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Abstract

Many degenerative disease processes associated with aging result from enhanced extracellular
matrix (ECM) breakdown. Concomitant with aberrant matrix destruction are alterations in levels
of reactive oxygen species (ROS) generating and detoxification systems. ROS function as second
messengers due to their ability to react with wide range of biomolecules resulting in modification
of an array of signaling networks. ROS can activate upstream kinases (MKK) responsible for
MAPK activation and restrict the activity of their inhibitory phosphatases. Here we focus on the
redox-sensitive signaling components that control the expression of MMP-1, which is largely
responsible for maintaining ECM homeostasis. Numerous disease processes are associated with
shifts in steady-state ROS levels that influence overall ECM degradation. This review highlights
the redox-sensitive regulatory signals that control the expression of the primary initiating protease
MMP-1 and provides strong rational for the use of antioxidant based therapies for treatment of
degenerative disorders associated with aberrant matrix destruction.

1. Introduction

1.1 Metalloproteinases

Metalloproteinases (MMPs) are Zn?* and Ca?* dependent endopeptidases involved in
extracellular matrix (ECM) turnover. Of the 24 known human MMPs (hMMPs), many share
a five domain architecture comprising a signal peptide, prodomain region, catalytic domain,
hinge region and the hemopexin domain (Fig. 1). MMP activation can be achieved either by
proteolytic cleavage of the prodomain or by disruption of thiol interactions. In vitro this can
be accomplished by using organomercurials, detergent and free radicals (Springman et al.
1990). Both the hinge region and hemopexin domain are responsible for bringing substrate
in close proximity to the catalytic domain for cleavage.

The MMPs are broadly classified into five groups — collagenases, gelatinases, stromelysins,
matrilysins and membrane-type MMPS (MT-MMPs), based on their substrate specificity
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and structural differences. MMPs that differ from the general five domain structure are:
gelatinases (MMP-2 and 9), which have a fibronectin domain present within the catalytic
domain; matrilysins (MMP-7 and 26), which lack the hinge and hemopexin domain; and
MT-MMPs that have a transmembrane domain and cytoplasmic tail. All MMPs are secreted
as zymogens into the extracellular space with the exception of MT-MMPs, which have a
furin recognition sequence at the end of prodomain region that allows for MT-MMPs
intracellular activation (Lemaitre and D'Armiento, 2006).

MMP levels in tissues are extremely low and strictly regulated due to their ability to cleave a
wide variety of substrates as they modulate many physiological processes including wound
healing, cellular growth, embryogenesis, immune surveillance and bone remodeling (Pardo
and Selman, 2005). This regulation occurs at the level of transcription, post-transcription
and post-translation. Elevated MMP levels have been associated with a variety of
pathological conditions such as rheumatoid and osteo-arthritis, lung emphysema,
atherosclerosis, Alzheimer's, and cancer. Aging is also associated with an increase in many
degenerative diseases involving ECM breakdown and aberrant MMP expression. Recent
work by Fisher et al. has established a redox-component to age associated increases in
MMP-1 (Fisher et al. 2009). The involvement of reactive oxygen species (ROS) in age-
associated MMP expression provides a mechanistic link between the free radical theory of
aging and many age-associated degenerative diseases. This paper reviews the molecular
triggers that drive this relationship.

MMPs have been categorized into three groups based on promoter conformation(Yan and
Boyd, 2007). MMPs in group 1 have promoters that contain a TATA box in the -30bp
region with a proximal Activator Protein-1 (AP-1 site) at -70bp (MMP-1, 3, 7, 9, 10, 12, 13,
19 and 26). AP-1 was the first cis-promoter element identified in the MMP-1 promoter to be
responsible for its gene expression (Angel et al. 1987). Since then many AP-1 binding sites
have been identified within MMP promoters that are co-regulated by growth factors,
cytokines, integrin binding and FAK activation. Members in group 1 are transcriptionally
activated following IL-1, TNF-o and phorbol ester treatment (Clark et al. 2008). MMPs in
group 2 have a TATA box without an AP-1 binding site (MMP-8, 11 and 21) whereas
MMPs in group 3 lack all of the above elements (MMP-2, 14 and 28) (Yan and Boyd,
2007).

