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Effect of free iron on collagen synthesis, cell proliferation and MMP-2
expression in rat hepatic stellate cells
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Abstract

Various studies on hepatic fibrosis occurring in iron overload suggest that excess of tissue iron may be involved in the stimulation of
collagen synthesis. Anyway, up to date, direct evidence on the role of iron in hepatic fibrosis is lacking. Moreover, it is not clear whether
iron acts as direct initiator of fibrogenesis or as mediator of hepatocellular necrosis. In the present study, we investigated the effect of
nontoxic doses of iron on collagen metabolism and proliferation, key features of liver fibrosis, by means of cultures of hepatic stellate
cells, the liver cells responsible for collagen production. Iron treatment increased collagen synthesis without affecting noncollagen
proteins. The maximum effect was observed at 5 pM iron (4+132%). At this dose, no cell damage or proliferation was detected.
Conversely, higher doses of iron (10 and 25 pM) induced cell proliferation and a lower increase in collagen synthesis, suggesting the
prevalence of proliferative effect on the synthetic one. These effects occurred without the intervention of serum factors and were not
mediated by lipid peroxidation. Our results strongly support the hypothesis that iron *“‘per sé”” may act as a profibrogenic agent. Finally, we
provide evidence that iron plays a role also in matrix degradation, by stimulating some metalloprotease activities. Iron treatment increased
metalloprotease-2 activity in hepatic stellate cells, while no changes were observed for interstitial collagenase activity suggesting that, in

these conditions, a pathological accumulation of hepatic extracellular matrix may occur.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The pathogenesis of hepatic fibrosis in patients with
iron-storage diseases (e.g. genetic hemochromatosis; GH)
is not well understood. Iron overload in humans leads to
liver injury, fibrosis, and eventually cirrhosis [1]. It is
conceivable that excess iron might result in parenchymal
cell injury and necrosis. However, many patients with GH
demonstrate extensive fibrosis and signs of portal hyper-
tension without any or minimal hepatic biochemical
abnormalities to suggest previous cell necrosis [2,3]. These
observations emphasize the possible role of iron as a
profibrogenic agent itself.
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Abbreviations: DFO, deferoxamine; DMEM, Dulbecco’s modified
Eagle’s medium; ECM, extracellular matrix; FBS, fetal bovine serum;
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dehydrogenase; MDA, malondialdehyde; MMP, metalloprotease; o-SMA,
o-smooth muscle actin; TCA, trichloroacetic acid.

In last years, investigators have tried to give experi-
mental support to these clinical observations and under-
stand the cellular pathways mediating the fibrogenic effect
of iron [4-6]. A major difficulty in approaching this issue
experimentally has been the lack of an animal model
producing the full pathological picture of the cirrhotic
liver seen in GH. In fact, in these models, despite a
significant increase in tissue iron, only a mild fibrosis
occurs.

In an attempt to elucidate the role of iron in the onset of
liver fibrosis, we studied in vitro the effect of iron on
collagen metabolism by means of hepatic stellate cells
(HSC), the liver cell type mainly responsible for enhanced
collagen production during chronic iron overload.

HSC (also designated as fat-storing cells, lipocytes, or
Ito cells) are identified by the presence of intracytoplas-
matic lipid vacuoles containing Vitamin A [7]. During the
onset of fibrosis, HSC proliferate and transform to ‘““acti-
vated” cells, and express the activation marker a-smooth
muscle actin (a-SMA) [8].
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In previous studies, we demonstrated that crocidolite (a
kind of asbestos with high iron content) increases collagen
production in lung fibroblast cultures [9]. This effect is
specific for collagen and is highly enhanced when iron is
mobilized from crocidolite by citrate. The absence of cell
damage, proliferation or lipid peroxidation leads to the
supposition that the iron “per sé” acts as a profibrogenic
stimulus. We hypothesized that a similar finding may occur
also in HSC.

