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Peritonitis causes mesothelial detachment that may
result in persistent peritoneal denudation and fibro-
sis. We investigated whether hepatocyte growth fac-
tor (HGF), a scatter factor that induces detachment
from substrate and fibroblastic transformation of sev-
eral cell types, is produced during peritonitis and is
active on mesothelial cells. We studied 18 patients on
peritoneal dialysis, 9 uncomplicated, 9 with peritoni-
tis. HGF was measured in serum, peritoneal fluid, and
supernatant of peripheral blood mononuclear cells
and peritoneal mononuclear cells. Primary culture of
human peritoneal mesothelial cells and the human
mesothelial cell line MeT-5A were conditioned with
recombinant HGF, serum, and peritoneal fluid. HGF
levels were significantly higher in serum and perito-
neal fluid of peritonitic than uncomplicated patients.
Mononuclear cells of peritonitic patients produced
more HGF than cells of uncomplicated patients.
Recombinant HGF, serum, and peritoneal fluid of
peritonitic patients caused mesothelial cell growth,
detachment , transformation from epithelial to fi-
broblast-like shape, overexpression of vimentin,
and synthesis of type I and III collagen. In conclu-
sion , HGF released during peritonitis causes a
change in mesothelial cell phenotype and function.
HGF may affect the healing process facilitating re-
pair through mesothelial cell growth, but may con-
tribute to peritoneal fibrosis inducing cell detach-
ment with mesothelial denudation and collagen
synthesis. (Am J Pathol 2001, 159:1275–1285)

In patients on continuous ambulatory peritoneal dialysis
(CAPD) recurrent episodes of peritonitis may result in
peritoneal fibrosis and consequently in dialysis failure.1,2

The pathogenic mechanisms accounting for the phenom-
enon are poorly understood, but loss of mesothelial cell
adhesion with separation of cells from one another and
detachment from the basal membrane, extracellular ma-

trix deposition, and angiogenesis in the submesothelial
layer are characteristic features of the process.3 Al-
though mesothelial cells are the victim of peritoneal in-
flammation, recent studies suggest that they participate
as culprit in the fibrotic transformation of the peritoneal
membrane. In fact, mesothelial cells can release inflam-
matory cytokines4–7 and when exposed to peritoneal ef-
fluents obtained from patients on CAPD they can up-
regulate transcription and expression of collagen.8

However, the factor(s) that induces such collagenogenic
activity is unknown.

Hepatocyte growth factor (HGF)/scatter factor was first
identified as a mitogen for hepatocytes. It was then
shown that the receptor for HGF is the product of met
proto-oncogene,9 that HGF stimulates the proliferation of
other cell types (renal tubular cells, endothelial cells,
some tumor cell lines) and that its biological effects in-
clude loss of cell adhesion from substrate, cell migration,
transformation of cell into a fibroblast-like phenotype,
angiogenesis, and morphogenesis.10–12 Experimental
and human studies have shown that HGF is released in
organs acutely injured by toxic, inflammatory, or mechan-
ical insults and works as a paracrine effector of tissue
repair.13,14 In addition, circulating substances released
from the damaged tissue induce the production of HGF in
distant intact organs, so that HGF secreted in an endo-
crine manner participates in tissue regeneration.15 Cells
of mesenchymal origin, such as Kupffer cells and pulmo-
nary fibroblasts were first identified as the producers of
HGF.13,15 We have shown that glomerular mesangial
cells14 and peripheral blood mononuclear cells (PBMCs)
activated by cytokines also are a source of HGF.16

Peritonitis is an acute inflammatory injury that may
stimulate both local and distant HGF production. HGF
released during peritoneal inflammation may act on the
peritoneum in several ways: it may induce proliferation of
mesothelial cells, thus favoring remesothelization, or it
may account for phenomena that forerun peritoneal fibro-
sis, i.e., mesothelial cells detachment with peritoneal de-
nudation and submesothelial angiogenesis. Furthermore,
mesothelial cells under the effect of HGF may assume a
fibroblast-like phenotype and synthesize collagen. Based
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on these premises, our study was performed with two
objectives: 1) to investigate whether HGF is released
during peritonitis, and 2) to demonstrate that HGF pro-
duced during peritonitis causes phenotypic and func-
tional changes in mesothelial cells.

