In: Streptozotocin: Uses, Mechanism of Action and Side Effects ISBN: 978-1-63117-255-7
Editor: Elizabeth L. Gauthier
© 2014 Nova Science Publishers, Inc.
No part of this digital document may be reproduced, stored in a retrieval system or transmitted commercially
in any form or by any means. The publisher has taken reasonable care in the preparation of this digital
document, but makes no expressed or implied warranty of any kind and assumes no responsibility for any
errors or omissions. No liability is assumed for incidental or consequential damages in connection with or
arising out of information contained herein. This digital document is sold with the clear understanding that
the publisher is not engaged in rendering legal, medical or any other professional services.

Chapter 5
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ABSTRACT
Matrix metalloproteases (MMPs) are a family of metal ion-dependent extracellular
matrix (ECM) degrading enzymes that play crucial roles in tissue remodeling and repair,
and may be involved in the development and progression of diabetic complications.
The most frequent complications in diabetes mellitus are consequences of macroand microangiopathies, which affect many organs and tissues. Diabetic macroangiopathy
manifests as an atherosclerosis-like condition, characterized by formation of plaques that
follows an accelerated course, and diabetic microangiopathy is characterized by
progressive arteriolosclerosis and interstitial fibrosis, with ECM accumulation and
changes in its quality, as well as basement membrane thickening. These are structural
hallmarks in all organs affected by diabetic complications, and may occur in response to
insults such as hyperglycemia and hypertension.
A few examples illustrate the relevance of MMPs in diabetic complications:
regarding cardiovascular system, it was shown that inhibition of MMP-2 and MMP-9
ameliorates cardiovascular dysfunction, becoming a possible therapeutic target; in
diabetic brain, increased MMP activities (especially MMP-9) were reported, possibly
contributing to blood-brain barrier degradation and cognitive impairment; increased
MMP-9 occurs in diabetic skin, especially around wounds, and its expression was
inhibited by siRNA, maybe providing a new therapeutic approach for diabetic skin
wounds; MMP-2 and MMP-9 activities were shown to be increased in sera and placentas
of diabetic rats, and both decreased when the animals were treated with dietary olive and
safflower oils; in diabetic nephropathy, the accumulation of ECM leads to
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glomerulosclerosis, interstitial fibrosis, tubular atrophy, and finally renal failure, and
MMPs may be involved; recent evidences suggest that diabetes is a risk factor for the
development of progressive liver disease, including non-alcoholic steatohepatitis,
cirrhosis, and primary liver cancer. In vitro studies have shown that high glucose
concentration can alter the expression of some MMPs (and also their endogenous
inhibitors, TIMPs), and this effect might be mediated by connective tissue growth factor.
Hence, the aim of the present paper is to set the stage for a better understanding of
the role of MMPs in streptozotocin-induced diabetes mellitus, focusing the main targets
of diabetic complications: heart, brain, skin, uterus, kidney, and liver. In addition to
discussing the literature, unpublished results on kidney and liver are also given.

