (W), freshly isolated hepatocytes (IH), and hepatocytes
cultured for 4 h 6 1 mg/ml bovine fibronectin. Radiolabeled RNA (107

cpm) from each preparation was hybridized to 0.25 pmol of the cDNA
probes and pGEM plasmid as described previously (Wang et al., 1997).
Results shown are typical of two separate experiments.

Fig. 2. Hepatocyte mRNA loss and spreading induced by fibronectin. a, time-course of CYP2C11 mRNA loss in hepatocytes cultured with (f) and
without (M) 1 mg of bovine plasma fibronectin (Sigma)/ml of culture medium. Percentage mRNA is presented as the abundance, normalized to 28S
rRNA, compared with that present in the intact donor liver (IL). IH, freshly isolated hepatocytes. b, concentration-dependent effects of fibronectin on
hepatocyte spreading (E) and levels of CYP2C11 (M) and CuZnSOD (f) mRNAs after 2 h of culture. Hepatocyte spreading is presented as the
percentage of 200 hepatocytes in each treatment group that had spread to at least twice the diameter of hepatocytes cultured without fibronectin. c,
photomicrographs of hepatocytes cultured for 2 and 6 h with (1) and without (2) 1 mg of bovine fibronectin/ml.
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probe (Pharmacia, Piscataway, NJ) labeled at the 59 end with
[g-32P]ATP and, for CYP2C11 and CuZn-superoxide dismutase
(SOD) mRNAs, using randomly primed cDNAs (Wang et al., 1997)
radiolabeled with [a-32P]dCTP using kits purchased from Promega
(Southampton, UK). Blots were stained with methylene blue to de-
termine the level of 28S rRNA. RNase activity was determined as
described previously (Wang et al., 1997).

Data Analysis. Autoradiographs of Northern blots and photo-
graphic negatives of methylene blue stained gels for 28S rRNA
determination were scanned by laser densitometry (Eagle Eye;
Stratagene, La Jolla, CA) and analyzed using Phoretix software.

Determination of the concentration of fibronectin that produced a
50% effect on cell diameter as well the effect of inhibitors on hepa-
tocyte diameter and mRNA levels was determined by least-mean-
squares nonlinear regression using the Enzfitter program (Elsevier
Bioscience, Cambridge, UK). Student’s t test was used to test statis-
tical significance.

Results
When hepatocytes, isolated by dissociation of the liver with

collagenase, are cultured they rapidly lose differentiated phe-
notype (Clayton et al., 1985; Rana et al., 1994; Runge et al.,
1997) as typified by the loss of liver-specific CYP2C11 mRNA
(Wang et al., 1997). However, the results presented in Fig. 1
demonstrate that hepatocyte isolation and culture for 4 h are
without effect on the transcription of CYP2C11 and CuZn-
SOD, a general housekeeping gene. Nevertheless, both
CYP2C11 and CuZnSOD mRNAs rapidly decline in hepato-
cyte cultures and their loss is accelerated by the addition of
fibronectin to the culture medium (Fig. 2, a and b).

A recognized property of fibronectin is to make cells spread
on plastic Petri dishes. Thus, after 2 h, hepatocytes cultured
with fibronectin have a similar morphology as hepatocytes
cultured for 6 h without fibronectin (Fig. 2c). The delay in
spreading and CYP2C11 mRNA loss in untreated cultures is
commensurate with the finding that hepatocyte isolation
with collagenase depletes cell-associated levels of fibronectin
and that these do not increase to levels comparable with the
intact donor organ until after 4 to 6 h of culture (Fig. 3a).
Similarly, examination of fibronectin levels in the culture
medium indicates that hepatocytes take 4 h to secrete suffi-
cient fibronectin to result in a medium concentration of 1
mg/ml (Fig. 3b).

