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ABBREVIATIONS

AAT α1-antitrypsin
AC adenylate cyclase
AHR airway hyperresponsiveness
ATP adenosine triphosphate
BAL broncho-alveolar fluid
CACC calcium-activated chloride channel
CCL17 CC-chemokine ligand 17
CCR3 CC-chemokine receptor 3
CCR4 CC-chemokine receptor 4
CNS central nervous system
COPD chronic obstructive pulmonary disease
CRE cAMP response elements in genes
CTG connective tissue growth factor
DAG diacyl glycerol
ECM extracellular matrix
EGFR epidermal growth factor receptor
ELF epithelial lining fluid
FEV1 forced expiratory volume in 1 second.
fMLP formyl-methinoin-leucyl-phenylalanine peptide
GM-CFS granulocyte-macrophage colony-stimulating factor
HAT human airway trypsin like enzyme
HLE human neutrophil elastase 
HPDE4 high affinity PDE4
ICAM1 intercellular adhesion molecule 1
ICS inhalation corticosteroids
IFN interferon
Ig immunoglobulin
IL-4 interleukin-4
IL-8 interleukin-8
IL-13 interleukin-13
IKK inhibitors of nuclear factor-kB kinase
i.p. intraperitoneal administration
i.v. intravenous administration
JNK jun N-terminal kinase
LABA long-acting beta2-agonist
LTB4 leukotriene B4
LPDE4 low affinity PDE4
LPS lipopolysaccharide
NF-AT nuclear factor of activated T cells
NF-кB nuclear factor-kappaB
NO nitric oxide
MAP mitogen-activated protein
MMP matrix metalloproteinase
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PDE4 Phosphodiesterase 4 isoenzyme
PIP2 phosphoinositol diphosphate
PI-PLC phosphoinositol phospholipase C
PKA protein kinase A
p.o. per os administration
PPAR peroxisome proliferator-activated receptors
SB-207499 Ariflo = cilomilast
SLPI secretory leukoprotease inhibitor
SYK Syk tyrosine kinase
TGF transforming growth factor
TIMPs tissue inhibitor of matrix metalloproteinases
TNFα tumor necrosis factor alpha
TReg regulatory T cells
VLA4 very late antigen 4
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1. Introduction

Asthma and chronic obstructive pulmonary disease (COPD) are common, severe inflammatory 

diseases  of  the  respiratory  tract  for  which there  is  no efficient  medical  treatment.  Current 

therapy for  asthma is  for  the  most  part  effective  and comprises  bronchodilators  and  anti-

inflammatory glucocorticoids. In contrast, pharmacotherapy of COPD is much less effective. 

In  addition,  there  are  potentially  undesirable  side  effects  of  current  treatment  of  both 

conditions. Consequently, there are legitimate reasons for searching alternative or additional 

therapies for asthma and COPD.

COPD and  asthma is  a  worldwide  public  health  problem that  reduces  the  quality  of  life, 

increases  the  frequency  of  contact  with  health  care  providers,  causes  frequent  hospital 

admissions and carries an increased risk of premature death for those affected. These chronic 

airways diseases such as asthma, COPD, and allergic rhinitis are a huge source of morbidity 

and mortality worldwide, and unlike most other categories of disease, which are decreasing in 

prevalence, chronic airways diseases are on the increase (Fig.1.). There is a great need for more 

and better care of these diseases.

Fig. 1. Prevalence of the most important disease areas.

There is a general consensus that asthma, for the main part, can be well treated with existing 

bronchodilator and anti-inflammatory therapies. Nevertheless, there are still concerns over the 
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use of glucocorticoids, which are susceptible to cause adverse effects especially in children.  In 

severe asthmatic patients, where the glucocorticoids are only the effective treatment, there is a 

need to develop new anti-inflammatory drugs that can be administered systematically without 

side effects associated with glucocorticoids. 

In  contrast  to  asthma,  there  are  no  drugs  that  can  resolve  the  underlying  inflammation in 

COPD,  the  efficacy  of  glucocorticoids  is  controversial.   Although  smoking  cessation 

intervention is and bronchodilators provide symptomatic relief, there are clear unmet needs for 

patients with COPD including effective anti-inflammatory therapy and mucolytics allied with 

disease-modifying  drugs  that  can  repair  the  anatomical  and  perhaps  restore  the  functional 

consequences of years of chronic inflammation. 

Finally there is an important unmet medical need in the treatment of asthma and inflammation. 

We selected two important targets which can take an important role in the development of 

inflammatory part of COPD and asthma. Selected targets are Phosphodiesterase 4 isoenzyme 

(PDE4) and human neutrophil elastase (HLE).

The goal of the study was to develop orally active and selective PDE4 and HLE inhibitors for 

the treatment of COPD and asthma. We developed and set up a new drug research system 

within the company in which we use the in vitro, ex vivo, in vivo methods together in order to 

evaluate the effect of new drugs in order to accelerate the drug development process. This new 

concept of drug research is described in details in attachment 1 (Csúcstechnikák alkalmazása 

a Chinoin eredeti kutatásában).  Using these basic principles, I describe here the development 

process of an orally active PDE4 and HLE inhibitors. 

2. Airway diseases

9.1. Components of airway diseases

Diseases of  the airways of  the lungs are common and include asthma, chronic obstructive 

pulmonary disease (COPD) and chronic bronchitis, as well as emphysema and bronchiectasis. 

Their diagnosis is often inaccurate because appropriate measurements are not made [1, 2] and 

the definition of airway disease is still imprecise. 
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The components (characteristics, features, etc.) of all main airway disease include symptoms, 

variable airflow limitation, airway hyperresponsiveness, chronic airflow limitation and airway 

inflammation, appearing together with emphysema and bronchiectasis. (Fig.  2.), [3]. 

Fig. 2.  Relationships between components of airway diseases.  

These  components  may  exist in  various  combinations.  Airway  inflammation  is  central 

component.  It  is  a  cause  of  symptoms,  variable  airflow limitation  through  release  of 

bronchoconstrictor  mediators, and  chronic  airflow  limitation  through  remodelling  with 

structural changes.  It  also  increases  airway  responsiveness.  Symptoms of  chest  tightness, 

wheezing, dyspnoea, cough and sputum are all nonspecific since they can result from each of 

the other components, as well as other respiratory and non-respiratory conditions. 

9.2. Chronic obstructive pulmonary disease (COPD)

9.2.1.  Definition of COPD

COPD is characterized by a slow, progressive development of airflow limitation that is poorly 

reversible, in sharp contrast to asthma, for which there is variable airflow obstruction that is 

usually  reversible,  either  spontaneously  or  with  treatment.  A new definition  of  COPD: “a 

disease  state  characterized  by  airflow  limitation  that  is  not  fully  reversible.  The  airflow 

limitation is usually progressive and is associated with an abnormal inflammatory response of 

the lungs to noxious particles and gases” [4].   

COPD includes chronic bronchitis, obstruction of small airways, emphysema with enlargement 

of air spaces and destruction of lung parenchyma and loss of lung elasticity (Fig. 3.).  The 
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obstruction  of  peripheral  airways  due  to  inflammatory  cell  infiltration  together  with 

inflammatory exudates in the lumen correlates well with the severity of airflow obstruction, 

showing the importance of chronic inflammation in COPD.  Most patients with COPD have all 

three  pathological  mechanisms  (chronic  obstructive  bronchitis,  emphysema  and  mucus 

plugging), but might differ in the proportion of emphysema and obstructive bronchitis (Fig. 3.).

Fig. 3.  Airway pathology in COPD.  The airway in normal subjects is distended by alveolar 
attachments. a: In COPD, these attachments are reduced, which contributes to airway closure. 
Peripheral airways are also obstructed by b: inflammation and c: mucus obstruction.

In the developed countries is the cigarette smoking is the most important causing factor of 

COPD. There are several other important risk factors including air pollution, poor diet and 

occupational exposure. 

2.2.2. Disease mechanisms

Rational  therapy  depends  on  understanding  the  underlying  disease  process.  COPD  is 

characterized by acceleration in the normal decline of lung function that is seen with age (Fig. 

4). The slowly progressive airflow limitation leads to disability and premature death [5]. 
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Fig.  4.  Annual  decline  in  airway  function.  This  figure  shows  an  accelerated  decline  in 
susceptible smokers and the effects of smoking cessation. FEV1, forced expiratory volume in 1 
second.

There is only slow progress in understanding the cellular and molecular mechanisms of COPD. 

But, it is now recognized that this disease involves the chronic inflammation of small airways 

and  lung  parenchyma,  with  the  involvement  of  inflammatory  cells  including  neutrophils, 

macrophages  and  lymphocytes  (CD8+).   Inflammation  in  COPD  is  complex  phenomena, 

associated  with  many  activated  inflammatory  and  structural  cells  that  release  multiple 

mediators, including lipid mediators such as LTB4, which is chemoattractant for neutrophils; 

chemokines such as MCP-1 and MIP-1alpha, which attract monocytes; IL-8 and GRO-alpha, 

which also attract neutrophils and monocytes; IP-10, which attracts CD8+ cells, TNFα, which 

amplifies inflammation by switching on multiple inflammatory genes and may also account for 

some of  the  systemic  effects  of  the  disease;  and  endothelin  and  TGF-beta,  which  induce 

fibrosis. In addition, multiple proteinases are released that result in elastolysis, including the 

serine proteinases HLE and proteinase C, cathepsins, and MMPs. Sereine proteinases (HLE 

and HAT) also induce mucus hypersecretion. (Fig. 5), [6, 7].
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Fig. 5. Targets for COPD therapy that are based on current understanding of the inflammatory 
mechanisms.   Cigarette smoke (and other irritants) activate macrophages in the respiratory 
tract that release neutrophil chemotactic factors, including interleukin-8 (IL-8) and leukotriene 
B4 (LTB4). These cells then release proteases that break down connective tissue in the lung 
parenchyma,  resulting  in  emphysema,  and  also  stimulate  mucus  hypersecretion.  These 
enzymes are normally counteracted by protease inhibitors, including α1-antitrypsin, secretory 
leukoprotease  inhibitor  (SLPI)  and  tissue  inhibitor  of  matrix  metalloproteinases (TIMPs). 
Cytotoxic T cells (CD8+) might also be involved in the inflammatory cascade [6, 7].

2.3. Asthma

2.3.1. Definition of asthma

Asthma is difficult to define, but is generally considered in terms of: 

(a) reversible airflow obstruction, 

(b) bronchial hyper-responsiveness, 

(c) chronic airway inflammation.  

The  reversibility  of  airflow  obstruction  (either  spontaneously  or  after  administration  of 

bronchodilator  agents)  distinguishes  asthma  from  other  conditions  of  chronic  airflow 
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obstruction.  Bronchial hyper-responsiveness refers to the increased sensitivity and increased 

maximal response of airways to bronchoconstrictor (eg. metacholine, histamine) agents.  In 

susceptible  individuals,  the  airway  inflammation  causes  recurrent  episodes  of  wheezing, 

breathlessness, chest tightness and coughing, particularly at night or in the early morning.

2.3.2. Pathophysiology of asthma

Various  triggers  produce  a  cascade  of  immune-mediated  events  leading  to  chronic  airway 

inflammation  [8].  A  long-term  consequence  of  chronic  airway  inflammation  is  airway 

remodeling,  involving  epithelial  and  goblet  cell  hyperplasia,  increased  mucus  secretion, 

fibrosis  with  collagen  deposition  in  the  basement  membrane  and  submucosa,  increased 

thickness  of  smooth  muscle  due  to  muscle  cell  hyperplasia,  and  angiogenesis  [9].  With 

bronchial  walls  already  thickened  from  inflammation  and  airway  remodeling,  a  small 

contraction of bronchial smooth muscle can lead to dramatic increases in airway resistance [8].

Airway inflammation also leads to bronchial  hyper-responsiveness. Depending on the degree 

of inflammation, the airways can obstruct. The more severe asthma means mostly more hyper-

reactivity in the airways [10].
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Fig. 6. Inflammatory and immune cells involved in asthma.
Inhaled allergens activate sensitized mast cells by crosslinking surface-bound IgE molecules to 
release  several  bronchoconstrictor  mediators,  including  cysteinyl  leukotrienes  and 
prostaglandin  D2.  Allergens  induce  myeloid  dendritic   and  mast  cells  releasing   the 
chemokines  CC-chemokine  ligand  17  (CCL17)  and  CCL22,  which  act  on  CC-chemokine 
receptor  4  (CCR4)  to  attract  T  helper  2  (TH2)  cells.  TH2  cells  have  a  central  role  in 
orchestrating the inflammatory response in allergy through the release of interleukin-4 (IL-4) 
and  IL-13  (which  stimulate  B  cells  to  synthesize  IgE),  IL-5  (which  is  necessary  for 
eosinophilic inflammation) and IL-9 (which stimulates mast-cell proliferation). Epithelial cells 
release CCL11, which recruits eosinophils via CCR3. Patients with asthma may have a defect 
in regulatory T (TReg) cells, which may favour further TH2-cell proliferation [13].

Asthma is defined as a chronic inflammatory disorder of the airways in which many cells play 

a role, particularly mast cells, eosinophils, T lymphocytes, epithelial cells and macrophages 

(Fig. 6.), [11].  Chronic inflammatory reactions are central event of asthma and underlie the 

functional airway abnormalities and airflow limitation seen with the disease. In the airway 

inflammation contains the cells such as mast cells, eosinophils, epithelial cells, macrophages 

and activated T lymphocytes. These cells coordinate inflammation via the release of mediators, 

chemokines, cytokines and enzymes, which in turn involve many different signaling pathways. 

The structural cells, epithelial, endothelial cells, macrophages fibroblasts and airway smooth 

muscle cells also have an important pro-inflammatory role [12], (Fig. 7.).
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Fig. 7. Modern view of asthma. The role of inflammatory and structural cells in the 
development of asthma

10. COPD versus Asthma, differences, similarities

Although  the  inflammatory  and  immune  mechanisms  of  asthma and  COPD are  markedly 

different,  there  are  several  situations  where  they  become more  similar  and  the  distinction 

between asthma and COPD becomes blurred (Fig. 8. and Table 1.).

COPD  and  asthma  both  involve  inflammation  in  the  respiratory  tract,  there  are  marked 

differences in the nature of the inflammatory process, with differences in inflammatory cells, 

mediators,  response  to  inflammation,  anatomical  distribution,  and  response  to  anti-

inflammatory therapy [7, 14]. Some patients appear to share the characteristics of COPD and 

asthma, however (Fig. 9.). 

Histopathological studies show a predominant involvement of peripheral airways (bronchioles) 

and lung parenchyma in COPD, whereas asthma involves  inflammation in all  airways but 

without involvement of the lung parenchyma. In COPD, there is obstruction of bronchioles 

with  fibrosis,  infiltration  with  macrophages  and  T  lymphocytes,  destruction  of  lung 

parenchyma and increased number of macrophages and CD8+ (cytotoxic) T lymphocytes [15, 

16].  BAL fluid  and  induced  sputum demonstrate  a  marked  increase  in  macrophages  and 

neutrophils  [17,  18].  In  contrast  to  asthma,  eosinophils  are  not  prominent  except  during 

exacerbations or when patients have concomitant asthma [19].
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Fig. 8. COPD versus asthma. The pattern of inflammation in COPD and asthma are markedly 
different,  and  this  underlies  the  different  symptoms,  clinical  presentation,  and  response  to 
treatment of these diseases. 