MMPs are also regulated at the post-transcriptional level by the presence of AU rich cis-
elements in the 5'- and 3'- untranslated region (UTR) that dictate mRNA stability. The
binding of trans-acting factors such as microRNA (miR) or RNA binding proteins to these
cis-elements regulates mMRNA stability (Garneau et al. 2007). The 3-UTR of MMP-1 was
reported to be involved in destabilization of transcript and following IL-1 treatment of rabbit
synovial fibroblasts, MMP-1 transcripts were stabilized. Therefore, IL-1 is responsible for
both transcriptional activation of MMP-1 and stabilization of its transcript thereby
increasing MMP-1 expression (Vincenti et al. 1996). Additional studies also revealed p38
MAPK pathway to mediate the stability of MMP-1 transcript (Reunanen et al. 2002).
Similarly cortisol was shown to stabilize steady state MMP-13 mRNA levels (Rydziel et al.
2004).

Levels of MMP protein and activity are also dependent upon the presence of both initiator
proteases and tissue inhibitors of metalloproteinases (TIMPS). TIMPs are produced by cells
that express MMPs and are transcriptionally regulated by growth factors and cytokines(YYan
and Boyd, 2007). Presently, there are four different isoforms of TIMPs (TIMP 1-4) (Baker
et al. 2002), which inhibit MMP activity through a non-covalent interaction with Zn2* in the
catalytic domain (Pardo and Selman, 2005;Baker et al. 2002). Mice deficient in TIMPs have
shown to be at a higher risk of developing cardiovascular disorders such as atherosclerosis,
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aneurysms and dilated cardiomyopathies associated with impaired lung development
(Lemaitre and D'Armiento, 2006).

MMP-1 was the first human interstitial collagenase identified, and is responsible for tissue
remodeling under physiological and pathological conditions. MMP-1 cleaves collagens type
I, I1'and 1 with its highest affinity for type 11l (Lemaitre and D'Armiento, 2006) that is
found primarily in cartilaginous and connective tissues of the body. Additionally, it can also
degrade non-matrix constituents (aggrecan and perlecans) and activate cytokines such as
IL-1B and TNF-a (Lemaitre and D'Armiento, 2006;Gearing et al. 1994;Schonbeck et al.
1998). Under normal physiological conditions MMP-1 levels are low or undetectable,
however, in response to stress or a wide array pathophysiological processes MMP-1 levels
are elevated dramatically.

MMP-1 specific transcriptional regulation is dependent on the degree of environmental
stimuli responsible for inducing downstream signaling pathways along with the presence of
variable MMP cis-promoter elements. Furthermore, various single nucleotide
polymorphisms (SNPs) can also increase gene transcription. A single guanine insertion at
position -1607 (1G/2G) creates an Ets-1 binding site that cooperates with AP-1 at -1602 to
enhance MMP-1 transcription and is associated with a plethora of disease pathologies
associated with aberrant matrix turnover (Rutter et al. 1998).

The primary role of MMP-1 is to cleave triple helical collagen and increase its susceptibility
to degradation by other MMPs and proteases. While the absence of a complete homolog of
human MMP-1 (hMMP-1) in murine models has made it difficult to evaluate its role in
physiological and pathological processes it is clear that many age-associated degenerative
disease processes such as emphysema, atherosclerosis, Alzheimer's, skin aging and
rheumatoid/osteo-arthritis are associated with inceases in MMP-1.

Development of hMMP-1 transgenic mice helped shed light on the physiological importance
of MMP-1 in disease pathologies. Transgenic expression of hMMP-1 in mouse lungs results
in massive destruction of normal lung architecture due to cleavage of type 11l collagen in
alveolar walls, resulting in emphysema (D'Armiento et al. 1992). Additional clinical studies
further demonstrate high MMP-1 levels in type Il pneumocytes of emphysematous patient
whereas levels in healthy patients are non-detectable (Imai et al. 2001). In vitro studies also
revealed that MMP-1 is induced by cigarette smoke which is a major risk factor for
emphysema (Mercer et al. 2004).

