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Abstract:

Matrix metalloproteinase (MMP)-2 and -9 (gelatinases) participate in extracellular protein remodeling. Moreover, they are involved
in the development of hepatic fibrosis. The goal of this study was to evaluate liver gelatinase activities after erythropoietin (Epo)
treatment (1U/dose, sc) in experimentally damaged livers of rats treated with D-galactosamine (Gal, 800 mg/kg/dose, ip). Sixty rats
were divided into six equal groups: I – received 5 doses of Epo and a single dose of Gal [the experiment duration (ED): 10 days]; II –
received 5 doses of Epo and 3 doses of Gal (ED: 14 days); III – received only 5 doses of Epo (ED: 9 days); IV – received 3 doses of
Gal (ED: 5 days); V – received a single dose of Gal (ED: 1 day); VI – control group (ED: 9 days). The animals were sacrificed and the
livers were collected 48 h after the last drug administration. The activity of gelatinases was measured using gelatin zymography. No
fluctuations in gelatinase activities were observed after the administration of a single dose of Gal in comparison to the control group.
However, a significant increase in gelatinase activities was observed after treatment with three doses of Gal. Five doses of Epo ad-
ministrated before Gal treatment prevented elevated gelatinase activities: MMP-9 activity was comparable to control, and MMP-2
activity was decreased (group II). The gelatinase activities was lower in group I and II in comparison to the control group. These re-
sults revealed that Epo decreases MMP-2 and MMP-9 activity, suggesting that it is a hepatoprotective agent against hepatic damage
induced by galactosamine injection.
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Abbreviations: ALT – alanine aminotransferase, ECM – ex-
tracellular matrix, Epo – erythropoietin, Gal – galactosamine,
GLDH – glutamate dehydrogenase, HSCs – hepatic stellate
cells, MMPs – matrix metalloproteinases, TIMPs – tissue in-
hibitors of matrix metalloproteinases

Introduction

Matrix metalloproteinases (MMPs) are zinc-
dependent endopeptidases that target all extracellular

matrix (ECM) proteins. Numerous MMPs play major
roles in cell behaviors such as proliferation, migration
(adhesion/dispersion), differentiation, angiogenesis,
apoptosis and host defense. The activity of MMPs is
strictly regulated at the transcription/translation levels
and also by endogenous specific (tissue inhibitors of
MMPs, TIMPs) and non-specific (�2-macroglobulin)
inhibitors [3]. Among the different MMPs, gelati-
nases (MMP-2 and MMP-9) play an important role in
the inflammation processes because of their ability to
degrade type IV collagen, a major component of base-
ment membranes [11].
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Apart from carbon tetrachloride (CCl4) and aceta-
minophen, galactosamine (Gal) is a well-known and
often used hepatotoxin [1]. In animal models of liver
damage, the injection of a single dose of Gal induces
acute hepatitis, and repeated injections induce chronic
liver failure. The toxic effect of Gal is due to uridine
diphosphate(UDP)-glucose and UDP-galactose defi-
ciency, and to a deficit in intracellular calcium [14].
These deficiencies cause damage to the cell mem-
brane and organelles, and also impair the synthesis of
proteins and nucleic acids [15]. Gal administration al-
ters the distribution of proteoglycans in the liver and
inhibits hepatocyte energy metabolism. Moreover,
Gal modifies the structure of cellular membranes and
damages enzymes that facilitate the transport of sub-
strates to the mitochondria [6]. Fibrosis, the result of
an imbalance between synthesis and degradation of
ECM components, occurs in most chronic liver inju-
ries [7].

Different hepatoprotective agents (e.g., garlic, sele-
nium) have been identified in animal models of liver
damage [5]. One of them, erythropoietin (Epo), is
a molecule produced by the fetal liver and the adult
kidney, and is a main stimulator of erythropoiesis
[20]. Epo stimulates the proliferation and differentia-
tion of erythroid progenitor cells. Currently, recombi-
nant human erythropoietin (rhEpo) is widely used in
patients with renal disease, chronic anemia and iron
deficiency [18]. Epo and its analogues are known to
affect the interaction between apoptosis and inflam-
mation in the brain, kidneys and myocardium [17,
21]. The current study aimed to determine whether
Epo exerts hepatoprotective effects in an experimen-
tal model of Gal-induced liver damage. We sought to

evaluate MMP-2 and MMP-9 activity in a rat model
of Gal-induced liver damage after Epo treatment.