Fig. 9. Overlap between COPD and asthma

15



Table 1. Contrasting histopathology of asthma and COPD [13].

Although  only  about  5%  of  the  asthmatic  population  develop  severe  disease,  such  cases 

account for more than half of the healthcare spending in asthma and they are poorly controlled 

by currently available therapies [20].

The inflammatory pattern that occurs in cases of severe asthma, contrary to mild asthma, is 

more similar to that which occurs in COPD, with increased numbers of neutrophils in the 

sputum and increased amounts of CXCL8 and tumor-necrosis factor [21], increased oxidative 

stress and a poor response to corticosteroids as is observed in patients with COPD (Table 1). 

Moreover, whereas in mild asthma TH2 cells predominate, in more severe asthmatic disease 

there is a mixture of TH1 and TH2 cells present in bronchial biopsies, as well as more CD8+ T 

cells and this more closely resembles the immune-cell infiltration seen in COPD [22, 23, 24]. 

Similar to patients with severe disease or COPD, these individuals also have a poor response to 

corticosteroids, even if given orally at high doses.

Approximately  10%  of  patients  with  COPD  have  a  reversibility  of  bronchoconstriction, 

showing greater  than 12% improvement  in  lung function as assessed by forced expiratory 

volume  in  1  second  (FEV1),  and  therefore  behave  more  like  asthmatics.  Furthermore, 

compared with most patients with COPD, these patients more frequently have eosinophils in 
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their sputum and respond better to corticosteroid treatment [25, 26]. It therefore seems likely 

that these patients have concomitant asthma and COPD.

4. Points of intervention, the challenge of drug development

The definitions of asthma and COPD shows the need and for novel, safe and effective anti-

inflammatory therapies  to  treat  these  potentially  crippling  diseases,  and there  are  different 

components of the mechanism of these diseases that provide potential intervention points for 

innovative drug development. 

Although the main processes are initiated in COPD by cigarette smoking and in asthma by 

allergic reaction, in both cases this leads to influx of inflammatory cells, mainly neutrophils in 

COPD and eosinophils in asthma. After these first steps, the consequences of these cellular 

influx, the mediators eg. chemokines, cytokines, proteolytic enzymes and different signaling 

pathways involved, that could be potential points of intervention lie. 

Although there are some similarities between the inflammatory processes involved in asthma 

and COPD, it is generally accepted that COPD and asthma require different treatment. [11].

Asthma is a chronic inflammatory disease of the airway [27, 28], that requires long-term anti-

inflammatory  therapy.  Treatment  strategies  aimed  at  normalizing  surrogates  of  airway 

inflammation  (eg.  sputum  eosinophils  and  AHR)  have  better  outcomes  than  conventional 

strategies based solely on symptoms and lung function.[29, 30]. Clinical practice guidelines 

recommend ICSs as the preferred anti-inflammatory treatment for children and adults  with 

persistent  asthma.   Not  all  patients  achieve  control  of  asthma  symptoms  and  airway 

inflammation with ICS therapy alone and must  use add-on therapy (usually,  a  long-acting 

beta2-agonist  [LABA]  or  leukotriene  modifier).  More  than  25%  of  patients  using  add-on 

therapy, however, may remain inadequately controlled and at high risk of exacerbation [31]. 

Researchers and clinicians have targeted key molecules involved in allergic inflammation to 

improve asthma treatment. Novel therapeutic agents have been developed (Fig. 10), with some 

already in clinical use. 
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Fig.10.  Schematic showing cells involved in the pathogenesis of asthma and treatments that 
target various points along the inflammatory cascade.  CCR= chemokine (C-C motif) receptor; 
ICAM1 = intercellular adhesion molecule 1; IFN= interferon; JNK = jun N-terminal kinase; 
MAP= mitogen-activated protein; NF-AT= nuclear factor of activated T cells; NF-kB=nuclear 
factor-kappaB; NO=nitric oxide; Syk=Syk tyrosine kinase; VLA4=very late antigen 4. [28]

Finally it is clear, that the recognition of asthma as an inflammatory disorder has shifted the 

focus of treatment from bronchodilator therapy to anti-inflammatory drugs [32]. In contrast to 

the  significant  advances  made  in  the  asthma  management,  which  reflect  a  much  better 

understanding of this disease, there are disappointingly only few therapeutic advances in the 

drug therapy of COPD. 

COPD has now become a much greater drain on health resources than asthma, and exceeds the 

healthcare  spending  on  asthma  by  some  three-fold  in  industrialized  countries.  As  the 

prevalence of COPD is predicted to increase throughout the world over the next 20 yrs and 

these costs will escalate further. 

There is a pressing need for the development of new therapies for COPD, particularly as no 

existing treatment has been shown to reduce disease progression. New therapies for COPD 

may arise from improvements in existing classes of drug (for example, longer acting  beta2-

agonists and anticholinergics) or from the development of novel therapies based on a better 

understanding of the underlying disease process. There have been important advances in the 

current  understanding  of  the  cellular  and  molecular  biology of  COPD [33,  34].  There  are 
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several  new therapies  now in  development  for  COPD,  which  are  targeted  on  the  chronic 

inflammatory process (Fig. 11), [7, 36, 154].

Fig  11.  Targets  for  chronic  obstructive  pulmonary  disease  therapy  based  on  the  current 
understanding of the inflammatory mechanisms. Cigarette smoke (and other irritants) activate 
macrophages  in  the  respiratory  tract  that  release  neutrophil  chemotactic  factors,  including 
interleukin (IL)-8 and leukotriene B4 (LTB4).  These cells then release proteases that break 
down connective tissue in the lung parenchyma (resulting in emphysema), and also stimulate 
mucus  hypersecretion.  Cytotoxic  T-cells  (CD8+)  may  also  be  involved  in  alveolar  wall 
destruction.  This  inflammatory  process  may  be  inhibited  at  several  stages.  PDE: 
phosphodiesterase  inhibitor;  MAPK:  mitogen-activated  protein  kinase;  IKK:  inhibitors  of 
nuclear  factor-kB  kinase;  PPAR:  peroxisome  proliferator-activated  receptors;  TGF: 
transforming  growth  factor;  CTG:  connective  tissue  growth  factor;  TNF:  tumour  necrosis 
factor;  NE:  neutrophil  elastase;  MMP: matrix  metalloproteinase;  EGFR:  epidermal  growth 
factor receptor; CACC: calcium-activated chloride channel [154]. 

There  is  clearly  a  need  for  more  research  into  the  basic  mechanisms  of  COPD.  The 

inflammatory process is  now much better  understood than earlier,  but  it  is  not yet  certain 

whether suppression of inflammation will improve the status of COPD patients [37-39].

There  are  several  reasons why drug development  in  COPD is  difficult.  Animal  models  of 

COPD for early drug testing are not very satisfactory [40, 41]. There are uncertainties about 

how to test drugs for COPD, which may require long-term studies (over 3 yrs) in relatively 

large  numbers  of  patients.  Many  patients  with  COPD  may  have  co-morbidities,  such  as 
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ischaemic heart  disease and diabetes,  which may exclude them from clinical  trials  of new 

therapies.  There  is  little  information  about  surrogate  markers  (for  example  biomarkers  in 

blood, sputum or breath) to monitor the short-term efficacy and predict the long-term potential 

of new treatments.

The inflammatory response and process in COPD is driven by the release of chemoattractants 

and cytokines. Signal transduction pathways are activated, mediators such as proteases and 

oxidants are released, cellular response are initiated which leads to COPD disease. All these 

processes provide potential targets for the development of new therapies summarized in Fig.11. 

As the other pharmaceutical  companies we also switched our respiratory research capacity 

from asthma to COPD. We focused our respiratory targets towards inflammation process, in the 

fist line for the treatment of COPD, but in the target selection we keep the possibility in view, 

the new drugs could be useful in the treatment of both COPD and asthma. 

In the target selection process we used the basic principles which are described in details in 

attachment 1. 

 
5. Selected targets for the drug development process

5.1. Therapeutic potential of PDE4

Glucocorticoids are the most effective anti-inflammatory agents currently available. However, 

there  are  many  inflammatory  diseases  that  are  profoundly  insensitive  to  glucocorticoids. 

Moreover, even in disorders in which glucocorticoids provide a mainstay therapy, there are 

individuals whose disease is not well controlled irrespective of dose or route of administration. 

The need to discover an alternative anti-inflammatory therapy of comparable efficacy but with 

a mechanism of action that is distinct from glucocorticoids is clear and led to the identification, 

in the late 1980s, of PDE4 as a viable target amenable to therapeutic intervention with small 

molecule inhibitors [42]. At that time, the chronic airways inflammation seen in asthma was 

considered a primary indication for PDE4 inhibitors [43].

The activation status of inflammatory cells is associated with intracellular cAMP and cGMP 

concentrations that, in turn, are carefully controlled through the various adenylate cyclases and 

PDEs (Fig. 12.).
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Fig. 12. Function of PDE4 in the cell. Stimulation of the beta-receptor results in activation of 
adenylate cyclase (AC) via the G protein. Adenosine triphosphate (ATP) is converted to cAMP 
by AC, resulting in activation of protein kinase A (PKA). PKA, in turn, acts on cAMP response 
elements in genes (CRE). In addition, cAMP interaction with inositol triphosphate (IP3) opens 
calcium channels leading to gene activation. PDE hydolyzes cAMP to AMP, which is inactive, 
thereby preventing its effect on IP3 and calcium channels. PIP2 = phosphoinositol diphosphate, 
PI-PLC-α1 = phosphoinositol phospholipase C, DAG = diacyl glycerol.

 Although there are at least 9 types of adenylate cyclase in mammalian cells, there appears to 

be only 1 subtype per cell [44]. In comparison, there are a variety of families and subfamilies 

of  PDE,  often  within  one  cell  type.  Therefore,  the  fine  regulation  of  intracellular  cyclic 

nucleotide  concentrations  probably  occurs  via  PDE,  making  PDE  inhibitors  a  promising 

possibility  for  control  of  allergic  inflammation.  The  PDEs  comprise  a  diverse  group  of 

enzymes  that  hydrolyze  the  phosphodiester  bond  of  purine  cyclic  nucleotides  to  form the 

inactive 5-nucleotide adenosine (AMP) or guanosine (GMP) monophosphate. At least 11 gene 

families have been discovered so far which code for different isoenzymes but have 20-25% 

homology. The isoenzymes differ by substrate specificity (cAMP, cGMP or both), kinetics and 

their  responsiveness to allosteric  modulators and endogenous or exogenous regulators.  The 

isoenzyme families  have  heterologous  N-terminal  regulatory  domains  that  are  involved  in 

membrane  targeting  and  inhibitor  binding,  highly  conserved  catalytic  sequences  (60% 

homology) [45]. Each PDE family includes subfamilies that are encoded by distinct genes but 

have 70-80 % homology with the other members. Finally, numerous subfamilies have been 

shown  to  contain  several  members  that  are  the  result  of  alternative  mRNA splicing  and 

different protein translation start sites. The families of PDEs are referred to by Arabic numerals 
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(1-11), subfamilies as capital letters (A-D) and members as Arabic numerals (1-3) as suggested 

by Beavo et al. [46] and summarized in Table 2 [47].

Table 2. The PDE superfamily [47].

cAMP has been demonstrated to be broadly anti-inflammatory, as well as evoke smooth muscle 

relaxation;  therefore,  cAMP-specific  PDEs  have  been  the  major  therapeutic  target  for 

inflammatory diseases. PDE4 is the most significant PDE in most of the inflammatory cells 

and is  highly expressed in  airway smooth muscle  and,  as a  consequence,  has  become the 

principal target enzyme for most pharmaceutical companies.

PDE4 is the largest PDE family and its molecular structure, tissue expression and function 

have been extensively studied [48, 49]. The PDE4 family is encoded by four genes (PDE4A – 

D), which encode isoenzymes that share a number of highly conserved catalytic domains [48]. 

Post-transcriptional modification and/or alternative splicing of mRNA cause changes at the N 

terminal, leading to a large variety of isoforms, the functional significance of which is not yet 

clear,  although knockout studies of PDE4 subfamilies have indicated non redundancy, thus 

suggesting that the isoforms have specific functional roles in cells [50 - 52], (Table 3.). 
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PDE4 is ubiquitous among inflammatory and immune cells. PDE4 inhibitors show suppressive 

activity on various in-vitro responses, including production of cytokines, cell proliferation and 

chemotaxis,  release  of  inflammatory  mediators,  and  NADPH  oxidase  activity  [53],  and 

therefore  PDE4  inhibitors  have  a  broad  spectrum  of  anti-inflammatory  effects  (Fig.  13.). 

Furthermore, there may be over-expression of PDE4 in inflammatory diseases as a result of 

increased expression of the enzyme, thus giving a greater potential effect of PDE4 inhibitors. 

PDE4 inhibitors increase the intracellular concentrations of cyclic AMP, resulting in relaxation 

of smooth muscle and inhibition of inflammatory cell activation mechanisms (Fig. 13.). PDE4 

inhibitors have a wide range of anti-inflammatory effects relevant to asthma and COPD with 

inhibitory effects on mast cells, eosinophils, and Th2 lymphocytes, as well as structural cells 

such as epithelial cells, airway smooth muscle cells and fibroblasts [57].

Moreover,  PDE4  inhibitors  have  evident  activity  in  vivo  in  animal  models  of  airway 

inflammation [54]. cAMP acts via a cascade of protein kinases, the resultant catalytic domains 

are free to translocate within the cell and phosphorylate specific targets, including transcription 

regulators,  ion  channels,  and  signaling  proteins.  These  events  in  turn  result  in  actions  on 

various  inflammatory  and  accessory  cells,  including  epithelial  cells,  dendritic  cells, 

eosinophils,  macrophages,  mast  cells,  monocytes,  basophils,  neutrophils,  and  T  and  B 

lymphocytes [55] (Table 3). 

Table  3.  PDE distribution  within  human  cells  of  interest  for  the  treatment  of  respiratory 
diseases such as asthma and COPD [56].
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With well over 100 mediators including prostaglandins, leukotrienes, chemokines, cytokines, 

proteases  and  growth  factors  and  numerous  cell  types  including  mast  cells,  neutrophils, 

eosinophils, macrophages, dendritic cells and lymphocytes implicated in the pathogenesis of 

asthma and COPD [57,  58],  suggests  that  a  chemical  strategy  designed to  target  a  single 

mediator or cell type is unlikely to be successful particularly as many of these mediators and 

cell types have overlapping and complementary roles in disease pathology. PDE4 is expressed 

in  a  number  of  cell  types  that  are  considered  suitable  drug  targets  for  the  treatment  of 

respiratory diseases such as asthma and COPD (Table 3). 
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Fig. 13. The effect of PDE4 inhibition and subsequent intracellular increases in cAMP on the 
function of various cells. Following inhibition of PDE4, cAMP is no longer hydrolyzed and 
intracellular  levels  of  this  second  messenger  increase.  Upon  increase  in  cAMP,  cellular 
processes are changed, resulting in the indicated processes. GM-CSF, granulocyte-macrophage 
colony-stimulating  factor;  IFN,  interferon;  Ig,  immunoglobulin;  IL,  interleukin;  LT, 
leukotriene; TNFα [57].