Materials and Methods

Patients

The study was performed in 18 patients on CAPD, 9 of
whom were studied during uncomplicated treatment
(CAPD) and 9 during acute peritonitis (CAPDP). The di-
agnosis of peritonitis was based on clinical signs (cloudy
peritoneal fluid, abdominal pain), leukocyte count �100/
mm3 and positive culture in peritoneal fluid. The two
groups of patients were matched for age, time on CAPD,
number of peritonitic episodes, and index of dialysis
adequacy (KT/V). All underwent four exchanges of dialy-
sate daily with a glucose concentration of 1.36 to 3.86
g/dl, according to the need of body fluid balance. Six
normal volunteers (N) and six uremic patients on conser-
vative treatment undergoing peritoneal catheter implan-
tation (uremic/non-CAPD) were used as controls. Patients
and controls had normal liver biochemical indexes, neg-
ative tests for hepatitis B and C virus infection, and de-
nied alcohol abuse.

Experimental Design

The study was designed to investigate whether peritonitis
causes release of HGF in blood and peritoneum, and
stimulates PBMCs and peritoneal mononuclear cells (Pt-
MCs) to produce HGF. In addition, we studied the effects
of recombinant HGF (rHGF), serum, and peritoneal fluid
on mesothelial cells in culture (growth, immunopheno-
type, morphology, collagen production, see later). Be-
cause commercial rHGF (R&D Systems, Minneapolis,
MN) is available only in monomeric, biologically inactive
form, we tested whether it is transformed into its dimeric
active form after being added to mesothelial cell culture.
To discriminate the specific effects of HGF contained in
serum and peritoneal fluid, we designed experiments in
which cell cultures were preincubated with anti-HGF anti-
body at neutralizing concentration, using mouse anti-
human IgG antibody (DAKO, Glostrup Denmark) as control.

Peritoneal effluent was collected from patients on
CAPD after overnight dwell. As control of peritoneal fluid
collected from patients on CAPD we used the fluid (2 L)
introduced into the peritoneal cavity just after catheter
implantation in uremic patients on conservative treatment
starting a CAPD program (uremic/non-CAPD peritoneal
fluid). The uremic/non-CAPD peritoneal fluid was drained
after 10 to 15 minutes dwell. Blood and peritoneal fluid
samples were collected from peritonitic patients within 36
hours of appearance of clinical signs of peritonitis (turbid
peritoneal fluid, abdominal tenderness, fever).

Part of the blood (5 ml) was centrifuged and the serum
was stored at �80°C, part (20 ml) was used to isolate
PBMCs. Similarly, an aliquot of cell-free peritoneal fluid

(10 ml) was stored at �80°C and the rest was used to
isolate PtMCs.

For conditioning mesothelial cells in culture, 2-ml ali-
quots of serum and 4-ml aliquots of peritoneal fluid sam-
pled from single patients were mixed to form four final
pools (normal, uremic/non-CAPD, uncomplicated CAPD,
CAPD with peritonitis).

Mesothelial Cell Culture

Primary Culture of Human Peritoneal Mesothelial
Cells (HPMCs)

Specimens of human omentum were obtained during
elective abdominal surgery. After several washings with
sterile phosphate-buffered saline (PBS) (Sigma) 4-to
5-cm2 tissue segments were incubated with 10 ml of PBS
and 10 ml of trypsin/ethylenediaminetetraacetic acid 1�
(Sigma) at 37°C for 30 minutes on a shaker. The pieces of
tissue were then discarded and the solution containing
cells in suspension was centrifuged at 1500 rpm for 10
minutes. The pellet was washed twice in RPMI 1640
(Sigma). After final resuspension the cells were planted in
75-cm2 flasks (Corning, Cambridge, MA) with 20 ml of
RPMI 1640, 20% fetal calf serum (FCS), 1% Insulin Trans-
ferrin Selenium-S (ITS) (Sigma), 1% penicillin/streptomy-
cin. After 48 hours cells in suspension and microscopic
tissue fragments were removed with culture medium. The
adhering cells were cultured and characterized at pas-
sage 3 using the following monoclonal antibodies: mouse
anti-human cytokeratin [diluted 1:2 in PBS/bovine serum
albumin (BSA) 1%; Becton-Dickinson, Franklin Lakes, NJ,
USA], mouse anti-human factor VIII (diluted 1:40 in PBS/
BSA 1%; DAKO), mouse anti-human antigen mesothelial
cell HMBE1 (diluted 1:1000 in PBS/BSA 1%; DAKO).
HPMCs were positive for cytokeratin and HMBE1 and
negative for factor VIII. The cells were used for experi-
ments at early passages4–5 to minimize dedifferentiation
and modification of original phenotype.

Human Mesothelial Cell Line MeT-5A

Human mesothelial cell line MeT-5A (ATCC, Rockville,
MD) was cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM)/F12 (1:1) medium (Sigma) supplemented
with 10% FCS at 37°C in a 5% CO2 humidified incubator
(Celbio, Milan, Italy).