Alterations in extracellular matrix (ECM) may result not
only from changes in deposition but also in degradation.
Matrix degradation is catalyzed by the activity of matrix
metalloproteinases (MMP), which consist of collagenases,
gelatinases, stromelysins, and membrane type MMP [10].
Many studies demonstrate that in the fibrotic liver there is an
increased expression of interstitial collagenase and MMP-2
[11,12]. Interstitial collagenase digests native fibrillar col-
lagens I, II, and III. Gelatinase A (MMP-2) digests dena-
tured collagens I and III and native collagen IV.

Currently available information regarding synthesis and
release of MMP in the liver is scant and in part contra-
dictory. HSC isolated from rat and human liver release
MMP-2 activity into the culture media [13,14]. Both an
increase and a decrease of collagenase activity have been
variably reported in experimental models of liver fibrosis in
rodents [15,16].

No data concerning the effect of iron on MMP activity in
HSC cultures are available.

Therefore, we investigated whether iron is able to
modulate MMP-2 and interstitial collagenase activities
in HSC cultures.

2. Materials and methods
2.1. Materials

Collagenase A and DNAse were purchased from Roche
s.p.a., pronase E from Bracco s.p.a. and deferoxamine
(DFO) from Ciba Geigy. All other chemicals were of
reagent grade and purchased from Sigma.

2.2. Cell isolation and culture

HSC were isolated from Sprague—Dawley rats (Nossan)
as previously described [17]. HSC were prepared by means
of sequential pronase/collagenase digestion and purified by
density-gradient centrifugation, using Nycodenz 18%
(Nycomed). HSC harvested from the top of gradient were
seeded (1()6 cells/mL) in 25 cm? flasks in Dulbecco’s mod-
ified eagle’s medium (DMEM) plus 20% fetal bovine serum
(FBS) and antibiotics. The viability and purity of prepara-
tion was tested by trypan blue esclusion and autofluores-
cence of Vitamin A, respectively. Cells were incubated in
95% air-5% CO, at 37° and allowed to adhere. Five days
after plating, HSC started to proliferate and medium was

replaced with DMEM plus 10% FBS. Once cultures reached
confluency, they were trypsinized and subcultured.

2.3. Determination of a-SMA expression

Activation was determined in cells cultured for 1, 3, 5, and
7 days in chamber slides. Cells were fixed in cold acetone at
—20° for 5 min and a-SMA expression was detected by
means of «-SMA Immunohistology Kit IMMH-2, Sigma).

2.4. Culture treatment

Cells were seeded at a density of 2.5 x 10* mL™" of
DMEM supplemented with 10% FBS in 12- or 24-well
culture plates and allowed to grow to confluence. Twenty-
four hours before treatment, medium was changed with
serum-free DMEM. HSC were treated with a solution of
FeClj:citrate (molar ratio of 1:5) for 48 hr in presence or
absence of iron chelator DFO (iron:DFO, molar ratio of
1:1). When iron chelator was present in control cultures,
the cells received 0.25 pM DFO (corresponding to iron
concentration contained in DMEM). These solutions were
freshly prepared and immediately used for cell treatment.

2.5. Cytotoxicity assays

Preliminary experiments were carried out to assess the
range of iron concentrations nontoxic for HSC, by incu-
bating the cells with iron for 48 hr. Iron toxicity was
assessed by measuring the release of lactate dehydrogenase
(LDH) activity in culture media using the LDH-P kit (Cat.
No. 81282, Sclavo Diagnostics). Cell viability was
assessed by trypan blue exclusion test.

2.6. DNA estimation and cellular proliferation assay

DNA content was evaluated in HSC treated with iron for
48 hr, according to Taylor ef al. [18]. DNA synthesis was
evaluated in 24-well plates by measuring [*H]thymidine
incorporation in HSC, according to Boscoboinik et al. [19].
Subconfluent cells were incubated with iron-citrate (5—
50 uM) for 48 hr in serum-free DMEM. Twenty-four hours
later, [*H]thymidine (20 pCi/well) was added. After addi-
tional 24 hr exposure, cell layers were washed, fixed for
20 min with ice-cold 5% trichloroacetic acid (TCA), and
solubilized in 0.4 mL of 0.1 M NaOH/2% Na,COs. Sam-
ples were mixed with 8 mL of Ultima Gold (Packard) and
counted for radioactivity in a Packard 2100 TriCarb liquid
scintillation analyzer.

