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1.1 Matrix metalloproteinases (MMPs) 

Matrix metalloproteinases (MMPs), also known as matrixins, belong to a family of 

more than 20 endopeptidases. They remodel the extracellular matrix (ECM) and 

degrade non-ECM proteins such as growth factors, cytokines or cell surface 

receptors.1,2 It has been demonstrated their role in different physiological processes 

such as embryonic development, reproduction, learning and memory. MMPs have 

also been studied for their strong implication in many pathological processes 

including neurodegeneration, inflammation, and cancer.3 

1.1.1 Structure of MMPs 

MMPs are characterized to have common functional domains. Their basic structure 

is composed by a N-terminal signal peptide directing MMPs to the secretory 

pathway, a C-terminal catalytic domain composed by three histidine residues that 

coordinate with the zinc ion in the active center and a pro-domain containing a 

cysteine residue which coordinates with the zinc ion and prevents MMP proteolytic 

activation (Figure 1).4 

MMPs have been classified according to their structure and substrate specificity 

(Figure 1).2 All MMPs, except the matrilysin subfamily (MMP-7 and MMP-26), have 

an additional hemopexin domain besides the basic structure which confers 

specificity to enzymes and mediates interactions with other proteins and 

substrates.5 This domain is linked to the catalytic domain by a hinge region. Another 

subfamily, the membrane type MMPs (MT-MMP, MMP-14, -15, -16, -17, -24 and -25) 

contain an additional transmembrane domain which anchor these proteins to the 

cell surface. The most complex subfamily are gelatinases (MMP-2 and MMP-9) 

which differ from stromelysins (MMP-3, -10 and -11) and collagenases (MMP-1, -8 

and -13) for having three fibronectin-like repeats within their structure. MMP-9 

contains a heavily O-glycosylated hinge region. In addition, MMP-11, -21 and -28 

contain a furin-activating group located in the region between the pro-domain and 

the catalytic domain. 
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Figure 1. Structural domains of MMPs. Domain substructures are signal peptide (blue 

square), pro domain (white square), catalytic domain (red square) comprised of the Zn ion 

in the active site, fibronectin-like domain (three green ovals), hemopexin-like domain (pink 

circles), hinge region (blue line), transmembrane domain (blue and white stripes square) 

and furin-activating motif (black square). 

 

1.1.2 Regulation of MMP expression and activity 

MMPs are involved in the degradation and activation of ECM and non-ECM 

components. Their activity is regulated at different levels including regulation of the 

gene expression, proenzyme activation and endogenous inhibition.6 

MMPs are initially expressed as zymogens (pro-enzymes) through gene 

transcriptional regulation. These inactive zymogens display an interaction between 

the cysteine and the zinc ion and they are directed to the extracellular space by the 

signal peptide present at the N-terminal. The Cys-Zn coordination can be disrupted 

by proteases, cytokines and growth factors.4,7 Once MMPs are activated, they are 

able to cleave ECM proteins, cellular receptors and chemokines (feedback effect). 

The activation process is depicted in Figure 2. 
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Figure 2. MMPs are activated through pro-domain proteolytic cleavage, which disrupts the 

Cys-Zn coordination. Once activated, the zinc ion is accessible to the corresponding MMP 

substrates. 

 

1.1.3 MMP inhibitors 

The focus on MMPs as therapeutic targets started in oncology. It is known that MMP 

are dysregulated during the progression of cancer. The increased activity of MMPs 

in this condition potentiates angiogenesis while it decreases the immunological 

efficacy. Based on this observation, a number of MMP inhibitors (MMPi) were 

initially developed three decades ago to modulate MMP activity, since they were 

considered promising targets for the treatment of cancer.8 Initial inhibitory 

strategies were based on the chelation of the zinc ion located in the MMP active site. 

The first-generation of MMPi were peptidomimetics bearing an hydroxamic acid 

moiety as the zinc-binding group (Table 1).9 Batimastat was the first synthesized 
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broad-spectrum MMP inhibitor that inhibited several MMPs with nanomolar 

affinity, including MMP-1, MMP-2, MMP-3, MMP-7 and MMP-9.10 This inhibitor was 

successfully used in pre-clinical models of cancer and underwent to clinical trials. 

However, the clinical development of this inhibitor was stopped due to its poor 

solubility, low oral bioavailability, and most important, significant toxicity. The 

latter could be explained due to dose-limiting musculoskeletal side effects observed 

in the form of join stiffness, inflammation, and pain.11 In order to address these 

issues, another similar broad-spectrum MMP inhibitor named Marimastat (Table 1), 

was developed and tested in clinical trials. Unfortunately, the poor efficacy of this 

drug in oncology clinical trials together with dose-limiting toxicity problems 

accounted for its failure in clinics.12 

As research advanced and the role of MMPs became more evident in several diseases 

including arthritis, inflammatory bowel disease or sepsis, new small molecule 

inhibitors were developed. This second generation of MMPi were based on other 

zinc-binding chelating groups besides hydroxamic acids (e.g. carboxylates, thiols or 

phosphonic acids). This is the case of Ilomastat, Tanomastat, Prinomastat or 

Rebimastat among others and showed no selectivity for a particular MMP (Table 1). 

Although promising data was obtained for these inhibitors during pre-clinical 

development, they were not successful in clinical trials. Doxycycline, a tetracycline 

derivative, is the only exception of a broad-spectrum MMPi that reached the market 

for the treatment of adult periodintonitis.9,12 

There were multiple reasons for the failure of clinical trials. On one hand, critical 

side-effects were observed, mostly related to musculoskeletal pain and 

inflammation, probably caused by non-selective or broad-spectrum MMP inhibition. 

On the other hand, the inadequate knowledge of the biological function and 

complexity of MMPs can also explain the lack of success of MMPi development. All 

these hurdles highlight that there is an urgent need to develop selective MMPi with 

the aim to avoid the undesirable side effects that are associated with broad-

spectrum MMP inhibition.9,12 Furthermore, the development of selective and potent 

MMPi may lead to new experimental tools and therapies and could contribute to a 

better understanding of disease mechanisms.  
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The design of efficacious and selective MMPi is highly challenging due to the high 

structural similarity of MMP active sites together with the dynamic network of 

proteins that interact with MMPs.13 

Table 1. MMP inhibitors discussed in this chapter. Structure and inhibitory potency (IC50 or 

Ki values). 

Inhibitor Structure 
MMP inhibition 

(IC50/*Ki) 

Batimastat9 

 

MMP-1= 3 nM 

MMP-2= 4 nM 

MMP-3= 20 nM 

MMP-7= 6 nM 

MMP-8= 10 nM 

MMP-9= 1 nM 

Marimastat9 

 

MMP-1= 5 nM 

MMP-2= 6 nM 

MMP-3= 200 nM 

MMP-7= 20 nM 

MMP-8= 2 nM 

MMP-9= 3 nM 

MMP-14= 2 nM 

Ilomastat14 

 

MMP-1*= 0.4 nM 

MMP-2*= 0.5 nM 

MMP-3*= 27 nM 

MMP-7= 3.7 nM 

MMP-9*= 0.2 nM 

MMP-14*= 13.4 nM 
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Table 1 (cont.). MMP inhibitors discussed in this chapter. Structure and inhibitory potency 

(IC50 or Ki values). 

Inhibitor Structure 
MMP inhibition 

(IC50/*Ki) 

Tanomastat14 

 

MMP-2*= 11 nM 

MMP-3*= 134 nM 

MMP-9*= 301 nM 

Prinomastat15 

 

MMP-1= 8 nM 

MMP-2= 0.08 nM 

MMP-3= 0.27 nM 

MMP-7= 54 nM 

MMP-9= 0.26 nM 

MMP-13= 0.04 

Rebimastat14 

 

MMP-1= 9 nM 

MMP-2= 39 nM 

MMP-3= 157 nM 

MMP-7= 23 nM 

MMP-9= 27 nM 

MMP-14= 40 nM 

Minocycline9 

 

MMP-3= 290 μM 

MMP-7= 125 μM 

MMP-9= 180 μM 
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Table 1 (cont.). MMP inhibitors discussed in this chapter. Structure and inhibitory potency 

(IC50 or Ki values). 

 

 

 

Inhibitor Structure 
MMP inhibition 

(IC50/*Ki) 

SB-3CT9 

 

MMP-1*= 206 μM 

MMP-2*= 14 nM 

MMP-3*= 15 μM 

MMP-7*= 96 μM 

MMP-9*= 600 nM 

CTK8G11509 

 

MMP-1= 1,05 nM 

MMP-9= 5 nM 

MMP-13= 113 nM 

AZD123616 

 

MMP-9= 5 nM 

MMP-13= 6 nM 
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1.2 Epilepsy and epileptogenesis 

In the world, more than 60 million people suffer from epilepsy, a chronic disorder 

that can lead to different brain pathologies such as stroke, infection, tumours and in 

some cases, can end up with the death of the patient.17 In addition, epilepsy has 

social, cognitive and psychological consequences. According to the world health 

organization, the annual cost of the disease exceeds 2.6 billion US Dollars only in the 

United States. 

Current drugs for the treatment of epilepsy (e.g. Levetiracetam, Valproic acid or 

Carbamazepine) mainly address convulsions and are focused on the reduction of 

seizures.18 However, nearly 30% of patients cannot achieve a partial or complete 

seizure-free status with current anticonvulsant drugs. When seizures cannot be 

treated with drugs, surgery on the seizure trigger area to resect compromise brain 

tissue is the only alternative to anticonvulsant drugs. Therefore, the development of 

drugs for the treatment of refractory epilepsy patients need to be addressed.19 

Currently available epilepsy therapies only target the main symptoms (e.g. 

convulsions) but nothing is available to stop or to reduce the evolution of the 

disease. For this reason, new disease-modifying drugs targeting the progression of 

epilepsy (epileptogenesis) are required.20 

Epileptogenesis is the gradual process by which a normal brain develops epilepsy 

and chronic epilepsy (Figure 3). This process can be triggered by several factors 

such as traumatic brain injury or genetic background. This is a dynamic process in 

which many alterations occur in the brain before the appearance of the first 

spontaneous seizures which will progressively lead to chronic epilepsy. These 

changes can happen through neuronal excitability alterations, production of critical 

interconnections or structural changes. These modifications may lead to devastating 

consequences including neurodegeneration, blood-brain barrier (BBB) damage, 

reorganization of the extracellular matrix and aberrant synaptic plasticity among 

others.21  
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For the treatment of epileptogenesis, the most convenient moment to start 

treatment would be a time as close as possible to the appearance of the first 

spontaneous seizures in order to prevent the subsequent development of epilepsy.20 

The distinction between anticonvulsive and antiepileptogenic drugs is set on the 

ability to prevent the long-term consequences in epilepsy. While antiepileptogenic 

drugs would be effective in this regard, anticonvulsants fail to reach this objective 

by focussing exclusively in the reduction of spontaneous seizures that may 

contribute to slow down the progression of the disease rather than preventing it. 

For this reason, the development of antiepileptogenic drugs have to focus their 

attention on the reduction of the long-term consequences related to 

neurodegeneration and cognitive or behavioural alterations.22 

 

Figure 3. Processes involved in the progression of epilepsy: causes and consequences. 
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1.2.1  MMP-9 and epileptogenesis 

Among MMP family members, MMP-3 and the gelatinases (MMP-2 and MMP-9) are 

the most abundant in the brain with MMP-9 being the most extensively studied.23 At 

physiological levels, the regulation of this protease has been related to important 

processes such as synaptic plasticity, learning and memory.4 In addition, MMP-9 

upregulated activity has been closely involved in processes leading to neurological 

diseases such as inflammation and neurodegeneration. In particular, this protease 

has been demonstrated to play a key role in the pathogenesis of epilepsy by 

triggering neuronal death, aberrant synaptic plasticity and neuroinflammation.24 

Elevated levels of MMP-9 have been found in various animal models of epilepsy as 

well as in human beings with this condition. Aligned with this, MMP-9 deficiency 

mice have a notable decreased sensitivity to epilepsy inductors which increases in 

MMP-9 transgenic rats.25 Thus, MMP-9 is considered a promising therapeutic target 

for the prevention of epilepsy.26 

As previously mentioned, the design of specific MMP-9 inhibitors is highly 

challenging due to the high structural homology of the MMP active sites. In 

particular, MMP-2 and MMP-9 share the same protein folding with only minor 

structural differences (Figure 4).12,13,27 Various partially selective inhibitors 

targeting MMP-9 and other zinc-dependent proteases have been developed so far 

(Table 1), such as the gelatinase thiirane inhibitor SB-3CT,28 the MMP-9 and TACE 

hydroxamate-based CTK8G1150,29 and the MMP-9 and MMP-12 sulfonamide-based 

inhibitor AZD1236.30 Other inhibitory strategies include the monoclonal antibody 

REGA-3G12,31 which targets the catalytic domain of MMP-9, and the inhibitor 

JNJ0966,32 which targets the pro-domain of MMP-9. Although these inhibitors show 

partial selectivity for MMP-9, they cannot be used for the treatment of brain diseases 

since they are not able to pass through the BBB, with the exception of the SB-3CT, as 

will be explained in the following section.33 
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Figure 4. Superimposed protein structures (root mean-square deviation, RMSD, 0.41 Å) of 

MMP-2 (black, PDB: 1QIB) and MMP-9 (green, PDB: 1GKC). Structural residue differences 

highlighted as orange sticks. The highly conserved histidines (His401, His405, and His411) 

with carbon atoms in yellow and nitrogen in blue. The Zn ion is represented as pink sphere. 

Table detailing residue differences in gelatinase binding site. *Enumeration based on 1GKC 

(MMP-9). 

 

1.3 Blood-brain barrier 

The BBB is a highly selective and restrictive membrane that insulates the central 

nervous system (CNS) from the other parts of the body, thus accounting for the 

homeostasis of the CNS.34 This barrier is composed by different cell types including 

endothelial cells, astrocytes, neurons and microglia among others (Figure 5).35  

The low permeability across this barrier is due to the presence of tight junctions 

between endothelial cells and an extensive system of efflux pumps that prevents the 

access of xenobiotics into the CNS.34 The vast majority of drugs designed for CNS 

therapies fail due to their inability to cross the BBB despite having great therapeutic 

potential. Indeed, this barrier is the main hurdle during the development of CNS 

targeting drugs.36,37 

 

Residue Id* MMP-9 MMP-2 

420 Tyr Ala 

422 Met Ile 

424 Arg Thr 

425 Phe  Tyr 
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During the development of BBB permeable drugs, several strategies have been 

developed to allow therapeutics to cross the BBB, including the use of BBB-

shuttles,38 temporal disruption of the BBB,37 lipidization,39 transnasal delivery,39 the 

co-administration of P-glycoprotein inhibitors40 or the intracranial administration 

of drugs.41 Despite these approaches to circumvent the BBB, and the advances in the 

area of drug delivery systems through the BBB, less than 2% of all Food and Drug 

Administration (FDA)-approved small-molecule drugs cross the intact BBB.42 

 

Figure 5. The composition of the BBB microenvironment (image from reference 35). 

 

1.3.1 MMP inhibitors targeting CNS diseases 

As described in this chapter, MMPs play important roles in the development of CNS 

diseases such as epilepsy, Alzheimer and Parkinson disease.43 Crossing the BBB is a 

must requirement for drugs targeting the CNS. Hydrophobic structures may have 

the potential to reach the CNS, however they are particularly prone to metabolic 

degradation and to be expelled by the BBB efflux pumps. On the contrary, the 

hydroxamic acid as well as other zinc-binding groups are highly polar and may 

contribute to decrease the BBB permeability of the compounds. From the reported 

MMPi in the literature, only two inhibitors have been found to be able to cross the 
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BBB, the broad spectrum MMP inhibitor minocycline and the gelatinase inhibitor 

SB-3CT. The tetracycline derivative and the thiol group contained in their structures 

likely contribute to increase the hydrophobicity of the molecules while maintaining 

the zinc-binding capacity.44 

Despite the ability of these two molecules to cross the BBB, the SB-3CT inhibitor is 

reported to be extensively metabolized, and its half-life time is very low in mice, thus 

pointing to high hepatic clearance.44,45 On the other hand, minocycline is a broad 

spectrum MMP inhibitor, thus showing a number of side effects.9 

1.4 Peptide-based therapeutics 

During the last decade, it has been an increased interest in the use of peptides as 

therapeutics (Figure 6). Currently, more than 60 peptide-based drugs have been 

approved in Europe, United States and Japan and the number of peptides under 

clinical development is increased gradually.46  Examples of peptides approved in a 

major market are Tesamorelin, Carfilzomib, Dulaglutide and Plecanatide.  

Each year new proteins are being identified and demonstrated a huge potential as 

therapeutic targets.47 To tackle these new protein-protein interactions by small 

molecules is highly challenging due to their inefficient modulation of these 

interactions resulting in low specificity towards the binding site. This issue can be 

addressed by proteins since they are ideal targets for protein-protein interactions 

and show high specificity, however they are not convenient for therapeutic usage. 

In this regard, peptides are very attractive as therapeutics since they exhibit high 

specificity and have tremendous clinical value.47,48 

Peptides have many advantages compared to small molecule drugs, including high 

selectivity, efficacy and tolerability. However, limitations in their use as potential 

drugs due to poor ADME properties are described including metabolic instability, 

rapid clearance, short half-life, low permeability and sometimes poor solubility 

which result from fast renal clearance and enzymatic degradation in the blood, 

kidneys or liver.49 This constraint can be explained by the presence of peptidases 

and excretion mechanisms.50 
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Natural peptides are susceptible to proteolysis due to the amide bonds in their 

structures. In order to address the ADME challenges of peptides, approaches to 

enhance stability profiles and pharmacokinetic (PK) properties have been 

developed.49 The design of enhanced peptides, called peptidomimetics, have been 

performed mainly through structural modifications. Common examples are 

modifications on the peptide backbone, such as N-methylation, protection of the N- 

and C-terminal, replacement of L-amino acids with D-amino acids, usage of non-

natural amino acids, cyclization or conjugation to macromolecules.50 

There is no doubt on the advantage of peptides in the drug development. Although 

new ADME and in silico tools are still required to overcome some of the limitations 

faced during their development, peptides have a great potential and show promise 

in the therapeutic area. 

 

Figure 6. Cumulative number of peptides approved in major pharmaceutical markets. 

(image from reference 46). 

 

 

https://www.sciencedirect.com/topics/chemistry/peptide
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1.5 Perspectives 

There is an urgent need of developing novel therapeutic strategies for the treatment 

of epilepsy. Current antiepileptic strategies are focused on targeting inhibitory 

neurotransmitters (e.g. GABA receptor) or ion channels (e.g. Ca2+ channels) which 

are directly involved in seizure-formation but they do not modify the progression of 

this disease.51 Recently, attention has been focused on targeting extracellular 

proteinases which are directly involved in the development of epilepsy. For 

example, MMP-9 has been proposed as a novel therapeutic target for the treatment 

of this condition.25 Thus the design of selective MMP-9 inhibitors become an 

interesting strategy to prevent epileptogenesis without any adverse effects.26,25 

To date, none of the described MMPi show both the required selectivity and the 

drug-like properties (e.g. stability, BBB permeability or toxicity) to reach to market. 

New technology tools, such in silico drug design in combination with high 

throughout techniques, may greatly contribute to the development of selective 

MMPi. Structure-based drug design strategies may help to achieve this objective 

with the identification of novel compounds with improved binding affinity for a 

selected therapeutic target.11 
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This thesis was done in the frame of the Extracellular Matrix in Epileptogenesis 

training network (ECMED). This project is part the European Union’s Horizon 2020 

research and innovation program under the Marie Sklodowska-Curie grant 

agreement No 642881. This program was constituted by 10 institutions with the aim 

to determine the role of the ECM in the development of epilepsy as well as the 

discovery of novel approaches to treat and prevent epilepsy. In particular, the main 

aim of this thesis project is to find novel and selective MMP-9 inhibitors with the 

potential to act as disease-modifying drugs preventing the development of epilepsy. 

In order to achieve this, this thesis has been structured around the following 

objectives:  

1. To design, synthesize and evaluate novel MMP-9 inhibitors. 

a) To use structure-based drug design approaches to obtain a library of 

hydroxamate-based compounds selective for MMP-9. 

b) To set-up a robust solid-phase peptide synthesis (SPPS) methodology 

for the synthesis of compounds.  

c) To evaluate the designed compounds regarding potency and 

selectivity for MMP-9. 

 

2. To obtain MMP-9 inhibitors with the capacity to cross the BBB and with a 

high proteolytic stability. 

a) Test the in vitro BBB permeability to improve their BBB permeability 

by passive diffusion. 

b) To evaluate the ADME properties of the inhibitors in vitro. 
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3. To evaluate and improve the metabolic stability of the generated inhibitors 

for oral administration 

a) To study the microsomal stability of compounds. 

b) To design, synthesize and evaluate optimized lead candidates. 

 

4. To test the efficacy of an MMP-9 inhibitor in vivo using validated animal 

models of epilepsy. 

a) Determine the pharmacokinetics constants of this compound in 

rodents. 

b) To assess the brain permeability of the compound in vivo. 

c) To study the efficacy of the compound in animal models of epilepsy. 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2:                                         

Design, synthesis and 

evaluation of MMP-9 inhibitors 
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2.1 Introduction 

Molecular docking has been extensively used to predict the bound conformations 

and the binding energy affinities between ligand compounds, usually small 

molecules, and biological macromolecule targets.52 The use of automated docking 

programs are of particular interest because they help to screen large libraries of 

compounds against a particular target in a short period of time.53  

In this chapter, a library of putative MMP-9 inhibitors was designed using in silico 

calculations and the most promising compounds were selected for synthesis. 

Progressive evaluation of these compounds with regard to their inhibitory potency 

for the target MMP-9 were performed. To do so, in vitro assays were focused on the 

determination of the MMP-9 potency and the assessment of their selectivity over 

other MMP family members, namely MMP-1, MMP-2, MMP-3 and MMP-7. 

2.1.1 MMP-9 catalytic domain 

During the last years, a number of crystallographic studies were performed to define 

the substrate recognition profile of MMP-9.54,55 Its active site (Figure 7) is composed 

by the zinc ion coordinated by three Histidine residues (His401, His405, and 

His411) and various subdomains (Sn and Sn’)56,57 which constitute substrate 

binding sites.54 Special attention is paid to the S1’ pocket which is framed in the 

center of the active site cleft closest to the catalytic zinc ion. This deep and 

hydrophobic pocket is an important substrate recognition point.58 Another relevant 

subdomain is the S2’, an small hydrophobic pocket which allows the interaction with 

flexible amino acids containing small hydrophobic or large hydrophilic side chains.59 

Subdomains (Sn) in the opposite site of the active site cleft have lower contribution 

as substrate recognition points however, they may provide additional strategies for 

the design of specific MMP-9 inhibitors. The S1 is an extended subsite that can 

accommodate a large variety of amino acids, the S2 is hydrophilic in nature while 

the S3 has hydrophobic character.59 
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Figure 7. MMP-9 active site comprised of catalytic zinc ion (represented as pink sphere) 

and subdomains Sn and Sn’. The conserved Histidines of the MMP-9 active site are detailed 

as sticks, the carbon atoms are in yellow and nitrogen in blue. The soft molecular surface of 

MMP-9 protein is shown in light grey. 

 

2.2 Design of MMP-9 inhibitors 

The computer-based drug design process described in this section was entirely 

performed by Dr. Jesus Seco, Head of Computational Chemistry at Iproteos. We 

stayed in close contact through all stages of this thesis in order to exchange updated 

results and new ideas. 

Hydroxamic acid has been described to efficiently chelate zinc by its coordination of 

hydroxyl and carboxyl groups (Figure 8). Compounds containing this moiety have 

been developed as potent inhibitors against zinc-containing enzymes. Some 

examples found in the literature include metalloproteinases, peroxidases or 

cyclooxigenases among others.60  
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Figure 8. Zinc coordination with the hydroxamic acid through hydroxyl and carboxyl 

groups. 

 

The design of potential MMP-9 inhibitors was based on a proprietary virtual library 

of near 100,000 peptide-based compounds which were subjected to molecular 

docking and subsequent refinement processes. Due to the high zinc complexation 

capacity, hydroxamic acid was implemented as the warhead for the compounds in 

our library. For the molecular docking process the crystal structure of MMP-9 

catalytic domain (PDB id code: 1GKC) was used. The length of the compounds was 

delimited to 2 and 3 amino acids (either with L- or D- chirality). The computational 

procedure is described in the Materials and methods chapter of this thesis (see 

section 1.3). 

After in silico evaluation, candidates with an affinity score (expressed in kcal/mol) 

exceeding -7 units, in absolute terms, were preselected to evaluate their interaction 

profiles. Here, the number of hydrogen-bond donors and acceptors, the number of 

hydrophobic contacts and the distance between the hydroxamate moiety of the 

compounds and the zinc ion allocated in the protease active site were considered. 

This procedure yielded a list of 14 candidates to be synthetized (1-14). 

2.3 Synthesis of hydroxamate-based compounds 

Compounds 1-14 were synthetized by means of SPPS following a 9-

fluorenylmethoxycarbonyl/tert-butyl (Fmoc/tBu) strategy (see section 1.4 from the 

Materials and Methods chapter of this thesis). Compounds were obtained in 

quantity (yield > 10 mg) and purity (> 90%) for in vitro evaluation. Here, the 

synthetic protocol to obtain the compounds is described, including the optimization 

steps needed to achieve the quality requirements. 



Chapter 2 

28 

The synthesis of the compounds with a carboxylic acid at the C-terminal was first 

carried out using the 2-Chlorotrityl resin according to Scheme 1. After cleavage, the 

transformation of the carboxylic acid to hydroxamic acid was performed in solution 

according to Scheme 2 using the hydroxylamine intermediate reagent prepared 

beforehand (Scheme 3). 

The carboxylic acid version of the compounds was obtained in yields higher than 

10% and purities higher than 95%. The second part of the synthesis which was 

focused on the formation of the hydroxamic acid in solution yielded complex crudes 

difficult to purify. After reverse-phase purification (procedure described in section 

1.7 from the Materials and methods section of this thesis), the final products were 

obtained in very low yields (≤1%). 

 

Scheme 1. Schematic protocol of solid-phase peptide synthesis. (i) Fmoc-aa1-OH (0.6 eq), 

DIEA (5 eq), DCM, 50 min; (ii) 20% piperidine in DMF, 2 x 1 min + 1 × 10 min; (iii) (a) Fmoc-

aan-OH (3 eq), oxime (3 eq), DIC (3 eq), DMF, 1.5h; (b) 20% piperidine in DMF, 2 x 1 min + 

1 × 10 min; step (iii) is repeated until the length of peptide is achieved; (iv) R is acetyl or 

fatty acid residue; Ac2O (10 eq), DIEA (20 eq), DCM, 20 min or ROH (3 eq), oxime (3 eq), DIC 

(3 eq), DMF, 1.5h; (v) 5% TFA in DCM, 3 x 15 min. 

 

Scheme 2. Transformation of the carboxylic acid to hydroxamic acid in solution (i) O-(2,4-

dimethoxybenzyl)hydroxylamine (3.5 eq), NMM (5 eq), HOAt (1.3 eq) and EDC.HCl (1.3 eq), 

22h, rt; (ii) TFA: H2O: TIS (90:5:5), 1h, rt. 

 

 

 



Design, synthesis and evaluation of MMP-9 inhibitors 

29 

 

Scheme 3. (i) Synthesis of N-2,4-dimethoxybenzyloxyphtalimide. DIAD (1.5 eq), PPh3 (1.5 

eq), DCM, o.n, rt (ii) Synthesis of O-(2,4-dimethoxybenzyl)hydroxylamine. CH3NHNH2 (1.1 

eq), EtOH, 1 hour, reflux. 