In the various experiments designed (see later) the
culture medium of HPMCs and MeT-5A was supple-
mented with rHGF at scalar concentrations of 0, 3, 7, 10,
and 50 ng/ml and pooled serum or pooled peritoneal fluid
(20%). Fifty �g/ml of anti-HGF antibody (Sigma) were
added in neutralization experiments.

PtMCs Preparation and Culture

PtMCs were isolated from peritoneal fluid collected after
overnight dwell in patients on CAPD, and from uremic/
non-CAPD peritoneal fluid. Peritoneal fluid was filtered
through sterile gauze and centrifuged at 1800 rpm for 30
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minutes at 4°C. The cell pellet was washed three times
with PBS, centrifuged at 1500 rpm for 8 minutes at 4°C,
layered on lymphocyte separation medium (Hystopaque,
Sigma) and centrifuged again at 1500 rpm for 35 minutes
at 4°C. Cell subpopulations were studied by hemocytom-
eter and yielded the following cell types: uremic/non-
CAPD, lymphocytes 49 to 53%, monocytes 45 to 51%,
neutrophils 1 to 6%; uncomplicated CAPD, lymphocytes
46 to 52%, monocytes 45 to 52%, neutrophils 2 to 5%;
CAPD with peritonitis, lymphocytes 46 to 51%, mono-
cytes 42 to 50%, neutrophils 4 to 6%. Cell viability was
tested by trypan blue (Sigma) exclusion test and yielded
95 to 98% viable cells. The mononuclear cell layer was
harvested and washed with calcium- and magnesium-
free PBS, finally the cells were resuspended at a concen-
tration of 1 � 106/ml in Iscove’s medium (Gibco, Milan,
Italy), containing 100 IU/ml penicillin, 100 �g/ml strepto-
mycin, and 5% heat-inactivated FCS.

PtMC cultures were incubated for 48 hours at 37°C in
5% CO2 and the supernatant was collected and stored at
�80°C.

PBMC Isolation and Culture

We have described methods of PBMC culture in detail
previously.16 Briefly, PBMCs were separated by Hys-
topaque gradient and cultured in suspension (1 � 106/
ml) for 48 hours in Iscove’s containing 100 IU/ml penicillin
and 100 �g/ml streptomycin to which 5% decomple-
mented FCS was added. Hemocytometry yielded 80 to
87% lymphocytes, 11 to 17% monocytes, and 3 to 5%
neutrophils. Cell viability was tested by trypan blue ex-
clusion test and yielded 96 to 98% viable cells.

Cell-Free Peritoneal Fluid Preparation

After collection, peritoneal fluid was centrifuged at 1500
rpm for 15 minutes at 4°C. Supernatant was filtered
through 0.2-�m cellulose acetate filters (Corning) to elim-
inate cells and cell debris.

HGF Measurement

HGF concentration was measured in serum, peritoneal
fluid, and cell (PtMC and PBMC) culture supernatant
using a commercial Enzymatic Immuno Assay (EIA) (R&D
Systems), as described previously.14,16 The EIA detects
0.1 ng/ml of purified HGF and displays no cross-reactivity
with a wide variety of cytokines.

Mesothelial Cell Studies

Cell Growth Assay

HPMC (1 � 104/cm2) and MeT-5A (3 � 103/cm2) were
planted in 96-well dishes (Corning) and stimulated with
rHGF at scalar concentrations (0, 3, 7, 10, 50 ng/ml),
pooled serum, and pooled peritoneal fluid. After 48 hours
cell growth was evaluated with Cell Titer 96 assay (Pro-
mega Biotec, Madison, WI). The assay is based on a

colorimetric method determining the number of viable
cells.17 The [3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenil)-2-C4-sulfophenyl)-2H] (MTS) tetrazo-
lium compound (Owen’s reagent) is bioreduced by met-
abolic active cells into a colored formazan product that is
soluble in culture medium. Color intensity recorded at
570 nm is proportional to number of viable cells. Exper-
iments were repeated eight times with each dose of rHGF
and each pool of serum and peritoneal fluid.

Morphology

HPMCs (1 � 104/cm2) at passage 5 and MeT-5A (3 �
103/cm2) were planted in 6-well dishes and stimulated
with scalar concentrations of rHGF, and the pools of
serum and peritoneal fluid. After 48 hours the cells were
studied at inverted microscopy and photographed.