2.7. Collagen synthesis assay

To evaluate the effect of iron on collagen metabolism,
HSC were seeded on 12-well plates and grown to visual
confluency. Medium was changed to serum-free DMEM
for 24 hr to allow the cells to become relatively quiescent.
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In addition to DMEM, 11.5 pg/mL r-proline, 50 pg/mL
ascorbic acid, 50 pg/mL B-aminopropionitrile were added.
After incubation, cells were treated with a solution of iron-
citrate (5, 10, and 25 pM) with or without DFO for 48 hr.

Collagen synthesis was assessed as previously described
[20]. Briefly, 16 hr before the end of experiment, 10 pCi/mL
of [*H]proline (Amersham International; specific activity
23 Ci/mmol) were added to each well. Media were har-
vested for determination of [*H]proline incorporation into
collagen and noncollagen proteins following the collage-
nase digestion method, using highly purified bacterial
collagenase (Boehringer Mannheim Cod. 602426). Incor-
poration of radioactivity into collagen and noncollagen
proteins was determined following precipitation with
TCA. Collagen-incorporated radioactivity was recovered
in the TCA-soluble fraction while noncollagen radioactiv-
ity from the TCA precipitate. Data were expressed as
tritiated proline incorporation (dpm) per microgram
DNA. Percentage collagen synthesis was estimated using
the formula of Diegelmann and Peterkofsky [21]:

(dpm in the supernate) x 100%

(dpm in the pellet x 5.4) + (dpm in the supernate)

(the factor 5.4 corrects for the smaller amount of proline in
noncollagen proteins).

2.8. Malondialdehyde (MDA) evaluation

Lipid peroxidation was evaluated as malondialdehyde
(MDA) production [22] at 10, 30, 60, and 120 min after
iron treatment. Samples were precipitated with 5% TCA and
centrifuged at 600 g for 10 min. Supernatants were treated
1:1 with thiobarbituric acid and boiled for 10 min. Data were
expressed as moles of MDA per milligram of protein.

2.9. Metalloprotease zymography

MMP activity was evaluated in the media of HSC
cultures treated with iron-citrate by means of zymography
as previously described by Kleiner and Stetler-Stevenson
[23]. Media were electrophoresed in 10% SDS-polyacry-
lamide gels copolymerized with 1 mg/mL gelatin or
casein. For gelatinase assay, 8 pL of medium were applied
to SDS-PAGE gels. Caseinolytic activity was detected in
media concentrated about 25 times. The gels were washed
30 min with 2.5% Triton X-100 and subsequently incu-
bated overnight at 37° in 50 mM Tris—HCI, pH 7.4, con-
taining 10 mM CaCl,. Gels were stained with Coomassie
Brilliant Blue R-250. The bands of lysis were analyzed by
densitometry scanning of the gels. All samples were
normalized on the basis of cell number of each well.

2.10. Statistical analysis

Data are the mean + SD from four replicate cultures.
Statistical evaluation was performed using the Student’s

t test for single group comparison and one-way ANOVA
(F test) for multiple group comparison. P < 0.05 was con-
sidered significant.

3. Results
3.1. Determination of a-SMA expression

HSC were used for the following experiments on 7° day
of culture, when spontaneously became activated and
expressed o-SMA. Immediately following isolation (not
shown) and after 1 day in culture (Fig. 1A), HSC did not
express o-SMA. After 3-5 days in culture, a-SMA could be
detected in conjunction with features of activation (Fig. 1B
and C), including cell spreading and nuclear enlargement.
With time in culture thereafter, a progressively larger pro-
portion of cells expressed o-SMA. At 7 days, all cells
displayed this protein and labeling was fibrillar (Fig. 1D).