 

At this point, it was mandatory to optimize the synthesis procedure to obtain the 

required amount of compounds for the in vitro and in vivo experiments. Therefore, 

optimization efforts were concentrated on the main critical step: the transformation 

of the carboxylic acid to hydroxamic acid (Scheme 2). In this regard, several trials 

were conducted in solution to examine the role of reagents, solvents, temperature 

and reaction time. The explored conditions to improve the conversion of this 

reaction are shown in Table 2. 

The use of THPONH261 as a hydroxylamine source (trial a) gave poor conversion 

ratios and low purity. Better results, in terms of conversion and purity were 

obtained when hydroxylamine hydrochloride was used as reagent (trials b-e). The 

use of different coupling agents (Isobutyl chloroformate, HOAt/EDC.HCl or T3P)62 

was examined in trials b to d using the NMM as a base. Although the formation of the 

final product was observed in better conversion ratios when compared to trial a, the 

purification of the crude was still challenging and rendered low yields. These 

unsatisfactory results were due to the large amount of impurities present in the 

crude of reaction. The use of Et3N63 as a base instead of NMM (trial e) did not 

improve the conversion reaction. 

In summary, despite many efforts were made to improve the conversion from 

carboxylic acids to hydroxamic acids in solution, crudes of synthesis were complex 

and global yields were lower than 1%. 
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As an alternative approach the whole synthesis was attempted in solid phase. This 

strategy comprised the incorporation of the hydroxylamine linker to the solid 

support followed by the elongation peptide in a stepwise manner. The procedure of 

synthesis is shown in Scheme 4. 

A particular case was found when the synthesized compounds contained the 

Dab(alloc) at the first position of sequences (aa1), the removal of the alloc group and 

the formation of the amide bond by addition of the aromatic moiety was performed 

during the last stage of synthesis before the cleavage step. Detailed conditions are 

shown in Scheme 5 and described in the Materials and methods chapter of this thesis 

(section 1.4). 

Following this strategy, the purity of the crudes was improved compared to previous 

methods. The obtained crudes were highly pure before the purification step and 

consequently they could be easily purified by reverse-phase chromatography (final 

purity>95%). Using this strategy, the target compounds were obtained in high yields 

(>10 %). 

In conclusion, the synthetic procedure was optimized and large amounts (50 to 100 

mg) of pure compound could be easily obtained by a SPPS approach. Compounds 1-

14 were successfully synthesized using the procedure described in Scheme 4, 

analyzed by HPLC and HPLC-MS, purified (if required), and characterized. All the 

compounds showed purity equal to or higher than 95% (HPLC, area/area). 
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Scheme 4. Synthesis of the hydroxamic acid compounds in solid-phase. (i) Fmoc-NHOH (0.6 

eq), DIEA (5 eq), DCM, 24 h; (ii) 20% piperidine in DMF, 2 x 1 min + 1 × 10 min; (iii) (a) 

Fmoc-aan-OH (3 eq), oxime (3 eq), DIC (3 eq), DMF, 1.5h; (b) 20% piperidine in DMF, 2 x 1 

min + 1 × 10 min; step (iii) is repeated until the length of peptide is achieved; (iv) R is acetyl 

or fatty acid residue; Ac2O (10 eq), DIEA (20 eq), DCM, 20 min or ROH (3 eq), oxime (3 eq), 

DIC (3 eq), DMF, 1.5h; (v) 5% TFA in DCM, 3 x 15 min. 

 

 

Scheme 5. (i) Removal of the alloc group; Phenylsilane (10 eq), Pd(PPh3)4 (0.1 eq), DCM, 3 

x 15 min; (ii) Formation of the amide bond by addition of the aromatic moiety; 3X-, 5X-

benzoic acid (3 eq), oxime (3 eq), DIC (3 eq), DMF, 1.5h. 
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2.4 In vitro enzymatic assays 

In this section, enzymatic assays were setup and used to test the potential of the 

synthesized compounds to inhibit a range of MMPs. 

2.4.1 In vitro MMP-9 inhibition assay 

Here, gelatinolytic assays were performed in order to determine which of the 

synthesized compounds obtained in section 2.3 could be considered potential 

inhibitors targeting MMP-9.  

MMP-9, as well as MMP-2, have the gelatin-binding domain that differentiates 

gelatinases from other MMPs.64 Quenched fluorescein FITC labeled gelatin was 

selected as the substrate during the in vitro enzymatic assays since it mimics the 

natural substrate of MMP-9 (and MMP-2).65 Upon enzymatic cleavage of the 

substrate by the MMP-9 (or MMP-2), this is converted into bright fluorescent 

peptide that emits fluorescence at 525 nm when excited at 483 nm.66  

Since the hydroxamic acid-based compounds were designed on the basis of 

targeting the zinc ion contained in the MMP-9 active site, we selected the 

recombinant MMP-9 catalytic domain for the activity assay. 

Set up of the assay conditions 

The parameters for the MMP-9 gelatinolytic assay were optimized by testing a broad 

range of substrate and enzyme concentrations.   

Here, different enzyme (3.2, 16, 32 and 64 U/mL) and substrate (10, 20, 35, 50 and 

100 µg/mL) concentrations were explored. To subtract autofluorescence from the 

substrate, control wells containing only the substrate at the working concentrations 

were used. The fluorescence of every condition was measured every 5 min for a 

period of 2 hours. 
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Raw data from the fluorimeter allowed us to represent the fluorescence (Relative 

fluorescence units (RFU)) vs time (min) at variable substrate concentrations ([S]) 

for a given enzyme concentration ([E]). In  Figure 9, these results are showed as 

kinetic representation at four tested enzyme concentrations. From these graphs, the 

optimal enzyme concentration and time linearity were determined. To do so, the 

periods of time where there was a linear correlation between the fluorescence signal 

and time was determined for each enzyme concentration. At the lowest [E] of 3.2 

U/mL, the linearity time estimated by the fluorescence vs time representation was 

40 min. As expected the linearity decreased by increasing enzyme concentration, 

when [E] was 16, 32 and 64 U/mL the linearity time was 20, 15 and 10 min 

respectively. On the basis of these results, the enzyme concentration selected for 

further studies was 0.1 µg/mL and the linearity time was set to 40 min. 

 

Figure 9.  Representation of the fluorescence emitted by DQ-gelatin vs time at different 

MMP-9 concentrations (3.2, 16, 32 and 64 U/mL). 
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Once we determined the enzyme concentration and the linearity time, velocities for 

each substrate concentration were calculated using Equation 1 at the optimal 

enzyme concentration of 3.2 U/mL, the velocity in front of the substrate 

concentration was represented (Figure 10) and the Michaelis-Menten constant 

(KM) was determined. KM provides valuable information about the affinity of a 

given enzyme for its substrate and is defined as the concentration of substrate which 

permits the enzyme to achieve half of the maximum velocity.  Here, the calculated 

KM in the MMP-9/DQ-gelatin system at [E] = 3.2 U/mL was 16.8 µg/mL. Values 

around KM are recommended for experiments using this enzyme/substrate, 

therefore the substrate concentration for future enzymatic assays was set to 20 

µg/mL. 

𝑣 =
𝐶+(𝑡) − 𝐶−(𝑡)

𝑡
           (Equation 1) 

 

Where: 

C+ = average of fluorescent values from enzyme samples. 

C- = average of fluorescent values from negative controls (without enzyme). 

t = lineal-time at a given enzyme concentration (min). 

v = velocity (RFU/min). 

 

 

Figure 10. MMP-9-driven gelatin proteolysis represented by the velocity vs substrate 

concentration at a given MMP-9 concentration (3.2 U/mL). KM corresponds to the substrate 

concentration at VMAX/2. 

As summary for the MMP-9 activity assay, the optimized conditions set in this 

experiment were [E]= 3.2 U/mL and [S]= 20 µg/mL. 
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2.4.2 In vitro MMP-2 inhibition assay 

The in vitro MMP-2 enzymatic assay was optimized in order to be used for the 

identification of inhibitors targeting this protease. The substrate used in the MMP-2 

enzymatic assay was the same to the one used for the MMP-9.  

Set up of the assay conditions 

The optimization process for the MMP-2 activity assay was similar to the one 

performed for MMP-9 (section 2.4.1). Substrate concentrations were used in the 

range of 5 to 100 µg/mL and the enzyme concentration was set to 4.5 U/mL as 

suggested from previous studies.67 A negative control (no enzyme) was added in this 

experiment. Fluorescence was recorded for a period of 2 hours every 5 min.  

The MMP-2-driven gelatin proteolysis was represented as the fluorescence vs time 

at different substrate concentrations ([S]) giving as a result a kinetic curve (Figure 

11a). This graph allowed for the determination of the time linearity which was set 

to 40 min. Thereafter, the velocities for each substrate concentration were 

calculated at the lineal time and subsequently represented as the velocity in front of 

the substrate concentration (Figure 11b). From the resulted graph, the KM was 

calculated by the substrate concentration related to VMAX/2 (KM = 13.7 µg/mL). The 

substrate concentration was set to 15 µg/mL for future enzymatic assays given that 

values around KM are recommended for experiments using this enzyme/substrate 

system. 

 

 

 

  



Design, synthesis and evaluation of MMP-9 inhibitors 

37 

 

Figure 11. (a) Representation of the fluorescence emitted by DQ-gelatin vs time at a given 

MMP-2 concentration (4.5 U/mL). (b) MMP-2-driven gelatin proteolysis represented by the 

velocity vs substrate concentration at a given MMP-2 concentration (4.5 U/mL). KM 

corresponds to the substrate concentration at VMAX/2. 

 

2.5 In vitro evaluation of compounds 

Compounds 1-14 inhibition efficacy was initially evaluated for MMP-9. Later on, 

inhibition potency for MMP-1, MMP-2, MMP-3 and MMP-7 was evaluated. 

2.5.1 MMP-9 activity 

The in vitro assay set up in section 2.4.1 was used here to determine the enzymatic 

activity of new synthesized compounds against MMP-9.  

In this evaluation, several MMP inhibitors previously described were used as 

reference compounds. Namely, Batimastat,10 Marimastat,68 SB-3CT28 and 

CTK8G1150.29 Compounds were dissolved in DMSO as described in the Materials 

and methods chapter (section 1.9.1). The half maximal inhibitory concentration 

(IC50) of each compound was calculated by plotting the logarithm of each 

concentration tested for a given compound versus the inhibition percentage, which 

was calculated according to Equation 2. Calculated IC50 values for the reference 

compounds are shown in Table 3. However, we have to take into account that IC50 

absolute values cannot be compared from different laboratories since experimental 

conditions may differ. Therefore, reference compounds should be always included 
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to compare IC50 values from different laboratories. The % of inhibition vs log 

(concentration) curve is shown in Figure 12 using the reference inhibitor Batimastat 

as an example. 

%𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝐹+(𝑡) − 𝐹−(𝑡)

𝐶+(𝑡) − 𝐶−(𝑡)
 x 100       (Equation 2) 

Where: 

F+ = average of fluorescence values in the presence of the enzyme and 

inhibitor (at a given concentration). 

F- = average of fluorescence values in the presence of inhibitor (at a given 

concentration, without enzyme). 

C+ = average of fluorescence values in the presence of enzyme (without 

inhibitor). 

C- = average of fluorescence values (without enzyme and inhibitor). 

  

Table 3. Calculated IC50 values for MMP-9 and MMP-2 of reference MMP inhibitors. IC50 

values described in the literature are shown in brackets. NR: Not reported. 

  IC50 (nM) 
Compound MMP-9 MMP-2 
Batimastat 0.34 (1) 0.17 (4) 
Marimastat 0.57 (3) 0.13 (6) 

SB-3CT 251 (600) 87 (14) 
CTK8G1150 27 (5)  8.4 (NR) 

 

 

Figure 12. Dose-response curve to calculate IC50 (MMP-9) value of Batimastat (0.34 nM). 
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By using the same procedure, the calculated IC50 values against MMP-9 for 

compounds 1-14 are shown in Table 4. In this initial screening, 7 and 13 were the 

most potent compounds, with IC50 values below 1 µM. 

Table 4. In vitro MMP-9 protease inhibitory activity data (IC50, nM) for compounds 1-14. 

R – aa3 – aa2 – aa1 – NHOH 

N R aa
3 aa

2 aa
1 MMP-9 IC50 (nM) 

1 Ac Glu Trp Ile > 10,000 
2 Ac Gln Pro Ile > 200,000 
3 Ac Glu Gln Gln > 200,000 
4 Ac Ser Ile Gln > 200,000 
5 Ac D-Glu D-Trp D-Ser > 200,000 
6 Ac Pro Gln 2Nal 2,739 
7 Ac Pro Gln Phe 406 
8 Ac D-Met D-Glu D-Trp > 200,000 
9 Ac Met Gln Trp 6,400 

10 Ac Trp Gln Trp > 10,000 
11 Ac Trp Arg Trp > 10,000 
12 Ac Pro Ser Trp 1,400 
13 Ac Pro Gln Trp 569 
14 Ac Met Ser Trp > 100,000 

 

2.5.2 MMP-2 activity 

In this section, the validation of the MMP-2 enzymatic assay from section 2.4.2 was 

conducted by studying the inhibitory potency of control MMP inhibitors 

(Marimastat, Batimastat, SB-3CT and CTK8G1150). IC50 values, shown in Table 3, 

were calculated following the same procedure as for the MMP-9 enzymatic assay 

(section 2.5.1). As mentioned in the previous section, IC50 absolute values cannot be 

compared from different laboratories since experimental conditions may differ. 
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Once the MMP-2 enzymatic assay was validated, the in vitro potency of compounds 

7 and 13 for MMP-2 was investigated. The calculated IC50 values were 522 nM for 7 

and 691 nM for 13 (Table 5). 

These values indicated that none of the inhibitors were selective for only one 

member of the gelatinase family (MMP-2 and MMP-9). These results can be 

explained by the high sequence similarity in the catalytic domains of these two 

enzymes. Consequently, it is extremely challenging to find selectivity for a particular 

protease of this MMP subfamily as has been observed previously.69 

2.5.3 MMP-1, MMP-3 and MMP-7 activity 

The experimental conditions of in vitro inhibition assays using MMP-1, MMP-3 and 

MMP-7 were set-up previously in the laboratory. These are described in the 

Materials and methods chapter of this thesis (section 1.9). 

The study of the inhibitory potency of compounds 7 and 13 against other MMPs 

including MMP-1, MMP-3 and MMP-7 was conducted in this section in order to 

define their selectivity profile for MMPs. Following this procedure, compounds 7 

and 13 showed IC50 values higher than 1 µM for MMP-1, MMP-3 and MMP-7 (Table 

5). 

Table 5. In vitro gelatinase (MMP-2 and MMP-9) inhibitory activity (IC50, nM) and selectivity 

profile (MMP-1, MMP-3 and MMP-7) for compounds 7 and 13. 

 
 IC50 (nM)   

N MMP-9 MMP-2 MMP-1 MMP-3 MMP-7 
7 406 522 > 10,000 > 1,000 > 200,000 

13 569 691 > 1,000 > 1,000 > 200,000 
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2.5.4 Study of the docked conformations of 7 and 13 in the MMP-9 active site 

The docked conformations for compound 7 (Figure 13a) and 13 (Figure 13b) into 

the active site of MMP-9 were studied in detail in order to understand their 

orientations and the most suitable/preferred H-bond interactions between them. 

According to our docking model, the indole and benzene moieties of 7 and 13 at the 

first position (aa1) are located within the S1’ pocket. Both side chain amino acids are 

inserted with different degrees of penetration into this buried pocket, forming a 

network of hydrophobic and aromatic contacts with Leu397, Leu418, Tyr423 and 

Thr426 (PDB code: 1GKC). 

 

Figure 13. Predicted active conformations for compounds 7(a) and 13(b) docked in the 

active site of MMP-9. The Zn ion in the MMP-9 active site is represented as a pink sphere 

and the highly conserved Histidines with carbon atoms shown in yellow and nitrogen in 

blue. The soft molecular surface of MMP-9 is shown in light gray. Compounds are presented 

as sticks (carbon atoms are displayed in slate, oxygen in red and nitrogen in blue). Note that 

the hydroxamate-zinc coordination in depicted in red and black structures are not inserted 

in described subsites. 
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Additionally, compounds 7 and 13 have in common a glutamine residue at the 

second position (aa2). Glutamine was found to be able to form a hydrogen bond 

interaction between the backbone atoms and Gly186, allocated in the S2’ pocket, 

involving either the aa2 backbone atoms (compound 7, Figure 14a) or the 

carboxamide side chain of the amino acid (compound 13, Figure 14b). The degree 

of interaction of the compound with S1’ and S2’ affects the final orientation adopted 

in the active site of the protease (Figure 13a and Figure 13b), that is to say the 

orientation is towards S3’ for 7 and towards S1-S3 for 13, the latter adopting a 

twisted conformation. We hypothesize that the greater the penetration of the 

aromatic ring (aa1) of the compound within S1’, the less accessible the S3’ 

orientation because of steric hindrance. Consequently, molecule 13 is forced to 

adopt a twisted conformation, where its backbone is oriented towards S1-S3, while 

the aa2 position forms a hydrogen bond interaction between the flexible sidechain 

of glutamine and the backbone of Gly186. 

 

Figure 14. Predicted active conformations for compounds 7(a) and 13(b) docked in the 

active site of MMP-9. Gly186 surface in S2’ pocket is shown in red. The conserved Histidines 

in the MMP-9 active site are shown in yellow (carbon atoms) and blue (nitrogen atoms). The 

soft molecular surface of MMP-9 protein is shown in light gray. The compound structures 

are presented as a stick model (carbon atoms are shown in cyan (a) or light blue (b), oxygen 

in red, and nitrogen in blue). The Zn ion is represented as a pink sphere. 
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2.6 Hit candidate selection: Design, synthesis and in vitro evaluation 

2.6.1 Tetra-peptide analogs 

With the aim to increase potency and selectivity of our candidates, we studied the 

impact of increasing the length of the most promising sequences (7 and 13). These 

two compounds were used to computationally evaluate approximately 100 tetra-

amino acid analogs (encompassing L- and D- amino acids in position aa4) under the 

same docking experimental conditions. The selection of tetra-peptide analogs was 

supported by their ability to preserve the docking bioactive conformation found for 

the corresponding parent peptides (7 and 13). For tetra-peptide analogs of 7 no 

superposable sequences were found and therefore no additional synthesis was 

conducted. On the contrary, a total of three tetra-peptide analogs of 13 were 

selected for synthesis (15, 16 and 17, Table 6).  

The synthesis of the derivatives 15-17 was performed by SPPS as explained in 

section 2.3. Compounds 16 and 17 were not considered as MMP-9 inhibitors for 

further optimization since they showed IC50 values higher than 1 µM for this 

protease. Only tetra-peptide 15 showed an in vitro potency for MMP-9 lower than 1 

µM but was not significantly improved compared to its parent compound 13. We 

postulated that gain in potency was not feasible by increasing the number of amino 

acids because we could not find any example which gave better IC50 compared to 

their parent compounds 7 and 13. These results reinforced the pivotal role of the 

tri-peptide family in the future hit optimization. 

Table 6. In vitro MMP-9 protease inhibitory activity (IC50, nM) of designed compounds 15-

17. 

R – aa4 – aa3 – aa2 – aa1 – NHOH 

N R aa4 aa3 aa2 aa1 MMP-9 IC50 (nM) 

15 Ac D-Lys Pro Gln Trp 813 

16 Ac D-Tyr Pro Gln Trp 1,600 

17 Ac Ala Pro Gln Trp > 10,000 
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2.6.2 Optimization of tri-peptide analogs 

Compounds 7 and 13 share the common structure Ac-Pro-Gln-aa1-NHOH. Here, 

computational structural modifications were applied over this scaffold with the goal 

to improve inhibitory potency and selectivity for gelatinases, in particular for MMP-

9. Structural modifications were conceived to maximize the number of protein-

inhibitor interactions following two strategies: a) enhancing the hydrophobic and 

aromatic interactions of position aa1 found in the S1’ pocket as previously detailed; 

and b) complementing the interactions of position aa2 within the S2’ pocket either 

by hydrogen bond formation or hydrophobic interactions. 

Following this strategy, a sub-library of analogs based on 7 and 13 was generated. 

In total, more than 100 structural analogs were screened in silico and subjected to 

docking analysis. To enhance interactions in the S1’, various aromatic moieties were 

inserted in position aa1. In addition, docking analysis revealed that hydrogen bond 

formation of Gln (aa2) sidechain showed a comparable effect with regard to priming 

the interaction at S2’ sub-pocket and this was comparable to the introduction of an 

N-methyl group on the backbone or of non-polar residues. This design was balanced 

with the addition of bulky substituents in proline residue (aa3) of 7 and 13. Only 

those compounds whose binding mode was retained when compared with the 

parent compounds were selected for synthesis. Some examples of these 

combinations are detailed in Table 7. 

Compounds 18-34 were synthesized by SPPS and then purified if necessary. All of 

them showed purities above 95% (HPLC, area/area) and were qualified for in vitro 

evaluation. The in vitro enzymatic potency and selectivity of these compounds was 

studied as for the previous compounds. Those with an in vitro potency exceeding 1 

µM for MMP-9 were excluded from further evaluation. In total, we identified six 

MMP-9 inhibitors and proceeded to examine their capacity to inhibit MMP-2. For 

those compounds showing inhibitory capacity for MMP-9 (22 and 23) and for 

gelatinases (21, 31, 32 and 34) below 1 µM, their selectivity profiles were studied. 

Compounds 23 and 34 with an IC50 higher than 1 µM for MMP-1, MMP-3 and MMP-

7 went on to further optimization.
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2.6.3 Study of the docked conformations of 23 and 34 in the MMP-9 active 

site 

The docked conformations of MMP-9 (23) and gelatinase (34) inhibitors were 

computationally studied. 

Compound 23 (Figure 15a) was oriented towards the S3’ pocket of MMP-9. In 

contrast, 34 (Figure 15b) showed a similar bioactive conformation compared to its 

parent peptide 13, thus was oriented towards S1-S3.  

 

Figure 15. Predicted active conformations for compounds 23(a) and 34(b) docked in the 

active site of MMP-9. The Zn ion in the MMP-9 active site is represented as a pink sphere 

and the highly conserved Histidines with carbon atoms shown in yellow and nitrogen in 

blue. The soft molecular surface of MMP-9 is shown in light gray. Structures are presented 

as sticks (carbon atoms are displayed in slate, oxygen in red and nitrogen in blue). Note that 

the hydroxamate-zinc coordination in depicted in red and black structures are not inserted 

in described subsites. 

 



Chapter 2 

48 

2.7 Structural and computational insights 

The sequences of compounds targeting specifically MMP-9 (23) or gelatinases (7, 

13 and 34) were similar (Ac-Pro-aa2-aa1-NHOH). All of them were constituted by 3 

amino acids, the acetyl was fixed as the residue at the N-terminal and the 

hydroxamic acid acted as the warhead.  

According to computational models, compounds developed in this chapter 

interacted with the S1’ subsite by the hydroxamate neighboring residue (aa1) to 

form a network of hydrophobic contacts. All examples showed an aromatic moiety 

in aa1, e.g. phenyl (7), indole (13 and 23) and 3,5-difluorobenzoyl (34). These 

observations are in accordance with reported results showing the relevance of 

hydrophobic interactions at the S1’ pocket for MMP-9 specificity.54 

All candidates showed promising results regarding potency and selectivity for MMP-

9 and gelatinases. However, docking models revealed that the compounds were 

oriented in a different manner depending on their interaction with pockets S1’ and 

S2’. Compounds 7 and 23 were oriented through the S3’ subdomain due to the 

interaction between Gly186 in the S2’ with the aa2 amide backbone (7) or the N-

methyl moiety at the second position aa2 (23). In contrast, 13 and 34 showed an 

interaction with this subdomain by the carboxamide side chain (13) or the N-methyl 

moiety into the peptide backbone between aa2 and aa3 (34). The latter group showed 

a twisted conformation, and the backbone of these structures was thus oriented 

through the S1–S3 pockets. 

Additionally, computational studies indicated that tri-peptides 13 and 34 were 

conformationally oriented in such a way that the S2 pocket was not fully occupied. 

In contrast, tetra-peptide 15 with four amino acids showed a packed S2 subsite and 

was consequently not amenable to further modifications.
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3.1 Approaches to enhance BBB peptide permeability 

BBB permeability is the main obstacle during the development of drugs targeting 

the central nervous system (CNS).36 Transport of the majority of therapeutics across 

the phospholipidic BBB membrane occurs essentially by passive diffusion. 

Lipophilicity is an excellent indicator of potential BBB permeation of peptides across 

this barrier although other physicochemical properties such as molecular weight, 

solubility, peptide length and amino acid sequence should be taken into account to 

design BBB permeable compounds.42,70,71 

A number of strategies have been pursued to find peptide therapeutics with the 

capacity to cross the BBB.72 The coupling of peptides to BBB shuttles or the use of 

cell-penetrating peptides (CPPs) are commonly used strategies to reach the CNS. 

Other approaches for CNS delivery include structural modifications of peptides such 

as selective peptide bond N-alkylation, cyclization and conjugation to fatty acids.70,48 

In the previous chapter, two peptidomimetic inhibitors 23 and 34 were selected as 

hits due to their inhibitory potency and selectivity for gelatinases. In this chapter, 

some strategies were applied in their structures with the objective to improve their 

BBB permeability. 

To select the most suitable drug delivery strategy in this project, the use of BBB-

shuttles and CPPs were declined because the conjugation of new entities in the 

generated structures may modify their activity for the target MMP-9 and other 

MMPs. Their use imply more steps in the design and synthesis of new compounds 

which difficult the development of new inhibitors (eg, coupling to molecules and 

study the cleavage of the bond linking once they crossed the BBB)73. For this reason, 

the design of more hydrophobic analogs with minor structural modifications was 

selected as the most convenient strategy to increase BBB permeability with the 

objective to cross this barrier using a nonsaturable transport mechanism by passive 

diffusion. 
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3.1.1 Evaluation of BBB permeability by PAMPA 

The BBB membrane controls and regulates the dynamic processes occurring in this 

barrier with the objective to protect the brain. Different transport pathways are 

involved in these processes including lipid-mediated diffusion or other selective 

transport mechanisms (eg. receptor- or carrier-mediated transport). These are 

restricted by tight junctions, efflux transporters and enzymes.74 The majority of 

drugs for brain delivery cross the BBB by transcellular passive diffusion due to the 

high permeability across the phospholipidic membrane.75 

There are various in vitro techniques to study the permeability of drugs through the 

BBB by passive diffusion. The parallel artificial membrane permeability assay 

(PAMPA) has been extensively used as a first screening to predict the BBB 

permeability in an inexpensive and high throughput manner. This transport assay is 

based on an artificial phospholipid membrane and allows to measure the potential 

permeability of compounds across biological barriers (depending on the 

phospholipid source) by passive diffusion (Figure 16). This is a non-cell-based assay 

which does not provide information regarding active or efflux transporters.75,76 

 

Figure 16. Schematic diagram of PAMPA model. 
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During the PAMPA permeability assays, Propranolol was used as positive transport 

control70 and several MMP inhibitors (e.g. Batimastat, Marimastat and SB-3CT) were 

selected as reference compounds to compare the permeability of our candidates 

with previously described MMP inhibitors. The experimental procedure for the 

PAMPA assay is described in the Materials and methods chapter of this thesis 

(section 1.10.1). Briefly, compounds were evaluated at a concentration of 200 μM in 

PAMPA buffer solution (x1) and isopropanol as co-solvent (15%) at pH 7.4. After 

loading compounds in the donor compartment of the PAMPA plate, the filter of the 

acceptor plate was coated with a mixture of polar brain lipid extracts and the 

compartment was then filled with PAMPA buffer solution (x1) at pH 7.4 with 15% 

isopropanol. The system was incubated during 4h at rt under a humidity saturated 

chamber. After that time, the content of both compartments was analyzed by HPLC. 

