
 

 

DEVELOPMENT OF NOVEL 

DRUG-LIKE MOLECULES 

FOR TARGETED THERAPY 

 

Dissertation 

zur Erlangung des Grades 

des Doktors der Naturwissenschaften 

der Naturwissenschaftlich-Technischen Fakultät 

der Universität des Saarlandes 

 

 

von 

 

Master of Science (Molecular Science)  

Lorenz Albrecht Siebenbürger 

 

Saarbrücken 

2019 



-II- 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag des Kolloquiums: 28. Februar 2020 

Dekan: Prof. Dr. Guido Kickelbick 

Berichterstatter: Prof. Dr. Rolf W. Hartmann 

                             Prof. Dr. Uli Kazmaier 

 

Akad. Mitglied: Dr. Stefan Boettcher 

Vorsitz: Prof. Dr. Claus-Michael Lehr 

 



-III- 
 

 

Die vorliegende Arbeit wurde von November 2013 bis November 2019 unter Anleitung 

von Herrn Univ.- Prof. Dr. Rolf W. Hartmann in der PharmBioTec GmbH, in der  

Fachrichtung Pharmazeutische und Medizinische Chemie der Naturwissenschaftlich-

Technischen Fakultät der Universität des Saarlandes, sowie am Helmholtz Institut für 

Pharmazeutische Forschung Saarland (HIPS) in der Abteilung Drug Design and 

Optimization (DDOP) angefertigt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



-IV- 
 

 

Zusammenfassung 

 

Die Implementierung neuer Techniken wie hoch-aufgelöste Massenspektrometrie, 

Next-Generation Sequencing oder Computersimulationen haben unser Verständnis 

von Krankheiten verändert. Neue Therapieformen entwickeln sich hin zu 

spezialisierten zielgerichteten Therapien. Diese neuen Medikamente erhöhen die 

Wirksamkeit in kleineren Patientengruppen, mit verringerten Nebenwirkungen im 

Vergleich zu Breitband-Arzneistoffen. Die Onkologie war jeher ein Vorreiter in diesem 

Feld, aber das Konzept kann auch auf andere pharmakologische Bereiche 

angewendet werden, wie z.B. die Endokrinologie. 

Der erste Teil dieser Arbeit behandelt die Entwicklung neuer anti-angiogener 

Wirkstoffe für die zielgerichtete Krebstherapie. Neue Matrix Metalloprotease 

Inhibitoren wurden entwickelt, welche einen strukturell weniger konservierten Teil 

dieser Enzymklasse adressieren. Dabei wurde hohe Aktivität und Selektivität dieser 

Inhibitoren in verschiedenen Krebszelllinien erreicht. 

Teil Zwei handelt von der Entwicklung von 17β-HSD2 Inhibitoren zur zielgerichteten 

endokrinen Therapie von Knochenbrüchen und Osteoporose. Zunächst wurde die 

Aktivität, Selektivität und metabolische Stabilität einer Inhibitorklasse optimiert, welche 

eine deutlich gesteigerte Stabilität der Frakturen in einem in vivo Proof-of-Principle 

Modell in der Maus zeigte. Des Weiteren wurde die Klasse vereinfacht und für 

Osteoporose optimiert, was zu verbesserten Eigenschaften nach oraler Gabe in einer 

Pharmakokinetik Studie in der Maus führte. 
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Summary 
 

Implementation of novel techniques such as high-resolution mass-spectrometry, next 

generation sequencing or computer simulations have altered our understanding of 

diseases. Therapy forms emerge that turn away from the one-fits-all paradigm towards 

highly specialized targeted therapies. These novel medications increase efficacy in 

smaller groups of patients, and reduce side effects observed with outdated broad-

spectrum drugs. Oncology research has been a pioneer in this field, but the concept 

can also be applied to other pharmacological areas such as endocrinology.  

The first part of this thesis deals with the development of novel anti-angiogenic drugs 

for targeted-cancer therapy. Novel matrix metalloprotease inhibitors were synthesized, 

targeting a structurally less conserved part of enzyme class. High activity and 

selectivity could be achieved in different cancer cell lines, depending on the molecular 

structure of the inhibitors. 

Part two deals with the development of 17β-HSD2 inhibitors for targeted-endocrine 

therapy of decreased bone fracture healing and osteoporosis.  First, a class of 

inhibitors was optimized in activity, selectivity and metabolic stability to be successfully 

tested in an in vivo proof-of-principle mouse fracture model, leading to highly increased 

stability of the fractures. In a second step, this class was simplified and further 

optimized for osteoporosis therapy, showing increased properties after oral 

administration in a mouse pharmacokinetic study. 
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1. Introduction 

1.1. Targeted therapies in oncology 

Over the past decades, the implementation of new analysis methods such as next 

generation-genome sequencing, proteomics, metabolomics as well as computer-

based data analysis, has altered the view of biomedical research on the pathogenesis 

and treatment mechanisms of several diseases. The unraveling of complex 

biochemical pathways in pathological conditions has led to a deeper understanding of 

the diseases and, hence, to a plethora of novel pharmacological targets and 

therapeutic strategies. These strategies are turning away from the “one-fits-all” 

paradigm towards a more highly specialized, selective approach to treat smaller 

groups of patients, according to the personalized medicine approach.1 In this field, 

oncology research has played a pioneering role, as the unique heterogeneity of cancer, 

and the high cytotoxicity and severe side effects linked with classical 

chemotherapeutics, hinder their success rate.2 The determination of cancer 

phenotypes and the understanding of the underlying biology is enabling a shift from 

drugs which non-specifically target rapidly dividing cells rather than tumor cells alone, 

to agents that address the targets with high selectivity and efficacy. The aim of this 

targeted therapy approach in oncology is either to deliver drugs selectively to the target 

cancer tissue (targeted drug-delivery approach) or to selectively address genes or 

proteins which are specific to cancer cells or the environment surrounding them that 

promote cancer growth. These drugs aim to address targets that are specific to the 

cancer cells, e.g. blocking cancer cell proliferation, promoting cell cycle regulation or 

inducing apoptosis.3 Targeted drug-delivery is an active field of research4, but it will not 

be further discussed here. According to the NIH, targeted therapy agents can be 
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divided into six main categories (figure 1):

 

Figure 1: Classification of targeted therapy drugs in oncology, examples, and their respective mechanism of action, 
see proceeding chapters 1.1.1 -1.1.6 for references. 

 

1.1.1. Signal transduction inhibitors 

Signal transduction inhibition for cancer therapy exploits the fact that cancer cells 

compromise an unstable genome. For example, polyploidy or mutations of pro-

oncogenes or loss-of-function mutations lead to the transition of normal cells into 

cancer cells. This change in the genome is active as long as the cancer cell is alive 

and, hence, these cells differ in their signaling and metabolic networks significantly 

from healthy ones. In different cancer types, specific signaling pathways are highly up 

regulated and thus prone to inhibition with anti-cancer agents targeting a single 

signaling protein. Signaling pathways have to be seen as biochemical networks, and 

healthy cells are able to sustain the stress given by the drug making use of redundant 

pathways which take over the function of those which have been inhibited.5 Kinases, 

enzymes that transfer a phosphate group to a residue of another protein to transmit a 

signal, are the targets most addressed with this approach. So far, hundreds of kinases 

have been associated to cancer initiation, survival and proliferation and they are 

among the most studied targets for cancer therapy.6 
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1.1.2. Gene expression modulators 

Therapeutic modulation of gene expression consists in interfering with the transcription 

of mRNA from DNA of cancer cells with various types of inhibitors. Altered signaling 

cascades in cancer cells often lead to aberrant expression of a certain gene, which is 

highly essential for the cancer cells to survive.7 Hence, interference at the 

transcriptional level of such oncogenes is generally considered a promising approach 

to target cancer. The transcription process is regulated at three different levels8: at the 

first level, binding of transcription factors to specific promoter/enhancer regions of the 

gene enables the recruiting of the transcriptional machinery. This interaction is often 

altered in cancer and can be addressed by inhibiting correct binding of the transcription 

factors to DNA by competing with them for DNA binding or by binding to the 

transcription factor itself.9 The second level consists of protein–protein interactions of 

transcription factors to other proteins, frequently other transcription factors or 

transcription regulators, which either stabilize their complex with DNA or the 

transcription factors by posttranslational modifications. Inhibitors could be utilized to 

interrupt these interactions. The third level consists of epigenetic control of genes by 

modification of either the DNA strand, to restrict access of transcription factors to 

certain promoters or cis-regulatory regions, or by modification of histones, to dictate 

the packaging of the DNA strand and hence, availability for transcription in general. 

Observations have been made that epigenetic modifications are often altered in 

cancer10 which indicates that oncogene expression can be inhibited by epigenetic gene 

control in a positive manner. Despite the tremendous scientific effort and vast amount 

of targets and drug-like compounds developed so far following this approach11, the 

only approved drugs exploiting this mechanism are molecules which interfere with 

steroid receptors, such as the androgen or estrogen receptor. This topic will be in depth 

discussed later (chapter 1.6). 
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1.1.3. Apoptosis inducers 

Apoptosis represents the programmed death of cells necessary to maintain a healthy 

survival/death balance of metazoan cells and acts as a safeguard for genomic 

integrity.12 Apoptosis can be generally accomplished through two different pathways, 

intrinsic and extrinsic. The intrinsic pathway, is triggered when cytochrome c is 

released from mitochondrial into the cytosol, which, via a cascade of proteases, called 

caspases, starting with caspase-9, leads to the breakdown of the nucleus and, hence, 

apoptosis. Permeability of the outer mitochondrial membrane is mainly regulated by 

proteins of the BCL-2 family13, which are upregulated in almost 50% of all analyzed 

cancer types.14 This dysregulation renders cancer cells resistant to traditional radio- 

and chemo-therapy.15 Selective BCL-2 inhibitors, such as Venetoclax, are already 

used in clinic to treat severe forms of chronic lymphocytic leukemia16, with more types 

of cancers currently undergoing clinical trials. The second, or extrinsic, pathway 

induces apoptosis via stimuli to receptors on the cell surface. So called death ligands 

like tumor necrosis factor or Fas ligand bind to tumor necrosis factor death receptor 

members, leading to the death-inducing signaling complex (DISC) via initiator 

caspases-8 and -10, which bind to adaptor molecules at the cytosolic portion of the 

receptors. The initiator caspases get activated and activate other caspases like -3, -6 

and -7 which lead to rapid degradation of the cytosolic components and finally to 

apoptosis.17 Death ligands that trigger apoptosis via the extrinsic pathway are 

expressed at the surface of cell types of the immune system, such as lymphocytes, 

macrophages or dendritic cells, which are used for cellular housekeeping by the 

immune system. However, cancer cells are able to withstand the attack by the immune 

system through either downregulation or loss of function expression of the death 

receptors, or by expression of soluble forms, which act as decoy receptors for the 

ligands displayed by the immune cells.18 Furthermore, endogenous inhibitors of 

initiator caspases like c-FLIP are highly upregulated in various cancer types and lead 

to termination of the apoptosis signal given by death receptors.19 Despite promising in 

vitro results, targeted therapy using recombinant death receptor ligands such as 

dulanermin, a tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), has led 

to disappointing results in clinical trials20, probably because of the short half-life of the 

drug.21 

 



-5- 
 

 

1.1.4. Immunotherapeutics 

Immunotherapy for cancer makes use of the body’s own immune system to tackle 

cancer. As briefly described in the previous paragraph, immune cells are able to induce 

cell apoptosis by activating the death receptors on their surface and they can recognize 

malignant cells with their major histocompatibility complex molecules because of 

tumor-associated antigens displayed on the cancer cell surface.22 However, surface 

display of such antigens is lost in some cancers, which makes it almost impossible for 

the immune system to recognize these malignant cells.23 Successful recognition by T 

cells is further modulated via activation of CD28-type receptors with B7-type ligands 

on the surface of the cells. Some of the ligands are called immune checkpoints and 

inhibit T lymphocyte activation in physiological conditions such as inflammation, to 

protect the body from excessive tissue damage.24 Cancer cells express these 

checkpoint molecules to induce an inhibitory effect on the immune system, so called T 

cell exhaustion. Tumors are able to manipulate the immune system in such a way, that 

they are surrounded by “deactivated” immune cells by creating an immunosuppressive, 

protumorogenic, and prometastatic microenvironment.25 The development of 

antibodies targeting these checkpoint molecules or receptors to inhibit the suppressive 

immune signals given by cancer cells has led to a tremendous success in targeted 

cancer immunotherapy. Currently, a set of checkpoint inhibitors are already approved 

for cancer therapy and there are hundreds of clinical trials being performed at the 

moment targeting the Programmed cell death protein 1 (PD-1) or cytotoxic T-

lymphocyte-associated protein 4 (CTLA4) pathway.26 

 

1.1.5. Angiogenesis inhibitors 

Like organs, tumors are dependent on the supply of oxygen and nutrients by their host 

body,27 but they further manipulate the surrounding tissue to generate an environment 

in which they are able to grow. Physiological angiogenesis, the formation and sprouting 

of blood vessels, is tightly regulated by a balance between proangiogenic signal 

molecules and endogenous angiogenesis inhibitors. Upon hypoxia, cancer cells 

secrete pro-angiogenic factors that cause new blood vessels to grow towards the 

stimuli given by the tumor. This process is termed “angiogenic switch” and involves a 

complex interplay between cancer cells and the surrounding tissue.28  First, the 

endothelial collagen layer, the so called basement membrane of capillaries is degraded 
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by proteases of endothelial cells, which migrate into the extracellular matrix (ECM) by 

further degradation. These tip cells follow a gradient of chemokines, mostly vascular 

endothelial growth factor (VEGF), that are secreted by the cancer cells and sprout into 

the ECM after pericyte detachment and dilation of the blood vessel triggered by VEGF 

itself.29 Following these cells, are other endothelial cells which are less invasive, but 

establish a lumen to support the tip cells.30  A new basement membrane is formed and 

pericytes are attaching to stabilize the newly formed blood vessel.31 The structure and 

composition of vasculature formed by tumor cells differs significantly from physiological 

vasculature, due to the abnormal cellular growth induced by highly increased 

proangiogenic factors such as VEGF by the tumor cells, leading to leaky capillaries 

and less-organized growth of the vasculature. Besides wound healing,32 the 

physiological process of angiogenesis remains quiet in adults and development of 

angiogenesis inhibitors can be seen as an attractive approach for targeted therapy.33 

Besides thalidomide or its derivatives, which target endothelial cells by a not yet fully 

understood mechanism34, several antiangiogenic agents have been approved by the 

FDA for cancer treatment.35 Currently, different kinds of VEGF pathway-targeting anti-

angiogenic agents are used alone, or in combination with other therapy forms. 

Antibodies have been developed to target either VEGF as a ligand or its receptor, 

VEGF-R, and subtypes, which inhibit downstream signaling of the cytokine. 

Furthermore, fusion proteins have been developed which trap soluble VEGF and other 

cytokines.36 Small molecule inhibitors have been approved as VEGF-R inhibitors, the 

receptor which processes the binding of VEGF downstream in the cytosol via a 

tyrosine-kinase mechanism. These inhibitors bind to the kinase activation loop by 

either occupying the ATP binding site in the open conformation or by targeting the loop 

in its closed conformation via an allosteric binding site.37 Despite high effects on patient 

survival rates for some cancer types, like metastatic renal cell carcinoma, anti-

angiogenic cancer therapy targeting the VEGF pathway is not effective in all kinds of 

cancer.35 Differences in vascular biology, meaning different upregulated pro-

angiogenic pathways may be the reason for initial, or acquired resistance of cancer 

types to current anti-angiogenic therapy.33 
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1.1.5.1. Matrix metalloproteinases in tumor angiogenesis and cancer cell 

invasion 

The degradation of the basement membrane and the ECM is mainly accomplished by 

matrix metalloproteinases (MMPs). This class of zinc-containing proteases consists of 

23 members in the human body. They are grouped in five major categories, depending 

on their substrate preferences and/or structure (figure 2.) 