Immunocytochemistry

HPMCs (1 � 104/cm2) and MeT-5A (3 � 103/cm2) were
planted on chamber slides (Nunc, Roskilde, Denmark)
and stimulated for 48 hours with scalar concentrations of
rHGF, and the pools of serum and peritoneal fluid, with
and without the addition of anti-HGF antibody at neutral-
izing concentration. HPMCs were subsequently fixed in
formalin-acetate 6% for 10 minutes, washed in PBS, and
incubated in the dark-humid chamber at room temperature
for 60 minutes with mouse monoclonal antibody against
vimentin (DAKO) 1:20 v/v in PBS/BSA 1%, and pan-
cytokeratin 1:20 v/v in PBS/BSA 1%. After three further
washings in PBS, the cells were treated with the second-
ary antibody and the complex streptavidin-biotin-peroxi-
dase according to the manufacturers of the LSAB� kit
(DAKO). Visualization was in 3,3 diaminobenzidine. Har-
ris hematoxylin was used to counterstain the nuclei
lightly. Finally the cells were dehydrated in increasing
alcohol scale (95°C to 100°C, xylol) and the coverslip was
mounted with synthetic nonaqueous mounting media
(DAKO) for analysis with a Zeiss microscope. All exper-
iments were quadruplicated.

Collagen Synthesis

MeT-5A grown for 35 days in proline-free DMEM (Sig-
ma) were planted (3 � 105/dish) in 35-mm dishes (Fal-
con, Oxnard, CA) and cultured for 48 hours in ascorbate-
supplemented (80 �g/ml) medium containing scalar
concentrations of rHGF, the pools of serum, and perito-
neal fluid. Then, the medium in each dish was substituted
for a fresh one containing marked solution 0.7 ml made of
0.21 ml of 3H-proline (1 mCi; (Amersham Corp., Arlington
Heights, IL) and 4.2 ml of DMEM, and 0.1 ml of vitamin C
(80 �g/ml) and 1.2 ml of DMEM. After incubation for 24
hours at 37°C 70 �l of a commercial mixture 10� of
protease inhibitors (benzamidine, ethylenediaminetet-
raacetic acid, phenylmethyl sulfonyl fluoride, N-ethylma-
leimide, Sigma) were added in each dish. Then, the
supernatant was collected, 20 �l of collagen carrier (na-
tive collagen used to facilitate protein precipitation, 1
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mg/ml; Sigma) were immediately added to supernatant
and proteins were precipitated by adding ethanol (415
�l) for 1 hour at 4°C. After centrifugation at 13,000 rpm for
10 minutes, the pellet containing precipitated proteins
was collected and resuspended in 600 �l of 0.5 mol/L
acetic acid solution containing 100 �g/ml pepsin (Sig-
ma), i.e., an enzyme that digests all proteins but collagen
ones. After overnight incubation at 4°C, the digestion was
stopped by adding 600 �l of 4 mol/L NaCl solution in 1
mol/L acetic acid. Samples were then centrifuged at
13,000 rpm at 4°C and supernatant was discarded and
substituted for 100 �l of sample buffer. Samples were
warmed at 80°C for 5 minutes to achieve denaturation,
then allowed to return to room temperature and centri-
fuged again (10 minutes at 13,000 rpm) to achieve the
final samples. Five �l of each final sample were added to
5 ml of scintillation solution (Ecolume; ICN Pharmaceuti-
cal Inc., Irvine, CA) and radioactivity was counted (10
minutes, double reading) in a Packard 1500 Tri-Carb
liquid scintillation analyzer. A corresponding reagent
blank was prepared for each counting condition and
subtracted as background. Experiments were repeated
eight times with each pool of serum and peritoneal fluid.

Collagen Protein Electrophoresis

Aliquots of the final samples containing identical levels of
radioactivity were used to analyze the types of procollagen
by 6% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and autoradiography. Samples were run at 15 mA
for 30 minutes in glycine sodium dodecyl sulfate-Tris buffer.
The gel was washed with dimethyl sulfoxide two times for 30
minutes and then treated for 3 hours with 2,5 diphenylox-
azole solution (15% in dimethyl sulfoxide). After washing
with water for 1 hour and drying, autoradiography was
performed on a Kodak Safety film (Eastman Kodak, Roch-
ester, NY). The photograph plate was exposed for 8 days.
The control consisted of supernatant of cultured human skin
fibroblasts containing procollagen type I and type III, kindly
provided by Dr. G. Cetta, Department of Biochemistry, Uni-
versity of Pavia. The methods by which these fibroblasts are
grown and their collagen production is characterized have
been described in detail.18

Expression of HGF Receptor

The expression of the HGF receptor c-met was inves-
tigated in HPMCs by Western blot analysis. Cells (2 �
106) were lysed in lysis buffer containing 20% glycerol,
30% sodium dodecyl sulfate 10�, 12.5% Upper Tris, 0.25
TIU/ml aprotinin, and 10 mg/ml leupeptin. Aliquots of
lysate (40 �l) were size-fractionated by sodium dodecyl
sulfate-gel electrophoresis (3 to 10% gradient gels) and
the proteins were transferred to polyvinylidene difluoride
membranes (Bio-Rad Laboratories, Hercules, CA). The
membranes were blocked with 5% skim milk and incu-
bated overnight at 4°C with mouse anti-c-met monoclonal
antibody diluted 1:20 in PBS/BSA 1% (Novocastra, New-
castle on Tyne, UK). After three washings with PBS, the
membranes were incubated at room temperature with the

secondary antibody and the complex streptavidin-biotin-
peroxidase according to the manufacturers of the LSAB�

Kit (DAKO). Visualization was in 3,3 diaminobenzidine.

