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Abstract 

 The disruption of the blood-brain barrier (BBB) occurs after ischemic and 

hemorrhagic stroke and contributes to secondary brain damage.  Matrix 

metalloproteinase-9 (MMP9) has been identified to be the main mediator of post-stroke 

BBB disruption.  It is unknown whether deposition of heme/iron in the brain following 

stroke would affect MMP9 expression.  In this study, I have demonstrated that heme/iron 

up-regulated MMP9 expression in rat astrocytes and that this upregulation was most 

likely due to reactive oxygen species (ROS) generated by heme/iron deposition on cells.  

ROS can activate AP-1 and NFκB signaling pathways which were responsible for 

increased MMP9 expression.  Inhibiting AP-1 and NFκB decreased MMP9 expression. 

Heme/iron deposition also activated Nrf-2 and increased the expression of 

neuroprotective heme oxygenase-1.  My study suggests that heme and iron deposition 

generates ROS and increases MMP9 expression through AP-1 and NFκB signaling 

pathways and that targeting these pathways or clearance of heme and iron may modulate 

MMP9 expression for reduced damage.  
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CHAPTER 1: INTRODUCTION 

Acute ischemic stroke is the third leading cause of death in industrialized 

countries and the most frequent cause of permanent disability in adults 

worldwide (Lakhan SE et al. 2009).   Ischemic stroke occurs when blood flow is blocked 

(most commonly by a blood clot) from the brain resulting in the inability of oxygen and 

glucose to be delivered to brain cells.  The lack of oxygen and glucose to brain cells can 

cause cell death and permanent brain damage.  Additionally, it has been shown that 

following stroke there is an increase in blood-brain barrier (BBB) permeability, leading 

to increased inflammatory cell infiltration, edema, and secondary brain damage.  BBB 

disruption may also lead to hemorrhagic transformation (HT).  During hemorrhagic 

stroke or HT, damage to the blood vessel causes intracerebral bleeding to occur which 

deposits blood cells and allows the entry of blood-borne neurotoxic agents into the brain 

incurring further damage.   Understanding the processes leading to ischemic brain injury 

and BBB disruption are current challenges in the field of cerebral ischemia. 

 

Currently the only approved drug for the treatment of ischemic stroke is tissue 

plasminogen activator (tPA).  tPA is the enzyme responsible for the activation of plasmin 

by cleaving the precursor protein plasminogen.  Plasmin then functions to dissolve clots 

in order to restore blood flow.  Unfortunately tPA has a short therapeutic window and 

must be administered within the first three hours of stroke onset.  Additionally, there have 

been many consequences associated with tPA including the potential for hemorrhage, 

edema, and BBB injury (Lee SR et al. 2007; Pfefferkorn T, Rosenberg GA. 2003).  

Further insights into the mechanisms involved in cerebral ischemia/stroke and BBB 
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disruption may help lead to minimizing brain damage, promoting recovery and the 

development of new therapies. 

 

1.1 The Blood-Brain Barrier  

The BBB is a selective barrier formed by endothelial cells that line the cerebral 

capillaries along with closely associated astrocytic end-feet processes, perivascular 

neuronal innervations, and pericytes (Cecchelli R et al. 2007) and it protects against the 

entry of pathogens and neurotoxic agents into the brain from the blood stream (Hu Q et 

al. 2011).  It is primarily formed by brain microvascular endothelial cells that are 

interconnected by tight junctions (TJ) and adherens junctions (Abbott NJ et al. 2010).  

The TJ proteins act as the primary barrier between brain cells and the blood (Yang Y and 

Rosenberg GA. 2011a). Major tight junction proteins are occludin and claudins.  The 

endothelial cells are also supported by a basal lamina which is comprised of collagen, 

fibronectin, heparan sulfate, and laminin (Yang Y and Rosenberg GA. 2011a).   Together 

the endothelial cells, astrocytes, pericytes, microglia and neurons comprise the 

neurovascular unit (NVU) (Figure 1).  Each cell type making up the NVU plays an 

important role in maintaining the structure and functionality of the BBB and brain 

homeostasis.  As previously mentioned endothelial cells form the primary barrier 

between the blood and the brain through closely joined tight and adherens junctions.  The 

brain endothelial cells also play an important role in the transport of nutrients, receptor-

mediated signaling, and leukocyte trafficking (Persidsky Y et al. 2006).   Astrocytes 

interact with and influence the phenotype of the brain endothelial cells by promoting the 

formation of tight junctions  
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Figure 1:  Schematic representation of the neurovascular unit (NVU).   

The neurovascular unit is comprised of endothelial cells, astrocyte processes, pericytes, 

neurons and basement membrane.  The endothelial cells line the cerebral microvessels 

and are tightly joined by tight and adherens junctions to help create the BBB, which is 

supported by the surrounding cells.      
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and reducing the area of the tight junctions (Tao-Cheng JH and Brightman MW 1988).   

They are also important for proper neuronal function (Abbot et al. 2006).  Pericytes play 

an important role in maintaining the structure of the BBB (Persidsky Y et al. 2006).   It 

has been shown that the lack of pericytes results in endothelial cell hyperplasia 

(Persidsky Y et al. 2006) and that pericytes promote endothelial cell differentiation and 

quiescence (Armulik A et al. 2005).  Brain endothelial cells, astrocytes, and pericytes are 

also involved in the maintenance of the basement membrane that separates the brain 

endothelial cells from neighboring cells (Zlokovic BV 2008).    

 

1.2 Matrix Metalloproteinase 9 

Disruption of the BBB by degradation of its tight junctions, can lead to cell death, 

brain edema, hemorrhage, and leukocyte infiltration (Sandoval KE and Witt KA 2008).   

Following cerebral ischemia and ischemic or hemorrhagic stroke there is an opening of 

the BBB. This opening has been attributed to the upregulation of matrix 

metalloproteinase 9 (MMP9).  MMP9 is a member of the matrix metalloprotease family. 

It is produced as a proenzyme (92 kDa) which is cleaved to become an activated enzyme 

of 85kDa.  These enzymes are involved in processes such as tissue remodeling, wound 

healing, and angiogenesis (Sternlicht MD and Werb Z 2001).  MMPs are either secreted 

or membrane bound and require proteolytic processing to become active (Cunningham 

LA et al. 2005).  Due to MMP9’s function it has also been sub-classified, along with 

MMP2, as gelatinase, enzymes that degrade denatured collagen and type IV collagen 

(Levicar N et al. 2003).  MMP9 has also been characterized to degrade TJ proteins.  

Similar to the other members of the matrix metalloproteinase family, MMP9 consists of 
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hydrophobic pre-domain, an amino terminal prodomain, a Zn
2+ 

binding domain, and 

hemopexin domain (Levicar N et al. 2003).  MMP9 also contains three fibronectin type-II 

like modules in its catalytic domain which helps to mediate interactions with laminin, 

collagens, and gelatin (Tochowicz A et al. 2007; Xu X et al. 2005; Morgunova E et al. 

1999; Collier IE et al. 1992).   MMP9 is membrane bound or secreted (Cunningham LA 

et al. 2005). Once produced, MMP9 requires cleavage of the propeptide that closely 

interacts with its catalytic site in order to become activated (Elkins PA et al. 2002).  This 

cleavage can occur through autoactivation or can be mediated by other activators such as 

proteases or reactive oxygen species (ROS) (Rajagopalan S et al. 1996).   Following the 

cleavage of the pro-domain there is a conformational change called a cysteine switch 

which makes the catalytic Zn
2+

 available for the hydrolysis of the substrate, including TJ 

(Hu Q et al. 2011) and ECM proteins (Ram M et al. 2006).   

 

In response to the elevated MMP9 present after cerebral ischemia, the tissue 

inhibitors of metalloproteinases -1 (TIMP-1) has been shown to be upregulated (Tsuge M 

et al. 2010).  TIMPs are small glycoproteins that contain two domains, an N-terminal 

domain and a C-terminal domain which are each stabilized by three disulfide bonds 

(Williamson RA et al. 1990).   They are the key inhibitors of MMPs in tissue.  TIMPs 

inhibit MMPs by binding to the catalytic domain (Brew K et al. 2000). TIMP-1 is the 

primary TIMP responsible for the inhibition of MMP-9.  Although the TIMPs 

demonstrate a preference for certain MMPs, they are still able to inhibit all other MMPs 

(Brew K et al. 2000).  The expression of TIMP-1 was shown to occur through the 

MEK/ERK pathway in a rat middle cerebral artery occlusion (MCAO) model (Maddahi 
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A et al. 2009).  Deletion of the TIMP-1 gene in mice caused an increase in MMP-9 

expression and an increase in BBB permeability, apoptosis, and ischemic injury, 

demonstrating the important role of TIMP-1 after cerebral ischemia (Fujimoto M et al. 

2008).   Understanding the mechanisms of MMP-9 expression in response to ischemic 

stroke will allow for the identification of potential therapeutic targets for the development 

of treatment strategies. 