The effective permeability (Pe) and percentage of transport (T %) were calculated 

according to Equations 3 and 4: 

𝑃𝑒 =
−218.3

𝑡
 × log [1 −

2𝐶𝐴(𝑡)

𝐶𝐷(𝑡0)
]× 10−6 (𝑐𝑚 𝑠⁄ ) 

(Equation 3) 

𝑇% = [1 −
2𝐶𝐴(𝑡)

𝐶𝐷(𝑡0)
]× 100 

(Equation 4) 

Where: 

t = time (h) 

CA(t) = compound concentration in the acceptor compartment at time t 

CD(t0) = compound concentration in the donor compartment at time 0.  

As shown in Table 8, transport values registered for Propranolol, Batimastat, 

Marimastat and SB-3CT were 16.0%, 0.1%, 0.2% and 4.4% respectively. It has been 

reported in the literature that Batimastat and Marimastat are not BBB permeable 

while SB-3CT is able to cross this biological barrier in vivo.33,44 Propranolol was used 

as a positive control in this assay since it shows the ability to cross the BBB by 

passive diffusion resulting in and results using the PAMPA assay were similar to 

previous studies.70 
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The potential BBB permeability for compounds 23 and 34 was also examined using 

the PAMPA assay. For both compounds, the percentage of transport (%T) obtained 

was lower than 1% (Table 8). This result was in somehow expected due to the 

presence of the highly polar hydroxamic acid moiety on their structure, which 

negatively affects the diffusion profile of the compounds when crossing 

hydrophobic membranes. 

Table 8. PAMPA permeability experiment. Percentage of transport and Effective 

permeability (Pe) for Propranolol, Batimastat, Marimastat, SB-3CT and compounds 23 and 

34. 

 

3.1.2 Strategies to increase BBB permeability of compounds 23 and 34  

Conjugation to fatty acids 

To increase the BBB permeability of compounds 23 and 34 by passive diffusion 

hydrophobic moieties were attached to the N-terminal part of the compounds. 

Before starting the synthesis of new compounds, a docking modelling was 

conducted to predict the impact of replacing the small acetyl group by larger 

moieties in the bioactive conformation of the inhibitors. In silico studies on the 

structure of compound 34 resulted in high affinity scores (< -7 kcal/mol) when the 

acetyl group was substituted by butyryl (35), isovaleryl (36), hexanoyl (37) and 

Ac- aa3-aa2-aa1-NHOH 

  BBB-PAMPA 

Compound aa
3 aa

2 aa
1 

Transport 

(%) 
Pe (x10

-6
) 

cm/s 
Propranolol - - - 16.03 ± 0.49 9.16 ± 0.34 

Batimastat - - - 0.09 ± 0.02 0.02 ± 0.01 

Marimastat - - - 0.20 ± 0.04 0.05 ± 0.01 

SB-3CT - - - 4.43 ± 0.73 1.07 ± 0.18 

23 Pro NMeGln Trp 0.23 ± 0.03 0.11 ± 0.01 
34 Pro NMeIle Dab(3,5diFBz) 0.85 ± 0.15 0.20 ± 0.04 
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octanoyl (38) moieties. PAMPA results and inhibitory potency of these new 

compounds for MMP-1, MMP-2, MMP-3, MMP-7 and MMP-9 are shown in Table 9.  

Compounds 35 and 36 containing butyryl and isovaleryl moieties, respectively, did 

not show a significant improvement in transport (T < 2%). On the contrary, octanoyl 

derivative, compound 38, registered the highest permeability value (T = 14.3 ± 

2.9%). Although 37 showed moderate permeability (T = 2.7 ± 0.7%), the use of 

hexanoyl led to a significant improvement in potency against gelatinases (IC50: 81 

nM for MMP-2 and 48 nM for MMP-9) compared with the octanoyl derivative (IC50: 

400 nM for MMP-2 and 733 nM for MMP-9). Given these results, compound 37 was 

selected for further optimization.  

When applying the same strategy to compound 23 with regard to addition of 

hydrophobic moieties at the N-terminal as explained above, only the replacement of 

the acetyl moiety by hexanoyl (compound 41) was identified as feasible 

modification observed by molecular docking. Nevertheless, no increase in 

permeability was achieved after this modification (T < 1%, Table 9). This result 

could be explained by the contribution of the glutamine side chain residue to 

polarity. In addition to this, compound 41 showed very low in vitro enzymatic 

activity. Given these findings, the optimization branch of compound 23 was 

discontinued. 

These results indicate that PAMPA transport using these compounds depends on 

hydrophobicity-related parameters. While butyryl and isovaleryl derivatives were 

not hydrophobic enough to cross the phospholipidic membrane, the use of the 

octanoyl moiety which was a longer chain fatty acid was able to reach this objective. 

The hexanoyl derivative did not result in remarkable improved transport value, 

however this compound (40) was selected for further optimization due to results 

obtained in the PAMPA assay in combination with the in vitro potency and selectivity 

assays. 
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Fluorinated derivatives 

The use of fluorine in drug design has been demonstrated to improve ADME 

parameters such as permeability, solubility and in vivo clearance while preserving 

target potency.77 In this regard, to enhance in vitro permeability through the BBB, 

fluorinated proline derivatives were used to design the new analogs of compound 

37 named 39 and 40. 

As shown in Table 9, compound 39 containing the 4-fluoroproline derivative 

registered a transport of 7.3 ± 0.1% and compound 40 having the 4,4-

difluoroproline analog had a transport of 9.9 ± 3.2%. These results showed a 

significant increase in transport compared to the parent compound 37 (T = 2.7 ± 

0.7%). Moreover, compounds 39 and 40 preserved the inhibitory potency (IC50 for 

gelatinases < 1 µM) and selectivity (the IC50 values for MMP-1, MMP-3 and MMP-7 

were higher than 10 µM). Of the fluorine derivatives, compound 40 was selected as 

lead candidate because of its improved potency and in vitro permeability.  

As summary, the N-terminal of these molecules seems to play an important role in 

the permeability by passive diffusion and is a suitable position for further 

modifications. Here, we have modulated permeability by conjugation of the N-

terminal to fatty acids of different lengths. The combination of hexanoyl N-terminal 

tail and the addition of fluorine atoms into the proline was the most appropriated 

strategy to improve BBB permeability for this family of compounds.  
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3.1.3 Study of the docked conformations of 37 and 40 in the MMP-9 active 

site  

Docking conformations of compounds 37 (Figure 17a) and 40 (Figure 17b) into the 

MMP-9 catalytic domain were studied in detail in order to have a better 

understanding of the conformations adopted. Both structures were oriented 

through the S1-S3 pockets, thus preserving the interaction reported for their parent 

compound 34 (depicted in the previous chapter, section 2.6.3). Because of this 

finding, we hypothesized that this conformation is the reason why derivatives 34, 

37 and 40 showed similar inhibitory potency and selectivity for gelatinases. Finally, 

compound 40 was identified as the most balanced lead structure in terms of potency 

and selectivity against MMP-2 and MMP-9 and in vitro permeability. 

 

Figure 17. Predicted active conformations for compounds 37(a) and 40(b) docked in the 

active site of MMP-9. The MMP-9 active site is comprised of catalytic zinc ion, pockets Sn 

and Sn’, and the highly conserved histidines (His401, His405, and His411) with carbon 

atoms shown in yellow and nitrogen in blue. The soft molecular surface of MMP-9 is shown 

in light gray. Compound structures are presented as sticks (carbon atoms are displayed in 

slate, oxygen in red and nitrogen in blue). The Zn ion is represented as a pink sphere. Note 

that the hydroxamate-zinc coordination in depicted in red and black structure are not 

inserted in described subsites. 
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3.2 ADME-Tox profile of compound 40 

For the validation of compound 40 as lead molecule, in vitro assays were performed 

to evaluate the ADME and cytotoxicity properties of the compound, namely human 

serum, cell toxicity and permeability. Furthermore, additional in vitro enzymatic 

assays were performed in order to enlarge the selectivity panel for compound 40. 

3.2.1 In vitro stability in serum 

One of the main limitations on the use of peptides as drugs is their low proteolytic 

stability in plasma.50 The in vitro incubation of compounds with serum allows to 

obtain reliable data about its half-life and to elucidate the position (or positions) 

where the structure is prone to protease cleavage. This information can then be used 

to perform predictions on the in vivo performance of the compounds and develop 

methods for increasing proteolytic resistance leading to more optimized 

molecules.78 

Here, the stability of compound 40 was investigated in human serum. This molecule 

was incubated at a concentration of 150 µM for 24 hours with the serum. Aliquots 

of this mixture were taken at different time points and analyzed as explained in the 

Materials and methods chapter of this thesis (section 1.10.2). Results revealed a high 

stability of compound 40 with a half-life above 24 h (Figure 18).  

In this experiment, the linear peptide ACP (H-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-

Glu-OH) was used as a control due to its low stability in serum (it is completely 

degraded in serum proteases in less than 1 hour at the experimental conditions). 
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Figure 18. Stability after incubation of compound 40 in human serum for 24 hours. 

 

3.2.2 Caco-2 permeability assay  

The human colon carcinoma cell line Caco-2 is widely used to predict in vitro the 

permeability of drugs across the gastro intestinal tract (GIT) as well as the BBB.79 

Several types of transporters are present in this cell line. Among them, the p-

glycoprotein (P-gp) efflux pump is particularly relevant because its capacity to 

mediate efflux of drugs and xenobiotics in body. P-gp is expressed in the apical 

surface of intestines and in BBB endothelial cells and tightly regulates the passage 

of compounds through these barriers. Thus, dramatically affecting the oral and BBB 

bioavailability of compounds.40  

The Caco-2 cell-based model has been demonstrated to have a good correlation with 

in vivo permeability.80 For this reason, this model was used to further assess 

potential permeability of compound 40 through the BBB.  

The experiment was performed in a commercially available ready to use 96-well 

plate kit (Cacoready, ReadyCell) following the instructions described in the 

Materials and methods chapter of this thesis (see section 1.10.3). Before starting the 

transport experiment, the cell monolayer integrity was confirmed by measuring the 

transendothelial electrical resistance (TEER) value for each well of the plate. The 

TEER values registered ranged from 1058 to 1416 Ω·cm2, which indicated the 

presence of robust tight junctions between cells.81  
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For this transport experiment, compound 40 was assayed at a concentration of 30 

µM in Hanks’ Balanced Solution Salt (HBSS) buffer with 0.5% DMSO. The compound 

was loaded into the apical compartment or into the basal compartment in order to 

study transport in both directions. The acceptor compartments were filled with 

HBSS buffer with 0.5% DMSO. After incubation of compound 40 with the Caco-2 cell 

monolayer for 2 h, the content of the compartments was analyzed by HPLC. As 

stated, this compound was assayed form apical-to-basal (A-to-B) and from basal-to-

apical (B-to-A). Vinblastine was used as a control compound in the Caco-2 assay 

using the same experimental conditions explained above. Apparent permeability 

(Papp) values were calculated as in Equation 5.  

𝑃𝑎𝑝𝑝 =
𝑑𝑄

𝑑𝑡
×

1

𝐴 × 𝐶0
  

(Equation 5) 

Where: 

dQ/dt = amount of product present in basal or apical compartment as a 

function of time (nmol/s) 

A = area of filter of transwell (cm2) 

C0 = initial concentration of compound applied in the apical or basal 

compartment (nmol/ml). 

 

Results are shown in Table 10. The mean Papp(A-to-B) for compound 40 was 0.9 ± 

0.8 · 10-6 cm/s and in the opposite direction (B-to-A) was 14.2 ± 3.0 · 10-6 cm/s. The 

efflux ratio, calculated as the permeability value from B-to-A divided by the 

permeability from A-to-B, was 15.6. 

The efflux ratio is used to predict whether a compound is a P-gp substrate.82 The 

efflux value obtained for the tested compound is similar to reported P-gp inhibitors 

named digoxine or ciclosporine (efflux ratio: 14.8 and 21.8 respectively, Cacoready, 

ReadyCell). This observation suggests that compound 40 is subjected to active 

efflux. 
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Table 10. Apparent permeability (Papp), percentage of transport and efflux ratio of 

compound 40 across the Caco-2 cell monolayer. 

A-to-B  B-to-A 

Efflux ratio 

(B-to-A/A-to-B) 
P

app 
 

(10
-6

 cm/s) 

Transport  

(%) 

P
app

 

(10
-6

 cm/s) 

Transport  

(%) 

0.9 ± 0.7 1.2 ± 1.0 14.2 ± 3.0 5.7 ± 1.2 15.6 

 

3.2.3 Cytotoxicity in SH-SY5Y cells 

Together with lack of efficacy, toxicity is one of the main reasons of failure during 

the clinical development of drugs candidates. For this reason, it is essential to 

anticipate the potential toxicity of new entities at early stages of the drug 

development.82 

In this section, the cytotoxicity of compound 40 was evaluated by means of the 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in 

cultures of the human neuroblastoma cell line SH-SY5Y as described in the Materials 

and methods chapter (section 1.10.6). These cells were incubated with compound 

40 for 24 h at four concentrations (5, 20, 50 and 200 µM).  The molecule showed 

mild cytotoxicity only at the very high concentration of 200 µM (cell viability around 

75%). Cytotoxicity at lower concentrations was not observed for this cell line in the 

tested conditions (Figure 19). These results suggested that compound 40 is not 

cytotoxic in SH-SY5Y cells.  

Non-cytotoxic results observed in this experiment by treatment of compound 40 in 

SH-SY5Y cells are considered preliminary. In this regard, the use of primary culture 

neurons (eg. primary hippocampal neurons) could be a complementary way to 

validate compound cytotoxicity. In addition, studies involving animals (eg. rats, mice 

and dogs) are required to validate the toxicity of drug candidates to progress 

through clinics. 
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Figure 19. Cell viability after incubation of compound 40 in SH-SY5Y cells after 24 hours (n 

= 3 per group, *** indicated p < 0.0005, Student’s t-test). Error bars represent means ± SDs. 

 

3.3 Selectivity assays: Non-MMP related proteases  

3.3.1 ADAMs 

ADAMs are a subfamily of the metzincin-superfamily of zinc-peptidases that 

presents a high structural homology to MMPs. They have similar domains to MMPs 

but contain a unique integrin receptor-binding disintegrin domain (Figure 20).83 

ADAMs are considered to be involved in many cellular events such as cellular 

adhesion and migration, proteolysis, signaling and membrane protein shedding.84,9  

 

Figure 20. Comparison of the domain structures of the MMP and ADAM metalloproteinases. 

Note that MMP domains depicted in the figure are the most common among the MMP family. 
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The potential inhibition of compound 40 was investigated for the most common 

ADAMs, namely ADAM10 and ADAM17, the later also known as TACE. To do so, in 

vitro enzymatic assays using recombinant ADAM10 and ADAM17 were performed 

by the Reaction Biology Corporation Inc. as described in the Materials and methods 

chapter of this thesis (section 1.9.5). As shown in Table 11, the calculated IC50 values 

were 48.9 µM for ADAM10 and 16.4 µM for ADMA17.  

As a conclusion, compound 40 is highly selective for ADAM10 and ADAM17. We 

postulate that this inhibitor is selective against all of the proteases belonging to the 

ADAMs family due to the high structural similarity among their members. 

3.3.2 Serine proteases (POP and DPP-IV)  

Further studies to expand the selectivity profile panel for the lead candidate were 

conducted. This time other proteases not belonging to the metzincin superfamily 

were selected such as the serine proteases Prolyl-oligopeptidase (POP) and the 

Dipeptidyl peptidase IV (DPP-IV). Both proteases are involved in a number of 

diseases states  including multiple sclerosis, cancer, AIDS, depression and 

Alzheimer’s disease.85 

The evaluation of the enzymatic potency of compound 40 was done in vitro using 

recombinant human POP and DPP-IV following the protocol described in the 

Materials and methods chapter of this thesis (section 1.9). This compound 

registered an IC50 values above 200 µM for both proteases assayed (Table 11) which 

evidenced the high selectivity profile of 40 for this subfamily of serine proteases. 

Table 11. IC50 values of compound 40 for ADAM10, ADAM17, POP and DPP-IV. 

IC50 (nM) 

ADAM10 ADAM17 POP DPP-IV 

48,900 16,400 > 200,000 > 200,000 
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The potency of compound 40 for MMPs including MMP-2 and MMP-9 was 

demonstrated in the previous chapter. Emerging evidences have shown that both 

gelatinases exert a prominent role in epileptogenesis.25 In addition, this compound 

showed potential BBB permeability. 

This chapter was devoted to evaluate which were the effects of compound 40 on 

epilepsy and its progression in different animal models of epilepsy. This inhibitor 

was selected at this point because it was developed in the frame of the European 

program which encompassed different institutions with different expertise in the 

field of epilepsy. In this project, collaborations among laboratories allowed us to 

have available experimental models in epilepsy of different nature. 

4.1 Preliminary in vivo evaluation 

Before the administration of compound 40 to animals, some pharmacology aspects 

were addressed. In vitro studies demonstrated that this compound showed potential 

to cross the BBB in vivo, proteolytic stability in serum and low cytotoxicity. In this 

section, the capacity of compound 40 to inhibit endogenous MMP-9 from rat 

hippocampal cell cultures was addressed together with pharmacokinetic evaluation 

and BBB permeability assessment in mice. 

4.1.1 Inhibition of MMP-9 activity induced by glutamate-treated primary 

hippocampal cultures 

This experiment was performed during my research stage at the Professor Leszeck 

Kaczmarek’s laboratory at the Nencki Institute of Experimental Biology in Warsaw 

(Polland), from April to August 2016. Before the in vivo and in vitro experiments, I 

synthesized the required amount of compound 40 (50 mg) in enough purity (>99%) 

to complete the experiments from this section and sections 4.1.4 and 4.2.1. These 

were done under the supervision of Professor Kaczmarek and Danylo Khomiak who 

is a PhD student at the Kaczmarek’s lab. 

 

http://en.nencki.gov.pl/
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To validate the capacity of compound 40 to inhibit endogenous MMP-9, an inhibition 

experiment in hippocampal cell cultures was performed. For this experiment, MMP-

9 activity was stimulated using glutamate, one of the main excitatory 

neurotransmitters in the brain. It is known that glutamate plays a role in the 

triggering and spread of seizure activity in the CNS.86 In the brain, higher levels of 

this neurotransmitter are correlated with an increment of pro-MMP-9 which is then 

secreted to the extracellular space where the proenzyme is activated.87 One of the 

main substrates of MMP-9 is nectin-3 (N3) whose cleaved form is increased when 

hippocampal cell cultures are subjected to glutamate stimulation.88 This process is 

mediated by a gelatinase activity increase, being MMP-9 the most prominent 

enzyme involved.89 

To determine whether compound 40 has the capacity to inhibit endogenous MMP-

9 activity, cultured hippocampal neurons were stimulated with 50 µM glutamate to 

increase MMP-9 activity, in the presence or absence of the compound under study. 

Extracts from whole-cell lysates were analyzed via Western immunoblotting with 

N3 antibody. Nectin-3 was digested by MMP-9, resulting in the formation of a small 

proteolytic fragment (SPF). Actin labeling was used as a loading control for the 

experiment. Glutamate treatment for 20 min resulted in a significant increase in the 

ratio from N3 SPF (at approximately 20 KDa) divided by actin (at 42 KDa). When cell 

extracts were pre-incubated with compound 40 for 20 min before glutamate 

stimulation, the reduction in N3 SPF/actin ratio occurred in a concentration-

dependent manner, thereby confirming that MMP-9 activity was inhibited (Figure 

21). When compound 40 was added at a concentration of 10 μM, it caused a slight 

decrease in N3 SPF/actin ratio, whereas at higher concentrations (up to 25 µM) this 

ratio was significantly reduced. 

Our results suggest a reduction in MMP-9 activity by the cleavage prevention of the 

MMP-9 substrate N3. Since the role of glutamate and MMP-9 in seizure development 

and epilepsy was previously demonstrated,24,86 we postulated that MMP inhibitor 

40 which shows remarkable in vitro permeability could be a promising candidate to 

evaluate the effects of inhibiting MMP-9 in animal models of epilepsy. 
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Figure 21. a) Western blot analysis with the anti-nectin-3 (N3) and anti-beta-actin 

antibodies after glutamate (Glu) treatment of hippocampal protein extracts. b) 

Quantification of N3 small proteolytic fragment (SPF)/actin bands. (n = 3 per group, ** 

indicates p < 0.005, Student’s t-test). Error bars represent means ± SEMs. 

 

4.1.2 Solubility assessment  

In general, lead candidates targeting CNS diseases show low or moderate solubility 

in non-organic solvents, thus challenging their administration for in vivo studies.90 

To overcome this limitation, one of the approaches used for drug solubility 

enhancement is the administration of drugs in combination with specific excipients. 

The most commonly used for exploratory in vivo studies are solvents (e.g. DMSO and 

EtOH) and surfactants (e.g. Tween-20 or Tween-80) and have demonstrated 

insignificant alterations in in vivo studies when administered at low percentages. 

However, these strategies are only used for drugs in non-clinical phases because the 
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development of pharmaceutical formulations for clinical products is done more 

precisely in advanced lead optimization stages.91,92 

Here, the solubility of compound 40 in saline (0.9% NaCl) and Tween-80 was 

studied. We selected Tween-80 as the preferred vehicle because it has been widely 

used in animal models to enhance the solubility of compounds leading to increased 

absorption of drug candidates.93,94 To do so, this compound was reconstituted with 

different proportions of Tween-80 in saline at a concentration of 1.2 mg/mL in order 

to select the most appropriated percentage of surfactant. The protocol followed is 

described in the Materials and methods chapter of this thesis (section 1.11.2). By 

comparing the solubility of compound 40 in the mentioned vehicle to the completely 

dissolved compound in ACN:H2O (1:1), almost the totality of inhibitor 40 (98%) was 

dissolved when using 5% (m/v) Tween-80 in saline. Lower concentrations of 

surfactant lead to insufficient solubility of this compound. This result indicated that 

the portion of 5% Tween-80 in saline was adequate to reach the optimal solubility 

of 40. Thus, this protocol was used for the reconstitution of compound 40 during 

the exploratory in vivo experiments explained in this chapter. 

The solubility of compound 40 in 20% (v/v) EtOH in saline was also studied. Results 

showed that this compound was 99% soluble in this vehicle compared to the 

completely dissolved compound in ACN:H2O (1:1), thus this vehicle was also 

suitable for its use in the administration of compound 40. The use of EtOH in saline 

was only used in the pharmacokinetic studies (section 4.1.3) because of the possible 

effects that EtOH could have in seizure development.95  

4.1.3 Pharmacokinetic study of compound 40 

Pharmacokinetics (PK) is the branch in the drug development process that studies 

the time-course of drugs from the moment they are administered until they are 

completely eliminated. PK is divided in different phases called ADME: Absorption 

(drug entering the systemic circulation), Distribution (transference of the drug in 

different locations within the body), Metabolism (transformation of the drug into 

metabolites) and Excretion (elimination of the drug from the body). 
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The preliminary pharmacokinetic parameters of compound 40 following 

intravenous (iv), intraperitoneal (ip) and oral (p.o.) administration were studied in 

male Sprague Dawley rats and male Swiss Albino mice. The drug was administered 

acutely at a dose level of 0.6 mg/kg for iv and 3 mg/kg for ip and oral administration 

using 10% EtOH in saline as vehicle. Blood samples were collected at several time-

points (0.083 (only iv), 0.25, 0.5, 1, 2, 4, 6 and 8 hours). Plasma was then extracted 

and analyzed by UHPLC-MS/MS. The procedure and calculations are described in 

the Materials and methods chapter of this thesis (section 1.13.1).  

In this study, the following parameters were calculated for compound 40: 

- Area under the concentration time curve (AUC)  

- Peak plasma concentration (Cmax)  

- Time to reach peak plasma concentration (tmax)  

- Clearance (CL)  

- Volume of distribution at steady state (Vss)  

- Elimination rate constant value (k)  

- Half-life value (t1/2)  

- Mean residence time (MRT) 

- Bioavailability (F) 

Sprague Dawley rat 

Pharmacokinetic parameters of compound 40 in male Sprague Dawley rat are 

shown in Table 12. The plasma concentration-time profile after acute iv and ip 

administration is shown in Figure 22. 

Following iv administration of compound 40 (0.6 mg/Kg), the CL and the Vss values 

were found to be 66 mL/min/kg and 3.12 L/kg respectively. The t1/2 was found to 

be 0.89 h.  

After acute ip administration of 40 (3 mg/kg), tmax was 0.25 h. Cmax and AUC values 

were 677 ng/mL and 676 ng.h/mL respectively. The bioavailability was found to be 

83%. 
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Table 12. Pharmacokinetic parameters of 40 following iv (dose: 0.6 mg/kg) and ip (dose: 3 

mg/kg) administration of 40 in male Sprague Dawley rats (n=3). 

Route  
tmax 

(h) 

Cmax 

(ng/mL) 

AUC (ng· 

h/mL) 

CL (mL/ 

min/kg) 

Vss 

(L/kg) 

t1/2 

(h) 

MRT 

(h) 
F 

iv NA 609 159 66 3.12 0.89 0.62 NA 

ip 0.25 677 676 NA NA 0.83 0.98 83 

 

 

Figure 22. Mean plasma concentration-time profile following iv (a, dose: 0.6 mg/kg) and ip 

(b, dose: 3 mg/kg) administration of 40 in male Sprague Dawley rats. 

Swiss Albino mice 

Pharmacokinetic parameters of compound 40 in male Swiss Albino mice are shown 

in Table 13. The plasma concentration-time profile after acute iv and ip 

administration are shown in Figure 23.  

Following iv administration of compound 40, the CL and the Vss were found to be 

555 mL/min/kg and 6.71 L/kg respectively.  The t1/2 was found to be 0.21 h.  

After acute ip injection of 40 (3 mg/kg), the registered tmax was 0.25 h. Cmax and AUC 

values were 176 ng/mL and 121 ng.h/mL respectively. The bioavailability was 

found to be 137%. 
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Table 13. Pharmacokinetic parameters of 40 following iv (dose: 0.6 mg/kg) and ip (dose: 3 

mg/kg) administration of 40 in male Swiss Albino mice (n=3). 

Route  
tmax 

(h) 

Cmax 

(ng/mL) 

AUC (ng· 

h/mL) 

CL (mL/ 

min/kg) 

Vss 

(L/kg) 

t1/2 

(h) 

MRT 

(h) 
F 

iv 0.08 104 18 555 6.71 0.21 0.18 NA 

ip 0.25 176 121 NA NA 0.36 0.6 137 

 

 

Figure 23. Mean plasma concentration-time profile following iv (a, dose: 0.6 mg/kg) and ip 

(b, dose: 3 mg/kg) administration of 40 in male Swiss Albino mice. 

 

Rat and mouse plasma samples obtained after oral administration of compound 40 

showed concentration values below limit of detection of the instrument even at 

initial sampling points. For this reason, compound 40 was not considered an orally 

bioavailable compound. On the contrary, ip route showed suitable PK parameters to 

be administered in vivo for the proof of concept studies in animal models of epilepsy. 