Rolipram is a highly selective first generation PDE4 inhibitor that has been used for many 

years as a research tool to investigate the role of PDE4.  Rolipram possesses anti-inflammatory 

and anti-immunomodulatory effects, inhibits neutrophilic and eosinophilic inflammation [59- 

61],  and the  release  of  cytokines  from activated  T-helper  (Th1 and Th2)  cells,  and  airway 

epithelial cells, basophils, and monocytes and macrophages [62]. In addition, release of GM-

CSF from airway smooth muscle cells exposed to TNFα or IL-1β is inhibited by rolipram [63]. 

New second generation PDE4 inhibitors have now been developed with the hope of a wider 

therapeutic ratio, particularly with respect of overcoming nausea and vomiting [64]. Many of 

some of these compounds have been reviewed [56, 66] and various lead compounds to date 

have been listed in Table 4. Use of these compounds has further expanded our understanding of 

the potential role of PDE4 in the pathogenesis of asthma and COPD [43, 78-89].
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Table  4. PDE inhibitors in development

Roflumilast reduced accumulation of eosinophils and chronic inflammatory cells, subepithelial 

collagen, thickening of the airway epithelium, goblet cell hyperplasia and not but only slightly 

decreased  airway hyperresponsiveness  [67].  Rolipram inhibits  IL-5  production  induced by 

antigen in an antigen-driven system of splenocytes from ovalbumin-sensitised mice [68]. SB-

207499 inhibits the release of TNFα from epithelial cells of patients with COPD [69]. PDE4 

inhibitors can also inhibit the release of pro-inflammatory cytokines such as TNFα as shown by 

reduction in release in blood or in bronchoalveolar lavage fluids [70, 71]. Incubation of whole 

blood or blood monocytes from healthy subjects or from COPD patients with SB-207499 or 

rolipram inhibits  the  release  of  TNFα  induced by lipo-polysaccharide (LPS) [72,  73].  The 

whole blood analysis may be used to assess clinical potency of PDE4 inhibitors; activity of a 

new PDE4 inhibitor, CI-1044, was shown to be 2–10 times more potent than rolipram and SB-

207499 respectively in this assay [64].

Roflumilast,  SB-207499  and  rolipram  inhibited  epidermal  growth  factor  (EGF)-induced 

MUC5AC  mRNA and  protein  expression  in  human  airway  epithelial  cells  [74].  A PDE4 

inhibitor,  piclamilast,  reduced  antigen  challenge  induced-  cell  recruitment  in  airways  of 

sensitised  mice  and diminished gelatinase  B,  matrix  metalloproteinase (MMP)-9 [75].  SB-
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207499  also  inhibited  TNFα-  induced  increase  in  pro-MMP-1  from  fibroblasts  [76]. 

Roflumilast partially prevented the increase in BAL neutrophils after acute exposure of mice to 

cigarette  smoke,  the  increase  in  lung  macrophages  and  airspace  enlargement  indicating 

protective effect against cigarette induced emphysema [77].  These experiments indicate that 

PDE4 inhibitors may interfere with the process of airway wall remodeling, mucus secretion 

and other important components of asthma and COPD (Fig. 14.)

Fig. 14.  PDEs have a cental role in the airway diseases. PDE enzymes (mainly PDE4) 
suppress the activation and infiltration of inflammatory cells and acts on all important 

symptoms of airway diseases such as remodeling, mucus hypersecretion and 
bronhoconstriction and  inflammation.

PDE4 inhibitors  have been in development as a novel anti-inflammatory therapy since the 

1980s  with  asthma  and  chronic  obstructive  pulmonary  disease  (COPD)  being  primary 

indications. Despite initial  optimism, none have yet reached the market. In most cases, the 

development of PDE4 inhibitors of various structural classes, including SB-207499, filaminast, 

lirimilast, piclamilast, tofimilast, AWD-12-281 (aka GSK 842470], CDP840, CI-1018, D-4418, 

IC485, L-826,141, SCH 351391 and V11294A has been discontinued due to lack of efficacy. A 

primary problem is the low therapeutic ratio of these compounds, which severely limits the 
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dose that can be given. Indeed, for many of these compounds it is likely that the maximum 

tolerated dose is either sub-therapeutic or at the very bottom of the efficacy dose-response 

curve. Therefore, the challenge is to overcome this limitation. It is, therefore, encouraging that 

many ‘new(er)’ PDE4 inhibitors in development are reported to have an improved therapeutic 

window including tetomilast, oglemilast, apremilast, ONO 6126, IPL-512602 and IPL-455903 

(aka HT-0712), although the basis for their superior tolerability has not been disclosed [43].

5.2. Strategies to avoid side-effects induced by PDE4 Inhibitors

The therapeutic promise of PDE4 inhibitors has been tempered by their significant side-effects, 

particularly nausea and emesis. Thus the broad goal of drug development has been to improve 

the side-effect profile of PDE4 inhibitors while maintaining or improving efficacy.

In the development of specific PDE4 inhibitors, two different strategies have been followed. 

The first strategy involves two distinct conformations of PDE4: HPDE4 and LPDE4. On one 

hand, HPDE4 appears to predominate in the central nervous system and parietal glands, and 

therefore  is  related  to  the  side  effects  of  PDE4  inhibition.  On  the  other  hand,  LPDE4 

predominates in most inflammatory cells and is assumed to be associated with the therapeutic 

actions of PDE4 inhibition. Design of compounds with reduced affinity for the former and 

increased affinity for the latter conformation of PDE4 may result in a drug with reduced side 

effects and enhanced clinical activity. The development of, for instance SB-207499 = Ariflo = 

cilomilast has roughly followed this approach [90], Fig. 15.)
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Fig. 15. Native PDE4  has two active conformational states (or conformers), which can be 
distinguished pharmacologically  by  their  relative  sensitivity  towards Rolipram.  The  two 
distinct  conformers are  termed HPDE4 and LPDE4,  respectively;  one conformational state 
interacts  with  rolipram  with  high  affinity  in  the nanomolar  range  (high-affinity  PDE4; 
HPDE4),  whereas  the other  exhibits  a  much lower affinity  in  the micromolar  range (low-
affinity PDE4; LPDE4).  

The other strategy is based on the observation that the PDE4 subtypes A, B, C and D have a 

distinct tissue and cellular distribution [91]. Whereas PDE4A appears to be distributed in all 

cells and tissues, PDE4B is present primarily in lung, heart, brain and skeletal muscle. PDE4C 

can be found in neuronal tissue, but sparsely in immune and inflammatory cells [91). With 

selective inhibition of certain PDE4 subtypes, the side effect profile might be limited while 

maintaining the therapeutic activity [92].

Sanofi-Synthelabo  is  marketing  NO-SPA® (drotaverine)  as  a  spasmolytic  agent.  It  is  an 

isoquinoline derivative developed by Chinoin in the 60`s of the last century. Its structure bears 

some resemblance to that of pumafentrine. We have recently found that it showed a remarkable 

selectivity as a PDE4 inhibitor, its potency being in the micromolar range [93-95]. Its 40 years 

presence on several markets as a spasmolytic agent proves that a good safety margin can be 
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attributed  to  PDE4  inhibitors  of  the  isoquinoline  family.  The  discovery  prompted  us  to 

synthesize and test its analogues in order to increase the potency of the PDE4 inhibitory effect, 

while preserving or improving the in vitro selectivity and the excellent safety profile.

5.2.1. Test system for the investigation of PDE4 inhibitors
I summarized the used test system in the Fig. 16. We used in vitro, ex vivo and in vivo assay in 

combination in order to determine the effect of PDE4 inhibitors [93-100].

30



 

Fig. 16. Test system for research of PDE4 inhibitors.

5.3 Drotaverine, the prototype PDE4 inhibitor of the isoquinoline family
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Chinoin has a long history of producing quality antispasmodic agents. Initially, a synthetic 

method for the industrial production of papaverine was developed by one of its team. Later, the 

same  team synthesized  perparine,  by  substituting  methoxy  groups  with  ethoxy  groups  in 

papaverine. Perparine proved to be a more potent smooth muscle relaxant than papaverine, but 

it was less readily absorbed. 

Mészáros, Szentmiklósi and Czibula succeeded in preparing a derivative of perparine, named 

NO-SPA® (drotaverine).  NO-SPA® was launched in  Hungary in  1963.  On the basis  of  the 

pharmacological studies and clinical trials NO-SPA® emerged as a more potent spasmolytic 

than papaverine and perparine. NO-SPA® is not only superior in its efficiency to papaverine but 

it is also more reliable after oral administration. 
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Drotaverine is a highly potent spasmolytic agent, directly acting on the smooth muscle cells but 

being  devoid  of  anticholinergic  effect.  Drotaverine  is  therefore  suited  for  the  relief  or 

prevention of smooth muscle spasm of various organs within the gastrointestinal, urinary and 

gynecological  tracts,  regardless of  their  function and innervation.  Drotaverine is  very well 

tolerated by all age groups and can be administered even in pregnancy.

Its mechanism of action is rather complex and involves the inhibition of PDE4, calmodulin 

antagonism  and  the  antagonism  of  the  L-type  Ca-channels.  Other,  mostly  unexplored 

pharmacological  effects  of  drotaverine  may  be  attributed  to  its  interactions  with  sodium 

channels. It should be noted that drotaverine is extensively metabolized in vivo (Scheme 7) and 

some of its metabolites may significantly contribute to its effects  in vivo (attachment 2, [93, 

96].

5.3.1.  PDE4 inhibitory activity of drotaverine

The inhibitory activity of drotaverine was investigated on crude PDE enzyme preparations 

isolated from different cells and tissues. Papaverine inhibited all investigated crude enzyme 

preparations with similar IC50 values, while the IC50 values of drotaverine varied in a wide 
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concentration  range  between  6.9  and  62  µM.  These  crude  enzyme  preparations  contain 

different PDE isoenzymes in various amounts. The results suggested that drotaverine was an 

isoenzyme-selective  inhibitor  (Table  5).  PDE isoenzymes  were  isolated  with  ion-exchange 

chromatography [94].

Table 5.: The effect of drotaverine and papaverine on  various PDE

PDE subtype papaverine drotaverine

IC50 (μM)

rabbit platelet 7.5 + 0.6 62 + 5

rat heart 2.8 + 0.3 19.6 + 0.9

rat lung 3.1 + 0.2 7.6 + 0.5

guinea-pig trachea 1.6 + 0.7 6.9 + 1.5

PDE41 1.76 2.7

PDE42 3.5 4.7

PDE43 3.5 3.3

PDE24 8.5 > 100 (29 %)*

PDE34 5.5 ~ 100 (58 %)*

PDE54 10 ~ 100 (43 %)*

*(inhibition % at 100 µM); 1isolated from canine lung; 2isolated from U-937 cell-line; 3isolated 

from human leukocytes; 4isolated from human platelets

The  PDE  isoenzyme  selectivity  of  drotaverine  and  papaverine  were  compared  on  PDE4 

isolated from dog lung, U-937 cell-line and human leukocytes, as well as on PDE2, 3 and 5, 

isolated  from  human  platelets.  papaverine  did  not  show  any  PDE  isoenzyme  selectivity. 

Drotaverine  inhibits  PDE4  enzyme  isolated  from  canine  lung,  U-937  cells  and  human 

leukocyes with IC50 values of 2.7, 4.7 and 3.3 µM, respectively, and it shows an at least 20-fold 

selectivity versus PDE2, 3 and 5 (Table 5). 

The PDE4 inhibitory effects of drotaverine metabolites were also examined (Scheme 7. and 

Table 6). Two of them (27 and  31) are ten times more effective on PDE4 than drotaverine 

(attachment 2, [93, 96].
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Table 6.: PDE isoenzymes selectivity

Phosphodiesterase isoenzymes

Compound PDE2 (human 
platelet)

PDE3 (human 
platelet)

PDE4 (U937 
cell line)

PDE5  (human 
platelet)

IC50 (μM)

papaverine 8.5 5.5 3.5 10

drotaverine 29 % # > 100 4.7 > 100

27 66 % # 4.1 0.53 36 % #

31 61 % # 16 0.23 36

30 57 % # 55 % # 1.8 11

28 66 % # 19 6.9 34 % #

29 60 % # 23 % # 21 % # 14 % #

SSR161052 (55d) 57 % ### 61 % ### 0.003 42 % ##

###inhibition % at 10 µM.
##inhibition % at 50 µM.
#inhibition % at 100 µM.

5.3.2.  HPDE4 versus LPDE4 selectivity of Drotaverine  in vitro:

The selectivity of PDE4 inhibitors on high-affinity rolipram-binding site and enzyme catalytic 

site is a predictive value concerning their pulmonary selectivity. 

We have investigated the effect of drotaverine and its metabolites on rolipram binding-test on 

mice and human brain cortex. SB-207499 is among the first of a new generation of PDE4 

inhibitors that was specifically designed to have decreased affinity to rolipram-binding site 

[90]. SB-207499 acts on rolipram-binding site at ten times lower concentration level than on 

the catalytic site, whereas rolipram is approximately 200 times more potent on rolipram-bindig 

site than on the catalytic site. Experiments showed that only drotaverine and its metabolites (27 

and 31) had higher selectivity values than 1 (up to 4, calculated on the basis of human enzyme 

and receptors), (Table7). Although the exact function of high affinity rolipram-binding site is 

unknown, it is generally accepted that the side-effects of selective PDE4 inhibitors correlate 
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well with their ability to displace [3H]rolipram from this site. Based on these binding data we 

expected less side effects from drotaverine than from rolipram [93, 97-99]. 

We showed out, that PDE4 inhibitory activity of drotaverine may play a fundamental role in its 

spamolytic  activity.  Drotaverine  is  a  very  safe  spasmolytic  agent  compared  to  others,  eg. 

papaverine.  This  excellent  side  effects  profile  comes  from  the  selective  PDE4  inhibitory 

activity, because other spasmolytic agents have nonselective PDE inhibitory profile [96]. On 

the  basis  of  PDE4  selectivity  of  drotaverine  we  examined  its  anti-inflammatory  and 

bronchodilatory activity in vitro and in vivo in order to assess its potential as anti-asthma drug. 

The  experiments  showed  a  good  in  vitro  and  in  vivo  activity  on  this  therapeutic  area 

(attachment  2).   We  conducted  a  proof  of  concept  study  with  patients  suffering  in  mild 

seasonal  asthma.  The  clinical  data  did  not  showed  out  significant  improvement  in  the 

conditions of this patient group. In spite of the clinical study was failed, the data provided us a 

very good starting point to start a PDE4 inhibitor project on the basis of drotaverine, in order to 

find  a  potent,  selective,  orally  active  PDE4 inhibitor  with  safe  side  effect  profile  for  the 

treatment of asthma and COPD.       

Table 7.: The in vitro selectivity of compounds on PDE4 enzyme and rolipram-binding site

R.-binding PDE4 Selectivity

Compound (human) (human) Rol/PDE4#

IC50 [nM] IC50 [nM]

rolipram 7 700 0.001

SB-207499 39 320 0.12

drotaverine 5933 4700 1.26

27 309 530 0.58

31 530 230 2.3

30 7216 1800 4

SSR161052 (55d) 1.5 3 0.5
               27, 30, 31 can be found in Scheme 7., SAR161052 (55d) can be found in Table 11, Fig. 16.

