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Abstract 
 

 Introduction: Rupture of atherosclerotic plaques is associated with strokes, myocardial 

infarctions and cardiovascular complications. Collagen, known to be the most abundant protein 

in atherosclerotic plaques, stabilizes the cap and prevents the lesion from rupture. One of the 

enzymes responsible for cleaving collagen in plaques is MMP-13. Therefore, we hypothesized 

that imaging MMP-13 in atherosclerotic plaques using PET radiotracers can be a good indicator 

in monitoring plaque development and stability. 

Results: Our results indicate that developing potent selective MMP-13 inhibitors is 

possible and radiolabeling these compounds, although challenging, can be a useful tool for 

imaging MMP-13 in atherosclerotic plaques. Autoradiography and staining techniques show 

colocalization of our tracer with lipids, an essential indicator of the presence of atherosclerotic 

lesions. In addition, it was shown that the tracer had similar uptake in both groups of mice, 

confirmed by PET and biodistribution data. However, more selective MMP-13 tracers need to 

go though this process. Furthermore, more exclusive atherosclerotic markers should be stained 

for to confirm that the tracer is most selective for MMP-13.  

Conclusion: In conclusion, this study was useful in identifying MMP-13 inhibitors with 

radiolabeling potential to image MMP-13 in atherosclerotic plaques.



- 1 - 
 

Chapter 1. Introduction 
 

Despite meaningful advances in methods for treating and preventing cardiovascular 

diseases (CVD), they remain the leading cause of mortality and morbidity around the world, 

with stroke and ischemic heart disease causing more than 15 million deaths per year around 

the globe (Figure 1).1–3 CVD include a wide range of heart and vessel-related conditions of 

different etiology.4 These consist of coronary artery disease (CAD), arrythmia, heart failure, 

heart valve disease, congenital heart disease and cardiomyopathy, among others.4 CAD is the 

most common, and is often characterized by the narrowing of blood vessels leading to blood 

flow abnormalities. CAD is caused by atherosclerosis, and usually affects the vessels supplying 

blood to the heart.5 Increasing understanding of the complex roles of calcification, 

inflammation, and tissue remodeling in CAD and valvular CVD are essential to better 

understand and classify these conditions.  

 

Figure 1: Top 10 causes of mortality worldwide in 2016. Ischemic heart disease and stroke are the 2 

leading causes of deaths around the world.6 
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1.1 A brief history of cardiovascular nuclear imaging 
 

Since the early 1900s, an expanding interest in developing new mechanisms and 

therapeutic strategies directed towards CVD has been emerging, including advances in 

sensitive and specific diagnostic methods.7  The birth of the first diagnostic nuclear medicine 

approach took place in 1927, when Hermann Blumgart and Soma Weiss were successful in 

their attempt to  measure blood circulation time from one arm to another in healthy patients 

using bismuth-214 (214Bi, t1/2 = 26.8 minutes).8  Almost two decades later, Prinzmetal and 

colleagues measured the blood transit time between the right and left ventricles, using a Geiger-

Müller tube and generating a radiocardiogram after a bolus injection of sodium-24.9 Following 

these two studies, a diversity of isotopes and tracers targeting different diseases including 

oncological applications, musculoskeletal diseases, neurological complications, and 

cardiovascular diseases have been tested preclinically and clinically to eventually develop 

currently available and future imaging radiopharmaceuticals.  

 

1.2 PET and other imaging techniques useful for CVD 
 

Nowadays, clinicians have access to various cardiac imaging modalities to diagnose 

and assess CVD progression in patients.10 These include echocardiography, X-ray and 

computed tomography (CT), magnetic resonance imaging (MRI), single-photon emission 

computed tomography (SPECT), and positron emission tomography (PET).1,10 PET is a non-

invasive imaging technique that measures physiological function by dynamically tracking 

radiolabelled drugs.11 One of the biggest advantages of PET is its ability to provide quantitative 

analyses and to monitor changes in radiolabelled drug distribution over the image acquisition 

time.11 The physics behind PET imaging are based on positron emission (β+) by a neutron 

deficient isotope.12 The most commonly used PET isotope is fluorine-18 (18F).1 As this isotope 
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decays, the positron is emitted, and travels a short distance at high speeds, eventually 

interacting with an electron, and both particles get completely annihilated.12 This produces two 

high-energy photons that travel in opposite directions and can be detected by the PET scanner.12 

PET detectors are equipped with coincident γ-photon detectors to record decays with high 

sensitivity. Dynamic and quantifiable images can then be reconstructed with moderate spatial 

and temporal resolution.13 Initially, tracers have been developed to detect specific targets at the 

molecular imaging designed for cancer imaging and atherosclerosis. Images of the radiotracers 

are reconstructed in 3D, taking scatter, attenuation, deadtime, and random coincidences into 

consideration.14 PET imaging is highly sensitive, detecting picomolar concentrations of the 

tracer.15 Well-characterized and selective radiopharmaceuticals are the majors contributors in 

the advances in PET imaging, as they enable exceptional biochemical resolution to probe 

targets and mechanisms of CVD under different imaging conditions.5 These tracers, along with 

ongoing advances in PET technology point toward better tools for diagnosis and assessment of 

CVD. 

 

1.3 PET radioisotopes 
 

Several factors are taken into consideration when selecting a PET isotope of a clinical 

CVD pharmaceutical. Its half life must be adequate to the kinetics of tracer distribution and the 

targeted biochemical processes. Therefore constraints are imposed on the imaging conditions, 

whether the images are acquired during exercise or in a  resting state.1 In addition, the presence 

of an on-site cyclotron is required for short-lived radioisotopes such as oxygen-15. Moreover, 

an ideal PET isotope would decay entirely through positron (β+) emission.16 While there is a 

big selection of  PET isotopes with a different physical properties and production methods, the 
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selection of a nuclide is dependent on molecular structures and synthetic feasibility (Table 1). 

17,18  

Isotope Physical half-life (t1/2) Production Radiosynthesis 

Carbon-11 (11C) 20.34 min 

Cyclotron-

produced in 

nitrogen gas: 

14N(p,α)11C 

[11C]CO2 or [11C]CH4 

precursors, complex 

synthesis possible 

Nitrogen-13 (13N) 9.96 min 

Cyclotron-

produced in water: 

16O(p,α)13N 

[13N]NH3 or 

[13N]NO3
- precursors, 

complex synthesis 

uncommon 

Oxygen-15 (15O) 2.04 min 

Cyclotron-

produced in 

nitrogen gas: 

14N(d,n)15O or 

15N(p,n)15O 

[15O]O2 is most 

common precursor, 

single-step synthesis 

possible 

Fluorine-18 (18F) 109.7 min 

Cyclotron-

produced in 

enriched water: 

18O(p,n)18F 

[18F]fluoride most 

common precursor, 

complex synthesis 

possible 

Copper-64 (64Cu) 12.7 h 

Cyclotron-

produced: 

64Ni(p,n)64Cu 

Chelation chemistry 
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Gallium-86 (68Ga) 67.8 min 

Generator-

produced from 

germanium-68 

Chelation chemistry 

Rubidium-82 (82Ru) 1.25 min 

Generator-

produced from 

strontium-82 

Used as eluted 

 

Table 1: Different isotopes available for radiolabeling targets used in PET imaging.1 

 

1.4 Atherosclerosis 
 

1.4.1 Progression of the disease 
 

Atherosclerosis is a slowly progressive disease that leads to heart and vessels related 

complications.19 It is a disease of the vascular intima that can induce complications in different 

arteries, mainly the coronary arteries of the heart.20 Atherosclerosis is characterized by the 

accumulation of fibrous elements and lipids in the large arteries.21 Early on, subendothelial 

accumulations of macrophages filled with cholesterol, also known as foam cells, cause the 

characteristic lesions of atherosclerosis.19 Fatty streaks alone are considered clinically 

insignificant, however, their presence signals the possibility of advanced lesions 

distinguished by the accumulation of lipid-rich necrotic debris in addition to smooth muscle 

cells (SMCs).19 Intermediate lesions are then formed by extracellular lipid accumulation. 