Constitutive hMMP-1 expression in mouse heart leads to the development of dilated
cardiomyopathy. Older mice demonstrate a significant decrease in diastolic and systolic
functions and eventually succumb to cardiac failure (Kim et al. 2000) . Additionally,
MMP-1 is also involved in the process of atherosclerosis. Excised diseased arteries reveal
elevated levels of MMP-1 in smooth muscle cells and macrophages that underlie the fibrous
cap (Nikkari et al. 1995). There is also a strong positive co-relation between the presence
MMP-1 and increased plaque instability, strongly suggesting that MMP-1 might lead to
plaque expansion, hemorrhage and eventual rupture (Nikkari et al. 1995;Libby, 2002).

Senescent dermal fibroblasts also display elevated levels of MMP-1, 2 and 3 that are closely
associated with low levels of TIMP-1(Hornebeck, 2003). Expression of recombinant
TIMP-1 was seen to increase the proliferative capacity of psoriatic and sclerotic dermal
fibroblasts (Bertaux et al. 1991;Buisson-Legendre et al. 2000;Kikuchi et al. 1997). TIMP-1
mediated inhibition of MMPs and its growth promoting activity implicates TIMP-1 as an
essential growth factor required to maintain skin homeostasis (Hornebeck, 2003). Low
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levels of TIMP-1 in senescent fibroblasts with enhanced MMP-1 activity may further clarify
the underlying mechanism for skin aging and wrinkling. Burrage et al. also established that
chondrocytes and synovial cells from diseased joints of patients suffering from rheumatoid
and osteoarthritis show high level expression of MMP-1 and 13 (Burrage et al. 2006). This
marked expression of MMP is responsible for generalized joint destruction, swelling and
inflammation that are characteristic hallmarks of the disease. Additionally, 50% of cortical
brain tissues obtained from deceased Alzheimer's patients were shown to display marked
increases in MMP-1 (Leake et al. 2000). The blood brain barrier is comprised of endothelial
cells in close communication with astrocytes and microglial cells. Elevated MMP-1
expression may disrupt blood brain barrier integrity and drive demyelination (multiple
sclerosis) and degenerative dementia. Understanding the molecular mechanisms by which
MMP-1 levels are increased may provide potential targets for the prevention of diseases and
degenerative conditions associated with dysregulation of MMP-1.

2. Redox Signaling and MMP-1

MMP-1 is induced in response to growth factors, cigarette smoke and radiation, all of which
are associated with increased ROS production. ROS can impact MMP-1 activity and
expression indirectly through the modulation of signaling networks that contibute to its
transcription or through direct oxidative activation of the enzyme.

Activation of Mitogen-Activated Protein Kinase (MAPK) signaling by ROS is achieved
through multiple mechanisms. Glutathionylation of Cys118 in Ras inhibits its GTP/GDP
exchange mechanism, keeping Ras in its active state, thus driving MAPK activation (Adachi
et al. 2004). MAPK signaling is also prolonged by the restriction of activity of a number of
inhibitory MAP Kinase Phosphatases (MKPs) by ROS.

Many phosphatases such as phosphatase and tensin homolog (PTEN) (Lee et al. 2002),
protein tyrosine phosphatase 1B (PTB1B) (Lou et al. 2008), MAPK phosphatases (Seth and
Rudolph, 2006) and low molecular weight (LMW) protein tyrosine phosphatases (Caselli et
al. 1998) have been shown to be sensitive to oxidant inactivation at critical cysteine residues
in their active site. These cysteines have a lower pKa due to the presence of positively
charged amino acids surrounding them, resulting in their sensitivity to oxidative inactivation
(Barford, 2004). Enhancement of signaling pathways by oxidants can therefore affect the
recruitment of proteins at the promoter leading to increased transcription. The role of
oxidants in enhancing MMP-1 transcription has been shown to be due to activation of ERK
and JNK MAPK signaling. Treatment with either ERK or JNK inhibitors causes a decrease
in MMP-1 promoter activity (Ranganathan et al. 2001).