5.4. Isoquinoline type PDE4 inhibitors: structure – activity relationship
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The isoquinoline structural element can be found in many drugs that are already launched or 

are under investigation. Even simple derivatives like 6,7-dialkoxyisoquinolines (1), 1-methyl- 

(2)  or  5-nitroisoquinoline  (3)  cause  a  remarkable  inhibition,  among  others,  of 

phosphodiesterase activity. The PDE4 inhibitory activity of 4-arylisoquinolines with alkoxy- or 

cycloalkyloxy-substituents on the aryl ring (e.g. 4) is around 200 nM [101, 102].
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Papaverine (5) and its metabolites were found to inhibit purified beef heart phosphodiesterase 

activity [106]. Other papaverine analogues (e.g.  6 –  8) show different (PDE1 – PDE4) PDE 

inhibitory activities [103-109].

Sandoz  claimed  [110]  the  synthesis  of  compounds  (10)  (from  the  precursors  9)  with 

antiasthmatic activity. These compounds (10) showed selectivity in the inhibition of type 4 

PDE isoenzyme.
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The Zambon group claimed 3,4-dihydroisoquinoline derivatives (11, 12) with outstanding (IC50 

~ 40 nM), selective PDE4 inhibitory activity [111, 112].

36



11 12

N

O

O

Cl

Cl
N

O

Cl

Cl

O

N
O

R4
R6X

R5

R7
R8 R9

R10
R1

R3a

R3b

13

Scheme 3.

A new family of 3,4-dihydroisoquinolines, the furanoisoquinolines (13) were filed by Takeda 

[113]. These compounds are claimed to possess PDE4 inhibitory activity.

Byk Gulden has been active in the field of PDE4 inhibitors since long. Among others they 

elaborated a general method for the synthesis of fused 3,4-dihydroisoquinolines. The reaction 

started from dialkoxy-substituted benzaldehydes (14). Their condensation with nitromethane 

gave  the  nitroolefines  15.  The  Diels-Alder  condensation  with  butadienes  resulted  in  the 

nitrocyclohexenes  16.  After  reduction  and  acylation  with  substituted  benzoyl-chloride 

derivatives,  the  amides  18 were  formed,  which  were  cyclized  to  get  the  phenanthridine 

derivatives  19 [114-128].  These  compounds  have  PDE4  inhibitory  activity  with  –logIC50 

values in the range of 6.0 to 9.25.
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Byk  Gulden  applied  a  very  similar  methodology  for  the  synthesis  of  benzonaphthyridine 

derivatives (21) [129-133] as used for the preparation of the phenanthridines 19. The starting 
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material,  4-amino-3-arylpiperidine (20)  can be prepared according to  known procedures as 

cited in ref. [130]. 
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The  benzonaphthyridines  show mixed  PDE3/PDE4  enzyme  inhibition.  The  IC50 values  of 

tolafentrine (22) are 7.0 nM on PDE3 and 7.2 nM on PDE4. Pumafentrine (23) has a slight 

selectivity on PDE4 isoenzyme (IC50=7 nM) over PDE3 isoenzyme (IC50=28 nM).

Some 1,2,3,4-tetrahydroisoquinolines, like T-1032 (24) show an outstanding PDE5 isoenzyme 

inhibition  (T-1032:  IC50=1  nM)  [134-139].  Other  compounds,  like  the  7-chloro-3,4-

dihydroisoquinolines were found to be active PDE-7 isoenzyme inhibitors with –logIC50 values 

in the range of 6.05 (25) to 7.49 (26) [140, 141].
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Drotaverine,  the  spasmolytic  compound  with  PDE4 inhibitory  effect  [142],  is  extensively 

metabolized both  in vitro (hepatic microsomes) and  in vivo in different species (Scheme 7). 
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The PDE4 inhibitory action of certain metabolites appeared to be superior to that of the parent 

compound (Table 6).
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With the potential clinical usefulness of PDE4 inhibition in mind, a program was initiated to 

prepare new congeners according to Takács et al. [143-145] with enhanced PDE4-inhibitory 

activity as compared to either drotaverine or its metabolites.
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Scheme 8.

The screening of a focused library of compounds with the general structure 33a resulted in the 

recognition of the racemic aminoalcohol derivative 33b, which had an IC50 value of 700 nM. 

The pure enantiomers were also isolated, but as it turned out chirality had no impact on the 
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activity.  The  pharmacological  characterization  of  33b,  however,  revealed  undesirable  side-

effects (cardio-toxicity).
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Scheme 9.

As a first step, the elimination of the hydroxy substituent from the side-chain was planned in 

order to avoid the toxic effects. A synthesis starting from either isovanillin (34), or vanillin 

(35), or 3,4-dialkoxybenzylcyanid (38) was elaborated to furnish compounds 44a-f (or 45a-h) 

and 47a-m [146] (Scheme 9).

Isovanillin (34), or vanillin (35) was reacted with alkyl-, or cycloalkyl halides [147] to form 

symmetrically  or  asymmetrically  substituted  benzaldehyde  derivatives  (36).  Their  reaction 

with  nitromethane,  or  nitroethane gave  nitroolefines  37  [148].  The  nitroolefines  (37)  were 
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reduced catalytically  to  obtain the  aminoethyl  derivatives  40.  As an alternative route,  3,4-

dialkoxybenzylcyanides (38) were methylated [149] with methyl iodide (using NaNH2 as base) 

to produce compounds 39, which were reduced catalytically to give 40 having 2 methyl groups 

on  the  C-atom  adjacent  to  the  aromatic  ring.  The  acylation  of  the  amine  40 by  ethyl 

cyanoacetate  led to  the formation of  the  amide  41.  The ring closure of  41 under  Bishler-

Napieralski-type  conditions  resulted  in  the  isoquinoline  derivatives  42,  containing  a 

cyanomethylene  side-chain.  Their  bromination  by  NBS gave  43,  which  was  reacted  with 

potassium  thiocyanate  to  form  8,9-disubstituted  3-imino-5,6-dihydro[1,3]thiazolo[4,3-

a]isoquinoline-1-carbonitrile (44a-f). The acylation or alkylation of compounds  44a-f led to 

the formation of derivatives 45a-e. The hydrolysis of the cyano group gave the carboxylic acid 

derivative (45f). Its modification led to the ester (45g) and to the amide (45h).

On  the  other  hand,  when  the  common  intermediate  43 was  reacted  with  thiourea,  the 

thiuronium  salt  46 was  isolated.  This  was  hydrolyzed  under  alkaline  conditions  and  the 

resulting thiol was alkylated  in situ by different alkylating agents to synthesize compounds 

47a-m [150]. 

The analogous derivatives containing O- or N-atom instead of sulphur in the side-chain were 

prepared from the intermediate  43 (Scheme 10). Its reaction with aminoalcohols, or 1,2-, or 

1,3-diaminoalkanes resulted in the formation of compounds 48a-c [146].
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The synthesis of the carbon analogue (51a,b) [150]] required a different methodology. 2-(3-

Amino-propyl)cyanoacetyl chloride (49) was prepared by the alkylation of ethyl cyanoacetate 

and  by  subsequent  hydrolysis  and  acetyl  chloride  formation.  The  acylation  of  2-(3,4-

methoxyphenyl)-ethanamine (40) with  49 gave the amide (50) in good yield, which on ring 

closure resulted in the carbon analogues 51a,b.

The outstanding in vitro biological results of the isoquinoline derivatives substituted on C-3 or 

C-4 (47j,k) showed that modifications at these positions are favourable. This fact prompted us 

to initiate the synthesis of derivatives containing an additional ring attached to positions 3 and 

4 of the isoquinoline ring (Scheme 11). As a suitable starting material, 3-ethoxy-4-methoxy-

aminocyclohexyl-benzene (51) has recently been described by Nachtsheim et al. [151]. Starting 

from  it,  similar  reactions  were  performed  as  given  in  Scheme  3  and  Scheme  4  to  get 

octahydrophenantridine derivatives containing heteroatoms (NR, O, S) in the side-chain (53a-

q) [146] or their carbon analogues (55a-i) [150].
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5.4.1   Analysis  of  in  vitro  inhibitiory  activity  of  isoquinoline  type  PDE4 

inhibitors

The parent compound, 44a was synthesised as a representative of thiazolo[3,4-a]isoquinolines. 

This derivative with methoxy substituents at positions C8 and C9 gave an IC50 value of 220 nM 

when measured on PDE4 isolated from canine lung (Table 8).  The 8,9-diethoxy derivative 

(44b) proved to be 1.7 times more active (130 nM on PDE4 isolated from canine lung or 32 

nM on PDE4 isolated from human U-937 cells),  moreover the asymmetric substitution (8-

ethoxy-9-methoxy derivative,  44d), further improved the activity by a factor of 1.8 (18 nM), 

compared to  44b. The bulkiness of the substituents in C8 and C9 has a great impact on the 

activity, since the 8,9-diisopropyl derivative (44c) has 50 times lower activity than 44b. This 

decrease in the activity is most probably due to the sensitivity towards bulky substituents of 

position C9 of the molecule, since the activity of 8-n-hexyloxy-9-methoxy- (44e) and the 8-

cyclopentyloxy-9-methoxy (44f) derivatives is similar (23 and 27 nM respectively) to that of 

the most active compound 44d.
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Table 8.
Selected data for compounds 44a-f and 45a-h

O

O

R7
R6

N

S

NH

NC

O

O

R7
R6

N

S

N

R1
R

44a-f                                              45a-h

R R1 R6 R7 Inhibition* 
(% at 1 μM)

IC50 (nM)*

44a Me Me 220**

44b Et Et 80**
90

130**
32

44c iPr iPr 56 1600

44d Et Me 93 18

44e nHex Me 92 23

44f cPent Me 85 27

45a A H Et Et 67 480

45b NH2 H Et Et 34

45c A H Me Me 61 900

45d B H Me Me 16

45e C H Me Me 27

19f H CO2H iPr Me 7

45g H CO2Et iPr Me 22

45h H CO2NH2 iPr Me 28
*Measured on PDE4 isolated from human U-937 cell. **Measured on 
PDE4 isolated from canine lung.

                 
N

OH O
A: B:

O

NH2

N
OH

OH
C:

Substituents on the imino nitrogen at position C3 (R) or modifications of the cyano group at 

position C1 (R1) led to a significantly decreased activity (Table 8). The hydrogen on the imino-

nitrogen seems to be essential. Only those derivatives had limited activities in which there was 

an NH2 group in the neighbourhood of the imino-nitrogen (45a-c). Substituents like  B or  C 

attached by CH2 unit(s)  to the imino-nitrogen (45d,e)  are practically inactive. If  the cyano 
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substituent was modified to other acid functionalities like COOH, COOEt or CONH2 (45f-h) 

the resulting derivatives had very low activity.

Although the best thiazoloisoquinoline derivative (44d) had a remarkable activity (IC50 = 18 

nM), the development of the compound was hindered by toxic effects. The structurally related 

compounds  47a-m were better in terms of toxic side-effects. Similar rules were observed as 

regards  the  alkoxy  substituents  at  positions  C6  and  C7  as  that  found  in  the  case  of 

thiazoloisoquinolines  with  the  6,7-diethoxy  derivative  (47c)  being  better  than  the  6,7-

dimethoxy  compound (47b)  and  the  6-ethoxy-7-methoxy derivative  (47d)  being  3.4  times 

more active than  47c, or similarly,  47h being 2 times better than  47f  (Table 9). Compounds 

having bulkier substituents at these positions are not favourable: see 47g or 47i versus 47f. The 

amino functionality in the side-chain has a strong influence on the activity. The pyrrolidino 

derivative  (47b)  has  similar  activity  as  the  diethylamino  derivative  (47a)  does,  but  the 

morpholino derivative (47f) is 5.7 times more active (IC50 = 150 nM) than the corresponding 

pyrrolidino  compound  (47c,  IC50 =  860  nM).  Secondary  amines  in  the  side-chain  are  not 

favourable (see 47l or 47m).

The influence of the substituents at positions C3 and C4 was checked by the synthesis of the 3-

methyl- (47j) and 4,4-dimethyl derivatives (47k). The methyl group at position 3 (47j, IC50 = 

8.8 nM) resulted in a 9-fold increase in the activity compared to 47h. The dimethyl substitution 

at  position 4 led to  a  very active derivative  (47k)  with an IC50 value  of  2.7  nM (29-fold 

increase compared to 47h).
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Table 9.
Selected inhibition data for compounds 47a-m

O

O

R7
R6

NH

NC S
N

R2

R1

R4 R4
R3

ba

R Ra Rb R1 R2 R3 R4a R4b R6 R7 Inhibition 
(% at 1 μM)

IC50 

(nM)
47a CN H H Et Et H H H Me Me 19

47b CN H H Pyrrol. H H H Me Me 27

47c CN H H Pyrrol. H H H Et Et 53 860

47d CN H H Pyrrol. H H H Et Me 85 250

47e CN H H Piperid. H H H Et Me 55 640

47f CN H H Morph. H H H Et Et 79 150

47g CN H H Morph. H H H iPr iPr 37

47h CN H H Morph. H H H Et Me 100 78

47i CN H H Morph. H H H cPent. Me 75 290

47j CN H H Morph. Me H H Et Me 8.8

47k CN H H Morph. H Me Me Et Me 2.7

47l CN H H H A H H H Me Me 12

47m CN H H H B H H H Et Et 32
Pyrrol.=pyrrolidine; Piperid.=piperidine; Morph.=morpholine

OH

N
OH O

A: B:

The possibility of replacing the sulphur atom by other heteroatoms (oxygen or nitrogen) or 

carbon-atom was checked by the synthesis of derivatives 48a-c and 51a,b. As it can be seen in 

Table 9, 10.  exchanging the sulphur atom to oxygen (47f versus 48a) resulted in a 8.7 times 

lower activity. The nitrogen analogue (48c) had an even more limited activity (41% in 1 μM 

versus  59%  of  the  O-analogue).  The  carbon  analogues  are  less  active  than  the  sulphur 

analogues and have similar activity as the O-analogues (see 51a,b versus 48a,b).
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Table 10
Inhibiton data for compounds 48a-c (or 51a,b)

O

O

R7
R6

NH

NC X
N

R2

R1 O

O

R7
R6

NH

NC
N

R2

R1

48a-c                                                           51a,b

X R1 R2 R6 R7 Inhibition (% 
at 1 μM)

IC50 (nM)

48f S Morph. Et Et 79 150

48a O Morph. Et Et 59 1300

48b O Piperid. Et Et 34

48c NH Morph. Et Et 41

51a Piperid. Et Me 39

51b Morph. Et Et 50

Pyrrol.=pyrrolidine; Piperid.=piperidine; Morph.=morpholine

As it was seen in the case of compounds 47j and 47k, methyl substituents at positions C3 and 

C4 of the isoquinoline ring resulted in derivatives with enhanced activity. This observation led 

to the synthesis of phenantridine derivatives containing a fused ring at these positions. 

The morpholino derivative (53b)  containing an N-atom in the  side-chain has  a  very good 

potency (IC50 = 8.2 nM, Table 11). The methyl substitution (53d) on the nitrogen caused a 35-

fold decrease in the activity, but interestingly the N-benzyl derivative (53e) had an even higher 

activity (3.1 nM) compared to 53b. The longer side chain (n = 2) is not favourable: compound 

53c is 3.8 times less potent than 53b. 

The  oxygen  analogues  have  similar  or  slightly  higher  activities  as  the  corresponding  N-

analogues (see 53f,g compared to 53b,c). Among the different amino moieties, the morpholino 

proved to be the most favourable as regards the in vitro IC50 values.

The most active compound was found among the sulphur-containing isoquinoline derivatives. 

