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Abstract
Many age-associated degenerative diseases commonly involve degradation of the extracellular
matrix and aberrant matrix metalloproteinase-1 (MMP-1) expression. In diverse cell lines MMP-1
or interstitial collagenase (CL) expression is tightly regulated through a network of signals involving
reactive oxygen species (ROS). However, whether the in vivo age-associated increase in CL
expression is also sensitive to ROS-mediated signaling has not been established. To evaluate the
contribution of ROS to the age-dependent increase in CL we monitored the levels of murine CL in
two well-established models of oxidant stress. Analysis of murine CL levels in mice deficient in
either of the intracellular superoxide dismutases (Sod2+/− or Sod1−/−) revealed its age- and redox-
dependent expression relative to WT controls. Both age- and redox-dependent increases in murine
CL expression were associated with elevations in phosphorylation of the MAP Kinases, Erk, JNK
and p38. CL expression was highest in renal and skeletal muscle tissue from the aged Sod1−/− mice
and was associated with a decrease in collagen staining. These findings suggest that MAPK signaling
and CL production are both age- and redox-responsive. The redox sensitivity of age-associated CL
expression suggests that degenerative disease associated with aberrant matrix remodeling and oxidant
stress may be amenable to antioxidant-based therapies.

Keywords
Ageing; Collagenase; MMP-13; Superoxide dismutase; Oxidants

1. Introduction
Matrix metalloproteinase-13 (MMP-13) is a murine interstitial collagenase (CL) and the
functional homologue of human matrix metalloproteinase-1 (MMP-1). MMPs are a broad
family of 23 Zn2+-binding, Ca2+-dependent endopeptidases that are responsible for degrading
various components of the extracellular matrix (ECM). The MMP family is divided into seven
classes depending on their substrate specificity. The various MMP family members are
involved in a wide number of physiological processes including cell migration, tissue
remodeling, embryogenesis and organ morphogenesis (Nagase et al., 2006). MMPs are
expressed at low levels under normal physiological conditions and can be induced or activated
when required by diverse stimuli such as mechanical stimulation, growth factors, cytokines,
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ultra-violet radiation and infection (Lee et al., 1996; Vincent et al., 2002; Ito et al., 1990). Apart
from normal physiological processes (Parks et al., 2004) augmented activity of this family of
enzymes is associated with many age-related disease pathologies including: chronological skin
ageing and photoageing (Hornebeck, 2003); periodontitis (Nomura et al., 1998); lung
emphysema (Imai et al., 2001); atherosclerosis (Nikkari et al., 1995); tumor metastasis
(Brinckerhoff et al., 2000), both osteo- and rheumatoid arthritis (Burrage et al., 2006) and renal
disease (Catania et al., 2007). In addition, fibroblasts obtained from patients suffering from
various premature ageing syndromes secrete elevated levels of MMP-1 (Kumar et al., 1992).
These observations indicate there is a strong association between age and aberrant MMP-1
expression.

Tight regulatory control of MMP is maintained by controlling its transcription, translation,
activation and by tissue inhibitors of metalloproteinases (Vincenti and Brinckerhoff, 2002).
MMP-1 transcription involves signaling via members of the phosphoinositoyl-3-kinase (PI-3-
Kinase) and MAP Kinase (MAPK) pathways as well as various protein kinase C isoforms
(Lechuga et al., 2004; Shum et al., 2002). Both MMP expression and activity can also be
regulated by reactive oxygen species (ROS) (Brenneisen et al., 1997; Nelson et al., 2006).