The results presented in Fig. 2b demonstrate that the
ability of fibronectin, added exogenously, to promote hepato-
cyte spreading is dependent on its concentration, as is the
loss of CYP2C11 and CuZnSOD mRNAs. Heat-denatured
fibronectin (90°C for 60 min) did not promote hepatocyte
spreading or mRNA loss. Both parameters share a median
effective concentration for fibronectin of approximately 1 mg/
ml. That hepatocyte substratum attachment and spreading
are involved in the loss of these mRNAs is demonstrated by
preventing cell adhesion with PHEMA and by physically
constraining spreading by culturing hepatocytes at three
times the density that normally results in confluence. In both
instances, fibronectin was unable to promote the loss of
CYP2C11 and CuZnSOD mRNAs (Fig. 4, a and b). Finally,
that fibronectin is operating through its a5b1 integrin recep-
tor (Ruoslahti, 1988) is demonstrated by the ability of anti-
bodies that block the function of either the a5 or b1 subunits
to prevent the loss of CYP2C11 and CuZnSOD mRNAs (Fig.
4c) as well as prevent spreading (data not shown), whereas
antibody to the b4 subunit, used as control, is ineffective.

To gain an insight into the signal transduction pathways
that regulate cell shape changes and mRNA loss, we treated
hepatocytes with a variety of cell-signaling inhibitors and
found the results clustered into three groups (Fig. 5a). One
group, typified by protein kinase A inhibitor and pertussis
toxin as well as all of the solvent controls used, is composed
of hepatocytes that have spread and lost their CYP2C11
mRNA. That hepatocyte spreading is involved in CYP2C11
loss is supported further by the population that has neither
increased its diameter in response to fibronectin nor lost
CYP2C11 mRNA. Exactly the same clusters were found for
CuZnSOD mRNA abundance (Fig. 5b). No hepatocyte popu-
lation that had not spread but lost CYP2C11 and CuZnSOD
transcripts was observed. However, the existence of a popu-
lation that has spread but not lost CYP2C11 or CuZnSOD
mRNAs (Fig. 5a) implies that the ultimate mechanism in-
volved in mRNA loss is distal to the spreading process. In this
respect, the finding that inhibitors of transcription and
translation prevent the loss of CYP2C11 and CuZnSOD tran-
scripts (Fig. 5b) suggests that the hepatocytes need to syn-
thesize an entity to lose these mRNAs. An obvious candidate
is an RNase, especially because fibronectin promotes the loss
of poly(A1) mRNA (Fig. 6a). The results presented in Fig. 6b
demonstrate that fibronectin induces cellular RNase activity

Fig. 3. Western blot of fibronectin levels in hepatocyte culture medium
and hepatocytes in culture. a, levels of hepatocyte-associated fibronectin
in intact liver and cultured hepatocytes. Lane 1, 20 mg of intact liver
protein (IL); lane 2, 20 mg of isolated hepatocyte protein (IH); lane 3, 20
mg of hepatocyte protein cultured for 2 h (2hr); lane 4, 20 mg of hepatocyte
protein cultured for 4 h (4hr); lane 5, 20 mg of hepatocyte protein cultured
for 6 h (6hr); lane 6, 20 mg of hepatocyte protein cultured for 24 h (24hr);
lane 7, 0.1 mg of rat fibronectin (rf); lane 8, 0.1 mg of bovine fibronectin
(bf); lane 9, 1.0 mg of rat fibronectin (rf). b, release of fibronectin by
hepatocytes into the culture medium. The concentrated equivalent of 120
ml of medium was analyzed: lane 1, control medium (0hr); lane 2, medium
after 2 h of culture (2hr); lane 3, medium after 4 h of culture (4hr); lane
4, medium after 6 h of culture; lane 5, medium after 24 h of culture (24hr);
lane 6, 0.1 mg of rat fibronectin (rf); lane 7, 0.1 mg of bovine fibronectin
(bf); lane 8, 30 mg of rat serum protein; lane 9, 0.5 mg of rat fibronectin (rf).
Culture medium (supplemented with 100 mg BSA/ml to block nonspecific
binding) containing 0.25 mg rat fibronectin/ml was added to culture plates
without cells and incubated for up to 24 h to determine the degree of
fibronectin binding to the culture plate, centrifugal elutriator, etc. No
adherence was observed (data not shown). Arrows give position of protein
molecular mass (kDa) markers.
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and that this is blocked by genistein, which is also effective at
preventing hepatocyte spreading and CYP2C11/CuZnSOD
mRNA loss.