Materials and Methods

Animals

Male Wistar rats, weighing 250–300 g were used for
the experiments. The animals were housed in standard
animal laboratories with a 12-h light-dark cycle, and
food and fresh water were provided ad libitum. The
experiments were carried out under the same condi-
tions (temperature, light, noise). Permission for ani-
mal tests and experiments was obtained from the Bio-
ethical Board of the Medical University of Lublin Lo-
cal Ethic Committee on Animal Experiments.

The rats were divided into 6 groups with 10 rats in
each group. The schedule of the drug administration
for all groups is given in Table 1. Epo (Sigma-
Aldrich, Poole, Dorset, UK) was administrated every
second day. The administration of Gal (Sigma-
Aldrich) to groups I and II was started the day after
the last dose of Epo. After 48 h from the administra-
tion of the last dose (Gal, Epo or 0.9% NaCl), animals
were sacrificed and the livers were removed for
analysis.

Liver tissue preparation

Tissue preparation and extraction of gelatinases was
performed according to the methods described by
Zhang and Gottschall [25]. Minor modifications were
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Group No. Days of experiment

1 3 5 7 9 10 12 14

I Epo Epo Epo Epo Epo Gal

II Epo Epo Epo Epo Epo Gal Gal Gal

III Epo Epo Epo Epo Epo

IV Gal Gal Gal

V Gal

VI saline saline saline saline saline
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made and these included the extension of the centrifu-
gation time to 10 min and decreasing the volume of
buffer with 10% dimethyl sulfoxide (DMSO). After
euthanization, the liver was removed and immediately
frozen in –70°C until the extraction of gelatinases.
The samples were stored for a maximum length of 5
weeks. Subsequent experimental procedures were all
performed at 4°C. Approximately equal pieces of
liver tissue were homogenized using a homogenizer
in 500 µl of working buffer composed of 50 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 5 mM CaCl2, 0.05%
BRIJ-35, 1% Triton X-100 and 0.02% NaN3. Ten µl
of homogenate was saved for protein concentration
assays. The homogenate was centrifuged (10,000 × g
for 10 min) and the supernatant was recovered. Fifty
µl of supernatant was incubated with 50 µl of Gelatin-
Agarose (Sigma, St. Louis, USA), which was previ-
ously washed three times with working buffer. The
supernatant of Gelatin-Agarose mixture was incubated
with constant shaking. After incubation and centrifu-
gation, the Gelatin-Agarose pellet was washed with
500 µl of working buffer. After centrifugation, the su-
pernatant was removed and the gelatinases were ex-
tracted from the pellet by incubation (30 min with
constant shaking) with 100 µl of working buffer, plus
10% dimethyl sulfoxide (DMSO). After centrifuga-
tion the supernatant was used for gelatin zymography.

Protein assay

Total protein was measured using the commercial
Bio-Rad protein assay (Bio-Rad, München, Ger-
many), based on the Bradford method, and a spectro-
photometer (Spectronic 20 Genesis, USA) according
to the manufacturer’s instructions.

Gelatin zymography

MMP-2 and MMP-9 activities were determined by
a previously published method [16]. Briefly, the sam-
ples, in a volume of 12 µl, consisted of supernatant
and sample buffer with 10% sodium dodecyl sulfate
(SDS) in a ratio of 4:1. All samples contained equal
amounts of protein, and were separated on a 10%
polyacrylamide gel with 0.05% gelatin type A from
porcine skin (Sigma-Aldrich, Poole, Dorset, UK). Af-
ter electrophoresis, two 30-min washes were done
with buffer containing: 50 mM Tris-HCl, pH 7.2 10 mM
CaCl2, 0.02% NaN3 and 2.5% Triton X-100. The in-
cubation was performed for 18 h at 37°C in the above

buffer containing 1% Triton X-100. Gels were stained
with 0.1% Coomassie Blue R-250 in 30% ethanol and
10% acetic acid and destained in 30% ethanol and
10% acetic acid. MMP-2 and MMP-9 activity was de-
tected as clear bands on the blue background. En-
zymes were identified by comparing their migration
pattern with a molecular mass standard (SM0441, Fer-
mentas, Burlington, Canada), and MMP-2 and MMP-9
standards (R&D Systems, Minneapolis, USA). Zymo-
grams were quantified using a computer scanner
(1200 dpi) and a ZERO-Dscan Image Analysis Sys-
tem v. 1.0. (Scanalytics, Billerica, MA, USA). Gelati-
nase activity was expressed as the optical density
(OD) of the substrate lysis zone.