However, the formation of the fibrous plaques starts with the increased amount of cholesterol 

deposited in the intima and its underlying smooth muscle cells layer.22 These lesions have a 

fibrous cap that is formed of extracellular matrix (ECM), proteoglycans, SMCs, and collagen 

fibrils enclosing the lipid-rich necrotic core and maintaining the rigidity of the 
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atherosclerotic cap.21 Atherosclerotic plaques are subject to an increase in complexity: they 

are prone to calcification and luminal surface ulceration. Furthermore, small vessels 

originating from the media of the blood vessel wall can grow into the fibrous lesions causing 

severe hemorrhage.23 Advanced lesions may cause stenosis and even completely block blood 

flow.20 A wide variety of events weaken the integrity of the cap resulting in a vulnerable 

advanced atherosclerotic plaque; these include: increased inflammation, tissue proteolysis, and 

mechanical stress.24 The most significant clinical risk for the cascade of vascular modification 

is the acute occlusion of the artery caused by a blood clot or thrombus, leading to a 

myocardial infarction or stroke. This is most common after rupture of a lesion (Figure 2).19,25 

Numerous markers of atherosclerosis have been identified and are being exploited by 

different studies to assess the degree of disease progression.22 

 

 

Figure 2: Schematic representation of the stages of atherosclerosis.26 
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1.4.2 Atherosclerotic plaque composition 

 

Atherosclerotic caps are mainly composed of smooth muscle cells, macrophages, 

cholesterol, and extracellular matrix (ECM) that largely participates in most of the features of 

the atherogenic process.27 The main component of the ECM is collagen, the largest contributor 

in maintaining the atherosclerotic cap integrity and rigidity.28 Collagen, the most abundant 

protein in the animal kingdom, is the major insoluble fibrous protein in the ECM.28 At least 16 

types of collagen are known, but 80-90% of collagen in the human body consists of types I, II, 

and III. The ability of collagen molecules to pack together and form similar structures of long 

thin fibrils allows collagen to contribute to the rigidity of the different structures.28,29 The 

disruptions in collagen content in any tissue are strongly correlated with pathophysiological 

consequences caused by the loss of structural integrity of the tissue.27 This is seen in 

atherosclerosis, where the plaque vulnerability is dependent on its collagen content.27,30 In 

addition to the production of collagen in atherosclerotic plaques by SMC, collagen can also be 

secreted by endothelial cells.31 During the progression of the disease, SMC shift from their 

quiescent phenotype to a proliferative matrix synthetic phenotype, abundantly secreting 

collagen.32 Among the 3 types of collagen found in plaques, collagen III seems to be the most 

abundant, with an average of 61% in patient endarterectomy specimens (Table 2).27  

 

Collagen 

type Principal tissue distribution Cells of origin 

I Loose and dense connective tissue Fibroblasts and reticular cells 

 

Bone Osteoblast 

 

Fibrocartilage 

 
II Hyaline and elastic cartilage Chondrocytes 
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Vitreous body of the eye Retinal cells 

III 

Loose connective tissue, reticular 

fibers Fibroblasts and reticular cells 

 

Papillary layer of dermis 

 

 

Blood vessels Smooth muscle cells, endothelial cells 

IV Basement membranes Epithelial and endothelial cells 

 

Table 2: Different types of collagen. Tissue biodistribution and cells of origin.27 

 

1.5 Matrix Metalloproteinases and atherosclerosis: The role of MMP-13 in vulnerable 

plaques 
 

One of the most important features of development and tissue repair is the timely 

degradation of ECM.33,34 In healthy conditions, ECM degradation is kept under tight regulation, 

however, a wide array of diseases is caused when it becomes dysregulated. These include 

arthritis, nephritis, cancer, and others. Moreover, if ECM remodeling goes uncontrolled in the 

vasculature and myocardium, it leads to cardiovascular pathology: heart failure, left ventricular 

hypertrophy, atherosclerosis, and others.33–35 As mentioned previously, collagen is the main 

component of the ECM.36 It allows the maintenance and stability of the organs, supporting their 

structural integrity.36 Matrix metalloproteinases (MMP) are a large family of Zn2+- dependent 

endopeptidases that are known for cleaving collagen. The expression of MMP genes is 

significantly higher in connective tissue cells, monocytes, endothelial cells, and 

macrophages.37 At physiologically healthy conditions, MMPs are expressed at baseline levels, 

however, in response to certain hormones or cytokines, their expression changes differentially. 

Most MMPs have a typical conserved structure: an 80-amino acid propeptide, a 170-amino 
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acid catalytic domain, and a hinge region that links this domain to a 200-amino acid hemopexin 

domain (Hpx) (Figure 3).38 Among more than 20 MMPs known to be present in humans, many 

of them are found in the vascular system.39 Some have shown to positively affect the plaques, 

others have a negative impact, and a few of them have alternating effects as the disease 

progresses to further stages.40 MMP-1, also known as fibroblast, plays a role in preventing 

microcalcification, producing smaller and more stable plaques, while MMP-2 (gelatinase A) 

knockout mice have shown unstable plaques and fewer SMCs than macrophages, highlighting 

the positive role of these 2 MMPs in atherosclerosis.41,42 On the other hand, MMP-3, also 

known as stromelysin-1, is known to act on E-cadherin and stromleysin to restore migration of 

SMC.40 However, two different effects where seen upon knockout of MMP-3: in the aorta, 

larger and more stable plaques were found, however, larger and less stable plaques were found 

in the brachiocephalic artery.43,44 These divergent effects are also seen in MMP-7, MMP-9, and 

MMP-12.43  

MMP-13 (collagenase-3) inhibition has been shown to increase plaque collagen content 

in the plaque.45,46 The main substrate for MMP-13 is type III collagen, the most abundant type 

of collagen in the atherosclerotic plaque and the largest contributor to its stability.27,45 In 

addition, studies has shown and increase of type III collagen in plaques upon inhibition or 

knockout of MMP-13.45–47 Therefore, MMP-13 is one of the major collagen degrading 

enzymes responsible for the vulnerability of the atherosclerotic plaque. 

