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Hepatic resection in cirrhotic patients is associated with
impaired liver regeneration and poor clinical outcome.
Because experimental cirrhosis is associated with he-
patic cell hypoxia, we herein investigated whether hy-
poxia might alter the mechanisms of liver regeneration
in the cirrhotic liver. Cirrhosis was induced by dieth-
ylnitrosamine in rats. Immunohistochemistry was per-
formed to assess hepatocellular hypoxia and prolifera-
tion 24 hours after a two-thirds partial hepatectomy
(PH) in cirrhotic and control rats. Cultured hepatocytes
and myofibroblastic hepatic stellate cells were submit-
ted to hypoxia using anaerobic jars. Hepatocyte growth
factor (HGF) and c-Met expressions were determined by
reverse transcriptase-polymerase chain reaction,
Northern blot, and Western blot. In control rats, hy-
poxia was restricted to perivenular hepatocytes, and PH
induced a marked increase in hepatocyte proliferation
and in liver HGF expression, whereas c-Met expression
remained unchanged. In cirrhotic rats, hypoxia was
detected virtually in all of the hepatocytes, and PH in-
duced no significant change in hepatocyte proliferation
and in liver HGF expression, whereas c-Met expression
was decreased as compared to normal livers. In vitro,
the expression of HGF in myofibroblastic hepatic stel-
late cells and of c-Met in hepatocytes underwent a dra-
matic decrease under hypoxia. Our results suggest that
hepatocellular hypoxia causes inhibition of HGF (and of
c-Met)-mediated proliferation and thereby might con-
tribute to liver regeneration failure in cirrhotic liver.
(Am_J Patbol 2002, 160:613—620)

Cirrhotic liver regenerates less actively than normal liver
after partial hepatectomy (PH)'~2 and liver resection in

cirrhotic patients is often followed by higher morbidity
and mortality than in noncirrhotic patients.® It was re-
cently shown that liver regeneration in rats with CCl,-
induced cirrhosis is deficient and associated with a lower
level of signals that normally promote liver growth.® Yet,
the molecular mechanisms responsible for impaired re-
generation in the cirrhotic liver are still poorly known.

Hepatocyte growth factor (HGF), a ligand for the c-Met
proto-oncogene product, is the most potent stimulator of
hepatocyte proliferation.® HGF exerts multiple biological
properties in the liver, including mitogenic,” anti-fibrotic,®
and cytoprotective® activities. In the liver, HGF is pro-
duced by nonparenchymal cells,'® such as hepatic stel-
late cells (HSCs), sinusoidal endothelial cells, and
Kupffer cells, and targets parenchymal hepatocytes,'”
endothelial cells,'® and bile duct epithelial cells.’® HGF is
one of the major mitogens early engaged in liver regen-
eration after PH and liver injury."*~"7

In a previous study, we have shown that experimental
biliary cirrhosis is invariably associated with hepatocellu-
lar hypoxia.'® To determine whether hypoxia might di-
rectly influence the mechanisms of liver regeneration in
cirrhotic liver, we investigated the relationship between
local hypoxia and posthepatectomy expression of HGF
and of c-Met in experimental cirrhosis. We also tested
whether in vitro hypoxia influenced the expression of HGF
in myofibroblastic HSCs and that of c-Met in hepatocytes.

Materials and Methods

Animal Model

Male Wistar rats, weighing 200 to 225 g, received dieth-
ylnitrosamine (Sigma, St Quentin en Yvelines, France) at
a dosage of 100 mg/kg of body weight (n = 5) or 0.9%
sodium chloride (controls, n = 5) intraperitoneally once a
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week for 6 weeks. Two weeks after the last injection, a
standard two-thirds PH was performed, as previously de-
scribed. ' Rats were killed 24 hours after hepatectomy. One
hour before killing, they received a single intravenous injec-
tion of pimonidazole (Natural Pharmacia Int., Belmont, MA)
at a dosage of 120 mg/kg of body weight. In this study
involving animal experimentation, we provide assurance
that all animals received humane care according to criteria
outlined in the “Guide for the Care and Use of Laboratory
Animals” prepared by the National Academy of Sciences
and published by the National Institutes of Health (NIH
publication 86-23 revised 1985).