 

Figure 2: Classification of MMPs according to their substrate specificity and structural features, image taken from 
Langers, A.M.J., 2012, Doctoral thesis, Leiden University. 

The most simple form are the matrilysins (MMP7&26), which consist of a signal 

peptide, a pro-domain and the catalytic domain with the zinc ion incorporated.38 They 

are capable of degrading a wide spectrum of non-fibrillar components of the ECM such 

as gelatin or fibronectin. Collagenases (MMP1, 8 & 13) are able to cleave triple-helical 

substrates such as collagen I, II and III by possessing an additional collagen binding 

site, the hemopexin (PEX) domain.  All types of MMPs, except matrilysins, possess 

this additional domain, which is connected to the catalytic domain via a hinge region. 

It allows the enzymes a plethora of protein-protein interactions, functioning either as 

an additional substrate binding site, or serving as an additional site for regulation of the 
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enzyme activity. The hemopexin domain forms an additional binding site for 

endogenous inhibitors or activators, allowing downstream regulation.39 Stromelysins 

(MMP3, 10 &11) have a similar structure to collagenases but show a broader substrate 

specificity like matrilysins.  Gelatinases (MMP2 &9) have a modified catalytic domain 

with fibronectin type 2 inserts, serving as an additional collagen binding site and have 

a substrate preference for gelatin and type IV collagen.40 Membrane-type MMPs (MT-

MMPs) are a special form of MMPs and are connected to the cell membrane via a 

transmembrane domain (MT-MMP1, 2 & 3) or GPI-anchor (MT-MMP4 & 6). MT-MMP1 

is the most studied one of this type. Because of overlapping activities, most MMP 

knockout mice do not show defects in angiogenesis, but MT-MMP1 deficient mice 

show severe defects in angiogenesis as well as skeletal defects.41 In fact, MT-MMP1 

can be seen as a key player in cell motility in the process of angiogenesis and cancer 

cell migration.42 MT-MMP1 activity and function is regulated in a complex interplay 

between endogenous inhibitors, cellular receptors and the ECM.43 The interactions of 

the enzyme with other proteins are mainly accomplished via the PEX domain, which 

serves as a hub for protein-protein interactions (figure 3).  Most importantly, MT-MMP1 

accomplishes direct degradation of the ECM components (fibrillar and non-fibrillar); 

furthermore, it is able to activate gelatinase proMMP-2 via binding to the PEX domain, 

and collagenase proMMP-13, two MMPs which are able to cleave collagen type IV, the 

major component of the basement membrane. Moreover, MT-MMP1 is able to cleave 

laminin-5, another major component of the basement membrane, stimulating cell 

motility.44 MT-MMP1 sheds different receptors of the ECM on the cellular surface such 

as CD44 and syndecan-1, which is essential for cell motility.45 Localization of MT-

MMP1 occurs predominantly at the leading edge of the migrating cells, so called 

invadopodia. This process is accomplished by interaction of the PEX domain with 

CD44H, a hyaluronic acid receptor on the cell surface that connects the ECM to the 

actin cytoskeleton of the cell.46 MT-MMP1 is also directly involved in VEGF signaling 

by interacting with the VGFR-R2 receptor and the kinase src in the cellular membrane 

via the catalytic, cytoplasmic and PEX domain.47 MT-MMP1 also sheds complement 

component receptor 1q, C1qR on the surface of proliferating cells, which, in a soluble 

form, impairs the immune response to cancer cells mediated by the complement 

system.48 MMPs are secreted inactivated as a zymogen with their active site blocked 

by a cysteine switch motif, which is cleaved in vivo by other proteases.49 Some MMPs 

(e.g. MT-MMPs) have a furin-cleaving site and are expressed in their active form 
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undergoing translocation in the Golgi apparatus.38 MMP activity is tightly regulated via 

their endogenous inhibitors, tissue inhibitors of metalloproteinase (TIMPs), a group of 

four different peptides with specific affinities for the different groups of MMPs. TIMPs 

bind directly to the active site, or, as mentioned above, via the hemopexin domain to 

MMPs.50 In human adults, MMP expression levels are generally low and are only 

upregulated under circumstances where ECM remodeling is present, such as wound 

healing, inflammation, tissue remodeling, metastasis formation and angiogenesis.51 

Nearly all types of cancer overexpress MMPs, and high expression levels of certain 

MMPs can be correlated with tumor invasiveness and poor prognosis.52 Cancer cells 

themselves express MMPs, or induce nearby cells to produce MMPs via secretion of 

growth factors or cytokines via the “angiogenic switch” process.53 The above 

mentioned findings highlight the role of MMPs, especially MT-MMP1 in cellular 

invasion processes. In contrast to conventional anti-angiogenic agents that target 

VEGF signaling or similar pathways, inhibition of MT-MMP1 would directly inhibit the 

cellular process of endothelial and cancer cell migration, and would therefore be an 

attractive approach for anti-angiogenic and targeted cancer cell therapy. 

 

Figure 3: Protein-Protein interaction partners of MT-MMP1 via its PEX domain and resulting biological processes, 
see preceding paragraph for references. 
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1.1.6. Hormone therapeutics 

As already briefly mentioned above, steroid receptors act as transcription factors in 

gene expression and steroid hormones are highly potent regulators of cell proliferation. 

Synthesis of these hormones follows a multistep biosynthesis scheme in different 

organs of the human body. A detailed pathway of steroid hormone production is 

depicted in figure 4. Dysregulation of this steroid production and response in the target 

tissue can hence lead to uncontrolled cell proliferation and, eventually, cancer under 

various conditions. Tumors which possess abnormalities to hormone response are 

referred as hormone-dependent malignancies and include cancer types like breast, 

endometrial, and prostate adenocarcinomas or uterine sarcomas.54 Therapeutic 

agents can either block hormone synthesis or interfere with their target receptors by 

blocking or activating it. Besides peptidic agents like Somatostatin analogues55 or 

gonadotropin-releasing hormone receptor agonists and antagonists56, hormone 

therapeutics for cancer interfere with steroid receptors or metabolism. Corticosteroids 

represent an effective class of drugs for the treatment of lymphoid cancer types due to 

their antineoplastic effect on this kind of  tissue57, but are accompanied by severe side 

effects like adrenal insufficiency, immunosuppression or osteoporosis, especially in 

elderly people.58 Progestins are applied to treat hormone-sensitive cancer types 

because of their inhibitory effect on the hypothalamic-pituitary-gonadal axis, resulting 

in decreased production of estrogens. Furthermore, they have strong antineoplastic 

effect on progesterone- and estrogen-receptor-positive endometrial and breast 

cancer.59 Side effects like thromboembolism or osteoporosis need to be monitored 

carefully in treated patients.54 
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Figure 4: Biosynthetic pathway of steroid hormones & involved enzymes, taken from Yin et al.62 

 Besides castration induced by gonadotropin-releasing hormone receptor agonists and 

antagonists or surgery, androgen production can be inhibited more selectively by the 

application of CYP17 inhibitors in different prostate cancer types. Inhibition of CYP17 

leads to deprivation of androgens and estrogens, even in cancer types that are able to 

produce these hormones themselves in an intra- or paracrine manner, thus being 

resistant to conventional hormone deprivation therapies.60 Abiraterone is the most 

prominent agent targeting CYP17. Being a metabolite of the pro-drug abiraterone 

acetate, abiraterone and its metabolite, Δ4-abiraterone, are potent inhibitors of various 

pathways of de novo androgen synthesis in tumors, as well as antagonists of the 

androgen receptor, making the drug effective in different kinds of prostate cancer.61,62 

This promiscuity of the drug leads, on one hand, to effective shutdown of multiple 

pathways to androgens, but, on the other hand, leads to side effects like fluid retention 

or hypokalemia, due to secondary mineralocorticoid excess caused by the dual 

inhibition of the 17-hydroxylase function of CYP17 and CYP11B1.63 Furthermore, 
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inhibition of various hepatic CYP enzymes results in hepatotoxicity and altered plasma 

levels of co-administered drugs.62 Aromatase or CYP19 inhibitors are a class of drugs 

that inhibit estrogen synthesis from androgens, leading to estrogen deprivation, and 

are mainly administered to postmenopausal estrogen receptor-positive breast cancer 

patients. Hormone therapy can act on the biosynthesis of the corresponding hormones, 

as described above, or directly interact with the target steroid receptors. Selective 

estrogen receptor modulators (SERMs) are a class of drugs binding to the estrogen 

receptor (ER), modulating its activity as a transcription factor, depending on the target 

tissue. The activity of the drug to act either as an agonist or antagonist on the ER in 

the target tissue depends, aside for different affinities to the receptor subtypes, on the 

conformational changes induced in the receptor structure upon binding, modulating the 

interaction of the receptor complex with different coactivators or corepressors, which 

are heterogeneously expressed in ER positive tissues.64 Tamoxifene for example, 

which, besides aromatase inhibitors, is first-line treatment for ER-positive breast 

cancer, shows antagonistic behavior in breast tissue, while being an agonist in the 

bone, cardiovascular system and endometrium, therefore preventing side effects 

associated with total depletion of estrogens, e.g. osteoporosis, but inducing 

endometrial abnormalities or increasing endometrial cancer risk, which need to be 

monitored carefully.65 

 

1.2. Targeted therapies in endocrinology 

The concept of targeted therapy is not strictly bound to cancer therapy alone, but can 

be transferred to other types of diseases, as well. In diseases of endocrine origin, 

treatment often alters systemic hormone levels, affecting both dysregulated and 

healthy tissues targeted by the hormone in question, which leads to side effects in 

healthy tissue and a disturbance of the hypothalamus-pituitary gland - organ axes of 

the hormones (Figure 5). Deeper understanding of hormone biosynthesis and action 

on a local tissue level enables the concept of “endocrine-targeted therapies”, which 

aim at altering hormone concentrations locally in the target tissue, rather than in the 

whole body, hence reducing systemic side effects. Benign prostatic hyperplasia (BPH) 

is a noncancerous enlargement of the prostate occurring mostly in elderly men. The 

increased pressure on the urethra by the enlarged prostate leads to lower urinary tract 

symptoms like problems in urinating, total loss of bladder control, urinary tract 
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infections or chronic kidney problems.66 The exact causes of BPH are unknown, but 

age-related changes in metabolism, hormone levels and inflammatory mechanisms 

have been proposed.66 Although serum levels of androgens are not clearly elevated in 

patients with BPH67, androgens do play a permissive role in the pathogenesis of BPH.68  

 

Figure 5: Hypothalamus - pituary - gonad axis; + stands for stimulation, - for  inhibition 

Inside prostate cells, circulating testosterone is metabolized to dihydrotestosterone, an 

androgen with much higher affinity to the androgen receptor, by the enzyme 5α-

reductase.69 Inhibition of this enzyme is therefore an attractive approach for targeted 

therapy to selectively decrease androgen levels inside the prostate, avoiding side 

effects like osteoporosis or erectile dysfunction that are accompanied by systemic 

androgen deprivation therapy with Gonadotropin-releasing hormone (GnRH) 

medications.70 Another promising approach for targeted endocrine therapy is inhibition 

of 11β-Hydroxysteroid Dehydrogenase Type 1 to selectively decrease cortisol levels 
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in target tissue to treat glucocorticoid associated diseases like metabolic syndrome, 

atherosclerosis or type 2 diabetes mellitus71,72, and highly active drug-candidate 

molecules have been developed.73 

 

1.2.1. Osteoporosis and impaired bone fracture healing  

Osteoporosis is a common disease and characterized by increased fragility and 

decreased density and structure of the bone, caused by an aberrated bone remodeling 

process.74 Two different cell types maintain healthy bone. The first ones are 

osteoblasts, which form new bone mass; secondly, osteoclasts, which break down old 

bone mass. An imbalance in number and activity of these cells causes decreased bone 

formation and increased bone resorption, leading to osteoporosis.75 The disease 

affects mostly elderly women after menopause, as the highly diminished activity of the 

ovaries strongly affects systemic estrogen levels, but elderly men can also suffer from 

the disease.76 Besides low estrogen levels, calcium and vitamin D deficiencies also 

contribute to the development of osteoporosis.77 Estrogens directly act on the bone 

remodeling process via binding to the ER in osteoblasts and osteoclasts, directly 

altering cellular proliferation or differentiation of these cell lines, but also via the release 

of various cytokines such as receptor activator of nuclear factor kappa-Β ligand 

(RANKL), bone morphogenetic proteins (BMPs) or sclerostin.78 Besides calcium and 

vitamin D supplements, the most common therapy options include bisphosphonates 

like alendronate, which inhibit bone resorption by inducing apoptosis in osteoclasts by 

blocking either the mevalonate pathway79 or being metabolized to a toxic ATP 

derivative.80 They have shown to reduce fracture risk in patients by 50%, while being 

associated with severe side effects like osteonecrosis of the jaw or complications after 

either oral or intravenous application.81 SERMs with an antagonistic profile on the 

breast and endometrium, but acting as agonists in the bone are used to treat 

osteoporosis, but are accompanied by side effects like venous thromboembolism.82 

Monoclonal antibodies such as denosumab are used to inhibit RANKL signaling to 

prevent osteoclast formation and survival83, but can lead to osteonecrosis of the jaw or 

severe infections.84,85 The mentioned drugs are considered anti-resorptive agents, 

being able to prevent future bone loss, but not stimulating formation of bone substance. 

Parathyroid hormone (PTH) or its analogues, like teriparatide, have been shown to 

have an anabolic effect on the bone when injected in low doses, despite the fact that 
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constant high levels of endogenous PTH are associated over time with loss of bone 

substance, due to its stimulating effect on osteoclasts to release calcium from the bone, 

thus limiting its therapeutic usage.86,87 Very recently, the FDA voted positive for the 

approval of the antibody romosozumab for the treatment of osteoporosis in 

postmenopausal women at high risk for fractures, after various positive phase III  

clinical trials of the drug. 88,89 This antibody targets sclerostin, an anti-osteoanabolic 

molecule secreted by osteocytes to inhibit osteoblastogenesis via inhibition of wnt 

signaling, and has therefore an anabolic effect on bone substance.90 

Aside for treatment of osteoporosis for prevention of fractures, drugs targeting this 

disease could, in principle, also be applied in the process of fracture healing. Impaired  

fracture healing occurs in up to 20% of all patients and is accompanied by highly 

increased treatment duration and costs for the patient.91 Various factors influence 

successful fracture healing, like age of the patient, smoking and alcohol abuse, 

nutrition, use of anti-inflammatory drugs or other comorbidities like diabetes, anemia, 

or hypothyroidism, but also the complexity of the fracture and the damage of the 

surrounding blood vessels play an important role in fracture healing.92,93 Fracture 

healing is divided in different but subsequent and overlapping stages, here divided for 

clarity purposes. Directly after the fracture, an inflammatory response is triggered that 

leads to the formation of a hematoma between the two ends of the fractured bone, 

which is then vascularized by the surrounding blood capillaries. Both ends are then 

connected by the formation of a soft callus by fibroblasts and chondrocytes, serving as 

a template for ossification by osteoblasts and osteoclasts. This leads to an irregular 

woven, hard callus, which is highly vascularized. This hard callus is then remodeled to 

the actual shape and structure of the regular bone.94 Anti-resorptive agents for 

osteoporosis, e.g. bisphosphonates, have so far not shown to have a beneficial effect 

on bone fracture healing.87 Although, treatment of fractures with PTH or analogues has 

been successful in animal studies95, clinical trials have so far led to conflicting results.96 

Bone morphogenetic proteins (BMPs) have been investigated as drugs for impaired 

bone fracture healing. They are a class of cytokines comprising 30 members, able to 

regulate a wide range of different cell types involved in bone regeneration. 