ROS have been proposed to be key players in the process of ageing and are at the foundation
of the free radical theory of ageing proposed by Denham Harman (Harman, 1956). Age-
dependent increases in ROS production, resulting from metabolic defects or diminished
antioxidant scavenging, are responsible for oxidation of cellular biomolecules (Cand and
Verdetti, 1989). MMPs have also shown to be directly activated by ROS (Shah et al., 1987).
Lipid and organic peroxides are involved in UV-induced MMP-1 expression (Polte and Tyrrell,
2004). Treatment of brain microvascular endothelial cells with peroxynitrite can induce
MMP-1 and -9 and increase the activity of MMP-1, -2 and -9 (Gursoy-Ozdemir et al., 2004).
MMP induction contributes to degradation of the blood–brain barrier during neurodegenerative
and neuroinflammatory disorders (Haorah et al., 2007). High endogenous levels of ROS in
tumor cells correlates with the increased activity of MMP-2 and -9 (Burlaka et al., 2006). ROS
associated induction of MMP-1 and -2 mRNA can be blocked by catalase (Zaw et al., 2006).
Cytokine-dependent induction of MMP-1 is also ROS mediated (Lo and Cruz, 1995). We have
identified MMP-1 as a redox-sensitive protease that is sensitive to increases in the steady state
production of H2O2 which can be reversed by coexpression of catalase (Nelson et al., 2006).
All of these reports indicate that there is a strong link between ROS production and MMP
induction. Thus, ROS are linked to both the ageing process and induction of MMPs. However,
whether a correlation exists between oxidant stress, ageing and MMP induction is not known.
The current study aims to define if CL is regulated in an age- and redox-dependent fashion by
using, Mn (Sod2+/−) and CuZn (Sod1−/−) superoxide dismutase-deficient mice, two well-
established models of oxidant stress. Both these mouse models have been widely used to study
the effect of oxidant stress on ageing and are well characterized in terms of their antioxidant
profiles and associated lipid, protein and DNA damage (Huang et al., 1997; Van Remmen et
al., 1999; Elchuri et al., 2005; Muller et al., 2006). The current study demonstrates that murine
MMP-13, the functional homolog of human MMP-1, is increased in an age-dependent manner
in all tissues tested. Furthermore, the ROS-dependent regulation of MMP-13 appears to be
tissue specific and is associated with age and redox-dependent increases in the activity of
signaling networks that drive CL expression. Our findings suggest that antioxidant-based
therapies may be particularly useful in ameliorating degenerative diseases associated with the
aberrant expression of interstitial collagenase.
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2. Materials and methods
2.1. Animal tissues

Frozen tissues were obtained from the Sod1−/− or Sod2+/− mice and their aged-matched WT
counterparts from the laboratory of Dr. Van Remmen at University of Texas Health Science
center at San Antonio, TX. These models were originally generated in the lab of Dr. CJ Epstein's
and have been previously described in detail (Huang et al., 1997; Elchuri et al., 2005; Muller
et al., 2006). Tissues used for analysis were based on availability. Heart and kidney tissues
were obtained from young (6 months) and old (26–28 months) Sod2+/− and WT mice while
heart, kidney, liver and skeletal muscles were used for the Sod1−/− and WT mice. The
Sod1−/− mice have a decreased lifespan compared to their WT controls and were provided from
16 to 18 month old mice, which are technically middle-aged and for this manuscript have been
described as old. All young mice were 6 months old. Aged Sod1−/− mice display a severe loss
of muscle mass, thus, MMP-13 analysis was restricted to animals of 12–14 months. Tissues
were shipped frozen and were maintained at −80 °C until analyzed.

2.2. Preparation of tissue lysates
Tissue lysates were prepared in 500 μl lysis buffer (1× PBS, pH 7.4, 1% NP-40, 0.5% Sodium
deoxycholate, 0.1% Sodium Dodecyl Sulphate with protease inhibitor cocktail (Roche) and 2
mM Sodium orthovanadate and pulse homogenized in a bead beater. The homogenates were
cleared by centrifugation at 14,000 rpm for 10 min. The supernatant was collected, aliquoted
and frozen for future analysis.