Histology and Immunohistochemistry

Liver samples were fixed in 10% buffered formalin, par-
affin-embedded, and sectioned at 4 um. For standard
histology, sections were stained with hematoxylin-eosin-
safran. Immunolabeling was performed using monoclo-
nal antibodies directed against pimonidazole (1:200; Nat-
ural Pharmacia Int.) and Ki-67 (1:200; Novocastra,
France). An avidin-biotin-peroxidase technique was used
for detection of immunostained cells. Pimonidazole im-
munoreactivity served as a marker of cell hypoxia, as
previously described.?° Hepatocyte proliferation was as-
sessed by determining the percentage of Ki-67-positive
hepatocyte nuclei, as previously described.?’

Cell Isolation and Culture

Hepatocytes were isolated from normal Wistar rats by a
method derived from Seglen.?? In brief, after in situ per-
fusion of the liver with 0.025% collagenase (Boehringer
Mannheim, Meglan, France), dispersed hepatocytes
were filtered through a 100-um gauze, then centrifuged
twice at 600 rpom. Hepatocytes were 85 to 90% pure, and
cell viability exceeded 90% as tested by erythrosin ex-
clusion. Cells were plated at an initial density of 1.0 X 10°
cells/cm? in 100-mm collagen I-coated culture dishes.
After 4 hours, the medium was replaced by a serum-free
medium with 1 umol/L of hydrocortisone hemisuccinate
and insulin (0.25 U/ml medium). Medium was changed at
24 hours, then hepatocytes were subjected to hypoxia.
HSCs were isolated from normal Wistar rats as previously
described.?? In brief, after in situ perfusion of the liver with
0.18% pronase and 0.025% collagenase (both from
Boehringer Mannheim), dispersed cells were fraction-
ated by centrifugation through a 8.2% Nycodenz density
gradient (Sigma) and HSCs were removed from the up-
per fraction. HSCs were >99% pure, and cell viability
exceeded 90% as tested by erythrosin exclusion. Cul-
ture-activated myofibroblastic HSCs were used within
passages 3 and 5. Myofibroblastic HSCs were serum-
starved 1 hour before hypoxic treatment.

Hypoxic Treatment

Hypoxic condition was achieved using AnaeroGen sys-
tem (Oxoid, Dardilly, France), which catalytically reduces
oxygen concentration to <1% within 30 minutes.?* In

brief, culture dishes were placed into a 2.5-L air-tight jar
with an AnaeroGen sachet, and the lid was closed imme-
diately. Then, the jar was incubated at 37°C until opening.
Controls included parallel cell cultures in normoxia.

Assay of Cell Toxicity

Toxicity of hypoxia on hepatocytes and culture-activated
HSCs was assessed by determining the release of lactate
dehydrogenase activity in the medium as previously de-
scribed.?®

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Analysis

Total RNAs were extracted from frozen tissue samples
and cells by a guanidium thiocyanate-based method
(Trizol; GIBCO BRL, Bethesda, MD). First strand cDNA
was generated with MMLV reverse transcriptase using 5
ng of total RNAs and pd(N)6 primers (Pharmacia Bio-
tech, Europe Orsay, France). The primers were designed
according to the published rat cDNA sequences in
EMBL: HGF, accession number D90102; c-Met, X96786;
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
AF106860; vascular endothelial growth factor (VEGF),
M32167; albumin, V01222; transforming growth factor
(TGF)-B1, X52498; 28S rRNA, M11120 (primers se-
quences are available on request). Target genes were
amplified using 75 ng of reverse-transcribed total RNAs.
Each sense primer was labeled with a 5’-fluorescent dye
(6-FAM). The PCR conditions were defined to assess the
relative rate of each target during the ascendent ampilifi-
cation phase. PCR products were quantified by fluoro-
densitometry using the Genescan Software of an ABI
model 373A automated DNA sequencer (Applied Biosys-
tems, Applera France, Courtaboeuf, France).