Concentrations of BMPs varies greatly during the different stages of bone fracture 

healing.97 Local application of different BMPs on open fractures has shown to increase 

fracture healing in different animal models.98 However, conflicting results in clinical 
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trials, the need for local application of BMPs on carriers and the associated side effects 

strongly question applicability of this approach.99 

As mentioned above, steroid hormones play an important role in healthy bone 

metabolism and preservation. Estradiol and Testosterone have shown to increase 

fracture healing in various animal models.100–102 Their beneficial effect on bone 

formation and mass has been studied for a long time.103 In fact, hormone replacement 

therapy has been used for decades to counteract the drop in physiological estradiol 

levels in elderly people to maintain a healthy bone metabolism and hence, prevent 

osteoporosis.104 Nonetheless, severe side effects like cardiovascular diseases and an 

increased risk of breast cancer, originating from system application of estrogens, 

currently contraindicates this form of therapy for a large group of patients.105 Targeted 

therapy for a local increase in estrogen levels is a promising way to make use of the 

beneficial effects of estrogens and androgens on the bone, while circumventing side 

effects following systemic application.  

 

1.2.2. Role of 17β-HSDs in steroid metabolism 

17β-Hydroxysteroid dehydrogenases (17β-HSDs) are a class of enzymes that catalyze 

the interconversion of the keto forms of steroids into the secondary alcohols at C17 of 

the steroid scaffold using either NADH or NADPH as cofactor, and are directly involved 

in the biotransformation of the active sex steroids estradiol and testosterone into their 

less active forms estrone and androstenedione (figure 6). Steroids are the main 

substrates of this enzyme class, but they are also involved in acyl-CoA, bile acid and 

retinoid metabolism.106 

 

Figure 6: Oxidative/reductive reactions on steroid hormones catalyzed by 17β-HSDs 

Until now, 12 different 17β-HSDs have been characterized in humans and have shown 

to belong to the class of short chain dehydrogenase/reductase enzyme family, except 

for 17β-HSD5, which belongs to the aldo-keto reductase family.107 Despite being able 

to catalyze both reductive and oxidative reactions in vitro, the main metabolic direction 

in vivo is dictated by the abundance of their preferred cofactor at their location inside 
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the cell. 17β-HSDs are expressed throughout the body, but the highest expression 

levels occur in androgen- and estrogen-sensitive tissues like prostate, testis, breasts, 

ovaries, placenta and endometrium, along with the liver and kidneys. As they are 

involved in either formation or inactivation of androgens and estrogens, depending on 

their reductive or oxidative nature on their steroid substrates, they directly modulate 

the activity of these hormones in their target tissue. Inhibition of these enzymes is 

hence a promising approach for targeted therapy of androgen- and estrogen-

dependent diseases. Several reductive 17β-HSDs are of therapeutic interest for 

treatment of androgen- or estrogen-sensitive malignancies. 17β-HSD1 is the main 

enzyme that reduces estrone to estradiol and is expressed in the ovaries, breast, lung 

and placenta. It is directly involved in the pathogenesis of breast cancer108, lung 

cancer109, and endometriosis.110 Furthermore, 17β-HSD5, which is expressed in the 

liver and prostate, has been found to be upregulated in androgen-independent prostate 

cancer types, being able to convert adrenal androstenedione to testosterone 

intratumorally in patients undergoing chemical castration.111 Expression levels of the 

oxidizing, inactivating types of 17β-HSDs can be seen as a prognostic marker in 

different cancer types. High expression levels of 17β-HSD14 in estrogen receptor-

positive breast cancer patients have been shown to be highly beneficial for the late 

progression of the disease.112 The most studied oxidative enzyme of this class is 17β-

HSD2. It catalyzes the NAD+-dependent inactivation of estradiol to estrone and 

testosterone to androstenedione in estrogen- and androgen-sensitive tissues like 

ovaries, prostate, endometrium, breasts, placenta and bone, but is also expressed in 

the lungs, kidneys and the liver.113 The enzyme (42.9 kDa) consists of 387 amino acids 

and it is bound to the membrane of the endoplasmic reticulum inside the cell, impeding 

crystallization of the enzyme.114 The natural function of the enzyme is to protect tissues 

from excessive steroid action, like the breasts, endometrium or the uptake of maternal 

steroids through the placenta of an unborn child. Inhibition of 17β-HSD2 would 

therefore selectively elevate levels of estradiol and testosterone in tissues of 

expression, which would reduce side effects usually accompanied with systemic 

administration.115 As 17β-HSD2 is expressed in osteoblasts, inhibition of the enzyme 

would be an attractive approach to treat estradiol-sensitive diseases like osteoporosis 

and impaired bone fracture healing.116 
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1.3. Outline 

Targeted therapies describe the development of novel drugs, which utilize a deeper 

understanding of the pathogenesis of certain diseases developed over the last 

decades. This form of therapy aims to threat smaller amounts of people with “tailored” 

drugs that specifically interact with the underlying dysregulation. Novel cancer 

therapeutics are amongst the first of this new class of drugs, due to the high toxicity 

and lack of selectivity of the formerly state-of-the-art therapy options. Aberrations in 

signal transduction, gene transcription, immunosuppression, apoptotic stress, 

hormone production or angiogenesis are the drivers of cancerous growth and novel 

therapeutics, with partly revolutionary success, have been developed for cancer 

treatment. Angiogenesis plays a key role in cancer growth as every tissue is dependent 

on the supply of oxygen and nutrients. Current antiangiogenic therapies aim at 

disrupting the cytokine-kinase pathways such as VEGF by either interacting with the 

ligands/receptors on outside of the cell or by inhibiting kinase signal transduction 

intracellularly, but show limited long-term efficacy because the underlying pathways 

are redundant. The metalloprotease MT-MMP1 directly involved in the angiogenic and 

metastatic process by cleaving of ECM and enabling cellular migration of endothelial 

and cancer cells via various mechanisms, while remaining quiescent under 

physiological conditions, and is hence a novel target for antiangiogenic cancer therapy. 

The concept of targeted therapies cannot just be applied to cancer treatment, but also 

to endocrine diseases such as osteoporosis. This illness is characterized by a loss of 

bone density and increased fracture risk and occurs primarily in women after 

menopause, as the production of bone-preserving estradiol from the ovaries is highly 

decreased after that time point. The last step of estrogen biosynthesis is catalyzed by 

17β-HSDs, which are expressed in estrogen-sensitive tissue, such as bone. Inhibition 

of 17β-HSD2, which oxidizes estradiol into its less active form estrone, is hence an 

attractive approach to increase estradiol levels in the bone, rather than altering 

systemic hormone levels, as traditional endocrine therapies do, hence minimizing side 

effects of the therapy. Inhibition of 17β-HSD2 is not only a promising approach for 

osteoporosis therapy, but also for increased bone fracture healing, as both processes 

are accomplished by similar biological mechanisms. 
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1.4. Literature-described inhibitors 

1.4.1. MT-MMP1 inhibitors 

Different types of inhibitors of MT-MMP1 have been developed, such as small 

molecules, peptides or antibodies.117–120 However, clinical trials with MMP inhibitors for 

cancer treatment have so far led to disappointing results because of severe side effects 

such as musculoskeletal syndrome (MMS), or even worse clinical results for patients 

compared to control groups receiving traditional chemotherapeutics.121 These side 

effects were attributed to the lack of selectivity of current MMP inhibitors, which inhibit 

this class of enzymes by blocking the active site via chelation of the zinc ion with a 

hydroxamate moiety. Taking into account the pro- and antiangiogenic effects of 

different MMPs at different time points of the angiogenesis process, optimal therapy 

onset and selectivity profile of the inhibitors is mandatory for a successful 

treatment.121,122  Furthermore, the structure of the active site is highly conserved 

amongst the whole enzyme superfamily, called methzincins, which makes design of 

selective inhibitors targeting the active site of this enzyme class an incredibly difficult 

task.123 A promising approach to circumvent the problems which are accompanied by 

promiscuous metalloprotease inhibition of the active site is the development of so 

called “exosite binders”, compounds that target structurally less conserved domains of 

MMPs than the active site, but are essential for substrate binding, cleavage and other 

protein-protein interactions.124 Recently, Remacle et al identified compound A (figure 

7), an exosite binder and a potential inhibitor of MT-MMP1, by an in silico screening 

approach, docking a library into the tunnel at the center of the flat propeller-like 

structure of the PEX domain of MT-MMP1.125 

 

Figure 7: Literature desribed MT-MMP1 exosite binder 

They could show that A does not inhibit catalytic cleavage of MT-MMP1 towards small 

peptide substrates and activation of pro-MMP2, but it does inhibit migration of cancer 

cells on a collagen matrix in a dose dependent manner, while being not cytotoxic. They 

conducted an in vivo proof-of-principle study with A, applying the compound 

intratumorally for three weeks in a mouse tumor xenograft model. The results were a 

significantly decreased tumor growth compared to vehicle controls, with the tumors 
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showing a small fibrotic phenotype, similar to results obtained with a PEX deletant MT-

MMP1 cancer cell mutant in the same study. These findings strongly support the 

development of novel MMP inhibitors with a new mechanism of action. 

 

1.4.2. 17β-HSD2 inhibitors 

Several classes of 17β-HSD2 inhibitors are described in literature (figure 8). The first 

17β-HSD2 inhibitors were developed by the group of Poirier in 2001 and consisted 

structurally of a steroid scaffold with the C17 δ-spirolactone modified compound B 

being the most active one (IC50 = 6 nM).126 However, steroidal inhibitors have 

considerable drawbacks like poor solubility and interference with steroid receptors, 

which might lead to adverse effects. The first non-steroidal 17β-HSD2 inhibitors were 

described by Wood and Gunn et al in 2005, who developed the N-methyl substituted 

cis-pyrrolidinone compound C with an IC50 of 50 nM.127,128 The compound was further 

evaluated in a osteoporosis proof-of-principle study by Bagi et al using cynomolgus 

monkeys as investigated species.129 They could show that after 23 weeks of daily oral 

administration of C, treated animals underwent a slight decrease in bone resorption, 

and an increase in bone formation, compared to ovariectomized vehicle controls, but 

the non-optimal pharmacokinetic profile of C led to greater variability of results in the 

study.  

In our research group, several classes of non-steroidal 17β-HSD2 inhibitors have been 

developed. Hydroxyphenylnaphthyl derivative D was developed by Wetzel et al and 

shows a reasonable IC50 of 19 nM on the human enzyme, but only moderate inhibition 

on the mouse enzymes (72% at 1µM), which led to discontinuation of this class, since 

a high activity in the rodent is essential for further in vivo evaluation.130 Perspicace et 

al developed the retro-N-methyl-sulfonamide E with an IC50 of 23 nM, but this class 

showed an even lower inhibition on the mouse enzyme (29% inhibition at 1µM).131 

Gargano et al developed the class of N-methyl-substituted aryl amide F, a compound 

with high in vitro metabolic stability in human liver S9 fraction (t1/2 >60 min). 

Furthermore, the compound shows the highest inhibition value on the mouse 17β-

HSD2 (IC50 = 140 nM) published so far, but the weak activity on the human enzyme 

(IC50 = 300 nM) convinced us not to investigate this class further in biological trials.132 

Recently, discovered in the field of 17β-HSD1 inhibitors, our group showed that the 

decoration on the benzoyl moiety of the highly active 17β-HSD1 class of aryl-
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thiophenyl methanones,133 strongly influences activity on both 17β-HSD1 and 2, 

resulting in compound G.134 This compound shows an outstanding IC50 of 1.4 nM and 

serves as an ideal hit compound for further optimization and biological evaluation 

studies, which will be further discussed in detail in this work. 

 

Figure 8: Steroidal and non-steroidal literature described 17β -HSD2 inhibitor classes 
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2. Aims of the thesis 

Targeted therapy drugs are an emerging class which aim to specifically alter underlying 

mechanisms of various pathogenic conditions in smaller patient groups. Large 

research interest has already been put in the development of this kind of therapies for 

oncology, due to the heterogeneity of the disease and severe side effects of state-of-

the-art treatment possibilities. Angiogenesis inhibitors are amongst the most promising 

concepts for this therapy form, as all types of cancer rely on nutrients and oxygen 

supply by their host body. Due to redundant pathways in angiogenesis signaling such 

as VEGF, novel targets for antiangiogenic therapy are an active field of research. 

MMPs play an important role in the angiogenic process and cancer cell migration. 

Especially MT-MMP1 has been identified as a key player in angiogenic sprouting of 

endothelial cells and metastasis formation. However, MMP inhibitors failed in clinical 

trials due to severe side effects caused by lack of selectivity towards other MMPs, due 

to high conservation of the inhibited active site of MMPs in the enzyme family. 

Targeting less conserved sites by small molecules is hence an attractive concept for 

the development of new antiangiogenic cancer drugs. The aim of the first part of this 

thesis is the development of inhibitors of MT-MMP1 that target the less-conserved PEX 

domain, based on a compound previously described in literature. A SAR of the 

compound class should be established by varying the two parts of the molecule. 

Therefore, two libraries of derivatives should be generated. On one hand, the activity 

of the newly synthesized compounds should be evaluated in a novel in vitro 3D 

migration assay using different kinds of cancer cells. On the other hand, the affinity of 

the compounds towards the recombinant PEX domain of MT-MMP1 should be proven 

using biophysical analysis methods, such as surface plasmon resonance 

spectroscopy. In a final step, selectivity of the newly synthesized active compounds 

towards other MMPs should be evaluated. 

The second part of this work was aimed at the development of novel 17β-HSD2 

inhibitors for the treatment of estrogen-dependent diseases such as delayed bone 

fracture healing and osteoporosis. The concept of targeted therapy should be 

transferred to this kind of diseases as well, as traditional therapies, such as systemic 

administration of estradiol, are accompanied with severe side effects like an increased 

risk of breast cancer and stroke. Therefore, an optimization procedure should be 

performed to obtain 17β-HSD2 inhibitors with high activity on both human and mouse 
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enzyme. After assessment of in vitro metabolic stability using human liver S9 fraction, 

hepatic cytochrome P450 enzyme induction as well as affinity towards the estrogen 

receptor, the most promising compounds should be tested in a pharmacokinetic study 

in mice to evaluate plasma levels of the compounds after subcutaneous injection. The 

most suitable compound should be tested in a mouse proof-of-principle study for 14 

days to investigate its bone fracture healing properties and hence validate the concept 

of targeted endocrine therapy. The readout of the experiments should be performed 

by biomechanical testing of bending stiffness of the bones, biochemical markers, as 

well as determination of circulating estradiol and testosterone levels in the animals.  