Statistical Analysis

Analysis of variance and Tukey Kramer test were used for
comparison of the means.

Results

After being added to mesothelial cell culture, rHGF is
transformed into its active form. The transformation is
complete at 48 hours as shown by Western blot analysis
performed on supernatant of HPMC cultures (Figure 1).

Effects of Peritonitis on HGF Release

The levels of HGF in serum, peritoneal fluid and super-
natants of PBMCs and PtMCs are shown in Table 1.

Table 1. HGF Levels (ng/ml) in Serum, Peritoneal Fluid, and
Supernatant of PBMCs and PtMCs

Non-CAPD CAPD CAPDP

Serum 0.94 � 0.12 1.10 � 0.15 2.90 � 0.12*
Peritoneal fluid 0.13 � 0.04 0.25 � 0.06 2.5 � 0.90*
PBMC supernatant 0.12 � 0.05 0.12 � 0.05 0.40 � 0.08*
PtMC supernatant 0.29 � 0.04 0.40 � 0.06 0.92 � 0.06*

Non-CAPD are samples from controls not treated with peritoneal
dialysis (normal volunteers for serum and PBMC supernatant; uremic
patients on conservative treatment for peritoneal fluid and PtMC
supernatant; see Methods for details); CAPD are samples from patients
on peritoneal dialysis without peritonitis; CAPDP are samples from
patients on peritoneal dialysis with peritonitis. Numbers are means �
SD. *P � 0.001 versus CAPD and non-CAPD.

Figure 1. Western blot analysis of commercial recombinant HGF before
(HGF b) and after being added to supernatant of HPMC culture for 12 hours,
24 hours, 36 hours, and 48 hours. The 90-kD band represents monomeric
pro-HGF (inactive form); the 70- and 35-kD bands are the two chains of the
dimeric active form of HGF; the 66-kD band is BSA.
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CAPD per se did not raise HGF levels either in serum or
in peritoneal fluid, whereas HGF concentration increased
significantly in serum and peritoneal fluid of patients on
CAPD complicated with peritonitis. Similarly, PBMCs and
PtMCs collected from patients on uncomplicated CAPD
did not produce amounts of HGF different from their
respective controls, whereas the amounts of HGF re-
leased by PBMCs and PtMCs collected during peritonitis
were significantly increased.

Effect of rHGF, Serum, and Peritoneal Fluid on
Mesothelial Cells

Cell Growth

The addition of rHGF to culture medium of both HPMCs
and MeT-5A caused a growth of mesothelial cells in
dose-dependent manner (Figure 2). The cell growth was
completely abolished by anti-HGF antibody (not shown).
Incubation for 48 hours with serum of patients affected by
peritonitis, but not with normal serum or serum of patients
on CAPD without peritonitis, was associated with a sig-
nificant growth of HPMCs and MeT-5A. The growth was
abolished by anti-HGF antibody (Figure 3). Similarly, in-
cubation for 48 hours with peritoneal fluid collected from
patients during peritonitis stimulated HGF-dependent cell
growth (the effect was abolished by anti-HGF antibody),
whereas no growth was caused by uremic/non-CAPD
fluid and fluid collected from patients on uncomplicated
CAPD (Figure 4).

Morphology

Confluent MeT-5A cells cultured in control medium
were polygonal, adherent to the dish, and formed a cob-
blestone, epithelium-like sheet (Figure 5A). The addition
of rHGF caused the loss of adherence in several cells that
became floating in the medium. The cells that remained
attached spread and lost their normal polygonal form,
becoming elongated, stellate, or spindle-like. These ef-
fects were dose-dependent and were maximal at rHGF
concentrations of 50 ng/ml (Figure 5B). A similar trans-

formation into fibroblast-like cells was observed in cells
cultured for 48 hours with serum and peritoneal fluid
collected from CAPD patients during peritonitis (Figure 5,
C and D) and these changes were abolished by anti-HGF
antibody (Figure 5, E and F). Recombinant HGF, serum,
and peritoneal fluid of patients with peritonitis caused
transformation into a fibroblast-like phenotype also of
HPMCs and the transformation was abolished by anti-
HGF antibody (Figure 6; A to F). Incubation of cells with
serum of normal patients, serum of patients on uncom-
plicated CAPD, uremic/non-CAPD fluid, and peritoneal
fluid from patients on uncomplicated CAPD did not affect
Met-5A or HPMC morphology.