4.1.4 Determination of compound 40 in brain tissue 

This experiment was performed during my research stage at the Professor Leszeck 

Kaczmarek’s laboratory at the Nencki Institute of Experimental Biology in Warsaw 

(Polland), from April to August 2016. The following experiment was done under the 

supervision of Prof. Kaczmarek and Danylo Khomiak as explained in section 4.1.1. 

During the experiment Danylo performed handling and compound administration 

to the animals. Dr. Ania Konopka analyzed the brain homogenates by UHPLC-

http://en.nencki.gov.pl/
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MS/MS. I was directly involved in the performance of the in vivo experiments and 

processing of the brain and blood samples detailed in this section. 

After investigating the in vitro BBB permeability potential of compound 40, the in 

vivo BBB permeability for this compound was measured in mice.  In this experiment, 

the dose was increased two-fold from previous PK studies (from 3 mg/kg to 6 

mg/kg) because preliminary in vivo experiments showed higher efficacy of this 

compound when tested at higher doses. The vehicle used was 5% tween 80 in saline 

as explained in section 4.1.2. To measure in vivo BBB permeability, the compound 

40 was administered to a cohort of mice (n=15) at a dose level of 6 mg/kg by ip 

route. Blood and brain tissues (hippocampus and cortex) were collected at different 

time points (n=3 per time point). After processing of the samples, concentration of 

unbound 40 in plasma and brain homogenates was determined by UHPLC-MS/MS. 

Calculated levels of compound 40 in plasma, hippocampus and cortex versus time 

are represented in Figure 24. The AUCplasma was 3,047 ± 773 ng min/mL. In brain, 

the AUC value for hippocampus was 866 ± 147 ng min/mL and 1,056 ± 194 ng 

min/mL for the cortex (Table 14). The ratio between the AUCplasma and AUCbrain was 

calculated to determine the in vivo BBB permeability of compound 40.96 The 

calculated AUC ratios of hippocampus/plasma and cortex/plasma were 0.28 and 

0.35, respectively, thereby showing the permeability of compound 40 across the 

BBB in mice.  

The detection of compound 40 in brain was an excellent result because the vast 

majority of drugs are not able to cross the BBB and the design and development of 

CNS drugs is described as a formidable task. Some examples of the 

AUCbrain/AUCplasma ratios of marketed drugs for the treatment of CNS diseases are 

0.64 for the antiepileptic drug Gabapentin and 0.54 for Morphine.97 Although both 

drugs have different transport mechanisms compared to compound 40 which is by 

passive diffusion and the AUC ratios are calculated from the entire brain in contrast 

to different parts of the brain, compound 40, showing similar AUC ratio, can be 

considered a potential candidate for the treatment of CNS. 
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Figure 24. Time-course profile of compound 40 concentration in brain regions 

(hippocampus and cortex) after a single ip dose (6 mg/kg, n=3 mice per time-point). Error 

bars represent means ± SEMs. 

 

Table 14. Pharmacokinetic parameters of 40 after a single ip dose (6 mg/kg, n=3 mice per 

time-point). 
 

Blood Hippocampus Cortex 

AUC (ng min/mL) 3,047 ± 773 866 ± 147 1,056 ± 194 

AUCbrain/AUCplasma 

 
0.28 0.35 

 

4.2 Efficacy of compound 40 in epileptic animal models 

The efficacy of inhibitor 40 in three types of state-of-the-art animal models of 

epilepsy was evaluated. For preliminary studies the pentylenetetrazole (PTZ) acute 

model in mice was used. Secondly, the inhibitor under study was evaluated in the 

intrahippocampal kainic acid (KA) model in mice and the rapid kindling model in 

rats. These are well stablished and validated models to evaluate antiepileptic 

drugs.98,99 

4.2.1 PTZ acute injection mouse model 

This experiment was performed during my research stage at the Professor Leszeck 

Kaczmarek’s laboratory at the Nencki Institute of Experimental Biology in Warsaw 

(Polland), from April to August 2016. The following experiment was done under the 

supervision of Prof. Kaczmarek and Danylo Khomiak as explained in section 4.1.1 

http://en.nencki.gov.pl/
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who was using the PTZ model in mice during his PhD thesis. During the experiment 

Danylo performed the handling and compound administration to the animals, 

whereas I was involved in follow-up experiment. I was in charge of processing brain 

homogenates and western blot analysis under Professor Kaczmarek and Danylo 

supervision. 

PTZ is a central nervous system convulsing agent with the capacity to induce 

seizures. It easily crosses the BBB and is widely used for the study of brain 

excitability in mice and rats.100  This model was used as a simple and fast method to 

study inhibition of compound 40 on MMP-9 in vivo and validate the site of action. In 

addition, the effects of this molecule on seizures were evaluated because this 

experimental model is widely used to study the anticonvulsant effects of drugs. 

Anticonvulsive effect 

Here, PTZ-treated mice (acute administration) were used to study the effect of 

compound 40 on seizures. To do so, 3 groups of mice were used, the control group 

(vehicle-treated, n=4), PTZ control group (PTZ-treated, n=4) and the treated group 

(PTZ- and compound 40-treated, n=4). Compound 40 was administered by ip route 

at a dose of 6 mg/kg and afterwards PTZ injection (50 mg/kg, ip) was given 20 

minutes after the drug treatment. The vehicle group was administered ip with 5% 

Tween-80 in saline. Behavioral changes were monitored for 5 minutes after the PTZ 

injection according to the Racine’s scale.101 This is a quantifiable method to describe 

seizure intensities as observed by muscle contraction and relaxation of mice. Racine 

stages are: 1) Mouth and facial movement, 2) Head nodding, 3) Forelimb clonus, 4) 

Rearing with forelimb clonus and 5) Rearing and falling with forelimb clonus. As 

shown in Figure 25 compound 40 was able to decrease seizure intensity measured 

by the Racine’s scale compared to control group.  



Compound 40: Proof of efficacy 

77 

Figure 25. a) Effect of compound 40 on seizure score after PTZ injection using the Racine’s 

scale. b) Quantification of seizure score (n = 4 per group, * indicates p < 0.05, Student’s t-

test). Error bars represent means ± SEMs. 

 

MMP-9 inhibition in vivo 

The ex vivo MMP-9 activity in brain tissue after administration of compound 40 was 

studied in this animal model. In this regard, mice were sacrificed 10 minutes post-

PTZ injection and hippocampal tissue was analyzed by western blot analysis with 

the anti-nectin-3 antibody as explained in the Materials and methods chapter of this 

thesis (section 1.15). Western blot results and quantification of the N3 SPF /actin 

ratio are shown in Figure 26. N3 cleavage was increased in the PTZ-treated group 

mice indicating an increment in the MMP-9 activity. When animals were pre-treated 

with inhibitor 40 before PTZ treatment, a reduction of N3 cleavage was observed, 

registering similar levels to the ones observed for the non-PTZ-treated group (figure 

6). This observation, indicates that inhibitor 40 is involved in the amelioration of N3 

cleavage by MMP-9. 

We did not find significant differences between PTZ-treated group and control or 

compound 40-treated group regarding MMP-9 inhibition. This observation can be 

explained due to a reduced number of mice per group which may result in high 

variability of results. For these reasons, results obtained in this in vivo experiment 

can be considered as preliminary.  
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Despite evidences that MMP-9 activity is not directly involved in the induction of 

seizures but with the long-term consequences of epilepsy, we observed an 

anticonvulsive effect of inhibitor 40. These results may be explained by indirect 

MMP-9 inhibition due to association of this protease activity with BBB damage 

which lowers the seizure threshold and induces seizure development.24 Other 

mechanisms underlying seizures (regarding off-targets which were not studied in 

this work) may also explain the anticonvulsive effects of this inhibitor.   

 

Figure 26. (a) Western blot analysis of hippocampal tissue extracts after inhibitor 40 and 

PTZ treatment. Analysis with anti-nectin-3 and anti-beta-actin antibodies. (b) 

Quantification of N3 Small Proteolytic Fragment (SPF)/actin bands. (n = 3 per control group 

and n=4 per PTZ and 40-treated group). Error bars represent means ± SEMs. 

 

4.2.2 Intrahippocampal kainic acid mouse model 

This experiment was performed in my research stage at the Professor Alexander 

Dityatev’s laboratory at the German Centre for Neurodegenerative Diseases in 

Magdeburg (Germany), from August to October 2017. Before the in vivo part of the 

experiment, I synthesized the required amount of compound 40 (100 mg) in enough 

purity (>99%) to complete the experiment. This was done under the supervision of 

Professor Dityatev and Shaobo Jia, who is a PhD student at the Dityatev’s laboratory 

and have expertise in the intrahippocampal KA and Electroencephalography (EEG) 

recording. During the experiment Shaobo performed the surgery, handling and 

compound administration to the animals, whereas I was in charge of creating the 

EEG libraries under Professor Dityatev and of Shaobo Jia supervision. I was directly 

involved in the behavioral experiments detailed in this section. This experiment is 
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not explained in detail as the results are pending of publication in “Brain” (Oxford 

University Press), hence graphs and detailed methods of this experiment are not 

showed in this manuscript. Nevertheless, the results will be discussed in depth 

during the thesis defense.   

KA, an analog of glutamate, is one of the most common drugs used to induce seizures 

in rodents. The KA model has been demonstrated to resemble temporal lobe 

epilepsy (TLE) in humans, one of the most common types of epilepsy in adults. The 

KA model in rodents produce similar neuropathological lesions to the ones observed 

in humans with TLE and allows the study of processes involved in epilepsy.99 In this 

chapter, the intra-hippocampal KA injection model was used as a model to evaluate 

the effects of compound 40 in epilepsy and its potential as disease-modifying drug.  

EEG analysis 

Two groups of mice (n=10/group) were assigned to receive vehicle or compound 

40. The electrical activity in the brain of mice was recorded by EEG using electrodes 

which were implanted in the hippocampus of the animals. The EEG recording 

system is shown in Figure 27. KA was administered intrahippocampus using a 

cannula implanted through this brain area.  

 

Figure 27. Components of EEG recording system. The neurotransmitter (a) for EEG 

recording is connected once the surgery in the brain of mice (b) is done. 
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After electrode and cannula implantation animals were allowed to recover for 7 

days. After that, KA was administered (10 mM, 120 nL) and the number of 

convulsions were recorded for both groups: compound 40 and vehicle-treated mice. 

No significant differences were observed between the two groups by comparing the 

EEG profile. 

Twenty-four hours after the KA administration, compound 40 was administered at 

a dose of 6 mg/kg ip. This treatment was repeated once daily for 3 weeks. The 

control group of mice was administered with the vehicle (5% Tween-80 in saline) 

under the same schedule, route and volume of administration than compound 40. 

To monitor seizure evolution during the assay, EEG recordings were performed in 

all mice during 3 weeks. Seizure events were classified according to the EEG profile 

as ictal (convulsive event with fast activity) and interictal (period between 

convulsions). Periods without electrical convulsions were categorized as baseline 

(Figure 28a). From this data, a library of seizure events (1 s/event) was created for 

each animal (Figure 28b). Ictal, interictal and non-convulsive periods were 

automatically detected per each mouse using the personalized library. 

 

Figure 28. (a) Typical EEG recording of a seizure. (b) Classification of all events (1 s/event) 

included in the EEG-template library. 
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In this experiment, we observed that compound 40 was able to reduce the number 

of ictal and interictal events and the duration of EEG seizures for the whole period 

of three weeks.  

During the course of the experiment, the body weight of mice was registered daily. 

Results show that the body weight of compound 40-treated animals did not differed 

from vehicle-treated as shown in Figure 29. Clinical signs or toxicity issues were 

observed during the experiment, suggesting that compound 40 is safe and well 

tolerated. 

 

Figure 29. Percentage in body weight of mice in the intrahippocampal KA mice model for 3 

weeks. Data are shown as mean ± S.D. 

 

Behavioral tests  

Learning and memory deficits are recognized as typical comorbidities associated 

with epilepsy.102 In this section, two tests (the novel object recognition and labyrinth 

tests) were used to evaluate the ability of mice to remember different objects and 

the capacity to recognize their environment.  
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The novel object recognition test was performed as described previously.103 This 

test is divided in two phases: 

1) The exploration phase, where mice are allowed to explore an open field 

arena (Figure 30) for 10 minutes.  

2) The familiarization phase, where two identical objects are placed in the 

center of an open field arena and mice are allowed to explore them for a 

period of 10 minutes. 

3) The test phase, which it is performed 24 hours after the familiarization 

phase. Now one of the familiar objects is replaced by one novel object. The 

time that the animal devotes to the exploration of each object during a 10 

minutes time period is recorded to calculate the discrimination index for 

each animal, which is the parameter for evaluation.  

Before the KA injection, both groups of mice showed similar exploration times and 

discrimination indexes, as animals spent more time in the novel than in the familiar 

object. Three weeks after the KA administration, mice from the control group could 

not differentiate between the novel and the familiar object while compound 40-

treated mice were able to differentiate the two objects. 

 

Figure 30. Open field arena 
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After the novel object recognition test, the labyrinth test was performed. To 

stimulate exploration, animals were under food restriction (1.5 g/day/animal). In 

this experiment, the mouse under evaluation is placed in a corner (starting zone) of 

the labyrinth area shown in Figure 31. Mice were allowed to explore the maze until 

reaching the reward zone, which was provided with reward food. The time that took 

the animal from going from the starting to the reward area was recorded as the 

parameter for evaluation. This test was repeated several times in order to train the 

animals and evaluate the ability of mice to remember the right pathway towards the 

reward area. Compound 40-treated mice exhibited a tendency to improve their 

performance compared to the control group. 

 

Figure 31. Labyrinth test area. 

 

4.2.3 Rapid kindling rat model 

This experiment was performed in collaboration with the Dr. Erwin Van Vliet’s 

laboratory at the Academic Medical Center in Amsterdam (The Netherlands). For 

this experiment, I synthesized compound 40 in enough quantity (350 mg) and 

purity (> 99%) to perform the in vivo experiment in Dr. Van Vliet’s laboratory. The 

experiment was performed by Diede W. M. Broekaart under the supervision of Dr. 

Van Vliet. As for the KA experiment, this experiment is not explained in detail here 

as the results are pending of publication in “Brain” (Oxford University Press) as join 

publication with the KA model results. The resulted graphs and methods of this 
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experiment are not shown in this manuscript. Nevertheless, the results will be 

discussed in depth during the thesis defense.   

Kindling is an experimental model based on continuous stimulations in brain 

structures of animals, usually electrical, to induce seizures. This is a chronic model 

used to study the development of epilepsy since repeated electrical stimulations can 

lead to spontaneous seizures and subsequent development of epilepsy.104 The rapid 

kindling is a variant based on low intensity repeated electrical stimulations in the 

same brain region, usually the hippocampus, to induce and control epilepsy 

progression.98,105 

Here, we used the rapid kindling model in rats to study the efficacy of compound 40 

in epilepsy progression. Electrodes were implanted closed to hippocampus and rats 

were intermittently stimulated for 3 days. For the drug treatment (n=8), rats were 

treated once daily ip with 6 mg/kg of compound 40 for a period of a week. 

Administration of the drug was performed 1 hour before the first electrical 

stimulation. A vehicle control group (n=8) and minocycline group (reference drug 

control group, n=10) were included in this experiment. These control animals were 

dosed at the same frequency and volume of administration than the compound-40 

group. The vehicle control group was administered with the vehicle 5% Tween-80 

in saline. Minocycline was selected as control because is a broad spectrum MMP 

inhibitor with the capacity to cross the BBB and was previously used in other 

experimental brain models.106 

After each stimulation, seizures were monitored and classified according to the 

Racine’s scale as explained in section 4.2.1. After the first week of administration, 

animals were allowed to rest for one week (washout period). Then animals were 

electrically stimulated again in the absence of compound-40 (compound was not 

administered again, and its absence in the blood of the animals was check by mass 

spectrometry).  
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Compound 40-treated rats showed lower seizure levels compared to vehicle- or 

minocycline-treated rats in both, the first week and third week of evaluation. The 

lower number (and intensity) of seizures for compound 40-treated animals during 

the reevaluation of the animals in the absence of the drug indicates the effect of 

compound 40 in epilpetogenesis.   

MMP-9 inhibition in vivo 

Various studies correlated the increase in MMP-9 activity with the kindling 

model.25,107 In this experiment, western blot analysis was performed using nectin-3 

as an indirect way to detect MMP-9 activity. The protocol is described in section 

4.2.1 and in the Materials and methods chapter of this thesis (section 1.15). The 

quantification of N3 SPF/actin ratio was decreased in compound 40-treated rats 

compared to vehicle-treated rats, confirming that MMP-9 activity was inhibited. 

4.2.4 Summary of the in vivo data in animal models 

In this chapter, the effects of MMP inhibitor 40 on epilepsy and its progression were 

tested in various rodent models of epilepsy. Results obtained in the PTZ model were 

considered very preliminary. However, we observed a positive effect of compound 

40 on reduction of convulsions and MMP-9 inhibition. 

In the intrahippocampal KA model in mouse, the antiepileptic effects of compound 

40 were confirmed since it reduced the number and duration of spontaneous 

seizures. Furthermore, this drug improved performance in the novel object 

recognition and the labyrinth tests compared to vehicle-treated animals, indicating 

that it can reduce cognitive deficits induced by epileptic seizures.  

In the rapid kindling model in rats, compound 40 showed anti-ictogenic effects 

(prevention of seizure generation) since the severity of seizures was reduced in 

compound 40-treated animals compared to vehicle-treated animals. After 14 days, 

when compound 40 was not being administered, drug treated animals still had less 

severe behavioral seizures compared to vehicle treated-animals, suggesting an 

antiepileptogenic effect of the compound. In contrast, the broad-spectrum inhibitor 
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minocycline was less effective in the rapid kindling model. Inhibitor 40 is more 

potent, and selective, than minocycline, which is confirmed by in vitro data showing 

that 40 is able to inhibit recombinant and endogenous MMP-9 and MMP-2 in the 

nanomolar range while minocycline has half-maximum inhibitory concentrations of 

around 200 µM.9  

We therefore propose that inhibition of gelatinases, in particular MMP-9, by 

compound 40 may be a new mechanism of action to prevent the development of 

epilepsy. This hypothesis can be justified by studying the effects on the long-term 

consequences (after some weeks) in different experimental animal models of 

epilepsy. In this regard, mice treated with compound 40 showed an improve ability 

in memory and learning tasks in the intrahippocampal KA model performed more 

than 3 weeks after the KA injection. In addition, rats treated with this inhibitor 

showed reduced sensitivity to kindling two weeks after the first stimulus when drug 

was not present in the body of the animals anymore. 
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5.1 Introduction 

Among different methods for the therapeutic administration of peptides and 

proteins, parenteral administration is the commonly used route.108 However, this 

route has poor patient compliance due to the pain associated with injections. 

Furthermore, the manufacturing of the required formulation for injectable 

compounds has high costs due to sterile requirements and usually specific 

conditions for storage are required (e.g. low temperature). Thus, the use of non-

parenteral routes of administration of peptides such as oral, nasal or rectal has 

gained interest in the recent years. Oral administration, being non-invasive, is by far 

the most preferred route of administration, in particular for chronic diseases where 

repeated administrations are required.109,110 

In general, therapeutic peptides have demonstrated poor oral bioavailability with 

less than 2% reaching the systemic circulation.111,112 This could be explained due to 

enzymatic degradation, pH-mediated hydrolysis in the gastrointestinal tract (GIT) 

and poor permeability across the GIT tissue and mucosa. In addition to this, peptides 

are well known to have fast renal clearance and are extensively metabolized by 

plasma proteases.109,110 

Hepatic metabolism is the major route of elimination for oral administered 

compounds, high hepatic metabolic stability is therefore highly desirable for drugs 

in order to effectively enter in systemic circulation and reach their pharmacological 

target.113 The metabolism of drugs is divided into three phases: 

• Phase I metabolism consists in the modification of drugs into more active 

metabolites by introducing reactive groups. Reactions such as oxidation (via 

cytochrome 450), reduction and hydrolysis occur in this step. 

• Phase II is based on the conjugation of polar moieties generating excretable 

hydrophilic metabolites. Acetylation or sulfation are common reactions 

occurring during this phase. 

• Phase III consists on the excretion of the generated metabolites. 
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Experimental techniques have been developed in order to predict metabolic 

stability of drugs in a fast, simple and inexpensive manner. In this regard, the most 

commonly used in vitro technique is the determination of drug stability in liver 

microsomes.114 Liver microsomes are vesicles of the endoplasmic reticulum that 

contain drug-metabolizing enzymes, such as cytochromes, esterases or amidases, 

which are responsible for the phase I metabolism. They are also composed by phase 

II enzymes. In this stability assay, the addition of exogenous cofactors such as the 

nicotinamide adenine dinucleotide phosphate-oxidase (NADPH), a reducing agent 

involved in anabolic reactions, are required to stimulate the catalytic activity of both 

phase I and II enzymes.115  

The selection of the relevant specie for the microsomes to be used is of capital 

importance during the drug discovery process. Although different studies have 

supported similar stability results among species, many discrepancies have been 

encountered in some cases.116 Human microsomes differ from the ones of other 

species with regards to composition, expression and catalytic activities of 

metabolizing enzymes. For this reason, the selection of the sources of microsomes 

for the in vitro assay should be done taking into account the relevant species (those 

to be used in pharmacokinetics, efficacy and toxicology experiments). Generally, rat 

microsomes are the most popular ones for preclinical stages since many efficacy 

models are based in rats and it is the preferred rodent specie in toxicology 

experiments.115,117 

In addition to stability in rodent microsomes, the use of non-rodent species needs 

to be considered because of their mandatory use in Good Laboratory Practice (GLP) 

toxicological studies. In this sense, dogs have been usually the specie of choice 

because of their resemblance to human physiology.118 Finally, microsomal stability 

in human material needs to be addressed.  

During metabolism of xenobiotics, processes of biotransformation occur in the body 

which can lead to toxicological issues and side effects due to metabolite 

formation.119 For this reason, the identification of the points from the drug prone to 

metabolic modifications or cleavage is key in drug discovery programs.120 The 
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identification of these points is very useful in order to design analogs with improved 

metabolic stability. 

Once the biotransformation-related liabilities are identified, a number of structural 

modification strategies can be applied in order to improve the stability of the 

compounds, which likely will lead to an increased resistance to metabolic 

degradation.  

In this chapter, structural modification strategies will be used to improve metabolic 

stability of compound 40, a promising gelatinase inhibitor described in chapter 3, 

without altering the enzymatic properties of this compound. The main objectives for 

the present chapter will be:  

- Determine the microsomal stability of inhibitor 40 

- Identify the metabolites formed when incubating 40 in liver microsomes 

- Use that information to guide new synthesis and generate more stable 

compounds 

- Assessment of the inhibitory activity and ADME properties for the new 

analogs 

5.2 Metabolic stability of compound 40 in rat liver microsomes 

As discussed in chapter 3, the lead candidate 40 exhibits good in vitro potency and 

selectivity for gelatinases. In addition to this, the compound has the capacity to cross 

the BBB in vitro. This promising inhibitor has also shown efficacy in vivo in two 

animal models of epilepsy after intraperitoneal administration. However, the 

inhibitor cannot be detected in plasma after oral administration in rodents (chapter 

4 of this thesis).    

In order to investigate whether the low oral bioavailability of 40 is due to 

degradation by drug-metabolizing enzymes, the microsomal stability of 40 was 

investigated following the protocol described in the Materials and methods chapter 

of this thesis (see 1.10.4). Briefly, rat liver microsomes were incubated with the test 

compound at 1 µM final concentration in the presence of the cofactor NADPH. The 

stability of the compound was monitored for 30 min by HPLC. The microsomal 

stability profile for 40 is shown in Figure 32.  
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Figure 32. Rat microsomal stability profile for compound 40. Note that each point has been 

done in duplicates giving the same value, therefore the graph does not have error bars. 

 

The ln for the compound peak area was plotted against incubation time. The 

elimination rate constant (k, Equation 6), the half-life time (t1/2, Equation 7) and the 

intrinsic clearance (CLint, Equation 9) of 40 were calculated from the resulted 

degradation profile curve. 

𝑘 = - g (Equation 6) 

𝑡1/2 (𝑚𝑖𝑛) =  
0.693

𝑘
 (Equation 7) 

𝑉(µ𝐿/𝑚𝑔) =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 (µ𝐿)

𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔)
 (Equation 8) 

𝐶𝐿𝑖𝑛𝑡(µL/min/mg protein) =
𝑉 𝑥 0.693

𝑡1 2⁄
 (Equation 9) 

Where: 

g = gradient obtained from the plot ln for the compound peak area vs 

incubation time. 

 

The inhibitor under study showed a low microsomal stability with half-life below 1 

minute and a high intrinsic clearance (Table 15). The low stability observed was in 

good agreement with pharmacokinetic results registered after oral administration. 
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Table 15. Calculated microsomal stability parameters in rat liver microsomes for 

compound 40. 

k t1/2 (min) CLint (µL/min/mg) 

0.8 0.9 1561.2 

 

5.2.1 Identification of the metabolites formed after incubation of compound 

40 with rat liver microsomes. 

This experiment was performed similarly to the microsomal stability experiment. 

However, this time, in order to facilitate the bioanalysis, the final concentration for 

compound 40 was increased (x10 fold). The tested compound was incubated with 

rat, dog and human microsomes. Samples were incubated for one hour, after which 

microsomal activity was stopped. Samples were then centrifuged and analyzed by 

MALDI-TOF mass spectrometry. Results are shown in Figure 33. 

The incubation of 40 with rat, dog and human liver microsomes generated a main 

metabolite (M1) (Figure 33), which corresponds to the cleavage of the peptide bond 

between the 4,4-difluoroProline moiety (aa3) and the N-methylated Isoleucine (aa2) 

(A fragmentation, MW: M1-K+, in Figure 34). A second cleavage was observed when 

the tested compound was incubated only with rat liver microsomes (M2). In this 

condition, the MALDI-TOF analysis revealed an m/z ion of 530.9 (Figure 33a) that 

could correspond to cleavage of the aromatic ring of the Dab side chain (B 

fragmentation, MW: M2-K+, in Figure 34). 
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Figure 33. MALDI-TOF analysis of metabolites obtained when 40  is  incubated in rat 

(a), dog (b) and human (c) microsomes . 
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Figure 34. Proposed fragmentations (M1 and M2) of 40 after incubation in rat, dog and 

human microsomes. M1 was observed when 40 was incubated in rat, dog and human 

microsomes and M2 was only observed in rat microsomes. 

 

5.3 Design of new MMP-9 inhibitors with improved microsomal stability 

Based on the results obtained in the microsomal stability assay for compound 40, 

new proposals with enhanced proteolytic stability were envisaged. For these new 

analogs, we tried to address the stability of the amide bond between aa2 (NMeIle) 

and aa3 (4,4-dilfuoroProline) and between the Dab side chain and the aromatic 

moiety (3,5-difluorobenzoyl).  

Alongside microsomal stability improvement, the proposed structures must 

preserve potency and selectivity for MMP-9, BBB permeability, low cytotoxicity and 

high stability in human serum. The main steps followed, and thresholds, to achieve 

that goal are described in Figure 35. 
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Figure 35. Main steps and thresholds to develop oral bioavailable MMP-9 inhibitors. 

 

5.3.1 Design 

New inhibitors (42 to 83, Table 16) preserved the hydroxamate moiety at the C-

terminal since it is required as a warhead for the inhibition potency. In the control 

compound 48, the hydroxamate moiety was replaced by carboxylic acid. Structural 

modifications of 40 were classified in 3 groups: strategies 1 and 2 were envisaged 

to ameliorate the cleavage between aa2 (NMeIle) and aa3 (4,4-difluoroProline) and 

strategy 3 was focused to increase proteolytic resistance at the Dab side chain. 