 

Figure 3: General conserved structure of MMPs.48 
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1.5.1 MMP activation 

 

The most common structural signatures in MMPs are a zinc binding motif in the 

propeptide domain and a zinc binding motif in the catalytic domain. MMPs are synthesized as 

pre-proenzymes and the predomain is removed during translation to generate the proMMPs. 38 

Similar to other protein synthesized as proenzymes, the propeptide needs to be cleaved to have 

a fully active enzyme. 49 Three histidine amino acids in the zinc binding motif of the propeptide 

domain coordinate with the zinc ion in the catalytic site, keeping proMMPs inactive by creating 

a barrier for a water molecule essential for catalysis of the Cys-Zn2+ bond. This is known as 

the cysteine switch, and it lies in the substrate binding pocket. Once the Cys-Zn2+ sulfide bond 

is disrupted, a water molecule replaces the sulfide group, resulting in an intermediate active 

form, where autoproteolysis will occur, displacing the propeptide domain.50 Therefore, it is 

necessary to activate every MMP using zinc-chelating agents that can disrupt the Cys-Zn2+ 

sulfide bond, rendering MMPs active (Figure 4). 
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Figure 4: MMP-13 activation mechanism. A water molecule initiates the activation of the latent MMP, 

resulting in an intermediate active form. The MMP then attains its active form by proteolysis and release of the 

propeptide domain. Cys: Cysteine, Zn: Zinc.50 

 

1.5.2 MMP mechanism of action 

 

MMP substrates bind to the catalytic domain of the enzyme. The carbonyl group of the 

peptide bond to be cleaved is placed in the catalytic site.38 The length and structure of the 

substrate dictate its docking to the catalytic site where it binds to an S1’ pocket, located close 

to the zinc cation. This pocket is known to vary in depth in each MMP, therefore, it is a key 

factor determining MMP specificity to its targets.38 Among different MMPs highly expressed 

in atherosclerotic plaques, MMP-13 cleaves collagen-III, the most abundant type of collagen 

in the atherosclerotic plaque, therefore, contributing to the instability of the plaque and 

increasing the incidence of its rupture.50 MMP-13 has 2 pockets that are characteristic to this 

enzyme and were not found in any other MMP. The S1’ pocket in MMP-13 is particularly large 

and when a proper ligand binds, it opens a side pocket known as the S1’*, a phenomenon that 

is not observed in all other MMPs.51 Since the zinc cation is essential for the activity of all 

members of the MMP family, MMP inhibitors’ interaction with zinc tends to decrease MMP 

inhibitor selectivity. Therefore, the S1’ and S1’* binding pockets  are subjects of current 

extensive research to synthesize novel more potent and selective MMP-13 inhibitors (Figure 

5).52 
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Figure 5: Key interactions of different inhibitors with the S1’ binding pocket in MMP-13.51,53 

 

1.6 Previous PET tracers targeting MMPs 
 

1.6.1 [18F]FDG: an inflammation marker 

 

[18F]fluoro-2-deoxy-d-glucose or [18F]FDG is the most widely used PET tracer for a 

variety of diseases.54 In particular, [18F]FDG uptake has been validated as a marker of 

atherosclerotic plaque inflammation.55 [18F]FDG is taken up by different cells and goes through 

phosphorylation by hexokinase, however unlike glucose, it does not complete the glycolysis 

pathway.56 Therefore, the tracer is trapped in the cytoplasm and serves as a marker for high 

metabolic energy consumption when high tracer density is detected.55 Moreover, studies show 

a strong correlation between high [18F]FDG uptake and expression of other inflammation 

markers, notably macrophages.57,58 Therefore, [18F]FDG serves as an inflammatory marker and 

can be useful in assessing atherosclerosis progression because high metabolic activity is present 

in sites of inflammation. However, the main disadvantage of [18F]FDG uptake is its lack of 

specificity, as the tracer  is known to bind to inflammatory macrophages among other cell types, 

in addition to showing high uptake in organs with high metabolic activity, such as the heart. 

Consequently, myocardial uptake masks the signal in vascular plaques.1 Therefore, other 
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markers that are more specific to targets in atherosclerotic plaques are needed to identify 

inflammation in atherosclerotic plaques using PET.59 

 

1.6.2 [18F]NaF: a calcification marker 

 

Another marker for detection of the progression of atherosclerosis and lesion 

vulnerability is calcification of atherosclerotic caps. Unlike microcalcifications, 

macrocalcifications are markers of stable plaques.60 Microcalcifications can increase the risk 

of plaque rupture by amplifying the mechanical stress in the atherosclerotic cap by more than 

500 kPa.61 [18F]NaF has been approved by the FDA as a PET tracer and is being used clinically, 

as it can bind to microcalcification regions in atherosclerotic plaques.60 Moreover, it is 

considered to be a specific marker of active microcalcification since it binds to hydroxyapatite 

by replacing its hydroxyl groups.62  

 

Although [18F]FDG and [18F]NaF are being used clinically, their lack of specificity is a 

source of concern. Therefore, a need to develop a more specific marker arises. MMP-13, being 

the most abundant in atherosclerotic plaques, and the largest contributor to the rigidity and 

integrity of the plaque seems to be a promising target for imaging to assess the risk of 

development of the disease from the early lesions to the advanced atherosclerotic plaque.  

 

1.7 Aims and objectives 
 

First, using an enzyme assay, the IC50 values of the inhibitors synthesized in the lab 

needed to be determined in order to select the most potent and selective MMP-13 inhibitor for 

future animal studies. For this assay, 2 groups of inhibitors with different cores were used: the 
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first is the pyrimidine core, and the second is the quinazoline core (Figure 6). Several functional 

groups have been added to these cores, creating numerous derivatives.  

 

 

 

 

Figure 6: Chemical structures of Marimastat, a Pyrimidine core, and a Quinazoline core 

 

Second, the inhibitors needed to be labeled with fluoride-18 and eluted in saline to make 

it suitable for mouse injection. The first inhibitor to be radiolabeled was P1, as it was the first 

to be synthesized and tested, and its precursor (P0), shown in figure 7, was a convenient 

candidate for fluoride-18 labelling due to its good leaving group. Labelling the inhibitor is of 

extreme importance for future in vivo and ex vivo studies. It can serve as an efficient tool in 

autoradiography techniques and PET imaging. This radiolabeling method was developed in the 

lab and more inhibitors are now in queue for radiolabeling attempts either with flurorine-18 or 

carbon-11. 

 

Figure 7: Chemical structure of P0 

Third, colocalization studies on harvested en face aortas were necessary to localize the 

tracer uptake in the aorta and correlate it with markers of atherosclerosis. A mouse model with 

increased atherosclerotic plaque incidence is compared to a non-diseased mouse. The 
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radiolabelled P1 is tested here as a marker for atherosclerotic lesions, and a well-established 

staining technique is applied to validate the observations. 

Finally, to determine the tissue distribution of the tracer, PET scans are acquired and 

biodistribution studies are performed. Here, different techniques enabling us to visualize the 

tracer in the aortic arch are attempted. Moreover, these are ways to check for difference in 

tracer metabolism in both animal models used. 