 

1.3 MMP9 and BBB Disruption 

Blood-brain barrier disruption has been observed to occur after a cerebral 

ischemic event.  In vivo studies have shown that the disruption of the BBB results from 

upregulation of matrix metalloproteinases (MMP), specifically MMP9 which degrades 

the tight junctions, extracellular matrix, and basal lamina (Chen W et al. 2009; Hu Q et 

al. 2011; Yang Y and Rosenberg GA 2011b).  In a rat model of transient MCAO, MMP9 

activity was shown to co-localize with brain microvascular endothelial cells within the 

first 24 hours, but later (7-14 days) shifted and was mainly associated with astrocytes and 

neurons (Zhao BQ et al. 2006).  The redistribution of MMP9 within the neurovascular 

unit suggests that it has a multiphasic role.  In hypoxia/ischemia, it has been shown that 

MMP2 expression occurs first and leads to a reversible opening of the BBB (Yang Y et 

al. 2007).  Following the first opening of the BBB, a second phase of opening occurs 

during which MMP9 expression is increased and results in more extensive damage of the 

BBB, supporting MMP9’s dual role (Rosenberg GA et al. 1998).  MMP2 and MMP9 

knockout as well as MMP2/9 double knockout in mice has been shown to prevent 

hemorrhagic transformation following ischemia/reperfusion (Suofu Y et al. 2012).  
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Knockout of MMP9 was also shown to prevent degradation of the microvascular basal 

lamina following ischemia/reperfusion (Suofu Y et al. 2012).   MMP9’s role in the 

pathology of cerebral ischemia seems to be that it is first involved in BBB disruption, 

neuronal death, and hemorrhage, and is later involved in neurovascular remodeling 

during the repair phase after cerebral ischemia (Adibhatla RM and Hatcher JF 2008, Zhoa 

BQ et al. 2006, Cunningham LA et al. 2005).  A protective effect against brain injury 

(Wang X 2000) and global/focal ischemia (Asahi M et al. 2001, Gidday JM et al. 2005, 

Lee SR et al. 2004) has been demonstrated in MMP9 knockout mice indicating the 

potential benefits of targeting MMP9 and associated signaling pathways for the treatment 

of cerebral ischemia.  

 

1.4 Expression of MMP9 

1.4.1 Neuroinflammation and MMP9 

 

 Neuroinflammation has been strongly correlated to the risk of cerebral ischemia, 

most commonly in stroke, as well as with the outcome from ischemic events (Denes A et 

al. 2010).  Many inflammatory cytokines are expressed following cerebral ischemia, such 

as interleukin (IL)-1β, IL-6, IL-8, IL-10, monocyte chemoattractant protein-1 (MCP-1), 

and tumor necrosis factor- α (TNF-α) (Denes et al. 2010).  The role of these cytokines has 

been greatly studied but a clear understanding of their roles in the progression of 

ischemic brain injury, and in terms of BBB disruption has not been fully established.  Of 

the inflammatory cytokines elevated IL-1β and TNF-α have been shown to play 

prominent roles in the induction of MMP9 (Gottschall PE and Yu X 1995, Kaupipinen 
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TM and Swanson RA 2005, Crocker SJ et al.  2006). The most common pathways 

triggered are the MAPK/AP-1, and NF-κB pathways (Figure 2).  The MAPK/AP-1 

pathway involves the activation of a kinase cascade by a stimulus which binds to its 

receptor activating a small GTP-binding protein. This causes the activation of a MAPK 

kinase kinase (MAPKKK/MAP3K).  The MAP3K phosphorylates and activates a MAPK 

kinase (MAPKK), which then activates the MAPK. The MAPK activates its target 

transcription factor.  The NF-κB signaling pathway involves activation of IκB kinase 

(IKK) which phosphorylates IκB-α causing IκB-α degredation by the proteosome.  IκB-α 

degradation relieves its inhibition of NF-κB and allows for its translocation to the nucleus 

where it becomes transcriptionally active. Oxidative stress and ROS can activate both 

MAPK-AP1 and NF-κB signaling pathways.  

 

  In vitro studies have shown the role of IL-1β in stimulating MMP-9 gene 

expression through various pathways.  IL-1β was shown to induce MMP-9 expression 

and activity in A549 cells (human alveolar epithelial cell carcinoma) through the 

activation of MAPKs and the transcription factors AP-1 and NF-κB (Lin CC et al. 2009).  

The MAPKs activated in the A549 cells were p42/p44 MAPK, p38 MAPK, and JNK1/2.  

The activation of these MAPKs was found to be essential for IL-1β induced MMP-9 

expression (Lin CC et al. 2009).  IL-1β has also been shown to induce MMP-9 expression 

in RBA-1 cells (rat brain astrocytes) through the activation of MAPKs and NF-κB (Wu  
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Figure 2.  Stimulation of MMP9 Expression by Inflammatory Factors and Oxidative 

Stress. 

Following cerebral ischemia there is an inflammatory response and the production of 

ROS.  These stimulate the MAPK/AP-1 and NFκB signaling pathways resulting in the 

expression of MMP9. 
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CY et al. 2004).  In this study the p42/p44 MAPK, p38 MAPK, and JNK were found to 

be essential for IL-1β induced MMP-9 expression in rat astrocytes (Wu CY et al. 2004).    

 

Increased TNF-α has been linked to increases in BBB permeability and tight 

junction disruption (Lv S et al. 2010). TNF-α has also been shown to increase MMP-9 

expression in cultured astrocytes and microglia (Gottschall PE and Yu X 

1995,Kaupipinen TM and Swanson RA 2005, Crocker SJ et al. 2006). Direct injection of 

TNF-α into the brain of rats resulted in a significant increase in the expression and 

activation of MMP9 (Rosenberg GA et al. 1995, Candelario-Jalil E et al. 2007). Induction 

of MMP9, by TNF-α, has been shown to occur through the activation of NF-κB (Hozumi 

A et al. 2001, Itatsu  K et al. 2009).  TNF-α also induces MMP9 expression through the 

phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2) and p38 MAPK 

after TNF-α interaction with TNF receptor 1 (TNFR1) (Itatsu et al. 2009).  TNF-α has 

also been shown to stimulate other signaling pathways involved in MMP9 upregulation, 

including the PI3K/Akt pathway (Hwang MK et al. 2009), and MAPK/AP-1 pathway 

(Holvoet S et al. 2003).    

 

MCP-1 has been identified to play a role in upregulating MMP9 following 

cerebral ischemia.  MCP-1 plays a role in recruiting monocytes and macrophages to sites 

of inflammation within the brain.  The inflammatory cells, such as neutrophils, express 

MMP9 and help to potentiate BBB breakdown (Rosell A et al. 2008; Gidday JM et al. 

2005).  In a transgenic mouse model that selectively overexpressed MCP-1, the mice 

exhibited larger infarct volumes following MCAO and the increase was associated with 
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increased recruitment and infiltration of inflammatory cells (Chen Y et al. 2003).  The 

infiltration of inflammatory cells caused an increase in BBB breakdown and lead to 

increased neuronal damage following MCAO in mice.  Additionally, when mice carrying 

leukocytes that did not express MMP9 underwent MCAO, they exhibited smaller infarcts 

(Gidday JM et al. 2005).  Additionally, MCP-1 may also directly affect MMP9 

expression through the activation of specific signaling pathways.  It was shown that 

MCP-1 can cause an increase in MMP9 expression in human chondrosarcoma cells via 

the activation of NF-κB through a Ras/Raf/MEK/ERK signaling pathway (Tang CH and 

Tsai CC 2012).   

 

1.4.2 Reactive Oxygen Species and MMP9 

 

 Reactive oxygen species (ROS) plays a role in the expression and activation of 

MMP9. During hypoxia/ischemia and reperfusion/reoxygenation, reactive oxygen species 

are generated.  ROS exists in many forms including superoxide, hydroxyl radicals, and 

singlet oxygen.  The overproduction of ROS leads to oxidative stress within the brain 

which can result in oxidative damage including cell death.  This occurs due to the ROS 

oxidizing various cellular components such as DNA, proteins, and lipids (Gilgun-Sherki 

Y et al. 2001; Gorman AM et al. 1996; Simonian NA and Coyle JT 1996).    ROS and 

oxidative stress may also play a role in regulating the activity and expression of MMPs.  

It has been shown that MMP9 can be activated by its nitrosylation by nitric oxide (Gu Z 

et al. 2002).  This may also occur through oxidation by ROS.  More likely is that ROS 

mediates MMP9 expression by acting on the redox sensitive elements of transcription 
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factors involved in MMP9 transcription, such as AP-1 and NF-κB (Huang CY 2001a; 

Huang CY 2001b).  Previous work in our laboratory demonstrated the hydrogen peroxide 

can induce MMP9 expression and activity through a MAPK/AP-1 signaling pathway in 

rat astrocytes (Malcomson E 2011). 

 

Many studies demonstrated the effect of targeting ROS on MMP9.  

Overexpression of the antioxidant enzyme, superoxide dismutase-1 (SOD1), results in 

decreased MMP9 expression (Kim GW et al 2003; Morita-Fujimura Y et al 2000).  