Post-transcriptional activation of MMPs is also driven by ROS. Oxidative stress has been
shown to modulate the thiol interaction between the prodomain and catalytic domain of
MMP-7 leading to its activation. Work by Suschek and coworkers indicates that small
molecular weight thiols including glutathione restrict MMP-1 activity and oxidation of the
MMP-1 bound inhibitory thiol is required for its activation (Koch et al. 2009).

3. Redox-Signaling and Age-associated MMP-1Expression

Recent work has established that age-dependent increases in MMP-1 expression are also
ROS-dependent (Dasgupta et al. 2010). Using a cellular aging model, the senescence
associated increases in MMP-1 expression were shown to be redox-dependent. Age-
dependent increases in oxidant production were linked to the augmented expression of
MMP-1 that was sensitive to inhibition by the glutathione precursor, N-acetyl cysteine
(NAC). Increases in both oxidant production and MMP-1 expression were also correlated
with similar age-dependent increases in phospho Jun N-terminal Kinase (JNK) levels that
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were also sensitive to NAC treatment. The JNK-dependent transcription factor c-Jun is a key
player in MMP-1 gene expression(Nelson et al. 2006;Auble et al. 1992). Increased binding
of c-Jun to the MMP-1 promoter in senescent cells relative to young cells further implied
that JNK contributes to age-dependent MMP-1 expression.

Serial activation of JNK is dependent upon upstream MAPK Kinases (MKKs) MKK-4 and
MKK-7. Interestingly, MKK-4 levels are also shown to be regulated in an age and redox-
dependent fashion. Negative regulators of INK are MKP-1, 2, 5 and 7, of which MKP-1 is
known to be induced in response to oxidative stress (Zhou et al. 2006).

Despite being induced by oxidants, phosphatases are highly susceptible to oxidative
modification and form high molecular weight aggregates that are targeted for degradation
(Kamata et al. 2005). This differential regulation by ROS can be dictated by the degree of
activating stimulus i.e. low levels of ROS can impact gene expression of MKP-1 but
excessively high levels are inhibitory in nature. Analysis of MKP-1 levels from aged cells
revealed that it is targeted for ubiquitin dependent proteolysis that is prevented when cells
are exposed to low oxygen. Moreover, both the age and redox-dependent expression of
MMP-1 can be blocked by overexpression of a dominant negative JNK or MKP-1, both of
which restrict INK activation.

To date studies measuring general antioxidant and DNA repair capability in aging model in
response to oxidative stress has revealed a gradual and consistent decline with age (Sohal et
al. 1993;Carney et al. 1991;Barnett and King, 1995) suggesting that old cells are incapable
of preventing oxidative damage of biomolecules. As summarized in Fig. 3, MMP-1
expression is increased with age and is regulated by shifts in intracellular steady-state H,O,
levels. In addition, redox-dependent JNK activation and simultaneous inhibition of MKP-1
points to ROS as the critical trigger in the process of age-dependent MMP-1 expression.

4. Redox-dependent control of MMP-1 transcription

As described previously, the level of MMP-1 expression is influenced by a genetic variation
in the MMP-1 promoter. An SNP located at —1607 bp, creates an Ets family transcription
factor binding site of the sequence 5-GGAT-3' by the insertion of a guanine base (G). Ets
transcription factors normally do not bind DNA alone, but preferentially form coactivator
complexes with transcription factors, such as AP-1. The Ets and AP-1 coactivating complex
may also play a critical role in regulating the expression of various MMP family members,
particulary that of MMP-1 (Westermarck et al. 1997). The protooncoproteins Fos and Jun,
which comprise the AP-1 complex, can homo or heterodimerize and bind its cognate
consensus sequence (TGACTCA) in the regulatory domains of many genes including
various MMP family members (Whitmarsh and Davis, 1996). Numerous reports indicate
that transcription factors important for MMP-1 expression are sensitive to redox-activation
that occurs, in part, through activation of the MAPK family members ERK1/2 and JNK
(Frost et al. 1994;Clerk et al. 1998;Westermarck and Kahari, 1999). JNK phosphorylates the
AP-1 family members including c-Jun and JunB (Reddy and Mossman, 2002), while c-Jun,
c-Fos, FosB, Fra-1 are sensitive to ERK activation. We have established that JINK confers
redox-sensitivity to the MMP-1 promoter while both ERK and/or JNK are required for
maximal basal promoter activity and the expression of AP-1 and Ets-1 (Nelson et al. 2006).
In addition, both c-Jun and Ets-1 are recruited to the region of the MMP-1 SNP in response
to alterations in the steady state production of H,O,.