Finally, compound 83 was designed in order to study the role of the selective N-

methylation at aa2 position. 

  



Enhancing oral bioavailability and in vitro evaluation of lead candidates 

97 

Summary of the main strategies followed: 

1. N-terminal modification by: 

• Use of alternative N-terminal tails (42-47) 

• Increase length of the compound: add an additional amino acid 

(49-61) 

• Increase length of the compound: add two additional amino acids 

(62-64) 

2. Use of Proline derivatives and D-Proline at aa3 position (79-82) 

3. Modification of aa1 position 

1. Dab side chain modification: alternative aromatic moieties (65-72) 

2. Use of Dab analogs (73-76) 

3. Selective N-methylation at aa1 (77-78) 

 

During the design of the new compounds, Proline and 4,4-difluoroProline at the 

third position of the inhibitor scaffold (aa3) were used indistinctively because 

fluoroProlines at this position did not affect significantly potency and selectivity. 

This observation was shown in chapter 3 where parent peptide 37 (with Proline) 

and 39-40 (with fluorinated Proline) showed similar potency and selectivity for 

gelatinases. 

Computational studies with compounds 42-83 were done to predict their affinity 

for MMP-9 active site as performed in the second chapter of this thesis. Compounds 

that showed docking scores lower than -7 kcal/mol were selected for synthesis.  

5.3.2 Synthesis 

The optimized synthetic protocol described in chapter 2 was used to synthesize this 

new set of inhibitors. Following this strategy, compounds were obtained in 

minimum quantity (yield > 10 mg) and purity (>90%) to perform further in vitro 

assays. Compounds were characterized by HPLC / UPLC and UPLC-MS.  
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5.3.3 In vitro MMP-9 inhibition 

The inhibitory potency of the new synthesized compounds was determined using 

human recombinant MMP-9 as described in the Materials and methods chapter (see 

section 1.9.1). Results are shown in Table 16. Twenty-three compounds were no 

further studied since they registered an IC50 above 1 µM. Compound 48, containing 

a carboxylic acid as a warhead, was used as a negative control and as expected it 

showed low inhibitory potency for MMP-9 (IC50 > 20 µM). Compounds with an IC50 

below 1 µM were selected for further evaluation. 
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5.3.4 BBB-PAMPA permeability assay 

The permeability of those compounds that registered an IC50 for MMP-9 below 1 µM 

was evaluated in vitro using the PAMPA assay which was performed as described in 

the Materials and methods chapter of this thesis (section 1.10.1).  

Percentage of transport (T%) and effective permeability (Pe) were calculated using 

Equations 10 and 11 respectively. Results for each compound are shown in Table 

17.  

𝑃𝑒 =
−218.3

𝑡
 × 𝑙𝑜𝑔 [1 −

2𝐶𝐴(𝑡)

𝐶𝐷(𝑡0)
] × 10−6 cm s⁄  (Equation 10) 

𝑇% =  
𝐶𝐴(𝑡)

𝐶𝐷(𝑡0)
× 100 (Equation 11) 

Where: 

t = time (h)  

CA(t) = compound concentration in the acceptor compartment at time t 

CD(t) = compound concentration in the donor compartment at t0. 

Compounds showing transport values above 2% were selected for further 

evaluation. This is the case of 10 compounds 42, 43, 44, 45, 52, 62, 66, 67, 71 and 

83. 

These results showed that modifications on the N-terminal by using pegylated 

derivatives (46), acetyl (49, 50, 54, 55 and 60) or butyryl (63 and 64) moieties gave 

low transport values. The 2-pyridinoyl moiety at the Dab side chain (68) also 

rendered poor in vitro permeability. The structural modifications that led to 

significant improvement in the permeability were the use of large hydrophobic tails 

such as hexanoyl, 2-propylpentanoyl (2PP) and 4-phenoxybutyril (4PB) moieties at 

the N-terminal of the compounds. 
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Table 17. BBB-PAMPA assay for compounds 42, 43, 44, 45, 46, 49, 50, 52, 54, 55, 60, 62, 

63, 64, 66, 67, 68, 71 and 83. Percentage of transport (T%) and effective permeability (Pe). 

 BBB-PAMPA  BBB-PAMPA 

N T% 
Pe (x10

-6
 

cm/s) 
N T (%) 

Pe (x10
-6

 

cm/s) 

42 9.2 ± 0.8 4.8 ± 2.3 60 0.5 ± 0.1 0.2 ± 0.1 

43 9.2 ± 0.6 4.8 ± 1.2 62 5.9 ± 3.4 3.1 ± 1.9 

44 11.5 ± 1.9 6.2 ± 1.2 63 1.2 ± 0.2 0.6 ± 0.1 

45 13.6 ± 0.3 7.6 ± 0.2 64 0.2 ± 0.1 0.1 ± 0.0 

46 0.0 ± 0.0 0.0 ± 0.0 66 3.0 ± 0.1 1.5 ± 0.1 

49 0.6 ± 0.2 0.3 ± 0.1 67 5.9 ± 0.8 3.0 ± 0.4 

50 0.0 ± 0.0 0.0 ± 0.0 68 0.8 ± 0.2 0.4 ± 0.1 

52 2.2 ± 0.2 1.0 ± 0.1 71 2.3 ± 0.5 1.1 ± 0.2 

54 0.9 ± 0.2 0.4 ± 0.1 83 2.5 ± 0.1 1.2 ± 0.1 

55 0.6 ± 0.0 0.3 ± 0.0    

 

 

5.3.5 In vitro MMP-1, MMP-2, MMP-3 and MMP-7 inhibition 

For those compounds showing and IC50 below 1 μM for MMP-9 and transport values 

above 2% in the BBB-PAMPA assay, the in vitro inhibitory activity for recombinant 

MMP-1, MMP-2, MMP-3 and MMP-7 was evaluated as detailed in the Materials and 

methods chapter of this thesis (see section 1.9). Registered results are described in 

Table 18.  

The MMP inhibitors 52, 62, 66, 67, 71 and 83 showed inhibitory activity with IC50 

values lower than 1 µM for at least one of the tested MMPs (MMP-1, MMP-3 or MMP-

7), which indicates their low selectivity for MMP-9 (and MMP-2). On the contrary, 

42, 43, 44 and 45 were selective for MMP-9 and MMP-2, therefore, these 

compounds were classified as gelatinase inhibitors. Only compound 44 showed 

enhanced selectivity for MMP-9 over MMP-2. 
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Table 18. In vitro MMP-2 inhibitory activity (IC50, nM) and selectivity profile (MMP-1, 

MMP-3 and MMP-7) for compounds 42, 43, 44, 45, 52, 62, 66, 67, 71 and 83. Note that 

values marked with * indicated low selectivity for MMP-1, MMP-3 or MMP-7. N/E: Not 

evaluated. 

 IC50 (nM) 

N MMP-2 MMP-1 MMP-3 MMP-7 

42 414 > 10,000 > 10,000 > 10,000 

43 974 > 1,000 > 1,000 > 1,000 

44 1799 > 10,000 > 1,000 > 10,000 

45 646 > 10,000 > 1,000 > 10,000 

52 N/E < 1,000* N/E N/E 

62 242 1,000 < 1,000* > 1,000 

66 N/E < 1,000* < 1,000* 1,000 

67 106 < 1,000* N/E < 1,000* 

71 116 > 1,000 < 1,000* > 10,000 

83 1 < 1.000* < 1.000* < 1.000* 

 

5.3.6 Study of the docked conformation of 42, 43, 44, 45, 52, 62, 66, 67, 71 

and 83 in the MMP-9 active site 

Computational docking models were calculated for compounds 42, 43, 44, 45, 52, 

62, 66, 67, 71 and 83 to obtain structural information to guide the final lead 

optimization process.  

Compounds 42, 43, 44 and 45 show selectivity for gelatinases (44 is selective for 

MMP-9). Their docking conformations into the MMP-9 active site are shown in 

Figure 36 and they have identical conformation compared to their parent 

compounds (37 and 40). 

Compounds 52 and 62, which have additional amino acids (one and two additional 

residues respectively) were not selective for gelatinases. Both compounds have a 

hexanoyl moiety at the N-terminal as their parent compounds (37 and 40). Although 

52 and 62 were oriented through the S1-S3 MMP-9 subunits slight differences were 
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detected (Figure 37). Compound 62 did not exhibit the interaction between the N-

methyl in aa2 and the hydrophobic cleft in S2’ contiguous to Gly186, resulting in low 

specificity for gelatinases. On the contrary, this interaction was detected in 52 in 

spite of its low selectivity profile. Docking models with the latter compound were 

not sufficient to explain the experimental results. 

Compounds 66, 67 and 71, have aromatic analogs on the common Dab side chain: 

4-methoxybenzoyl (66), 4-nitrobenzoyl (67) and benzoyl (71). The three 

compounds efficiently inhibit MMP-9. However, their selective profile was low since 

they also inhibit MMP-1, MMP-2, MMP-3 and MMP-7. These results highlighted the 

importance of the aromatic 3,5-difluorobenzoyl moiety on the first position (aa1) of 

the inhibitors to achieve high selectivity for MMP-9, as well as for MMP-2. Other 

aromatic moieties at aa1 position resulted in low selectivity profiles. Docking 

analysis of compound 40 (Figure 38) showed an hydrogen bond interaction 

between the fluorine atom contained in the Dab side chain and the backbone of 

Ala417 placed in the S1’. This interaction was not observed in docking 

conformations of 66, 67 and 71 (Figure 39) and seems to be pivotal for selectivity. 

Compound 83 has an Isoleucine at aa2 that is not N-methylated. As for compounds 

66, 67 and 71, this compound is potent, but not a selective MMP-9 inhibitor. This 

result indicates the importance of the N-methyl moiety on the peptide bond between 

aa3 and aa2 to achieve greater MMP-9 (also MMP-2) selectivity as it is the case for 

parent compounds 37 and 40. In both cases, the interaction of the N-methyl group 

in aa2 with Gly186 in the S2’ is key for selective gelatinase inhibition. This 

interaction was not exhibited when structure of 83 was docked in the MMP-9 active 

site (Figure 39). 

As a conclusion, the N-methylation at the second position (aa2) and the aromatic 3,5-

difluorobenzoyl moiety at the Dab side chain of the inhibitors are key elements to 

provide selectivity for MMP-2 and MMP-9. In addition to this, the optimal size of the 

compounds is limited to 3 amino acids. 
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Figure 36. Predicted active conformations for compounds 42(a), 43(b), 44(c) and 45(d) 

docked in the active site of MMP-9. The Zn ion in the MMP-9 active site is represented as a 

pink sphere and the highly conserved Histidines with carbon atoms shown in yellow and 

nitrogen in blue. The soft molecular surface of MMP-9 is shown in light gray. Compound 

moieties are presented as sticks (carbon atoms are displayed in slate, oxygen in red and 

nitrogen in blue). Note that the hydroxamate-zinc coordination in depicted in red and black 

structures are not inserted in described subsites. 
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Figure 37. Predicted active conformations for compounds 52(a) and 62(b) docked in the 

active site of MMP-9. The Zn ion in the MMP-9 active site is represented as a pink sphere 

and the highly conserved Histidines with carbon atoms shown in yellow and nitrogen in 

blue. The soft molecular surface of MMP-9 is shown in light gray. Compounds are presented 

as sticks (carbon atoms are displayed in slate, oxygen in red and nitrogen in blue). Note that 

the hydroxamate-zinc coordination in depicted in red and black structures are not inserted 

in described subsites. 

 

 
Figure 38. Predicted active conformation for compound 40 docked in the MMP-9 active 

site. The interaction between the fluorine atom of the Dab side chain in aa1 and the Ala417 

in S1’ is depicted by the dashed line. 

 

 

 



Chapter 5 

108 

 

Figure 39. Predicted active conformations for compounds 66(a), 67(b), 71(c) and 83(d) 

docked in the active site of MMP-9. The Zn ion in the MMP-9 active site is represented as a 

pink sphere and the highly conserved Histidines with carbon atoms shown in yellow and 

nitrogen in blue. The soft molecular surface of MMP-9 is shown in light gray. Compound 

moieties are presented as sticks (carbon atoms are displayed in slate, oxygen in red and 

nitrogen in blue). Note that the hydroxamate-zinc coordination in depicted in red and black 

structures are not inserted in described subsites. 
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Figure 40. Summary of the proposed compounds in this chapter that preserve their potency 

(green) and selectivity (blue) for gelatinases, and in vitro permeability (orange).  
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A summary of moieties, encompassing inhibitory potency, selectivity and 

permeability is shown in Figure 40. Finally, compounds 42, 43, 44 and 45 met our 

potency, selectivity and permeability requirements and had in common the 

following features: 

- aa1: Dab(3,5-dilfuorobenzoyl)  

- aa2: NMeIle 

- aa3: L-Proline or 4,4-difluoroProline 

- R: Hexanoyl, 2PP or 4PB 

 

5.3.7 Stability in rat microsomes 

Once we had selected the best candidates regarding potency, selectivity for 

gelatinases and in vitro permeability, the next step was to determine their metabolic 

stability in microsomes. In this assay, compounds were incubated at 1 µM final 

concentration for 1 hour in rat liver microsomes as described in section 5.2 of this 

chapter. Low microsomal stability was registered for compounds 44 and 45. In 

contrast, compounds 42 and 43 registered higher microsomal stability which was 

increased in comparison to their parent compound 40. Degradation over time plot 

and microsomal stability parameters (k, t1/2 and CLint) for the tested compounds are 

shown in Figure 41 and Table 19 respectively.  

 
Figure 41. Stability of compounds 42, 43, 44 and 45 in rat liver microsomes compared to 

their parents 37 and 40. 
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Compounds 44 and 45 which have the amide bond between the tail of the compound 

(R, 2PP and 4PB) and aa3 (4,4-difluoroProline) were prone to microsomal cleavage. 

On the contrary, the two candidates 42 and 43, which have a 2PP or 4PB moiety at 

R and L-Proline at aa3 showed a higher microsomal stability. These two compounds 

were selected as lead candidates for further development as they have privileged 

structures that meet the requirements of gelatinase inhibitory potency and 

selectivity, potential BBB permeability and capacity to resist metabolic stability.  

Table 19. Stability in rat microsomes parameters of 42, 43, 44 and 45 compared to their 

parent compounds 37 and 40: elimination rate constant (k), half-life time (t1/2) and intrinsic 

clearance (CLint).  

R-aa3-NMeIle-Dab(3,5-difluorobenzoyl)-NHOH 

   Microsomal stability 

N R aa3 k 
t1/2 

(min) 

CLint 
(µL/min/mg) 

 

37 Hex Pro > 0.5 <2 > 1000 Low 

40 Hex Pro(4,4diF) > 0.5 <2 > 1000 Low 

42 2PP Pro 0.08 ± 0.00 15.2 ± 0.2 91.3 ± 1.3 Moderate 

43 4PB Pro 0.07 ± 0.01 17.9 ± 3.7 79.3 ± 16.3 Moderate 

44 2PP Pro(4,4diF) > 0.5 <2 > 1000 Low 

45 4PB Pro(4,4diF) > 0.5 <2 > 1000 Low 

5.4 ADME, cytotoxicity and physicochemical properties of 42 and 43 

The two gelatinase inhibitors selected in the previous section (42 and 43) were 

further assessed by performing additional in vitro experiments to better profile their 

drugability properties. 
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5.4.1 Solubility assessment 

The solubility of compounds 42 and 43 was studied in water as described in the 

Materials and methods chapter (see section 1.11.1). The solubility of 42 and 43 in 

water was 0.13 mg/mL and 0.12 mg/mL respectively.  

According to the criteria used by the United States Pharmacopeia and the British 

Pharmacopoeia, which classify the solubility of a drug regardless of the solvent used, 

compounds 42 and 43 can be considered as partially water soluble drugs.90,121  

5.4.2 Cytotoxicity in SH-SY5Y cells 

The cytotoxicity of 42 and 43 was evaluated in vitro using the MTT assay in SH-SY5Y 

cells as described in the Materials and methods (see section 1.10.6). Compounds 

were evaluated at four concentration levels (5, 20, 50 and 200 µM). Cytotoxicity was 

determined after the incubation for 24 hours.  

Cell viability was found to be compound dose-dependent as shown in Figure 42. 

Both compounds did not show any cytotoxic effect at concentrations lower than 50 

µM. The cell viability was reduced at higher concentrations. At the very high 

concentration of 200 µM, cell viability was around 60% for 42 and 8% for 43, being 

the latter slightly more cytotoxic.  However, when performing in vivo studies, in 

animals as well as humans, bodies will never be exposed to such higher 

concentrations (200 µM). Therefore, we concluded that 42 and 43 cannot be 

considered cytotoxic compounds.  

 
Figure 42. Cell viability after incubation of compounds 42 and 43 in SH-SY5Y cells after 

incubation for 24 hours (n = 3 per group, *** indicates p < 0.0005, Student’s t-test). 
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5.4.3 In vitro stability in serum 

The stability of 42 and 43 in human serum (90% in HBBS buffer solution) at a final 

concentration of 150 µM was investigated. The protocol is described in the Materials 

and methods chapter (section 1.10.2). During the experiment, the linear peptide ACP 

(H-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Glu-OH) was used as a control due to its low 

stability in serum (it is completely metabolized by serum proteases in less than 1 

hour at the experimental conditions). Both inhibitors showed a very high stability 

with half-life above 24 h (Figure 43). Results were similar to those obtained for the 

parent compound 40.  

 
Figure 43. Stability after incubation of compound 42 and 43 in human serum for 24 hours. 

 

5.4.4 Stability in dog and human liver microsomes  

Similar to the stability in rat microsomes, compounds 42 and 43 were incubated in 

dog and human liver microsomes for one hour. Aliquots were taken at different 

time-points following the same procedure as in the Materials and methods chapter 

of this thesis (section 1.10.4). The half-life and the intrinsic clearance for the two 

compounds is shown in Table 20. 

The registered half-life of compound 42 in rat and human microsomes was 

approximately 15 min, a lower figure was obtained for this compound in dog 

microsomes. For compound 43, the half-life time was found to be around 20 min in 

rat and dog microsomes and close to half an hour in human microsomes. These 

results indicated that both compounds are potential candidates for oral 

administration.  
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Table 20. Half-life (t1/2) and intrinsic clearance (CLint) of compounds 42 and 43 in rat, dog 

and human liver microsomes. 

 Microsomal stability 

 t1/2 (min) CLint (µL/min/mg) 

N Rat Dog Human Rat Dog Human 

42 15.2 ± 0.1 7.6 ± 2.0 15.7 ± 7.5 91.3 ± 0.9 189.6 ± 50.4 99.4 ± 47.2 

43 17.9 ± 2.6 19.5 ± 2.0 27.5 ± 7.6 79.3 ± 11.5 71.3 ± 7.2 52.4 ± 14.4 

 

5.4.5 Stability in simulated intestinal fluids  

When administering drugs by oral route, in addition to have the capacity to cross 

the gastrointestinal tract and stand the first pass of metabolism, they need to be 

stable in the gastrointestinal intestinal fluids. Furthermore, drug absorption may be 

affected by the composition of the gastrointestinal fluids and their pH.  

To study this in vitro, a number of cocktails that resemble the biological fluids 

present in the stomach and the intestines are reported in the literature. Here, we 

focused on two fluids that resemble the conditions found in the fasted-state (pH is 

more stable compared to fed conditions), namely the Fasted-State Simulated Gastric 

Fluid (FaSSGF) and the Fasted-State Simulated Intestinal Fluid (FaSSIF-V2).  

FaSSGF is a mixture of pepsin, bile salts, and lecithin at physiological pH 1.6,122 while 

FaSSIF-V2 is composed by lecithin and bile salts at physiological pH 6.5.123  

Here, the stability of compounds 42 and 43 in FaSSGF and FaSSIF-V2 was studied. 

Both molecules were incubated for 30 hours with the simulated gastrointestinal 

fluids. During this period of time, aliquots were taken at several time points and 

analyzed by HPLC (conditions described in section 1.10.5 of the Materials and 

methods chapter). Stability results in simulated FaSSGF and FaSSIF-V2 are shown in 

Figure 44. 

The two compounds were found to have a high stability in FaSSIF-V2 throughout the 

experiment. After 30 hours of incubation, compound degradation was not observed.  
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Minor compound degradation was observed when 42 and 43 were incubated in 

FaSSGF. Compound 42 was stable up to 6 hours of incubation since 70% of the 

compound remained intact at the end of the experiment. For 43, a similar behavior 

was observed. However, for compound 43 degradation was found to be slightly 

faster compared to 42. After 6 hours of incubation, a 25% of degradation was 

observed, which evolved up to 50% after 30 hours.  

 

Figure 44. Stability of compounds 42 and 43 in intestinal fluids FaSSGF (a) and FaSSIF-V2 

(b) incubated for 30 hours. 

 

5.4.6 GIT-PAMPA permeability assay 

The PAMPA assay was used in this chapter to evaluate in vitro permeability of 

compounds across the BBB. Here, the same technique has been used but instead of 

coating the PAMPA filters with a polar brain lipid extract, a lecithin-based lipid 

mixture was used to mimic the GIT. 

The GIT has a pH range from pH 1 – 8. The transport of ionizable molecules can be 

affected by the pH found in the GIT and the gradient between GIT and plasma (pH 

7.4). In order to simulate this pH gradient in the PAMPA assay, the pH of the buffer 

from the acceptor compartments was set at 7.4, while pH of the buffer from the 

donor compartments was adjusted at 5.0, 6.3 and 7.4 in order to mimic the pH’s 

found across the GIT.124 

The assay was performed as detailed in the Materials and methods chapter (see 

section 1.10.1) of this thesis. Inhibitors 42 and 43 were dissolved in PAMPA buffer 

using isopropanol (15%) as a co-solvent at the selected pH’s, the final concentration 

of the compounds under study was 200 µM. After loading the buffer containing the 
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compounds in the donor compartment of the plate, the filter of the sandwich was 

coated with the mixture of phospholipids. Then, the acceptor compartments were 

filled with PAMPA buffer at pH 7.4. After that, the PAMPA sandwich was assembled 

and incubated for 4 hours at rt in a saturated humidity chamber. The content of both 

compartments was then analyzed by HPLC. 

The effective permeability and transport for 42 and 43 in the PAMPA-GIT was 

determined (Table 21). Compound 42 registered transport values between 2.9% 

and 5.7% while 43 showed slightly increased values ranging from 5.3% to 6.7%. 

During the experiment, Propranolol was used as an internal control as it is well-

known to have a good permeability across the GIT in humans.125 A pH-dependent 

permeability was observed for this compound, transport values in the PAMPA-GIT 

assay ranged between 1.5% (at pH 7.4) and 0% (at pH 5.0-6.3) which were below to 

those registered for compounds 42 and 43.  

Table 21. Percentage of Transport (T) and effective Permeability (Pe) of Propranolol (Prop, 

internal control), 42 and 43 after 4 h in GIT-PAMPA model. 

 pH 5 pH 6.3 pH 7.4 

 
P

e
 (x10

-6
 

cm/s) 

T  

(%) 

P
e
 (x10

-6
 

cm/s) 

T 

(%) 

P
e
 (x10

-6 

cm/s) 

T 

(%) 

Prop 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.2 1.0 ± 0.1 1.5 ± 0.2 3.0 ± 0.3 

42 1.7 ± 0.4 3.4 ± 0.8 1.4 ± 0.1 2.9 ± 0.3 2.9 ± 0.5 5.7 ± 0.9 

43 2.7 ± 0.5 5.3 ± 0.9 3.0 ± 0.6 5.9 ± 1.0 3.4 ± 0.7 6.7 ± 1.4 

 

5.4.7 Caco-2 permeability assay  

In order to assess the permeability of 42 and 43 by passive diffusion as well as active 

transport, the Caco-2 model was used. The experiment was performed using the 

same conditions from chapter 3 (section 3.2.2). Cell monolayer integrity was 

confirmed by TEER measurements before proceeding with the permeability assay. 

Results are shown in Table 22, the mean Papp (A-to-B) for 42 was 0.86 ± 0.22 · 10-6 

cm/s. Lower Papp values A-to-B were registered for 43 (Papp of 0.55 ± 0.07· 10-6 
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cm/s). Papp values in the opposite direction B-to-A were 6.53 ± 0.97 · 10-6 cm/s for 

42 and 12.24 ± 2.34 · 10-6 cm/s for 43.  

The calculated A-to-B/B-to-A ratios were 7.6 and 22.3 for 42 and 43 respectively. 

This ratio is used to identify potential P-gp substrates and to predict brain effective 

penetration of CNS drug candidates across the BBB and GIT. In this regard, 

compound 43 could be considered a potential P-gp substrate with lower probability 

of success for BBB permeation in vivo compared to 42. 

In chapter 4, we demonstrated that compound 40 crossed successfully the BBB in 

mice. For this reason, compound 42 will probably show enhanced BBB permeability 

due to its lower efflux ratio. 

Table 22. Apparent permeability (Papp) of 42 and 43 across Caco-2 cell monolayers. 

Permeability from apical-to-basal (A-to-B), basal-to-apical (B-to-A) and efflux ratio were 

determined for each compound. 

 A-to-B  B-to-A   

N 
P

app 
 

(10
-6

 cm/s) 

Transport  

(%) 

P
app

 

(10
-6

 cm/s) 

Transport  

(%) 

Efflux ratio  

(B-to-A/A-to-B) 

42 0.86 ± 0.22 1.15 ± 0.30 6.53 ± 0.97 2.63 ± 0.39 7.6 

43 0.55 ± 0.07 0.74 ± 0.09 12.24 ± 2.34 4.93 ± 0.94 22.3 

 

5.5 Selectivity profile of 42 and 43. An exhaustive study. 

The appropriate use of building blocks to tune binding selectivity of compounds is 

one of the most challenging steps in drug discovery. Selectivity enhancing design 

efforts are of highly importance in order to reduce off-target interactions leading to 

adverse side effects.126 In this section, selectivity against a broader panel of 

proteases, including non-MMPs, was studied for the lead candidate 42. 
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5.5.1 Selectivity panel for MMPs  

The panel for MMP assay was conducted externally (Reaction Biology Corporation 

Inc.) for the selected candidate 42. Results are shown in Table 23. 

Using the conditions described in the Materials and methods chapter of this thesis 

(see section 1.9.4), we observed that compound 42 showed selectivity for MMP-9 

compared to MMP-1, MMP-3, MMP-7, MMP-8, MMP-10 and MMP-14. For MMP-2, 

MMP-12 and MMP-13, we also observed slight selectivity for MMP-9. These results 

indicated that compound 42 could be considered selective for the MMP-9 target. 

Table 23. IC50 values for 42 studied in a broad panel of MMPs (MMP-1, MMP-2, MMP-3, 

MMP-7, MMP-8, MMP-9, MMP-10, MMP-12, MMP-13 and MMP-14) and the selectivity ratio 

of the two compounds: MMPs versus MMP-9. 

 Compound 42 

MMP IC
50

 (nM) MMP-/MMP-9 

MMP-9 69 1.0 

MMP-1 4398 66.5 

MMP-2 153 2.2 

MMP-3 2417 34.9 

MMP-7 704 10.2 

MMP-8 2394 34.6 

MMP-10 1535 22.2 

MMP-12 155 2.2 

MMP-13 85 1.2 

MMP-14 1827 26.4 
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5.5.2 Selectivity assays: Non-MMP related proteases  

Serine proteases (POP and DPP-IV)  

The inhibitory activity of compounds 42 and 43 against POP and DPP-IV was 

evaluated in vitro using the recombinant human proteases following the protocol 

described in the Materials and methods chapter of this thesis (see section 1.9.6 and 

1.9.7). All inhibitors registered IC50 values above 200 µM for both proteases assayed 

(Table 24).  