Statistical analysis

To compare gelatinase between groups, a paired t-test
was applied. Statistically significant values were con-
sidered when p < 0.05. The data are expressed as the
mean with standard deviation (SD). Statistical analysis
was performed with the use of the computer assisted
statistical program InStat v. 3.06. GraphPad Software
(La Jolla, CA, USA).

Results

Gelatinolytic activity was detectable at molecular
weights of 92 kDa (pro-MMP-9), 72 kDa (pro-MMP-2),
66 kDa (active form of MMP-2) in all studied sam-
ples. Additional gelatinolytic activity was observed at
a molecular weight of approximately 77 kDa (Fig. 1).
For further analysis, the pro-form of MMP-9 (92 kDa)
and total MMP-2 (pro- and active form) were used.

Rats treated with a single dose of Gal (group V) did
not show any significant changes in MMP-2 and
MMP-9 activities as compared to the control (group
VI). However, a statistically significant increase in
gelatinase activity was observed in liver tissue after
treatment with 3 doses of Gal (group IV). Rats treated
with Epo (groups I, II and III) showed a significant ef-
fect on MMP-2 activity as compared to the control
group (group VI). Moreover, in those groups, treat-
ment with Gal did not affect MMP-2 activity, which
was comparable between groups I, II and III (Fig. 2)

Rats treated with Epo without further Gal admini-
stration (group III) had significantly low MMP-9 ac-
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tivity compared to control. The activity of MMP-9
was elevated after single Gal administration (group I)
in comparison with Group III, but still remained
lower than the activity seen in the control group. Rats
injected with 5 Epo and 3 Gal doses showed MMP-9
activities comparable to control (Fig. 3). All results
are shown in Table 2.

Discussion

Hepatic fibrogenesis is a wound-healing response of
the liver to a variety of insults, and subsequently leads
to cirrhosis in many patients [8]. MMPs that partici-
pate in ECM deposition are involved in the develop-
ment of hepatic fibrosis. MMPs are produced in the
liver mainly by hepatic stellate cells initiated by viral
infection or hepatic toxin [24, 27]. In our study, we
also observed an increase in MMP-2 and MMP-9 ac-
tivity after treatment with 3 doses of Gal in compari-
son with the control. However, the administration of
a single dose of Gal did not affect MMP-2 and
MMP-9 activity.

In the liver, MMP-2 activation was coincident with
high expression levels of the MMP-2 gene, TIMP-2
and MT1-MMP (membrane type-1 MMP). The high-
est expression of MMP-2 was observed in hepato-
cytes. The activation of stellate cells was found only
in co-culture interactions with hepatocytes, suggest-
ing that parenchyma cells play a pivotal role in the
MMP-2 activation process [23]. Recently it has been
shown that in response to hepatic toxins, interleukin-1
(IL-1) and MMP-9 are promptly induced within 1
hour, followed by caspase-3 activation within 2 hours.
Although many hepatic cells are capable of producing
MMP-9 in vitro, hepatic stellate cells (HSCs) are the
major hepatic cells that express MMP-9 after liver in-
jury. Yan et al. suggested a novel model for the initia-
tion of acute liver failure: IL-1-induced MMP activa-

tion by HSCs within the Disse‘s space and subsequent
ECM degradation, which provokes the collapse of si-
nusoids, and leads to parenchymal cell death and loss
of liver function [24]. Transdifferentiation of HSCs is
facilitated by an MMP activation cascade (MMP-14
� MMP-13 � MMP-9) and a positive feedback loop
of MMP-9 � MMP-13, suggesting they are critical
mediators of liver injury and repair [10]. Based on
studies demonstrating that pro-inflammatory cytoki-
nes such as IL-1can initiate fibrosis in the liver, much
recent attention has been focused on developing anti-
inflammatory cytokines as potential therapeutic
strategies. Zhang et al. studied the effects of IL-10
(anti-inflammatory cytokine) on HSCs and liver tis-
sue in experimental hepatic fibrosis induced by car-
bon tetrachloride. Fibrosis changes were partially re-
versed by simultaneous administration of IL-10.
Transforming growth factor (TGF)-�1, MMP-2 and
TIMP-1 mRNA in HSCs increased during the course
of hepatic fibrosis, and their levels were decreased af-
ter treatment with IL-10. Thus, IL-10 may inhibit the
activation of HSCs and participate in the antifibro-
genic process [26]. It has been observed that altering
ECM MMPs can damage liver tissue after cold
ischemia-warm reperfusion (CI-WR). CI-WR induced
moderate changes in hepatic MMP transcript levels,
which were not influenced by CI duration, whereas
gelatinase activity accumulated in liver effluents. The
protective effect of the phosphinic MP inhibitor,
RXP409, was tested after prolonged CI. Treatment
with RXP409 significantly improved liver function
(transaminase activities and bile secretion) and liver
injury. In particular, RXP409 significantly modified
the extent of cell death from a large cluster of necrotic
hepatocytes. These data demonstrate that MMPs, by
altering the ECM, play a major role in the liver CI-
WR injury [4]. These observations were further con-
firmed by Hamada et al., who demonstrated that mi-
gration and activation of leukocytes is increased in re-
sponse to liver damage by toxins. MMPs appear to
mediate this process [9].
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Group