2.3. Murine MMP-13 pulldown and immunoblot
Protein concentrations were determined using BCA protein assay kit (Pierce). Tissue lysates
equivalent to 100 μg protein were resuspended in 1 ml of lysis buffer and incubated overnight
on a rotator at 4 °C with 40 μl of heparin–Sepharose beads (Amersham Biosciences) to bind
CL. Following incubation, beads were centrifuged at 1000 rpm for 5 m and resuspended in 40
μl of 1× HBSS and boiled with denaturing loading dye to release the bound MMP-13 Samples
were centrifuged at 14,000 rpm for 5 m to pellet Sepharose beads. Boiled supernatants were
cleared of beads using microcon ultrafiltration tubes and loaded on 4–12% gradient gels
(Invitrogen) and electrophoresed. Proteins were immunoblotted onto nitrocellulose using
Invitrogen transfer system at 30 V for 1 h at room temperature or 6 min transfer using the
iBLOT®. Membranes were blocked in 5% milk, Tris buffered saline containing 0.1% Tween
(TTBS) (pH 7.6) for one hour at room temperature with gentle rocking. Membranes were
incubated with monoclonal MMP-1 antibody (R&D Systems) at 1:400 dilution in 5% milk in
TTBS overnight at 4 °C. Following incubation, membranes were washed three times with 1×-
TTBS and incubated with horseradish peroxidase-conjugated anti-mouse secondary antibody
(Amersham Biosciences) (1:4000 dilution in 5% milk-TTBS) for one hour at room
temperature. The membrane was washed three times for 15 min with 1×-TTBS and developed
using Pierce Femto Supersignal chemiluminescent substrate for 3 min and exposed to Kodak
MS radiographic film (Kodak, Rochester, NY). Data was normalized to GAPDH from lysates
of tissues that were used for the MMP-13 pulldown.

2.4. Western blot
Protein concentrations were determined as above and 25 μg total protein was normally used
for immunoblotting. The following antibodies were used: p-p38 (9211), total p38 (9212), total
Erk (9102), total JNK (9258), p-Akt S473 (9271) and total Akt (9272) from Cell Signaling
Technologies; MMP-1 (MAB901) from R&D Systems, GAPDH (4300) from Ambion; p-Erk
(sc-7383), p-JNK (44-682G) from Biosource. Secondary antibodies anti-mouse (NA931) and
anti-rabbit (NA934) were from Amersham.
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2.5. Trichrome staining and quantification
Paraffin embedded tissue sections of 4–6 μM were mounted on slides. Tissue sections were
stained using Masson's Trichrome stain kit according to manufacturers instruction (American
MasterTech). The different stains represent: red for cytoplasm, keratin and muscle; blue for
collagen and mucus; and black for nuclei. For each slide ≥4 pictures were imaged. Red and
blue staining was digitally extracted from all images with Adobe Photoshop and quantified
using ImageJ. Blue staining intensity was normalized to overall red stain. Glomerular trichrome
staining was similarly quantified and normalized to area analyzed. Quantification is
representative of 30 glomeruli for each cohort of mice analyzed. Data was normalized to WT
control values.

2.6. Statistical analysis
ANOVA with α = 0.05 was used for processing the data. Two-sample t test was used as posttest.

3. Results
3.1. MMP-13 increases with age in renal and cardiac tissue of both WT and Sod2+/− mice

MMP-13 levels were determined in kidney and heart lysates of both young (6 months) and old
(26–28 months) WT and Sod2+/− mice. MMP-13 levels increased with age in both the WT and
Sod2+/− heart (Fig. 1a) and kidney (Fig. 1b) when compared to their age-matched controls.
While not achieving statistical significance, there was a more robust increase in MMP-13
expression in the aged Sod2+/− relative to the WT animals.