3.2. Cytotoxicity associated with iron-citrate treatment

The range of concentration nontoxic for the cells was
assessed as cell viability and LDH release. Trypan blue
evaluation revealed no significant difference between con-
trols and 5-25 uM iron-treated cells (Table 1). At 50 uM
iron, a decrease in cell viability was observed (87% viable
cells compared to control).

Table 1 also shows the effects of increasing concentra-
tions of iron-citrate on LDH release by HSC. Controls
showed a basal release of about 10% of total LDH activity.
At doses between 5 and 25 pM, there were nonsignificant
effects, but at 50 pM a slight but significant increase in
enzyme release was found (about 38%), suggesting cell

Fig. 1. Expression of a-SMA in HSC cultures. Cells were isolated and
processed as described in Section 2. Activation was evaluated by means of
an Immunohistology Kit for the a-SMA after 1, 3, 5, and 7 days in culture.
(A) After 1 day, cells appear quiescent and negative for the marker; (B) at
3 days in culture, occasional HSC are positive; (C) after 5 days most of the
cells display o-SMA; (D) by 7 days in culture, all cells are activated. o-
SMA labeling appears fibrillar (original magnification 120x).
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Table 1
Toxicity of iron-citrate in rat HSC

Iron treatment Viability (%) LDH (% release)

Control 98.7 £ 0.5 107 £2.5
5uM 98.1 + 0.8 115+ 238
10 uM 979 + 1.2 11.1 £3.0
25 uM 97.1 + 1.3 123 + 2.6
50 pM 85.5 + 04" 19.6 £ 3.0

Cells were treated for 48 hr with iron-citrate. Cell viability was
assessed by trypan blue exclusion test. Percentage of total LDH released
was determined as described in Section 2. Data are means £ SD from four
experiments.

“P < 0.01 vs. control values.

death. On the basis of these findings, the range of treatment
was limited to doses between 5 and 25 pM iron.

3.3. Effect of iron-citrate on HSC proliferation

The eventual proliferative effect of iron on HSC was
evaluated as DNA content and [*H]thymidine incorpora-
tion. A significant increase in DNA content could be
observed after iron treatment 10 and 25 pM (Fig. 2). On
the contrary, 50 pM iron determined a significant decrease
in DNA compared to controls. At this dose, the toxic effect
is prevalent on proliferation.

Fig. 3 shows the effect of iron-citrate on HSC prolifera-
tion at doses between 5 and 25 uM, assessed as [*H]thy-
midine incorporation. These results are comparable with
those reported for DNA. There was nonsignificant differ-
ence in replication between controls and cells exposed to
5 uM iron. At 10 and 25 pM, thymidine incorporation
increased 41 and 44%, respectively.

3.4. Effect of iron-citrate on collagen synthesis

The effect of various doses of iron-citrate (5-25 pM) on
collagen synthesis is reported in Fig. 4. A marked increase
in collagen synthesis was obtained after treatment with
5 uM iron (4+132%). A lower, but significant, increase was
observed at the dose 10 pM, while at 25 pM there was no
difference compared to controls. In any case, when DFO
was present, collagen synthesis went down to control
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Fig. 2. Effect of iron-citrate on DNA content in HSC cultures. Cells were
treated for 48 hr with iron-citrate in 12-well plates. Values are expressed as
microgram per well. Data are means + SD from four replicate cultures. (*)
P < 0.05 vs. control.
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Fig. 3. Effect of iron-citrate on proliferation in HSC. Cells were treated for
48 hr with iron-citrate. Tritiated thymidine was added to the incubation
medium 24 hr before the end of the treatment. Results are expressed as
[*H]thymidine incorporation (dpm) per well. Data are means = SD from
four replicate cultures. (*) P < 0.05 vs. control.

values. These results, expressed per microgram of DNA,
indicated an increased production per cell.

When collagen synthesis was expressed as percentage of
total protein production (Fig. 5), a significant increase
(+34%) was detected only at the dose 5 UM, while slight
but no significant difference was at 10 (+16%) and 25
(+14%) pM.