Table 24. IC50 values of 42 and 43 for POP and DPP-IV. 

 IC
50

 (nM) 

 
POP DPP-IV 

42 > 200,000 > 200,000 

43 > 200,000 > 200,000 

 

Serum proteases 

Blood serum contains proteases that have the capacity to efficiently metabolize a 

large number of xenobiotics. Here, we studied if compound 42 and 43 have the 

capacity to inhibit serum proteases present in human serum. The experimental 

protocol is described in the Materials and methods chapter of this thesis (section 

1.9.8). 

To perform this experiment, we used the linear peptide ACP as a control due to its 

low stability in serum (it is completely metabolized by serum proteases in less than 

6 hours). The ACP was co-incubated in serum with inhibitors 42 and 43. The 

proteolytic stability of ACP in the presence of the inhibitors was monitored using 

HPLC. A similar degradation pattern of ACP was registered in the presence or the 

absence of the inhibitors under study (Figure 45). These results suggest that 

compounds 42 and 43 are not inhibiting human serum proteolytic activity. 
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Figure 45. Degradation profile of the reference peptide ACP when incubated in 5% human 

serum with or without inhibitors 42 and 43. 
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The discovery of a new drug is a multi-disciplinary process focused on the 

development of therapeutic agents. Usually, in the area of unmet clinical need. This 

process is divided generally into two stages: The discovery and the development 

phase (Figure 46). Once the target has been identified, and ideally validated, the first 

stage consists on the identification of hits and leads, the lead optimization and the 

preclinical evaluation of the optimized lead. The drug development focuses on the 

clinical evaluation and its aim is to evaluate the safety and efficacy of the new drug 

candidate. This long and complex process can take about 10-15 years.127 

 

Figure 46. Stages of drug research process 

 

This thesis was focused on the drug discovery stage, starting with the identification 

of hits for the selected target MMP-9 to finally validate optimized lead candidates in 

the preclinical phase for the treatment of epilepsy. The steps followed in this thesis 

to bring initial hit candidates to the preclinical phase are explained step by step as 

follows. 

Identification and characterization of new therapeutic targets 

The MMP family was first discovered in 1962 by the identification of the enzymatic 

activity in the tadpole tail metamorphosis. This first protein enzyme was named  

collagenase (MMP-1).128 A decade later, the gelatinase MMP-9, first termed 92-kDa 
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type IV collagenase or gelatinase B, was identified and characterized. Its major role 

in the degradation of ECM in a large number of physiologic and pathologic processes 

make MMP-9 one of the most studied MMPs.129 A large number of publications on 

MMP-9 highlight the importance of this enzyme as an important and prospective 

biomarker.4 

MMP-9 was selected in this thesis for its key role in epileptogenesis in a variety of 

animal models, where an increase in expression and activity of this protease has 

been described in epileptogenic lesions.25 Currently there are no selective MMP-9 

inhibitors, which have impaired the use of this target in clinics. It is well known that 

non-selective MMP inhibitors have severe side effects and toxicity in humans.9 

Screening for hits 

The design of new hits is based on the identification of molecules able to bind to the 

selected target and modify its function. In order to accelerate this process, 

computer-aided drug design or combinatorial chemistry can be used. Synthesis of 

new hit molecules and further validation of their properties, usually by in vitro 

assays together with high throughput screening methods, is required to identify 

preliminary drug candidates.130  

In this thesis, a library of virtual compounds was screened to obtain a potent and 

selective MMP-9 inhibitor. We started with a library of 100,000 virtual compounds 

encompassing 2 or 3 amino acids. To have inhibitory potency for MMPs, in particular 

MMP-9, a hydroxamate moiety was introduced at the C-terminal part of the 

compounds in our library as a warhead because of the well-known capacity of this 

moiety to chelate the zinc atom of MMP active sites.131 Despite other warheads have 

been described for MMP inhibitors, such as carboxylates or thiols, in our hands these 

gave poor inhibitory activity (compound 48). This finding is in good agreement with 

previously reported data.132 After a virtual screening process against the 

crystallographic structure of the catalytic domain MMP-9 (PDB: 1GKC), 14 

compounds were obtained showing inhibitory activity for MMP-9. This screening 

was performed in less than 2 months which is notably faster when compared with 
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the experimental screening of such a large library in a wet lab. Moreover, there is an 

additional challenge because obtaining a physical library of this size in such a short 

time may not be technically feasible. Two of the screening compounds (7 and 13) 

showed nanomolar activity. These results validate the in silico approach that we 

have followed and most important the library that we have used for screening. They 

also confirm the selection of hydroxamic acid as a warhead of the inhibitors. 

In this initial screening, complete selectivity for MMP-9 was not obtained, since 

MMP-2 inhibition was also registered. To achieve selectivity only for MMP-9 is 

highly challenging because of the high degree of similarity of the active sites of both 

proteases.69 However, this dual inhibition for gelatinases maybe is not too critical 

since both proteases have been demonstrated to be overexpressed in epileptic 

animal models. Hence, inhibition of MMP-2 may be favorable for the treatment of 

epilepsy.133 Nevertheless, after an optimization process we have been able to obtain 

an inhibitor with predominant selectivity for MMP-9 (compound 42). This 

compound, however, showed a similar inhibitory potency for MMP-13. We consider 

that this is not a serious issue for the further development of compound 42 for the 

treatment epilepsy, since MMP-13 expression only takes place, in non-pathological 

conditions, in the skeleton during embryonic development.134 

Hit to lead 

After the initial identification of the two hits, the permeability of these compounds 

across the BBB was addressed. This biological barrier is the major hurdle for 

compounds targeting the CNS. The strategy that we have followed to increase 

permeability was based on the introduction of hydrophobic moieties on the scaffold 

of the compounds. The aim of following this strategy for permeability was to obtain 

compounds able to cross the BBB by passive diffusion, a non-saturable, non-energy 

and non-competitive mechanism of transport.70 However, this strategy have also 

risks and challenges, such the handling of hydrophobic or very hydrophobic 

compounds, which may increase the susceptibility of these compounds to be efflux 

pump substrates or their metabolic instability.135 From this process we found out 

that the use of hexanoic acid at the N-terminal of the compounds was the moiety 
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that increases the most BBB permeability. More hydrophobic moieties, such as 

octanoic acid, rendered high retention in the phospholipidic membrane of the 

PAMPA assay. Further optimization of the aliphatic acid to be used to increase 

permeability of the compounds conducted us to 2-propylpentanoyl acid, which in 

addition to registering similar permeability values, the selectivity of the compound 

(42) was found notably increased. The use of this ramified moiety may have an 

increased number of contacts in the molecular surface of MMP-9. In addition, the 

hexanoyl moiety, which is more flexible than the 2-propylpentanoyl, may result in 

more transient interaction in the MMP-9 surface. 

Lead optimization 

In addition to BBB permeability, compounds should have certain metabolic stability 

to be useful for therapeutic purposes. For this reason, microsomal and plasma 

stability of the compounds under study was addressed during this thesis. This is 

especially critical for the compounds under study because their high hydrophilicity, 

which has been pointed as a drawback in terms of metabolic stability, in particular, 

during the first pass of metabolism.113 Plasma stability is also an issue for peptides, 

which are well known to be efficiently cleaved by blood proteases leading to short 

half-life in plasma and quick elimination in mammals. This low stability is well-

known to be promoted by the peptide bonds.78 Here, we have been able to 

circumvent this low stability in plasma by using non-natural amino acids or selective 

N-methylation, which is known to improve plasma stability of peptides.70 Regarding 

microsomal stability, this has been more difficult to address since hepatocytes are 

highly effective in the metabolism of xenobiotics to facilitate their elimination from 

the body.136 Studies of microsomal stability is challenging due to difficulties in the 

prediction of the outcome of modifications in the peptide structure in advance. Of 

course, there are a number of moieties that are known to be particularly liable to 

microsomal degradation.137  But as these were not included in our library, the only 

way to improve microsomal stability has been a trial and error approach. In this 

exercise, we realize that the 2-propylpentanoyl moiety was conferring an increased 

microsomal stability to compound 42. We have not been able to elucidate the 

enhanced in microsomal stability when using this hydrophobic moiety.    
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This optimization process has been highly challenging because it has been required 

to maintain inhibitory potency, selectivity and BBB permeability for the compounds. 

This is particularly difficult because of the high structural similarity of MMPs.13 

Preclinical development 

In vivo experiments were performed with compound 40, which was the most 

advanced compound on the time that the animal work was scheduled. Before 

starting efficacy studies, the PK profile of this compound was studied in rodents. The 

volume of distribution at the steady state for compound 40 indicates distribution of 

the compound in tissue. This was confirmed by in vivo brain exposure experiments 

where the content of this compound was evaluated on brain tissue at several time 

points. This experiment confirmed BBB PAMPA results and correlates well with the 

obtained PK data.  

Pharmacokinetic information was used to design properly efficacy studies in animal 

models of epilepsy. Compound 40 was shown to inhibit MMP-9 in brain tissue in 

these experimental models since nectin-3 cleavage was ameliorated in excised 

tissue. During the experiments a decrease in the number and intensity of the 

seizures was observed for the three models which validates the pursued mechanism 

of action for the treatment of epilepsy. Of particular interest are the results obtained 

in the rapid kindling model, where after a seven days washout period (the 

compound was not present in plasma anymore) the animals showed more 

resistance to kindling indicating the efficacy of compound 40 for the treatment of 

epileptogenesis. 

 Future perspectives 

In the market, none of the current anticonvulsive inhibitors has effects on the long-

term consequences of epilepsy, thus, none of them has antiepileptogenic effects.138 

Here, we demonstrated that the lead candidate 40 has the potential to attenuate the 

development of epilepsy. For this reason this novel MMP inhibitor deserves further 

investigation in clinical trials. 
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The following lines present the main conclusions of this thesis. For consistency with 

the reported findings, conclusions are presented in line with the objectives stated in 

the introduction of this thesis: 

1. To design, synthesize and evaluate novel MMP-9 inhibitors. 

a) Computer-aided drug design has been used to design novel MMP-9 

inhibitors. The initial molecular docking process culminated with 14 

compounds which were subsequently synthesised. 

b) The synthesis of hydroxamate-based compounds was optimized in a 

stepwise manner following the SPPS approach. By using this strategy, 

compounds were obtained with the quality requirements to perform 

further experiments. 

c) In vitro enzymatic assays were successfully set up and used to evaluate 

the inhibitory potency of generated compounds. Results showed that 

selected compounds inhibited MMP-9 but none of them (besides 

compound 23) were selective for this member of the gelatinase family 

because they also inhibited MMP-2.  

 

2. To obtain MMP-9 inhibitors with the capacity to cross the BBB and with a high 

proteolytic stability. 

a) The permeability of initial compounds was increased by introducing 

hydrophobic tails, being hexanoyl the most appropriated.  

b) The in vitro permeability was greatly improved when fluorine atoms 

were introduced into the proline residues. 

c) Compound (40) showed high stability in human serum over 24 h and low 

cytotoxicity in cultures of SH-SY5Y cells. The permeability assay in Caco-

2 cells suggested that this compound may be substrate of efflux pumps. 
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3. To evaluate and improve the metabolic stability of the generated inhibitors for 

oral administration. 

a) Structural modifications on the structures of compound 40 were applied 

to improve microsomal in vitro stability. 

b) Two promising inhibitors (42 and 43) were selected due to their 

inhibitory potency and selectivity for gelatinases, in vitro BBB 

permeability and stability in microsomes. 

c) Further in vitro assays confirmed their oral bioavailability: stability in 

simulated intestinal fluids and potential permeability across the 

gastrointestinal tract. 

d) The selectivity profile of the most optimized inhibitor (42) suggested 

selectivity for MMP-9 compared to other target proteases. 

 

4. To test the efficacy of an MMP-9 inhibitor in vivo using validated animal models 

of epilepsy. 

a) Inhibitor 40 was selected as the lead compound because its potency for 

gelatinases, in vitro BBB permeability and proteolytic resistance. 

b) The pharmacokinetic parameters ip and iv were calculated suggesting 

that this compound is absorbed in both routes of administration. 

c) In vitro data on permeability for compound 40 has been confirmed by 

brain exposure experiments in mouse.  

d) The efficacy of inhibitor 40 in three animal models showed that this 

inhibitor was able to inhibit MMP-9 in vivo, notably ameliorate the 

deficits on learning and memory induced by seizures and reduce the 

progression of epilepsy. Seizure reduction was also observed during the 

studies indicating anticonvulsant effects. As a hole, this inhibitor has 

shown promising in the treatment of epileptogenesis.
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1.1 General instrumentation and materials 

Supplier Material 

Air Precision Shielded multi-strand cable and electrical 

swivel 

BD Discardit II BD Plastikpck Syringes (1,2, 5, 10 and 20 mL) 

Bilaney Consultants GmbH Pin adaptor from the skull electrode 

CacoReady Ready-to-use Caco-2 permeability model 

Corning Cell culture-treated plates and flasks and 96-

well plates 

Deltalab Falcon tubes  

Eppendorfs Eppendorf tubes 

Millipore Filtres 0.45 µM (Nylon or PVDF) 

pION PAMPA sandwich, lipid extracts 

Sharlau   Syringes (2, 5, 10 and 20 mL) fitted with 

polyethylene porous disk for peptide 

synthesis 

Termo Ficher Scientific BCA protein assay kit and Pierce ECL western 

blotting substrate  

World Precision Instruments 35-gauge needle and MicroSyringe Pump 

Controller 

WPI TEER measurement equipment and 

electrodes 

 

Supplier Instrument 

Bio-Tek Instruments Fluorescence reader, Spectrophotometer 

Cygnus Technology Inc Stimulation system 

Thermo electron corporation Cell Incubator 

Branson Sonicator bath 

Crison pH meter  

Eppendorf Centrifuge, Thermomixer 

Gilson Micropipettes (P2, P20, P200, P1000) 

Heidolph Rotavapor 
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IKA Magnetic stirrer 

Labnet international inc. Orbital stirrer 

MathWorks Software running under MATLAB  

Measurement Computing 

Corporation 

24-channel electromechanical relay 

interface devices 

Narishige scientific 

instrument 

Stereotactic frame 

Open Source Instruments EEG transmitter, antennas of an Octal Data 

Receiver and Neuroarchiver tool software 

and event classifier 

Syngene GeneTools 

Millipore MilliQ system 

Selecta Heating block 

VWR Vortex 

 

1.2 General solvents and reagents 

Supplier Solvent/Reagent 

Abcam Nectin-3 and anti-actin antibodies 

Acros 2-propylpentanoic 

Aldrich Acetic anhydride, Hexanoic acid, DIC, DIEA, CaCl2, 

phenylsilane, ninhydrin, Fmoc-Cl, 2,3,5-collidine, 

THPONH2, dioxane, diisopropyl azodicarboxylate, 

MTT, tetrakis(triphenylphosphine)palladium(0), 

2,3,5,6-tetrachloro-1,4-benzoquinone,m ethyl p-

nitrobenzenesulfonate, NMM, 2-mercaptoethanol, 

7-methyl-1,5,7-triazabicyclo[4.4.0]-dec-5-ene,  

N-hydroxyphtalimide, 2,4-dimethoxybenzylalcohol, 

NH2OH.HCl, N-methylhydrazine, 

triphenylphosphine, , triethylamine, ⍺-cyano-4-

hydroxycinnamic acid, DMEM, HBSS, Human serum, 

potassium phosphate, sodium taurocholate, 
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lecithin, sodium chloride, pepsin maleic acid and 

sodium hydroxide, Kainic acid monohydrate, Tris, 

acrylamide, SDS, APS, TEMED, glycine, Tween-80, 

Tween-20, glutamic acid, Laemmli Sample Buffer, 

PTZ, n-hexane and Triton X-100 

Alfasan Ketamine 

ATCC SH-SY5Y cells 

Avanti polar lipids Polar Brain lipid extracts 

Bachem H-Gly-Pro-AMC, Z-Gly-Pro-AMC 

Bayer AG Xylazine 

  

BD biosciences Pooled male rat, dog and human liver microsomes, 

NADPH Regenerating system solution A and B 

Carlo Erba Acetic acid glacial  

Enzo Life Sciences MMP-1 and MMP-9 

Euticals T3P 

Fluka 4-phenoxybutyric acid and 1- propanol and 

2-nitrobenzensulfonyl chloride 

Fluorochem TFA 

Invitrogen L-glutamine, Neurobasal medium supplemented 

with B27 

Medalchemy  HOAt 

Merck MMP-2, MMP-3 and MMP-7 

Millipore  PVDF membrane 

Panreac AcOEt, DMSO, NaOH and HCl 

pION PAMPA system solution 

R&D systems MCA-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-

Lys(Dnp)-NH2 and MCA-Pro-Leu-Gly-Leu-

Dap(Dnp)-Ala-Arg-NH2 fluorogenic substrates 

SDS DMF, DCM, ACN, Acetone, MeOH and piperidine 

Sharlau Toluene and MTBE 
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Thermo Fisher 

Scientific 

DQ-gelatin, Chemiluminescence peroxidase 

substrate 

Vector Laboratories Horseradish peroxidase-conjugated secondary 

antibody 

 

Fmoc amino acids were supplied by Iris Biotech (Marktredwitz, Germany), except 

Fmoc-L-NMeIle-OH and Fmoc-L-4,4-difuoroProline, which were supplied by 

Fluorochem (Hadfield, UK); Fmoc-L-Dab(Alloc)-OH, from Chempep (Wellington, 

USA) and Fmoc-p-Bz-L-Phenylalanine, from Bachem (Bubendorf, Switzerland). 

1.3 Design of peptides (Molecular docking) 

The design of peptide-like compounds reported in this thesis was performed by 

molecular modelling and divided in three sub-sequential stages.  

In the first stage, a high-throughput docking analysis assay was performed using the 

Autodock Vina program.53 The molecular docking protocol evaluated a proprietary 

virtual library including approximately 100,000 peptide-like structures in the 

presence of the hydroxamic acid warhead moiety at the C-terminal, in conjunction 

with L- or D- amino acids. The protein model of MMP-9 was derived from the X-ray 

crystallographic structure (PDB: 1GKC). The structure was refined by removal of the 

native crystallized ligand and complemented by the addition of missing hydrogen 

atoms. The enzyme was modelled in its physiologically active form with the three 

binding site histidine residues (His401, His405, and His411) protonated at 

physiological pH (7.4). The remaining protonable residues were ionized by using the 

PROPKA webserver.139 The active site was defined using AutoGrid.140 The grid size 

was set to 50×50×50 points with a spacing of 0.375 Å and centered on the native 

crystallographic ligand. Because of the greater flexibility of the peptide-like 

compounds, docking exhaustivity was set to 16 units. Docking poses were ranked 

on the basis of their docking score, expressed in Kcal/mol. As a complementary 

ranking procedure, the orientation and the interaction formed between the 

hydroxamic acid moiety of the compounds and the zinc ion was taken into account, 

using the coordinates of crystallized hydroxamic ligand with a maximum allowed 
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deviation of 2Å as a pharmacophoric reference point. When the pharmacophoric 

restraint was not fitted, the docking pose was rejected. Finally, compounds with a 

docking score higher or equal to -7 Kcal/mol, in absolute terms, were visually 

inspected and profiled in terms of protein contacts (hydrophobic, aromatic, 

hydrogen bonds) by means of PLIP software.141 The best ranked sequences were 

selected for synthesis. 

1.4 Solid-Phase Peptide Synthesis (SPPS) 

1.4.1 General considerations for SPPS 

All peptides were synthesized manually by SPPS following the Fmoc/tBu strategy142 

and using 2-chlorotrityl resin. Solid-phase peptide elongation and other solid-phase 

manipulations were done manually in polypropylene syringes, each fitted with a 

polyethylene porous disk. Solvents and soluble reagents were removed by suction. 

Washings between synthetic steps were done with DMF (3 x 1 min) and DCM (3 x 1 

min) using 5 mL of solvent/g resin each time. During couplings the mixture was 

allowed to react with intermittent manual stirring. 

1.4.2 Colorimetric tests 

Kaiser test 

The Kaiser test,143 also known as ninhydrin test, allowed the detection of primary 

amines and was used during solid-phase peptide chain assembly to monitor 

deprotection and coupling steps. The peptide-resin was washed with DCM and 

vacuum dried. A few peptide-resin beads were transferred to a small glass tube. Six 

drops of reagent solution A and 2 drops of reagent solution B were added to the tube 

and the mixture was heated at 110°C for 3 min. The formation of a blue colour on 

the beads or the supernatant was indicative of the presence of free amines and thus 

of an incomplete coupling, while a yellow coloration was characteristic of a negative 

test. The method was highly sensitive and a negative test assured a coupling rate 

higher than 99%. 

Reagent solution A: 400 g of phenol were dissolved in 100 mL of absolute EtOH and 

the mixture was heated until complete dissolution of the phenol. 20 mL of 10 mM 
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KCN (65 mg in 100 mL of H2O) were added to 1000 mL of freshly distilled pyridine 

over ninhydrin. Both solutions were stirred for 45 min with 40 g of Amberlite MB-3 

resin ion exchange resin, filtered, and combined. 

Reagent B: 2.5 g of ninhydrin were dissolved in 50 mL of absolute EtOH; the 

resulting solution was kept in flask protect from light. 

Chloranil test 

Chloranil test144 detects secondary amines during solid-phase chain assembly and 

was used to evaluate couplings onto proline or N-methylated residues. The peptide-

resin was washed with DCM and vacuum dried. A small portion of peptide resin 

beads was transferred to a small glass tub and 20 μl of a saturated chloranil solution 

(0.75 mg of 2,3,5,6-tetrachloro-1,4-benzoquinone in 25 mL of toluene) and 200 μl of 

acetone were added. The solution was shaken at rt for 5 min. A blue-greenish colour 

was indicative of the presence of free secondary amines and was thus considered a 

positive test. Negative samples appeared as yellow, amber or brown. 

1.4.3 Initial conditioning of resin and coupling of the first amino acid 

The initial conditioning of the resin and the coupling of the first amino acid were 

performed as follows. The 2-chlorotrityl resin was conditioned by swelling in DCM 

(15 min) and washings with DMF (3 x 30s). The incorporation of the first amino acid 

was performed by adding Fmoc-aa-OH (0.6 eq) and DIEA (5 eq total, first add 1/3 

and stir for 10 min, then add 2/3) to the resin in DCM for 40 min. After this, the 

unreacted points of the resin were capped with MeOH (0.8 mL/ g resin, 10 min). 

Finally, the resin was washed with DCM (5 x 1 min). 

1.4.4 Initial conditioning of resin and coupling of the hydroxylamine linker 

Note that this procedure was performed to obtain hydroxamate-based peptide-like 

compounds in solid phase. The initial conditioning of the resin and the coupling of 

the hydroxylamine linker were performed as follows. The 2-chlorotrityl resin was 

conditioned by swelling in DCM (15 min) and washings with DMF (3 x 30s). The 

incorporation of hydroxylamine linker was performed by adding N-Fmoc-
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hydroxylamine (1.5 eq) and DIEA (10 eq) to the resin in DCM for 24 h.145 After this, 

the unreacted points of the resin were capped with MeOH (0.8 mL/ g resin, 10 min). 

Finally, the resin was washed with DCM (5 x 1 min). 

1.4.5 Fmoc group removal 

The Fmoc protecting groups were removed by treating the resin with 20% 

piperidine in DMF (3-4 mL/g resin, 2 x 1 min, 1 x 10 min).  

Fmoc group quantification/resin loading capacity 

Piperidine washes were collected and measured by UV spectroscopy (λ = 290 nm) 

to determine the loading capacity of the resin after the coupling of the first amino 

acid. The loading capacity was determined according to Equation Equation 12: 

𝑍 =
A ·  X

ε ·  𝑌 ·  𝑙
                     (Equation 12) 

Where: 

A: Absorbance 

X: Volume of solvent (mL) 

ε: Molar absorbance coefficient (5800 L· mol-1 · cm-1) 

Y: Resin weight (g) 

l: Length of the cell (cm) 

Z: Loading of the resin 

 

1.4.6 Peptide chain elongation 

The coupling reactions were performed in DMF using Fmoc-amino acids (3 eq) and 

oxyma pure (3 eq) in the presence of DIC (3 eq). The extent of the coupling reaction 

was controlled by the ninhydrin or chloranil test and re-couplings were judiciously 

performed. Then, Fmoc deprotection was carried out as described in section 1.2.5. 
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1.4.7 Amino acid N-methylation 

The N-methylation of amino acids derivatives was performed as described 

previously.146 This process was divided into 3 steps: 1) protection and activation 

with 2-nitrobenzensulfonyl chloride (o-NBS), 2) deprotonation and methylation, 

and 3) o-NBS removal.  

Protection and activation with o-NBS 

To perform the protection, o-NBS (4 eq) and 2,3,5-collidine (10 eq) in DMF were 

added to the resin. The reaction was left with intermittent manual stirring for 30 

min. This step was repeated two times and the accomplishment of the reaction was 

monitored by the ninhydrin test. 

Deprotonation and methylation 

Methyl p-nitrobenzenesulfonate (4 eq) and 7-methyl-1,5,7-triazabicyclo[4.4.0]-dec-

5-ene (3 eq) in DMF were added to the resin and left for 30 min. This step was 

repeated two times. 

o-NBS removal 

To remove o-NBS, 2-mercaptoethanol (10 eq) and 1,8-diazabicyclo[5.4.0]undec-7-

ene (5 eq) in DMF were added to the resin and the mixture was left to react for 10 

min under N2 atmosphere. This operation was repeated once more for 40 min. 

1.4.8 Deprotection of the alloc and allyl ester protecting groups 

The alloc group was removed by adding phenylsilane (10 eq) and 

Tetrakis(triphenylphosphine)palladium(0) (0.1 eq) in DCM and stirred for 15 min. 

After this time, the reaction was filtered and the resin washed thoroughly. The same 

treatment was repeated two more times. The resin progressively turned darker. 

After the last treatment, the resin was washed thoroughly with DCM and DMF. The 

accomplishment of the reaction was monitored by the ninhydrin test. 
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1.4.9 Cleavage 

The resin was washed several times with DCM and dried. Peptide-like compounds 

was cleaved from the resin using 5% TFA in DCM for 15 min. The same treatment 

was repeated two more times.  The reaction mixture was filtered and the resin 

rinsed with 5% TFA/DCM. The same treatment was repeated two more times.  The 

resin was washed in DCM (3 x 5 min) and all the filtrates and DCM washed were 

evaporated and lyophilized.  

1.5 Synthesis of hydroxamate-based peptide-like compounds from 

carboxylic acid derivatives in solution  

These trials were described in chapter 2 in order to optimize the synthesis of the 

hydroxamate-based peptide-like compounds. 

1.5.1 Formation of N-2,4-dimethoxybenzyloxyphtalimide 

N-hydroxyphtalimide (1.75 g, 1 eq) and 2,4-dimethoxybenzylalcohol (1 eq) were 

mixed in DCM (70 mL), then cooled to 0-5°C followed by addition of 

Triphenylphosphine (1.5 eq) and diisopropyl azodicarboxylate (1.5 eq). The 

resulting solution was stirred o.n at rt followed by evaporation under vacuum. The 

solid obtained was recrystallized in EtOH. The solid obtained was dried to yield the 

corresponding product (2.42 g, yield: 72%).  