Northern Blot Analysis

Five ug of total RNA were subjected to electrophoresis
through a 1.2% agarose-formaldehyde gel, and blotted
onto a nylon membrane filter. After prehybridization, the
filter was incubated overnight at 42°C in a 50% formamide
buffer with a **P-labeled probe. cDNA probes for c-Met,
VEGF, and albumin were generated by RT-PCR as de-
scribed above. After washing, the filter was exposed on
X-ray film and results were quantitated by scanning densi-
tometry. A 28S rRNA oligonuclectide probe was used for
normalization.?®

Western Blot Analysis

Proteins were extracted from cells as previously de-
scribed.'® Ten ug of protein were subjected to electro-
phoresis through a 9- to-12% sodium dodecyl! sulfate-
polyacrylamide gel, and transferred to a nitrocellulose
membrane. After blocking of nonspecific binding sites,
filters were incubated at 4°C with a polyclonal antibody
directed against human HGF-«a (1:300), murine c-Met



(1:200), and human TGF-B1 (1:200) (Santa Cruz Biotech-
nology, Santa Cruz, CA) overnight. Revelation was per-
formed by a chemiluminescence-based method (ECL;
Pharmacia Biotech Europe, Orsay, France).

Measurement of cAMP Level

Intracellular concentration of cAMP in culture-activated
HSCs was measured using a radioimmunoassay kit ac-
cording to the manufacturer’s instructions (NEN, Life Sci-
ence Products, Paris, France).

Statistical Analyses

Independent means were compared by the Mann-Whit-
ney U test. Paired means were compared by the Wil-
coxon signed rank test. Data are expressed as means =
SEM. All reported P values are two-sided, and a P value
<0.05 was considered statistically significant.

Results

Hepatocellular Hypoxia Is Associated with
Impairment of Liver Regeneration

Liver regeneration was induced in normal and diethyIni-
trosamine-treated rats by a standard two-thirds PH. At the
time of surgery, all diethylnitrosamine-treated rats had
histologically demonstrated cirrhosis. Twenty-four hours
after PH, hepatocellular hypoxia was evidenced by im-
munodetection of pimonidazole adducts on liver tissue
sections (Figure 1, A and C). Whereas pimonidazole
immunolabeling was of low intensity and mainly detected
in perivenular hepatocytes in control livers (Figure 1A),
almost all of the hepatocytes in cirrhotic livers were la-
beled and in ~30% of them the labeling was highly
intense (Figure 1C).

Hepatocellular proliferation was assessed 24 hours
after PH in control (Figure 1B) and cirrhotic (Figure 1D)
livers by immunolabeling of Ki-67 nuclear antigen. Hepa-
tocyte proliferation was quantified by counting the Ki-67-
positive hepatocyte nuclei on liver tissue sections (Figure
1E). Before PH, the hepatocyte proliferation was higher in
cirrhotic than in control livers (52 = 4% versus 1 = 0%,
P < 0.05). After PH, there was a marked increase in
hepatocyte proliferation in control livers (76 = 2% versus
1 = 0%, P < 0.05), whereas the percentage of prolifer-
ating hepatocytes remained unchanged in cirrhotic livers
(57 = 3% versus 52 * 4%, ns) (Figure 1E).

The percentage of Ki-67-positive hepatocytes was
compared in five nodules showing no or a very faint
pimonidazole cytoplasmic staining and in five nodules
showing a strong pimonidazole staining (=50% of the
cells) in a representative cirrhotic liver sample before PH.
An average of 100 to 250 hepatocytes in two indepen-
dent fields by nodules was evaluated. The percentage of
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Ki-67-positive hepatocytes was significantly lower in pi-
monidazole-positive nodules (931 of 1698 hepatocytes;
54.8%) than in pimonidazole-negative nodules (1153 of
1376 hepatocytes; 83.3%; P < 0.001).

The expression of HGF (Figure 2A) and of c-Met (Fig-
ure 2C) transcripts was assessed by semiquantitative
RT-PCR in control and cirrhotic livers at 0 hours and at 24
hours after PH. Results were normalized based on
GAPDH expression (Figure 2, B and D). PH was associ-
ated with a marked and significant increase in HGF
mRNA level in control but not in cirrhotic livers (Figure
2B). Whereas PH induced no significant change in c-Met
mRNA level in control as well as in cirrhotic livers, the
abundance of c-Met mRNA was significantly lower in
cirrhotic than in control livers after PH (Figure 2D).