Jun also forms complexes with other proteins to bind to distinct elements on the MMP-1
promoter (Parra et al. 1998). For example, c-Jun can complex with Fra-1 and bind NF«xB
elements. This mode of regulation needs to be further explored due to redox-sensitivity of
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NF«B binding and the location of a binding site close to the TATA box on the MMP-1
promoter.

Several lines of evidence suggest that H,O,-generated by the mitochondrial superoxide
dismutase (Sod?2) is important to enhanced expression of MMP-1. Scharffetter-Kochanek
and coworkers demonstrated that overexpression of Sod2 in dermal fibroblasts caused a
profound increase in the expression of MMP-1 when superoxide was provided to the cells
(Wenk et al. 1999). The investigators established that the induction of MMP-1 is due to the
increase in the production of H,O5 as a result of the dismuting function of Sod2. This is
further supported by work from our group that indicates binding of Ets-1 to the MMP-1
promoter and sustained JNK signaling requires the enzyme activity of Sod2. Furthermore,
Sod2 is sufficient and required for the induction of MMP-1 and potentially other MMP
family members via the H,O,-dependent activation of MAPK signaling (Nelson et al. 2003).
Thus, Sod2-dependent alterations in steady state H,O, levels play an important role in
regulating the upstream signaling that leads to optimal MMP-1 transcriptional activity and
likely parallels the signiling scheme outlined in Fig 3.

5. Regulation of Chromatin Remodeling by ROS and RNS

Histone deacetylases (HDACSs) are important histone modifying proteins that are generally
involved in gene repression due to their deacetylating activity (Kuo and Allis, 1998).
Removal of acetyl groups from histones by HDACs restores the positive charge of the
histones and allows for their tighter interaction with DNA, possibly preventing access of
transcriptional factors to promoter binding sites. HDAC?2 has been previously shown to be
involved in MMP-9 inhibition by metastasis associated gene 1 (MTA-1) and HDAC1 and 3
and to play a role in suppression of MMP-9 in HeLa cells (YYan et al. 2003).

Modification of HDACs by ROS and/or RNS results in reduced HDAC protein and activity
levels, thus altering their function in transcriptional repression. This reduction is caused by
nitrotyrosine modifications and aldehyde-adduct formation in HDACs in response to ROS or
RNS. Exposure of the human macrophage cell line MonoMac6 to cigarette smoke, which
itself is a potent generator of ROS and RNS, stimulates an imflammatory response resulting
from a decline in HDAC1, HDAC2 and HDAC3 activity and protein, and a concomitant
increase in the expression and release of proinflammatory cytokines (Yang et al. 2006). In
human alveolar cells A549, both H,O, and cigarette smoke result in HDAC2 nitration and a
decrease in protein levels and activity accompanied by increase in histone H4 acetylation
(Moodie et al. 2004). Ito et al estabished that H,O, significantly enhances cytokine
production in BEAS-2B cells as a result of increased tyrosine nitration and decreased
activity of HDAC?2 (lto et al. 2004).

HDACSs 1 and 2 have been shown to play an important role in cell proliferation as well as
mediating repression of pro-inflammatory cytokine expression along with corticosteroids. In
COPD patients, the oxidative stress caused by cigarette smoke modifies HDAC?2 and renders
corticosteroid treatments ineffective in treating inflammation (Moodie et al. 2004). Moodie
et al have demonstrated that increasing concentrations of cigarette smoke can reduce
HDAC?2 levels as well as activity leading to increased histone H4 acetylation. Moreover
H»0, as well as TNF-a treatment also decreased HDAC?2 levels and activity (Moodie et al.
2004).