Compound 53j is 14 times more potent than the nitrogen analogue 53b and 6 times more active 

than the oxygen analogue 53f. The configuration of positions 4a and 10b strongly influences 

the activity: while the racemic compound (53j) has an IC50 value of 0.6 nM, the (+) enantiomer 

has 150 times lower activity (89 nM) than the (-) enantiomer, which has an outstanding 0.3 nM 
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potency. The cis geometry of the hydrogen atoms at positions 4a and 10b is a must for the good 

activity; since the trans derivative (53m) has 370 times lower activity than the cis derivative 

(53j).

The sulphur analogues  have limited metabolic  stability.  To suppress the easy formation of 

sulphoxides and sulphones, the sulphur atom was shielded by methyl group(s). The resulting 

compounds (53n,o) had lower activity (3.7 and 7 nM respectively) compared to 53j.

The carbon analogue (55a) of 53j proved to be metabolically more stable. Its activity (1.4 nM) 

was slightly lower than that of the sulur analogue. The pyrrolidine derivative (55b) has an even 

better  stability  and  an  IC50 value  of  3.3  nM.  Similar  rules  can  be  observed  for  the  pure 

enantiomers, (+)-derivative, 55c: 300 nM; (-)-derivative, 55d: 3 nM; trans compound, 55e: 140 

nM) as those seen in the case of sulphur containing compounds 53j-m. The alkyl substitution 

on the oxygen at positions 8 and 9 of the ring is essential: the “dealkylated” compounds 55f 

and  55h have  a  markedly  reduced  activity  (45%  and  24%  at  0.1  μM,  respectively). 

Cycloalkylamines in the side chain are superior to the primary amino substituent: compound 

55i has an activity decreased by tenfold compared to the morpholino (55a) or pyrrolidino (55b) 

derivatives.
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Table 11.
Inhibition data for compounds 53a-q and 55a-i

O

O

NH

NC X
N

R2

R1

n
 

H

H

R R O

O

NH

NC
N

R2

R1

H

H

X = NR, O, S
53a-q 55a-i

a b

n X R1 R2 Inhibition  (% 
at 0.1 μM)

IC50 

(nM)
Remarks

53a 1 NH Pyrrol. 52 78
53b 1 NH Morph. 76 8.2
53c 2 NH Morph. 31
53d 1 N-Me Morph. 290
53e 1 N-Benz. Morph. 96 3.1
53f 1 O Morph. 3.8
53g 2 O Morph. 17
53h 1 O Pyrrol. 13
53i 1 O Piperid. 6.4
53j 1 S Morph. 0.6 Rac.
53k 1 S Morph. 89 (+)
53l 1 S Morph. 0.3 (-)
53m 1 S Morph. 220 4a,10b trans, rac
53n 1 S Morph. 3.7 Ra=H, Rb=Me
53o 1 S Morph. 7 Ra=Rb=Me
53p 1 S Pyrrol. 2.2
53q 1 S Piperid. 16

55a 1 CH2 Morph. 1.4
55b 1 CH2 Pyrrol. 3.3 Rac.
55c 1 CH2 Pyrrol. 300 (+)
55d 
(SSR16152)

1 CH2 Pyrrol. 3 (-)

55e 1 CH2 Pyrrol. 32 140 4a,10b trans, rac
55f 1 CH2 Pyrrol. 45 8-OH
55g 1 CH2 Pyrrol. 24 9-OH
55h 1 CH2 Piperid. 18
55i 1 CH2 H H 30

Pyrrol.=pyrrolidine; Piperid.=piperidine; Morph.=morpholine
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55d, SSR161052 was selected for further investigation as a advanced lead compounds, later it 
was nominated for candidate for development compound (Fig. 17.). 

Fig.17. SSR161052

5.5. PDE4 inhibitory potential of SSR161052
5.5.1. In vitro biochemical data of SSR161052

SSR161052 is  a  selective  and competitive inhibitor  of  PDE4.   The  accepted selectivity  is 

higher  than  2  log.  The  compound  has  a  nanomolar  potency  on  PDE4,  IC50  =  3  nM.  It 

essentially inactive on PDEs, 1, -2, -3 and -5. Its PDE4 inhibitory activity is 2 log better than 

the activity of reference SB-207499. Its PDE isoenzyme selectivity is also more pronounced 

(Fig. 18. and Table 6.). 
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Fig.18. Summarized biochemical results of SSR161052 and SB-207499

The selectivity of PDE4 inhibitors on high-affinity rolipram-binding site and enzyme catalytic 

site is of predictive value concerning their pulmonary selectivity. We have investigated the 

effect of SSR161052 on rolipram binding-test on human brain cortex. SB-207499 is among the 

first of a new generation of PDE4 inhibitors that was specifically designed to have decreased 

affinity to rolipram-binding site. SB-207499 acts on rolipram-binding site at ten times lower 

concentration level than on the catalytic site, whereas rolipram is approximately 200 times 

more potent on rolipram-bindig site than on the catalytic site (Table 15.). Experiments showed 

that SR161052 had higher selectivity values, this value is 0.5, on the basis of the activity on 

human enzyme and rolipram binding site on human brain (Fig.18. and Table 15.),  because 

SSR161052  is  ten  time  more  effective  on  human  enzyme,  than  on  rolipram binding  site. 

Although the exact function of high affinity rolipram-binding site is unknown, it is generally 

accepted that the side-effects of selective PDE4 inhibitors correlate well with their ability to 

displace [3H]rolipram from this site. Based on the effect of SSR161052 on rolipram binding 

site, we expected limited side effects than in the case of SB-207499 [(93, 97-99].

Table 12. Subtype selectivity of SSR161052 and SB-207499

SB-207499SB-207499SB-207499SB-207499
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PDE4 exists in two distinct conformations: HPDE4 and LPDE4. On one hand, HPDE4 appears 

to predominate in the central nervous system, and therefore is related to the side effects of 

PDE4 inhibition. On the other hand, LPDE4 predominates in most inflammatory cells, in the 

periphery, assuming to be associated with the therapeutic actions of PDE4 inhibition. Design of 

compounds  with  reduced  affinity  for  the  former  and  increased  affinity  for  the  latter 

conformation of PDE4 may result in a drug with reduced side effects and enhanced clinical 

activity.  The  development  of  SB-207499  has  roughly  followed  this  approach  (90),  which 

compound has  practically  equal  affinity  on  recombinant  form of  LPDE4 = PDE4A4 (low 

affinity), (IC50 = 142 nM) and HPDE4 (high affinity), (IC50=101 nM). This profile of this 

activity contrasts markedly to rolipram, which has 10 fold selectivity for HPDE4 [152, 153]. 

SSR161052 has similar ratio for HPDE4 versus LPDE4 than that of SB-207499 suggests also 

an improved therapeutic ratio. 

The other strategy in order to improve therapeutic ratio is based on the observation that the 

PDE4 subtypes A, B, C and D have a distinct tissue and cellular distribution (91). Whereas 

PDE4A appears to be distributed in all cells and tissues, PDE4B is present primarily in lung, 

heart,  brain and  skeletal  muscle.  PDE4C can be  found in  neuronal  tissue,  but  sparsely in 

immune and inflammatory cells (91). With selective inhibition of certain PDE4 subtypes, the 

side effect profile might be limited while maintaining the therapeutic activity. SSR161052 is 

practically  equiactive  in  all  examined PDE4 isoenzymes,  there  is  no  significant  diffrences 

between the activities on PDE4A, -B, -C, and –D. SSR161052 inhibits all PDE4 isoforms with 

around 5 – 10 times lower IC50 values than SB-207499, except PDE4A4, where SSR161052 

25 - 50 times more potent  (Table 12.).

As we could see that  SSR161052 is  a  very active  PDE4 inhibitor.  Its  target  selectivity  is 

extremely good, because it is at least  500 - 1000 fold less active against a variety of other 

targets (Table 13). 

Table 13. 
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5.5.2. In vitro pharmacological effect of SSR161052

Biological results show that SSR161052 is an extremely potent PDE4 inhibitor in vitro on 

isolated native and recombinant enzymes. To determine the ability of SSR161052 to inhibit 

PDE4 in  intact  cells,  we examined its  capacity  to  increase  cAMP content  of  HL60 cells. 

(human promyelocytic leukemia cell line) and A549 (human lung adenocarcionoma alveolar 

epithelial  cell  line)  and  compared  its  action  with  that  of  SB-207499.   Both  compounds 

produced concentration dependent increase in cAMP content in both cell lines (Fig. 19. A. and 

B.). 

A
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B,

Fig. 19.: The effect of SSR161052 and SB-207499 on intracellular cAMP  level on  HL60 cells 
(A) and A549 cells (B). Both investigated compounds elevate the cAMP content in the A549 
and HL60 cells. Cells were incubated with either SB-207499 or SSR161052 at 37  oC for 10 
min before the addition of PGE2 or forskoline. The incubation continued for an additional 15 
min  before  being  terminated.  cAMP  content  of  the  samples  was  determined  by 
radioimmunoassay kit. 

SB-207499

0.1 uM PGE2

SSR161052

SB-207499
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SSR161052 is more potent than SB-207499 on these whole cell system. This impoved activity 

could be explained with the 10 times more acivity on PDE4, or with the better  ability  of 

SSR161052 to cross the cell membranes. 

The inhibition of  PDE4 leads  to  elevated  level  of  cAMP, consequently  to  smooth  muscle 

relaxation, in the gastrointestinal, biliary, urological and gynecological system and also in the 

airways. Experiments were initiated to show the acute airway smooth muscle relaxant effect of 

SSR161052 in vitro.

SSR161052 induces concentration-dependent relaxation on spontaneous tracheal tone of intact 

tracheal preparation (Fig. 20.). 

Fig. 20. The spontaneous tracheal tone relaxant effect of SSR161052 and SB-207499

The effect of  SSR161052 is significant and it is ten times stronger , than that of SB207499. 

The  calculated  relaxant  EC50 value  is  85  nM.  This  value  is  a  bit  higher  than  the  PDE4 

inhibitory IC50 value (3 nM) (Fig. 18).  This concentration (85 nM) is enough to increase the 

intracellular cAMP level in A549 and HL60 cells (Fig. 19.).  So it is concluded that the PDE4 

SSR161052
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inhibitory effect of SSR161052 is responsible for the tracheal relaxant effect. It is important 

that 100 % relaxation could be achieved.

5.5.3. In vivo pharmacological and anti-inflammatory effect of SSR161052

In mice and guinea pig models of airway inflammation, SSR161052 has been shown to exhibit 

anti-inflammatory  and  bronchodilator  properties.   SSR161052  dose  dependently  attenuates 

histamine and allergen – induced bronchoconstiction  in sensitized guinea pigs  (ED50 mg/kg = 

0.38 mg/kg  against histamine and ED50 = 0.026 mg/kg against ovalbumin), (Fig. 21. and Fig. 

22.).  As we observed that SSR161052 is a more active PDE4 inhibitor in vitro on enzyme 

assay and cell based assay, SSR161052 is more potent bronchodilator than  SB-207499 in vivo. 

On the basis of this experiments, SSR161052 is very potent in attenuating allergen induced-

bronchospasm.  

Fig. 21. Histamin-induced bronchoconstriction in guinea-pigs (two hours after oral 

administration)
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Fig.  22.   Ovalbumin-induced  bronchoconstriction  in  guinea-pigs  (two  hours  after  oral 

administration)

The anti-inflammatory effects of orally administered SSR161052 was assessed using studies 

that measured antigen-induced cell infiltration into BAL in guinea pigs.

SAR161052 and SB-207499 inhibited total leukocyte cell number and eosinophil cell number 

in BAL after allergen challenge.   SAR161052 is about 3 times more potent than SB-207499 in 

this test. (Fig. 23, 24.).
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Fig. 23. The effect of SSR161052 and SB-207499 on the allergen induced leukocyte cell (total 
cell number) migration in the BAL in guinea pigs. Double treatment: drug treatment 1 hour 
before and after the allergen challenge. Cell count was determined in BAL after 24 hours of 
allergen challenge. 

SSR161052
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Fig.  24.  The effect  of  SSR161052 and SB-207499 on the allergen induced eosinophil  cell 
migration in the BAL in guinea pigs. Double treatment: drug treatment 1 hour before and after 
the allergen challenge. Cell count was determined in BAL after 24 hours of allergen challenge. 

The cytokine TNFα has a fundamental role in several immune process in inflammation and 

COPD. Excessive levels of TNFα have been implicated in a number of pathological condition 

associated with asthma, COPD and arthritis. Endogenous TNFα mediates the recruitment of 

polymorphonuclear  leukocytes  to  the  tissue  site  of  inflammation  [154].  The  potential  of 

compounds as anti-inflammatory agents were assessed on the basis of their ability to inhibit the 

TNFα release from murine macrophages in vitro and to reduce murine serum TNFα levels after 

LPS injection in vivo. The investigated compounds demonstrate dose dependent inhibition of 

TNFα release in these in vitro and in vivo systems. Investigated compounds  concentration – 

dependently decreased the TNFα production and release from isolated murine macrophages in 

the 10-8 – 10-4 M concentration range. SB-207499 following p.o. administration inhibited the 

LPS-induced  TNFα  release  in  mice,  the  calculated  ED50 value  was1.14  mg/kg  after  p.o. 

administration. SSR161052 inhibited the LPS-induced TNFα  release in mice, its ED50 value 

SSR161052
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was 0.69 mg/kg after p.o. administration (Table 14. and Fig. 25.). The data showed that the in 

vitro enzyme inhibitory activities of compounds correlate rather well with the in vivo potency. 

SSR161052 was the most potent PDE4 inhibitor in vitro and in vivo (Table 14), [155-158].

Table 14.: Effect of compounds on LPS-induced TNFα release in mice

Compound PDE4
inhibition

Inhibition of 
LPS- induced 

TNFα release in 
vitro#

Inhibition of 
LPS- induced 

TNFα release in 
vivo##

Inhibition of 
LPS- induced 

TNFα release in 
vivo###

IC50 (µM) IC50 (µM) ED50  (mg/kg.) ED50  (mg/kg )

rolipram 0.7 0.051 0.22 2

 SB-207499 0.32 0.12 1.14

drotaverine 4.7 1.4 2.7 20

31 0.23 0.46

SSR161052 0.003 0.69

#TNFα release from isolated murine macrophages after LPS treatment
## effect of compounds after ip. and 
###  p.o. administration on serum TNFα level in mice after LPS treatment

Fig. 25.  Inhibition of LPS-induced TNFα release in mice

0.001 0.01 0.1 1 10
0

10

20

30

40

50

60

70

80

90

dose [mg/kg]

in
hi

bi
tio

n 
[%

]

SSR161052
Ariflo

dose [mg/kg]
0.01 0.1 1 10 100

in
hi

bi
tio

n 
[%

]

0

10

20

30

40

50

60

70

80

90

100
Ariflo
SSR161052

      ED
50

=0.41 mg/kg (SB-207499)       ED
50

=1.14 mg/kg (SB-207499)
      ED

50
=0.04 mg/kg (SSR161052)       ED

50
=0.69 mg/kg (SSR161052)

 intravenuous treatment:  oral treatment:

60



On the basis of above studies SSR161052 is not only very active drug on airway inflammation, 

but it  is very potent in attenuating allergen induced bronchospasm too, acts as an effective 

bronchodilator. 