Hypoxia Induces Inhibition of HGF and c-Met
Expressions in Hepatic Cells

Rat hepatocytes and culture-activated myofibroblastic
HSCs were subjected to hypoxia (<1% oxygen tension),
whereas control cells were maintained under normoxia.
Toxicity of hypoxia was assessed in both cell types by
determining the release of lactate dehydrogenase activity
in the medium (data not shown). Noncytotoxic durations
of hypoxia, ie, =2 hours in hepatocytes and =24 hours in
myofibroblastic HSCs, were used in subsequent experi-
ments.

HGF expression was evaluated in activated HSCs un-
der hypoxic and normoxic conditions by semiquantitative
RT-PCR (Figure 3A) and by Western blot (Figure 3C).
VEGF mRNA expression, which is known to be hypoxia-
induced, and the amount of 28S rRNA, used as an inter-
nal standard, were determined in parallel by RT-PCR
(Figure 3A). HGF mRNA level was significantly de-
creased at 12 hours and at 24 hours of hypoxia (Figure
3B), whereas VEGF mRNA level was increased in the
same conditions (Figure 3A). Consistent with these RT-
PCR results, HGF expression was at the limit of detection
by Western blot at 24 hours of hypoxia (Figure 3C).

C-Met expression was assessed in hepatocytes under
hypoxic and normoxic conditions by Northern blot (Figure
4, A and B) and by Western blot (Figure 4, C and D). The
amounts of VEGF, albumin and 28S RNA were quantified
by Northern blot in the same time (Figure 4A). C-Met
mRNA level was significantly decreased after 2 hours of
hypoxia (Figure 4B), whereas in the same conditions
VEGF level was induced and albumin mRNA level, an
index of hepatocyte function, remained unchanged
(Figure 4A). Consistent with these results, Western blot
data confirmed the specific and significant decrease in
c-Met expression after 2 hours of hypoxia (Figure 4, B
and D).

Inhibition of HGF by Hypoxia in Activated HSCs
Is Not Mediated by cAMP or TGF-B1

It has been shown that cAMP stimulated HGF produc-
tion®”?® whereas TGF-B1 down-regulated HGF expres-
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sion in different cell types.2°3" To determine the influ-
ence of hypoxia on these two factors, we measured the
concentration of cAMP by radioimmunoassay and as-
sessed the expression of TGF-B1 by Western blot in
myofibroblastic activated HSCs under normoxic and hy-
poxic conditions (Figure 5, A and B). The concentration of
intracellular cAMP remained unchanged after 24 hours of

Figure 1. Hepatocellular hypoxia and posthepatectomy proliferation in con-
trol and cirrhotic livers on adjacent liver section samples. Hepatocellular
hypoxia was assessed 24 hours after PH in control (A) and cirrhotic (C) liver
samples by pimonidazole adducts immunolabeling (original magnifications,
X200). Hepatocellular proliferation was assessed 24 hours after PH in control
(B) and cirrhotic (D) liver samples by Ki-67 immunolabeling (original mag-
nifications, X200). E: Percentage of Ki-67-positive hepatocytes (means =+
SEM) was assessed on liver tissue sections from control and cirrhotic livers
before (open bars) and 24 hours after PH (filled bars). *, P < 0.05.

hypoxia (Figure 5A), whereas HGF mRNA and protein
were decreased in the same conditions (see Figure 3, B
and C). Similarly, the amount of TGF-B1 protein (precur-
sor and mature forms) did not increase after 24 hours of
hypoxia (Figure 5B). Northern blot data confirmed the
absence of increase in TGF-B1 expression in myofibro-
blastic HSCs after 24 hours of hypoxia (data not shown).
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Figure 2. Changes in HGF and c-Met mRNA expression after PH in control
and cirrhotic livers. HGF (A) and c-Met (C) transcripts were co-amplified
with GAPDH mRNA by using RT-PCR in control and cirrhotic liver samples
before and 24 hours after PH. RT-PCR products were quantified within the
ascending phase of amplification by fluorodensitometry and the results were
normalized using GAPDH amplification. Semiquantification of HGF (B) and
c-Met (D) is shown as means *= SEM (7 = 5 animals in each group). *, P <
0.05.