Another study demonstrated that SOD1 protects against spontaneous intracerebral 

hemorrhage (ICH) in hypertensive mice by reducing the levels of superoxide (Wakisaka 

Y et al. 2010).  These results suggest that ROS and oxidative stress help to mediate the 

disruption of the BBB by stimulating MMPs.    

 

In cerebral ischemia and traumatic brain injury, hemorrhage occurs and heme/iron 

is accumulated and deposited in the injury site.  Deposition of heme/iron will generate 

ROS (Abraham NG and Kappas A 2005) and results in the uptake of hemoglobin and 

heme by surrounding cells, astrocytes and neurons, which is known to be toxic (Matz PG 

et al. 1997).  The uptake of heme occurs through the binding of heme by the blood 

glycoprotein hemopexin (Aronowski J and Zhao X. 2011).  The heme-hemopexin 

complex is then endocytosed by binding CD91, also known as low-density lipoprotein 

receptor-related protein-1 (LRP-1).  Once internalized, heme is broken down into 

biliverdin, carbon monoxide (CO), and iron (Aronowski J and Zhao X. 2011).  In 

astrocytes heme uptake occurs by its binding to heme carrier protein 1 (HCP1) which 
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consequently makes them more susceptible to increased levels of heme (Dang TN et al. 

2010; Lara FA et al. 2009). 

 

Heme is known to be a pro-oxidant and is potentially harmful after stroke (Jeney 

V et al 2002).  Both ROS and heme evoke an inflammatory response (Juurlink BH and 

Sweeney MI 1997; Wagener FA et al. 2001).  ROS may also stimulate TNF- expression 

in brain cells.  The role of heme and iron in producing ROS and evoking inflammation 

makes it a possible trigger for BBB disruption and increased MMP-9 expression after 

ischemic stroke.   Katsu and colleagues demonstrated that hemoglobin-induced oxidative 

stress increased MMP9 activity resulting in BBB dysfunction and cell death (Katsu M et 

al. 2010).  They also showed that SOD1 overexpression decreased MMP9 activity 

following hemoglobin injections and protected against cell death (Katsu M et al. 2010).  

These results provide further evidence of the important role ROS and oxidative stress 

play in regulating MMP9 and mediating BBB dysfunction.  

 

1.5 NRF2 and Heme Oxygenase-1 

Contrary to the signaling pathways involved in potentiating inflammation and the 

expression of MMP9, it has been identified that the transcription factor Nrf2 [Nuclear 

factor (erythroid-derived 2)-like 2] is also activated by ROS and oxidative stress.  Nrf2 

activation has been identified as a potentially neuroprotective response, responsible for 

the transcription of many detoxification and antioxidant enzymes such as heme  
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Figure 3.  Activation of Nrf2. 

Nrf2 is bound to actin by Keap1 in the cytosol under basal conditions.  Under conditions 

of oxidative stress, Keap1 is oxidized changing its structure, which allows the release of 

Nrf2 and translocation to the nucleus. Once in the nucleus Nrf2 complexes with the small 

Maf protein and binds the antioxidant response element where it is responsible for the 

expression of many antioxidant enzymes, such as HO-1.      
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oxygenase-1 (HO-1), superoxide dismutase, catalase, and glutathione peroxidase 

(Kensler TW et al. 2007).   Under normal conditions Nrf2 is sequestered by Kelch-like 

ECH-associated protein 1 (Keap1) in the cytoplasm, but under conditions of oxidative 

stress Keap1 is oxidized allowing for the release of Nrf2 and its translocation to the 

nucleus where it becomes transcriptionally active (Figure 3) (Negi G et al. 2011).   It has 

been shown that the knockdown of Nrf2 in mice caused severe neurological deficits when 

subjected to intracerebral hemorrhage (ICH).  Additionally, the increased activation of 

Nrf2 resulted in reduced oxidative damage in ICH brains (Aronowski J and Zhoa X. 

2011).  Zhoa and colleagues demonstrated that the activation of Nrf2 by sulforaphane 

increased the expression of protective enzymes in brain tissue and microvessels and 

resulted in protection against brain injury (Zhoa J et al. 2007).  Another study showed 

that the knockout of Nrf2 resulted in increased activation of NF-κB, and MMP9 

expression following spinal cord injury (Mao L et al. 2010). Lastly, an in vitro study 

demonstrated that Nrf2 knockout resulted in increased NF-κB activation, 

neuroinflammation, and MMP9 expression and activity in primary mouse astrocytes 

treated with oxyhemoglobin (Pan H et al. 2011).  These studies provide the evidence for 

the potential role of Nrf2 in protecting the brain following cerebral ischemia and 

oxidative stress. 

  

  Heme oxygenase-1 is up-regulated by Nrf2 activation and is the rate-limiting 

enzyme involved in the breakdown of heme, converting heme to biliverdin, CO, and Fe
2+

 

following heme’s internalization into the cell 
 
(Wang J and Doré S 2007; Wang J and 

Doré S 2008).  Both biliverdin and CO are known anti-oxidant molecules.  Chen-



 16 

Roetling and colleagues showed that the knockdown of HO-1 in mouse astrocytes 

resulted in more oxidative injury and cell death (Chen- Roetling J et al. 2005).  

Conversely, another study demonstrated that the overexpression of HO-1 is 

cytoprotective (Benvenisti-Zarom L and Regan RF. 2007).  Increased HO-1 expression 

has also been shown to protect astrocytes from hemin, the oxidized for of heme 

(Benvenisti-Zarom L and Regan RF 2007; Chen J and Regan RF 2005; Teng ZP et al. 

2004).  Paradoxically, inhibition of heme oxygenase activity protects neurons from hemin 

toxicity (Wang J and Doré S 2007; Koeppen AH et al. 2004). 

 

 The goal of this project is to study how heme/iron stimulates MMP9 expression in 

astrocytes in order to further understand the pathways and mechanisms involved in 

MMP9 upregulation.  Since heme/iron deposits in the brain after cerebral ischemia it may 

have a role in generating ROS, up-regulating MMP9 expression and thus in the 

pathogenesis of BBB disruption, leading to secondary brain damage. Understanding how 

it does so may help to identify new therapeutic targets for relieving BBB disruption in 

cerebral ischemia and stroke and for treatment of these conditions.  This project will 

focus on characterizing the signaling pathways involved in MMP9 expression stimulated 

by heme and iron, specifically looking at how heme and iron affects NF-κB and AP-1 

mediated MMP9 upregulation. 
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1.6 Hypothesis and Objectives 

1.6.1 Hypothesis 

 

Heme and iron deposited on brain cells will generate ROS and up-regulate the expression 

of MMP9 in astrocytes via the AP-1 and NFκB signaling pathways. 

 

1.6.2 Objectives 

 

1. Investigate whether heme and iron affect the expression of MMP9 in rat 

astrocytes. 

2. Investigate whether the expression of MMP9 from treatment with heme and iron 

occurs through the activation of NF-κB and/or AP-1 signaling pathways. 

3. Validate whether deposition of heme and iron on cells will generate ROS. 

4. Demonstrate that the inhibition of NF-kB or AP-1 signaling pathway affects 

MMP9 gene expression. 
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CHAPTER 2: MATERIALS AND METHODS 

 

2.1 Chemical and biochemical reagents  

Dulbecco’s modified Eagle’s medium (DMEM), Antibiotic/Antimycotic, trypsin, Trizol 

reagent, ultraPure distilled RNase- and DNase-free water, and recombinant rat TNFα 

were purchased from Invitrogen (Burlington, ON). Hank’s balanced salt solution (HBSS) 

was purchased from Wisent (Montreal, Quebec).  Fetal bovine serum (FBS) was 

purchased from Hyclone (Logan, UT). Dimethyl sulfoxide (DMSO), hemin chloride, iron 

(II) sulphate, Triton X-100 and were purchased from Sigma (Oakville, ON).  Anti-MMP9 

Catalytic Domain mAb was purchased from Millipore (Temecula, CA).  Monoclonal β-

actin perosidase antibody was purchased from Sigma (Oakville, ON).  Anti-NFκB (C-20), 

Anti-Nrf2 (C-20) polyclonal antibodies, and Goat-Anti-Rabbit-IgG Secondary Antibody 

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).  Anti-C-Jun (60A8) 

mAb was purchased from Cell Signaling.  Anti-rabbit secondary antibody conjugated 

with Alexa 568 was purchased from Molecular Probes/Invitrogen (Burlington, ON).  

iScript™ cDNA Synthesis Kit, SsoFast™ EvaGreen® Supermix, PVDF Membrane and 

BioRad DC Protein Assay kit were purchased from Bio-Rad (Mississauga, ON). 

Western-Lighting Plus-ECL was purchased from Perkin Elmer Inc. (Waltham, MA). 