1.5.2 Formation of O-(2,4-dimethoxybenzyl)hydroxylamine 

N-2,4-dimethoxybenzyloxyphtalimide (2.42 g, 1 eq) was dissolved in EtOH by 

heating the mixture at reflux. N-methylhydrazine (1.1 eq) was added dropwise on 

the resulting solution and stirred at reflux for 1 h followed by evaporation under 

vacuum. MTBE was added on the white solid obtained and stirred at rt for 30 min. 

The suspension was filtered and filtrates were evaporated to get the final product 

(1.35 g, yield: 95%) 

1.5.3 Synthesis of hydroxamate-based peptide-like compounds in solution  

Different trials were performed in chapter 2 in order to obtain hydroxamate-based 

peptide-like compounds in solution using carboxylic acid peptide-like derivatives 
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obtained by SPPS. This procedure was done in solution by combining the following 

reagents: 

- Hydroxylamine reagent such as O-(2,4-dimethoxybenzyl)hydroxylamine prepared 

beforehand (section 1.3.2), THPONH2 or NH2OH.HCl. 

- Coupling agents such as HOAt, EDC.HCl, isobutyl chloroformate or T3P. 

- Base such as NMM or triethylamine. 

- Solvents such as DMF, DMF, EtOAc or ACN (1:1). 

Reactions were performed at different temperatures depending on the conditions 

described in chapter 2 of this thesis. Products were isolated and purified by reverse-

phase column chromatography and analysed by HPLC and UPLC-MS. 

1.6 Preparation of Fmoc-L-4,4-difluoroProline-OH 

Fmoc-L-4,4-difluoroProline-OH was prepared according to the procedure described 

previously.147 L-4,4-difluoroProline-OH (2 g, 1 eq) were dissolved in a mixture of 

dioxane (26.5 mL) and a 10% Na2CO3 solution (26.5 mL) and stirred in an ice bath 

10 min. The addition of Fmoc-Cl (1 eq) was done over 50 min. The reaction was 

stirred for 4 h on an ice bath and 25 h at rt. The cream coloured suspension was 

added to a separation funnel and washed with tert-butyl methyl ether (3 x 100 mL). 

The aqueous layer was cooled on an ice bath and acidified to pH 3 using 6 M HCl. 

This aqueous solution was added to a separation funnel and extracted with AcOEt 

(3 x 100 mL). AcOEt layers where combined, washed with brine (3 x 100 mL), and 

dried with anhydrous Na2SO4. Solvent was removed under vacuum and solid was 

lyophilized to yield a light brown solid corresponding to Fmoc-L-4,4-

difluoroProline-OH (62% yield). MW (g/mol): 373.4, purity (HPLC): >99%. 



Materials and methods 

148 

1.7 Peptide purification  

1.7.1 ISCO RF 

The crude products obtained were purified by reverse-phase column 

chromatography using a Combi flash ISCO RF provided with dual UV detection using 

a high performance RediSep Rf Gold C18 column. Mobile phase: H2O (0.1% TFA) and 

acetonitrile (ACN, 0.1% TFA). Detection was performed at 220 nm. 

1.8 Peptide characterization 

1.8.1 Analytical HPLC 

HPLC chromatograms were recorded on a Waters Alliance 2695 separation module 

equipped with a 2487 photodiode array (PDA) detector and a Sunfire C18 column 

(100 x 4.6 mm x 5 µm, 100 Å, Waters), and Empower software.  Flow rate: 1 mL/min, 

mobile phase: H2O (0.1% TFA) and ACN (0.1% TFA). Detection was performed at 

220 nm. 

1.8.2 Analytical UPLC 

UPLC chromatograms were recorded on an Acquity high class equipped with a PDA 

detector (sample manager FNT and Quaternary solvent manager), and an Acquity 

BEH C18 column (50 x 2.1 mm x 1.7 μm, Waters). Flow rate: 0.61 mL/min, mobile 

phase: ACN (0.036% TFA) and H2O (0.045% TFA). Detection was performed at 220 

nm. 

1.8.3 Analytical HPLC-MS 

HPLC-MS chromatograms were recorded on a Waters Alliance 2695 separation 

module system equipped with a Waters 2998 photodiode array detector 

electrospray ionization (ESI)-MS micromass ZQ and a Sunfire C18 column (2.1 x 100 

mm x 3.5 µm, 100 Å, Waters), and Masslynx software. Flow rate: 0.3 ml/min, mobile 

phase: H2O (0.1% FA) and ACN (0.07% FA). 

1.8.4 Analytical UPLC-MS 

UPLC-MS chromatograms were recorded on a Waters Acquity H-class system 

equipped with a Waters 2998 PDA detector and a Sunfire C18 column (100 x 2.1 mm 
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x 3.5 µm, 100 Å, Waters). Flow rate: 3 ml/min, mobile phase: H2O (0.1% FA) and 

ACN (0.07% FA). 

1.8.5 Analytical UHPLC-ESI-MS/MS 

UHPLC-ESI-MS/MS analysis was performed using an Agilent 1290 Infinity LC system 

(Agilent Technologies) coupled to an Agilent 6460 Triple Quadrupole Mass 

Spectrometer (Agilent Technologies) equipped with ESI operating in positive ion 

mode. ESI conditions were as follows: nebulizing gas temperature – 300C, 

nebulizing gas flow – 10 L/min, sheath gas temperature – 200C, sheath gas flow – 

11 L/min, and positive ionization mode source voltage – 3.75 kV. Nitrogen was used 

as nebulizing and sheath gas. Quantification of each compound was performed in 

the multiple reaction monitoring (MRM) mode following optimization of mass 

spectrometry conditions for each compound using a standard solution at a 

concentration of 1 mg/L (in ACN/H2O 80%/20% (v/v) solution) in the direct 

infusion mode. The following m/z transitions were monitored: 632.1 → 359.2 (as 

the most intense transition taken for quantitative analysis), 632.1 → 232.1, 632.1 → 

204.1, and 632.1 → 100.1 (confirming transitions for qualitative analysis). The 

working parameters of the mass spectrometer in MRM mode for the monitored 

transitions of m/z were optimized by adjusting the fragmentor potential and 

collision energy. The compounds present in the prepared extracts were separated 

on a Zorbax Eclipse Plus C18 Rapid Resolution column (100 mm x 4.6 mm, 3.5 µm, 

Agilent Technologies) at 35C. Eluents: H2O (0.1% FA) and ACN (0.1% FA). The 

mobile phase was delivered at 0.5 mL/min in isocratic mode with 60% of ACN (0.1% 

FA). The injection volume was 5 µl. Measurements were carried out in three 

technical replicates. Quantification of compounds was achieved by the external 

matrix calibration curve method. Standard solutions were made by adding 

appropriate amounts of stock solution of compounds to extracts of blank brain 

homogenates and blank serum. Blank extracts were obtained from tissues derived 

from untreated animals and following the same extraction procedure. Standard 

curves for brain aliquots and serum were generated within the concentration ranges 

of 0.675 ng/mL–135 ng/mL and 0.675 ng/mL–1.35 µg/mL, respectively. The 

extraction method achieved a recovery of 98.4% at a concentration of 10 ng/mL.  
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1.8.6 MALDI-TOF MS 

For the metabolite identification by molecular weight of compound 40 in rat liver 

microsomes, the MALDI-TOF Applied Biosystem 4700 was used. Sample was 

prepared by mixing 1 μL of peptide solution with 1 μL of ⍺-cyano-4-

hydroxycinnamic acid matrix on the MALDI-TOF plate. The matrix (10 mg/mL) was 

prepared in ACN/H2O 1:1 (v/v) containing 0.1% TFA. 

1.9 In vitro enzymatic assays 

The enzymatic reactions were performed in 96-well plates. Positive (no inhibitor) 

and negative (no enzyme) controls were included in each enzymatic assay. All data 

were corrected by subtraction of their respective negative controls. All assays were 

conducted in triplicate at each point. The experimental conditions are described 

below.  

1.9.1 MMP-2 and MMP-9 

In vitro enzymatic assays were performed as previously described.66 The 

recombinant human MMP-9 and recombinant human MMP-2 were used in these 

assays at concentrations of 3.2 U/mL for MMP-9 and 4.5 U/mL for MMP-2, 100 μL 

total volume). For each assay, increasing concentrations of the compounds 

dissolved in DMSO were used. Subsequently, DQ-gelatin was added (final 

concentration: 20 μg/mL). The plate was then placed immediately in a fluorescence 

plate reader, and fluorescence was measured every 5 min for 1 h at rt The excitation 

(ex) and emission (em) wavelengths were 483 nm and 525 nm, respectively.  

1.9.2 MMP-3 

MMP-3 was used at a concentration of 217 U/mL (100 μL total volume). For each 

assay, increasing concentrations of the compounds dissolved in DMSO were used.  

After that, MCA-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Lys(Dnp)-NH2 fluorogenic 

substrate was added (final concentration: 10 µM). The plate was then immediately 

incubated at rt for 4 h, after which it was placed in a fluorescence plate reader (ex. 

320 nm/em 405 nm). 
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1.9.3 MMP-1 and MMP-7 

MMP-1 and MMP-7 were used at concentrations of 93 U/mL and 0.74 U/mL, 

respectively (100 μL total volume). For each assay, increasing concentrations of the 

compounds dissolved in DMSO were used. Subsequently, MCA-Pro-Leu-Gly-Leu-

Dap(Dnp)-Ala-Arg-NH2 fluorogenic substrate was added (final concentration: 10 

µM). The plate was then immediately incubated at rt for 4 h, after which it was 

placed in a fluorescence plate reader (ex 280 nm/em 360 nm). 

1.9.4 Selectivity panel of MMPs 

In vitro enzymatic assays to determine the inhibitory profile against a broad panel 

of MMPs were performed in the company Reaction Biology Corporation. 

Recombinant human MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-10, 

MMP-12 and MMP-13 were used and the substrate (5-FAM/QXLTM) FRET peptide 

was used for all assays. FAM was carboxyfluorescein and FRET peptide was 

[QXL520-γ-Abu-Pro-Cha-Abu-Smc-His-Ala-Dab(5-FAM)-Ala-Lys-NH2]. Incubation 

times were different for each protease. (ex 485 nm/em 520 nm). 

1.9.5 ADAM10 and ADAM17 

In vitro enzymatic assays to determine the inhibitory profile against ADAM 

proteases were performed in the company Reaction Biology Corporation. 

Recombinant human ADAM10 and ADAM17 were used and the substrate MCA-Pro-

Leu-Ala-Gln-Ala-Val-Dap(Dnp)-Arg-Ser-Ser-Ser-Arg-NH2 was used in both assays. 

(ex 320 nm/em 405 nm). 

1.9.6 POP 

POP was used at a concentration of 40 nM (140 μL total volume). For each assay, 

increasing concentrations of the compounds dissolved in DMSO were used.  After a 

preincubation of 15 min at 37°C, Z-Gly-Pro-AMC substrate (3 mM in 40% of 1,4-

dioxane) was added. The plate was then immediately incubated at 37°C for 1 h, after 

which it was placed in a fluorescence plate reader (ex 360 nm/em 485 nm). 
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1.9.7 DPP-IV 

DPP-IV (from reference 148) was used at a concentration of 0.1 µg/mL (140 μL total 

volume). For each assay, increasing concentrations of the compounds dissolved in 

DMSO were used.  After a preincubation of 15 min at 37°C, H-Gly-Pro-AMC substrate 

(750 µM in 40% of 1,4-dioxane) was added. The plate was then immediately 

incubated at 37°C for 1 h, after which it was placed in a fluorescence plate reader 

(ex 360 nm/em 485 nm). 

1.9.8 Inhibitory activity against serum proteases 

ACP (H-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Gly-OH) was dissolved in HBSS buffer 

at a final concentration of 150 μM and was incubated at 37°C (40 rpm) in the 

presence of 5% human serum in the presence of the peptide-like compounds (final 

concentration: 150 μM). At different time points, samples of 50 μL was extracted and 

added on 200 μL MeOH at 4°C to stop the degradation process. Samples were kept 

at 4°C for 30 min, after which, samples were centrifuged at 13,000 x g at 4°C for 1h. 

The supernatant was filtered out and subsequently analysed by HPLC. Peptides 

were detected by recording the absorbance at 220 nm and quantified by their peak 

areas relative to the initial peak areas (t=0 min). All stability tests were performed 

in duplicates. As a negative control, ACP was incubated without the presence of 

compounds. 

1.10 ADME and cytotoxicity assays 

1.10.1 Parallel artificial membrane permeability (PAMPA) assay 

The in vitro permeability of the compounds was measured using the PAMPA assay 

as described previously.76 The compounds were studied at a concentration of 200 

μM in buffer solution, which was prepared by adding 19.5 mL of H2O to 0.5 mL of 

PAMPA system solution and adjusted at pH 7.4 using a 0.5 M NaOH. During the assay, 

a final concentration of 15% 1-propanol was used as a cosolvent to enhance the 

solubility of the compounds under study. The PAMPA sandwich was separated and 

each acceptor well was filled with 200 μL of buffer solution and each donor well was 

filled with 200 μL of the compound of interest in buffer solution. PAMPA plate filters 

were coated with 4 µL of a mixture of Polar brain lipid extracts (20 mg/mL). The 
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PAMPA sandwich was incubated at rt in a saturated humidity atmosphere under 

orbital agitation at 100 rpm for 4 h. After incubation, the content of the acceptor and 

donor compartments was analysed by HPLC (detection at 220 nm).  

1.10.2 Stability in human serum 

Compounds were mixed with 90% human serum in HBSS buffer solution to a final 

concentration of 150 μM and incubated at 37°C (40 rpm). At different time points, 

50 μL of sample was extracted and added on 200 μL MeOH at 4°C to stop the 

degradation process. Samples were kept at 4°C for 30 min, after which, samples 

were centrifuged at 13,000 x g at 4°C for 1h. The supernatant was filtered out and 

subsequently analysed by HPLC. Compounds were detected by recording the 

absorbance at 220 nm and quantified by their peak areas relative to the initial peak 

areas (t=0 min). All stability tests were performed in duplicates.  

1.10.3 Caco-2 assay  

Bidirectional permeability assays were performed in a cell-based and ready-to-use 

Caco-2 permeability model obtained from ReadyCell (Cacoredy). The compound 

was evaluated form apical to basal (A-B) and basal to apical (B-A) at a concentration 

of 30 µM in HBSS buffer solution and DMSO (0.5% cosolvent). The plate was 

incubated at 37°C for 2 hours in a 95% air and 5% CO2 incubator. After incubation, 

acceptor and donor solutions were analysed by UPLC-MS.  

Before performing the assay, TEER measurements on the plate were done as a 

quality control in order to check membrane integrity. TEER values were obtained 

using both electrodes from the TEER measurement equipment by had to be higher 

than 500 Ω·cm2 for all wells. 
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1.10.4 Metabolic stability in liver microsomes  

Stability in rat, human and dog liver microsomes was done according to the supplier 

for metabolic stability determinations. Compounds were incubated at 1 μM 

concentration (cosolvent: 0.2% DMSO) in a mixture of: 

- 713 µL of H2O 

- 200 µL of 0.5 M potassium phosphate (pH 7.4) 

- 50 µL of NADPH regenerating system solution A  

- 10 µL of NADPH regenerating system solution B 

The resulting mixture was warmed to 37°C for 5 min. After which, 25 µL of liver 

microsomes were added at a final concentration of 0.5 mg/mL in a final volume of 1 

mL. The mixture was incubated at 37°C with orbital agitation (100 rpm). 100 μL 

aliquots was extracted at different time points and added on 100 µL of ACN, mixing 

and placing it on ice afterwards. Samples were kept at 4°C for 30 min, after which, 

samples were centrifuged at 20,000 x g at 4°C for 30 min. The supernatant was 

filtered out and subsequently analysed by UPLC-MS. All stability tests were 

performed in duplicates.  

Characterization of metabolic profile in liver microsomes 

To determine the structure of the metabolites formed when compound 40 was 

incubated in rat, human and dog liver microsomes, the same protocol described in 

the previous section but the final concentration of the compound was 10 µM 

(cosolvent: 2% DMSO). The supernatant from each sample was analysed by MALDI-

TOF. 
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1.10.5 Stability in simulated intestinal fluids 

Compounds were mixed with simulated fluids (FaSSGF or FaSSIF-V2) to a final 

concentration of 200 μM and incubated at 37°C (40 rpm). At different time points, 

100 μL of sample was extracted and added on 100 μL MeOH at 4°C to stop the 

degradation process. Samples were kept at 4°C for 30 min, after which, samples 

were centrifuged at 13,000 x g at 4°C for 1h. The supernatant was filtered out and 

subsequently analysed by HPLC. Compounds were detected by recording the 

absorbance at 220 nm and quantified by their peak areas relative to the initial peak 

areas (t=0 min). All stability tests were performed in duplicates.  

For the preparation of simulated intestinal fluids: 

- FaSSGF (0.08 mM sodium taurocholate, 0.02 mM lecithin, 34.2 mM sodium 

chloride, 0.1 mg/mL pepsin and adjusted to pH 1.6). 

- FaSSIF-V2 (3 mM sodium taurocholate, 0.2 mM lecithin, 19.12 maleic acid, 34.8 mM 

sodium hydroxide, 68.62 mM sodium chloride and adjusted to pH 6.5). 

1.10.6 Cytotoxicity in SH-SY5Y cells 

To evaluate the effect of peptides and on cell viability, cytotoxicity assays were 

conducted. The potential toxicity was determined using the so-called MTT assay. 

The cell viability MTT assay was performed following the protocol described by 

Mosmann et al.149 Here, SH-SY5Y cells were seeded at a density of 10000 cell/well 

in a 96-well plate and incubated for 24 h. Cells were then incubated for 23 h with 

peptide-like compounds at a concentration of 5, 20, 50 or 200 µM in 1% DMSO in 

Dulbecco modified eagle medium (DMEM). The culture medium was then replaced 

with fresh DMEM supplemented with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT, 10%), and cells were incubated for an additional hour. 

The medium was then removed by suction and 200 µL of DMSO were added to each 

well to dissolve formazan crystals. Absorbance was monitored at 570 nm. All 

incubations were performed in a 95% air and 5% CO2 incubator at 37°C. All the 

compounds were measured in triplicate and untreated cells were used as controls. 
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Cell viability was calculated by the absorbance given from the treated cells divided 

by the absorbance of untreated cells.  

1.11 Physicochemical properties 

1.11.1 Solubility in H2O 

Compounds were mixed with H2O at a final concentration of 0.3 mg/mL and stirred 

at rt (100 rpm). After 24 hours of agitation, a sample from the supernatant was taken 

and analysed by HPLC. Compounds were detected by recording the absorbance at 

220 nm. The same procedure was repeated once every 24 hours. The experiment 

was terminated once the peak areas from two consecutive days did not differ 

significantly. All stability tests were performed in duplicates. The solubility of the 

compound was determined by setting up a calibration curve of the compound 

completely dissolved in a mixture of H2O and ACN (50:50) and interpolating the 

result. 

1.11.2 Solubility in 5% Tween-80 in saline 

Compounds were mixed with 5% Tween-80 in saline or 10% EtOH in saline at a final 

concentration of 1.2 mg/mL. Then, the following protocol was used: 

1. Stir at rt for 5 min with magnetic stirrer. 

2. Sonication for 10 min. 

3. Stir at rt for 5 min with magnetic stirrer. 

4.  Sonication for 10 min. 

5. Stir at rt for 5 min with magnetic stirrer. 

6. Sonication for 40 min. 

7. Stir at rt for 5 min with magnetic stirrer 

The sample was prepared in duplicate. After that, a sample from the supernatant 

was taken and analyzed by HPLC. Compounds were detected by recording the 

absorbance at 220 nm. In order to assure complete solubility of samples, peak areas 

were compared with a sample containing the compound completely dissolved in a 

mixture of H2O and ACN (50:50). 
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1.12 Expression of endogenous MMP-9 in rat hippocampal cell cultures 

Primary hippocampal cell cultures were prepared from hippocampal neurons from 

newborn Wistar rats at postnatal day P0, as described previously.150 The cells were 

cultured in neurobasal medium supplemented with B27 and 1 mM L-glutamine, 100 

U/ml penicillin, and 0.1 mg/ml streptomycin.  

Primary hippocampal cultures at 7 days in vitro were stimulated by adding 

glutamate at a concentration of 50 µM, as previously described,89 in the presence or 

absence inhibitors. Compounds were added 20 min before glutamate stimulation. 

After 20 min of stimulation, the cells were lysed in the sample buffer (10% 2-

mercaptoethanol and 90% 4x Laemmli Sample Buffer) and frozen at -80°C for later 

western blot (WB) analysis. Sample protein concentration was determined using the 

bicinchoninic acid (BCA) assay and equal amounts of protein (45 µg) were used for 

WB analysis. 

1.13 In vivo experiments 

1.13.1 Pharmacokinetic study 

Pharmacokinetic studies were performed externally by the CRO Advinus (India). 

Compound 40 was dissolved in 5% Tween-80 in saline at a concentration of 0.3 

mg/mL as described in section 1.11.2 and administered intravenously (iv, 0.6 

mg/kg), intraperitoneally (ip, 3 mg/kg) and orally (3mg/kg) to male Swiss albino 

mice and Sprague Dawley rats. Three animals were used per each group.  

Blood samples were collected at 0.083 (iv only), 0.25, 0.5, 1, 2, 4, 6, 8, 24 and 48 h 

post-dose from each animal. At each time point, approximately 0.200 mL of blood 

was withdrawn and transferred to a labelled microfuge tube containing 200 mM 

K2EDTA solution (20 µL per mL of blood). Following sampling, equal volume of 

heparinized saline was injected into the catheter. Blood was processed to collect 

plasma and stored below -60°C until bioanalysis. The plasma samples were analysed 

for 40 using a liquid chromatography coupled to tandem mass spectrometry 

(UHPLC-MS/MS) with Electro Spray Ionization (ESI) and MRM in positive ionization 

mode.  
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1.13.2 Determination of compound 40 in brain tissue 

The concentration of compound 40 in brain tissue and plasma was measured at 

several time points after acute ip injection (6 mg/kg, 5% Tween-80 in saline). Adult 

male C57BL/6J mice (12–14 weeks old) were euthanized by cervical dislocation. 

Hippocampal and blood samples were collected 0, 15, 45, 60, 90 and 120 min post-

injection. Blood was withdrawn from the left ventricle of the heart with a syringe 

pre-filled with trisodium citrate. It was then centrifuged (30 min, 8,000 x g) to obtain 

a clear serum sample. Hippocampus tissues were collected, weighed, and 

homogenized in 500 l of millipore H2O using a Dounce glass tissue grinder. Samples 

were stored at -80°C until processing. 

The extraction of compound 40 was done using an ACN/H2O 80%/20% (v/v) 

solution followed by hexane liquid-liquid extraction. In detail, 100 l and 50 l of 

hippocampus homogenates and serum samples were added to 500 l and 250 l of 

ACN/H2O 80%/20% (v/v), respectively. Samples were incubated for 10 min in an 

eppendorf at rt at 800 rpm. Supernatants were separated from residues by 

centrifugation for 10 min at 17,500 x g. Supernatants were collected and transferred 

to clean 2 mL tubes, and pellets were discarded. Next, 500 l and 250 l of n-hexane 

were added to the aforementioned supernatants of hippocampus and serum 

samples, respectively. Samples were again incubated for 10 min in a thermomixer 

at rt at 800 rpm blade speed and centrifuged for 10 min at 17,500 x g. Next, 400 l 

and 200 l of aqueous phase hippocampus and serum samples containing 40 were 

collected, respectively, and analyzed by Ultra-High-Performance Liquid 

Chromatography-Electro Spray Ionization (UHPLC-ESI)-MS/MS - MRM mode. 

1.14 Animal models of epilepsy 

1.14.1 PTZ acute injection mice model 

Adult male C57BL/6J mice received ip injections of compound 40 (6 mg/Kg) 

followed by an ip single dose of PTZ (50 mg/kg) 20 min after the inhibitor 

administration. Behavioural seizures induced by PTZ were scored for 5 min post-

PTZ according to Racine’s scale.101 Seizure assessments were carried out by an 

experimenter blind to animal information. Mice were sacrificed 10 min after PTZ 
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administration and brains were rapidly removed, and hippocampus was dissected 

on a cold plate. The complete sets of samples (from control and treated animals) 

were always processed, analysed, and stored under the same conditions to avoid 

possible problems with autoactivation of MMPs.  

For the extraction of MMPs, hippocampal samples were homogenized in a 400 µL 

buffer containing 10 mM CaCl2 and 0.25% Triton X-100 in H2O. The homogenates 

were centrifuged at 6,000 x g for 30 min at 4C. The entire supernatant was 

discarded and the pellet was resuspended in a 100 µL buffer containing 50 mM Tris, 

pH 7.5, and 0.1 M CaCl2 in H2O, heated for 15 min at 60°C, and then centrifuged at 

10,000 x g for 30 min at 4°C. After centrifugation, the entire supernatant was 

quantitatively recovered. Sample protein concentration from the supernatant was 

quantified by BCA assay and equal amounts of protein (30 µg) were mixed with 

sample buffer (10% 2-mercaptoethanol and 90% 4x Laemmli Sample Buffer) and 

frozen at -80°C for later WB analysis. 

1.15 Western blot detection of nectin-3 

For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis of nectin-3 in tissue and cell extracts, 12% poly-acrylamide gels were 

employed. Samples were loaded on the gel which was then run in running buffer 

(1X) for 1-1.5 h at 90-120 V. Running buffer (10X): 30 g tris, 144 g glycine, 10 g SDS 

and add up to 1 L of H2O. 

Gel composition: 

Resolving gel Stacking gel 

8.25 mL H2O 

10 mL 30% acrylamide 

6.25 mL 1.5 M tris (pH 8.8) 

0.25 mL 10% SDS 

0.25 mL 10% APS 

10 µL TEMED 

5.4 mL H2O 

1.34 mL 30% acrylamide 

1 mL 1.0 M tris (pH 6.8) 

80 µL mL 10% SDS 

80 µL mL 10% APS 

8 µL TEMED 
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The resolved proteins were then soaked in a mixture of 20 mL MeOH, 10 mL transfer 

buffer (58.2 g tris, 29.3 g glycine up to 1 L H2O) and 70 mL H2O. Then, transferred 

onto Poly(vinylidene fluoride) (PVDF) membrane for 25 min at 200 mA. After 

blocking in 10% non-fat milk dissolved in TBST buffer (50 mM Tris, 150 mM NaCl, 

0.1 % Tween-20) at rt for 1 h, the membranes were incubated with the primary anti-

nectin-3 and primary anti-actin antibodies o.n at 4°C. Next, the membranes were 

incubated with horseradish peroxidase-conjugated secondary antibody for 2 h at rt. 

The immunocomplexes were visualized using a chemiluminescence peroxidase 

substrate. Protein levels were quantified by measuring band intensity with 

GeneTools.  