3.2. MMP-13 expression increases with age in kidney, liver and skeletal muscles of WT and
Sod1−/− animals

MMP-13 immunoreactive protein was monitored in kidney and liver of young (5–6 months)
and old (16–18 months) Sod1−/− and aged-matched WT control animals. For skeletal muscles
12–14 month old mice were analyzed due to severe muscle atrophy in the older animals.
MMP-13 increased with age in both WT and Sod1−/− animals in all tissues analyzed. MMP-13
levels were increased in cardiac tissue with age which was exacerbated in the Sod1−/− mice,
however statistical significance could not be assessed due to the limited sample number (data
not shown). Age-dependent increases in MMP-13 were observed in both renal (Fig. 2a) and
hepatic (Fig. 2b) tissue lysates from both the WT and Sod1−/− mice. Loss of Sod1 significantly
enhanced age-associated renal MMP-13 expression. Skeletal muscle MMP-13 levels were also
increased in both the old WT and Sod1−/− over their respective young controls (Fig. 2c). More
striking was the increase in MMP-13 in the old Sod1−/− relative to age-matched controls. These
findings suggest that the kidney and the skeletal muscles of the mice may be more susceptible
to redox-dependent increases in MMP-13 expression resulting from a CuZnSod-deficiency.

3.3. Age and redox-dependent changes in MAP Kinase activation
MMP expression is controlled by the various MAP Kinase family members. To determine if
increases in MAPK phosphorylation were associated with elevated CL levels we monitored
the phosphorylation of Erk, JNK and p38 in tissue lysates from young and old SOD deficient
mice and their aged matched controls. The prominent MAP Kinase family members Erk (Fig.
3a), JNK (Fig. 3b) and p38 (Fig. 3c) displayed increases in their phosphorylation with age in
heart tissues in both WT and Sod2+/− mice compared to young mice. Renal tissues from these
mice also showed an increased in phosphorylation of Erk and JNK (data not shown).

Erk phosphorylation did not vary significantly between the different groups in the kidney
tissues of WT and Sod1−/− mice (Fig. 4a). Interestingly, phospho-JNK levels in kidney
increased in both young and old Sod1−/− mice relative to controls. JNK phosphorylation was
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low in both young and old WT kidney tissues (Fig. 4b). Age-dependent increases in p38
phosphorylation were only observed in renal tissues (Fig. 4c). In addition, the phosphorylation
state of both JNK and p38 was increased in the aged Sod1−/− relative to their controls.

3.4. Akt phosphorylation changes with age in but is not redox-responsive
The PI3Kinase/Akt axis also participates in regulating MMP expression. Analysis of Akt from
the distinct tissue samples indicate that its phosphorylation was increased with age in both
WT and Sod2+/− heart tissues over their respective young controls (Fig. 5a). A similar age-
dependent increase in Akt-phosphorylation was observed in renal tissue from WT and Sod1-
deficient animals however these differences did not achieve significance (Fig. 5b).

3.5. Loss of collagen deposition is enhanced in renal samples from SOD1−/− mice
We next evaluated set out to determine whether the increases in MMP-13 abundance in the
Sod1−/− mice were associated with decreases in collagen deposition using Trichrome staining.
Quantitative analysis of total collagen levels in renal tissues suggests that a trend for decreased
collagen is observed in the old Sod1−/− when compared to WT mice. The decrease in collagen
levels is visually evident and reaches significance when focus is placed on the Bowman's
capsule of the glomeruli (Fig. 6a and b).

4. Discussion
In the present study using tissues from two different mouse models of oxidative stress, namely,
the Sod2+/− and Sod1−/− mice and their age-matched WT controls, we demonstrate that the
level of MMP-13 immunoreactive protein increased with age in all tissues studied. Renal
MMP-13 levels were particularly sensitive to the level of oxidative stress in the old
Sod1−/−(Fig. 2A). The heart and kidney tissues from the old Sod2+/− and WT animals showed
a significant increase in the level of MMP-13 over their respective young controls (Fig. 1).
However, no statistically significant differences in MMP-13 expression were observed
between the old Sod2+/− and WT Though both the Sod2+/− and the Sod1−/− mice reportedly
show increases in levels of oxidative stress in tissues (Muller et al., 2006;Van Remmen et al.,
2003), it is interesting that only the kidneys from the old Sod1−/− mice showed an oxidant-
stress dependent increase in MMP-13 expression though a trend exists in the old Sod2+/−

animals. In addition, the skeletal muscles from the old Sod1−/− mice showed a significant
increase in MMP-13 levels over their age-matched controls. It is interesting to note here that
even at a comparatively early age (12–14 months), the old Sod1−/− mice show a significant
increase in MMP-13 levels in their skeletal muscles compared to their age-matched WT controls
(Fig. 2c) suggesting that oxidative stress also exacerbates age-dependent MMP-13 expression
in this tissue.