Expression of Intermediate-Type Filaments

HPMCs expressed constitutively cytokeratin (Figure
7A) but not vimentin (Figure 7B). Peritoneal fluid of peri-
tonitic patients added to HPMC culture abolished the

Figure 2. Effect of recombinant HGF (rHGF) on growth of mesothelial cells.
Hatched columns, HPMC; open columns, MeT-5A. Columns are means of
eight repeated experiments; bars, SD. *, P � 0.001; #, P � 0.005 versus FCS.

Figure 3. Effect of serum on growth of mesothelial cells. Hatched columns,
HPMC, open columns, MeT-5A. Columns are means of eight repeated
experiments; bars, SD. N, serum of normal volunteers; CAPD, serum of
patients on peritoneal dialysis without peritonitis; CAPDP, serum of patients
on peritoneal dialysis with peritonitis. §, P � 0.001 versus all other HPMC. *,
P � 0.001 versus MeT-5A FCS, N, and CAPDP � anti-HGF antibody. #, P �
0.01 versus MeT-5A CAPD.

Figure 4. Effect of peritoneal fluid on growth of mesothelial cells. Hatched
columns, HPMC; open columns, MeT-5A cells. Columns are means of
eight repeated experiments; bars, SD. Uremic/non-CAPD, uremic patients on
conservative treatment; CAPD, patients on peritoneal dialysis without peri-
tonitis; CAPDP, patients on peritoneal dialysis with peritonitis. *, P � 0.001
versus uremic/non-CAPD, CAPD, and CAPDP � anti-HGF antibody.
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constitutive expression of cytokeratin (Figure 7C) and
caused de novo expression of vimentin (Figure 7D); the
phenomenon was prevented by neutralizing anti-HGF anti-
body (Figure 7, E and F). Serum of peritonitic patients
caused in HPMCs the same modification in the expression
of intermediate-type filaments as their peritoneal fluid (not
shown). In contrast, serum or peritoneal fluid of patients on
CAPD without peritonitis caused no modification.

In confluent MeT-5A constitutive expression of vimen-
tin was low whereas that of cytokeratin was high. Incu-
bation with rHGF, serum, and peritoneal fluid of patients

with peritonitis caused a marked increase of expression
of vimentin (not shown).

Collagen Synthesis

Collagen synthesis was evaluated by tritiated proline
incorporation and collagen protein electrophoresis. rHGF
stimulated collagen synthesis in a dose-dependent man-
ner (3 ng/ml increased proline incorporation by 2.7 times,
10 ng/ml by 8.9 times and 50 ng/ml by 20.8 times, re-
spectively). As shown in Figure 8, serum of patients with

Figure 5. Light micrograph of cultured MeT-5A cells conditioned with FCS (A), recombinant HGF (50 ng/ml) (B), serum (C) and peritoneal fluid (D) of patients
with peritonitis, serum (E) and peritoneal fluid (F) of patients with peritonitis � anti-HGF antibody. Original magnifications: �20 (A, E, F) and �40 (B, C, D).
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Figure 6. Light micrograph of HPMC conditioned with FCS (A), recombinant HGF (50 ng/ml) (B), serum and peritoneal fluid of patients with peritonitis (C and
E, respectively), serum and peritoneal fluid of patients with peritonitis � anti-HGF antibody (D and F, respectively). Original magnifications, �20.
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peritonitis induced more collagen synthesis than serum
of normal patients and serum of patients on uncompli-
cated CAPD. Similarly, peritoneal fluid collected from
patients with peritonitis stimulated collagen synthesis
more that uremic/non-CAPD fluid and peritoneal fluid
collected from patients on uncomplicated CAPD. The

stimulation of collagen synthesis caused by serum and
peritoneal fluid of peritonitic patients was abolished by
anti-HGF antibody. Mesothelial cells stimulated by rHGF,
serum, and peritoneal fluid of patients with peritonitis
synthesized and secreted collagen type III and type I, the
latter in a homotrimeric �1(I)3 form (Figure 9).

Expression of HGF Receptor

Western blot analysis of HPMC lysate with monoclonal
anti-c-met antibody showed that HPMCs constitutively
express HGF receptor (Figure 10).