I (5Epo + 1Gal) II (5Epo + 3Gal) III (5Epo) IV(3Gal) V (1Gal) VI (control)

MMP-2 55.1 (10.0)* 46.6 (8.17)* 53.2 (6.63)* 109.2 (7.0)* 88.3 (2.11) 86.0 (5.19)

MMP-9 33.6 (2.22)* 59.0 (6.85) 17.5 (4.06)* 119.3 (18.8)* 63.1 (8.03) 62.4 (5.83)



Epo, the principal hematopoietic hormone that
regulates mammalian erythropoiesis, exhibits diverse
cellular action in nonhematopoietic tissues. Epo is
a very promising agent for promoting cell survival
during both acute and chronic diseases [12]. Experi-
mental studies have unveiled its potential neuropro-
tective properties [19], which occur regardless of its
hematopoietic action. Epo has recently been shown to
be a potent protective agent during ischemic damage
in various organ systems. The protective effect of Epo
in an ischemia-reperfusion model was first suggested
by Sepodes et al. [22], who showed that administra-
tion of rhEpo 5 min before ischemia can reduce liver
damage as assessed by biochemical methods. How-
ever, this protective action was not evident when
rhEpo was administered 5 min before reperfusion.
Early administration of rhEpo was able to reduce oxi-
dative stress and caspase-3 activation, suggesting
a subsequent reduction in apoptosis. The protective
effect of Epo in ischemia-reperfusion injury in the rat
liver was studied by Schmeding et al. [21], who
showed that Epo administered 45 min prior to warm
ischemia leads to a significant reduction in the levels
of alanine aminotransferase (ALT), glutamate dehy-
drogenase (GLDH), and dramatically reduces apopto-
sis rates. According to the data, the cytoprotective ef-
fect of Epo occurs during the first 12 h after ischemia
and reperfusion. Significantly lower peak levels of
ALT and GLDH at these times also suggest reduced
cell damage, possibly induced by Epo-related cyto-
protection. Recombinant human Epo protects the
myocardium from ischemia-reperfusion injury, but it
is not known whether it affects extracellular matrix
degradation. It has been shown that Epo decreases the
activity of MMP-2 and MMP-9, increases the activity
of TIMP-4 and prevents collagen III degradation in
ischemia-reperfusion injured hearts [2]. These results
are similar to observations in our experiment. After
the administration of 5 doses of Epo and 3 doses of
Gal, the activity of MMP-9 was comparable to control
levels. A significant decrease in MMP-2 activity was
observed in all groups given Epo as compared to the
control. Kadri et al. strongly suggested an inverse re-
lationship between TIMP-1 and MMP-9 production
by Epo, which is mediated through a mitogen-
activated protein (MAP) kinase and phosphatidyli-
nositol 3-kinase pathway [13].

A similar effect was observed with epigallocate-
chin-3-gallate (EGCG), the major component of green
tea polyphenols, whose wide range of biological

properties includes antifibrogenic activity. EGCG
treatment suppresses MMP-2 activation and HSCs in-
vasiveness, which suggests that it may be useful agent
in the prevention and treatment of hepatic fibrosis
[27].

In conclusion, our results revealed that Epo de-
creases MMP-2 and MMP-9 activity, and therefore
possesses hepatoprotective activity against hepatic
damage induced by galactosamine injection. Taken
together, Epo is a very promising hormone for the
treatment of liver injury. However, further investiga-
tions are needed.
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