INTRODUCTION
Proteases are ancient and efficient enzymes that catalyze a common chemical reaction:
the hydrolysis of peptide bonds. These enzymes not only demolish unwanted proteins, but
also accomplish very specific proteolytic processing, leading to the formation of new peptides
and proteins, with different biological activities. Thus, proteases influence multiple biological
activities, such as DNA replication and transcription, cell proliferation and differentiation,
wound healing, hemostasis, blood coagulation, inflammation, immunology, autophagy, and
apoptosis. Based on the mechanisms of catalysis, proteases are classified into six distinct
groups: aspartic, cysteine, glutamic, serine, threonine, and metalloproteases (López-Otín &
Bond, 2008).
Among metalloproteases, some are matrix metalloproteases (MMPs), a family of
extracellular endopeptidases that depend on calcium and zinc for their catalytic activities.
They are active at neutral pH, and act primarily on extracellular matrix (ECM) components,
regulating developmental and physiological events. MMPs are synthesized as pro-enzymes,
and processed to the active form by the removal of an amino-terminal pro-peptide. Their main
endogenous inhibitors are the tissue inhibitors of metalloproteases, TIMPs.
The first MMP was discovered back in 1962, by Jerome Gross and Charles M. Lapiere
(Gross & Lapiere, 1962), as a collagenolytic activity present during tadpole tail digestion.
Nowadays, almost 30 MMPs have been described in humans, assigned to eight distinct
classes, according to their structures: five classes are secreted, and three are membrane-bound
(Egeblad & Werb, 2002).
All human MMPs share common structural domains (Figure 1), which include: (a) the
signal peptide or pre-domain, consisting of 17-20 amino acid residues, rich in hydrophobic
amino acids, that directs them for endoplasmic reticulum; (b) the pro-peptide domain, about
80 amino acids long, with a zinc-interacting thiol group (SH) that maintains MMPs as
zymogens; (c) the catalytic domain of about 160-170 amino acids, with a zinc-binding motif
containing three histidine residues; (d) the C-terminal hemopexin-like domain, consisting of
about 210 amino acids, with a disulphite bond that orient the domain towards the formation of
a four-bladed propeller structure. Additionally, the catalytic domain of MMPs-2 and 9 contain
three fibronectin-type II motifs that interact with collagens and gelatins, while other domains
may also be present: a furin-cleavage site insert in pro-peptide domain, a hinge region that
links the catalytic domain to the hemopexin-like domain, and transmembrane insertion
extensions (in membrane type MMPs, named MT-MMPs). Table 1 summarizes human
MMPs arranged by structural classes and subgroups.
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Figure 1. Structural domains of matrix metalloproteases (MMPs). MMPs are assigned to eight classes
on the basis of their structural characteristics, five of which are secreted and three are membrane-type
MMPs (MT-MMPs). From the N-terminus, MMPs contain the Pre, pre-peptide; Pro, pro-domain
containing a highly conserved sequence with a cysteine thiol group (SH) that interacts with zinc, and
maintains the enzyme as inactive zymogen; Catalytic domain with a zinc (Zn) binding site; Hemopexinlike domain (Hemopexin) linked to the catalytic domain by a Hinge (∿), which mediates interactions
with tissue inhibitors of metalloproteases, cell surface molecules and substrates. The first and the last
hemopexin-like repeats are linked by a disulphite bond (S-S). A recognition motif for intracellular furinlike serine proteases (Fu) may be present between the pro-peptide and the catalytic domain, and the
gelatin-binding MMPs contain inserts that resemble collating-binding repeats of fibronectina (Fi).
Other inserts are present in MT-MMPs: a single-span transmembrane domain (TM), a very short
cytoplasmic domain (Cy), and the glycosylphosphatidylinositol anchor (GPI). In Type II MT-MMPs,
an N-terminal signal anchor (SA), an unique cysteine array (CA) and an immunoglobulin-like (Ig-like)
domain are also present. Adapted from Egeblad & Werb (2002).
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The main function of MMPs is presumed to be ECM remodeling, but today it is clear that
MMPs also influence cellular function in several ways: (1) allowing cell migration through
ECM digestion; (2) affecting cell behavior through changes in the extracellular microenvironment; (3) modulating the activity of biological molecules by direct cleavage, release
from stores, or control of the activity of inhibitors (Vu & Werb, 2000).
In diabetes mellitus, fibrosis may occur in many tissues as a response to insults such as
hyperglycemia and hypertension, and MMPs may be involved in the development and
progression of diabetic complications. Fibrosis is characterized by ECM accumulation and
changes in its quality, as well as basement membrane thickening, which are structural
hallmarks in all target organs of diabetic complications (Ban and Twigg, 2008). It is widely
accepted that the onset and progression of diabetic complications is a consequence of macroor microangiopathy (Schalkwijk & Stehouwer, 2005), which are strongly linked to the
sustained hyperglycemia (The Diabetes Control and Complications Trial Research Group,
1993; UK Prospective Diabetes Study - UKPDS Group, 1998; Torffvit, 2003; Yan et al.,
2003), maybe mediated by advanced glycation endproduts (AGEs) (Goh & Cooper, 2008),
formed by non-enzymatic glycation of proteins, lipids, and nucleic acids.
High glucose concentration and AGEs can alter the expression of some MMPs and
TIMPs (McLennan et al., 1998; DeGroot et al., 2001; Zhang et al., 2011), and this could be
one of the mechanisms leading to the complications in diabetes mellitus.
The present paper discusses the relevance of MMPs for diabetic complications affecting
different organs and systems in the streptozotocin-induced type 1 diabetes mellitus.