Treatment of A549 cells with the histone deacetylase inhibitor Trichostatin-A (TSA)
increased expression of IL-8, the pro-inflammatory cytokine repressed by HDAC2. In
addition, TSA treatment also decreased HDAC?2 levels suggesting that inactivation of
HDAC?2 targets it for degradation. In addition to HDAC?2, HDACL1 and 3 were also shown to
be oxidatively modified by tyrosine nitration, which results in an increase in IL-8 expression
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in an NFkB dependent manner in MonoMac-6 cells (YYang et al. 2006). Concomitantly, upon
TSA treatment, NFxB was activated to a greater extent which again suggests that HDAC
inactivation decreases its protein levels.

Tyrosine nitration, in addition to inactivating an enzyme and targeting it for degradation
may also prevent other tyrosine modifications such as phosphorylation that are required for
optimal function (Turko and Murad,2002). Exposure of endothelial cells to peroxynitrite
was shown to decrease the amount of tyrosine phosphorylated proteins and increase
nitrotyrosine-containing proteins and target those proteins for degradation (Gow et al. 1996).
However peroxynitrite mediated nitration affects signaling pathways in a biphasic manner;
low levels of peroxynitrite ranging from 2 uM to 500 uM (depending on the cell type)
deplete intracellular glutathione and other reducing agents leading to a more pro-oxidant
environment that can inactivate protein phosphatases leading to enhanced signaling. At
higher peroxynitrite concentrations tyrosine nitration predominates leading to complete
inhibition of tyrosine phosphorylation (Monteiro et al. 2008). The presence of a
mitochondrial nitric oxide synthase, which could potentially produce NO (Parihar et al.
2008;Ghafourifar and Richter,1997; Tatoyan and Giulivi,1998;Elfering et al. 2002) might
mediate nitration as observed for mitochondrial proteins under ischemia/reoxygenation
(Koeck et al. 2004). The amount of peroxynitrite produced in any cellular system and,
therefore, the amount of tyrosine nitration depends on the flux between the two substrates,
NO and superoxide, which form peroxynitrite at near diffusion rates. Increases or decreases
in either of the two affect the rate of the reaction. Therefore, activities of NOS, SOD and
NADPH oxidases as well as other superoxide producing processes need to be considered in
a cell as a source of peroxynitrite generation.

Tyrosine nitration to date is still considered to be a dead end reaction resulting in the protein
being targeted for degradation. However, there is evidence pointing towards a possible
mechanism for reversing this reaction. Work done by Murad and co-workers has shown that
homogenates from rat liver and spleen could modify nitrotyrosine-containing BSA
(Kamisaki et al. 1998). Incubation with the homogenates resulted in a loss of the nitro-
tyrosine epitope that is recognized by a specific monoclonal antibody. This activity of the
homogenates was heat labile and sensitive to proteolytic degradation and was identified as a
“denitrase’. More recently an in vivo substrate for the “denitrase’ of histone H1.2 was
identified in RAW 64.7 cells (Irie et al. 2003). In addition, various heme containing proteins
in the presence of cellular thiols can non-enzymatically convert nitro tyrosines into amino
tyrosine (Balabanli et al. 1999). The amino tyrosine modification can then be potentially
removed by the action of nitro reductases in the cell. However, the role of nitro reductases in
this process has not been clearly established. Whether either or both mechanisms exist to
reverse tyrosine modifications still needs to be extensively characterized.

Overall nitration of HDAC's may result in their ubiquitination and degradation by the
proteosome. Fig. 4 depicts a proposed model for how oxidants might impact the MMP-1
chromatin remodeling complex. Oxidants promote an increase in the recruitment of specific
transcription factors (Ets-1 and AP-1) and histone modifying proteins (P/CAF) to the
MMP-1 promoter. Nitration and subsequent degradation of HDAC2 allows for a more
accessible chromatin. In addition, oxidants promote increases in JNK and ERK signaling
which upregulate Ets-1, c-Jun and c-Fos expression in and play a critical role in driving high
level MMP-1 transcription.
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5. MMP-1 Promoter Specific Redox responsive Chromatin Remodeling

Factors

Zantema et al have defined the various chromatin remodeling factors and histone
modifications that play a role in MMP-1 transcription in response to addition of serum
(Martens et al. 2003). These results show a role for p300 (a histone acetyl transferase or
HAT), Set9 (histone methyl transferase), Rsk2 (kinase), Brgl (component of the SWI/SNF
chromatin remodeling complex) as well as c-Jun and c-Fos (AP-1 transcription factor) in
this process.