In a next step, the previously described class of 17β-HSD2 inhibitors should be 

optimized for application as a potential osteoporosis medicine. For this kind of disease, 

peroral application of the drug is mandatory, as therapy duration often lasts several 

decades. Therefore, the compounds should be decreased in size and increased in 

solubility and in vitro metabolic stability, while at least maintaining the promising activity 

of this class. Based on SAR findings in the field of 17β-HSD1 inhibitors, the compound 

should be modified. Newly synthesized compounds should then be tested for their 

activity on both human and mouse 17β-HSD2 and 1, and the most promising 

compounds should be tested regarding their in vitro ADME profile. After metabolic 

stability evaluation in both human and mouse liver S9 fraction, solubility and CYP 

inhibition of the compounds should be evaluated. In a final step, the best compounds 

should be tested in a mouse PK study in mice following oral administration. 
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3. Results 

3.1. Chapter I: Towards allosteric MMP inhibition: SAR studies of arylamides 

lead to selective MMP inhibitors for anti-angiogenic cancer therapy and 

beyond  

 

The autor thanks the following coworkers for contributing in the experimental work 

described in this chapter: 

Ingrid de Vries:  Performed the biological assays 

Victor Hernandes-Olmos: Performed parts of the synthetic chemical work and 

characterization of novel compounds 

 Sabrina Schnur:  Performed synthesis and purification of some compounds 

 

INTRODUCTION 

Cancer is generally characterized by the abnormal growth of malignant cells inside a specific 

tissue with the ability to spread to other parts of the body. As cancer cells grow, tumors are 

formed, whose growth rate is dependent on nutrient supply by the surrounding tissues. To 

achieve this optimal supply, tumors induce the growth of new vasculature, called the 

angiogenetic switch.1 This phenomenon describes the shift towards pro angiogenic factors 

inside the tumor-host microenvironment in a para- or autocrine manner, resulting in breakdown 

of the basement membrane by endothelial cells. These cells themselves start to move through 

the extracellular matrix (ECM) and form new blood vessels towards the stimuli given by 

tumor2, as do cancer cells move through the ECM towards blood capillaries or lymph nodes as 

metastases are formed.3 Matrix – metalloproteinases (MMPs) are a class of multidomain - 

enzymes containing 28 members that proteolytically degrade all components of the ECM and 

are highly upregulated in various cancer types.4 Recent findings have changed the 

understanding how these enzymes are involved in tumorigenesis. Besides their proteolytic 

activity on structural components of the ECM, e.g. collagen, these enzymes are also involved 
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in the release of pro- and antiangiogenic factors and are now considered key players in 

modulation of the tumor microenvironment, with dysregulation driving tumor progression.5 

Furthermore, certain MMPs play a critical role in cell migration occurring in tumorigenesis.6,7 

The development of MMP inhibitors as angiostatic and anti-invasive agents is hence an 

attractive approach for novel cancer therapy and different broad spectrum inhibitor classes 

targeting the active site of the proteases have been identified.8 However, all clinical trials of 

MMP inhibitors for cancer therapy so far have been unsuccessful, due to strong side effects, no 

measurable benefit or even worse patient outcome compared to control groups, threated with 

classical chemoterapeutics.9 Besides inadequate study endpoints and therapy onset for different 

cancer types, lack of selectivity of the designed inhibitors towards other zinc proteases is the 

commonly accepted explanation for the negative outcomes of MMP inhibitor clinical trials.10 

These inhibitors bind to the catalytic domain (CAT) of the MMPs, which incorporates a Zn2+ 

ion. The structure of this active site is highly conserved amongst a whole superfamily of zinc 

proteases, so called metzincins11, thus hampering the drug discovery process for selective MMP 

inhibitors. A potential approach to circumvent the selectivity issue is the development of so 

called “exosite binders”, compounds that inhibit MMPs in an allosteric manner by targeting 

other less structurally conserved domains as the CAT domain.12 Amongst the whole metzincin 

metalloprotease family, the hemopexin domain (PEX) is only found in a subset of MMPs and 

it is structurally less conserved than the CAT domain, making this exosite a highly suitable 

binding site for a selective MMP inhibitor design approach. The domain is involved in various 

actions of MMPs, including triple helicase activity, dimerization, MMP activation, substrate 

binding and endocytosis activity.13 Amongst the human MMPs bearing a PEX exosite, the 

membrane-bound  MT1-MMP ( (membrane type 1 – MMP) is considered an attractive target 

in anti-angiogenic drug discovery.14 The PEX domain of MT1-MMP is involved in binding and 

activation of MMP215, resulting in degradation of the basement membrane by MMP2/916, which 

leads to tumor cell migration and angiogenesis.17–19 It is also involved in shedding of gC1qR 
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on the surface of proliferating cells, a receptor of complement component 1q, which, in a 

soluble form, impairs the immune response to cancer cells mediated by the complement 

system.20  Furthermore, the PEX domain of MT1-MMP binds to CD44H, a receptor for ECM 

components on the cell surface, leading to colocalization of the MT1-MMP/CD44H complex 

to the invading edge of the cell.21,22 Moreover, the PEX domain has shown to play an important 

role of MT1-MMP processing via clathrin mediated endocytosis23 or tetraspanin mediated 

trafficking.24 The PEX domain is also needed for cleavage of native collagen type I fibers by 

MT1-MMP, exerting triple helicase activity to unwind collagen fibers, making the substrate 

susceptible for proteolytic degradation.25,26 Taken together, these findings underline the 

important role of the MT1-MMP PEX domain in cancer cell movement through tissue and 

angiogenesis.14 Recently, Remacle et al identified a PEX binder of MT1-MMP (A, chart 1) by 

an in silico screening approach, docking a library provided by the NIH into the tunnel in the 

center of the PEX domain.27 They showed that compound A  does not inhibit catalytic activity 

of MT1-MMP towards a fluorescently labeled small peptide substrate and that intertumoral 

application of A in a mice xenograft model using MCF-7 cells caused small fibrotic tumors 

with similar phenotype compared to a ∆PEX mutant in vivo. However, the question remains 

doubtful whether the effect seen in the animal model originates from an interaction of A with 

the PEX domain of MT1-MMP or from an off-target effect. Furthermore, the low potency of 

the compound hinders further in vivo evaluation. In this study, we describe a two-step 

optimization process of compound A following a ligand-based approach. Utilizing a cellular 

3D collagen invasion model with three different cancer cell lines yielded compounds with 

highly improved potency. Furthermore, screening against a panel of MMPs revealed a good 

selectivity profile towards other MMPs, enabling further in vivo studies.  
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Chart 1. Reference compounds used in this study: Literature described MMP14-PEX 

inhibitor A and active site hydroxamate MMP inhibitor GM6001. 

DESIGN 

Starting point of the study was Compound A (chart 1), which was identified by Remacle et al 

by an in silico screening approach.27 They could show that intertumoral injection of A in a 

mouse xenograft model resulted in tumors significantly reduced in size compared to the control  

and in a tumor phenotype that resembles the ∆PEX mutant. Furthermore, they could show that 

A inhibits homodimerization of the PEX domain of MT1-MMP, cell migration and degradation 

of collagen type 1 (COL-I) in vitro, while not inhibiting the proteolytic activity of MT1-MMP 

towards small oligopeptidic substrates.  However, low potency of A as well as poor solubility 

hinders further biological evaluation and so far, no SAR studies of this compound class have 

been reported. Therefore, we performed a ligand-based, two-step optimization process of A, 

resulting in compounds with highly improved potency. A combinatorial chemistry platform was 

used to generate two libraries (chart 2).  
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Chart 2. Designed & synthesized inhibitors

 

The first one consists of molecules differing in size and branching of the alkyl chain, as well as 

saturated and aromatic six-membered rings (chart 2, compounds 1 – 6). Evaluation of the 

compounds in a collagen 3D-invasion assay using HT1080 fibrosarcoma cells resulted in 

compounds with improved potency compared to A. In the second library, the aromatic moiety 

of A was modified with a broad structural diversity of the substituents, resulting in compounds 

7 - 37. Isosteric replacement of the chlorine substituents was performed and their positions on 

the phenyl ring were evaluated. Moreover, different hydrophilic substituents and heterocycles 

were introduced to gain deeper insight into the SAR of this compound class. Highly improved 
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activity was achieved within the second library, depending on the substituent size and position, 

with 21 being ten times more potent than reference compound A. 

 

CHEMISTRY 

All described compounds were synthesized following a one-step to two-step reaction protocol. 

An EDC/HBTU utilized amide coupling procedure in DMF with 4-methylmorpholine as base 

was employed to generate the arylamides in high yields from commercially available 

arylcarboxylic acids and the corresponding alkyl- or arylamines.  Compounds 21 and 28 were 

synthesized from their corresponding bromides 15 and 27 with 4-fluorophenyl boronic acid 

using a Suzuki coupling standard protocol.  

BIOLOGY 

Inhibition of HT1080 cell 3D collagen-I invasion 

Compounds synthesized were tested for their inhibition of MT1-MMP activity using a HT1080 

fibrosarcoma spheroid 3D invasion assay into a collagen-I matrix.28 Besides the poor patient 

prognosis and hence the high need for drugs acting on this kind of cancer29, this cell line thrives 

under in vitro conditions as spheroids in a 3D cellular culture, which  allows assay conditions 

superior compared to conventional 2D culture techniques.30 Moreover, HT1080 cells show high 

levels of MT1-MMP expression31 and invasion of this cell into collagen matrices has been 

directly correlated with  MT1-MMP activity via the PEX domain28,32, which makes the assay 

highly suitable to study interactions of the described inhibitors with the PEX domain of MT1-

MMP. In a first optimization step, the branched alkyl chain of A was subsequently modified to 

study the SAR of this part of the molecule (chart 2), the results at 100 µM inhibitor 

concentration are depicted in table 1.  
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Table 1. Activity data of Compounds 1 - 36 

 

Cmpd R1 R2 R3 R4 
Inhibition 

HT-1080a,d 

A 2-pentyl    52 % (100 µM) 

1 2-propyl    36 % (100 µM) 

2 n-butyl    34 % (100 µM) 

3 t-butyl    44 % (100 µM) 

4 cyclohexyl    n.i. 

5 phenyl    26 % (100 µM) 

6 4-pyridyl    
72 % (100 µM) 

28 % (50 µM) 

7  Me Me H 41 % (50 µM) 

8  F F H n.i. 

9  CF3 CF3 H 32 % (50 µM) 

10  CF3 H CF3 49 % (50 µM) 

11  CN H H n.i.  

12  CF3 H H 26 % (50 µM) 

13  F H H 10 % (50 µM) 

14  Cl H H 44 % (50 µM) 

15  Br H H 57 % (50 µM) 

16  Me H H 62 % (50 µM) 

17  OMe H H 19 % (50 µM) 

18  OMe H OMe 1.2 % (50 µM) 

19  SMe H H 46 % (50 µM) 
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20  Isopropyl H H 53 % (50 µM) 

21  4-F-Phenyl H H 52 % (10 µM) 

22  H OCF3 H 2.5 % (50 µM) 

23  H OCF2H H 10 % (50 µM) 

24  H CF3 H 19 % (50 µM) 

25  H F H 24 % (50 µM) 

26  H Cl H 19 % (100 µM) 

27  H Br H 28 % (50 µM) 

28  H 4-F-Phenyl H 6.5 % (100 µM 

29  H OMe H 6.0 % (50 µM) 

30  H OH H 5.1 % (50 µM) 

31  H NO2 H 5.5 % (50 µM) 

32 Cl H H H 40 % (100 µM) 

33 H H H H 8.6 % (100 µM) 

34 3-pyridyl    n.i. 

35 4-pyridyl    n.i. 

36 2-thienyl    n.i. 

aMean value of at least two experiments. The deviations were <30%. bsingle value. dHT1080 

collagen I invasion. eCell viability > 85 %; n.t. not tested; n.i. inhibition, < 5 % at 100 µM; 

Truncation of the alkyl chain to either a isopropyl- (1, 36%) or a linear butyl-residue (2, 34%) 

leads to a decrease in activity compared to the pentyl compound A (52%), as does further 

branching to the tert.-butyl compound (3, 44%). Introduction of the bulkier cyclohexyl residue 

(4, no inhibition) shows that there is limited space in the pocket at this side of the molecule.  

Exchange with the smaller phenyl analogue (5, 26%) is tolerated, but leads to a decrease in 

activity compared to A (52%). The increased activity of the 4-pyridyl compound (6, 72%) 

compared to A could be due to additional H-bond interactions deeper inside the pocket or 

favorable π-interactions of the pyridine ring. In the next optimization step, the role of the 

substituents on the phenyl ring of A were evaluated. Therefore, a library of 30 compounds was 
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synthesized (chart 2), varying position, size and electronic properties of the substituents. For all 

newly synthesized compounds in this library, the 2-pentyl residue of A was exchanged with the 

4-pyridyl moiety of 6, based on the results of the first optimization step. Compounds have been 

tested at 50 µM concentration, the results are also depicted in table 1. Isosteric replacement of 

the two chlorine- to methyl- substituents (7, 41%) leads to increased activity compared to 6 

(28%). Total loss of activity by exchange of chlorine by the smaller fluorine (8, no inhibition) 

points out the necessity of bigger, rather than electronegative substituents in these positions. 

Exchange by CF3 (9, 32%) is tolerated by the enzyme compared to 6 (28%), but decreases 

activity compared to the methyl analogue (7, 41%). Moving the p-CF3 to the second m-position 

increases activity compared to the m,p-substituted compound (10, 49% vs. 9, 32%), indicating 

that substitution on the m-position is more important for activity than the p-position. Looking 

at the m-monosubstituted compounds, introduction of a nitrile group in m-position leads to a 

complete loss of activity (11, no inhibition) compared to the single substituted m-CF3 (12, 26%), 

which is almost as active as the m,p-disubstituted compound 9 (32%). The loss of activity 

observed by the nitrile compound might be due to the necessity of a bigger, more lipophilic, 

rather than a hydrophilic electron-withdrawing substituent in this position. This observation can 

also be made when looking at the halogen compounds 13-15, with the bromine-substituted 

compound (15, 57%) being the most active in this row. Switching to electron-donating moieties, 

the m-methyl compound 16 (62%) is so far the most active compound and more active than the 

di-methyl compound 7 (41%). Introduction of a methoxy- or di-methoxy residues is not well 

accepted by the enzyme (17, 19%, 18, 1.2%), while the more lipophilic thioether 19 (46%) 

shows a high inhibition value, as well as the isopropyl derivative 20 (53%). Introduction of an 

additional phenyl ring in the m-position leads to the highly active compound 21 (52% at 10 

µM), which is the most active one described in this study, with an activity ten times higher than 

reference compound A (52% at 100µM). Moving to the single p-substituted compounds, inside 

the halogen series 25-27, the p-bromo compound is the most active one (27, 28%), but less 
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active than its m-analogue (15, 57%), as this can also be seen for the chlorine (26, 19% at 

100µM vs. 14, 44% at 50 µM). In contrast to the m-substituted compounds, introduction of an 

additional phenyl ring in p-position does not lead to increased activity (28, 6.5% at 50µM vs 

21, 52% at 10 µM), indicating that the pocket is too small in this position for the substituent. 

Introduction of hydrophilic substituents in the p-position is also not accepted by the enzyme 

(29, 6%, 30, 5.1%, 31, 5.5%), as seen for the m-methoxy analogue (17, 19%).  The lack of 

activity of the more fragment-like compounds 33-36 points out the necessity of an additional 

substituent on the phenyl ring (33, 8.6%, 34-36, no inhibition).  

Further biological investigation of MT1-MMP PEX inhibitors 

To validate the applicability of the described MT1-MMP PEX inhibitors, collagen invasion of 

two other cancer cell lines expressing MT1-MMP in a 3D culture model was investigated. 

Incubation of compound 21 at 10 µM concentration with U87 cells, a cell line derived from 

glioblastoma multiforme, a highly aggressive brain cancer difficult to target with poor patient 

outcome33, showed equally high inhibition values of collagen invasion as previously obtained 

results on the HT1080 cell line compared to DMSO controls (figure 1).  Similar high activity 

of 21 was observed upon incubation with triple negative breast cancer cell line MBA-MD-231, 

also a form of cancer highly likely to metastasize with low survival rates. For the experiments, 

first-generation MMP inhibitor GM6001 was used as a positive control. These findings 

illustrate the potential of MT1-MMP PEX inhibitors not only to be employed by a small subset 

of cancer treatments, but to be utilized as more broad-spectrum agents for cancer therapy. 
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Figure 9 A. Newly identified MMP14 inhibitors inhibit the 3D collagen-I invasion of cell lines 

from different origin (HT1080 = fibrosarcoma, U87 = glioblastoma, MDA-MB-231 = breast 

carcinoma), proving the general applicability of these identified MMP14 inhibitors. B. 

Representative example of the invasion spots of cell lines from different origin, that were 

treated with 10 µM DMSO, GM6001 or 21.  

 

Inhibition of other MMPs 

Lack of selectivity over other MMPs and other members of the methzincin enzyme superfamily 

is the main cause of failure of MMP inhbitiors in clinical trials so far.34 The highly conserved 

active site makes the design of selective MMP inhibitors a difficult task and novel strategies 

are required to address this issue.12 Targeting exosites, additional substrate binding sites, 

different than the active site, is a promising approach to inhibit MMPs in a highly selective 
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allosteric manner.35 Inhibition of MMP function by targeting the PEX domain can be seen as a 

superior strategy compared to active site inhibitors in multiple ways. Looking at the superfamily 

of methzincin enzymes, MMPs are the only family which feature a PEX domain, thus PEX 

inhibitors are MMP selective inside this superfamily of enzymes. Furthermore, only a fraction 

of MMPs incorporate a PEX domain13, which further increases the selectivity of the approach. 