CARDIOVASCULAR SYSTEM
Diabetic cardiomyopathy is one common complication in people with diabetes, leading to
heart failure (Avogaro et al., 2004), with ventricular dilation, myocyte hypertrophy,
interstitial fibrosis and presence of a diastolic dysfunction (Severson, 2004).
Microangiopathy, characterized by subendothelial and endothelial fibrosis in coronary
microvasculature of the heart, is one of the causes of diabetic heart failure. Hyperglycemia is
considered one of the factors that lead to endothelial impairment.
One of the consequences of high glucose concentration is the formation of AGEs.
Structural components of the extracellular matrix are highly susceptible to glycation because
of their low turnover rates (Vlassara et al., 1992), causing aberrant cross links and its
complications. Extracellular matrix AGEs also interfere with cell-matrix interactions,
modifying cell adhesion and signaling (Haitoglou et al., 1992). Binding of AGEs to cell
surface receptors, such as RAGE (Yan et al., 2010) and AGE-R1 (Lu et al., 2004), activate
cell signaling pathways that modulate gene expression, lead to generation of free radicals
(Schmidt et al., 1999), and activate inflammatory pathways, both in tissue cells and in
macrophages. RAGE deficiency attenuates the development of atherosclerosis in diabetes,
indicating that RAGE plays a central role in this process (Soro-Paavonen et al., 2008).
Furthermore, the binding of AGEs to extracellular proteins promotes fibrosis (Charonis et al.,
1990). In fact, a major source of increased myocardial stiffness is cross linking between
AGEs and collagen.
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Table 1. Human matrix metalloproteases (MMPs)1

1

MMP
Structural class
designation
Collagenases
MMP-1
Simple hemopexin domain
MMP-8
Simple hemopexin domain

Common name

Substrates

Collagenase-1
Collagenase-2

MMP-13
Gelatinases
MMP-2
MMP-9
Stromelysins
MMP-3
MMP-10
MMP-11
MMP
designation
Matrilysins
MMP-7

Simple hemopexin domain

Collagenase-3

Col I, II, III, VII, VIII, X, gelatin
Col I, II, III, VII, VIII, X, gelatin,
aggrecan
Col I, II, III, VII, VIII, X, gelatin

Gelatin binding
Gelatin binding

Gelatinase A
Gelatinase B

Col I, II, III, VII, VIII, X, gelatin
Col IV, V, gelatin

Simple hemopexin domain
Simple hemopexin domain
Furin-activated and secreted
Structural class

Stromelysin-1
Stromelysin-2
Stromelysin-3
Common name

Col II, IV, IX, X, XI, gelatin
Col IV, elastin, fibronectin, laminin
Col IV, aggrecan, fibronectin, gelatin
Substrates

Minimal domain

Matrilysin

MMP-26
MT-MMPs
MMP-14
MMP-15
MMP-16
MMP-17
MMP-24
MMP-25
Other
MMP-12
MMP-19
MMP-20
MMP-21
MMP-23
MMP-27
MMP-28

Minimal domain

Matrilysin-2

Col IV, fibronectin, gelatin, laminin,
tenascin
Fibrinogen, fibronectin, gelatin

Transmembrane
Transmembrane
Transmembrane
GPI-linked
Transmembrane
GPI-linked

MT1-MMP
MT2-MMP
MT3-MMP
MT4-MMP
MT5-MMP
MT6-MMP

Fibronectin, gelatin, laminin
Fibronectin, gelatin, laminin
Fibronectin, gelatin, laminin
Fibrin, fibrinogen
Fibronectin, gelatin, laminin
Gelatin