The overall aims and objectives for this project were to show that due to the relationship 

between MMP-13 and atherosclerosis discussed previously, MMP-13 potent and selective 

inhibitors can provide an efficient tool in tracking the vulnerability of atherosclerotic lesions. 

In the long term, MMP-13 can be used as an imaging marker to assess the risk of progression 

of atherosclerosis plaques towards more vulnerable lesions with thinner atherosclerotic cap. 

 

1.8 Rationale and hypothesis 
 

Due to the relationship between atherosclerosis and MMP-13, this enzyme can be crucial 

in tracking the vulnerability of atherosclerotic lesions and therefore can be used as an imaging 

marker for risk of progression of atherosclerosis.  

 

 

 



- 15 - 
 

Chapter 2: Materials and methods 
 

2.1 In vitro enzyme assay: 
 

To test the potency and assess the selectivity of the newly synthesized inhibitors, an 

enzyme assay was developed using recombinant human MMPs (rhMMP-1, -2, -8, -9, -20, and 

-13). Recombinant human proteins are generated following isolation of the expressed portion 

of the DNA (mRNA), reverse transcribing it to cDNA, and then expressing it in other rapidly 

multiplying organisms such as bacteria.65 An MMP fluorogenic substrate (MCA-Lys-Pro-Leu-

Gly-Leu-DNP-Dpa-Ala-Arg-NH2) is also used for this assay (Figure 8). This substrate is 

tagged with a donor and a quencher.66 Upon excitation at λ = 320 nm, the quencher dampens 

the signal emitted and it does not get detected by the sensors on the Synergy HT fluorescent 

96-well plate reader. After the substrate is cleaved, the donor and quencher are separated, and 

the donor emits a wavelength detected by the fluorescent sensor. Therefore, the higher the 

fluorescence, the higher the enzyme activity, and the lower efficiency (higher IC50 of the 

inhibitor and/or the concertation used. This is useful in choosing which inhibitors to radiolabel 

for in vivo experiments. It is essential to synthesize a potent and selective MMP-13 inhibitor to 

eliminate off-target binding in animal models and validate the tracer as specific for MMP-13 

only. Twelve inhibitors were synthesized, purified, and tested for potency against different 

enzymes. These inhibitors were tested and compared to Marimastat as a control, a pan MMP 

inhibitor, and the first inhibitor to enter MMP clinical testing.63 It is a hydroxamic acid analog 

shown in figure 6, and known to be a good zinc-binding group (ZBG).64 Upon water encounter, 

the hydroxamate ion potently binds to Zn2+ causing its chelation.64 What makes Marimastat 

more effective is the ability of hydroxamates to form hydrogen bonds between the ZBG and 

other amino acid residues.64 
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Figure 8: Chemical structures of the fluorogenic MMP substrate used in the enzyme assays. The 

MCA (fluorophore) is shown in blue, while DNP (quencher) is shown in green. The yellow lighting 

mark shows the cleavage site by MMPs, releasing the fluorophore from the rest of the molecule.66–68 

 

   

 

 

 

 

Figure 9: Chemical structures of Pyrimidine core-based inhibitors 
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Figure 10: Chemical structures of Quinazoline core-based inhibitors. 
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This assay is run in an assay buffer: 50 mM Tris HCl, 10 mM CaCl2,2H2O, and 150 

mM NaCl in distilled water. The pH of this solution is adjusted to 7.4 using concentrated 

NaOH. The enzymes are then activated using 4-aminophenylmercuric acetate (APMA), an 

organomercurial compound used to chelate zinc, disrupting the Cys-Zn2+ bond and freeing the 

pro-domain.69 To activate the enzymes, 100 mM of APMA solution prepared in Dimethyl 

Sulfoxide (DMSO) by dissolving 176 mg of APMA in 5 ml of DMSO. Then, 500 µL of the 

APMA solution is added to 49.5 mL of assay buffer and mixed. To activate the MMPs, 10 µg 

of enzyme are first diluted in 100 µL  to form 100 µg/mL concentrations of MMPs in APMA 

containing buffer. The mixture is then incubated at  37°C  for 2 hours. The activated MMPs are 

then diluted to 0.3 ng/mL in assay buffer. The substrate is also prepared in assay buffer as a 30 

µM solution. The final assay conditions are 0.1 ng/mL of enzyme, 10 µM of substrate and 

different inhibitor concentrations prepared initially 3 times more concentrated than the final 

concentration. The general procedure for this assay is the following: the experiment is done in 

experimental triplicates using a black 96-well plate. For each triplicate, 2 nM of enzyme are 

incubated with different inhibitors concentrations ranging from 0.01 pM to 100 µM at 37oC for 

45 minutes. This was followed by the addition of 10 µM of substrate and the fluorescence was 

read for 15 minutes using Synergy HT fluorescent 96-well plate reader (λ excitation: 320 nm, 

λ emission: 405nm). Marimastat was used as a positive control, and a well containing enzyme 

and assay buffer was used as a negative control. After reading the fluorescence for each well 

in one minute intervals for 20 minutes, the relative fluorescence values (RFU) are plotted vs 

time (in minutes) using Graphpad prism, the slopes are generated using the software and 

percentage MMP activity is plotted vs log[inhibitor], assuming the values of the well 

containing the enzyme, substrate, and assay buffer as 100% enzyme activity, and the well with 

no enzyme (substrate and assay buffer only), a  null enzyme activity. Previously, pyrimidine 

and quinazoline core inhibitors were used to synthesize inhibitors of MMPs.51,53 The IC50 
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values that were obtained using the previously described enzyme assay are comparable to the 

expected values obtained in previous studies.  

The differences in the enzyme assay procedure between the different compounds tested 

was mainly the range of inhibitor concentrations adopted to generate an informative IC50 

sigmoidal curve. More inhibitors are being synthesized at the moment and will also be tested 

for potency and selectivity using the previously described enzyme assay.  

 

2.2 Radiofluorination 
 

A series of chemical reactions are applied to eventually radiolabel the precursor P0 with 

fluoride-18 for upcoming in vivo and ex vivo studies. This is done to track the tracer using PET, 

quantify its biodistribution, in addition to colocalize the tracer with markers of inflammation.  

The automated synthesis of fluorine-18-labelled P1 was developed by Ariel Buchler, a 

graduate student in our lab, and uses the GE FX2 N radiochemistry apparatus shown in figure 

11 to develop the synthetic method which includes tracer synthesis, purification, and 

reformulation. This is the first inhibitor that was successfully radiolabeled following this 

scheme: fluorine-18 is strongly hydrated upon delivery, and deactivated towards nucleophilic 

reactions.70 The fluorine-18 anion is purified from the aqueous environment to proceed with 

the fluorination chemistry. A quaternary ammonium ion exchange Sep-Pak column is used to 

purify fluorine-18. It uses quaternary ammonium bicarbonate salts that are replaced by the 

fluorine-18 anion.70 Fluorine-18 is then eluted off the cartridge with potassium carbonate, and 

kryptofix is used to sequester potassium ions. Following fluorine drying, the precursor is added 

to the reaction vessel, and the reaction runs for 10 minutes at 140oC. It is then quenched and 

the whole content is transferred to the HPLC loop where it is purified and eluted with water 

followed by ethanol reformulation to make it suitable for animal studies (Figure 11).  
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Figure 11: GE FX2 N radiochemistry apparatus used to radiolabel P0 

 

Currently, an attempt to radiolabel inhibitor Q12 with carbon-11 is underway. This 

inhibitor was chosen due to its high potency and selectivity in inhibiting MMP-13 in vitro. In 

the future, more inhibitors will be labeled with fluorine-18 and carbon-11 to validate more 

potent tracers for testing in human studies.  