To further investigate selectivity of the described inhibitors amongst MMPs, we tested the 

inhibitory activity of selected compounds towards soluble MMPs with a narrow substrate 

profile compared to MT1-MMP (Table 2).  

Table 2. Inhibition of other MMPs by compounds A, 21- 28 

Cmpd MMP1 MMP2 MMP8 MMP9 MMP13 

A n.t. n.i. (10µM) n.t. 
n.i. 

(10µM) 
5.8% (50µM) 

21 n.i. (10µM) 3% (10µM a n.i. (10µM) 
2.2% 

(10µM)a 
8.7% (10µM)a 

22 n.i. 
46%a 

8.2%(10µM) 
12.6% 4.2% a 

91% a 

47% (10µM)a 

23 n.i. 60% 19% 13% 85% 

24 n.i. (50µM) 30% n.i. (50µM) 3.4%a 
81%b 

29% (10µM) 

28 n.i. (10µM) 
36% 

(10µM)a 
n.i. (50µM) 

n.i. 

(10µM)a 
86% (10µM)b 

single values; n.t. not tested; n.i. no inhibition < 1 % aMean value of at least two experiments. 

The deviations were <10%; bS.D. > 15 %  

Tested compounds did not inhibit the cleavage of a small peptide fragment by any of the 

investigated MMPs (data not shown), which is not surprising since the PEX domain is not 

needed for cleavage of such a small substrate. This finding points out the possibility of this 

compound class for selective inhibition of MMPs towards specific substrate types.  In a next 
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step, inhibition of compounds towards the cleavage of fluorescently labelled triple-helical 

COL-I, a substrate that can only be cleaved with the help of the triple helicase function of the 

PEX domain. Inhibition of the different MMPs at 100 µM inhibitor concentration or below was 

assessed, the results are depicted in table 2. Remarkably, meta-substituted compound 21, the 

most active inhibitor of MT1-MMP described in this study, shows no to only very weak 

inhibition of the tested MMPs at 10µM, which is approximately its IC50 determined in the 

HT1080 invasion assay (MMP1 & 8, no inhibition, MMP2, 3%, MMP9, 2.2%, MMP13, 8.7% 

Inhibition), making 21 a highly selective compound. Moving to the para-substituted 

compounds 22-28, these compounds show high inhibition values towards other MMPs. 

Trifluoromethylether-substituted 22 as well as its analogues 23 & 24 show high inhibition 

values towards MMP2 (22, 46%, 23, 60%, 24, 30%) and MMP13 (22, 91%, 23, 85%, 24, 91%) 

indicating that the more linear shape of these molecules is beneficial for binding to the PEX 

domain of these two MMPs. The p-substituted analogue of 21, 28 shows a high inhibition value 

of MMP13 (86% at 10µM), being more potent on MMP13 than the m-substituted analogue 21 

in the HT1080 invasion assay (52% at 10µM). MMP13 itself is a promising target for the 

treatment of osteoarthritis36 and rheumatoid arthritis37, but the issue is currently under 

investigation will be discussed in a different article.  These findings underline the possibility of 

this compound class to inhibit different MMPs in a highly potent and selective manner, 

depending on the overall geometry of the molecule. Furthermore, by not inhibiting cleavage of 

substrates that don’t require the PEX domain, selective inhibition towards different substrate 

types could be achieved. 

 

CONCLUSION 

MMPs are considered promising targets for cancer therapy.5 Despite tremendous effort over 

decades to develop MMP inhibitors with high selectivity and potency, clinical trials with MMP 
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inhibitors have so far not been successful due to promiscuous inhibition of various 

metalloproteases.9 Recently, Remacle et al.27 identified compound A by an in silico approach 

as a MT1-MMP PEX “exosite” binder to inhibit the enzyme in an allosteric manner. The aim 

of this study was to establish a structure-activity relationship of this compound class towards 

inhibition of MT1-MMP function, a MMP that is highly upregulated in different cancer types 

and considered a key player in cancer cell motility and angiogenic growth.14 A HT1080 

fibrosarcoma cell spheroid 3D-culture based invasion assay was used to assess the activity of 

newly synthesized compounds. Following a two-step optimization process of A, first the role 

of the alkyl chain of A was investigated, which could be substituted by a pyridine moiety, 

resulting in compound 6 with increased activity. In a second step the substituents on the aryl 

moiety were optimized, resulting in compound 21 with highly improved activity compared to 

A (52% at 100 µM vs 52% at 10µM). Furthermore, a SAR could be obtained depicting the role 

of the substituents upon MMP binding. Activity of 21 was validated by measuring inhibition of 

cell migration of glioblastoma U87 and triple negative breast cancer cell line MBA-MD-231, 

underlining the applicability of the studied MT1-MMP PEX inhibitors for different kinds of 

cancer. Screening of the studied inhibitors against a whole panel of MMPs revealed a good 

selectivity profile with the possibility of this compound class to selectively inhibit specific 

MMPs, as well as specific MMP substrate cleavage, which in the end could lead to highly 

selective MMP inhibitors for cancer treatment and other diseases like osteoarthritis. 

 

CHEMICAL METHODS  

Chemical names follow IUPAC nomenclature. Starting materials were purchased from Aldrich, 

Acros, Lancaster, Maybridge, Combi Blocks, Merk, or Fluka and were used without 

purification. In case of preparative HPLC purification the compounds were purified using a 

setup produced by Waters Corporation containing a 2767 Sample Manager, a 2545 binary 
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gradient pump, a 2998 PDA detector and a 3100 electron spray mass spectrometer. The system 

has been used for a part of the analytical analysis as well as the preparative separation. In the 

latter case after separation the solvent flow has been split using a flow splitter and a 515 HPLC 

pump for makeup flow. Water containing 0.1% formic acid and acetonitrile containing 

0.1%formic acid were used as solvents for the analysis and separation. A Machery-Nagel C18-

ec column (C18, 150 x 4.6 mm, 5 µM) has been used with a flow of 1 ml/min for the analysis 

and a Waters X-Bridge column (C18, 150 x 19 mm, 5 µM) has been used with a flow of 20 

ml/min for the separation.1H NMR spectra were measured on a Bruker AM500 spectrometer 

(500 MHz) at 300 K or on a Bruker Fourier300 (300 MHz) at 295.5 K. Chemical shifts are 

reported in δ (parts per million: ppm), by reference to the hydrogenated residues of deuteriated 

solvent as internal standard (CDCl3: δ = 7.24 ppm (1H NMR) and δ = 77 ppm (13C NMR), 

CD3OD: δ = 3.31 ppm (1H NMR) and δ = 49.3 ppm (13C NMR), CD3COCD3: δ = 2.05 ppm (1H 

NMR) and δ = 29.9 ppm (13C NMR), CD3SOCD3 δ = 2.50 ppm (1H NMR) and δ = 39.5 ppm 

(13C NMR)). Signals are described as s, br. s, d, t, dd, ddd, m, dt, q, sep for singlet, broad singlet, 

doublet, triplet, doublet of doublets, doublet of doublets of doublets, multiplet, doublet of 

triplets, quadruplet, and septet respectively. All coupling constants (J) are given in hertz 

(Hz).Mass spectra (ESI) have been recorded on the system mentioned above. Tested 

compounds are >95% chemical purity as measured by HPLC.  

General procedure for amide coupling (Method A) 

In a dry flask with stirring bar, the corresponding benzoic acid (1 equiv.) and HBTU (1.5 equiv) 

were placed under argon and then dissolved in dry DMF (0.06 M). The corresponding amine 

(1.1 equiv.) and N-methylmorpholine (6 equiv.)  were added at 0 °C and the reaction mixture 

was stirred for one hour at 0 °C. EDCCl (1.5 equiv) was added and the resulting solution was 

stirred at room temperature overnight. The mixture was diluted with water and extracted with 

ethyl acetate (3x). The combined organic layers were dried over MgSO4, filtered and 
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concentrated in vacuo to obtain the crude compounds, which were purified using either Biotage 

column chromatography or preparative HPLC. 

BIOLOGICAL METHODS 

Cellular 3D collagen-I invasion assays 

Invasion of the cells into Col-I matrix was assed using a procedure similar to the literature 

described.28 To describe the procedure briefly, cell-collagen spheroids were covered with a Col-

I and preincubated at 37 °C.  The assay was started by addition of medium containing either 

DMSO or the inhibitor. After 16h of incubation, invaded cells were stained using Hoechst 

33342 dye for total cell number and propidium iodide for staining of dead cells, followed by 

PBS washing. Invading cells were then counted using fluorescence microscopy. In each 

experiment, GM6001 and DMSO were used as controls.  

Inhibition of DQ-Col-I degradation by MMPs in cell-free assay 

The assay was performed according to standard protocol similar described here.38 Briefly, 

inhibitors in DMSO were diluted with reaction buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM 

CaCl2, pH 7.6) to the desired concentration and fluorescently labeled DQ Collagen I in water 

was added to each well; Incubation was started by addition of the desired MMP in reaction 

buffer; Kinetic curves were recorded using a fluorescence microplate reader (495 nm 

absorption, 515 nm emission). Inhibitor GM6001 and pure DMSO were used as negative and 

positive controls. 

3,4-Dichloro-N-isopropylbenzamide (1). The title compound was prepared by reaction of 3,4-

dichlorobenzoic acid (95.5 mg, 0.5 mmol), iso-propylamine (32.5 mg, 0.55 mmol), HBTU (284 

mg, 0.75 mmol), EDCCl (144 mg, 0.75 mmol) and N-methylmorpholine (303 mg, 3.00 mmol) 

according to method A. The product was purified by Biotage CC; yield: 76% (88.2 mg); 1H 

NMR (300 MHz, CDCl3, δ): 1.27 (d, J=6.5 Hz, 6 H) 4.26 (dt, J=7.7, 6.6 Hz, 1 H) 7.50 (d, J=8.4 
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Hz, 1 H) 7.57 (dd, J=8.4, 2.0 Hz, 1 H) 7.83 (d, J=2.0 Hz, 1 H).; MS (ESI): 232.1 (M+H)+; UV 

λ (nm) = 234; Rf HPLC: 10.37 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); 

Purity 99 %. 

 

N-Butyl-3,4-dichlorobenzamide (2). The title compound was prepared by reaction of 3,4-

dichlorobenzoic acid (95.5 mg, 0.5 mmol), butylamine (40.2 mg, 0.55 mmol), HBTU (284 mg, 

0.75 mmol), EDCCl (144 mg, 0.75 mmol) and N-methylmorpholine (303 mg, 3.00 mmol) 

according to method A. The product was purified by Biotage CC; yield: 69% (84.4 mg); 1H 

NMR (300 MHz, CDCl3, δ): 0.83 - 1.03 (m, 3 H) 1.31 - 1.48 (m, 2 H) 1.49 - 1.69 (m, 2 H) 3.45 

(td, J=7.1, 5.8 Hz, 2 H) 6.04 (br. s., 1 H) 7.50 (d, J=8.2 Hz, 1 H) 7.58 (dd, J=8.2, 2.0 Hz, 1 H) 

7.85 (d, J=2.0 Hz, 1 H); MS (ESI): 246.1 (M+H)+; UV λ (nm) = 233; Rf HPLC: 11.38 Min (13 

Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 97 %. 

N-(Tert-butyl)-3,4-dichlorobenzamide (3). The title compound was prepared by reaction of 

3,4-dichlorobenzoic acid (95.5 mg, 0.5 mmol), tert.butylamine (40.22 mg, 0.55 mmol), HBTU 

(284 mg, 0.75 mmol), EDCCl (144 mg, 0.75 mmol) and N-methylmorpholine (303 mg, 3.00 

mmol) according to method A. The product was purified by Biotage CC; yield: 67% (82.9 mg); 

1H NMR (300 MHz, CDCl3, δ): 1.47 (d, J=1.3 Hz, 9 H) 7.48 (d, J=1.0 Hz, 1 H) 7.53 (d, J=1.0 

Hz, 1 H) 7.80 (s, 1 H); MS (ESI): 246.2 (M+H)+; UV λ (nm) = 234, 280 (sh); Rf HPLC: 11.60 

Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity > 99 %. 

3,4-Dichloro-N-cyclohexylbenzamide (4). The title compound was prepared by reaction of 

3,4-dichlorobenzoic acid (95.5 mg, 0.5 mmol), cyclohexylamine (54.5 mg, 0.55 mmol), HBTU 

(284 mg, 0.75 mmol), EDCCl (144 mg, 0.75 mmol) and N-methylmorpholine (303 mg, 3.00 

mmol) according to method A. The product was purified by Biotage CC; yield: 74% (100 mg); 

1H NMR (300 MHz, CDCl3, δ): 1.09 - 1.33 (m, 3 H) 1.33 - 1.54 (m, 2 H) 1.54 - 1.86 (m, 3 H) 
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1.92 - 2.17 (m, 2 H) 3.81 - 4.12 (m, 1 H) 5.91 (br. s., 1 H) 7.49 (d, J=8.3, 1 H) 7.57 (d, J=8.3, 

1.0 Hz, 1 H) 7.83 (s, 1 H); MS (ESI): 272.2 (M+H)+; UV λ (nm) = 233; Rf HPLC: 12.21 Min 

(13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 98 %. 

3,4-Dichloro-N-phenylbenzamide (5). The title compound was prepared by reaction of 3,4-

dichlorobenzoic acid (95.5 mg, 0.5 mmol), aniline (51.2 mg, 0.55 mmol), HBTU (284 mg, 0.75 

mmol), EDCCl (144 mg, 0.75 mmol) and N-methylmorpholine (303 mg, 3.00 mmol) according 

to method A. The product was purified by Biotage CC; yield: 70% (93.6 mg); 1H NMR (300 

MHz, CDCl3, δ): 7.13 - 7.22 (m, 1 H), 7.38 (t, J=7.9 Hz, 2 H), 7.52 - 7.66 (m, 3 H), 7.69 (dd, 

J=8.2, 1.9 Hz, 1 H), 7.76 (br. s., 1 H), 7.96 (d, J=1.9 Hz, 1 H); MS (ESI): 266.2 (M+H)+; UV λ 

(nm) = 269; Rf HPLC: 11.89 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); 

Purity 99 %. 

3,4-Dichloro-N-(pyridin-4-yl)benzamide (6). The title compound was prepared by reaction of 

3,4-dichlorobenzoic acid (57.3 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU 

(171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 

mmol) according to method A. The product was purified by preparative HPLC; yield: 43 % 

(34.1 mg); 1H NMR (300 MHz, MeOD, δ): 8.65 (d, J = 5.7 Hz, 2 H), 8.34 (d, J = 5.7 Hz, 2 H), 

8.22 (d, J = 2.1 Hz, 1 H), 7.95 (dd, J = 8.4, 2.1 Hz, 1 H), 7.76 (t, J = 8.4 Hz, 1 H); MS (ESI): 

267.2 (M+H)+; UV λ (nm) = 279; Rf HPLC: 5.98 Min (13 Min 10 – 95% MeCN in water with 

0.1% formic acid); Purity 99 %. 

3,4-Dichloro-N-(pyridin-4-yl)benzamide (7). The title compound was prepared by reaction of 

3,4-dimethylbenzoic acid (45.1 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU 

(171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 

mmol) according to method A. The product was purified by preparative HPLC; yield: 24 % 

(19.5 mg, formiate salt); 1H NMR (300 MHz, MeOD, δ): 8.45 (d, J = 3.6 Hz, 2 H), 8.16 (br s, 1 

H), 7.90 (d, J = 5.4 Hz, 1 H), 7.75 (s, 1 H), 7.69 (d, J = 8.1 Hz, 1 H), 7.29 (d, J = 8.1 Hz, 1 H), 
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2.36 (s, 3 H), 2.35 (s, 3 H); MS (ESI): 225.2 (M-H)+; UV λ (nm) = 283; Rf HPLC: 5.48 Min 

(13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity ≥99 %. 