1.16 Statistics 

Graphs and calculations were obtained with Prism software (version 5, GraphPad 

Inc).
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Ac-Glu-Trp-Ile-NHOH (1) 

MW: 503.6 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 4.8 min 

HPLC-MS, [M + H]+: 504.2 

Yield: 4% 

Ac-Gln-Pro-Ile-NHOH (2) 

MW: 413.2 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 3.5 min  

HPLC-MS, [M + H]+: 414.1 

Yield: 7% 

Ac-Glu-Gln-Gln-NHOH (3) 

MW: 460.4 

Purity: 95% 

HPLC, tR (gradient 0-100% ACN): 3.2 min 

HPLC-MS, [M + H]+: 461.2 

Yield: 8% 

Ac-Ser-Ile-Gln-NHOH (4) 

MW: 403.4 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 3.5 min 

HPLC-MS, [M + H]+: 405.1 

Yield: 3% 
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Ac-D-Glu-D-Trp-D-Ser-NHOH (5) 

MW: 477.5 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 3.8 min 

HPLC-MS, [M + H]+: 478.1 

Yield: 1% 

Ac-Pro-Gln-2NaI-NHOH (6) 

MW: 497.5 

Purity >99% 

HPLC, tR (gradient 10-50% ACN): 4.9 min 

HPLC-MS, [M + H]+: 498.1 

Yield: 9% 

Ac-Pro-Gln-Phe-NHOH (7) 

MW: 447.5 

Purity >99% 

HPLC, tR (gradient 10-50% ACN): 4.4 min 

HPLC-MS, [M + H]+: 448.0 

Yield: 8% 

Ac-D-Met-D-Glu-D-Trp-NHOH (8) 

MW: 521.6 

Purity: 99% 

HPLC, tR (gradient 0-50% ACN): 6.9 min 

HPLC-MS, [M + H]+: 522.1 

Yield: 8% 
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Ac-Met-Gln-Trp-NHOH (9) 

MW: 520.6 

Purity: 95% 

HPLC, tR (gradient 0-100% ACN): 4.6 min 

HPLC-MS, [M + H]+: 521.2 

Yield: 2% 

Ac-Trp-Gln-Trp-NHOH (10) 

MW: 575.6 

Purity >99% 

HPLC, tR (gradient 15-65% ACN): 5.2 min 

HPLC-MS, [M + H]+: 576.2 

Yield: 2% 

Ac-Trp-Arg-Trp-NHOH (11) 

MW: 603.7 

Purity >99% 

HPLC, tR (gradient 10-60% ACN): 4.9 min 

HPLC-MS, [M + H]+: 604.2 

Yield: 7% 

Ac-Pro-Ser-Trp-NHOH (12) 

MW: 445.5 

Purity >99% 

HPLC, tR (gradient 10-60% ACN): 4.4 min 

HPLC-MS, [M + H]+: 446.1 

Yield: 10% 



Product Characterization 

166 

Ac-Pro-Gln-Trp-NHOH (13) 

MW: 486.5 

Purity: 96% 

HPLC, tR (gradient 0-100% ACN): 4.3 min 

HPLC-MS, [M + H]+: 487.1 

Yield: 8% 

Ac-Met-Ser-Trp-NHOH (14) 

MW: 479.6 

Purity >99% 

HPLC, tR (gradient 15-65% ACN): 4.3 min 

HPLC-MS, [M + H]+: 487.1 

Yield: 1% 

Ac-D-Lys-Pro-Gln-Trp-NHOH (15) 

MW: 614.7 

Purity: 97% 

HPLC, tR (gradient 0-100% ACN): 3.8 min 

HPLC-MS, [M + H]+: 615.3 

Yield: 8% 

Ac-D-Tyr-Pro-Gln-Trp-NHOH (16) 

MW: 649.7 

Purity: 98% 

HPLC, tR (gradient 0-100% ACN): 4.8 min 

HPLC-MS, [M + H]+: 650.2 

Yield: 8% 
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Ac-Ala-Pro-Gln-Trp-NHOH (17) 

MW: 557.6 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 4.2 min 

HPLC-MS, [M + H]+: 558.0 

Yield: 18% 

Ac-Pro-Gln-Bip-NHOH (18) 

MW: 523.6 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 5.3 min 

HPLC-MS, [M + H]+: 524.2 

Yield: 9% 

Ac-Pro-Gln-Phe(4NH2)-NHOH (19) 

MW: 462.5 

Purity: 97% 

HPLC, tR (gradient 0-50% ACN): 3.8 min 

HPLC-MS, [M + H]+: 463.1 

Yield: 4% 

Ac-Pro-Gln-β-hPhe-NHOH (20) 

MW: 461.5 

Purity >99% 

HPLC, tR (gradient 10-60% ACN): 4.2 min 

HPLC-MS, [M + H]+: 462.1 

Yield: 8% 
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Ac-Pro-Gln-Dab(4FBZ)-NHOH (21) 

MW: 522.5 

Purity: 95% 

HPLC, tR (gradient 15-50% ACN): 4.0 min 

HPLC-MS, [M + H]+: 523.1 

Yield: 3% 

Ac-Pro-Leu-Trp-NHOH (22) 

MW: 471.6 

Purity >99% 

HPLC, tR (gradient 0-50% ACN): 8.0 min 

HPLC-MS, [M + H]+: 472.1 

Yield: 17% 

Ac-Pro-NMeGln-Trp-NHOH (23) 

MW: 500.6 

Purity >99% 

HPLC, tR (gradient 20-30% ACN): 3.8 min 

HPLC-MS, [M + H]+: 501.0 

Yield: 3% 

Ac-Pro-Asn-Trp-NHOH (24) 

MW: 472.6 

Purity >99% 

HPLC, tR (gradient 10-40% ACN): 5.4 min 

HPLC-MS, [M + H]+: 473.0 

Yield: 4% 
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Pyr-Gln-Trp-NHOH (25) 

MW: 458.2 

Purity >99% 

HPLC, tR (gradient 10-30% ACN): 4.8 min 

HPLC-MS, [M + H]+: 459.0 

Yield: 11% 

Ac-Pro(4SPh)-Gln-Trp-NHOH (26) 

MW: 594.2 

Purity >99% 

HPLC, tR (gradient 20-70% ACN): 5.3 min 

HPLC-MS, [M + H]+: 595.0 

Yield: 5% 

Ac-Pro(4cHx)-Gln-Trp-NHOH (27) 

MW: 568.7 

Purity >99% 

HPLC, tR (gradient 20-60% ACN): 6.4 min 

HPLC-MS, [M + H]+: 569 

Yield: 7% 

Ac-Pro(4OPh)-Gln-Trp-NHOH (28) 

MW: 578.3 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 5.2 min 

HPLC-MS, [M + H]+: 579.0 

Yield: 8% 
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Ac-Pro(4Me)-Gln-Trp-NHOH (29) 

MW: 500.6 

Purity: 98% 

HPLC, tR (gradient 15-50% ACN): 4.7 min 

HPLC-MS, [M + H]+: 501.0 

Yield: 6% 

Ac-Pro(4,4diF)-NMeGln-Trp-NHOH (30) 

MW: 536.6 

Purity >99% 

HPLC, tR (gradient 0-50% ACN): 4.7 min 

HPLC-MS, [M + H]+: 537.1 

Yield: 3% 

Ac-Pro-Leu-Dab(4FBZ)-NHOH (31) 

MW: 507.6 

Purity: 98% 

HPLC, tR (gradient 20-80% ACN): 4.6 min 

HPLC-MS, [M + H]+: 508.1 

Yield: 12% 

 

Ac-Pro-Leu-Dab(2Me4FBZ)-NHOH (32) 

MW: 521.3 

Purity >99% 

HPLC, tR (gradient 20-60% ACN): 5.4 min 

HPLC-MS, [M + H]+: 522.2 

Yield: 13% 
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Ac-Pro-NMeIle-Dab(4FBZ)-NHOH (33) 

MW: 521.6 

Purity >99% 

HPLC, tR (gradient 20-80% ACN): 4.7 min 

HPLC-MS, [M + H]+: 522.2 

Yield: 6% 

Ac-Pro-NMeIle-Dab(3,5diFBz)-NHOH (34) 

MW: 539.6 

Purity: 97% 

HPLC, tR (gradient 0-100% ACN): 5.4 min 

HPLC-MS, [M + H]+: 540.1 

Yield: 4% 

But-Pro-NMeIle-Dab(3,5diFBz)-NHOH (35) 

MW: 567.3 

Purity: 95% 

HPLC, tR (gradient 0-100% ACN): 5.0 min 

HPLC-MS, [M + H]+: 568.2 

Yield: 9% 

Iva-Pro-NMeIle-Dab(3,5diFBz)-NHOH (36) 

MW: 581.7 

Purity >99% 

HPLC, tR (gradient 40-100% ACN): 3.3 min 

HPLC-MS, [M + H]+: 582.2 

Yield: 9% 
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Hex-Pro-NMeIle-Dab(3,5diFBz)-NHOH (37) 

MW: 595.3 

Purity >99% 

HPLC, tR (gradient 40-100% ACN): 4.0 min 

HPLC-MS, [M + H]+: 596.2 

Yield: 8% 

Oct-Pro-NMeIle-Dab(3,5diFBz)-NHOH (38) 

MW: 623.3 

Purity: 96% 

HPLC, tR (gradient 30-100% ACN): 6.4 min 

HPLC-MS, [M + H]+: 624.3 

Yield: 5% 

Hex-Pro(4F)-NMeIle-Dab(3,5diFBz)-NHOH (39) 

MW: 613.7 

Purity: 99% 

HPLC, tR (gradient 0-100% ACN): 4.9 min 

HPLC-MS, [M + H]+: 614.5 

Yield: 34% 

Hex-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (40) 

MW: 631.7 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 4.4 min 

HPLC-MS, [M + H]+: 632.0 

Yield: 27% 
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Hex-Pro-NMeGln-Trp-NHOH (41) 

MW: 556.3 

Purity: 96% 

HPLC, tR (gradient 20-80% ACN): 5.0 min 

HPLC-MS, [M + H]+: 557.2 

Yield: 5% 

2PP-Pro-NMeIle-Dab(3,5diFBz)-NHOH (42) 

MW: 623.7 

Purity >99% 

HPLC, tR (gradient 40-100% ACN): 5.1 min 

UPLC-MS, [M + Na]+: 646 

Yield: 16% 

4PB -Pro-NMeIle-Dab(3,5diFBz)-NHOH (43) 

MW: 659.7 

Purity >99% 

HPLC, tR (gradient 40-100% ACN): 4.2 min 

UPLC-MS, [M + Na]+: 682 

Yield: 23% 

2PP-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (44) 

MW: 659.7 

Purity >99% 

HPLC, tR (gradient 40-100% ACN): 5.4 min 

UPLC-MS, [M + Na]+: 682 

Yield: 35% 
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4PB-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (45) 

MW: 695.7 

Purity >99% 

UPLC, tR (gradient 0-100% ACN): 1.9 min 

UPLC-MS, [M + Na]+: 718 

Yield: 17% 

Ac-NH-PEG3-Pro-NMeIle-Dab(3,5diFBz)-NHOH (46) 

MW: 742.8 

Purity: 95% 

UPLC, tR (gradient 20-80% ACN): 1.1 min 

UPLC-MS, [M + Na]+: 765 

Yield: 15% 

PEG1-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (47) 

MW: 649.3 

Purity >99% 

UPLC, tR (gradient 0-100% ACN): 1.6 min 

UPLC-MS, [M + Na]+: 673 

Yield: 18% 

Ac-NMeAla-Pro-NMeIle-Dab(3,5diFBz)-OH (48) 

MW: 609.7 

Purity >99% 

HPLC, tR (gradient 0-100% ACN): 5.7 min 

UPLC-MS, [M + Na]+: 632 

Yield: 21% 
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Ac-NMeAla-Pro-NMeIle-Dab(3,5diFBz)-NHOH (49) 

MW: 624.7 

Purity >99% 

UPLC, tR (gradient 0-100% ACN): 1.7 min 

UPLC-MS, [M + Na]+: 646 

Yield: 2% 

Ac-NMe-β-Ala-Pro-NMeIle-Dab(3,5diFBz)-NHOH (50) 

MW: 624.7 

Purity: 96% 

UPLC, tR (gradient 0-100% ACN): 1.6 min 

UPLC-MS, [M + Na]+: 647 

Yield: 4% 

Hex-NMeAla-Pro-NMeIle-Dab(3,5diFBz)-NHOH (51) 

MW: 680.8 

Purity >99% 

UPLC, tR (gradient 40-100% ACN): 1.3 min 

UPLC-MS, [M + Na]+: 703 

Yield: 7% 

Hex-Ala-Pro-NMeIle-Dab(3,5diFBz)-NHOH (52) 

MW: 666.8 

Purity >99% 

UPLC, tR (gradient 40-100% ACN): 0.7 min 

UPLC-MS, [M + Na]+: 689 

Yield: 42% 



Product Characterization 

176 

But-NMeAla-Pro-NMeIle-Dab(3,5diFBz)-NHOH (53) 

MW: 652.7 

Purity: 99% 

UPLC, tR (gradient 40-100% ACN): 1.0 min 

UPLC-MS, [M + Na]+: 675 

Yield: 9% 

But-NMe-β-Ala-Pro-NMeIle-Dab(3,5diFBz)-NHOH (54) 

MW: 652.7 

Purity: 97% 

UPLC, tR (gradient 0-100% ACN): 1.8 min 

UPLC-MS, [M + Na]+: 674 

Yield: 10% 

Ac-NMeIle-Pro-NMeIle-Dab(3,5diFBz)-NHOH (55) 

MW: 666.8 

Purity: 98% 

HPLC, tR (gradient 40-100% ACN): 2.9 min 

UPLC-MS, [M + Na]+: 689 

Yield: 25% 

Ac-NMeLeu-Pro-NMeIle-Dab(3,5diFBz)-NHOH (56) 

MW: 666.8 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 2.9 min 

UPLC-MS, [M + Na]+: 689 

Yield: 30% 
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Ac-NMe-β-hPhe-Pro-NMeIle-Dab(3,5diFBz)-NHOH (57) 

MW: 714.8 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 4.7 min 

UPLC-MS, [M + Na]+: 736 

Yield: 31% 

Ac-NMeNva-Pro-NMeIle-Dab(3,5diFBz)-NHOH (58) 

MW: 652.7 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 4.2 min 

UPLC-MS, [M + Na]+: 674 

Yield: 16% 

Ac-NMeNle-Pro-NMeIle-Dab(3,5diFBz)-NHOH (59) 

MW: 666.8 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 4.7 min 

UPLC-MS, [M + Na]+: 688 

Yield: 26% 

Ac-NMeIle-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (60) 

MW: 702.7 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 3.7 min 

UPLC-MS, [M + Na]+: 725 

Yield: 8% 
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Ac-NMeSer-Pro-NMeIle-Dab(3,5diFBz)-NHOH (61) 

MW: 640.7 

Purity: 98% 

HPLC, tR (gradient 0-100% ACN): 5.0 min 

UPLC-MS, [M + Na]+: 662 

Yield: 22% 

Hex-NMeIle-NMeLeu-Pro-NMeIle-Dab(3,5diFBz)-NHOH (62) 

MW: 850.0 

Purity > 99% 

UPLC, tR (gradient 0-100% ACN): 1.7 min 

UPLC-MS, [M + Na]+: 872 

Yield: 7% 

But-NMeTrp-NMeLeu-Pro-NMeIle-Dab(3,5diFBz)-NHOH (63) 

MW: 895.0 

Purity > 99% 

UPLC, tR (gradient 40-100% ACN): 1.1 min 

UPLC-MS, [M + Na]+: 919 

Yield: 29% 

But-NMeTrp(Boc)-NMeLeu-Pro-NMeIle-Dab(3,5diFBz)-NHOH (64) 

MW: 995.2 

Purity: 99% 

UPLC, tR (gradient 40-100% ACN): 1.9 min 

UPLC-MS, [M + Na]+: 1018 

Yield: 18% 
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4PB-Pro-NMeIle-Dab(4FBz)-NHOH (65) 

MW: 641.7 

Purity: 95% 

UPLC, tR (gradient 40-100% ACN): 0.9 min 

UPLC-MS, [M + Na]+: 664 

Yield: 8% 

4PB-Pro-NMeIle-Dab(4MeOBz)-NHOH (66) 

MW: 653.8 

Purity: 92% 

UPLC, tR (gradient 0-100% ACN): 1.8 min 

UPLC-MS, [M + Na]+: 676 

Yield: 4% 

4PB-Pro-NMeIle-Dab(4NO2Bz)-NHOH (67) 

MW: 668.7 

Purity > 99% 

UPLC, tR (gradient 20-100% ACN): 1.5 min 

UPLC-MS, [M + Na]+: 691 

Yield: 8% 

4PB-Pro-NMeIle-Dab(Pyr)-NHOH (68) 

MW: 624.3 

Purity: 91% 

UPLC, tR (gradient 20-100% ACN): 1.4 min 

UPLC-MS, [M + Na]+: 647 

Yield: 16% 
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4PB-Pro-NMeIle-Dab(Fur)-NHOH (69) 

MW: 613.7 

Purity: 91% 

UPLC, tR (gradient 20-100% ACN): 1.4 min 

UPLC-MS, [M + Na]+: 637 

Yield: 13% 

Hex-Pro(4,4diF)-NMeIle-Dab(3,4,5triFBz)-NHOH (70) 

MW: 649.3 

Purity > 99% 

UPLC, tR (gradient 0-100% ACN): 1.9 min 

UPLC-MS, [M + Na]+: 672 

Yield: 1% 

Hex-Pro-NMeIle-Dab(Bz)-NHOH (71) 

MW: 559.7 

Purity > 99% 

UPLC, tR (gradient 0-100% ACN): 1.7 min 

UPLC-MS, [M + Na]+: 582 

Yield: 19% 

Hex-Pro-NMeIle-Dab(SO2-3,5diFBn)-NHOH (72) 

MW: 631.7 

Purity: 93% 

UPLC, tR (gradient 0-100% ACN): 1.8 min 

UPLC-MS, [M + Na]+: 654 

Yield: 16% 
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Hex-Pro-NMeIle-Dap(3,5diFBz)-NHOH (73) 

MW: 581.7 

Purity > 99% 

UPLC, tR (gradient 0-100% ACN): 1.8 min 

UPLC-MS, [M + Na]+: 604 

Yield: 42% 

Hex-Pro-NMeIle-Phe(4Bz)-NHOH (74) 

MW: 606.8 

Purity: 98% 

HPLC, tR (gradient 40-100% ACN): 4.9 min 

UPLC-MS, [M + Na]+: 629 

Yield: 30% 

Hex-Pro-NMeIle-Phe(4N(3,5diFBz))-NHOH (75) 

MW: 657.7 

Purity: 97% 

HPLC, tR (gradient 40-100% ACN): 4.8 min 

UPLC-MS, [M + Na]+: 680 

Yield: 22% 

2PP-Pro-NMeIle-Glu(3,5diFBz)-NHOH (76) 

MW: 623.7 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 5.8 min 

UPLC-MS, [M + Na]+: 646 

Yield: 3% 
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2PP-Pro-NMeIle-NMeDab(3,5diFBz)-NHOH (77) 

MW: 637.8 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 7.2 min 

UPLC-MS, [M + Na]+: 659 

Yield: 22% 

2PP-Pro(4,4diF)-NMeIle-NMeDab(3,5diFBz)-NHOH (78) 

MW: 673.7 

Purity: 98% 

HPLC, tR (gradient 40-100% ACN): 7.8 min 

UPLC-MS, [M + Na]+: 696 

Yield: 9% 

Hex-piperidine-NMeIle-Dab(3,5diFBz)-NHOH (79) 

MW: 609.7 

Purity: 99% 

UPLC, tR (gradient 40-100% ACN): 1.2 min 

UPLC-MS, [M + Na]+: 632 

Yield: 4% 

Hex-D-Pro-NMeIle-Dab(3,5diFBz)-NHOH (80) 

MW: 595.7 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 4.4 min 

UPLC-MS, [M + Na]+: 619 

Yield: 83% 
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2PP-D-Pro-NMeIle-Dab(3,5diFBz)-NHOH (81) 

MW: 623.7 

Purity: 98% 

HPLC, tR (gradient 40-100% ACN): 5.5 min 

UPLC-MS, [M + Na]+: 646 

Yield: 11% 

4PB-D-Pro-NMeIle-Dab(3,5diFBz)-NHOH (82) 

MW: 659.7 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 4.6min 

UPLC-MS, [M + Na]+: 682 

Yield: 45% 

4PB-Pro-Ile-Dab(3,5diFBz)-NHOH (83) 

MW: 581.7 

Purity > 99% 

HPLC, tR (gradient 40-100% ACN): 3.7 min 

UPLC-MS, [M + Na]+: 604 

Yield: 28%
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Ac-Glu-Trp-Ile-NHOH (1) 

 

 

Ac-Gln-Pro-Ile-NHOH (2) 

 

 

Ac-Glu-Gln-Gln-NHOH (3) 

 

 

Ac-Ser-Ile-Gln-NHOH (4) 
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Ac-D-Glu-D-Trp-D-Ser-NHOH (5) 

 

 

Ac-Pro-Gln-2NaI-NHOH (6) 

 

 

Ac-Pro-Gln-Phe-NHOH (7) 

 

 

Ac-D-Met-D-Glu-D-Trp-NHOH (8) 
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Ac-Met-Gln-Trp-NHOH (9) 

 

 

Ac-Trp-Gln-Trp-NHOH (10) 

 

 

Ac-Trp-Arg-Trp-NHOH (11) 

 

 

Ac-Pro-Ser-Trp-NHOH (12) 
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Ac-Pro-Gln-Trp-NHOH (13) 

 

 

Ac-Met-Ser-Trp-NHOH (14) 

 

 

Ac-D-Lys-Pro-Gln-Trp-NHOH (15) 

 

 

Ac-D-Tyr-Pro-Gln-Trp-NHOH (16) 
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Ac-Ala-Pro-Gln-Trp-NHOH (17) 

 

 

Ac-Pro-Gln-Bip-NHOH (18) 

 

 

Ac-Pro-Gln-Phe(4NH2)-NHOH (19) 

 

 

Ac-Pro-Gln-β-hPhe-NHOH (20) 
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Ac-Pro-Gln-Dab(4FB)-NHOH (21) 

 

 

Ac-Pro-Leu-Trp-NHOH (22) 

 

 

Ac-Pro-NMeGln-Trp-NHOH (23) 

 

 

Ac-Pro-Asn-Trp-NHOH (24) 
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Pyr-Gln-Trp-NHOH (25) 

 

 

Ac- Pro(4SPh)-Gln-Trp-NHOH (26) 

 

 

Ac- Pro(4cHx)-Gln-Trp-NHOH (27) 

 

 

Ac-Pro(4OPh)-Gln-Trp-NHOH (28) 
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Ac-Pro(4Me)-Gln-Trp-NHOH (29) 

 

 

Ac-Pro(4diF)Pro-NMeGln-Trp-NHOH (30) 

 

 

Ac-Pro-Leu-Dab(4FB)-NHOH (31) 

 

 

Ac-Pro-Leu-Dab(2Me4FB)-NHOH (32) 
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Ac-Pro-NMeIle-Dab(4FB)-NHOH (33) 

 

 

Ac-Pro-NMeIle-Dab(3,5diFB)-NHOH (34) 

 

 

Butyryl-Pro-NMeIle-Dab(3,5diFB)-NHOH (35) 

 

 

Isovaleryl-Pro-NMeIle-Dab(3,5diFB)-NHOH (36) 
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Hexanoyl-Pro-NMeIle-Dab(3,5diFB)-NHOH (37) 

 

 

Octanoyl-Pro-NMeIle-Dab(3,5diFB)-NHOH (38) 

 

 

Hexanoyl-(4F)Pro-NMeIle-Dab(3,5diFB)-NHOH (39) 

 

 

Hexanoyl-(4diF)Pro-NMeIle-Dab(3,5diFB)-NHOH (40) 
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Hexanoyl-Pro-NMeGln-Trp-NHOH (41) 

 

 

2PP-Pro-NMeIle-Dab(3,5diFBz)-NHOH (42) 

 

 

4PB -Pro-NMeIle-Dab(3,5diFBz)-NHOH (43) 

 

 

2PP-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (44) 
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4PB-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (45) 

 

 

Ac-NH-PEG3-Pro-NMeIle-Dab(3,5diFBz)-NHOH (46) 

 

 

PEG1-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (47) 

 

 

Ac-NMeAla-Pro-NMeIle-Dab(3,5diFBz)-OH (48) 
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Ac-NMeAla-Pro-NMeIle-Dab(3,5diFBz)-NHOH (49) 

 

 

Ac-NMe-β-Ala-Pro-NMeIle-Dab(3,5diFBz)-NHOH (50) 

 

 

Hex-NMeAla-Pro-NMeIle-Dab(3,5diFBz)-NHOH (51) 

 

 

Hex-Ala-Pro-NMeIle-Dab(3,5diFBz)-NHOH (52) 
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But-NMeAla-Pro-NMeIle-Dab(3,5diFBz)-NHOH (53) 

 

 

But-NMe-β-Ala-Pro-NMeIle-Dab(3,5diFBz)-NHOH (54) 

 

 

Ac-NMeIle-Pro-NMeIle-Dab(3,5diFBz)-NHOH (55) 

 

 

Ac-NMeLeu-Pro-NMeIle-Dab(3,5diFBz)-NHOH (56) 
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Ac-NMe-β-hPhe-Pro-NMeIle-Dab(3,5diFBz)-NHOH (57)

 

 

Ac-NMeNva-Pro-NMeIle-Dab(3,5diFBz)-NHOH (58) 

 

 

Ac-NMeNle-Pro-NMeIle-Dab(3,5diFBz)-NHOH (59) 

 

 

Ac-NMeIle-Pro(4,4diF)-NMeIle-Dab(3,5diFBz)-NHOH (60) 
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Ac-NMeSer-Pro-NMeIle-Dab(3,5diFBz)-NHOH (61) 

 

 

Hex-NMeIle-NMeLeu-Pro-NMeIle-Dab(3,5diFBz)-NHOH (62) 

 

 

But-NMeTrp-NMeLeu-Pro-NMeIle-Dab(3,5diFBz)-NHOH (63) 

 

 

But-NMeTrp(Boc)-NMeLeu-Pro-NMeIle-Dab(3,5diFBz)-NHOH (64) 
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4PB-Pro-NMeIle-Dab(4FBz)-NHOH (65) 

 

 

4PB-Pro-NMeIle-Dab(4MeOBz)-NHOH (66) 

 

 

4PB-Pro-NMeIle-Dab(4NO2Bz)-NHOH (67) 

 

 

4PB-Pro-NMeIle-Dab(Pyr)-NHOH (68) 
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4PB-Pro-NMeIle-Dab(Fur)-NHOH (69) 

 

 

Hex-Pro(4,4diF)-NMeIle-Dab(3,4,5triFBz)-NHOH (70) 

 

 

Hex-Pro-NMeIle-Dab(Bz)-NHOH (71) 

 

 

Hex-Pro-NMeIle-Dab(SO2-3,5diFBn)-NHOH (72) 
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Hex-Pro-NMeIle-Dap(3,5diFBz)-NHOH (73) 

 

 

Hex-Pro-NMeIle-Phe(4Bz)-NHOH (74) 

 

 

Hex-Pro-NMeIle-Phe(4N(3,5diFBz))-NHOH (75) 

 

 

2PP-Pro-NMeIle-Glu(3,5diFBz)-NHOH (76) 
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2PP-Pro-NMeIle-NMeDab(3,5diFBz)-NHOH (77) 

 

 

2PP-Pro(4,4diF)-NMeIle-NMeDab(3,5diFBz)-NHOH (78) 

 

 

Hex-piperidine-NMeIle-Dab(3,5diFBz)-NHOH (79) 

 

 

Hex-D-Pro-NMeIle-Dab(3,5diFBz)-NHOH (80) 
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2PP-D-Pro-NMeIle-Dab(3,5diFBz)-NHOH (81) 

 

 

4PB-D-Pro-NMeIle-Dab(3,5diFBz)-NHOH (82) 

 

 

4PB-Pro-Ile-Dab(3,5diFBz)-NHOH (83) 
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