In contrast to the fibronectin mediated loss of CYP2C11,
CuZnSOD, and poly(A1) mRNAs, the results presented in
Fig. 7a show that the abundance of albumin mRNA remains
relatively constant throughout a 24-h culture period. Simi-
larly, incubation of extracts of hepatocytes treated with fi-
bronectin mimic the culture situation by enhanced degrada-
tion of in vitro transcribed CYP2C11 mRNA but not of
albumin mRNA (Fig. 7b).

Discussion

It has been known for many years that fibronectin, an
extracellular matrix protein present in fetal calf serum, pro-
motes hepatocyte attachment and spreading (Blaauboer and
Paine, 1979). The current work demonstrates that the cul-
ture of rat hepatocytes with bovine fibronectin accelerates
the loss of CYP2C11 and CuZnSOD mRNAs and that these
changes are correlated with cell spreading. Over the 4-h
time-frame studied, fibronectin accelerates the loss of
CYP2C11 and CuZnSOD mRNAs without affecting the tran-

Fig. 4. Effect of preventing hepatocyte attachment (a), preventing hepatocyte spreading (b), and antibodies to integrin subunits (c) on CYP2C11 and
CuZnSOD mRNA abundance in hepatocytes cultured for 2 h. a, Northern blot of RNA from hepatocytes cultured on plastic (2) or PHEMA-coated (1)
Petri dishes with (1) and without (2) 1 mg of bovine fibronectin/ml. b, Northern blot of RNA from hepatocytes cultured at 105 cells/cm2 (2) or three
times this density (1) on plastic Petri dishes with (1) and without (2) 1 mg of bovine fibronectin/ml. c, Northern blot of RNA from hepatocytes cultured
with (1) and without (2) 1 mg of bovine fibronectin/ml and 5 mg/ml of functional blocking antibody (Life Technologies, Gaithersburg, MD) to a5, b1,
or b4 integrins as indicated. All results typical of three separate experiments.

Fig. 5. Effect of signal transduction inhibitors on fibronectin mediated hepatocyte spreading and CYP2C11 mRNA abundance. a, scatter-plot
comparing effects of cell-signaling inhibitors on hepatocyte diameter and CYP2C11 mRNA abundance in hepatocytes cultured for 2 h with 1 mg of
bovine fibronectin/ml. The diameter of 200 cultured hepatocytes in each treatment group was determined by phase contrast microscopy using a
calibrated eye-piece graticule. Filled symbols, solvent controls. Results are the mean 6 S.D. of between 3 and 12 separate experiments. b, inhibitor
concentrations used and resultant hepatocyte phenotype.

Hepatocyte Shape and CYP2C11 mRNA Loss 979

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


scription of these genes. Indeed, CuZnSOD mRNA abun-
dance was chosen for study because its rate of transcription
in hepatocytes is so slow that such rapid changes in its
mRNA levels entirely reflect degradative events (Dougall
and Nick, 1991). These changes in CYP2C11 and CuZnSOD
mRNA abundance are mediated by fibronectin added either
exogenously (Fig. 2) or synthesized (Odenthal et al., 1992) by
the hepatocytes themselves (Fig. 3) which then seemingly
acts in an autocrine fashion. Although other investigators
(e.g., Scheutz et al., 1988; Niwa et al., 1996) have shown that
qualitative changes in hepatocyte shape can prevent the loss
of CYPs, the current work, to the best of our knowledge, is the
first report to demonstrate that extracellular matrix proteins
such as fibronectin actively promote the extinction of hepa-
tocyte phenotype in vitro. In this respect we have found that
fibronectin, through binding to a a5b1 integrin activates a
signal transduction pathway that leads to the loss of

CYP2C11 and CuZnSOD mRNAs. Thus, despite the different
molecular weights of bovine and rat fibronectins (Fig. 3)
because of splice variants and degree of glycosylation, both
forms interact with the a5b1 integrin receptor through an
“RGD” domain (Ruoslahti, 1988). Accordingly, both rat and
bovine fibronectins can activate the same signal transduction
pathway, which, based on inhibitor studies, involves tyrosine
kinases and, in view of the sensitivity to cytochalasin D (Fig.
5b), actin polymerization. However, the finding that hepato-
cytes can spread and not lose CYP2C11 mRNA (Fig. 5a)
suggests that cytoskeletal rearrangements may only initiate
the process. Because this “spread but not degraded” popula-
tion is composed of hepatocytes treated with suramin, a
receptor-G protein uncoupler (Beindl et al., 1996) and lova-
statin, an inhibitor of ras function (Cuthbert and Lipesky,
1997), the pathway leading to CYP2C11 mRNA degradation
possibly involves the participation of small GTPases subse-