Discussion

Our study shows that inflammatory injury of the perito-
neum stimulates the release of HGF both locally and in
blood. In fact, HGF levels rise significantly in peritoneal
fluid and in serum within 36 hours of the onset of perito-
nitis. We reported previously that PBMCs can produce
HGF.16 Here we give evidence that both peripheral blood
and peritoneal mononuclear cells (PtMCs) participate in
HGF production associated with peritoneal inflammation.

Understanding the mediators that stimulate HGF pro-
duction during peritonitis was not the aim of the present
study. Actually, the nature of the factors that cause HGF
release is still quite obscure. A substance with molecular

Figure 7. Micrograph showing the effect of peritoneal fluid of peritonitic patients on expression of intermediate-type filaments in HPMC. Original magnifications,
�20. Cells were incubated with anti-cytokeratin (A, C, E) or anti-vimentin (B, D, F) antibody, followed by secondary biotinylated antibody and the
streptavidin-diaminobenzidine reaction that stains positive cells in brown. Cells cultured with uremic/non-CAPD peritoneal fluid express cytokeratin (A), but not
vimentin (B). Addition in the cell cultures of peritoneal fluid of peritonitic patients suppresses the constitutive expression of cytokeratin (C) and causes de novo
expression of vimentin (D). Anti-HGF antibody prevents the suppression of cytokeratin (E) and the expression of vimentin (F) induced by peritoneal fluid of
peritonitic patients. Note the fibroblastic transformation of cells treated with peritoneal fluid of peritonitic patients.

Figure 8. Effect of serum (open columns) and peritoneal fluid (filled
columns) on collagen production in supernatant of cultured MeT-5A cells.
Columns are means of eight repeated experiments; bars, SD. N, normal
volunteers; CAPD, patients on peritoneal dialysis without peritonitis; CAPDP,
patients on peritoneal dialysis with peritonitis; uremic/non-CAPD, uremic
patients on conservative treatment. *, P � 0.05 versus N, CAPD, and CAPDP
� anti-HGF antibody; #, P � 0.001 versus uremic/non-CAPD, CAPD, and
CAPDP � anti-HGF antibody.
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mass of 10 to 20 kDa inducing expression of the gene for
HGF has been purified in rat serum.19 We have reported
that cytokines, i.e., interleukin (IL)-1, IL-6, tumor necrosis
factor-�, and IL-8 are circulating HGF inducers in man.20

Because the production of these cytokines is stimulated
by peritonitis,21–24 we suggest that cytokines are respon-
sible for HGF release during peritonitis.

To understand whether the release of HGF occurring
during peritonitis is a biologically relevant phenomenon,
we studied the effects of rHGF on mesothelial cell phe-
notype and function and investigated whether the
changes induced by rHGF are reproduced by HGF re-
leased in serum and peritoneal fluid. HGF is known to act
as a mitogen for hepatocytes, renal tubular cells, keratin-
ocytes, melanocytes, endothelial cells, and several epi-
thelial cell lines in culture11,13,19,25,26. Recently, it has
been shown that HGF induces proliferation of pleural
mesothelial cells.27 Here we demonstrate that HPMCs
express the receptor for HGF c-met, and that rHGF stim-
ulates the growth of peritoneal mesothelial cells in a
dose- and time-dependent manner. In addition, we show
that serum and peritoneal fluid of patients with peritonitis
induce mesothelial cell growth and that HGF accounts for
the phenomenon, because cell growth is abrogated by
anti-HGF antibody.

HGF promotes the acquisition of a fibroblast-like phe-
notype in epithelial cells, i.e., induces the epithelial-mes-
enchymal transition28 and is named “scatter factor” for its
ability to cause loss of cell adhesion and cell motility.11,12

Rounding up, loss of adhesion, and detachment from
substrate was observed in a mesothelial cell line exposed
to peritoneal fibroblast-conditioned media, and it was
suggested that HGF accounted for these effects because
they were partly inhibited by anti-HGF neutralizing anti-
body.29 We demonstrate that rHGF causes morphologi-
cal changes and scattering of mesothelial cells, both in a
cell line and in primary culture of peritoneal cells. In fact,
incubation with rHGF causes transformation of mesothe-
lial cells to a stellate or spindle-like shape, similar to that
of fibroblasts. In addition, rHGF causes in confluent cul-
tures loss of cell adhesion, cell detachment, and floating.
The same morphological changes and loss of adhesion
are induced by serum and peritoneal fluid obtained from
patients on CAPD with peritonitis, but not by their respec-
tive controls and are prevented by neutralization of HGF
with anti-HGF antibody.