Simple hemopexin domain
Simple hemopexin domain
Simple hemopexin domain
Vitronectin-like insert
Type II transmembrane
Simple hemopexin domain
Furin-activated and secreted

Metalloelastase
RASI-1
Enamelysin
XMMP
Cys-array MMP
CMMP
Epilysin

Col IV, elastin, fibronectin
Aggrecan, Col IV, elastin, fibrillin, gelatin
Aggrecan
Aggrecan
Casein, fibronectin, gelatin
Collagen
E-cadherin (regulate epithelial–
mesenchymal transition)

According to Keeling and Herrera (2008) and Spinale (2013).

Although many cells are able to regulate their transport of glucose, maintaining internal
glucose concentrations constant even under hyperglycemia, some cells, such as endothelial
and mesangial cells, cannot do this efficiently, and are susceptible to intracellular high
glucose concentrations and AGE formation (Kaiser et al., 1993; Heilig et al., 1995). This is
important because glucose-derived intermediates (such as glyceraldehyde-3-phosphate,
dihydroxyacetonephosphate, glyoxal and methylglyoxal) and intracellular sugars (such as
ribose) form glycated proteins faster than glucose itself (Thornalley, 2005). Intracellular
AGEs are implicated in the activation of signaling pathways (Giardino et al., 1994), and in the
cross linking of proteins that form intracellular aggregates, resistant to the action of proteases
(Brownlee, 1995).
It was shown that streptozotocin is able to induce diabetic cardiomyopathy (Li et al.,
2012), and treatment with either alpha-lipoic acid or aminoguanidine decreased collagen
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deposition and enhanced extracellular matrix degradation (Li et al., 2012; Vadla &
Vellaichamy, 2012). Uemura et al., (2001) have shown increased expression and activity of
MMP-9, but not MMP-2, in bovine aortic endothelial cells chronically exposed to high
glucose. Similar results were obtained in in vivo experiments, with streptozotocin-diabetic
rats: increased MMP-9 was observed in the left ventricle of hyperglycemic rats, but not in
diabetic rats with good glycemic control (Sung et al., 2009). Moreover, it seems that oxidative
stress plays an important role, since treatment with antioxidants significantly reduced the
enhanced MMP-9. Treatment with minocycline, a second generation tetracycline able to
suppress oxidative stress (Sinha-Hikim et al., 2011), decreased collagen, MMP-2 and MMP-9
in aorta of streptozotocin-diabetic rats (Bhatt & Veeranjaneyulu, 2012).
On the other hand, decreased activity of MMP-2, and increased expression of TIMP-2
(10-fold) were observed in streptozotocin-induced cardiac fibrosis in rats (Van Linthoud et
al., 2008). Also in minipigs, streptozotocin-induced diabetes led to increased TIMP-1 and
decreased MMP-2 and MMP-9 activities in aorta and myocardium, indicating that MMPTIMP dysregulation is associated with cardiac dysfunction and cardiovascular fibrosis in
diabetes (Lu et al., 2008).

BRAIN
Diabetes mellitus is associated with peripheral microvascular complications and
increased risk of neurological events. Among the manifestations of brain damage caused by
diabetes are blood-brain barrier disruption and edema. MMP activity is increased in the
plasma of diabetic patients, and it is a known mediator of blood-brain barrier degradation.
Hawkins et al., (2007) have shown that diabetes increases the blood-brain barrier permeability
via loss of tight junction proteins. This is possibly due to increased plasma MMP activities,
which are implicated in the degradation of tight junction proteins, leading to increased bloodbrain barrier permeability. It was also shown that hyperglycemia increases both oxidative
stress and MMP-9 activity, exacerbating blood-brain barrier dysfunction after
ischemia/reperfusion injury (Kamada et al., 2007).
Furthermore, diabetes may induce cognitive decline. It was recently shown that rats that
developed cognitive deficit presented increased expression of MMP-9 and NF-B in
hippocampus. Inhibition of NF-B by pyrrolidine dithiocarbamate returned NF-B to basal
levels and improved the diabetic-associated behavioral deficit, but did not normalize the
MMP-9 expression (Zhao et al., 2013), which remained high. High MMP-9 may contribute to
the blood-brain barrier degradation, and cognitive impairment. In fact, Oltman et al., (2011)
have shown that treatment of streptozotocin-diabetic rats with inhibitors of neutral
endopeptidases and angiotensin converting enzyme improved both neural and vascular
functions.