Fig. 6. Ribonuclease activity, CYP2C11, CuZnSOD, and poly(A1) mRNA abundance in hepatocytes cultured with fibronectin. a, time-course of
poly(A1) mRNA loss in hepatocytes cultured with (Œ) and without (‚) 1 mg of bovine plasma fibronectin/ml of culture medium. Percentage mRNA is
presented as abundance, normalized to 28S rRNA, compared with that present in intact donor liver (IL). IH, freshly isolated hepatocytes before
culture. b, ribonuclease (RNase) activity (black bars) assayed in extracts of hepatocytes cultured for 2 h with (1) or without (2) 1 mg of fibronectin/ml
(F) and 100 mM genistein (G) and compared with percentage of isolated cells (IC) CYP2C11 (open bars) and CuZnSOD (gray bars) mRNA levels.
Results are the mean 6 S.D. of three separate hepatocyte preparations. n/d, not detectable.

Fig. 7. Albumin mRNA abundance in hepatocytes cultured with fibronectin and the degradation of in vitro transcribed CYP2C 11 and albumin
mRNAs. a, Northern blot of RNA from hepatocytes cultured with 1 mg of fibronectin/ml probed for albumin mRNA. b, RNase activity of hepatocyte
extracts assayed (Wang et al., 1997) toward calf liver RNA, a 1956-nucleotide (nt) albumin mRNA and a 1865-nt CYP2C11 mRNA. Albumin mRNA
can be predicted from the plasmid map to contain the full coding sequence, the 39-untranslated region but no poly(A1) tail. CYP2C11 mRNA can be
predicted to contain 5 nt of the 59-untranslated region, the full coding sequence, the 39-untranslated region and a 27-mer poly(A1) tail. Results are
mean 6 S.D. of three separate hepatocyte preparations. p denotes significantly different (P . .05) by Student’s t test from freshly isolated hepatocytes
(IH) and hepatocytes cultured for 2 h without fibronectin. n/d, not detected.
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quent to the action of focal adhesion tyrosine kinases. Al-
though these tyrosine kinases are inhibited by genistein it
would have been useful, in retrospect, to have determined the
effects of suramin and lovastatin on the fibronectin mediated
induction of ribonuclease activity. However, a ribonuclease
seems the most likely candidate to mediate the loss of
CYP2C11 and CuZnSOD mRNAs, especially in view of the
generalized loss of poly(A1) mRNA (Fig. 6a), as well as the
inhibitory effect of genistein on both ribonuclease activity
and CYP2C11 loss produced by fibronectin (Fig. 6b). Finally,
this “spread but not degraded” population also is composed of
hepatocytes treated with inhibitors of RNA transcription and
translation, which also prevent the fibronectin-mediated in-
duction of ribonuclease activity (data not shown).

In contrast to the fibronectin-mediated loss of CYP2C11,
CuZnSOD, and poly(A1) mRNAs the results presented in
Fig. 7a show that the abundance of albumin mRNA remains
relatively constant throughout a 24-h culture period. Simi-
larly, incubation of extracts of hepatocytes treated with fi-
bronectin mimic the culture situation by enhanced degrada-
tion of in vitro transcribed CYP2C11 mRNA but not of
albumin mRNA (Fig. 7b). The resistance of in vitro tran-
scribed albumin mRNA to degradation seems not to be
caused by protection by proteins present in the hepatocyte
extracts, because the addition of bovine pancreatic ribonucle-
ase A resulted in a complete degradation of this transcript.
Thus it remains to be determined whether the selectivity
between CYP2C11 and albumin mRNAs resides in the spec-
ificity of the ribonuclease induced by fibronectin.

In conclusion, the experimental system described here pro-
vides a unique opportunity to investigate further the rela-
tionships between cell shape, ribonuclease induction, and the
specificity controlling mRNA degradation. From an applied
view, greater consideration of hepatocyte shape and function
may improve the utility of this in vitro system in pharmaco-
logical and toxicological research.
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