The Sod1−/− mice have a shortened lifespan compared to their WT controls while a single
functional Sod2 allele is sufficient to maintain a normal lifespan (Muller et al., 2006; Van
Remmen et al., 2003). In addition, loss of single Sod2 allele leads to oxidative damage only to
the DNA, while homozygous loss of Sod1 damages all major biomolecules (Muller et al.,
2007). Oxidative stress is manifested in terms of increased incidence of cancer with no other
differences in other ageing markers in the Sod2+/− while the Sod1−/− show more severe
pathological outcomes including increased cataract development (Olofsson et al., 2005), early
hearing loss (Keithley et al., 2005), skeletal muscle atrophy and increased incidence of cancer
(Muller et al., 2006). Thus, the Sod1 dismuting activity is critical for maintenance of redox
homeostasis in cells and tissues. There is evidence to show that loss of Sod1 leads to significant
damage to the mitochondria even though Sod2 levels in the organelle are intact (Aquilano et
al., 2006). Sod1 deficiency is associated with decreases in mitochondrial membrane potential
and ATP synthesis, both of which are critical for maintenance of mitochondrial integrity.
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Overall, these observations suggest that the Sod1−/− mice are likely exposed to high levels of
oxidative damage and may explain the more robust increase in the expression of MMP-13,
relative to animals with a partial deficiency in Sod2 activity.

In spite of the differences seen between the two mouse models, both displayed an age-
dependent increase in MMP-13, which appear to be exacerbated by oxidative stress. The age-
associated increase in MMP-13 was associated with an increase in phosphorylation of MAPKs
– Erk, JNK and p38 (Fig. 3) all of which contribute to regulating MMP expression (Wu et al.,
2004). Furthermore, MAPK phosphorylation was increased by Sod deficiency in a tissue-
specific manner (Fig. 4). We have previously established that JNK plays an important role in
the redox-responsiveness of the human MMP-1 promoter (Nelson et al., 2006). Analysis of
JNK abundance revealed that JNK2 was prominently upregulated in the aged Sod1-deficient
mice. Work by Firestein and coworkers defined the importance of both JNK1 and JNK2 in
human fibroblast-like synoviocytes and in a murine model of rheumatoid arthritis (Han et al.,
2001). In both cases the JNK inhibitor blocked hMMP-1 or mMMP-13 expression in vitro and
in vivo, respectively. In their model system, JNK2 is the dominant JNK protein and is likely
the most physiologically relevant as it binds c-Jun with greater avidity than the other JNKs. In
addition, the IL-1 dependent expression of mMMP-13 is more severely impaired in JNK2-
than in JNK1-deficient MEFs. It is possible that this age-dependent enhancement of JNK2
expression in the Sod1-deficient animals may participate in the increased expression of MMP-1
in the renal tissue.

The PI3K pathway is also known to regulate MMP expression (Lechuga et al., 2004).
Phosphorylation of Akt, a downstream target of PI3K, showed similar patterns in the two mouse
models. While the Sod2+/− and WT mice showed significant age-dependent increase in Akt
phosphorylation (Fig. 5a) this differences was not as striking when comparing the Sod1−/− mice
and their aged matched controls. The less striking age-dependent increase in Pi-Akt in the
Sod1−/− relative to Sod2+/− is likely attributed to distinct chronological age of the two cohorts
(Sod1−/−, 16–18 months vs Sod2+/−, 26 months).

A high level of interstitial collagenase in humans and rodents is associated with pathologies in
diverse organs. Our studies were restricted to liver, kidney, heart and skeletal muscle tissues
in either one or both murine models. These organs have been shown to be prone to MMP-
dependent age related pathologies and our findings suggest that aberrant collagenase
production may exacerbate the disease conditions in sensitized/susceptible individuals.