D - DFO
10 *
O +pro
—~ *
. 2 1
‘w L 8T
[l . <
s o
e ST
55
X4
° g
U_Us 2+
0 } - t |
Control 5 10 25 uM

Fig. 4. Effect of iron-citrate on collagen synthesis in HSC cultures. Cells
were treated for 48 hr with iron-citrate in presence or absence of the
chelator DFO. Data are expressed as [*H]proline incorporation (dpm) per
microgram of DNA. Each value represents mean £+ SD from four
experiments. () P < 0.05 vs. control.
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Fig. 5. Percentage collagen synthesis in iron-treated HSC. Relative
collagen production was determined by calculating collagen production
as a percentage of total protein production (mean + SD), using the formula
of Diegelmann and Peterkofsky [21] as reported in Section 2. (*) P < 0.05
vs. control.
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Fig. 6. MMP-2 activity released in the media of iron-treated HSC. Cells
were treated for 48 hr with iron-citrate in presence or absence of the
chelator DFO. The activity of MMP-2 was evaluated by means of
zymography in SDS-polyacrylamide gels containing 1 mg/mL gelatin. The
density of lysis bands was calculated by three densitometric scanning of
the gels (mean 4= SD). Data are reported as percentage assuming the
control as 100%. (*) P < 0.05 vs. control.

Thus, the optimal dose to appreciate the fibrogenic effect
of iron is 5 pM, since in this case neither toxic nor
proliferative effects were observed.

3.5. Effect of iron on MDA production

No detectable changes in MDA were found in HSC
cultures treated with iron-citrate (not shown). These results
suggest that, at least under our experimental conditions,
iron-induced collagen increase is not associated with lipid
peroxidation.

3.6. MMP detection after iron treatment

The activity of MMP was evaluated in culture media of
HSC treated for 48 hr with iron-citrate 5-25 uM. The data
were expressed as percentage of caseinolytic (interstitial
collagenase) or gelatinolytic (MMP-2) activity in compar-
ison with controls. As shown in Fig. 6, there was no
difference between iron-treated cells and controls at
5 uM iron, while a progressive increase in MMP-2 activity
was detected at higher doses, in particular at 25 uM
(+44%). In the presence of DFO, MMP-2 activity went
down to control values. No difference in caseinolytic
activity was detected between iron-treated cells and con-
trols (data not shown).

4. Discussion

The association between iron overload and the onset of
hepatic fibrosis and cirrhosis is known [3,24,25]. Anyway,
the pathogenesis of liver fibrosis in patients with iron-
storage diseases (e.g. GH, thalassemic syndromes, transfu-
sional iron overload, alcoholic cirrhosis, porphyria cutanea
tarda) is not well understood.

Conceptually, we can consider three possible pathogenic
mechanisms underlying the fibrogenic potential of iron: (1)
iron as an inducer of fibrogenesis in the absence of necrosis

inflammation (“‘direct initiator” of fibrogenesis); (2) iron
as mediator of hepatocellular necrosis, known as side-
ronecrosis, and local inflammation (“‘indirect initiator”
of fibrogenesis); (3) iron as an inducer of fibrogenesis in
conjunction with other hepatotoxins (‘‘co-initiator,” and in
many instances, “‘propagator’’ of fibrogenesis) [1].

In the present study, we demonstrate that noncytotoxic
doses (5-25 uM) of iron can stimulate collagen synthesis
in activated HSC, without affecting noncollagen proteins.
The greatest increase may be observed with the dose 5 uM
(+132%), while a lower response is obtained with higher
doses (10-25 uM). This latter effect may be due to the
prevalence of proliferative stimulus on the synthetic one. In
fact, higher doses of iron induce an enhanced HSC pro-
liferation, an other feature of fibrotic process.

At the dose 5 pM iron, the percentage increase in
collagen synthesis is not too high (434% of total protein
production). Anyway, this is in agreement with clinical
observations reported in humans. In fact, in the absence of
other inciting insults, in hemochromatosis the hepatic
disease is “mild” and usually progresses slowly over a
long time period to cirrhosis.