3,4-Difluoro-N-(pyridin-4-yl)benzamide (8). The title compound was prepared by reaction of 

3,4-difluorobenzoic acid (47.4 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU 

(171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 

mmol) according to method A. The product was purified by preparative HPLC; yield: 64 % 

(45.2 mg); 1H NMR (300 MHz, MeOD, δ): 8.65 (d, J = 6.9 Hz, 2 H), 8.32 (d, J = 7.2 Hz, 2 H), 

8.03-7.96 (m, 1 H), 7.92-7.88 (m, 1 H), 7.54-7.45 (m, 1 H); MS (ESI): 235.2 (M+H)+; UV λ 

(nm) = 278; Rf HPLC: 4.88 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); 

Purity 95 %. 

N-(pyridin-4-yl)-3,4-bis(trifluoromethyl)benzamide (9). The title compound was prepared 

by reaction of 3,4-bis(trifluoromethyl)benzoic acid (77.4 mg, 0.3 mmol), 4-aminopyridine (31.1 

mg, 0.33 mmol), HBTU (171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-

methylmorpholine (182 mg, 1.8 mmol) according to method A. The product was purified by 

preparative HPLC; yield: 61 % (61.0 mg); 1H NMR (300 MHz, MeOD, δ): 8.58 (br s, 2 H), 8.48 

(d, J = 5.4 Hz, 2 H), 8.24 (s, 1 H), 7.88 (d, J = 5.1 Hz, 1 H); MS (ESI): 335.2 (M+H)+; UV λ 

(nm) = 274; Rf HPLC: 6.98 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); 

Purity 95 %. 

N-(pyridin-4-yl)-3,5-bis(trifluoromethyl)benzamide (10). The title compound was prepared 

by reaction of 3,4-bis(trifluoromethyl)benzoic acid (77.4 mg, 0.3 mmol), 4-aminopyridine (31.1 

mg, 0.33 mmol), HBTU (171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-

methylmorpholine (182 mg, 1.8 mmol) according to method A. The product was purified by 

preparative HPLC; yield: 51 % (50.9 mg); 1H NMR (300 MHz, MeOD, δ): 8.09 - 8.19 (m, 2 H) 

8.28 (s, 1 H) 8.61 (m, 4 H); MS (ESI): 335.3 (M+H)+; UV λ (nm) = 274; Rf HPLC: 6.98 Min 

(13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 99 %. 
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3-Cyano-N-(pyridin-4-yl)benzamide (11). The title compound was prepared by reaction of 3-

cyanobenzoic acid (44.1 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU (171 

mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 mmol) 

according to method A. The product was purified by preparative HPLC; yield: 61 % (40.8 mg); 

1H NMR (300 MHz, MeOD, δ): 7.71 - 7.78 (m, 1 H) 7.95 - 8.04 (m, 3 H) 8.27 (dt, J=7.92, 1.49 

Hz, 1 H) 8.35 (t, J=1.44 Hz, 1 H) 8.53 (br. s., 2 H); MS (ESI): 224.2 (M+H)+; UV λ (nm) = 276; 

Rf HPLC: 4.09 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 98 %. 

N-(pyridin-4-yl)-3-(trifluoromethyl)benzamide (12). The title compound was prepared by 

reaction of 3-(trifluoromethyl)benzoic acid (57.0 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 

0.33 mmol), HBTU (171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-

methylmorpholine (182 mg, 1.8 mmol) according to method A. The product was purified by 

preparative HPLC; yield: 73 % (58.2 mg); 1H NMR (300 MHz, MeOD, δ): 8.67 (d, J = 7.2 Hz, 

2 H), 8.39-8.35 (m, 3 H), 8.29 (d, J = 7.8 Hz, 1 H), 7.99 (d, J = 7.8 Hz, 1 H), 7.80 (t, J = 7.8 

Hz, 1 H); MS (ESI): 267.2 (M+H)+; UV λ (nm) = 230, 276; Rf HPLC: 5.59 Min (13 Min 10 – 

95% MeCN in water with 0.1% formic acid); Purity 98 %. 

3-Fluoro-N-(pyridin-4-yl)benzamide (13). The title compound was prepared by reaction of 3-

fluorobenzoic acid (42.0 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU (171 

mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 mmol) 

according to method A. The product was purified by preparative HPLC; yield: 67 % (43.5 mg); 

1H NMR (300 MHz, MeOD, δ): = 7.29 - 7.45 (m, 1 H) 7.57 (td, J=8.01, 5.68 Hz, 1 H) 7.67 - 

7.76 (m, 1 H) 7.77 - 7.84 (m, 1 H) 7.94 (br. s., 2 H) 8.50 (br. s., 2 H); MS (ESI): 217.2 (M+H)+; 

UV λ (nm) = 276; Rf HPLC: 4.48 Min (13 Min 10 – 95% MeCN in water with 0.1% formic 

acid); Purity 95 %. 

3-Chloro-N-(pyridin-4-yl)benzamide (14). The title compound was prepared by reaction of 

3-chlorobenzoic acid (47.0 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU (171 
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mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 mmol) 

according to method A. The product was purified by preparative HPLC; yield: 58 % (40.2 mg); 

1H NMR (300 MHz, MeOD, δ): = 7.54 (t, J=7.87 Hz, 1 H) 7.60 - 7.69 (m, 1 H) 7.91 (dt, J=7.75, 

1.34 Hz, 1 H) 7.96 - 8.08 (m, 3 H) 8.52 (br. s., 2 H); MS (ESI): 233.2 (M+H)+; UV λ (nm) = 

276; Rf HPLC: 5.14 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 95 

%. 

3-Bromo-N-(pyridin-4-yl)benzamide (15). The title compound was prepared by reaction of 

3-bromobenzoic acid (133 mg, 0.67 mmol), 4-aminopyridine (69.4 mg, 0.74 mmol), HBTU 

(380 mg, 1.00 mmol), EDCCl (192 mg, 1.00 mmol) and N-methylmorpholine (405 mg, 4.00 

mmol) according to method A. The product was purified by preparative HPLC; yield: 98 % 

(179 mg); 1H NMR (300 MHz, MeOD, δ): = 8.45-8.43 (m, 2 H), 8.13 (s, 1 H), 7.93 (d, J = 6.9 

Hz, 1 H), 7.84-7.82 (m, 2 H), 7.77 (d, J = 8.1 Hz, 1 H), 7.46 (t, J = 7.8 Hz, 1 H); MS (ESI): 

277.2 (M+H)+; UV λ (nm) = 276; Rf HPLC: 5.34 Min (13 Min 10 – 95% MeCN in water with 

0.1% formic acid); Purity 99 %. 

3-Methyl-N-(pyridin-4-yl)benzamide (16). The title compound was prepared by reaction of 

3-methylbenzoic acid (40.8 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU 

(171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 

mmol) according to method A. The product was purified by preparative HPLC; yield: 65 % 

(41.3 mg); 1H NMR (300 MHz, MeOD, δ): = 2.45 (s, 3 H) 7.36 - 7.51 (m, 2 H) 7.74 - 7.88 (m, 

2 H) 8.22 (br. s., 2 H); MS (ESI): 213.2 (M+H)+; UV λ (nm) = 279; Rf HPLC: 4.89 Min (13 

Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 99 %. 

3-Methoxy-N-(pyridin-4-yl)benzamide (17). 1H NMR (500 MHz, MeOD, δ): = 3.87 (s, 3 H) 

7.17 (dd, J=8.16, 2.52 Hz, 1 H) 7.43 (t, J=7.93 Hz, 1 H) 7.47 - 7.55 (m, 2 H) 7.83 (d, J=6.26 

Hz, 2 H) 8.43 (d, J=6.26 Hz, 2 H); MS (ESI): 229.2 (M+H)+; UV λ (nm) = 278; Rf HPLC: 4.54 

Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 97 %. 
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3,5-Dimethoxy-N-(pyridin-4-yl)benzamide (18). 1H NMR (500 MHz, MeOD, δ): = 3.85 (s, 6 

H) 6.71 (t, J=1.98 Hz, 1 H) 7.10 (d, J=1.98 Hz, 2 H) 7.83 (d, J=5.65 Hz, 2 H) 8.44 (br. s., 2 H); 

MS (ESI): 259.3 (M+H)+; UV λ (nm) = 281 325 (sh); Rf HPLC: 4.93 Min (13 Min 10 – 95% 

MeCN in water with 0.1% formic acid); Purity > 99 %. 

3-(Methylthio)-N-(pyridin-4-yl)benzamide (19). The title compound was prepared by 

reaction of 3-(methylthio)benzoic acid (50.5 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 

mmol), HBTU (171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine 

(182 mg, 1.8 mmol) according to method A. The product was purified by preparative HPLC; 

yield: 75 % (55.0 mg); 1H NMR (300 MHz, MeOD, δ): = 2.56 (s, 3 H) 7.39 - 7.56 (m, 2 H) 7.71 

(dt, J=7.33, 1.55 Hz, 1 H) 7.84 (t, J=1.63 Hz, 1 H) 8.00 (br. s., 2 H) 8.51 (br. s., 2 H); MS (ESI): 

246.2 (M+H)+; UV λ (nm) = 276, 325; Rf HPLC: 5.22 Min (13 Min 10 – 95% MeCN in water 

with 0.1% formic acid); Purity 99 %. 

3-Isopropyl-N-(pyridin-4-yl)benzamide (20). The title compound was prepared by reaction 

of 3-isopropylbenzoic acid (49.3 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), 

HBTU (171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 

1.8 mmol) according to method A. The product was purified by preparative HPLC; yield: 38 % 

(27.5 mg); 1H NMR (300 MHz, MeOD, δ): = 1.31 (d, J=6.98 Hz, 6 H) 3.02 (dt, J=13.85, 6.90 

Hz, 1 H) 7.39 - 7.55 (m, 2 H) 7.77 (dt, J=7.45, 1.63 Hz, 1 H) 7.85 (t, J=1.77 Hz, 1 H) 7.99 (br. 

s., 2 H); MS (ESI): 241.2 (M+H)+; UV λ (nm) = 279; Rf HPLC: 6.14 Min (13 Min 10 – 95% 

MeCN in water with 0.1% formic acid); Purity 98 %. 

4'-Fluoro-N-(pyridin-4-yl)-[1,1'-biphenyl]-3-carboxamide (21). The title compound was 

prepared according to the following procedure: a mixture of 3-bromo-N-(pyridin-4-

yl)benzamide (83.1 mg, 0.3 mmol), 4-fluorophenylboronic acid (46.2 mg, 0.33 mmol), cesium 

carbonate (342 mg, 1.05 mmol) and tetrakis(triphenylphosphine) palladium (12.1 mg, 0.0105 

mmol) was suspended in an oxygen-free toluene/DME/water (0.7 ml / 0.9 ml / 2 ml) solution 
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and heated under argon atmosphere to 85 °C for 16 h. The reaction mixture was cooled to room 

temperature. Water was added and the aqueous layer was extracted with ethyl acetate three 

times. The combined organic layers were dried over magnesium sulfate, filtered and 

concentrated to dryness. The product was purified by preparative HPLC; 58 % (57.5 mg); 1H 

NMR (300 MHz, DMSO-d6, δ): = 10.66 (s, 1 H), 8.50 (d, J = 6.0 Hz, 1 H), 8.20 (t, J = 1.8 Hz, 

1 H), 8.14 (s, 1 H), 7.96-7.89 (m, 2 H), 7.85-7.79 (m, 4 H), 7.65 (t, J = 7.8 Hz, 1 H), 7.35 (t, J 

= 8.7 Hz, 2 H). MS (ESI): 246.2 (M+H)+; UV λ (nm) = 238, 278; Rf HPLC: 6.83 Min (13 Min 

10 – 95% MeCN in water with 0.1% formic acid); Purity ≥ 99 %. 

N-(Pyridin-4-yl)-4-(trifluoromethoxy)benzamide (22). The title compound was prepared by 

reaction of 4-(trifluoromethoxy)benzoic acid (68.0 mg, 0.33 mmol), 4-aminopyridine (34.2 mg, 

0.363 mmol), HBTU (190 mg, 0.5 mmol), EDCCl (96.0 mg, 0.45 mmol) and N-

methylmorpholine (202 mg, 1.8 mmol) according to method A. The product was purified by 

preparative HPLC; yield: 97 % (90.0 mg); 1H NMR (300 MHz, DMSO-d6, δ): = 11.04 (s, 1 H), 

8.61 (d, J = 5.7 Hz, 2 H), 8.12 (d, J = 9.0 Hz, 2 H), 7.98 (d, J = 6.6 Hz, 2 H), 7.58 (d, J = 7.8 

Hz, 2 H); MS (ESI): 241.2 (M+H)+; UV λ (nm) = 278; Rf HPLC: 6.09 Min (13 Min 10 – 95% 

MeCN in water with 0.1% formic acid); Purity 96 %. 

4-(Difluoromethoxy)-N-(pyridin-4-yl)benzamide (23). The title compound was prepared by 

reaction of 4-(difluoromethoxy)benzoic acid (62.1 mg, 0.33 mmol), 4-aminopyridine (34.2 mg, 

0.363 mmol), HBTU (190 mg, 0.5 mmol), EDCCl (96.0 mg, 0.5 mmol) and N-

methylmorpholine (202 mg, 1.8 mmol) according to method A. The product was purified by 

preparative HPLC; yield: 89 % (91.3 mg, formiate salt); 1H NMR (300 MHz, DMSO-d6, δ): = 

11.03 (s, 1 H), 8.63 (d, J = 4.8 Hz, 2 H), 8.08 (d, J = 8.7 Hz, 2 H), 8.04 (d, J = 6.6 Hz, 2 H), 

7.41 (t, J = 73.5 Hz, 1 H), 7.37 (d, J = 8.7 Hz, 2 H); MS (ESI): 265.2 (M+H)+; UV λ (nm) = 

281; Rf HPLC: 5.27 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 98 

%. 
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N-(Pyridin-4-yl)-4-(trifluoromethyl)benzamide (24). The title compound was prepared by 

reaction of 4-(trifluoromethyl)benzoic acid (57.0 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 

0.33 mmol), HBTU (171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-

methylmorpholine (182 mg, 1.8 mmol) according to method A. The product was purified by 

preparative HPLC; yield: 54 % (43.5 mg); 1H NMR (300 MHz, MeOD, δ): = 8.68 (d, J = 6.9 

Hz, 2 H), 8.37 (d, J = 6.9 Hz, 2 H), 8.19 (d, J = 7.8 Hz, 2 H), 7.90 (d, J = 8.1 Hz, 2 H); MS 

(ESI): 267.2 (M+H)+; UV λ (nm) =227 (sh), 281; Rf HPLC: 5.74 Min (13 Min 10 – 95% MeCN 

in water with 0.1% formic acid); Purity ≥ 99 %. 

4-fluoro-N-(pyridin-4-yl)benzamide (25). MS (ESI): 217.2 (M+H)+; UV λ (nm) =279; Rf 

HPLC: 4.26 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity ≥ 99 %. 

4-Chloro-N-(pyridin-4-yl)benzamide (26). The title compound was prepared by reaction of 

4-chlorobenzoic acid (47.0 mg 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU (171 

mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 mmol) 

according to method A. The product was purified by preparative HPLC; yield: quantitative 

(70.3 mg); 1H NMR (300 MHz, MeOD, δ): = 7.49 - 7.61 (m, 2 H) 7.83 (d, J=5.87 Hz, 2 H) 7.88 

- 8.02 (m, 2 H) 8.45 (br. s., 2 H); MS (ESI): 233.2 (M+H)+; UV λ (nm) =281; Rf HPLC: 5.18 

Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity  99 %. 