SKIN AND WOUND HEALING
Diabetes mellitus frequently leads to delayed wound healing. Rats with type I
streptozotocin-induced diabetes mellitus also exhibited slower wound healing, and higher
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dermal collagenase activity (Mohanam & Bose, 1983). This is probably due to increased
expression (both mRNA and protein) of MMP-9, with decreased expression of TIMP-1 (Yang
et al., 2009).
Also in vitro, skin explants from streptozotocin-diabetic rats have shown increased levels
of MMP-9 and MMP-13 (4- and 10-fold, respectively), in comparison to controls. Treatment
with retinoic acid, the active form of vitamin A, reduced MMPs by 50-75%, and increased
collagen synthesis (Varani et al., 2002). Furthermore, wrinkles were observed in the skin of
streptozotocin-induced diabetic rats, similar to those observed in vitamin A-deficient rats. The
activities of MMP-2 and hyaluronidase (Hyase) were found to be increased in the skin of
these animals, but decreased upon treatment with retinoic acid. Blood retinol levels were
lower than normal in diabetic rats. These results indicate a possible relationship between
streptozotocin-induced diabetes and vitamin A-deficiency on MMP and Hyase in skin, and
that vitamin A might be a regulator of ECM-degrading enzymes (Takahashi & Takasu, 2011).
The expression of MMP-9 was inhibited by small interfering RNA (siRNA), maybe providing
a new therapeutic approach for diabetic skin wound (Xie et al., 2012).
Concerning the relationship between AGEs and matrix degradation by MMPs, a strong
correlation was observed between collagen glycation and collagenase activity (Hennessey et
al., 1990): the higher blood glucose, the higher collagenase activity, and consequently the
lower wound collagen content. It was also shown that the activity of MMP-2, as well as the
protein levels of MMP-3 and MMP-13, was increased in diabetic mice, treated or not with
aminoguanidine, an AGE-formation blocker. Nevertheless, collagenolysis was decreased in
untreated diabetic mice, and treatment of diabetic mice with aminoguanidine restored
collagenolysis to normal levels, indicating that AGEs impair extracellular matrix degradation
(Tamarat et al., 2003).