Kidneys lose function in an age-dependent manner that involves loss of renal mass and
increased fibrosis both of which involve augmented MMP activity (Ahmed et al., 2007). We
have demonstrated that MMP-13 levels in kidneys seem to be particularly sensitive to increased
oxidative stress (Fig. 2). High level of MMP-1 expression appears to be involved in renal
fibrosis (Catania et al., 2007), a major cause of dialysis and kidney transplants, as well as in
initiating glomerular remodeling in progressive kidney scarring (Denzinger et al., 2007). Our
findings suggest that collagen deposition appears to dissipate in the Bowmans capsule. This
cup-like structure houses the glomerular vessels and forms the filtration barrier with basement
membrane (BM). This region is composed of laminin and type IV collagen is crucial for
filtration. MMPs degrade extracellular matrix components such collagen, gelatin, fibronectin
and laminins and it is possible that uncontrolled expression of MMPs in the aged and SOD
deficient mice might affect filtration impairing renal function. This is clearly evident in Alport
syndrome where mutations impacting collagen synthesis hamper production and assembly of
collagen and composition of basement membranes. Associated with this disorder is a decline
in renal function typically leading to renal failure. MMPs are also involved in other kidney
pathologies such as acute kidney injury, chronic allograft nephropathy, diabetic nephropathy
and polycystic kidney disease (Hirata et al., 2004). Apart from fibrosis MMPs also play an
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important role in the progression of renal cell carcinoma that appears to have a higher tumor
grade and poor survival with age in humans (Nikkari et al., 1995) and is dependent on the
MMP-1 and MMP-3 haplotype (Brown et al., 1995).

MMPs are also known to play an important role in several cardiac-associated pathologies. High
levels of MMP-1 (Pasterkamp et al., 2000) along with MMP-2 (Felkin et al., 2006), MMP-9
(Kato et al., 2005) are seen in atherosclerotic plaques. Collagenase levels increase in heart
failure patients while the levels of their inhibitors remain unchanged (Muller et al., 2006). Other
conditions such as coronary artery disease show increases in serum MMP-1 and MMP-9 levels
(Matsumura et al., 2005).

One of the phenotypes of the Sod1−/− mice is their loss of skeletal muscle tissue (Muller et al.,
2006). MMP-13 profiles in the skeletal muscle of WT mice show age-dependent increases (Fig.
3). MMPs are associated with various muscle-related dystrophies and muscle degeneration
(Carmeli et al., 2004). Whether increased MMP-13 in skeletal muscles contributes to
sarcopenia in aged Sod1−/− animals remains to be determined.

MMPs are also important in other pathologies such as cancer and arthritis (Tasci et al., 2008).
High levels of MMP-13 have been reported in rat and murine models of arthritis (Woo et al.,
2007) Aberrant MMP-1 expression has been linked with bladder cancer (Zhu et al., 2001) and
colorectal cancer (Zhu et al., 2001). MMP-1 is thought to contribute to tumor initiation and
development (Lee et al., 2005) promoting a tissue microenvironment that is permissive to tumor
growth. MMPs can act on more than just the components of the ECM, including growth factors,
cytokines and chemokines. MMP-dependent cleavage of these factors has also been shown to
activate and increase their bioavailability (Churg et al., 2003). Cardiac hypertrophy in response
to increased IGF signaling has also been linked to increased MMP-1 and MMP-2 activity
during β-adrenergic stimulation that is blocked by MMP inhibition (Pardo and Selman,
2005). MMPs can also cleave and release membrane bound TNF-α making it available for
signaling as observed in cigarette-smoke induced inflammation (Churg et al., 2003). This latter
scenario may increase the pathology of lung emphysema associated with smoking, which is
also exacerbated with age. MMP-1 can also cleave and activate other MMPs serving to
aggravate ECM degradation process. Thus, high endogenous levels of MMP-13 in aged murine
tissues and that of the different collagenase in humans might serve to make the tissue
microenvironment more susceptible to damage, decrease the threshold for disease induction
and increase the pathology of diseases.