Generally, hepatic fibrosis is viewed as a secondary
effect following cell injury and death and iron may be
an important mediator of hepatocellular necrosis [1]. In
animal models of iron toxicity, despite significant increase
in liver iron content, necrotic events are limited and fibrotic
responses are minimal [24,26].

In our experimental conditions, the collagen increase
induced by iron-citrate treatment in the range of concen-
tration 5-25 pM is not associated to cell damage, confirm-
ing the findings reported in vivo for humans or animal
models of iron overload.

Iron may activate peroxidative process and some authors
provided information describing a link between lipid per-
oxidation and fibrogenesis [25,27,28]. However, under our
experimental conditions, the effect of iron on collagen
synthesis does not appear to be correlated with membrane
lipid peroxidation, since the treatment of HSC with iron
does not produce detectable changes in MDA.

Our data agree with that observed in vivo [29] and in
vitro [30] by other authors. These reported that, during the
fibrogenesis associated to iron overload, HSC are not
directly subjected to oxidative stress, but they are likely
activated by paracrine signals arising by neighboring cells.

Moreover, this study (carried out under serum-free
conditions) provides evidence that iron can enhance col-
lagen synthesis without the intervention of cytokines or
other serum factors, although their importance in vivo
involvement cannot be excluded.

Our results, taken together, strongly support the idea that
iron may act as “‘direct initiator’’ of liver fibrogenesis, in
the absence of inflammatory necrosis and without the
mediation of peroxidative process.

The exact mechanism of increased collagen synthesis in
response to iron overload is still unknown. Iron is essential
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for normal collagen synthesis since it is required as cofac-
tor for prolyl-hydroxylase [31], and increased activity of
this enzyme has been reported in various models of iron
overload [2,32].

Iron could in some way increase the synthesis of sub-
units of prolyl-hydroxylase and/or enhance conversion to
active tetramer. Alternatively, iron might increase gene
transcription or enhance mRNA expression for the forma-
tion of the procollagen chains [2]. Further studies are
necessary to clarify these questions.

In the second part of our study, we investigated whether
iron influences the remodeling by interfering also in liver
matrix degradation. Various studies demonstrated that
HSC and other nonparenchymal hepatic cells secrete many
MMP, as well as factors involved in the activation of their
proenzymes and in the specific inhibition of active
enzymes [11,12,33].

In this work, we evaluated the effect of iron on the
activity of interstitial collagenase and MMP-2, the metal-
loproteases mainly expressed during hepatic fibrosis. The
data obtained demonstrate that iron treatment increases
MMP-2 activity, while no change was found in interstitial
collagenase activity.

The differential expression of various MMP, which have
different substrate spectra, may be an important factor
responsible for the preferential accumulation of certain
ECM components. Interstitial collagenase shows specificity
for native interstitial type I and III collagens produced in the
liver [10]. Absent or reduced activity of this collagenase
may, therefore, shift the balance between fibrogenesis and
fibrolysis, which is delicately maintained in normal tissue,
toward accumulation of native interstitial collagens. The
presence of MMP-2 activity is not in contradiction to the
above interpretation, because this enzyme does not degrade
native but only denatured interstitial collagens. However, it
is likely that in vivo the enhanced expression of MMP-2 may
contribute to the alteration of normal liver matrix, thus
affecting liver cell function and favoring the progression
of the fibrotic process [12].

In conclusion, the data reported in this paper demonstrate
that iron may act as ‘“direct initiator” of fibrogenesis
stimulating collagen synthesis without the intervention of
serum factors, cell damage, proliferation or peroxidative
events. In the range of doses tested, iron treatment increases
MMP-2 activity, without affecting interstitial collagenase.

Our results, on the whole, lead to suppose that, at least in
our experimental conditions, the net effect of iron on
matrix remodeling is in favor of collagen accumulation,
typical of fibrotic process.

Acknowledgments
This work was supported by a grant (Fondi ex-40%)

from MURST (cellular and molecular biology of hepatic
fibrosis).

References

[1] Pietrangelo A. Metals, oxidative stress, and hepatic fibrogenesis.
Semin Liver Dis 1996;16:13-29.