PLACENTA
MMPs are responsible for the remodeling of the uterine extracellular matrix during
embryo implantation. Increased levels and activity of MMP-2 were detected in
streptozotocin-induced diabetic rats, in comparison to controls. The uterine enzymatic activity
in diabetic animals decreased in the presence of NOS inhibitor, and was enhanced in presence
of a generating ROS system (Pustovrh et al., 2002). Also, MMPs are involved in placental
remodeling throughout pregnancy. MMP-2 and MMP-9 were found to be increased in
diabetic placenta, in both maternal and fetal sides. Moreover, in both sides of the diabetic
placenta, nitrate/nitrite concentrations (which indicate NO production) were also increased
(Pustovrh et al., 2005). The same authors have also shown that addition of 15deoxy Delta
(12,14) prostaglandin J-2 (15dPGJ(2)), a natural ligand of the peroxisome proliferator
activated receptor (PPAR) gamma, reduced the increased activities of MMP-2 and MMP-9 in
diabetic placenta. On the contrary, TIMP-3 levels, which were decreased in diabetic
placentas, were increased by 15dPGJ(2) (Pustovrh et al., 2009). Also, diet supplements with
olive and safflower oil, which are enriched in natural PPAR ligands (Martinez et al., 2012),
and with folic acid (Higa et al., 2012) are able to prevent MMP-2 and MMP-9 overactivities
in the placenta of diabetic rats, protecting the embryo from diabetic-induced damage.
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KIDNEY AND LIVER
In diabetic nephropathy, renal hypertrophy and accumulation of ECM proteins are well
recognized features. Regardless of the factors that initiate the renal injury, the progression of
renal disease ultimately results in the accumulation of ECM, leading to glomerulosclerosis,
interstitial fibrosis, tubular atrophy, and finally renal failure (Williams et al., 2011). This
might result of increased protein synthesis (Barac-Nieto et al., 1991), or decreased
degradation (Shechter et al., 1994), or both. MMPs may be involved.
In 2005, it was shown that dextran sulfate administered to diabetic rats accumulated in
liver and kidney (de Lima et al., 2005), and this could be due to malfunction of the lysosomal
pathway for digestion of macromolecule. Recently, decreased activities of lysosomal
cathepsins (especially cathepsin B) and glycosidases (especially -glucuronidase) were
reported in the kidney of diabetic rats (type 1) during the early stages of the disease (10 and
30 days) (Peres et al., 2013a). This is in agreement with results obtained by others (Mohanam
& Bose, 1983), and could be one of the mechanisms leading to ECM accumulation in diabetic
nephropathy.
MMPs are also possible candidates for matrix remodeling in diabetic nephropathy and
liver disease. Decreased collagenase activity in kidney of streptozotocin-diabetic rats in
comparison to controls has been previously reported (Lubec et al., 1982; Mohanam & Bose,
1983), while similar activities were observed in liver. In contrast, skin and serum collagenase
activities were increased (Mohanam & Bose, 1983).
In vitro studies have shown that MMP-2 activity was decreased in rat mesangial cells
cultured in presence of high glucose concentrations (Kitamura et al., 1992; Leehey et al.,
1995), while TIMP was increased (Kitamura et al., 1992; Singh et al., 2001). This effect
seems to be mediated by transforming growth factor 1 (TGF-1), which was increased in
presence of high glucose (Singh et al., 2001).
Decreased MMP activities were also observed in isolated glomerulus from
streptozotocin-diabetic rats, and this could contribute to mesangial expansion and glomerular
basement membrane thickening. A marked decrease was observed for MMPs on the 4th day
of diabetes, and MMP levels remained low for five weeks, irrespective of insulin-treatment
(Reckelhoff et al., 1993; Schaefer et al., 1994; Song et al., 1999). Nakamura et al (1994) have
shown that the expression (mRNA) of MMP-1 and -3 was decreased in the glomeruli of
diabetic rats, but the expression of MMP-2 did not vary, and MMP-9 was not detected. In
contrast, other authors reported decreased expression of MMP-2 in diabetic rat kidney (Wu et
al., 1997), and in long term diabetes (six months), decreased mRNA and activity of MMP-9
were reported, while MMP-2 mRNA was increased and its activity was decreased (McLennan
et al., 2002). Two to eight weeks after streptozotocin administration, decreased expression of
MMP-2 in the glomeruli and increased expression in the interstitium were reported, while the
expression of MMP-9 did not vary in diabetic kidney. Increased expression of collagen typeIV occurred both in the glomeruli and the interstitium (Dong et al., 2004). In contrast, the
expression of TIMP-1 mRNA was found to be increased in diabetic kidney (Nakamura et al.,
1994; Wu et al., 1997; McLennan et al., 2002), and it seems that the imbalance between
MMPs and TIMPs may contribute to the diabetic nephropathy (Han et al., 2006; Sun et al.,
2006).
Concerning the liver, recent evidences suggest that diabetes is a risk factor for the
development of progressive liver disease, including non-alcoholic steatohepatitis, cirrhosis,