Discussion

The present study, in keeping with our previous observa-
tions,'® shows that local hypoxia is a constant event in
cirrhotic livers. We show that hepatocyte proliferation is
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Figure 3. Hypoxia inhibits HGF expression in culture-activated myofibro-
blastic HSCs. A: HGF mRNA expression was assessed by semiquantitative
RT-PCR in HSCs maintained under normoxia or exposed to hypoxia. VEGF
was used as a control of hypoxia-induced gene. 28S rRNA served as an
internal standard. B: Semiquantification of HGF mRNA level (means = SEM,
n = 3) in HSCs exposed to normoxia (open bars) or hypoxia (filled bars)
for 6, 12, and 24 hours. C: HGF expression was estimated by Western blot in
HSCs exposed to normoxia or hypoxia for 24 hours. Additional evidence for
the specificity of the results is the detection of nonspecific bands sized at 45
kd that are not influenced by hypoxia.
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Figure 4. Hypoxia inhibits c-Met expression in hepatocytes. A: c-Met mRNA
expression was determined by Northern blot in hepatocytes in primary
culture maintained under normoxia or exposed to hypoxia. VEGF was used
as a control of hypoxia-induced gene. Albumin was used as a control gene
of hepatocellular function. 28S rRNA served as an internal standard. B:
Quantification of c-Met mRNA level (means = SEM, 7 = 3) in hepatocytes
under normoxia (open bars) or hypoxia (filled bars) for 1 and 2 hours. C:
c-Met expression was estimated by Western blot in hepatocytes exposed to
normoxia or to hypoxia for 2 hours. Additional evidence for the specificity of
the results is the detection of nonspecific bands sized at 65 kd that are not
influenced by hypoxia. D: Quantification of ¢-Met protein level (means *
SEM, 7 = 3) in hepatocytes under normoxia (open bars) or hypoxia (filled
bars) for 2 hours. *, P < 0.05.
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decreased in hypoxic nodules as compared to normoxic
nodules in the same representative cirrhotic liver sample.
We herein demonstrate that HGF expression and hepa-
tocyte proliferation in the cirrhotic livers do not increase
after PH as opposed to normal livers. In addition, we
show that c-Met expression after PH is significantly lower
in cirrhotic than in normal livers. Finally, we demonstrate
that in vitro hypoxia directly inhibits the expression of HGF
in myofibroblastic HSCs and that of c-Met in hepatocytes.
Taken together, these results indicate that hepatocellular
hypoxia, through the inhibition of HGF and of its receptor
c-Met, might contribute to liver regeneration failure in
cirrhosis.

We observe, first, that hepatocyte proliferation activity
is increased in diethylnitrosamine-induced cirrhotic livers
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Figure 5. Inhibition of HGF by hypoxia in activated HSCs is not mediated by
CcAMP or TGF-B1. A: Quantification of cAMP concentration by radioimmu-
noassay in HSCs under normoxia (open bars) and hypoxia (filled bars) for
24 hours (means = SEM, 7 = 3). B: The expression of precursor (54 kd) and
mature (13 kd) forms of TGF-B1 was studied by Western blot in HSCs
maintained under normoxia and exposed to hypoxia for 24 hours.
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as compared to control livers, and secondly, that cirrhotic
livers show a significantly depressed capacity for regen-
eration after PH. These findings are consistent with data
obtained in other experimental models of cirrhosis.”® In
addition, our in vivo data show that local hypoxia is asso-
ciated with an impaired capacity of the liver to regener-
ate. Hepatocellular hypoxia in cirrhotic livers might be
explained by the impairment of sinusoidal permeability
and perfusion,®*3* which could result from several
mechanisms, including intrahepatic shunts,3>3¢ veno-
occlusive lesions,®”%® and capillarization of sinu-
soids.®9%? Indirect evidence of hypoxia influence on he-
patic function has been provided by pharmacological
studies showing that oxygen supply in patients with cir-
rhosis increased the hepatic clearance of drugs and
restored hepatocyte energy status.*'#?