 

2.3 Animal models 
 

 For the following in vivo  and ex vivo studies, two groups of mice were used. The first 

consists of 4 months old healthy male C57Bl/6 mice on Normal Chow diet (NC), and the 

second group is 4 months old ApoE-/- male mice on 3 months Western diet (WD). A large 

number of calories are ingested in this form of diet. It consists mainly of refined carbohydrates 



- 21 - 
 

and cholesterol, as well as triglycerides. In addition, it is considered to be energy-dense but 

nutrient poor, and therefore, represents a risk factor for obesity, type 2 diabetes, and 

cardiovascular diseases.71,72 

 

2.4 Autoradiography and blocking studies 
 

Once the desired tracer is radiolabeled, its ability to bind to atherosclerotic plaque will 

be a further step into its validation. Furthermore, confirming that it is binding to the correct 

target (MMP-13) is important for its selectivity and specificity. This is tested in 

autoradiography blocking studies.  

To determine tracer colocalization, en face aortas were harvested from the 2 groups of 

mice listed above. The aortas were placed on glass slides and pre-washed for 15 minutes in 50 

nM Tris-HCl buffer (50 nM Tris HCl, 120 nM NaCl2, 5 mM KCl, 1mM MgCl2, 2 mM CaCl2, 

pH 7.4, 25°C). For the blocking study, the aortas were incubated with an excess of cold standard 

(2 µM) at 25°C for 15 minutes to saturate specific binding sites, leaving only nonspecific 

binding. Then, they were washed with Tris-HCl before incubating both groups of aorta with 

0.5 mCi/ mL of radiotracer (9nM) at 25°C for one hour. At the end of the incubation, the slides 

were washed for 2 x 10 minutes in fresh buffer at 4°C, washed once with deionized water at 

4°C, and allowed to air dry in a fume hood for 20 minutes. While the slides were incubating, a 

set of serial dilutions was created using the radiotracer to convert the values from DLU/mm2 

to nCi/ml. 1 µl of each dilution was pipetted on a TLC plate. The phosphor screen was placed 

against a light box before use to erase background radiation. The slides and TLC plates were 

covered with plastic wrap and apposed to the phosphor screen in standard film cassettes for 20 

hours. The screen was then scanned at 600 dpi resolution using a Cyclone storage phosphor 

system and the data was analyzed using Optiquant.  
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2.5 Tissue staining 
 

In order to validate tracer colocalization in the plaque and better trace the boundaries 

of the atherosclerotic lesions, en face aortas obtained from both groups of mice were stained 

for high cholesterol content using oil red O. The main objective of this experiment was to test 

whether tracer uptake was indeed correlated with lesion localization. The en face aortas are 

covered with oil red O until the entire surface of the aorta is covered. The slides are then 

incubated for 50 minutes at room temperature. Then, oil red O is aspirated, and the aortas are 

excessively washed with distilled water before being photographed.  

 

2.6 PET scans and biodistribution 
 

Being able to dynamically track the radiolabeled tracer after tail vein injection is mice 

is essential in determining the sites of tracer binding and metabolism. Moreover, to evaluate 

the clearance characteristics of the radioligand, an ex vivo biodistribution study was performed. 

PET experiments were carried out using a Siemens DPET microPET scanner. The 

images were acquired for 60 minutes and reconstructed unto dynamic time frames using a 

reconstruction algorithm. Mice are intravenously injected with 65-90 µCi of [18F]P1 before 

being placed on the bed of the PET scanner and starting image acquisition. The PET images 

are also used in this case to determine the optimal time at which it is possible to see the tracer 

uptake in the aorta. Once this is determined, the same mice are injected again after a few days 

with the same dose of radiotracer, sacrificed at the proper time and tissues are collected, washed 

with PBS, and then placed in tubes for radioactivity measurement using the gamma counter. 

The tracer biodistribution results are acquired in counts per minute (CPM). A set of serial 
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dilutions is prepared to correspond each CPM value obtained from the gamma counter to Ci 

values.  

 

2.7 Statistical analysis 
 

 Data for the enzyme assay plots, calibration curves, autoradiography studies and 

biodistribution assay are reported as mean + calculated error. Two-way analysis of variance 

followed by pairwise comparisons using Tukey correction was used to evaluate the treatment 

factor and treatment (C57Bl/6 vs ApoE-/- mice). Statistical analysis was performed using 

GraphPAD Prism Version 6.01 (La Jolla, CA). A p < 0.05 was considered statistically 

significant.
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Chapter 3: Results and discussion 
 

 

3.1 In vitro enzyme assay 
 

 The different IC50 of each compound synthesized in the lab based on the pyrimidine 

and quinazoline cores was compared with other IC50
 with reference to Marimastat. This pan-

MMP inhibitor had relatively close nanomolar range potencies vs all the MMPs tested with the 

lowest being 1.8 nM vs MMP-8 and the highest being 7.1 nM vs MMP-10. This small range 

of potencies between different MMPs is predicted since Marimastat acts on the Zn2+  present 

in all MMPs, so ne selectivity was expected to be observed in its potency.  

 The raw data is first obtained as RFU vs time (minutes) for 30 minutes. For each 

inhibitor concentration, an RFU value is recorded every minute, as shown in figure 12 for 

different concentrations of Marimastat. The numbers are then normalized for each inhibitor 

concentration by subtracting the RFU value at t = 0 minutes from each RFU value at the 

following time (figure 13). The slopes are then generated for each inhibitor concentration and 

plotted as a dose-response vs log of the concentration of the inhibitor used for the assay (figures 

14 and 15). The IC50 values for Marimastat and all the tested inhibitors vs different MMPs are 

shown in table 3.  
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Figure 12: Raw data showing RFU vs time (min) for 30 minutes for Marimastat.  

 

 

Figure 13: Normalized data showing RFU vs time (min) for 30 minutes for Marimastat.  
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Figure 14: Dose response curve for Marimastat. 