[2] Weintraub LR, Goral A, Grasso J, Franzblau C, Sullivan A, Sullivan S.
Collagen biosynthesis in iron overload. Ann NY Acad Sci 1988;
526:179-84.

[3] Tavill AS, Sharma BK, Bacon BR. Iron and the liver: genetic
hemochromatosis and other hepatic iron overload disorders. Prog
Liver Dis 1990;9:281-305.

[4] Pietrangelo A, Gualdi R, Casalgrandi G, Montosi G, Ventura E.

Molecular and cellular aspects of iron-induced hepatic cirrhosis in

rodents. J Clin Invest 1995;95:1824-31.

Tsukamoto H, Horne W, Kamimura S, Niemela O, Parkkila S, Yla-

Herttuala S, Brittenham GM. Experimental liver cirrhosis induced by

alcohol and iron. J Clin Invest 1995;96:620-30.

Olynyk J, Hall P, Reed W, Williams P, Kerr R, Mackinnon M. A long-

term study of the interaction between iron and alcohol in an animal

model of iron overload. J Hepatol 1995;22:671-6.

Kawada N. The hepatic perisinusoidal stellate cell. Histol Histopathol

1997;12:1069-80.

Pinzani M, Gentilini P. Biology of hepatic stellate cells and their

possible relevance in the pathogenesis of portal hypertension in

cirrhosis. Semin Liver Dis 1999;19:397-410.

Gardi C, Calzoni P, Ferrali M, Comporti M. Iron mobilization from

crocidolite as enhancer of collagen content in rat lung fibroblasts.

Biochem Pharmacol 1997;53:1659-65.

[10] Woessner JF. Matrix metalloproteinases and their inhibitors in con-
nective tissue remodeling. FASEB J 1991;5:2145-54.

[11] Benyon RC, Iredale JP, Goddard S, Winwood PJ, Arthur MJP. Ex-

pression of tissue inhibitor of metalloproteinases 1 and 2 is increased

in fibrotic human liver. Gastroenterology 1996;110:821-31.

Milani S, Herbst H, Schuppan D, Grappone C, Pellegrini G, Pinzani M,

Casini A, Calabro A, Ciancio G, Stefanini F, Burroughs AK, Surrenti C.

Differential expression of matrix-metalloproteinase-1 and -2 genes in

normal and fibrotic human liver. Am J Pathol 1994; 144:528-37.

Arthur MJP, Stanley A, Iredale JP, Rafferty JA, Hembry RM, Friedman

SL. Secretion of 72 kDa type IV collagenase/gelatinase by cultured

human lipocytes: analysis of gene expression, protein synthesis and

proteinase activity. Biochem J 1992;287:701-7.

[14] Theret N, Lehti K, Musso O, Clement B. MMP2 activation by collagen

I and concanavalin A in cultured human hepatic stellate cells. Hepa-

tology 1999;30:462-8.

Arthur MJP, Friedman SL, Roll FJ, Bissel DM. Lipocytes from normal

rat liver release a neutral metalloproteinase that degrades basement

membrane (type IV) collagen. J Clin Invest 1989;84:1076-85.

[16] Arthur MJP. Fibrogenesis II. Metalloproteinases and their inhibitors in
liver fibrosis. Am J Physiol 2000;279:G245-9.

[17] De Bleser P, Geerts A, van Eyken P, Vrijsen R, Lazou J, Desmet V,

Wisse E. Tenascin synthesis in cultured rat liver fat-storing cells. In:

Wisse E, Knook D, McCusker R, editors. Cells of the hepatic sinusoid.

Rijswijk, The Netherlands: Kupffer Cell Foundation, 1991. p. 218-21.

Taylor CM, Blanchard B, Zava DT. A simple method to determine

whole cell uptake of radiolabelled oestrogen and progesterone and

their subcellular localization in breast cancer cell lines in monolayer
culture. J Steroid Biochem 1984;20:1083-8.

[19] Boscoboinik D, Szewczyk A, Hensey C, Azzi A. Inhibition of cell
proliferation by a-tocopherol. Role of protein kinase C. J Biol Chem
1991;266:6188-94.