4-Bromo-N-(pyridin-4-yl)benzamide (27). The title compound was prepared by reaction of 

4-bromobenzoic acid (402 mg 2.0 mmol), 4-aminopyridine (207 mg, 2.2 mmol), HBTU (1.14 

g, 3.0 mmol), EDCCl (575 mg, 3.0 mmol) and N-methylmorpholine (1.21 g, 12 mmol) 

according to method A. The product was purified by Biotage CC; yield: quantitative (584 mg); 

1H NMR (300 MHz, MeOD, δ): = 8.43 (d, J = 6.6 Hz, 2 H), 7.87-7.82 (m, 4 H), 7.69 (d, J = 8.7 

Hz, 2 H); MS (ESI): 279.2 (M+H)+; UV λ (nm) =281; Rf HPLC: 5.40 Min (13 Min 10 – 95% 

MeCN in water with 0.1% formic acid); Purity  ≥ 99 %. 
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4'-Fluoro-N-(pyridin-4-yl)-[1,1'-biphenyl]-4-carboxamide (28). The title compound was 

prepared according to the following procedure: a mixture of 4-bromo-N-(pyridin-4-

yl)benzamide (139 mg, 0.5 mmol), 4-fluorophenylboronic acid (77.0 mg, 0.55 mmol), cesium 

carbonate (569 mg, 1.75 mmol) and tetrakis(triphenylphosphine) palladium (20.2 mg, 0.0175 

mmol) was suspended in an oxygen-free toluene/DME/water (1.3 ml / 1.7 ml / 3.7 ml) solution 

and heated under argon atmosphere to 85 °C for 15 h. The reaction mixture was cooled to room 

temperature. Water was added and the aqueous layer was extracted with ethyl acetate three 

times. The combined organic layers were dried over magnesium sulfate, filtered and 

concentrated to dryness. The product was purified by preparative HPLC; 12 % (17.9 mg); MS 

(ESI): 315.3 (M+Na)+; UV λ (nm) = 298; Rf HPLC: 7.59 Min (13 Min 10 – 95% MeCN in 

water with 0.1% formic acid); Purity 91 %. 

4-Methoxy-N-(pyridin-4-yl)benzamide (29). 1H NMR (500 MHz, MeOD, δ): = 3.88 (s, 3 H) 

7.01 - 7.08 (m, 2 H) 7.82 (d, J=6.41 Hz, 2 H) 7.90 - 7.99 (m, 2 H) 8.42 (d, J=6.26 Hz, 2 H); MS 

(ESI): 229.2 (M+H)+; UV λ (nm) =295; Rf HPLC: 4.47 Min (13 Min 10 – 95% MeCN in water 

with 0.1% formic acid); Purity  ≥ 99 %. 

4-Hydroxy-N-(pyridin-4-yl)benzamide (30). The title compound was prepared according to 

the following procedure: To a solution of 4-methoxy-N-(pyridin-4-yl)benzamide (300 mg, 1.31 

mmol) in 20 mL DCM (dry) was added dropwise BBr3 (1 M in DCM, 3.93 ml, 3.93 mmol) at 

-95°C. The mixture was stirred at room temperature for 3h. 1 M HCl was added to quench the 

reaction. The pH was adjusted to 8 with NaHCO(sat) and the mixture was extracted with 

EtOAc. The combined organic layers were washed with brine, dried with magnesium sulphate 

and concentrated in vacuo to afford the crude product, which was purified by preparative 

HPLC; 1H NMR (300 MHz, DMSO-d6, δ): = 10.31 (s, 1 H), 8.44 (d, J = 5.4 Hz, 2 H), 7.87 (d, 

J = 8.7 Hz, 2 H), 7.76 (d, J = 6.0 Hz, 2 H), 6.88 (d, J = 8.7 Hz, 2 H); MS (ESI): 215.2 (M+H)+; 
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UV λ (nm) =276; Rf HPLC: 3.48 Min (13 Min 10 – 95% MeCN in water with 0.1% formic 

acid); Purity  ≥ 99 %. 

4-Nitro-N-(pyridin-4-yl)benzamide (31). The title compound was prepared by reaction of 4-

nitrobenzoic acid (50.1 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU (171 

mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 mmol) 

according to method A. The product was purified by preparative HPLC; yield: 50 % (36.3 mg); 

1H NMR (300 MHz, MeOD, δ): = 8.69 (d, J = 7.2 Hz, 2 H), 8.43-8.37 (m, 4 H), 8.23 (d, J = 9.0 

Hz, 2 H); MS (ESI): 244.2 (M+H)+; UV λ (nm) =281; Rf HPLC: 4.60 Min (13 Min 10 – 95% 

MeCN in water with 0.1% formic acid); Purity  95 %. 

2-Chloro-N-(pyridin-4-yl)benzamide (32). The title compound was prepared by reaction of 

2-chlorobenzoic acid (47.0 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU (171 

mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 mmol) 

according to method A. The product was purified by preparative HPLC; yield: 68 % (47.8 mg); 

1H NMR (300 MHz, MeOD, δ): = 7.46 - 7.59 (m, 1 H) 7.60 - 7.68 (m, 1 H) 7.91 (dt, J=7.87, 

1.37 Hz, 1 H) 7.95 - 8.07 (m, 3 H) 8.52 (br. s., 2 H); MS (ESI): 233.2 (M+H)+; UV λ (nm) 

=272; Rf HPLC: 4.37 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity  

99 %. 

N-(pyridin-4-yl)benzamide (33). The title compound was prepared by reaction of benzoic acid 

(36.6 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), HBTU (171 mg, 0.45 mmol), 

EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 1.8 mmol) according to 

method A. The product was purified by preparative HPLC; yield: 83 % (49.4 mg); 1H NMR 

(300 MHz, MeOD, δ): = 8.64 (d, J = 6.6 Hz, 2 H), 8.37 (d, J = 6.6 Hz, 2 H), 8.02 (d, J = 7.5 Hz, 

2 H), 7.68 (t, J = 7.2 Hz, 1 H), 7.57 (t, J = 7.5 Hz, 2 H); MS (ESI): 199.2 (M+H)+; UV λ (nm) 

=278; Rf HPLC: 4.09 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity  

≥ 99 %. 
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N-(pyridin-4-yl)nicotinamide (34). 1H NMR (500 MHz, MeOD, δ): = 7.60 (dd, J=8.01, 4.96 

Hz, 1 H) 7.84 (d, J=6.56 Hz, 2 H) 8.37 (dd, J=7.93, 1.68 Hz, 1 H) 8.46 (d, J=6.26 Hz, 2 H) 8.72 

- 8.78 (m, 1 H) 9.10 (d, J=2.29 Hz, 1 H); MS (ESI): 200.1 (M+H)+; UV λ (nm) =276; Rf HPLC: 

2.45 Min (13 Min 10 – 95% MeCN in water with 0.1% formic acid); Purity 99 %. 

N-(Pyridin-4-yl)isonicotinamide (35). 1H NMR (500 MHz, MeOD, δ): = 7.85 (d, J=6.41 Hz, 

2 H) 7.90 (d, J=5.80 Hz, 2 H) 8.47 (d, J=6.10 Hz, 2 H) 8.76 (d, J=5.95 Hz, 2 H); MS (ESI): 

200.1 (M+H)+; UV λ (nm) =274; Rf HPLC: 2.19 Min (13 Min 10 – 95% MeCN in water with 

0.1% formic acid); Purity 82 %. 

N-(pyridin-4-yl)thiophene-2-carboxamide (36). The title compound was prepared by reaction 

of thiophene-2-carboxylic acid (38.4 mg, 0.3 mmol), 4-aminopyridine (31.1 mg, 0.33 mmol), 

HBTU (171 mg, 0.45 mmol), EDCCl (86.3 mg, 0.45 mmol) and N-methylmorpholine (182 mg, 

1.8 mmol) according to method A. The product was purified by preparative HPLC; yield: 87 % 

(53.3 mg); 1H NMR (300 MHz, MeOD, δ): = 7.50 - 7.58 (m, 1 H) 7.61 - 7.68 (m, 1 H) 7.91 (dt, 

J=7.87, 1.37 Hz, 1 H) 7.96 - 8.05 (m, 3 H) 8.52 (br. s., 2 H); MS (ESI): 205.1 (M+H)+; UV λ 

(nm) = 255 (sh), 298; Rf HPLC: 3.89 Min (13 Min 10 – 95% MeCN in water with 0.1% formic 

acid); Purity 97 %. 
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ABBREVIATIONS 

CAT, Catalytic domain; Col, Collagen; ECM, Extracellular matrix; EDC, 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide; HBTU, Hexafluorophosphate Benzotriazole Tetramethyl 

Uronium; MMP, Matrixmetalloprotease; MT1-MMP, Membrane Type 1 – MMP; PEX, 

Hemopexin; SAR, Structure – Activity – relationship; 
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4. Final discussion 

Aim of this study was the development of novel drug-like molecules for targeted 

therapy. This form of therapy directly addresses biochemical pathways which are 

altered in the target disease through a specific action of the drug, in contrast to 

unspecific medications. The first part of the study dealt with the development of MT-

MMP1 inhibitors as novel angiogenesis inhibitors for cancer treatment. The novel idea 

consisted here in developing compounds able to bind to structurally less conserved 

sites of the enzyme with the aim to increase the selectivity and therefore, decrease 

severe side effects which commonly accompany state-of-the-art broad-spectrum MMP 

inhibitors. The second part of this study dealt with the development of novel 17β-HSD2 

inhibitors for the treatment of estrogen-dependent diseases such as impaired bone 

fracture healing and osteoporosis. In this case, we applied a new pharmacological 

strategy aimed at selectively increasing estradiol inside the bone to enhance bone 

formation and reduce side effects which are normally associated to systemic 

administration of estradiol. In a follow-up study, the described compound class was 

optimized for the treatment of osteoporosis, a disease that requires drugs to be orally 

bioavailable due to the long duration of the therapy. For both parts of the study, a 

ligand-based approach was utilized to generate compounds with improved properties. 

4.2. PEX binders as a promising approach for the development of 

next-generation MMP inhibitors 

Antiangiogenic cancer therapy is a widely used form of targeted therapy to treat nearly 

all forms of cancer today. In order to grow, tumors rely on the supply of oxygen and 

nutrients coming from the surrounding tissue and thus induce the growth of blood 

vessels via the release of cytokines such as VEGF. Current forms of antiangiogenic 

therapy aim at the blockage of the cytokine-receptor interactions or the signal 

transduction inside the cell.135 This angiogenic signaling represents a signaling 

network rather than one isolated pathway, and hence resistance is a widespread result 

of this form of therapy as the tumor has the possibility reactivate a suppressed pathway 

from a number of side streets.136 The MT-MMP1 family constitutes an attractive target 

for the development of novel antiangiogenic drugs, as it is considered a key regulator 

of angiogenic sprouting of endothelial cells and metastasis formation.43 Inhibition of 

this class of enzymes via “exosite binders”, using compounds that target less 

conserved domains rather than the catalytic, is a promising approach for the design of 
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novel MMP inhibitors.124,137 In this context, PEX binder I.A was identified through an in 

silico approach and was already tested in an in vivo PoP model, as described in 

literature.125 We performed the first SAR study on this compound class which exploited 

modifications of I.A in a two-step approach, resulting first in compound I.6 and finally, 

after a second optimization round, to a 10-fold increase in activity over I.A with 

compound I.21 (figure 9). The SAR obtained so far for this compound class can be 

summarized as follows, rigidization of the iso-pentyl moiety  to 4-pyridyl is favored in 

terms of activity on the target, as do lipophilic isosteric substituents of the chlorine in 

meta position on the aromatic core structure, significantly increasing the activity. The 

most active compounds are depicted in figure 10. 

 

Figure 10: Design strategy of newly developed MT-MMP1 PEX binders 

The newly synthesized compounds showed ten times increased activity compared to 

reference I.A in a novel cellular collagen I invasion assay, which utilizes HT1080 

fibrosarcoma cell spheroids invading a collagen I matrix. We used this advanced assay 

technique because it has several benefits over classical proteolytic enzyme activity 

assays, as it is more reflective of the in vivo situation than enzymatic cleavage of a 

small peptide substrate surrogate.138 Furthermore, the ability of this cell line to invade 

a collagen matrix has been directly linked to the PEX domain of MT-MMP1, which is 

highly expressed on the cell surface.139 The applicability of the described MT-MMP1 

inhibitors to inhibit cellular movement was validated over two additional cancer cell 

lines, U87 glioblastoma multiforme and MDA-MD-231 breast cancer. These cancer 

types are considered highly aggressive and associated with poor survival rates in 

patients.23,140 This finding clearly highlights the possibility to apply the approach to 

different kinds of cancer that are difficult to treat with state-of-the-art therapy options.  
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Figure 11: Structures of the most active newly synthesized compounds and reference I.A, their inhibition values in 

the invasion assay, tested inhibitor concentration in brackets 

 

As aforementioned, one of the aims of this thesis is to prove the interaction of the novel 

MT-MMP1 inhibitors using biophysical analysis methods such as surface plasmon 

resonance spectroscopy. Upon screening of the synthesized compounds I.1-35, at 

100 µM concentration against the immobilized PEX domain of MT-MMP1, signal 

intensities could be correlated to the SAR obtained from the invasion assay using the 

HT1080 cell line (data not shown). However, the determination of Kd values of these 

compounds failed due to the fact that upon binding, the compounds decrease the 

obtained signal compared to the reference channel. On the other hand, with increased 

inhibitor concentration, non-specific interaction of the inhibitors with the matrix 

increases signal in the reference channel, making it impossible to obtain proper binding 

curves with this measurement technique. To overcome this issue and obtain a 

parameter of direct binding, other biophysical techniques such as isothermal titration 

calorimetry or thermal-shift assay could be employed, but were not performed so far 

due to the limited availability of the recombinant PEX domain of MT-MMP1. 

194 Metalloproteases are described in humans, of which 64 belong to the metzincin 

enzyme family, including MMPs, ADAMs and ADAMTs.141 Given the high structural 

similarity of the active site of this enzyme class, the development of selective classical 

active site MMP inhibitors is a difficult task;123 in fact, discontinued clinical trials have 

shown that the probability of off-target effects with these inhibitors is tremendously 

high.142 Targeting the PEX domain, a domain for protein–protein interactions has 

superior advantages, as only MMPs bear this domain amongst the methzincin 

protease superfamily.123 Furthermore, not all MMPs share this domain, increasing the 

per se selectivity of the approach and limiting the space for possible off-target effects 

(figure 11). Taking into account the decreased structural conservation of the domain 
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among MMPs, the development of binders to this domain is a highly promising 

approach for development of next-generation MMP inhibitors.39  

Figure 12: Structural space of Metalloproteases and possible overlapping targets of MMP 

inhibitors  

Selectivity over other MMPs is the key element for a promising pharmacological profile 

of novel MMP inhibitors. For this reason, we tested a large set of the newly synthesized 

compounds towards degradation of a small peptidic substrate by the gelatinases 

MMP2 and 9, as well as the collagenases MMP1, 8 and 13. None of the synthesized 

inhibitors was able to block the degradation of the substrate by these enzymes, which 

emphasizes the advantages of exosite binders as highly selective MMP inhibitors. 

Subsequently, the compounds ability to inhibit the degradation of a fluorescently 

labeled collagen I substrate was additionally evaluated. Under physiological 

conditions, the PEX domain of these enzymes has triple helicase activity towards 

fibrillar collagen, making the substrate prone to cleavage via the active site of the 

enzyme.39 Compound I.21 at 10 µM concentration did not significantly inhibit any of 

the enzymes (table 1), making it a highly selective and, hence, promising compound 

for further evaluation. Besides this highly interesting finding regarding the selectivity of 
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the most active compound described in this study, a screening of the compounds 

against the panel of MMPs revealed that other compounds of this class were 

selectively active against other MMPs, such as MMP13 or MMP2. The small p-OCF3 

substituted compound I.22 shows high inhibition of MMP13 (47% at 10 µM, table 1), 

as does the p-4-F-phenyl compound I.28 (86% at 10 µM, table 1). This proves the 

possibility of this class to selectively inhibit other types of MMPs, depending on their 

molecular structure. MMP13 is a promising target for rheumatoid and osteoarthritis, 

two inflammatory diseases in which cartilage is excessively degraded primarily in the 

joints, leading to limb stiffness and excessive pain.143,144 As these diseases can often 

be treated only symptomatically, the development of novel drugs constitutes a highly 

interesting field of research. To summarize the findings of this chapter, the here 

described compound class was proven to inhibit collagenolytic activity of a set of 

different MMPs, depending on the structure of the inhibitors. Based on a novel 

mechanism of action, presumably by interacting with the PEX domain, this class of 

inhibitors holds the potential for selective MMP inhibition, thus enabling a plethora of 

possible novel MMP targeted-therapy drugs. 