Autoradiography film was purchased from Mandel Scientific (Guelph, Ontario). Ambion 

DNA-free
TM

 Kit was purchased from Applied Biosystems Inc. (Carlsbad, CA). Nuclear 

extraction kit was purchased from Affymetrix, Inc. (Santa Clara, CA).  LightShift 

Chemiluminescent EMSA Kit, Chemiluminescent Nucleic Acid Detection Module, DNA 

3' End Biotinylation Kit, and Biodyne Nylon Membranes were purchased from Fisher 
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Scientific (Nepean, Ontario).  SP600125, an inhibitor of Jun N-terminal kinase (JNK) 

was purchased from LC Laboratories (Woburn, MA) and BAY-11-7082, an inhibitor of 

NFκB, were purchased from EMD Millipore (Billerica, MA). 

 

2.2 Cell Culture  

Neonatal rat astrocytes (NRA) were generated from the cortex of 4-8 day old 

neonatal Sprague-Dawley rats and immortalized with SV40 large T antigen. The 

immortalized NRA cells were provided by Dr. D. Stanimirovic from the National 

Research Council of Canada.  Passage numbers 80 to 86 were used for the experiments of 

this study.  The cells were maintained in DMEM with the addition of 10% FBS and 1% 

antibiotic/antimycotic. The medium was changed every second day and cells were plated 

at an appropriate density depending on the experimental scale. NRA cells were treated 

with 40 μM hemin chloride, 50 μM iron(II) sulphate, 40 ng/mL recombinant rat TNF-α, 

and 7.6 mM NaOH (as vehicle).  For inhibitor studies NRAs were treated with 15 μM 

SP600125, and 15 μM BAY-11-7082 along with their vehicle DMSO.  Treatments were 

made up in stale medium. 

 

2.3 RNA isolation, RT-PCR, and Real-time quantitative PCR 

2.3.1 RNA isolation  

Total RNA was isolated from cultured cells using TRIzol reagent following the 

manufacturer’s instructions. The lysates were transferred to 1.5-mL tubes where 

chloroform was added.  The samples were mixed and then allowed to settle for 2 minutes.  

Samples were then centrifuged at 14, 000 rpm (18, 000 g) for 15 min at 4
o
C. Clear 
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supernatants were collected and transferred to 1.5-mL tubes.  Isopropanol was then added 

to the supernatant and the RNA was left to precipitate (minimum 1 hour to overnight) at 

4
o
C. Following precipitation the samples were warmed to room temperature and were 

then centrifuged at 10, 000g for 10 min at 4°C. The precipitated RNA pellet was washed 

one time with 70% ethanol in ultraPure DNase-and RNase-free H2O. RNA pellets were 

resuspended in ultraPure DNase-and RNase-free H2O and heated to 55
o
C for 10 min. 

RNA concentration were read at 260 OD values for each sample using NanoDrop 1000 

UV-Vis Spectrophotometer (Thermo Scientific Inc., Nepean, ON). 

 

RNA cleanup was performed using DNA-free
TM

 cleanup kit from Invitrogen to 

remove any genomic DNA following the manufacturer’s instructions.  RNA samples 

were incubated with rDNAse I for 30 min at 37
o
C.  Following incubation the DNAse 

inactivation reagent provided was added and the samples were lightly mixed and left to 

sit at room temperature for 2 minutes, agitating them every 30 sec.  The samples were 

then centrifuged for 1.5 min at 10,000 rpm to precipitate the stop solution and DNAse.  

The supernatant was then collected and the concentration was re-determined using 

NanoDrop 1000 UV-Vis Spectrophotometer (Thermo Scientific Inc., Nepean, ON). 

 

2.3.2 RT-PCR 

Reverse transcriptase reaction was performed using 2 μg RNA that was pre-

heated with 1 μg Oligo (dT) primers at 70
o
C for 10 min. After cooling on ice, 5x first 

strand buffer, 10 mM dNTP, 0.1 M DTT and 50 units of MLV reverse transcriptase were 

added to the reaction mix and incubated at 42
o
C for 2 h according to manufacturer’s 
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instructions. For a negative control, RT reaction was performed on a chosen sample as 

described above with the replacement of the MLV reverse transcriptase with 

RNAse/DNAse free water. Specific DNA sequences were amplified using PCR master 

reaction mixture composed of 10 x PCR buffer, 10 mM dNTP, 1.5 mM MgCl2, 10 μM 

primers, 1.25 units/reaction Taq polymerase, cDNA, and RNase/DNase-free water. PCR 

primers (Table 1) were synthesized by Alpha DNA (Montreal, Quebec). Six-time loading 

buffer was added to amplified products and samples were loaded (20 μL/lane for MMP9 

and 15 μL/lane for ß-actin) on 1.5 % agarose gel in 0.5 x TBE buffer both containing 0.5 

μg/mL ethidium bromide. PCR products were resolved on 1.5% agarose gel by 

electrophoresis at 100V for approximately 1 hour. The gels were exposed using UV light 

on Alpha Innotech FluorchemQ system (Santa Clara, California). DNA bands for β-actin 

and MMP9 from RT-PCR reactions were quantified using densitometry analysis software 

AlphaVIEW (Cell Bioscience Inc). Final values used to plot bars on graph were 

determined by taking numerical value of MMP-9 normalized to the corresponding β-actin 

and comparing fold changes of stimulus vs. vehicle treated cells.  

 

TABLE 1. RT-PCR Primers 

Gene Primer Sequences 

MMP9 Forward 5’- AAG GAT GGT CTA CTG GCA C -3’ 

Reverse 5’- AGA GAT TCT CAC TGG GGC -3’ 

β-actin Forward 5’- GGC TAC AGC TTC ACC ACC AC -3’ 

Reverse 5’- TAC TTC CGC TCA GGA GGA GC -3’ 
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2.3.3 RT-qPCR 

For reverse transcription reaction the iScript™ cDNA Synthesis Kit from Bio-Rad 

was used.  One microgram (1µg) of RNA was used per reaction.  The reaction mixture 

consisted of the provided 5X iScript reaction buffer, nuclease free water, and the iScript 

reverse transcriptase.  The final reaction volume was 20 µL.  The reaction conditions 

were carried out according to the manufacturer’s instructions.     

 

For q-PCR reaction, cDNA was diluted to the appropriate concentration 

depending on the gene of interest as determined by running standard curves for each 

gene.  The dilutions were 1/4 for MMP9 and 1/100 for GAPDH and HO-1.  GAPDH was 

used as the reference gene as determined by using the reference gene assay kit from 

Primer Design following the manufacturer’s instructions.  In brief, the set of primers 

provided were all run on the treated sample from the NRA cells.  The data was then 

analyzed using the GeNorm software which identified the most stable reference gene 

under the treatment conditions.  qPCR reactions were carried out using the SsoFast™ 

EvaGreen® Supermix from Bio-Rad.  Each reaction consisted of 2µL cDNA, 10µL of 

the SsoFast™ EvaGreen® Supermix, 6µL of ultraPure DNase-and RNase-free H2O, and 

1µL each of the forward and reverse primers.  Primers were synthesized by Integrated 

DNA technologies (IDT) and are listed in Table 2.  qPCR reactions were carried out 

using the CFX96
TM

 Real Time System C1000
TM

 Thermocycler from Bio-Rad.    
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TABLE 2. Real Time Quantitative PCR Primers 

Gene Primer Sequences 

MMP9 Forward 5’- TGG TTA TCG CTG GTG CGC CAC -3’ 

Reverse 5’- CAG TGA CGT CGG CTC GAG TAG G -3’ 

HO-1 Forward 5’- CAC TGG CAT GGC CTT CCG TGT T -3’ 

Reverse 5’- TAC TTG GCA GGT TTC TCC AGG CGC -3’ 

GAPDH Forward 5’- GGC CTG CTA GCC TGG TTC AAG ATA C -3’ 

Reverse 5’- AAT TCC CAC TGC CAC GGT CGC -3’ 

 

 

2.4 ROS Assay 

NRA cells were plated and grown in 96-well culture plates to approximately 90% 

confluency.  Medium was aspirated from the cells and the ROS probe (2’,7’-

dichlorodihydrofluorescein diacetate; H2DCFDA) was added at a concentration of 10 μM 

in clear HBSS.  Cells were incubated for 30 min at 37
o
C and 5% CO2 for 30 min.  

Following incubation with the probe the cells were washed with clear HBSS and 

treatments were added.  The cells were treated with 40 μM hemin chloride, 50 μM 

iron(II) sulphate, and 7.6 mM NaOH (as vehicle) diluted in base DME media (serum 

free).  Immediately following the addition of the treatment the plate was read with the 

Fluoroskan Ascent plate reader to assess fluorescence using excitation 492 and 540 nm 

emission filters.  Readings were taken every 30 min for 2 hours.  Following the reading 

of the plate the plate was stored at -20
o
C overnight and Hoechst staining was performed 

the following day.  Hoechst stain was added at a 1:10 000 dilutions for 30 min.  The plate 
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was read using the Fluoroskan Ascent plate reader using excitation 355 and 460 nm 

emission filters. 