Expression of cytokeratin is a distinctive feature of
mesothelial cells that allows their differentiation from
other cells of mesodermal origin.30 Expression of vimen-
tin in mesothelial cells is not univocal, because vimentin
is not detectable in normal intact mesothelial tissue, but
may be found in primary cultures of mesothelial cells and
mesothelial cell lines.31 Because in epithelial cells the
transition to the mesenchymal phenotype induced by
HGF is associated with the progressive replacement of
the cytokeratin network with vimentin,32 we have investi-
gated whether HGF induces a similar rearrangement of
intermediate filament proteins in mesothelial cells. In pri-
mary culture of human mesothelial cells, cytokeratin was

Figure 9. Electrophoresis of collagen proteins in MeT-5A cell culture super-
natant. Supernatant of cultured fibroblasts was used as standard (STD) for the
bands of types I and III collagen. Recombinant HGF (10 and 50 ng/ml),
serum, and peritoneal fluid of patients with peritonitis (CAPDP serum,
CAPDP fluid) increased the production of collagen types I and III, and the
phenomenon was abolished by neutralizing anti-HGF antibody (Ab HGF).
Note that type I collagen produced by mesothelial cells consists only of �1
chain, i.e., is a homotrimeric (�1)3 form.

Figure 10. Western blot analysis of HPMC lysate. Incubation of lysate with
anti-c-met monoclonal antibody showed a distinct band of 190 kd (brown
color, left lane) corresponding to c-met. The colored bands in the right
lane are molecular weight markers.
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expressed and vimentin was absent in constitutive con-
ditions, whereas cytokeratin was suppressed and vimen-
tin was induced by HGF present in serum and peritoneal
fluid of peritonitic patients. The combined observations
that mesothelial cells treated with rHGF or biological flu-
ids containing high HGF levels assume a spindle-like or
stellate conformation and overexpress vimentin, i.e., a
characteristic fibroblastic marker, indicate that HGF in-
duces in mesothelial cells a process of transformation to
mesenchymal/fibroblast phenotype.

To evaluate whether the new cell phenotype acquired
by HGF-conditioned cells is also associated with specific
mesenchymal functions, we investigated the capacity of
HGF to induce collagen synthesis in mesothelial cells.
Previous indirect evidence suggested that HGF may in-
crease the synthesis of collagen proteins and induce
fibrosis. In fact, autocrine release of HGF induces over-
expression of fibronectin mRNA in renal tubular cells
transfected with human HGF cDNA,33 and transgenic
mice overexpressing HGF undergo histopathological and
ultrastructural changes in the kidney consistent with an
increase in mesangial matrix and glomerulosclerosis.34

In contrast, it has been shown that HGF prevents fibrosis
in liver and pulmonary injury models35–37 and mediates in
part the antifibrotic effect of angiotensin II blockade in a
model of cardiomyopathy.38 Our study demonstrates that
rHGF induces a dose-dependent synthesis of collagen in
mesothelial cells. The production of collagen is stimu-
lated also by serum and peritoneal fluid of patients with
peritonitis and is prevented by anti-HGF antibody. The
collagen proteins produced by mesothelial cells are type
III and type I (�1)3, i.e., the two types, especially type III,
that are assembled as fibrotic tissue in organs exposed
to chronic inflammation.39

The release of HGF during peritonitis and the evidence
that HGF acts on mesothelial cells suggest that HGF
influences in several ways the process of healing of the
peritoneum, especially in patients undergoing peritoneal
dialysis. In fact, mesothelial cell growth stimulated by
HGF may facilitate the replacement of damaged cells
and account for the prompt recovery of mesothelial in-
tegrity that usually occurs after single, not severe epi-
sodes of peritonitis. However, other effects of HGF may
contrast, rather than facilitate, the restoration of perito-
neal normality in patients on CAPD. In fact, collagen
production by mesothelial cells transformed into fibro-
blast-like cells may contribute to the submesothelial dep-
osition of new collagen. In addition, in cases of severe or
repeated episodes of peritonitis, that cause large gaps in
the continuity of mesothelial layer, remesothelization by
contiguous vital cells may be hampered by HGF. In fact,
whereas in solid organs the loss of cell adhesion induced
by HGF facilitates tissue repair, by allowing spreading of
regenerating cells, the loss of adherence and detach-
ment of vital mesothelial cells, followed by their removal
with drained dialytic fluid may result in delayed healing
and persistent mesothelial denudation. The failure of
remesothelization, in turn, seems to play a pivotal role in
the pathogenesis of peritoneal tanning and fibrosis.2

In summary, our study gives evidence that the HGF
repair system is activated during peritonitis and demon-

strates that HGF has relevant effects on the phenotype
and function of mesothelial cells. Although our results
suggest that HGF may interfere in several ways with the
process of peritoneal healing, further studies are to be
designed to understand the clinicopathological impact of
its pleiotropic actions in the wide panorama of clinical
settings depicted as peritonitis.
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