 

5.5.4. Side-effect profile and in vivo selectivity of SSR161052

The prototype  PDE4 inhibitors  have  a  number  of  different  side  effects  in  central  nervous 

system (CNS) including headache, nausea, vomiting and potential psychotropic activity, in the 

gastrointestinal tract, the side effects are pyrosis and increased gastric acid secretion.  These 

PDE4  inhibitors  in  parallel  with  their  emetic  potency  have  potential  CNS  side-effects  in 

rodents, decrease spontaneous motility in mice and cause unusual behavioral pattern in guinea-

pigs. [159]. 

Rolipram is a prototype of selective PDE4 inhibitors and has multiple side effects in the 

CNS and peripheral  tissues  in  mouse  and rats.  Rolipram is  a  relatively  weak competitive 

inhibitor of PDE4 (IC50= 200 nM - 4 µM) and it binds  to a high affinity site in mouse, guinea 

pig, rat and human brain homogenates.  

A mechanistic  hypothesis  for  identifying  compounds  with  improved  therapeutic  potential 

emerged from the observation that PDE4 enzyme exists in two distinct conformers, one of 

which is inhibited by rolipram with a Ki value of 1 nM and second that is inhibited by rolipram 

with a Ki value of 700 nM.  These two conformers of PDE4 are termed HPDE4 and LPDE4 

respectively. Certain side effects, such as vomiting, gastric acid secretion and psychotropic 

activity are associated with the inhibition of HPDE4. On the other hand   beneficial actions, 

including inhibition of cytokine release, suppression of mast cell activation and broncholitic 

activity are associated with the ability of compounds to inhibit LPDE4. The tissue distribution 

of these conformers are different, HPDE4 is the main isoform in the periphery and LPDE4 in 

the brain (156, 157). We used the in vitro and in vivo rolipram binding to assess the side effects 

of PDE4 inhibitors.  

Rolipram binding test for the prediction of CNS side effects of PDE4 inhibitors was 

performed on mouse brain homogenate. Compounds were investigated as to their potency to 

displace 3H-rolipram from forebrain binding sites in vivo in mice.   The behavioral effects of 
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compounds were also investigated on mice in vivo by inhibition of the spontaneous motility in 

mice.

We investigated the activity of PDE4 inhibitors (rolipram, LAS-31025 /Arofylline/, SB-

207499, drotaverine and SSR161052) (158) on rolipram binding site in vitro and in vivo (Fig. 

26.), (Table 15.).  Drotaverine has reduced rolipram binding activity (Table 15, the IC50  value 

of PDE4 inhibition of drotaverine is lower than its IC50 value on rolipram binding test in vitro). 

SAR161052 is equipotent on both sites, enzyme test and rolipram binding test.  Thus these 

compounds could have an acceptable therapeutic window on the basis of in vitro biochemical 

results (enzyme test and binding test).

It is widely supposed that behavioral actions of selective PDE4 inhibitors correlate with the 

ability of the compounds to displace [3H]-rolipram from its  site in vivo (158).  Our results 

reveal a  correlation between the in  vivo binding data  and behavioral  effects  (inhibition of 

spontaneous motility) in mice (Table 15.). 

The results on rolipram binding in vivo provided two lines of data:

1, A prediction for in vivo behavioral side effects of PDE4 inhibitors,

2, To control the penetration of compounds through blood brain barrier.   

Table 15.: Association of the behavioral effect  of PDE4 inhibitors with either inhibition of 

PDE4 catalytic activity or competition for [3H]rolipram binding in vitro and in vivo.

Compound PDE4
inhibition

Displacement 
of [3H] 

Rolipram 
binding 

Selectivity* Inhibition of 
spontaneous 

motility 
(horizontal 
activity) 

Inhibition of 
in vivo Rolipram 

binding

IC50 (µM) IC50 (µM) ED50  
(mg/kg i.p.)

inh.%
 (dose i.p.)

rolipram 0.7 0.0036 0.005 0.48 76 (at 1 mg/kg)

SB-207499 0.32 0.039 0.12 2.1 and  
5.3(p.o.)

95 (at 10 mg/kg)
ED50=8 mg/kg p.o.

LAS-31025 5.6 0.077 0.014 9 69 (at 10 mg/kg)

drotaverine 4.7 20.6 4.4 35.6 20 (at 20 mg/kg) 

SSR161052 0,003 0,0015 0.5 11.7 (p.o.) 0 at (10 mg/kg)
ED50=100 mg/kg p.o.

*ratio of rolipram binding and enzyme inhibition
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Fig.  26.  Rolipram  binding  in  vivo.  Dose  dependency  of  SSR161052  and  SB-2077499 
on rolipram binding in mice after p.o.  administration  The potency of PDE4 inhibitors was 
evaluated to displace 3H-rolipram binding on forebrain in mice in vivo. 

To determine the in vivo therapeutic window of SAR161052, the side-effects were investigated 

in parallel with its anti-inflammatory activity. All investigated PDE4 inhibitors decreased the 

spontaneous  motility  in  mice,  but  in  a  different  dose-range.  Effects  of  compounds  on 

spontaneous motility in mice predict rather well their CNS side effects. Rolipram, SB-207499 

and LAS-31025 decreased LPS-induced TNFα level in mice in similar dose range where these 

compounds  inhibit  spontaneous  motility  in  mice.  We  could  not  observe  important  target 

selectivity in vivo.  The selectivity of these compounds is rather low in vivo Drotaverine and 

our candidate for development SSR161052 decreased serum TNFα level after LPS injection at 

doses approx. twenty times lower than those which induced CNS side-effect [98], (Table 16.). 

The in vivo selectivity of SAR 161052 and drotaverine is outstanding (the exact value is 17) 

(Table 16), [155-158]. The therapeutic ratio is more pronounced if we compare the CNS side 

effect and inhibitory potency of SSR161052 on OVA induced bronchoconstriction in guinea 

pig (the value is 450) (Table 17). 
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   Table 16.: In vivo selectivity of PDE4 inhibitors (CNS side effect versus anti-inflammatory 

activity)

Compound Inhibition of 
spontaneous motility#

Inhibition of LPS- 
induced TNFα release##

In vivo 
selectivity###

ED50  (mg/kg) ED50  (mg/kg)

Rolipram 0.48 (ip.) 0.22 (ip.) 2.2

SB-207499 2.1 (5.3 p.o.) 1.14 p.o. 4.6 (p.o.)

drotaverine 46 (ip.) 2.7 (ip.) 17

SSR161052 11.7 (p.o.) 0.69 (p.o.) 17

#CNS side-effect was measured as inhibition on spontaneous motility in mice after ip. 
administration. Spontaneous motility was measured on the basis of horizontal activity of 
mice [98]. 
## effect of compounds (ED50) after ip. administration on serum TNFα level in mice after LPS 
treatment.
###ED50 of inhibition of spontaneous motility divided by the ED50 of inhibition of TNFα 

release.

Table 17.: In vivo selectivity of PDE4 inhibitors (CNS side effect versus bronchodilator 
activity)

Compound Inhibition of 
spontaneous motility#

Inhibition of OVA - 
induced 

bonchoconstriction##

In vivo 
selectivity###

ED50  (mg/kg) ED50  (mg/kg)

SB-207499 5.3 10 p.o. 0.5

SSR161052 11.7 0.026 (p.o.) 450

#CNS side-effect was measured as inhibition on spontaneous motility in mice after p.o. 
administration. Spontaneous motility was measured on the basis of horizontal activity of 
mice. 
## effect of compounds (ED50) after p.o.. administration on OVA induced bronchoconstriction 
in guinea pig.
###ED50 of inhibition of spontaneous motility divided by the ED50 of inhibition of OVA-
induced bronchoconstriction 

PDE4 inhibitors induce emesis in Suncus. murinus as well as in dogs and ferrets [217, 218]. 

We used  dog and Suncus murinus  for  the assessment  emetic  activity  of  drugs  on  human. 
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Finally  we  investigated  the  emetic  activity  of  SAR161052  and  SB-207499  avter  iv. 

administration in dogs and after per os administration in suncus murinus. SSR161052 has a 

slight higher emetic potency after iv. in dogs compare to SB-207499, but it has a similar emetic 

potency after per os administration in suncus murinus. Although SSR161052 is more potent 

PDE4 inhibitor than SB-207499, in spite of this SSR161052 has similar emetic activity to SB-

207499  (Table  18b.)  after  p.o.  administration  in  Suncus  murinus.  SSR161052  has  emetic 

activity, maximal emetic effect was observed at 1 mg/kg i.v. in dogs and 30 mg/kg in Suncus 

murinus after p.o., but SSR161052 exerts its beneficial activity in much lower dose range, ED50 

values are 0.026 mg/kg against ovalbumin induced bronchconstiction in guinea pig and 0.69 

mg/kg on LPS induced TNFα  release in mice. 

Finally SB-207499 and SSR161052 have similar emetic activity, but SSR161052 has a much 

better therapeutic ratio than SB-207499. 

Table 18a.  Emetic effect of the compounds on dogs  after i.v. administration

 

Table 18b. Emetic effect of the compounds on Suncus murinus  after oral administration
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5.5.5. Metabolism  of SSR161052

SSR161052 is metabolically stable when incubated with guinea pig, mice, rat, dog and human 

microsome. T1/2 value is 75 min in guinea pig, 44 mine in mice, 140 min in rat, 88 min in dog 

and 120 min in human liver microsome. Its plasma stability is much higher, T1/2 value is longer 

than 24 hrs.  SSR161052 is  negative on Ames test,  and its  absorption.  It  has  a  very good 

absorbtion, its CaCo2 value is 168 cm/sec (much higher than the threshold value, 20 cm/sec).   

Oral bioavailability was determined in guinea pig (80%).  In guinea pig the in vivo plasma 

T1/2 value is 6 h after oral administration. 

On  the  basis  of  the  above  parameters  SSR161052  fulfils  the  criteria  for  a  candidate  for 

development drug.   

We established that drotaverine is a selective PDE4 inhibitor. In spite of its PDE4 inhibitory 

potency drotaverine has an advantegous side effect profile over other spasmolytic agents and 

PDE4 inhibitors.   On the  basis  of  advantageous  activity  of  drotaverine  we started  a  drug 

discovery process in order to find new type PDE4 inhibitors with improved side effect profile. 

Finally we discovered and selected SSR160052 as a candidate for development compound with 

very active and selective PDE4 inhibitory profile. We proved that SSR161052 has very potent 

bronchodilatory activity with potent anti-inflammatory activity.  In addition to its beneficial 

activity, SSR161052 has improved side effect profile.  On the basis of in vitro and in vivo 

activity SSR161052 could be a very potent compound against asthma and COPD. SSR161052 

was selected as a candidate for development compound, but unfortunately the result of a two 
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weeks toxicology study on mice and rabbit prevented the entering into the preclinical phase. 

SSR161052 caused a very serious gastrointestinal toxicity on mice and rabbits.  

Our very active PDE4 inhibitor, SSR161052 was failed.  We started to a new project in this 

field to discover a new type of protease inhibitor in order to improve the protease antiprotease 

imbalance in order to decrease the proteolytic damage in asthmatic and COPD condition in the airways. This 
work is summarized in the next chapters.   

5.6. Therapeutic potential of HLE

HLE inhibitors could be useful in the treatment of at least three categories of pulmonary diseases. Firstly, in 

hereditary emphysema, there is a congenital deficiency of naturally occurring inhibitor of HLE, alpha1-antitrypsin 

(AAT) and AAT is used for replacement therapy in this condition [162-164]. Secondly, HLE inhibition may be of 

benefit in disorders of airway associated with predominantly neutrophilic-inflammation [159, 162, 163], such as 

COPD and cystic fibrosis, as well in diseases where neutrophils may contribute to the inflammatory cascade, such 

as asthma.  Thirdly, HLE inhibitors may have a role in the treatment of acute lung injury [164].

HLE is a serine protease, derived form neurophils. HLE is packaged in primary granules within

neutrophils, where the HLE concentration is very high (3  µg enzyme/ 106 cells)  [165].   It is 

coded for by a 4 kilobase (5 exon, 4 intron) gene on chromosome 19 at p13.3 [166]  and the 

sequences for the mature HLE protein are included in exons 2 – 5. The exon structure predicts 

a primary translation product of 267 amino acid residues, including a 29 residue N-terminal 

precursor  containing  a  27  residue  ‘pre’ signal  peptide.  Following  synthesis,  the  inactive 

precursor molecular form is trimmed, glycosylated with complex carbohydrates, transported to 

the Golgi  and ultimately carried to the azurophilic  granules.  The cleavage of the short  N-

terminal  propeptide  is  typical  for  the  granule-associated  serine  proteases  of  cells  of  the 

haemopoeitic lineage, where a cysteine protease cathepsin C functions as the principal post-

translational processing enzyme  [167, 168]. In common with other serine proteases, HLE is 

stored in a fully processed and activated form [169-172]. 

HLE exhibits potent hydrolytic activity through juxtaposing the catalytic triad of Serine 195, 

Aspartate 102 and Histidine 57 [173]. In this catalytic triad the γ -oxygen of serine becomes a 

powerful nucleophile, able to attack a suitably located carbonyl group on the target substrate. 
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The bond to be cleaved must fit into the active site pocket of the HLE, held there by charge 

interactions and mediated by the residues forming the pocket. The peptide bond under attack is 

between  two  amino  acid  residues  recognized  by  their  side  chains.  An  acyl-enzyme  inter 

mediate molecule is formed between serine and the carbonyl group on the target protein. To 

complete the process, the acyl-enzyme complex is hydrolysed with subsequent regeneration of 

active HLE and cleavage of the protein [172], Fig. 27.

Fig. 27. Human leukocyte elastase enzyme characterization

HLE is a powerful degrading enzyme. Millimolar concentrations of HLE, when released from 

single  azurophilic  granules  of  activated  neutrophils,  lead  to  evanescent  quantum bursts  of 

proteolytic activity, before catalysis is halted by pericellular inhibitors. The manner in which 

HLE degrades extracellular matrix, despite the presence of functioning antiprotease molecules 

is still not fully understood [172]. 

The exact mechanisms are not entirely clear as yet and this remains a topic of some debate. 

However, some studies indicate that the large quantities of oxidants and proteases released by 

leukocytes that are recruited to the site of inflammation can overwhelm and inactivate protease 

inhibitors [174].  
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Alternatively, it seems that the tight adhesion of neutrophils to the extracellular matrix (ECM) 

leads to the compartmentalization of the released proteases between the neutrophils and the 

ECM and this microenvironment excludes the large, circulating protease inhibitors [174].  It is 

also recognized that a large proportion of the serine proteases that have been released from 

azurophil granules bind to the plasma membrane where their catalytic activity preserved. Owen 

and colleagues suggested that this tight binding of extracellular neutrophil serine proteases to 

the  cell  membrane  makes  them  inaccessible,  and  therefore  resistant,  to  circulating,  high-

molecular-weight, endogenous inhibitors [174-176], Fig 28.

Fig. 28. Natural inhibitors may not inhibit HLE at sites of elastin destruction, due to tight 

adherence of the inflammatory cell to connective tissue.