 

2.5 Electrophoretic Mobility Shift Assay (EMSA) 

NRA cells were grown in 60-mm culture dishes.  When reached approximately 

90% confluency the cells were treated with 40 μM hemin chloride, 50 μM iron(II) 

sulphate, 40 ng/mL recombinant rat TNF-α, and 7.6 mM NaOH (as vehicle).  For 

inhibitor studies NRAs were treated with 15 μM SP600125, and 15 μM BAY-11-7082 

along with their vehicle DMSO.  Treatments were made up using stale media. Following 

treatment nuclear isolations were performed using the nuclear extraction kit from 

Panomics Inc following manufacturer’s instruction.  Cells were washed with ice cold 

PBS.  Following washing Buffer A containing the provided protease inhibitors and DTT 

was added and the dishes were shaken on ice for 10 min.  Afterwards the lysates were 

transferred to 1.5 mL tubes and centrifuged for 3 min at 14, 000 rpm at 4
o
C.  The 

supernatant was removed and Buffer B containing the provided protease inhibitors and 

DTT was added.  The samples were left to sit on ice for 1 hour with gentle mixing every 

20 min.  Samples were then centrifuged for 5 min at 14, 000 rpm at 4
o
C and the 

supernatant was transferred to a new 1.5 mL tubes.  The quantification of the protein 

concentration from the nuclear extracts was done using the Bio-Rad DC Protein Assay 

kit.    

 

Oligonucleotide probes were purchased from IDT and 3' End Biotin labeled using 

the 3' End Biotinylation Kit from Fisher Scientific (Table 3) following manufacturer’s 
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instructions.  Probes were labeled in a reaction mixture consisting of DNase-and RNase-

free H2O, Terminal deoxynucleotidyl transferase (TdT) reaction buffer, Biotin-11-UTP, 

and TdT.  Reactions were incubated at 37
o
C for 30 min.  EDTA (0.2 M, pH 8.0) was then 

added to stop the reaction.  The labelled probes were then extracted from the reaction 

mixture by the addition of chloroform: isoamyl alcohol (24:1).  The mixtures were mixed 

and then centrifuged for 1-2 min at high speed.  The top phase containing the labelled 

probes was transferred to a new tube.  Complementary probes were then annealed by 

adding equal volumes of each probe.  The probes were then heated to 90
o
C for 1 min and 

then allowed to slowly cool to room temperature. 

 

EMSAs were performed using the LightShift Chemiluminescent EMSA Kit from 

Fisher Scientific.  EMSA binding reactions were carried out using 5µg of nuclear protein 

extract.  The reaction was carried out in the provided binding buffer, along with DNase-

and RNase-free H2O, poly dI-dC, glycerol, MgCl2, EDTA, and biotin-end labelled 

probes.   The final reaction volume was 20 µL. For reactions receiving antibodies the 

mixture was incubated for 5 min with the antibody at room temperature prior to the 

addition of the probe.  Following the addition of the probe the reactions were left at room 

temperature for 20 min to allow binding.  EMSA loading buffer was added to each 

reaction.  Reactions were separated using a 5% acrylamide gel prepared in 0.5X TBE that 

was pre-run for 30 min at 100V in 0.5X TBE.  The binding reactions were then 

transferred to biodyne nylon membranes in an electrophoretic transfer unit with cooled 

0.5X TBE.  Transfer was carried out at 1 ampere for approximately 1.5 hour.  After 
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transfer the membranes were UV cross-linked for 15 min on a transilluminator equipped 

with a 312nm bulb.   

 

Membranes were developed using the chemiluminescent nucleic acid detection 

module from Fisher Scientific.  Membranes were blocked for 15 min in 20 mL of the 

provided blocking solution that was warmed to 37
o
C.  The membranes were then 

incubated in streptividin-HRP secondary at a 1:300 dilution in blocking buffer.  

Membranes were then rinsed with 20 mL of pre-warmed washing buffer as provided by 

the kit, and then washed 4 times with 20 mL of the washing buffer for 5 min.  Following 

the washes, membranes were placed in 30 mL of the provided substrate equilibration 

buffer for 5 min.  Membranes were then placed face down on 8 ml of 1:1 mixed 

luminol/enhancer and stable peroxide solution for 5 min. Membranes were visualized 

using X-ray films. 

 

TABLE 3.  EMSA Oligonucleotide Probes 

Transcription Factor Oligonucleotide Sequences 

AP-1 Forward 5’- CGC AAG TGA CTC AGC GCG -3’ 

Reverse 5’- CGC GCT GAG TCA CTT GCG -3’ 

NFκB Forward 5’- TTT CGC GGG GAC TTT CCC GCG C -3’ 

Reverse 5’- TTT GCG CGG GAA AGT CCC CGC G -3’ 

Nrf2 Forward 5’- CGG TCA CCG TTA CTC AGC ACT TTG -3’ 

Reverse 5’- CAA AGT GCT GAG TAA CGG TGA CCG -3’ 
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2.6 Western Blot 

NRA cells were grown in 12-well culture plates and were treated with 40 μM 

hemin chloride and 50 μM iron (II) sulphate for 2 and 8 hours. Following treatment cells 

were washed 2 times in colour-free HBSS and then lysed in loading buffer. Lysates were 

shaken for 10 min and then transferred to 1.5-mL tubes. Lysates were then vortexed and 

put on ice for 3 min, boiled for 10 min at 100
o
C, cooled on ice for 5 min and then 

centrifuged at 14,000 rpm for 10 min at 4˚C.  Supernatant was transferred to new 1.5-mL 

tubes.  Protein concentration was determined using trichloroacetic acid (TCA) protein 

assay. TCA assay was done on a 96-well plate with a bovine serum almunin (BSA) 

standard curve in order to determine protein concentrations, from 30 μL of each sample 

done in duplicate. TCA was added to initiate the reaction, and the plate was incubated for 

15 min at 37
o
C and then read by a Spectra MAX 340 spectrophotometer under 570 nm 

(Molecular Devices Inc.) using SoftMax PRO program. Equal amounts (μg) of protein 

were loaded on 10% SDS-PAGE gels. Proteins were transferred to PVDF membrane at 

150 mA overnight. Blots were blocked for 1 hour at room temperature in fresh blocking 

buffer [0.1 % Tween-20 in Tris-buffered saline (TBST), pH 8.0, containing 5% non-fat 

dried milk). Primary antibody for Anti-MMP-9 Catalytic Domain mAb (Millipore) was 

made up at a dilution of 1:1000 in 0.1% TBST containing 1% non-fat dried milk and the 

blots were incubated overnight at 4°C. The blots were washed 5 times in 0.1% TBST, 

then were incubated with 1:5000 dilution of secondary antibody conjugated with 

horseradish peroxidase (donkey anti-rabbit IgG) (Santa Cruz Inc) in 0.1% TBST 

containing 5% non-fat dried milk for 1 h at room temperature.  Blots were washed again 
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3 times with 0.1% TBST and were developed using ECL Plus substrate solution for 5 min 

according to manufacturer’s instructions and visualized using X-ray film.  

 

2.7 Immuncytochemistry  

NRA cells were plated in 12-well culture plates in which each well contained a 

12-mm glass coverslip until they reached 75% confluency.  The cells were the then 

treated with 40 μM hemin chloride, 50 μM iron(II) sulphate, 40ng/mL recombinant rat 

TNF-α, and 7.6 mM NaOH (as vehicle).  Following treatment cells were washed 1 time 

with clear HBSS and then fixed using ice cold methanol for 5 min.  Cells were then 

washed 4 times with HBSS and then made permeable using 0.1% Triton-X-100 for 10 

min at room temperature.  Cells were washed 3 times for 5 min each with HBSS.  Cells 

were then blocked overnight at 4
o
C using 4% normal goat serum in HBSS.  Primary 

MMP9 antibody was then added at 1/100 dilution in 1% goat serum.  For secondary 

alone, 1% goat serum in HBSS was added.  Cells were then washed 2 times for 5 min 

each in HBSS and secondary was then added.  Alexa568-conjugated anti-rabbit antibody 

at a 1:500 dilution in HBSS was added to the cells for 30 min at room temperature in the 

dark.  Cells were washed 3 times in HBSS for 5 min and Hoechst 33342 at a 1:5000 

dilution in HBSS was added for 15 min.  Images were taken with the Olympus FV1000 

confocal microscope at 20 and 40 times magnification. 
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2.8 Statistical analysis  

Data were presented as mean ± SD. Statistical analysis for single comparison was 

performed by paired or unpaired Student’s t-test. Statistical analysis for group 

comparison where a single factor was being analyzed was performed by one-way 

ANOVA with Bonferroni’s post-test. Statistical analysis for group comparison where two 

factors were analyzed was performed by two-way ANOVA with Bonferroni’s post-test. 