 

Figure 15: Dose response curve for inhibitor P1. 
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Compound IC50 (nM) 

Name 

Molecular 

weight 

g/mol 

MMP-13 MMP-1 MMP-2 MMP-8 MMP-9 MMP-10 

Marimastat  285.84 3.4 5 6 1.8 6.2 7.1 

P1 440.45 33 >100 >100 96 98 83 

P2 408.43 41 76 >100 51 >100 97 

Q1 347.3 8.2 42 >100 45 26 3 

Q2 391.35 4.1 38 >100 41 15 0.45 

Q3 479.48 0.0039 36 >100 30 0.75 5 

Q4 465.46 0.019 33 >100 28 8.5 20 

Q5 493.47 0.0027 16 41 13 11 11 

Q6 345.31 5.3 13 >100 34 9.4 6.2 

Q7 389.36 2.6 >100 >100 >100 25 7.5 

Q8 477.49 0.0072 19 >100 16 16 12 

Q9 463.47 0.00123 14 >100 14 8.3 7.4 

Q10 491.48 0.0048 12 48.9 22 13 9.1 

 

Table 3: IC50 values of synthesized inhibitors vs MMP-1, -2, -8, -9, -10, -13 

P1: Pyrimidine core inhibitor 1, P2: Pyrimidine core inhibitor 2, 

Q2: Quinazoline core inhibitor 2, Q3: Quinazoline core inhibitor 3, Q4: Quinazoline core inhibitor 4, 

Q5: Quinazoline core inhibitor 5, Q6: Quinazoline core inhibitor 6, Q7: Quinazoline core inhibitor 7, 

Q8: Quinazoline core inhibitor 8, Q9: Quinazoline core inhibitor 9, Q10: Quinazoline core inhibitor 10. 

The IC50 values in this table are shown in nanomolar. The >100 values represent IC50 values higher than 

100 nM, ranging between 100 nM and 1.2 µM. 

 

Similar patterns are observed between both derivatives of the pyrimidine core against 

different MMPs, with minor differences in potencies vs MMP-13. The replacement of the 2-

fluoro-ethoxy group by the methoxy group does not seem to have a major effect on the potency 

when inspecting P1 and P2, and they are both less effective in inhibiting MMP-13 compared 

to Marimastat. However, one notable difference from Marimastat is the emerging of some 

selectivity towards MMP-13 in comparison to other MMPs. This is observable in this case by 

comparing the ratios between the IC50 values of MMP-13 vs MMP-2 and MMP-9. More 

differences in potencies and selectivity are observed in the next category of inhibitors based on 
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the quinazoline core. Q1, Q2, Q3, Q4, and Q5 share the same core, as well as the adjacent 4-

fluoro-2-methyl-benzylamide group. However, each of these inhibitors has a different structure 

than the other. Q1 and Q2 have comparable potencies vs MMP-13 (8.2 nM and 4.1 nM 

respectively), as well as increased selectivity vs other MMPs, notably MMP-2, where the IC50 

values were more than 100 nM. While the 2-fluoroethoxy group in Q2 seems to increase the 

potency compared to the fluorine in Q1, the next 3 inhibitors Q3, Q4 and Q5 are much more 

potent. These three compounds share a 2-methoxyethylbenzene moiety that seems to be an 

essential group in increasing potency. Q3 and Q5, with the methoxy and carboxylic acid 

groups, respectively, attached to the 2-mehtoxyethylbenzene moiety reach a potency of 0.0039 

nM and 0.0027 nM, respectively, while Q4, with the hydroxy group, has a slightly lower 

potency of 0.019 nM. The next subcategory in the inhibitors based on the quinazoline core (Q6, 

Q7, Q8, Q9, Q10) share, in addition to the amide, a methoxybenzyl group instead of the 4-

fluoro-2-methyl-benzylamide group. Compared to Q1 and Q2, which share the same variable 

groups directly attached to the quinazoline core, the 2-fluoroethoxy group and the fluorine 

atom, respectively, little difference is made by the methoxybenzyl group on the other side of 

the pyrimidine core: 5.3 nM and 2.6 nM for Q6 and Q7 compared to 4.1 nM and 8.2 nM in Q1 

and Q2. The same pattern emerges upon addition of the substituted 2-mehtoxyethylbenzene 

moiety. Here, however, Q9, with the hydroxy group, seems to be more potent than Q8 and Q10, 

with IC50 values of  0.00123 nM for Q9 compared to 0.0072 nM and 0.0048 nM for Q8 and 

Q10, respectively. For the entire group of inhibitors based on the quinazoline core, higher 

degrees of selectivity are observed , in particular, compared to MMP-2 where the IC50 values 

are higher than 100 nM, with the exception of the highly MMP-13 potent Q5 and Q10. A certain 

degree of selectivity is also observed favoring MMP-13 over the remaining MMPs in all the 

other quinazoline inhibitors. Moreover, a certain pattern is present when comparing different 

quinazoline-based inhibitors. A small effect is seen when comparing the 2 different categories 
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of these inhibitors that differ in the nature of the group attached to the amide adjacent to the 

quinazoline core. Here, the differences are minimal, as seen in the IC50 values of compounds 

Q1 vs Q6, Q2 vs Q7, Q3 vs Q8, Q4 vs Q9, Q5 vs Q10, where the only structural difference 

between each pair of compounds is the group adjacent to the amide group attached to the 

quinazoline core. However, in the first category of quinazoline inhibitors, a greater difference 

is seen when the second position of the quinazoline fluorobenzene ring is replaced with the 2-

mehtoxyethylbenzene moiety instead of the fluorine atom and the ethoxy fluorine group. The 

difference in the IC50 values upon addition of this moiety reached more than a 100-fold. The 

main advantage of this group, however, is due mainly to its large size, and occasionally to its 

hydrogen bond formations in the active site of the enzyme. As previously explained, upon 

docking of  a large molecule on the S1’ binding pocket, a second pocket known as the S1’* 

binding pocket opens up, allowing strong binding of the inhibitor. Therefore, this large moiety 

only represents an inhibitor molecular mass increase and an extension that helps the hydrogen 

binding groups to reach the S1’* binding pocket of MMPs. The results show that increasing 

molecular weights of the quinazoline core-based inhibitors contributes to the opening of the 

S1’* binding pocket. However, the hydrogen bonding to different lysine and threonine residues 

in this pocket is achieved by the groups added to the 2-mehtoxyethylbenzene moiety including 

the hydroxy group, the methoxy group and the carboxylic acid group. As for the cores of these 

molecules, the main difference seen can be due to the ability of the quinazoline core to establish 

more hydrogen bonds with the correspondent part of the enzyme compared to the pyrimidine 

core. No major changes in hydrogen binding are expected when replacing the group adjacent 

to the amide group and facing the S1’ pocket. 38,51,52 

 

After comparing the IC50 values obtained through the in vitro enzyme assay done using 

all the available inhibitors and enzymes, it is noticeable that the pyrimidine-based inhibitors 
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are less potent than Marimastat, as well as all the quinazoline moieties. However, some degree 

of selectivity is achieved when comparing the potencies of P1 and P2 vs MMP-13 to all the 

other MMPs tested, notably, MMP-2 and MMP-9, which are of high importance. Even though 

the selectivity of these inhibitors for MMP-13 should be higher than all other MMPs, the 

gelatinases MMP-2 and MMP-9  are of additional importance, notably because both are shown 

to be increasingly expressed in the pathogenesis of the atherosclerotic plaque.33,73 More 

specifically, it has been shown that atherogenesis is reduced in MMP-2-deficient ApoE-/- 

mice.33,74 The mechanism by which this takes place is by blocking LDL cholesterol from being 

processed and penetrating the lumen of the vessels, trapping LDL in the bloodstream.74 

Moreover, in advanced plaque, where collagen I is present, MMP-2 is the main enzyme 

degrading this type collagen and involved in pathological vascular remodeling.33 In addition, 

clinical studies suggest a role of MMP-2 in the stabilization of fibrous atherosclerotic plaques.75 