[20] Peterkofsky B, Diegelmann R. Use of a mixture of proteinase-free
collagenases for the specific assay of radioactive collagen in the
presence of other proteins. Biochemistry 1971;10:988-93.

[21] Diegelmann R, Peterkofsky B. Inhibition of collagen secretion from
bone and cultured fibroblasts by microtubular disruptive drugs. Proc
Natl Acad Sci USA 1972;69:892-6.

[22] Esterbauer H, Cheeseman KH. Determination of aldehydic lipid
peroxidation products: malonaldehyde and 4-hydroxynonenal. In:

[5

—

[6

[t

[7

—

[8

=

[9

—

[12

[13

[t

[15

[18



[23]

[24]

[25]

[26]

[27]

[28]

C. Gardi et al./Biochemical Pharmacology 64 (2002) 1139-1145

Packer L, Glazer AN, editors. Methods Enzymol 1990;186:407—
21.

Kleiner DE, Stetler-Stevenson WG. Quantitative zymography: detection
of picogram quantities of gelatinases. Anal Biochem 1994;218:325-9.
Pietrangelo A, Gualdi R, Casalgrandi G, Geerts A, De Bleser P,
Montosi G, Ventura E. Enhanced hepatic collagen type I mRNA
expression into fat-storing cells in a rodent model of hemochroma-
tosis. Hepatology 1994;19:714-21.

Bacon BR, Britton RS. The pathology of hepatic iron overload: a free
radical-mediated process? Hepatology 1990;11:127-37.

Carthew P, Dorman BM, Edwards RE, Francis JE, Smith AG. A
unique rodent model for both the cardiotoxic and hepatotoxic effects
of prolonged iron overload. Lab Invest 1993;69:217-22.

Poli G, Parola M. Oxidative damage and fibrogenesis. Free Radic Biol
Med 1997;22:287-305.

Bedossa P, Houglum K, Trautwein C, Holstege A, Chojkier M.
Stimulation of collagen o; (I) gene expression is associated with lipid

[29]

[30]

[31]

[32]

[33]

1145

peroxidation in hepatocellular injury: a link to tissue fibrosis? Hepa-
tology 1994;19:1262-71.

Montosi G, Garuti C, Martinelli S, Pietrangelo A. Hepatic stellate cells
are not subjected to oxidant stress during iron-induced fibrogenesis in
rodents. Hepatology 1998;27:1611-22.

Svegliati Baroni G, D’ Ambrosio L, Ferretti G, Casini A, Di Sario A,
Salzano R, Ridolfi F, Saccomanno S, Jezequel AM, Benedetti A.
Fibrogenic effect of oxidative stress on rat hepatic stellate cells.
Hepatology 1998;27:720-6.

Hutton JJ, Tappel AL, Udenfriend S. Cofactor and substrate require-
ments of collagen proline hydroxylase. Arch Biochem Biophys
1967;118:231-40.

Weintraub LR, Goral A, Grasso J, Franzblau C, Sullivan A, Sullivan S.
Pathogenesis of hepatic fibrosis in experimental iron overload. Br J
Haematol 1985;59:321-31.

Arthur MJP. Fibrosis and altered matrix degradation. Digestion
1998;59:376-80.



	Effect of free iron on collagen synthesis, cell proliferation and MMP-2 expression in rat hepatic stellate cells
	Introduction
	Materials and methods
	Materials
	Cell isolation and culture
	Determination of alpha-SMA expression
	Culture treatment
	Cytotoxicity assays
	DNA estimation and cellular proliferation assay
	Collagen synthesis assay
	Malondialdehyde (MDA) evaluation
	Metalloprotease zymography
	Statistical analysis

	Results
	Determination of alpha-SMA expression
	Cytotoxicity associated with iron-citrate treatment
	Effect of iron-citrate on HSC proliferation
	Effect of iron-citrate on collagen synthesis
	Effect of iron on MDA production
	MMP detection after iron treatment

	Discussion
	Acknowledgements
	References