The criteria for significance for all tests was p<0.05.  All statistical test were performed 

on experiments carried out at least 3 times (n=3).  
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CHAPTER 3: RESULTS 

3.1 Effect of Heme and Iron on MMP9 Expression in Rat Astrocytes 

Following cerebral ischemia or ischemic stroke there can be intracerebral 

hemorrhage and subsequent bleeding into the brain leading to the deposition of heme and 

iron.  In order to determine whether MMP9 expression is regulated by the deposited 

heme and iron, NRA cells were treated with various concentrations of the heme analogue, 

hemin chloride (20, 40, and 100 µM) with or without 50 µM iron (II) sulfate for 2 hours.  

TNF-α was used as a positive control since it has previously been shown to upregulate 

MMP9 expression.  Total RNA was isolated and RT-PCR was performed.  Figure 4 

shows that treatment with heme and heme/iron caused an increase in MMP9 gene 

expression in rat astrocytes with the optimal concentration found to be 40 µM hemin 

chloride (p<0.01 by paired t-test).  This concentration was used throughout the rest of this 

study to investigate the mechanisms and regulation of heme-induced MMP9 expression.    

 

3.2 Heme and Iron Increase MMP9 and HO-1 Expression  

Following the determination of the effect of heme and heme/iron treatment on 

MMP9 expression in the rat astrocytes, a time-course looking at MMP9 expression was 

performed.  NRA cells were treated with heme and iron as previously described.  Total 

RNA samples were collected and RT-qPCR was performed to look at MMP9 gene 

expression.  Figure 5A shows the effect of heme and iron treatment on MMP9 

expression.  Heme and heme/iron treated cells showed a significant increase in MMP9 

gene expression at 2 hours.  A fold increase of 2.01±0.471 (p<0.01 by unpaired t-test, 

N=3)  
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Figure 4:  Effect of Heme and Iron on MMP9 Expression.  NRA cells were treated 

with various concentrations of hemin chloride (20, 40, and 100 µM) and in combination 

with 50 µM iron (II) sulphate for 2 hours. Vehicle treatment for hemi chloride was 7.6 

mM NaOH and Vehicle for iron was ultrapure water.  RNA was isolated and RT-PCR 

was performed.  Panel A):  Agarose gel representation showing the effects of heme/iron 

treatment.  Treatment with 40 µM hemin chloride was determined to be optimal for 

induced expression on MMP9.  Panel B):  Densitometry of 40 µM hemin and hemin with 

iron at 2 hours.  **: p<0.01 by paired Student’s t-test compared to vehicle.  (N=3) 
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Figure 5: The Effect of Heme and Iron on MMP9 and HO-1 Expression in Rat 

Astrocytes. NRA cells were treated for 2, 4 and 8 hours with 40 µM hemin chloride and 

50 µM iron (II) sulfate. Vehicle treatment is 7.6 mM NaOH. RNA samples were 

collected and RT-qPCR was performed.  Panel A): Heme and heme/iron treatment 

induced MMP-9 gene expression at 2 hours and this increased expression was not present 

at 8 hours.  *: p< 0.05 by Two-Tailed t-test compared to Vehicle B): HO-1 gene 

expression was increased at 4 hours. One-way Anova (***p<0.0001) Bonferroni’s post-

hoc test (p <0.001) (N=3) 
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was observed at 2 hours for heme treated NRA cells, while a fold increase of 4.83±1.97 

(p<0.01 by unpaired t-test, N=3) was observed for heme/iron treated cells.  Figure 5A 

demonstrates that MMP9 expression was quickly upregulated at 2 hours and that this 

increased expression remained slightly elevated at 4 hours and returned to control levels 

by 8 hours.   

 

Since the stimulus being used in the study was heme and iron, the expression of 

heme oxygenase-1 was also of importance due to its role in the degradation of heme and 

protection from oxidative stress.  Figure 5B shows that heme oxygenase-1 expression 

was increased by the heme and heme/iron treatment, as expected.  HO-1 expression was 

greatly increased at 4 hours by both treatments.  The fold increases of 23.96±6.88 

(p<0.001 by One-way ANOVA with Bonferroni post-hoc test, N=3) and 17.86±5.76 

(p<0.001 by Bonferroni post-hoc test, N=3) were observed for heme and heme/iron 

treated cells, respectively.  HO-1 levels remained elevated at 8 hours (Fig. 5B) with the 

levels being 4.63± 1.89 for heme and 4.44± 1.05 for heme/iron treated NRA cells.  The 

increase in HO-1 expression at 4 hours coincided with decreasing levels of MMP9 

indicating a potential protective effect of increased HO-1 against heme induced MMP9 

expression.   
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3.3 Activation of AP-1, NFκB, and Nrf2 signaling pathways by Heme 

and Iron 

To determine the potential pathways involved in upregulating the expression of MMP9 

by heme and iron in NRA cells, EMSA was performed to look at AP-1 and NFκB 

activation.  NRA cells were treated as previously described and nuclear isolations were 

collected.  Figure 6A and 6D show that heme and heme/iron treatment for 2 hours caused 

an increase in AP-1 activation with respective fold increases of 1.68±0.463 (p<0.05 by 

two-tailed t-test, N=5) and 1.94±0.896 compared to vehicle treated cells.  A control 

reaction containing a total c-Jun antibody was also performed and caused decreased 

binding of AP-1 to the oligonucleotide probe, confirming that the band is AP-1 and that 

the AP-1 heterodimer contains the c-Jun subunit .    EMSA for NFκB demonstrated a 

trend in the transcription factors activation in both the heme and heme/iron treated cells 

with fold increases of 1.485± 0.458 and 1.524± 0.740 compared to vehicle at 2 hours, but 

this result was not statistically significant (Figure 6B).  Similarly to AP-1, a control was 

performed using an NFκB antibody.  Incubation with the antibody prevented binding to 

the probe indicating that the obtained band is NFκB.  
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Figure 6: EMSA for Activation of AP-1, NFκB and Nrf2 in Rat Astrocytes Treated 

with Heme and Iron: NRA cells were treated for 2 hours with 40 µM hemin chloride 

and 50 µM iron (II) sulfate.  Vehicle treatment is was 7.6 mM NaOH.  EMSA binding 

reactions were performed using nuclear isolations.  Supershift was done using a total c-

Jun, an NFκB and an Nrf2 antibody, respectively. Panel A): AP-1 EMSA.  Heme 

treatment shows an increase in AP-1 activation over Vehicle (N=5). Panel B): NFκB 

EMSA (N=5). Panel C) shows activation of Nrf2 by heme and iron treatment (N=5,  * p< 

0.05 by Two-Tailed t-test compared to Vehicle).    
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Additionally, EMSA to measure the activation of Nrf2, the transcription factor 

responsible for the expression of HO-1, was performed.  Figure 6C and 6F shows that 

heme and heme/iron treated NRA cells have increased activation of Nrf2 with fold 

increases of 2.496±1.02 (p<0.05 by two-tailed t-test, N=5) and 3.22± 1.49 (p<0.05 by 

two-tailed t-test, N=5) compared to vehicle at 2 hours.  Confirmation of the band was 

performed using an Nrf2 antibody which prevented binding to the probe.  These results 

identify some potential pathways involved in the expression and regulation of MMP9 

following heme and iron deposition in the brain. 

 

3.4 Heme and Iron Generate ROS   

It is well known that heme and iron can generate ROS, and that ROS are stimuli 

for the activation of the AP-1 and NFκB signaling pathways. In order to determine the 

amount of ROS generated by the heme and iron treatment a ROS assay was performed.  

Figure 7 shows that there was a significant increase in ROS produced by heme and 

heme/iron following 2 hours of treatment, with the respective fold increases being 

1.90±0.298 (p<0.01 by Bonferroni’s post-hoc test, N=3) and 1.90±0.153 (p<0.01 by 

Bonferroni’s post-hoc test, N=3) compared to vehicle treatment.  This suggests that the 

observed increase in MMP9 mRNA expression and activation of the AP-1 and NFκB 

signaling pathways may be caused due to the production of ROS by heme and iron 

treatment.   
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ROS Production By Heme and Iron at 2 hours
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Figure 7: The Production of ROS by Heme and Iron:  The generation of ROS 

produced by heme and iron treatment was determined by ROS assay.  NRA cells were 

treated with 40 µM hemin chloride and 50 µM iron (II) sulfate.  Vehicle treatment was 

7.6 mM NaOH and blank treatment was basal DME media.  ROS assay was performed 

using the H2DCFDA substrate.  Results were normalized to the blank treatment.  It is 

observed that at 2 hours following treatment there was a significant increase in the 

production of ROS in both the heme and heme/iron treated cells. One-way Anova: 

p=0.0003 **:  p<0.01 by Bonferroni’s post-hoc test compared to Vehicle (N=3).   
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3.5 AP-1 and NFκB Inhibition Prevents Increased MMP9 Expression by  

      Heme and Iron 

 
In order to validate that AP-1 and NFκB are responsible for the increase in MMP9 

gene expression, cells were treated with SP600125 (JNK inhibitor), MG132 (NFκB 

inhibitor) and BAY-11-7082 (NFκB inhibitor) and RT-qPCR was performed.  SP600125 

functions by preventing JNK from phosphorylating c-Jun which activates AP-1.   Figure 

8A demonstrates that inhibition of JNK resulted in a decrease in MMP9 expression at 2 

hours.  Treatment with 15µM SP600125 reduced MMP9 expression in heme treated cells 

from 3.90±1.57 to 2.15±1.23 and in heme/iron treated cells from 5.47±3.01 to 1.38±1.09 

(p<0.05 by two tailed t-test, N=4).  This result indicates that AP-1 plays a role in up-

regulating the expression of MMP9 following heme and iron treatment.  