In another clinical study, MMP-2 is shown to be highly expressed in stable plaque compared 

to vulnerable ones.76 Consequently, inhibiting MMP-2 can promotes the progression of 

atherosclerotic plaques, as well as the vulnerability of the fibrous cap. On the other hand, 

although it has been shown that MMP-9 is present in large quantities in atherosclerotic plaques, 

and upregulation of this enzyme is directly correlated with increase of atherosclerotic plaque 

hemorrhage and rupture it has also been shown that the deletion of MMP-9 is associated with 

plaque development, suggesting a beneficial role of MMP-9 in the prevention of atherosclerotic 

plaque progression.33,73,77 Therefore, due to the different effects of MMP-9 in different stages 

of atherosclerosis, it is best to avoid any interaction of the inhibitors with this enzyme. As for 

the other MMPs tested, MMP-8 is known to be an activator of other MMPs, mainly MMP-2 

and MMP-9, and MMP-10, are not highly present in atherosclerotic plaques compared to the 

others, but are more structurally similar to MMP-13. 73,77,78  
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In summary, it has been noticed that the scaffold bound to the fluorobenzene ring on 

the right of the quinazoline core is making the inhibitors more potent in general. This is due to 

the interaction between the carboxylic acid and the nitrogen hydrogen on the Lys140 in the 

S1’* binding pocket, thereby, strengthening the interaction between the inhibitor and the 

enzyme. Therefore, the main target for future syntheses is the addition of functional groups that 

will reach and bind to more residues in the S1’* pocket to reach a high level of potency and 

design an inhibitor that only binds and inhibits MMP-13.  

 

3.2 Radiofluorination 
 

The radiofluorination of P0 shown in figure 16 was successful and produced 

[18F]P1with a decay corrected yield of 29%, a molar activity of 2.55 Ci/µmol, and 

radiochemical purity more than 99%. The whole reaction took 62 minutes, which is a suitable 

time with respect to the half-life of fluorine-18. The tracer was reformulated in 0.9% NaCl, 

making it suitable for animal injection. This method of radiofluorination can be also altered to 

be used with other inhibitors.  

 

Figure 16: General synthesis scheme for the automated synthesis of [
18

F] labeled inhibitor P1 

 

3.3 Autoradiography and blocking studies 
 

 In order to colocalize tracer uptake in atherosclerotic lesions, the radiolabelled inhibitor 

P1 was tested for potential atherosclerotic plaque binding. After incubating the en face aortas 
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overnight with the phosphor screen, the image was generated, and an example of the acquired 

results is shown in figure 17. 

These images of the aorta show a difference in uptake between C57Bl/6 mice and 

ApoE-/- mice on Western diet, notably on the edge of the aortic arch. When comparing the 

baseline uptake with the blocking uptake, the C57Bl/6 aortas show higher washout than the 

ApoE-/-. These results are replicated in n = 4 of each group, showed in figure 17. The relative 

light units (DLU) acquired initially from the Cyclon storage software system (Optiquant) were 

converted to percentage of incubation dose (%ID) using a calibration curve shown in figure 18, 

where lesions were selected. %ID is calculated by dividing the quantification of the activity 

(either in DLU or nCi/ml) measured in a lesion over the entire activity present on the whole 

aorta, then multiplied by 100. Ideally, the expectations from this study were to see a more 

significant decreased binding in blocking experiments: in particular, the difference between the 

baseline and blocking studies in the ApoE-/- mice should have been higher than the one in 

C57Bl/6 mice. Moreover, the uptake in C57Bl/6 baseline model seems to be significant, which 

may be due to the lack of target specificity of inhibitor P1. This is confirmed by the measured 

uptake in the arch. Indeed, this is shown in the enzyme assay, when comparing P1 to other 

inhibitors. This drawback can be overcome by developing a more efficient method for 

homogenous incubation of the aortas with the tracer. In the future, this experiment will undergo 

optimization, starting with the determination of the optimal incubation times and tracer 

concentrations using different longitudinal studies. This also requires an adjustment of the 

exposure time of the aortas to the phosphor screen to also determine the optimal exposure time 

and avoid screen saturation. In addition, non-specific binding can be avoided when the aortas 

are washed with bovine serum albumin (BSA) and washed more extensively with PBS. By 

using BSA, the proteins are blocked and are therefore unlikely to interact with any random 

moiety that does not show high selectivity towards a specific protein. In our example, only 
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proteins that selectively interact with our tracer will bind to it. This will decrease background 

noise and unspecific binding. Therefore, strong and selective interactions between our tracers 

and MMP-13 are necessary to ensure a proper validation of the selectivity of the tracers towards 

this enzyme compared to other targets. Consequently, more potent radiolabeled inhibitors can 

be used to achieve better and more conclusive autoradiography results. Furthermore, target 

density can be measured using the cold standard (P0) as a block, and more specificity targeted 

studies can be done by using Marimastat, or another pan MMP inhibitor as a block. By using 

pan MMP inhibitors as blocking agents, the selectivity of the inhibitor is gradually narrowed 

down: pan inhibitors block all MMPs from binding to any target, therefore, a decrease in the 

signal compared to baseline studies indicates that the tested tracer is actually binding to an 

MMP. Finally, selectivity studies become more feasible when using a validated commercially 

available highly potent MMP-13 inhibitor. Following optimization, this study can be repeated 

using an 8 months old cohort on western diet for 5-6 months to ensure advanced lesion 

development. 

 

Figure 17: Different uptake patterns in baseline and blocking studies done on C57Bl/6 mice and 

ApoE
-/- 

mice on Western diet.  
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The aortas from the 2 baseline groups were incubated with 9 nM of the tracer. The aortas from the blocking studies 

were preincubated with 2 µM of the non radiolabelled tracer. The aortas were exposed overnight to a phosphor 

screen. 

The scale on the right side of the image shows the intensity of the dose on the phosphor screen. 

The red color indicates higher decay, directly correlated with higher tracer concentrations. 

The blue and grey colors indicate lower decay, directly correlated with lower tracer concentrations. 

 

 

 

 

Figure 18: Autoradiogram and its corresponding calibration curve used to convert DLU/mm
2 

values to nCi/ml. 

1 µl of a each concentration of set of serial dilutions of the radiolabelled tracer were dropped on the TLC plate 

which was then exposed to the phosphor screen overnight along with the aortas. The calibration curve was used 

to better quantify activity uptake to get comparable units to the ones in the  literature.  
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Figure 19: Measurement of uptake in %ID in the different groups of mice (n = 4).  

Autoradiograms were obtained for baseline and blocked aortas from the 2 groups of mice. The uptake in the arch 

was then quantified in %ID for each aorta and divided by the uptake of the whole aorta. More washout is observed 

when comparing the baseline and blocking data of the ApoE -/- mice than the one seen in the C57Bl/6 mice. Also, 

a large difference in uptake was observed between the blocking group of the 2 groups. %ID: percentage of 

incubation dose of [18F]P1 . 
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3.4 Tissue staining 
 

A location similarity is seen between the sites of tracer uptake shown by 

autoradiography and the sites of high oil red O staining in the aortas of both groups of mice 

(Figure 20). This is a preliminary indication of the tracer binding to the sites of high lipid and 

triglycerides content, a characteristic of atherosclerotic lesions.  