Various chromatin remodeling factors participate in the redox responsive transcriptional
initiation from the MMP-1 promoter. Results from chromatin immunoprecipitation
experiments, which examined the recruitment of various factors to the MMP-1 promoter in
redox engineered cell lines suggest that c-Jun, c-Fos, Ets-1 as well as P/CAF recruitment to
the redox sensitive regions of the MMP-1 promoter are likely to be key triggers in enhancing
MMP-1 transcription (Nelson et al. 2003).

The recruitment of various chromatin remodeling proteins occurs at specific regions of the
MMP-1 promoter. Ets-1, c-Jun and c-Fos recruitment is highly enhanced in the region near
the 2GSNP. Brinckerhoff et al as well as Nelson et al have shown that this region plays an
important role in augmenting MMP-1 expression and requires ERK1/2 signaling (Nelson et
al. 2003; Tower et al. 2002). Indirectly it has been demonstrated that oxidants from cigarette
smoke enhances expression from the —1607 2G polymorphism contained within the MMP-1
promoter as compared to the 1G sequence (Mercer et al. 2006). Importantly, ERK1/2
MAPK is required for this promoter activity in human small airway epithelial cells (Mercer
et al. 2006). It was suggested that individuals with the 2G insertion polymorphism who
smoke may be predisposed to enhanced MMP-1 expression in the lung, which can
contribute to the development of chronic obstructive pulmonary disease.

A candidate histone modifiying factor that participates in the redox-dependent regulation of
MMP-1 is the histone deacetylase HDAC2. HDAC?2 has been shown to play a role in
MTA-1 mediated inhibition of MMP-9 in HT1080 cells at a distal region of the promoter
(YYan et al. 2003). HDAC?2 was also shown to bind to the proximal promoter region even in
the absence of MTA-1, which would suggest that HDAC2 represses MMP-9 independently
of MTA-1. However, in HeLa cells HDAC1 and HDACS3 are involved in suppression of
MMP-9 at proximal promoter regions which is relieved on PMA treatment (Ma et al. 2004).
Therefore, recruitment of different chromatin modifying proteins depending on the cell type
and signal used to activate transcription can impact MMP-1 expression. In summary, the
distal promoter region of MMP-1 that contains the SNP is shown to play an important role
in the oxidant dependent induction of MMP-1. Particularly, the recruitment of primary
transcription factors Ets-1, c-Jun and c-Fos is increased at this site. Chromatin modifying
proteins P/CAF and HDAC2 may be differentially recruited to the distal promoter element
in an oxidant dependent manner. These concerted events are mediated by ROS and bring
about a more transcriptionally active MMP-1 promoter complex.

6. Antioxidants and MMPs

The role of oxidants in enhancing MMP expression has been widely documented in the
literature. H,O, generation enhances the expression of MMP-1 in a variety of systems.
Compounds that detoxify H,O, or reduce its levels abrogate MMP-1 expression.
Concomitantly MMP-1 expression is enhanced by compounds such as buthionine sulfoxime
(a glutathione synthesis inhibitor) or aminotriazole (catalase inhibitor) that interfere with the
ability to remove H,O, (Wenk et al. 1999). In UVA irradiated fibroblasts, treatment with
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antioxidant constituents from Melothria heterophylla scavenged reactive oxygen species and
reduced MMP-1 expression (Cho et al. 2006). Dermal fibroblasts exposed to ROS generated
by the hypoxanthine-xanthine oxidase system and treated with catalase show decreased
expression of MMP-1 (Zaw et al. 2006). Epigallocatechin-3-gallate, a polyphenol
component of green tea that scavenges oxidants can suppress MMP-1 expression in hepatic
stellate cells and reduce hepatic fibrosis (Nakamuta et al. 2005). Antioxidants, Vitamin A
and E were used to reduce MMP-1 levels in a porcine model of atherosclerosis (Orbe et al.
2003). All trans retinoic acid treatment of skin prevents UV mediated MMP-1 expression by
preventing accumulation of c-Jun which is necessary for MMP-1 transcription as a part of
the AP-1 complex (Fisher et al. 1999;Fisher and VVoorhees,1998). MMP-1 production is
inhibited by reduced glutathione in transformed human heart fibroblast cell lines by
reducing oxidant levels (Tyagi et al. 1996). Resveratrol, a polyphenolic compound found in
grape skin can inhibit TNF-o induced MMP-9 expression in human vascular smooth muscle
cells (Lee and Moon,2005). N-acetyl cysteine (Hozumi et al. 2001), a ROS scavenger, as
well as catalase (Warner et al. 2000) can also block MMP-9 expression by TNF-a. It is clear
that various ROS, in particular H,O5, play a major role in modulating the expression of
MMP-1 in a variety of cell lines and tissues. ROS levels are increased in many different
cancers that express MMP-1.