 

The role of NFκB was investigated using two inhibitors, MG132 and BAY-11-

7082.  MG132 inhibits NFκB by stopping proteosomal degredation of IκB-α, the protein 

that keeps NFκB sequestered in the cytosol and transcriptionally inactive.  Treatment 

with 10 µM MG132 in combination with heme and heme/iron caused a significant 

decrease in MMP9 expression after 2 hours of treatment.  In heme and heme/iron treated 

cells a decrease of 2.43± 1.50 to 1.50± 0.861 and 4.51± 1.53 to 1.32± 0.254 (One-way 

ANOVA, p<0.05 by Bonferroni’s post-hoc test, N=3) was observed, respectively. Since 

MG132 inhibits the proteosome, it is not a very selective NFκB inhibitor.  In order to 

verify the results, a more selective inhibitor BAY-11-7082 was used.    BAY-11-7082 

inhibits NFκB by preventing the phosphorylation and activation of IKK, the kinase 

responsible the phosphrylation of IκB-α and activation of NFκB (Lee et al. 2012).   
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Figure 8:  RT-qPCR to determine the Effects of JNK-AP1 and NFκB Inhibitors on 

MMP9 Expression. NRA cells were treated for 2 hours with 40 µM hemin chloride and 

50 µM iron (II) sulfate. Panel A): Treatment with 15 µM SP600125 (JNK inhibitor) 

caused a decrease in MMP9 gene expression in heme and iron treated NRAs (N=4. * p< 

0.05 by Two-Tailed t-test compared to Vehicle. #p< 0.05 by Two-Tailed t-test compared 

to heme + iron).  Panel B): Treatment with 10 µM BAY-11-7082 (NFκB inhibitor) 

caused a decrease in MMP9 expression in heme and iron treated cells (N=3, One-way 

Anova p=0.0017 ** p< 0.01 by Bonferroni’s post-hoc test compared to Vehicle. ##:  

One-way ANOVA, p<0.01 by Bonferroni’s post-hoc test compared to heme + iron). 

Panel C): Treatment with 10 µM MG132 (NFκB inhibitor) caused a decrease in MMP9 

expression in heme and iron treated cells (N=3, One-way Anova p=0.0141 * p< 0.05 by 

Bonferroni’s post-hoc test compared to Vehicle.  # p<0.05 by Bonferroni’s post-hoc test 

compared to heme + iron). 
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Treatment with the BAY-11-7082 also caused a significant reduction in the expression of 

MMP9 at 2 hours following treatment with heme and heme/iron.   MMP9 expression was 

reduced from 1.89±0.805 to 0.851±0.398 in heme treated NRA cells and 3.03±0.214 to 

1.09±0.547 (p<0.01 by Bonferroni’s post-hoc test, N=3) in heme/iron treated cells 

(Figure 8B). The results using the two NFκB inhibitors were similar indicating that NFκB 

plays a role in the regulation of the expression of MMP9 and that this signaling pathway 

can be targeted at multiple locations to achieve inhibition of MMP9 expression. Since 

MMP9 expression can be up-regulated via both MAPK-AP1 and NFκB signaling 

pathways, the signals may be summed at the promoter of MMP9. Similarly, the inhibitory 

signals may be also added at the promoter region of MMP9, leading to reduced 

expression of MMP9.  

 

EMSA was performed to verify the role of AP-1 in upregulating MMP9 

expression. NRA cells were treated with heme and iron in combination with SP600125. 

Figure 9A shows that treatment with 15 µM SP600125 in combination with heme and 

heme/iron resulted in a decrease in AP-1 activation at 2 hours.  The observed decrease 

was 1.42± 0.389 to 0.752± 0.859 and 1.79± 0.392 to 0.947± 0.465 in heme and heme/iron 

treatments.   This provides further evidence that the decrease in MMP9 expression 

observed in Figure 8A by SP600125 was occurring through the inhibition of AP-1.  To 

confirm that NFκB may also be responsible for the upregulation of MMP9, cells were 

treated using the NFκB inhibitor, BAY-11-7082, for 2 hours.  Figure 9B shows that 

treatment with 15µM BAY resulted in a slight decrease in NFκB activation, 1.43± 0.057 

to 1.06± 0.121 for heme and 1.26± 0.176 to 0.800± 0.365 for heme/iron.  This result also  
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Figure 9: The Effects of JNK-AP1 and NFκB Inhibitors on the Activation of the 

Transcription Factors. NRA cells were treated for 2 hours with 40 µM hemin chloride 

and 50 µM iron (II) sulfate. Vehicle treatment is 7.6mM NaOH.  EMSA binding 

reactions were performed using nuclear isolations.  Supershift was done using a total c-

Jun and NFκB antibody. Panel A): Treatment with 15 µM SP600125 (JNK inhibitor) 

caused a decrease in AP-1 activation in the heme and heme+ iron treated NRAs (N=3). 

Panel B): Treatment with 10 µM BAY-11-7082 (NFκB inhibitor) caused a decrease in 

NFκB activation in the heme and heme+ iron treated NRAs (N=3). 
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provides further evidence that NFκB may play a role in MMP9 upregulation following 

heme and heme/iron treatment.   

 

 

3.6 MMP9 Protein Expression   

Western blot was performed to look at the protein expression of MMP9 in heme and iron 

treated NRA cells.  Figure 10 shows that after 2 hours of treatment that there is no change 

in the overall levels off pro-MMP9 (Figure 10A and 10B).  No active MMP9 was 

detected on the western blots (Figure 10A) indicating that even though heme and iron 

treatment had increased MMP9 gene expression at the mRNA level, it had not increased 

pro-MMP9 and active MMP9 in the experimental model. 
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Figure 10: Western Blot Detection of pro-MMP9 in Treated NRA cells 

Western blot for NRA cells treated with 40 µM hemin chloride and 50 µM iron (II) 

sulfate for 2 and 8 hours.  Panel A shows a representative Western blot for pro-MMP9 

(92kDA) and β-actin.  Panel B is the densitometry analysis. (N=3) 
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3.7 Detection of MMP9 Protein by Immunocytochemistry   

 In order to observe whether the increase in MMP9 gene expression observed in 

heme and iron treated NRAs was also present at the protein level immunofluorescent 

detection for MMP9 was performed.  Figure 11 shows merged images of the cell nuclei 

and total MMP9 present after 2 hour treatment with heme and iron.  TNF-α was used as a 

positive control and no change was observed, suggesting that in this model increases in 

MMP9 expression are only detectable at the mRNA level.  The images demonstrate that 

there was no observable difference in the level of MMP9 detected between the heme and 

iron treatments with the control.  This could indicate that the time point investigated was 

too soon to notice differences in MMP9 protein levels or that the regulation of MMP9 by 

heme and iron treatment may only occur at the transcriptional level. 
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Figure 11: Immunofluorescence to detect the levels of MMP9 protein in NRA cells:  

Immunofluorescence shows MMP9 protein in NRA cells treated with a) vehicle (7.6 mM 

NaOH), b) 40µM hemin chloride, c) 40 µM hemin chloride and 50µM iron (II) sulfate, 

and d) TNFα 40 ng/ml.  Image e) is the secondary control to show that there was no non-

specific binding of the secondary antibody.   The cells were stained with Hoechst 33342 

to visualize nuclei (blue) and a primary MMP9 antibody (red).  Images were taken at 20X 

magnification and the scale bar is shown in image a) and represents 100µm.   
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CHAPTER 4: DISCUSSION  

Blood-brain barrier disruption is one of the main causes of cerebral damage 

following cerebral ischemia and hemorrhage.  MMP9 has been characterized as the main 

protease responsible for the sustained opening of the BBB (Rosenberg GA et al. 1998) 

resulting in cell death, edema, infiltration of inflammatory cells, and secondary brain 

damage.   While MMP9 has been identified as the main mediator of BBB disruption, the 

signaling pathways involved in its expression have not been fully elucidated.  