More studies need to be done to confirm valid tracer binding sites. These include 

immunohistochemistry techniques using anti-CD-68 antibodies to correlate tracer uptake with 

markers of inflammation. These studies also showed a difficulty in staining en face aortas; 

sectioning the lesioned aortas into 10 µm sections might be the way to go forward for CD-68 

immunostaining. In addition, to confirm that the radiolabeled inhibitors are binding to MMP-

13 selectively, antibodies can be radiolabeled with iodine-125 and the en face aorta can be 

imaged using autoradiography. For this experiment, autoradiography studies using the 

radiolabeled tracers should be preferably done prior to incubation to antibodies, due to the 

strong interaction between antibodies and their targets. Following radiotracer incubation, the 

images are acquired, and the aortas are washed extensively with PBS, then incubated with BSA. 

Subsequently, the aortas are incubated with appropriate concentrations of iodine-125-labeled 

anti-MMP-13 antibodies. After adequate incubation duration, the aortas are exposed to the 

phosphor screen again and after a certain time, the images are acquired and are overlaid with 

the tracer autoradiographs. Colocalization is then a strong evidence that the tracer is selectively 

binding to MMP-13. Due to the selectivity of antibodies to their moieties, they can be an 

advanced marker for validation of the tracers. In addition, antibodies are relatively easy to label 

with radioiodine and other radiometals.79  
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(A) 

             

(B) 

   

Figure 20: Tissue staining of harvested en-face aorta. (A): oil red O image of the en face aorta of a 

C57Bl/6 mouse with the autoradiography image. (B): oil red O image of the en face aorta of an ApoE-/- mouse 

with the autoradiography image. Oil red O images of ApoE-/- mice show regions of high lipid content that can be 

correlated with the autoradiogram.  
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3.5 PET scans and biodistribution 
 

 Representative coronal whole-body images 20-30 min after tracer injection are shown 

in figure 21. While these images show comparable uptake in the liver and heart in this time 

interval, it is almost impossible to locate the aorta due to the strong signal originating for the 

liver and the heart in these images. However, these scans were useful in determining the exact 

moment where the heart uptake is the highest. Moreover, time activity curves were plotted for 

these PET scans (figure 22). The uptake is the highest at 3-5 minutes, followed by fast clearance 

of the radiotracers. Both groups show a low heart retention and a fast clearance indicating the 

low amount of target in the heart, thereby reducing background noise.  

Also, to evaluate the clearance characteristics of the radioligand [18F]P1, an ex vivo 

biodistribution study was performed with both mouse models used before. The time point 

selected for euthanasia was based on the PET scans done previously, based on the time activity 

curve shown in figure 22. We determined that 20-25 minutes post injection was a suitable time 

for sacrificing the mice and harvesting their organs due to the signal washout observed during 

these timepoints. To data collected from the γ-counter are in CPM. The calibration curve shown 

in figure was used to convert these values into µCi/ ml. The biodistribution data confirms the 

PET data as the uptake of the tracer is the largest in the liver at this time points where the mice 

were sacrificed. This is shown in figure 24. 

Even though these methods have been efficient in showing  dynamic tracer uptake in 

different organs of the mice, imaging an en face aorta using PET and getting its total tracer 

uptake using the gamma counter is another way to measure uptake. This can also be coupled 

with blocking studies in vivo where a signal washout will be an important outcome, indicating 

an identical behavior of the tracer in vivo and ex vivo. As for the biodistribution assays, no 
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significant changes are expected, since the inhibitor is similarly metabolized in both groups of 

mice. However, another more efficient way of checking for tracer metabolism is performing 

metabolite studies on both groups of mice.  

 

 

 

Figure 21: Coronal whole-body images of C57Bl/6 mice (A) and ApoE
-/- 

mice (B). 

Mice were intravenously injected with 65-90 µCi of radiotracer and the images were acquired for 60 minutes. The 

images show similar patterns of uptake indicating an identical distribution of the tracer in the 2 groups of mice. 
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Figure 22: Time activity curve showing blood and whole heart tracer uptake.  

The time activity curves for each organ were obtained by selecting a region of interest (ROI) around the organ. 
The heart ROI was taken from the left ventricle wall, and blood ROI was taken from the blood inside the left 

ventricle.   

 

Figure 23: Calibration curve used to convert CPM
 
values to µCi/ml. 

1 ml of each concentration of set of serial dilutions of the radiolabelled tracer were placed in counting tubes and 

their counts were read by the gamma counter before counting the activity in the harvested organs. The 

calibration curve was used to better quantify activity uptake to get comparable units to the ones in the  literature.  
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Figure 24: ex vivo biodistribution of [
18

F]Inhibitor P1 in control vs ApoE
-/-

 mice. (n= 3). 

The mice were sacrificed at 20-25 minutes post injection and some of the essential organs were harvested, 

washed with PBS, and counted for one minute using the gamma counter. The results show a similar distribution 

of the tracer in the 2 groups of mice tested indicating a similar metabolism of the tracer in the body.  
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Chapter 4: Conclusion 
 

In summary, among all the inhibitors tested using the enzyme assay described earlier, 

the group that is making the inhibitors more potent is the scaffold bound to the fluorobenzene 

ring on the right of the quinazoline core. Moreover, the radiofluorination of P0 was successful 

and produced [18F]P1 and this inhibitor was used in in vivo experiments. In addition, oil red O 

staining and colocalization studies using [18F]P1 showed target specificity indicating that the 

tracer is binding to regions of high lipid content. More experiments are needed to be done in 

order to validate whether this inhibitor is only binding to MMP-13. Finally, PET scans and 

biodistribution studies showed similar behavior of the tracer in vivo. 

Although [18F]P1 was promising in this research, it was not very potent against MMP- 

13. In addition, some limitations were faced while running colocalization studies: these include 

small lesions in ApoE-/- mice, unspecific binding, unequal washing, and others. Many 

optimizations are needed to ultimately develop the most potent and selective MMP-13 inhibitor 

for atherosclerosis. 

The main target for future syntheses is the addition of functional groups that can bind 

to the S1’* pocket to reach a high level of potency and design an MMP-13 selective inhibitor. 

Moreover, selectivity studies would be more conclusive when using a validated selective 

MMP-13 inhibitor. Also, an older cohort can be placed on western diet for 5-6 months to ensure 

advanced lesion development. In addition, metabolite studies can be performed in order to 

better assess the metabolism of the tracer in mice. 

In conclusion, this work showed that a wide scope of inhibitors can be synthesized to 

selectively inhibit MMP-13. Also, radiofluorination of the selected inhibitor was successful for 

animal studies. Moreover, en face aorta autoradiography was successful and the results are 
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promising for future inhibitors. In addition, even one of the least potent tracers was efficient in 

targeting atherosclerotic plaques. More methods need to be developed and a way to observe 

aortic uptake using PET scans can be very helpful. 

 

. 
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