Work from Campbell  and  co-workers  looked at  the  function  of  HLE as  regards  quantum 

proteolysis [165]. Calculations from first principles indicate that 67,000 molecules of HLE are 

stored  in  each  azurophilic  granule  at  a  mean  concentration  of  5.33  mM,  which  exceeds 

pericellular  inhibitor concentrations  in vivo  by nearly three orders of magnitude. Diffusion 

analysis  predicts  obligate  catalytic  activity  (excess  of  local  enzyme  over  inhibitor 

concentration) that extends to 1.33 microns from the site of granule extrusion (7.8-fold larger 

than  the  mean  radius  of  the  granule),  with  a  duration  of  12.4  ms,  when  the  pericellular 

concentration of AAT equals that of normal plasma. In contrast, when polymorphonuclear cells 

are bathed in AAT concentrations found in plasma from individuals with AAT deficiency, the 

radius  and  duration  of  obligate  catalytic  activity  are  increased  6.2-fold.  These  simulations 

agree remarkably well with direct observations and provide a novel, non-oxidative mechanism 

by which quantum bursts of extracellular proteolytic activity occur despite protease inhibitors 

in the bathing medium [172].  
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The protease/antiprotease balance is still considered to e a major pathogenic determinant in 

COPD  [162,  177].  The  imbalance  between  HLE  and  endogenous  antiproteases,  when  it 

happens,  may  cause  various  inflammatory  disorders  of  COPD.  These  include  epithelial 

damage, increased microvascular permeability followed by mucus hypersecrtion, induction of 

bronchial  secretory  cell  metaplasia  and  mucociliary  disfunction.   Excessive  HLE shows a 

profound  destructive  profile,  destroys  the  normal  pulmonary  structure  followed  by  the 

irreversible  enlargement  of  the  respiratory  airspaces  as  seen  mainly  in  emphysema,  while 

inducing  increased  microvascular  permeability  followed  by  mucus  hypersecretion  as  seen 

mainly in chronic bronchitis.  In addition, excessive HLE further inactivates antiproteases in 

coordination with an oxidant burden which can be generated by increased exposure to oxidants 

and decreased antioxidant capacities, which makes imbalance worse [178].  

In addition to elastin (highly flexible and highly hydrophobic component of lung connective 

tissue, arteries, skin, and ligaments), elastase degrades almost all extracellular matrix and key 

plasma proteins. HLE has broad substrate specificity and is capable of degrading a wide range 

of extracellular matrix proteins, including collagens (types I – IV), fibronectin, laminin and 

proteolglycans [179, 180]  In addition, HLE can also cleave coagulation factors (fibrinogen and 

factors  V,  VII,  XII  and  XIII),  plasminogen,  immunoglobulin  G  (IgG),  IgA  and  IgM, 

complement factors C3 and C5, complement receptors,  and gp120, the coat protein of the 

human  immunodeficiency  virus.  HLE  also  cleaves  proenzymes,  procollagenase, 

prostromelysin, and progelatinase [181] and process active enzymes. HLE has also been shown 

to  upregulate  pro-inflammatory  cytokines.  HLE upregulates  IL-8  expression  and  secretion 

from bronchial  epithelial  cells  [182-184].  HLE-induced upregulation of  IL-8 expression in 

human bronchial epithelial cells depends on the proteolytic activity of HLE (Table 19).

HLE  causes  tissue  degradation  directly,  through  its  protease  activity,  but  HLE  induces 

proteolytic  inflammation  by  other  mechanisms.   HLE  also  degrades  AAT,  decreasing 

antiprotease capacity of the lung, HLE activates pro-MMP-9 and degrades its natural inhibitor, 

tissue inhibitor of metalloprotease-1, further activating MMP9 [185].

Table. 19. HLE has an extremely broad substrate specificity and degrades and cleaves a wide 

range of ECMs..
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Proteolytic activity of HLE at the cell surface of airway epithelia and immune cells has a 

profound  impact  on  the  airway.  HLE  impairs  mucociliary  clearance  by  inhibiting  ciliary 

motility.  HLE increases  mucin  gene  expression  and induces  mucin  secretion.  HLE affects 

airway remodeling by regulating airway epithelial cell cycle. Finally, although HLE is required 

for gram negative bacterial killing, excessive HLE in the airway surface liquid (ASL) impairs 

airway immune functions and inhibits bacterial recognition and killing (Table 20.). 

HLE regulates mucin MUC5AC gene expression by both transcriptional and post-transcription 

mechanisms  [163, 186-188]. HLE also upregulates two membrane-associated mucins MUC4 

[189] and MUC1 [190] in airway epithelial cells. In addition to increasing mucin production, 

HLE stimulates mucus secretion from human airway epithelial cells [191] and releases cell 

surface mucins from hamster tracheal epithelial cells. HLE also induces hypersecretion of two 

major respiratory tract mucins, MUC5AC and MUC5B. Finally, HLE decreases ciliary beat 

frequency and causes  epithelial  disruption [192].  Together,  these  airway epithelial  changes 
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result in abundant mucin production and failure of adequate ciliary clearance. These problems 

are compounded by the process of airway remodeling that is triggered in part by airway HLE.

Table 20. Action of HLE on the cell surface

Despite  all  of  the data  implicating proteinases in  the pathogenesis  of COPD, the potential 

complexities  involved  have  complicated  drug  development.  Since  HLE  could  directly  to 

produce the pathological features of COPD this seems an appropriate starting point. Indeed, 

HLE is required to activate cathepsin B [268] and may do the same for MMPs [269], whilst 

inactivating their inhibitors [270]. It is therefore, possible that HLE is central to a proteinase 

cascade and, hence it is a key target to prevent proteolytic lung damage in COPD.

A very  important  approach is  to  develop  small  molecule  inhibitors  of  HLE,  a  number  of 

pharmaceutical companies performed a great effort to reach this goal (Table 23), [191, 200, 

201].  These drugs inhibit HLE-induced lung injury in experimental animals, whether given by 

inhalation or systemically. Since HLE can cause many of the features of COPD (mucus gland 
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hyperplasia,  mucus  secretion,  impaired  ciliary  function)  and  impaired  lung  immunity,  its 

inhibition is a very important therapeutical possibility in asthma and COPD .

Although is a strong interest in the development of potent synthetic inhibitors  of HLE, but this 

development is often frustrating  and certainly very risky.  For instance, amongst 14 synthetic 

inhibitors (Table 23) many are no longer in the development phase [188, 297, 198].  

However, additional proteinases are likely to be involved in many aspects of COPD and may 

also need appropriate control. These additional serine proteinases released from neutrophils, 

namely cathepsin G and proteinase-3, that may mediate features of COPD. The three serine 

proteases  elastase,  proteinase  3  and  cathepsin  G,  are  major  components  of  the  neutrophil 

primary  granules  that  participate  in  the  non-oxidative  pathway  of  intracellular  pathogen 

destruction. (Table 21.) 

Table 21. .  Main charachteristics of  HLE, proteinase 3 and Cathepsin G
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5.7.  Research for HLE inhibitors

5.7.1. Test system for the investigation of HLE inhibitors

I summarized the used test system for the investigation of effect of HLE inhibitors [199-201], 

(Fig. 29.). The experiments on in vitro isolated enzymes (human, rat and mice elastase), IC50 

and Ki determinations, enzyme kinetic investigations are described in attachment 4 [200]. The 

activity of HLE inhibitors was compared on isolated enzymes using small molecular weight 

substrate and natural substrate, elastin – congo-red.  The HLE induced haemorrhage model in 

mice and paw edema models in rats are also described in attachment 4 [200]. 

Fig. 29.   The tests system for the evaluation of the effect of HLE inhibitors

Elastase released from leukocytes has been considered to be one of the important mediators in 

inflammatory tissue damage. We investigated how our compound influenced the activity of 

released elastase. Leukocytes were seeded in a well  of a microtiter plate. Leukocytes were 
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activated for 30 min with cytochalasine B and fMLP. After the activation process different 

concentrations of inhibitors were added and the cells  suspension were assayed for elastase 

activity (Fig. 30.).

Fig. 30.  Model for the measurement of inhibition of released elastase. 
Inhibition of elastase released by cytochalasin B and fMLP activation of human leukocytes

The surface bound HLE is strongly upregulated in activated PMNL. Cell surface bound HLE is 

catalitically  active  and  in  marked  contrast  to  enzyme  that  is  freely  released  into  the 

extracellular space, membrane bound elastase is remarkably resistant to inhibition by naturally 

occurring proteinase inhibitors.  In  order  to  measure cell  surface  bound HLE, PMNL were 

primed  with  LPS,  stimulated  with  fMLP  and  than  fixed  with  PBS  containing  3  % 

paraformaldehyde and 0.25 % glutaraldehyde.  The cells were washed five times and then 

suspended in buffer. That suspension was used as an enzyme source (Fig. 31.).
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Fig. 31.  Model for inhibition of surface bound HLE activity

Because  the  HLE  is  stored  in  an  active  form  in  azurophilic  granules  of  PNML,  at  a 

concentration of 5 nM, synthetic inhibitors may have been targeted at both extracellular and 

intracellular  HLE.  From  the  point  of  view  of  inhibition  of  tissue  damage  at  the  site  of 

inflammation, the inhibition of intracellular enzyme would also be important. In this case the 

compound would inhibit  the HLE within the leukocytes prior to the activation and release 

process. 1 million leukocytes/ml/tube were incubated in the presence of various concentrations 

of  inhibitors  for  1  hour.  Then  leukocytes  were  separated  from  the  free  elastase  inhibitor 

molecules by washing them 3 times with centrifugation. After activation the cell suspension 

was assayed for HLE activity (Fig. 32.).
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Fig.  32. Model for inhibition of intracellular HLE activity 

We proved the activity of compounds on ex vivo model in mice. The activity of compound was 

determined after oral administration in mice, in the target organ, i.e. in the BAL fluid. The HLE 

inhibitory potency of BAL was compared before and after the oral treatment of compounds. 

Dose dependence and the time dependence of the activity of compounds were determined (Fig. 

33.).
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Fig.33. Ex vivo experiment in order to prove the oral activity of HLE inhibitors

5.7.2.  Preliminaries  and  historical  background  of  research  for  HLE 

inhibitors

The synthetic small-molecular-weight inhibitors of HLE can be classified into the following 

three different categories: 

- the acyl-enzyme inhibitors (also called mechanism based inhibitors),  

- the transition-state inhibitors (also called electrophilic ketones) and

- non-covalent inhibitors [201]. 

The mechanism-based HLE inhibitors like beta-lactame or saccharin derivatives represent a 

particular class of this type of compound because of their remarkable high in vitro potency. 

The  design  and  utility  of  novel  mechanism-based  (suicide)  inhibitors  in  mechanistic 

enzymology and drug discovery are well documented [202, 203]. A mechanism-based inhibitor 

is an inherently unreactive compound that acts as a substrate and is processed by the catalytic 

machinery of an enzyme, generating a highly reactive electrophilic species which, upon further 

reaction with an active site nucleophilic residue, leads to inactivation of the enzyme [204]. 

Inhibitors  of  this  type offer  many potential  advantages,  including high enzyme specificity, 
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since the latent reactivity in the inhibitor is unmasked following catalytic processing of the 

inhibitor by the target enzyme only.   

The HLE project has a long history. The milestones are summarized in the Table 24.

Table 24.: Most important milestones of the history of HLE project.

A huge chemical,  biological work was performed in the first  years at  Kodak and Sterling. 

Around 1000  compounds  were  designed  and synthetised  in  order  to  improve  the  activity, 

selectivity, in vivo activity and physicochemical properties of the first active compound, WIN 

62225,  Ki = 2 nM. (Table 25).  
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Table 25. Most impotant compounds from the Sterling series. 

Compound Ki (nM) 

on HLE
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O O

O

O
N
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O

Hlasta  et  al.  at  Sterling-Winthrop/Eastman  Kodak  have  also  reported  potent  and  selective 

inhibitors based on benzoisothiazolone templates such as WIN 62225 and WIN 63394 as HLE 

inhibitors [205-207]. Activity in this series of compounds was clearly shown to be dependent 

on two factors, first, the R4substituent on the ring and, second, the nature of the leaving group 

on  the  nitrogen  of  the  benzoisothiazolone  nucleus.  Replacement  of  the  phenylmercapto-

tetrazole leaving group with 2,6-dichlorobenzoate enhanced binding approximately 10-fold (Ki 

= 0.023 nM as opposed to 0.27 nM). One such derivative, WIN 63759 (Ki  =0.013 nM) has 

been  shown to possess  promising pharmacological  properties  in  animal  models.  In  further 

attempts  to  improve  the  pharmacological  profile  of  these  agents,  a  novel  class  of  leaving 

groups  was  introduced  into  the  benzoisothiazolones,  with  a  common  structural  cyclic  b-

dicarbonyl structure, leading to the discovery of a promising lead compound, WIN 65936 (Ki 
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= 0.066 nM) as a potent and stable inhibitor of HLE [206-210]. WIN 64733 (Table 25.) were 

identified as potent (Ki = 13 pM), selective, mechanism-based inhibitors of HLE which are 

orally bioavailable in the dog (absolute bioavailability 21%,).  

WIN 63759 (Table 25.)  is  a  bioavailable,  selective HLE inhibitor.  WIN 63759 is  a potent 

inhibitor of HNE (Ki = 13 pM) and is at least 70,000-fold selective for HNE relative to other 

serine proteases or receptors. In vivo, WIN 63759 produces dose-related inhibition of HNE-

induced  pulmonary  hemorrhage  following  either  intravenous  (ED50 =  3  mg/kg)  or 

subcutaneous (ED50 = 19 mg/kg) administration in hamsters. WIN 63759 selectivity inhibits 

HLE in vivo (relative to chymotrypsin or trypsin), and is equally efficacious following acute or 

chronic administration in the hamster. WIN 63759 is not orally bioavailable in hamsters, rats, 

or monkeys, and this lack of bioavailability is related to rapid in vitro metabolism in liver, 

jejunum and blood. In contrast, WIN 63759 is stable in canine tissues in vitro and is orally 

bioavailable  in  dogs  (absolute  bioavailability  is  46%).  Bioavailability  is  enhanced  in  fed 

relative to fasted dogs.  BAL studies indicate that WIN 63759 is present in the target organ 

(lung) at concentrations 3-5 X higher than those found in plasma following oral administration 

of 3-100 mg/kg in dogs. After being administered orally (30 mg/kg) to dogs,  WIN 63759 was 

detected in the epithelial lining fluid (Cmax of 2.5 microgram/mL).

These data show that WIN 63759 is a potent, selective, and orally bioavailable inhibitor of 

HLE. Since oral bioavailability was predictable based on in vitro metabolism, and since in 

vitro  metabolism in  humans  is  similar  to  that  observed  with  dogs,  WIN 63759 and other 

members of this chemical series may be orally bioavailable inhibitors of neutrophil elastase in 

man [210].

WIN 63759 was a very active, selective and orally active HLE inhibitor. Its development was 

stopped due to liver toxicity. The experiments and investigations showed that the leaving group 

which contains diclorobenzoate is the main cause of liver toxicity. 

The HLE inhibitors project was initiated by Sterling in 1989 and transfered to Chinoin in 1994.

Zeneca has two compounds under clinical evaluation, among them, ZD8321 is in phase II and 

has been taken as a reference compound in our biological models.

Our task was to develop a new HLE inhibitor, with similar activity and selectivity  and oral 

activity to WIN63579 but eliminate the liver toxicity. An intensive chemical work was started, 

using up the results and SAR coming from  the synthetised 1000 compounds  in Sterling. 
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The design the new type of HLE inhibitors was started. We avaluated the activity of this novel 

class  of  mechanism-based  inhibitors  of  human  HLE  that  inactivate  the  enzyme  via  an 

unprecedented enzyme-induced sulfonamide fragmentation cascade. The inhibitors incorporate 

in  their  structure  an  appropriately  functionalized  saccharin  scaffold.  Furthermore,  the 

inactivation of the enzyme by these inhibitors was found to be time-dependent and to involve 

the active site. Studies showed that the interaction of these inhibitors with HLE results in the 

formation of a stable acyl enzyme complex and is accompanied by the release of leaving group 

(LG).  The  data  are  consistent  with  initial  formation  of  a  Michaelis–Menten  complex  and 

subsequent  formation  of  a  tetrahedral  intermediate  with  the  active  site  serine  (Ser  195). 