 

In the present study my work has demonstrated that the expression of MMP9 at 

the mRNA level occurs following the deposition of heme and iron in rat astrocytes (NRA 

cells), identifying another stimulus responsible for up-regulating MMP9 expression 

following ischemic stroke and hemorrhage.  My work also showed that heme and iron 

generated ROS, which may be the mechanism in which AP-1 and NFκB signaling 

pathways are activated. This study also demonstrated that inhibiting these pathways 

resulted in the decreased expression of MMP9.  Lastly, I have demonstrated that the 

heme and iron stimulated the increased expression of HO-1 by activating the transcription 

factor Nrf2.  All together, the results of this study help provide a better understanding of 

the signaling pathways involved in heme and iron induced MMP9 expression which may 

occur following cerebral ischemia and hemorrhage.  
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4.1 Heme and Iron Induce MMP9 Expression   

In this study an in vitro NRA cell model was used and heme and iron were 

exogenously added to the media and cells in order to mimic their deposition within the 

brain on neural cells following hemorrhage. It was demonstrated that MMP9 gene 

expression was upregulated at the mRNA levels by the heme and iron treatment in this 

model following 2 hours of treatment and that the levels return to baseline at 8 hours 

(Figure 5A).  Many studies have shown that MMP9 expression is increased following 

ischemic stroke by various stimuli, such as inflammatory cytokines (Denes A et al. 2010) 

and ROS (Malcolmson E 2011).  Demonstrating that heme and iron treatment caused an 

increase in MMP9 gene expression provides insight into another stimulus that may 

potentiate BBB breakdown by increasing the expression of MMP9 following stroke.   

 

In order to characterize the mechanism of heme/iron-mediated upregulation of 

MMP9, I have assayed whether heme and iron can generate ROS, a known stimulus of 

MMP9 expression. Figure 7 shows that treatment of cells with heme and iron generated 

significant amounts of ROS as compared to vehicle and control. This is most likely the 

major mechanism responsible for the observed increase in MMP9 in this model. Studies 

using a ROS scavenger would demonstrate whether the generated ROS, by heme and 

iron, is the main mechanism for the observed increase in MMP9 expression. Heme and 

iron may have a direct effect on activating these signaling pathways or on up-regulating 

MMP9 expression, but these still needs to be investigated.   
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MMP9 protein expression was found to be unchanged following 2 and 8 hours of 

treatment with heme and iron in the present study (Figure 10).  This observation may be 

due to the model or the time point observed, but a more likely explanation is that post-

transcriptional modifications are occurring resulting in the mRNA not being translated to 

protein.  Previous work has shown that MMP9 is present within 24 hours following 

MCAO in rats (Zhao BQ et al. 2006). A previous In vitro study in our laboratory showed 

increases in active MMP9 protein levels at 6 hours in NRA cells treated with a strong 

stimulus hydrogen peroxide (Malcolmson E 2011).  A study by Ralay Ranaivo and 

colleagues demonstrated an increase in MMP9 expression and activity after 24 hours of 

albumin treatment in rat astrocytes (Ralay Ranaivo H et al. 2012).    

 

4.2 Signaling Pathways Involved in Heme and Iron Induced MMP9 

Expression 

   In the present study I have demonstrated that the transcription factors AP-1 and 

NFκB are activated following heme and iron treatment in cells (Figure 6).  I have also 

demonstrated that the inhibition of JNK resulted in the decreased expression of MMP9 

(Figure 8A).  As well, inhibition of IKK activation or the proteosome resulted in the 

reduction of MMP9 expression following heme and iron treatment (Figure 8B and C).  

Previous work has identified multiple signaling pathways as being responsible for 

increased MMP9 expression by the activation of different stimuli.  Wu and colleagues 

demonstrated that stimulation of RBA-1 cells by IL-1β resulted in increased expression 

of MMP9 through the activation of MAPK and NFκB (Wu CY et al. 2004).  It was also 

shown that the MAPK and NFκB activation occurs in human alveolar epithelial cell 
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carcinoma by IL-1β stimulation (Lin CC et al. 2009).   Wang and colleagues showed that 

oxidized low-density lipoprotein caused an increase in MMP9 expression in rat brain 

astrocytes by a p42/p44 (MAPK) and JNK-dependent AP-1 signaling pathway (Wang 

HH et al. 2009).  Oxygen deprivation has also been shown to induce the MAPK, ERK1/2 

in cortical neurons (Boulous S et al. 2007).  And it was shown that inhibition of ERK1/2 

in rat astrocytes results in the reduction of MMP9 expression after PMA stimulation 

(Arai K et al. 2003). MMP9 expression is also stimulated by TNFα through the activation 

of NFκB (Hozumi A et al. 2001, Itatsu K et al. 2009).  TNFα also induces MMP9 

expression through the phosphorylation of ERK1/2 and p38 MAPK (Itatsu et al. 2009).  

Lastly, TNFα has been shown to stimulate other pathways involved in MMP9 

upregulation, including the PI3K/Akt signaling pathway (Hwang MK et al. 2009). Taken 

together these results demonstrate the complexity of MMP9 expression mechanisms that 

can occur under different conditions.  However, it was unknown whether heme and iron 

deposited in the brain following cerebral ischemia and hemorrhage would play a role in 

regulating MMP9 expression. My data presented here has demonstrated that both heme 

and iron deposited on astrocytes of this in vitro model can generate ROS, activate AP-1 

and NFκB signaling pathways and upregulate MMP9 expression, implicating that heme 

and iron deposition in the brain following ischemic stroke and hemorrhage may play a 

role in modulating MMP9 expression.   

 

4.3 Role of Heme Oxygenase-1 and Nrf2 

Heme oxygenase-1 is the rate-limiting enzyme involved in the degradation of 

heme into biliverdin and CO (Wang J and Doré S 2007; Wang J and Doré S 2008).  In the 
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present study HO-1 expression was found to be increased following treatment with heme 

and iron at 4 hours, with the expression remaining increased up to 8 hours (Figure 5B).  

The role of HO-1 is to protect the cell from the toxicity of heme by breaking it down and 

allowing for the sequestering of Fe
2+

 protecting the cell from free radicals produced by 

the iron.  Studies have demonstrated that HO-1 is protective against oxidative injury in 

mouse astrocytes (Chen- Roetling J et al. 2005) and that it can protect against hemin 

(Benvenisti-Zarom L and Regan RF 2007; Chen J and Regan RF 2005; Teng ZP et al. 

2004).  In the present study the increase in HO-1 expression was observed at the gene 

level and whether the expression of the HO-1 protein is also upregulated needs to be 

investigated.  Upregulation of heme oxygenase-1 expression is known to be mediated by 

the Nrf2. 

The activation of Nrf2 occurs in response to oxidative stress and is responsible for 

the transcription of many antioxidant enzymes (Kensler TW et al. 2007).  In the present 

study the activation of Nrf2 was found to occur after 2 hours of treatment with heme and 

iron (Figure 6C).  This result was expected since there was significant ROS produced by 

the treatment (Figure 7) and activated Nrf2 is also responsible for HO-1 expression.  

Many studies have identified Nrf2 as being potentially neuroprotective.  In a mouse 

model of intracerebral hemorrhage (ICH) it was found that the knockdown of Nrf2 

resulted in greater injury and increased neurological deficits (Wang J et al. 2007).  

Another study showed that sulphorane-activated Nrf2 protected against oxidative damage 

and neurological deficits in a rat model of ICH (Zhoa X et al. 2007).  Additionally, it was 

demonstrated that the knockout of Nrf2 resulted in increased MMP9 expression, and 

neuroinflammation in rat primary astrocytes treated with oxyhemoglobin (Pan H et al. 
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2011).  The activation of Nrf2 by heme and iron deposition is a protective response by 

the cell when treated by the heme and generated ROS and may play an important role in 

preventing injury following cerebral ischemia and hemorrhage since it has been identified 

as neuroprotective.  

 

4.4 Conclusion and Future Direction 

 Heme and iron are deposited at the site of brain injury during hemorrhagic and/or 

ischemic stroke or following tPA treatment.  The present study has demonstrated that this 

deposition can result in the increased expression of MMP9 in the in vitro model of rat 

astrocytes.  I have shown that heme and iron deposition generates ROS and activates the 

transcription factors AP-1 and NFκB which are responsible for the observed increase in 

MMP9 expression.  Inhibition of the upstream kinase of AP-1 signaling pathway, JNK, 

prevented the increase in MMP9 expression.  Similarly, inhibition of the activation of 

IKK or the proteosome (to prevent IκB-α degradation) for NFκB signaling pathway also 

resulted in the prevention of MMP9 upregulation stimulated by heme and iron.   These 

results suggest that targeting the generation of ROS and the activation of the AP-1 and 

NFκB signaling pathways may be beneficial in modulating MMP9 expression and in 

relieving MMP9-mediated BBB disruption.  However, MMP9 is also needed for brain 

repair and angiogenesis following brain injury.  Thus, spatial modulation of MMP9 

expression at different stages of brain injury and recovery will be crucial for limiting the 

damage at the early stage and promoting a better and faster recovery at the late stage.  My 

study has demonstrated that Nrf2 is activated following heme and iron deposition in 

astrocytes and that it results in increased expression of HO-1.  As suggest in the 
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literature, the activation of Nrf2 and expression of HO-1 are potentially neuroprotective.  

Further studies should be conducted to better understand spatial regulation of MMP9 

following heme and iron deposition at different stages in in vivo models and to 

understand the role of Nrf2 in protecting against oxidative stress and whether Nrf2 

expression is protective against MMP9-induced BBB disruption. 
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