Conclusion

Taken together, it is clear that the redox-responsiveness of MMP-1 occurs at multiple levels.
The redox-dependent shifts in MAPK signaling promote recruitment of transcription factors
to the MMP-1 promoter. The specificity and sensitivity of the MMP-1 promoter to oxidative
stress is very likely dependent on redox-dependent modifications of chromatin remodeling
factors that are engaged in driving MMP-1 expression. Understanding the many potential
redox modifications that control aberrant MMP-1 transcription will lead to the development
of targeted antioxidant based therapies for treatment of the many pathologies associated with
excessive matrix turnover.
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Fig. 1. Structure of Matrix Metalloproteinases

At the N-terminal of all MMPs is a signal peptide that directs it to the extracellular space/
membrane. Following this signal peptide is a prodomain region that caps the catalytic site as
a result of “thiol interaction” between the cysteine in the prodomain with the Zn2* in the
catalytic domain, thereby keeping the enzyme inactive (residues highlighted in red). For
activation of the enzyme, the prodomain can be cleaved by various proteases or the thiol
interaction can be perturbed. The catalytic domain comprises an aspartic acid residue that
binds Zn%* and is essential for the enzyme's activity. The hemopexin domain and proline
rich region aid in substrate binding and are responsible for determining substrate specificity.
Some MMPs are membrane-bound with the help of a transmembrane domain and a
cytoplasmic tail.
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Fig. 2. Redox-regulation of MMP-1

Matrix metalloproteinases are primarily regulated at the level of gene transcription by Ras
and MAP kinases. Many mechanisms have been documented with evidence pertaining to
redox-regulation of other members of matrix metalloproteinase family. Some of these
mechanisms may play a role in redox regulation of MMP-1.
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Fig. 3. Model of redox-dependent induction of senescence associated MMP-1

Our data suggests that age associated MMP-1 expression is redox-sensitive. The redox-
dependence is initially due to the activation of c-Jun N-terminal kinase pathway. Previous
results have also shown that the activation of JINK pathway involves activation of upstream
MAPKK, MKK-4 and MKK-7. Our lab has shown that MKK-4 is similarly regulated in an
age- and redox-dependent manner. Furthermore, with age there is decrease in total levels of
MKP-1 which may implicate a process of “oxidative inactivation”. Use of kinase specific
pharmacological and molecular inhibitor indicate that other MAP kinases such as Erk, p38
and PI-3-Kinase may also participate in oxidant-dependent regulation of MMP-1
transcription. To conclude, JNK is one of the key mediators of redox dependent MMP-1
induction and the senescence-dependent MMP-1 induction is a complex signaling process
dependent on ROS regulating a number of distinct signaling networks that converge to drive
MMP-1 expression. Dashed lines indicate sites of redox regulation.
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Fig. 4.

Schematic representation of the role of oxidants in modulating MMP-1 transcription by
redox-sensitive chromatin remodeling proteins. Redox-shifts potentially lead to increases in
HDAC2 nitration leading to its degradation. Loss of deacetylase activity would further
propagate MMP-1 transcription by minimizing any suppressive activity of HDAC2.
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