In keeping with our findings, a decrease in c-Met ex-
pression has been observed in CCl,-induced cirrhotic
liver after PH.® Furthermore, a direct effect of hypoxia has
been shown on c-Met expression in isolated rat pancre-
atic islets*® and on HGF expression in vascular cells.**
Consistent with these observations, our results support
the hypothesis that the hypoxia that occurs in the cirrhotic
liver exerts a direct inhibitory effect on both HGF and
c-Met expressions in hepatic cells. Moreover, because
HGF was found to up-regulate its own receptor,**“¢ one
can suggest that decreased expression of c-Met in the
cirrhotic liver might result from both a direct effect of local
hypoxia and HGF decrease. Finally, as shown for VEGF,
hypoxia might down-regulate c-Met expression not only
at the transcriptional level but also at the translational
and/or posttranslational levels resulting in the different
decreases observed between c-Met protein and mRNAs.
The same comment applies to HGF protein and mRNAs but
further studies are required to confirm this hypothesis.

Although we found a similar expression of HGF and
c-Met transcripts in cirrhotic livers as compared to control
livers before PH, the percentage of Ki-67-positive hepa-
tocytes in cirrhotic nodules was significantly increased,
illustrating a low but permanent increased regenerative
activity in cirrhotic livers. This regenerative activity might
be because of other growth factors such as epidermal
growth factor and TGF-«, which are also involved in the
liver regeneration® and are increased in cirrhotic livers
unlike HGF. Furthermore, it has been observed that en-
dogenous HGF expression in rat cirrhotic livers could be
enhanced by human HGF gene therapy, suggesting that
the very low basal expression of HGF in cirrhotic livers is
probably not maximal and might be stimulated.*® These
data and our present results support the hypothesis that
HGF is significantly decreased in cirrhotic livers both
before and after PH.

It has been shown that cirrhosis is associated with a
progressive increase in epidermal growth factor expres-
sion and a trend toward TGF-a up-regulated expression
in rats.*” In addition, increased TGF-a expression has
been observed in vivo in the serum and in the liver of most
cirrhotic patients, mainly in regenerating hepatocytes of
cirrhotic nodules.*®°° Moreover, it has been recently
shown that TGF-a might be hypoxia-induced (as well as
VEGF) through the von Hippel-Lindau tumor suppres-

sor.®" However, although epidermal growth factor and
TGF-a are increased in cirrhotic livers (maybe in part as
a result of hypoxia), liver regeneration remains impaired
suggesting that hypoxia-induced HGF deficiency might
play a significant role in this negative effect.

Our hypoxic conditions in vitro are probably more se-
vere than those observed in cirrhotic livers as ascer-
tained by pimonidazole assay. This may explain the dif-
ference in c-Met decreases observed in vivo and in vitro.
However, the residual expression of c-Met in the cirrhotic
liver is sufficient to allow cell proliferation. Indeed, HGF
administration in rats treated with dimethylnitrosamine
prevents the development of cirrhosis when adminis-
trated along with dimethylnitrosamine, accelerates the
recovery from liver cirrhosis, and prevents death be-
cause of hepatic dysfunction when given later.®2 Similar
results have been obtained after HGF gene therapy.®® In
addition, continuous intravenous infusion of HGF en-
hances the growth and function of the remnant liver in
rats with cirrhosis after PH.'” These findings support the
hypothesis that hypoxia-mediated regeneration failure
depends on reduction of HGF production in myofibro-
blastic-activated HSCs rather than on reduced c-Met
expression in hepatocytes.

The molecular mechanism of HGF inhibition in HSCs in
response to hypoxia is still unclear. It has been sug-
gested that down-regulation of HGF by hypoxia in vas-
cular cells might be because of an early decrease in
cAMP concentration,** and potentially to a late increase
in TGF-B, a potent growth inhibitor of hepatocytes that
inhibits HGF expression.?®%275% |n the present study, we
did not observe a significant decrease in cAMP concen-
tration or an increase in TGF-B1 expression in culture-
activated HSCs after 24 hours of hypoxia, whereas HGF
expression was down-regulated. These results suggest
that cAMP and TGF-B1 do not play a major role in the
inhibition of HGF by hypoxia in our experimental condi-
tions.

In conclusion, our study provides evidence that hepa-
tocellular hypoxia inhibits HGF and to a lesser extent
c-Met expressions and might thereby interfere with the
regeneration of the cirrhotic liver. These data suggest
that treatments susceptible to reduce hepatic cell hy-
poxia might improve liver regeneration and prevent the
onset of liver failure in cirrhotic patients.
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