Table 1: Inhibition values of selected compounds towards a larger set of MMPs 

Cmpd 

 

Inhibition of HT1080 
invasion (MT-MMP1)a,b 

52%a 2.5%c 6.5%b 

MMP1  n.i.a n.i.b n.i.a 

MMP2  3%a 8.2%a 36%a 

MMP8 n.i.a 12.6%b n.i.c 

MMP9 2.2%a 4.2%b n.i.a 

MMP13 8.7%a 47%a 86%a 

atested at 10 µM inhibitor concentration. btested at 100 µM inhibitor concentration. ctested at 50 µM 

inhibitor concentration. 
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4.3. Development and Proof-of-Principle evaluation of 17β-HSD2 inhibitors for 

bone fracture healing 

The second part of this thesis dealt with the development of novel agents for targeted 

endocrine therapy. Misbalance in steroid hormone concentrations in 

hormone-sensitive tissues nurtures pathologic conditions such as prostate cancer, 

breast cancer, or osteoporosis.145 Traditional therapies against such diseases often 

alter steroid concentrations or their actions systemically in body, hence leading to 

severe side effects and disturbance of the hypothalamus–pituitary–organ axis.146,147 

The aim of targeted endocrine therapy would be to specifically alter hormone 

concentrations in the target tissue of the disease, thereby reducing the side effects of 

the therapy (figure 12).  

Figure 13: Working hypothesis of 17β-HSD2 inhibitors for targeted endocrine therapy in bone 

Inhibition of 17β-HSD2, an enzyme which deactivates estradiol and testosterone, is a 

promising approach for targeted endocrine therapy, as it would increase hormone 

concentration in the target bone tissue in an intracrine manner.148 The concept had 

previously been validated in literature, showing that treatment of ovariectomized 

monkeys with a 17β-HSD2 inhibitor significantly increased bone strength.129 The first 

part of this 17β-HSD2 inhibitor study dealt with the applicability of this concept to 

decreased bone fracture healing, as the underlying biological mechanisms for fracture 

healing are highly similar to osteoporosis.87 

 For this purpose, we took compound II.A, originating from the field of highly potent 

17β-HSD1 inhibitors for treatment of estrogen-excessive diseases such as breast 

cancer or endometriosis149, and subjected it to a two-step optimization process (figure 

13). The moderately active compound (IC50 = 111 nM) shows a very low in vitro 
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metabolic stability in human liver S9 fraction, which is attributed to a facile phase II 

conjugation reaction on the hydroxyl moiety of the benzoyl part of the molecule, as well 

as no inhibition of murine 17β-HSD2. The first optimization step aimed at reducing 

electron density of the phenolic OH on the benzoyl moiety, thereby decreasing 

nucleophilicity and increasing steric hindrance on the group, thus potentially reducing 

phase II metabolism. 

 

Figure 14: Design strategy of novel 17-HSD2 inhibitors for bone fracture healing 

This could be proven to be successful as a strong increase in in vitro metabolic stability 

could be seen when introducing two fluorine substituents in ortho to the phenolic 

hydroxy group (II.8, t1/2 = 25 min vs II.A, t1/2 ≤ 5 min). A single substituent on the 

o-position does not lead to this effect (II.3, t1/2 ≤ 5 min). A similar observation was made 

for the 2,6-di-F substituted compounds in the 17β-HSD1 project (data not shown).149 

Furthermore, these modifications with an electron-withdrawing group on the benzoyl 

moiety led to a 10 to 100-fold increase in activity, with the 2-chlorine substituted II.3 

being the most active compound in this series (IC50 = 0.9 nM vs. 111 nM), probably 

due to the increased acidity of the phenolic OH. The conformational restriction induced 

by substitution at the 2-position, together with the increased acidity, also led to 

increased inhibition of the mouse 17β-HSD2, the second main goal of the study. A 

single substitution in the 2-position with fluorine or chlorine led to highly active 

compounds on the mouse enzyme (II.3 and II.7, IC50 = 2.7 nM), but showed a 

disappointing metabolic stability profile (t1/2 ≤ 5 min) due to the missing substituent on 
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position 4. A combination of the two features, the 2,4,5-tri-F motif, led to an even higher 

increase in activity on the human and murine 17β-HSD2 (II.8, 0.5 nM and 17.5 nM) 

and a highly increased metabolic stability (t1/2 = 25 min), and was thus kept for further 

optimization.  

Another aim of the study was to obtain a compound with slight selectivity over 

17β-HSD1 (s.f 2–5). A highly selective 17β-HSD2 inhibitor would highly increase 

estradiol concentrations in tissue where both 17β-HSD1 and 2 are present like breast 

and endometrium150, and a non-selective 17β-HSD2/1 inhibitor would affect the 

regulating role of 17β-HSD1 in the menstrual cycle of female patients. Therefore, we 

performed modifications on the aromatic sulfonamide moiety, as the thiophene- and 

aniline-derived parts of the molecules had already been optimized in previous studies 

in the 17β-HSD projects and had shown to not significantly contribute to the selectivity 

profile of this compound class.133,151 The SAR on the sulfonamide part of the molecule 

is relatively flat, as all compound II.9-16 share the high activity and metabolic stability 

previously seen. The two CF3 substituted compounds II.14 and II.15 were further 

profiled, as they showed the desired high activity, selectivity profile (s.f. 3 and 3.4) as 

well as an increased metabolic stability (t1/2 = 51&60 min) compared to II.8 

(s.f.1, t1/2 = 25 min), the major goals of the study. The low activity of all tested 

compounds in this study on mouse 17β-HSD1 shows that the mouse is not a suitable 

organism for the development of novel 17β-HSD1 inhibitors with this compound class. 

Compound II.14 and II.15 showed no toxicity in an in vitro cytotoxicity assay as well as 

negligible binding to the estrogen receptors ERα and β. This finding highlights the 

advantage of this non-steroid derived compound class compared to compounds with 

a steroid backbone, which are more likely to interact with steroid receptors. 

II.15 inhibited estradiol production in MDA-MB231 cells with a IC50 value comparable 

to the cell-free assay (2 nM vs 2.4 nM), which proves that this compound class is able 

to pass cellular membrane in pharmacologically active amounts, an essential feature 

for a successful in vivo efficacy study.  

Having increased the metabolic stability of our inhibitors, we subjected II.15 to a 

pharmacokinetic study in mice, using subcutaneous application at a dose of 

50 mg/kg bodyweight of the animals. This application form was chosen as it is suitable 

for the treatment of decreased bone fracture healing, as patients are bed ridden and 

the time span of application is relatively short. Plasma concentrations of II.15 were 

stable in the analyzed mice for up to 24h after a single injection with an average of 
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210 nM, which is roughly ten times its mouse 17β-HSD2 IC50 and is high enough to 

inhibit the enzyme in a pharmacologically active way. Upon these highly promising 

results, the proof-of-principle study was performed in mice, which received II.15 once 

daily at a dose of 50 mg/kg after application of the femur fraction model under 

anesthesia.152 Animals were studies 14 and 28 days after the surgery. Bending 

stiffness of the fractured bone served as the most important readout, as mechanical 

stability is closely correlated with less pain and improved quality of life of the patients 

after fracture.153 Treated animals showed now significant difference of bending 

stiffness after 14 days of treatment, but almost twice as high stiffness after 28 days 

compared to vehicle treated animals. Histological investigation revealed that 

II.15-treated animals showed a 61% larger area of the newly formed callus tissue 

around the fracture, while its composition, e.g. bone mineral density, structure and 

cartilage content did not change in the studied groups. These findings prove that the 

17β-HSD2 inhibition does not cause the bone to grow in an irregular manner, but 

increases the amount of newly formed tissue. Inhibition of 17β-HSD2 also leads to a 

decreased bone resorption during fracture healing, as levels of osteoprotegerin, a 

biomarker of decreased bone formation154, were elevated in the callus by 55% 

compared to vehicle controls after 14 days of treatment.  

This shows that despite the lack of increased mechanical strength after 14 days of 

treatment, a change in biochemical signaling of the healing process is already visible. 

Taken together, the hypothesis of 17β-HSD2 inhibitors to decrease estradiol-mediated 

bone resorption and to increase testosterone-induced bone formation is clearly 

depicted in the increased callus size and biochemical markers, which results in the 

superior stability of the fractured bone after 28 days upon treatment with II.15. 

Investigation of serum estradiol and testosterone levels in the treated animals showed 

no difference in the two groups studied, highlighting that 17β-HSD2 inhibitors alter 

intracellular concentrations of estradiol and testosterone in target tissue, validating the 

concept of targeted-endocrine therapeutic agents. This is further supported by no 

weight difference of the seminal vesicles of the two studies animal groups, a tissue 

highly sensitive to fluctuating testosterone levels.155 
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4.4. Development of highly active 17β-HSD2 inhibitors for targeted 

osteoporosis therapy 

The second part of the here described 17β-HSD2 inhibitor study, and the third part of 

this thesis, dealt with the development of novel 17β-HSD2 inhibitors for the treatment 

of osteoporosis. This disease is characterized by a loss of bone mineral density and is 

accompanied by an increased risk of fractures in elderly people.103 While women after 

menopause are the primary subjects affected by the disease, due to the highly 

decreased production of estradiol in the ovaries, a decreased in testosterone levels in 

elderly men has also been associated with the disease.76,156 The biological 

mechanisms are closely related to those of decreased bone fracture healing, as both 

diseases show a misbalance in bone metabolism, mediated by osteoblasts and 

osteoclasts.87 Nonetheless, the pharmacological properties of novel inhibitors differ 

significantly for these two diseases, as osteoporosis treatment requires the novel drugs 

to be sufficiently orally bioavailable due to the long duration of treatment, which can 

last from decades to the end of the patient lifetime. The applicability and efficacy of 

17β-HSD2 inhibitors to treat osteoporosis had already been shown in a 

proof-of-principle study in ovariectomized monkeys in literature129, but so far, no 

inhibitor of the compound class described in this study has been tested in an 

osteoporosis animal model. Aim of the present study was to reduce the molecular 

weight of compound II.15/III.A while increasing its in vitro metabolic stability and 

solubility to enhance oral absorption and, hence, its oral bioavailability. Nevertheless, 

all beneficial properties such as the high potency on human and mouse 17β-HSD2 

should be retained (figure 14). 
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Figure 15: Design strategy to increase oral absorption of novel 17β -HSD2 inhibitors 

We aimed at replacing the large aryl sulfonamide tail with more hydrophilic substituents 

to increase the solubility and metabolic stability, while reducing the molecular weight. 

Recently, it was shown, that, for 17β-HSD1 inhibitors bearing the 2,6-di-F motif on the 

benzoyl moiety, the sulfonamide tail can be omitted without losing activity on human 

17β-HSDs (II.15/III.A, 17β-HSD2 IC50 = 2 nM, vs III.B, 1.4 nM).149 We transferred the 

SAR to the 2,4,5-tri-F scaffold, which led to highly active compounds on the human 

17β-HSD2, but disappointing activity on the mouse 17β-HSD2, due to the missing 

interactions provided by the sulfonamide tail. For this reason, we decided to introduce 

a more structurally diverse set of substituents on the scaffold, resulting in compounds 

with two-digit nanomolar to three-digit picomolar activity on human 17β-HSD2. The 

SAR on the human enzyme is extremely flat, allowing for the introduction of almost any 

aromatic moiety. The plain phenyl derivative III.32 is one of the most potent compounds 

described in the study (human 17β-HSD2 IC50 = 0.85 nM) and shows that no additional 

decoration is necessary to achieve high activity.In previous studies of this compound 

class, it was hypothesized that the p-hydroxy moiety, as seen in III.5 or III.15 (table 2), 

could have a key interaction within the binding pocket of the 17β-HSD1.133,149 This 

could be rejected for the 2,4,5-tri-F class as the single substituted p-hydroxy compound 

III.15 is the most active 17β-HSD2 inhibitor so far described in literature (human 17β-

HSD2 IC50 = 320 pM) and the most selective of its class for 17β-HSD2  over 17β-HSD1 

(s.f. 22). However, it is unknown whether such selectivity is necessary, as 17β-HSD1 

is not present in the bone.116 Additionally, a selective inhibition would enhance 

hormone concentrations in tissues where both 17β-HSD1&2 are present like the 

breasts, therefore increasing the risk of side-effects as seen with systemic estradiol 
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application.113 We are happy to show that both profiles, highly active selective and 

non-selective, are represented within this inhibitor class (table 2). Regarding activity 

on the mouse 17β-HSD2, it turned out to be more difficult to obtain potent inhibitors 

compared to the study described in Chapter II, highlighting the beneficial role of the 

sulfonamide tail for activity on this particular enzyme. The most active compounds 

found are the indole-derivatives III.33 and III.34, which are equipotent to reference 

compound II.15/III.A (table 2). 

Table 2: Activity and in vitro ADME profiles of selected compounds described in this study 

Cmpd 

 

h17β-HSD2 
IC50 [nM] 

(s.f.) 
2 (3) 1.6 (0.25) 0.32 (22) 1.1 (1.4) 1.3 (4.5) 

h17β-HSD1 
IC50 [nM] 

6  0.4 7 1.5 5.8 

m17β-HSD2 
IC50 [nM] 

25  89 
47% 

@50nM  
34 34 

aq. 
Solubility 

[µM] 
50–100  >200 >200* 50–100 50–100 

t1/2 human 
liver S9 

[min] 
60 19 27* 51 >>60 

t1/2 mouse 
liver S9 

[min] 
46 70 79* 34 49 

*These data are not included in the publication, but were obtained under the same conditions reported 

The good metabolic stability profile and solubility of the new inhibitors is one of the 

highlights of this study (table 2). Remarkably, the p-hydroxy function is not a metabolite 

hotspot, since introduction of two ortho-substituents did not change the metabolic 

stability (III.2 vs III.12, table 2), as seen for the hydroxyl on the benzoyl moiety in 

chapter II. The end game of this study consisted of an in vivo PK experiment using 

mice. As mentioned before, oral bioavailability is mandatory for osteoporosis drugs, as 
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the therapy can last up to years, or even decades. We administered four compounds 

perorally via gavage, which resulted in highly increased area-under-the-curve (AUC) 

values compared to reference II.15/III.A. Compound III.33 shows AUC values 13-times 

higher than the reference, with a maximum concentration of 1211 nM after 2h. The 

desired inhibitor concentration to be effective in an in vivo model is represented by the 

IC90, which is roughly 10-times the IC50 of the compound; III.33 is likely to maintain this 

concentration for 19h after a single administration. Furthermore, both indole derivatives 

III.33 and III.34 can still be detected in the blood after 24h (~ 50 nM), which enables 

an increase in blood concentrations after several days of once-a-day administration of 

the compounds. 

Taken together the findings of the study, this simplified compound class has shown 

high potency and selectivity on both human and mouse 17β-HSD2. The reduction in 

molecular weight, together with the good metabolic stability and solubility profile, 

enabled this compound class to be promising drug-like molecules for osteoporosis 

therapy, with reasonable pharmacokinetic profiles. Especially compound III.33 is a 

highly potent, non-toxic, 17β-HSD2 inhibitor, which shows the highest plasma 

concentrations in mice ever obtained for this compound class.  
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