Matrix Metalloproteases in Streptozotocin Model of Diabetes Mellitus

89

and primary liver cancer (Loria et al., 2013). It was shown that, also in liver, the activities of
lysosomal cathepsins were decreased in diabetes, although the expression and activities of
glycosidases did not vary, suggesting modulation of gene expressions and changes in enzyme
activities, but not general lysosomal failure (Peres et al., 2013b).
Since different results were reported by different authors, depending on the experimental
design, period of diabetes, streptozotocin dose, and glucose levels, we decided to investigate
the expression of MMPs in kidney and liver of diabetic rats, under the same conditions used
to measure lysosomal enzymes (10 and 30 days after streptozotocin administration).
The gelatinolytic activities of liver and kidney from normal (NL) and diabetic (DM) rats,
both on the 10th and 30th days after diabetes induction, are shown in Figure 2. It is evident
that the gelatinolytic activities were much higher in kidney than in liver, and the most visible
bands were of high molecular weight (>100 kDa). Better resolution was obtained with lower
amounts of kidney extracts (10 g of protein) and gradient polyacrylamide gel (6-20%), but
again the main bands were of high molecular weight. The bands corresponding to MMP-2
(67-72 kDa) and MMP-9 (89-92 kDa) did not appear. It is possible that the high molecular
weight gelatinolytic activities are macromolecular, heteropolymeric complexes of MMP-2
and MMP-9 (Hussain et al., 2010).

Figure 2. Gelatinolytic activities in liver and kidney of diabetic (DM) and normal (NL) rats. Liver and
kidney extracts (either 30 µg or 10 g of protein, as indicated) from four animals of each group were
pooled, and aliquots were submitted to SDS-PAGE in either 7.5% or 4-20% gradient gels,
copolymerized with 1 mg/ml gelatin, as previously described (Shapiro et al., 2001). After the run, SDS
was removed by washing the polyacrylamide gel with 2% Triton X-100, and then the gels were
transferred to 50 mM Tris-HCl buffer, pH 8.2, containing 5 mM CaCl2 and 0.5 M ZnCl2. After 12 h
(kidney and liver) or 72 h (liver) incubations, the gels were stained by Coomasie Blue. After destaining,
gelatinolytic activities appeared as clear halos. To test for the presence of other proteases, before the
electrophoresis, aliquots of the pooled kidney extracts were incubated with the following inhibitors (15
min in ice bath): (1) no inhibitor; (2) 5 M E64 (irreversible inhibitor of cysteine-proteases); (3) 2 mM
ortho-phenanthroline (zinc chelator); (4) 10 mM ethylenediaminetetraacetic acid, EDTA (metal
chelator, including calcium and zinc).
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Figure 3. Kinetics of metalloprotease in liver and kidney extracts of normal (NL) and streptozotocindiabetic (DM) rats. Tissue extracts (30 μg of protein from kidney, and 60 g of protein from liver,
n=30) were pre-incubated at 37°C for 30 seconds in Tris-HCl buffer, pH 8.2, containing 5 M E64 and
1 mM PMSF, and then the substrate Abz-KLFSSKQ-EDDnp was added (10 μM, final concentration).
Incubation mixtures (1 ml, final volume) were maintained at 37°C. The spectrofluorometer was
adjusted to λex = 320 nm e λem = 420 nm, and the fluorescence was measured every second. Incubations
were also performed in presence of metalloprotease inhibitors: 10 mM EDTA and 2 mM ortophenanthroline.

E64, which is a cysteine-protease inhibitor, had no effect upon kidney gelatinolytic
activities, while in presence of either ortho-phenanthroline or EDTA (metal chelators) all
gelatinolytic activities were inhibited, indicating that they are metalloproteases. In liver,
gelatinolytic activities were much lower, and only a ~140 kDa band was observed after 72 h
incubations (Figure 2). MMP activities measured by fluorometric assays1 were also unaltered
in diabetes (Figure 3 and Figure 4).
The expression of MMP-2 and MMP-9 (mRNA, measured by qPCR)2 was decreased in
diabetic liver and kidney (Figure 5), both 10 and 30 days after streptozotocin administration.
Nevertheless, the amounts of MMP-2 and MMP-9 proteins (Western blotting, MW 72 kDa
1