To summarize, the current work demonstrates that MMP-13 increases with age in murine
tissues and can be used as a biomarker for ageing and potentially oxidative insult. It is important
to emphasize that the fold increase in age-dependent induction of MMP-13, ERK1/2, p38, JNK
and Akt remains relatively constant between the SOD genotypes studied. However, the
amplitude of the signals driving their induction is redox-sensitive. Thus, increases in MMP-13
expression with age are likely responsible for aberrant extracellular matrix degradation and
may be exacerbated by conditions that augment oxidant production.
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Fig. 1.
MMP-13 production increases with age in tissues from WT and Sod2+/− mice. MMP-13 levels
were determined in heart (A) and kidney (B) tissues from WT and Sod2+/− mice either young
(6 months) or old (26–28 months) by heparin–Sepharose pulldown and Western blotting. Data
normalized to GAPDH as loading control determined from tissue lysates. Values are reported
as relative densitometric intensities and represented as ± SE of mean. n = 4 for each group of
heart tissues. n = 6 for young WT, n = 7 for old WT and young Sod2+/−, n = 10 for old
Sod2+/−.
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Fig. 2.
MMP-13 expression increases in an age-dependent manner in WT and Sod1−/− mice tissues.
MMP-13 levels were determined in kidney (A), liver (B), and skeletal muscle (C) tissues from
WT and Sod1−/− mice either young (6 months) or middle-aged (16–18 months, 12–14 months
for skeletal muscles) by heparin–Sepharose pulldown and Western blotting. MMP-13 levels
were normalized to GAPDH levels in the lysates. Values are reported as relative densitometric
intensities and represented as ± SE of mean. n = 4 for each group of kidney, liver and skeletal
muscle tissues.
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Fig. 3.
Phosphorylation of MAP Kinases increases with age in heart tissues from WT and Sod2+/−

mice. Phosphorylation of different members of the MAP Kinase pathway Erk (A), JNK (B)
and p38 (C) was determined by Western blotting. Values reported as relative densitometric
intensity and represented as mean ± SE. n = 4 for each group in p-Erk. n = 4 for young and old
WT and n = 5 for young and old Sod2+/− in p-JNK, n = 2 for all groups in p-p38.
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Fig. 4.
MAP Kinase phosphorylation in kidney tissues of WT and Sod1−/− mice. Phosphorylation
status of different members of the MAP Kinase pathway Erk (A), JNK (B) and p38 (C) ws =
as determined by Western blotting and normalized to total protein. Values reported as relative
densitometric intensity and represented as mean ± SE. n = 4 for each group. Immunoblot panels
for each row are from the same autoradiographic exposure and are representative of three
independent samples, with the exception of a young+/+ samples for JNK and p38.
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Fig. 5.
Akt phosphorylation levels in tissues from Sod1−/− and Sod2+/− mice. Akt phosphorylation
was determined in heart tissues from WT and Sod2+/− mice (A) and kidney tissues from WT
and Sod1−/− mice. Values reported as relative densitometric intensity and represented as mean
+/− SE. n>/= 4 for each group.
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Fig. 6.
Elevated MMP-13 in aged Sod1−/− mice is associated with decreased renal collagen deposition.
Collagen level in kidney tissues from aged WT and SOD1−/− mice was determined by trichrome
staining (A) followed by relative quantification of the stain (B). (A) top panel shows trichrome
staining of kidney tissues and corresponding bottom panel is the extracted blue stain indicative
of collagen. White arrows mark areas of intense trichrome staining and black arrows to
decreased staining. The arrows point to the region of the Bowman's capsule which has collagen
present. (B) quantification of trichrome in kidney tissue and within glomeruli was normalized
to total red stain and area, respectively. The estimated collagen levels in old SOD1−/− kidney
tissue was normalized to old WT. Values are reported as relative densitometric intensity and
represented as mean ± SE. n ≥ 4 for each group.
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