2

Fluorometric assays were performed by fluorescence resonance energy transfer – FRET – based on the family of
synthetic peptides Abz-KLXSSKQ-EDDnp (X = D, R, Y ou F) as substrates. Incubations were performed at
37C in quartz cuvetes containing 50 mM Tris-HCl buffer, pH 8.2, protease inhibitors 5 M E64 (irreversible
inhibitor of cysteine-proteases), and 1 mM phenylmethylsulfonyl fluoride (PMSF, inhibitor of serineproteases), tissue extracts (30 g of protein for kidney and 60 g of protein for liver), and then the substrate
was added (10 M, 1 ml final volume). The assays were also performed in presence of MMP inhibitors: 10
mM ethylenediamine tetraacetic acid (EDTA, calcium chelator) or 2 mM ortho-phenanthroline (zinc chelator).
The peptides formed upon substrate digestion were identified by HPLC.
The primers used for real time qPCR were: MMP-2, forward 5’ GGCACCACCGAGGATTATGACC 3’, and
reverse, 5’ GTGAAGGGGAAGACACATGGGG 3’; MMP-9, forward 5’ CACCACTAAAGGTCGCT
CGGATG 3’, and reverse, 5’ GGAAGACGCACATCTCTCCTGC 3’. Housekeeping genes: β-actin, forward
5’ GGATGACGATATCGCTGCGCT 3’, and reverse 5’ CTGACCCATACCCACCATCACAC 3’, and
ribosomal protein 29S, forward 5’ GTCAGTACGCGAAGGACATAGGC 3’, and reverse 5’
CAGGGTAGACAGTTGGTTTCATTGGG 3’. Relative gene expression was calculated by the 2-ΔΔCT method
developed by Livak & Schmittgen (2001).
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and 92 kDa, respectively) did not significantly vary in diabetes (Figure 6). MMP-2 and
MMP-9 concentrations were much lower in liver than in kidney, but no detectable changes in
protein amounts were observed in diabetic tissues, in comparison to matched controls.
Concerning MMPs that act on extracellular matrix proteins other than collagen, it was
shown that MMP-7, which may play a role in fibronectin accumulation, was reduced by
exposure of mesangial cells to AGEs. Both the MMP-7 increase and the fibronectin
accumulation were attenuated by aminoguanidine, an inhibitor of glycation product formation
(McLennan et al., 2007).

Figure 4. Specific activities of metalloproteases in diabetic (DM) and normal (NL) rat kidney and liver.
The assays were performed as described in Figure 3, except that specific activities are shown
(pmol/min/g of protein). Data represents mean±standard deviation. Statistically significant differences
between NL and DM are shown as p<0.05.

CONCLUSION
Many of the complications that occur in human diabetes mellitus also occur in the
streptozotocin-induced disease, indicating that this is a good model to investigate the
macromolecules and enzymes involved in the onset and progression of these complications.
The present paper focused on the expression and activities of matrix metalloproteases in
streptozotocin-diabetes mellitus, in different organs and tissues, and it is clear that MMPs
may be involved in diabetic complications. Changes in both the expression and the activities
of these enzymes may be affected by high glucose and/or AGEs. So, MMPs and their
endogenous inhibitors – TIMPs – may be important targets to control the onset and
progression of diabetes mellitus complications.
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Figure 5. Expression (mRNA) of MMP-2 and MMP-9 in diabetic (DM) and normal (NL) rat liver and
kidney. The expression of mRNA was normalized either by ribosomal protein S29 (RPS29) or β-actin
(ACTB). Data represent meanstandard deviation (n=60). Statistically significant differences between
NL and DM are shown as p<0.05.
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Figure 6. Representative Western blottings of MMP-2 and MMP-9 extracted from diabetic (DM) and
normal (NL) rat liver and kidney. Tissue extracts (3-5 l containing 30 g of protein) were submitted to
SDS-PAGE (7.5% acrylamide with 0.2% bisacrylamide). Proteins were transferred to nitrocellulose
membranes, probed with either rabbit polyclonal anti-MMP-2 (Millipore AB19167, 1:500) or antiMMP-9 (Millipore AB6001, 1:2000) antibodies. Specific bands were detected by secondary antibody
(anti-rabbit IgG) conjugated with horseradish peroxidase (HRP) and ECL-chemiluminescent substrate.
Images were obtained with MF-ChemiBIS gel documentation system. Each lane represents a pool of
four animals of each group.
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