Collapse of the tetrahedral intermediate with tandem fragmentation results in the formation of a 

highly reactive conjugated sulfonyl imine which can either react with water to form a stable 

acyl  enzyme  and/or  undergo  a  Michael  addition  reaction  with  an  active  site  nucleophilic 

residue (His 57),  (Fig.  34.), [207].

Fig. 34. Postulated mechanism of action of inhibitors.

The core saccharine derivative moiety binds to the enzyme active site, and the resulted stability 

of enzyme inhibitor complex is determined by the core 4-izopropyi, 6-methoxy-1,1-dioxo-3-
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oxo-1,2-benzizothialzole moiety. On the basis of the available results from Sterling and our 

experiments we mapped, that this moiety provided as a very stable enzyme inhibitor complex. 

We designed a  number  of  new type  of  leaving group,  which determined the formation of 

enzyme  inhibitor  complex,  the  selectivity  of  inhibitors,  the  nature  of  molecules  which 

determine the in vitro, in vivo stability, pharmacokinetic properties, absorption and other very 

important properties of the new type of inhibitors. The final goal was the elimaination of liver 

toxicity with the help of replacing of dichloro-benzoate type of leaving group.     

Finally we sythetised and investigated around 300 compounds and the most active drugs are 

summarized in Table 26. 

Table 26. Most active HLE inhibtors from CHINOIN series. 

 

On the basis of in vitro potency, and oral activity we selected the SSR69071 as a candidate for 

development compound. 

The Sterling compounds were orally active in dogs. The widely expected animal model for the 

assessing the oral in vivo activity of HLE inhibitors was the intratracheally administered HLE 

induced lung haemorrhage model in hamster. We realized, that the synthetised HLE inhibitors 

had a unique metabolic route in hamster, the hamster liver microsomal stability of these HLE 

inhibitors  were  very  low.  The  very  fast  degradion  of  the  investigated  HLE inhibitors  on 

hamsters prevented us to prove the oral activity of these type of inhibitors. The data showed, 

that these compound were rather stable in mice liver microsoma, and the human and mice 
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metabolic route were rather similar. This is the reason why we had to developed a new test 

system on mice for the evaluation and assessment of  oral activity of these new type of HLE 

inhibitors (see this test system in details in attachment 4. and in the previous chapter).     

 

5.8. HLE inhibitory potential of SSR69071
5.8.1. Chemistry of SSR69071

SSR69071 has  been pre-selected as a  candidate  for  development  compound in  1999.  This 

compound is a saccharin derivative (Fig. 35.) A patent application has been filed on December 

17, 1999. The detailed chemical synthesis is described in the attachment 3.  
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Fig. 35. Chemical structure of SSR69071

5.8.2. In vitro HLE inhibitory activity of SSR69071

The elastase activity was measured with the help of a synthetic chromogenic substrate. Fig. 36. 

shows the progress curves for the hydrolysis of synthetic substrate in the presence and absence 

of inhibitors. The progress curve for enzyme reaction in the presence of a slow tight binding 

inhibitor does not display a simple linear product versus time relationship.  Product formation 

over time will  be a  curvelinear  function because  of  the slow onset  of  inhibition for  these 

compounds.  This  figure  demonstrates  well  that  SSR69071  is  much  more  active  elastase 

inhibitor than ZD8321. 75 nM SSR inhibited the enzyme reaction totally. 2000 nM ZD8321 is 

needed for similar enzyme inhibition which means 25 times higher concentration. On the basis 

of this experiment SSR69071 is a potent, competitive and slow tight binding type inhibitor of 
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HLE with Ki value of  15.7 pM. This  Ki  value is  the  ratio  of  the dissociation of  enzyme 

inhibitor complex (Kreact) to its association rate constant Kinact.  in the slow tight binding 

kinetics. Our compound is more than 350 times more active in vitro than Zeneca compound on 

the basis  of  in  vitro  activity.  Kinact  value is  characteristic  for  the rate  of  development  of 

enzyme inhibitor complex.  The development  of EI complex 40 times faster  in the case of 

SSR69071 (Table 27.).  The value of Kreact suggests that the SR - enzyme complex is hardly 

dissociated, the T1/2 of enzyme – inhibitor complex of  SSR69071 is approx. 62 hrs.   The rate 

of dissociation is almost ten times slower in the case of SSR69071 than ZD8321. 

SSR69071 is 350 times more potent than ZD8321 on HLE, but compounds are equi-active on 

different animal species elastase (Table. 27 and 28.).  SSR69071 has high species selectivity 

having a 2 log lower Ki  for human than for rat and mouse enzyme. ZD8321 has much lower 

species selectivity. These values are very important in the pharmacological models, where we 

tried to compare the activity of both compounds. In these models the compounds inhibit the 

animal enzyme, where because of the high species selectivity our compound may have almost 

similar  activity  than  ZD-832.  A more  pronounced  efficacy  in  human  setting  is  therefor 

predicted for SSR69071.Time (min)
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Fig. 36. Progress curves for the inhibition of HLE by SSR69071 and ZD8321, for hydrolysis of 
he  synthetic  substrate,  methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide.  SSR69071  and 
ZD8321 proved to be a slow tight binding inhibitor of HLE. 

Table. 27. In vitro activity and kinetic parameters of SSR69071 and ZD8321 on HLE
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          Table. 28. Species selectivity of SSR69071.

In addition, SSR69071 has an excellent target selectivity (10000 fold selectivity against 27 
enzymes and 71 receptors), Fig. 37.

Fig. 37. Target selectivity of SSR69071

On the basis of the above results, SSR69071 is a very active elastase inhibitor, using small 

molecular weight peptide substrate, Ala-Ala-Pro-Val-pNA. In the nature, HLE is cleaved and 

digest different proteins, elastin is the most important among them. We investigated the activity 

of SSR69071, using elastin substrate (Fig.  38.).  SSR69071 is a very potent HLE inhibitor, 

using elastin, IC50 value is 13 nM. This activity is almost 20 times better than the activity of 

ZD8321.  
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Fig. 38. Inhibition of HLE against natural substrate, elastin by SSR69071.

5 nM HLE was incubated in the presence of inhibitors for 10 min. The remaining HLE ativity 

was determined and the IC50 values were calculated. According to the calculated IC50 values, 

SSR69071 25 times more potent than ZD8321 on this experimental setting. This experiment 

shows that SSR69071 inactivates the HLE enzyme faster than the natural HLE inhibitor AAT. 

SSR69071 eliminate the HLE activity faster than the AAT, which shows that SSR69071 could 

inhibit HLE in natural condition, where AAT is present (Fig. 38.). 
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Fig. 38.Concentration dependent inhibition of HLE by  SSR69071, ZD8321 and  AAT

In non-pathological conditions, there is a physiological balance between natural inhibitors and 

HLE, but excess of elastase release due to inflammatory stimuli leads to tissue damage. Two 

sources of active HLE are known, membrane bound HLE which is only expressed upon cell 

activation  and  is  relatively  resistant  to  inhibition  by  natural  protease  inhibitors  and  free 

extracellular  elastase  which  can  be  released  during  the  process  of  PMNL  activation, 

degranulation, phagocytosis or cell necrosis and is inhibited by natural inhibitors. 

In addition to, HLE is stored as an active enzyme in azurophilic granules of leukocytes. A very 

important possibility would be the inhibition of active HLE within the cells, before the release 

process. A good synthetic inhibitors must be active on both extracellular and intracellular HLE.

SSR69071 inhibits either free, surface bound and intracellular HLE,  with higher potency than 

ZD -8321(Table 28.).

Elastase released from leukocytes has been considered to be one of the important mediators in 

inflammatory tissue damage. We investigated how our compound influenced the activity of 

released elastase (Fig. 30.). Leukocytes were activated for 30 min with cytochalasine B and 

fMLP. After the activation process different concentrations of inhibitors were added and the 

cells suspension were assayed for elastase activity. In this model the inhibitor is present after 

the activation only. IC50 value of SSR69071 was 9.1 nM, at least ten times more active than 

ZD8321 (Table 28.). 
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Table 28.  Inhibitory activity of SSR69071 on free and surface bound elastase

The surface bound elastase is strongly upregulated in activated leukocytes.  Cell surface bound 

elastase is catalitically active and in marked contrast to enzyme that is freely released into the 

extracellular space, membrane bound elastase is remarkably resistant to inhibition by naturally 

occurring proteinase inhibitors.  In  order  to  measure cell  surface  bound HLE, PMNL were 

primed  with  LPS,  stimulated  with  fMLP  and  than  fixed  with  PBS  containing  3  % 

paraformaldehyde and 0.25 % glutaraldehyde (Fig. 31.).  The cells were washed five times, the 

free elastase was removed. The cell suspension was used as an enzyme source. SSR69071 was 

at least 20 times more active than Zeneca compound on this test (Table 28.).  

Because the elastase is stored in an active form in azurophilic granules of leukocytes at a conc. 

of 5 nM, synthetic inhibitors may have been targeted at both extracellular and intracellular 

elastase. From the point of view of inhibition of tissue damage at the site of inflammation, the 

inhibition of intracellular enzyme would also be important. In this case the compound would 

inhibit the elastase within the leukocytes prior to the activation and release process. Fig. 32. 

shows the experimental  settings.  SR69071 added to  the leukocytes  can not  be  completely 

washed out  from the cells.  Intracellular  elastase released was found a  less  active enzyme, 

showing our compound may inhibit intracellular HLE. Both compounds act in the micromolar 

range in this model but SSR69071 was at least 40 times more active than ZD8321.
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5.8.3. Ex vivo HLE inhibitory activity of SSR69071

We proved the activity of SSR69071 on ex vivo model in mice. The activity of compound was 

determined after oral administration in mice, in the target organ, in the bronchoalveolar lavage 

fluid (BAL). The elastase inhibitory potency of BAL was compared before and after the oral 

treatment of SSR69071. We determined the dose and time-dependence of activity (Fig. 39. and 

40.).   The  ED50 was  10.5  mg/kg at  1  hour  pre-treatment  time (Fig.  40.).  The  maximum 

inhibitory activity was observed at 1 hr pre-treatment time, but we found significant activity at 

4 hr pre-treatment time (Fig. 39.). SSR69071 showed a relative long lasting activity after oral 

administration (Fig.39.). ZD8321 is practically ineffective on this model,  showed a slight ex 

vivo activity in these experimental conditions after p.o. up to 100 mg/kg and after i.p. up to 50 

mg/kg. doses. 
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Fig. 39. Time dependence of the ex vivo activity of SSR69071 and ZD8321 on mice. Animals 
were treated orally at the given time before the BAL collection. HLE was added exogenously 
into the BAL, and elastase activity was determined with synthetic substrate according to in the 
Materials and Methods section and the elastase inhibitory activity was calculated. Values are 
means + SEM. for 10 – 15 mice. Student’s t test, * p<0.05,      ** p<0.01, *** p<0.001
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Fig. 40. Dose dependence of the ex vivo activity of SSR69071 and ZD8321 on mice. Animals 
were treated orally 1 hour  before the BAL collection. HLE was added exogenously into the 
BAL,  and  elastase  activity  was  determined  with  synthetic  substrate  according  to  in  the 
Materials and Methods section, and the elastase inhibitory activity was calculated. Values are 
means + SEM. for 10 – 15 mice. Student’s t test, * p<0.05,      ** p<0.01, *** p<0.001

5.8.4. In vivo respiratory pharmacological  and anti-inflammatory activity of 
SSR69071

Several  pharmacological  models  have  been  set  up  (attachment  4.)  and  the  results  are 

summarised below: 

HLE induced acute lung hemorrhage model is a widely used model for the assessment of in 

vivo activity of HLE inhibitors. The ability of SR69071 to protect animals from HLE induced 

lung hemorrhage was evaluated in mice. Intratracheal instillation with 10 - 15 U /animal of 

HLE induced a significant and dose dependent inhibition of hemorrhage with an ED50 value of 

2.6 mg/kg dose (Table 29., Fig. 41.). SSR69071 practically is equipotent with ZD8321 on this 

model. We investigated the time dependence of these HLE inhibitiors. After oral administration 

SSR69071 has a longer duration of action than ZD8321. SSR69071 and ZD8321 have similar 

91



activities between 0.5 and two hours pretreatment time, but SSR69071 shows an important 

activity more than 60 % at 4 hours (Table 29., Fig. 42.). 
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Fig.  41.  Effect  of  ZD8321  and  SSR69071  on  HLE –  induced  lung  hemorrhage  in  mice. 
SSR69071 was administered orally 30 minutes before HLE (10 U/animal) instillation. Values 
are means + SEM for 9 -12 mice. Kruskal-Wallis test,  * p<0.05,      ** p<0.01, *** p<0.001

Fig. 42. Time course effect of ZD8321 and SSR69071 on HLE – induced lung hemorrhage in 
mice. Compounds in a dose of  10 mg/kg was administered at agiven times before the HLE 
treatment. 
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We evaluated the time dependence of the in vivo effect of SSR69071 on two types of paw 

edema model in rat.   HLE elicited paw edema as do other irritants such as carrageenan. The 

paw edema of this model is though to reflect an increase in the permeability of the peripheral 

capillaries. Elastase increases capillar permeability which may lead to paw edema. SSR69071 

and ZD8321 significantly inhibited the HLE induced paw edema, their ED50 values were 2.6 

and 1.6 mg/kg respectively (Table 29.).  Both compounds have a relatively long duration of 

action. A significant inhibitory activities were observed at 6 hour pretreatment time in case of 

the SSR69071 (Fig. 43.).  Carrageenan also induced a severe paw edema in rats. This model is 

a clear neutrophil inflammation model, parallel with the edema formation a strong neutrophil 

infiltration could be observed.   The cells surface bound elastase plays an important  in the 

migration of neutrophils to the site of inflammation. In contrast to the HLE induced paw edema 

model, this is not an elastase dependent model, this is an inflammatory model where elastase 

could plays an important role. Effect of both compound were tested after p.o. administration in 

this model. ED50 values are 2.7 mg/kg for SSR69071 and 4.2 mg/kg for ZD8321 (Table 29.). 

These compounds showed similar time dependence. The maximal effect was observed at 2 

hours pretreatment time. 3 mg/kg p.o. SSR69071 proved to be more effective than ZD8321 in 

the same dose (Fig. 44.).

Table 29. In vivo activity of SSR69071 
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Fig.43. Time course effect of ZD8321 and SSR69071 on HLE-induced paw edema in rats. 
Compounds in a dose of 3 mg/kg were administered orally  at given times before 50U/paw 
of  HLE injection.  Values  are  means,  for  5  rats.  Student’s  t  test,  n.s.  not  significant,  * 
p<0.05,      ** p<0.01, *** p<0.001
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Fig. 44. Time course effect of ZD8321 and SSR69071 on carrageenan-induced paw edema in 
rats.  Compounds were administered orally in  3 mg/kg p.o. doses  at given times before 0.9 % 
solution of carrageenan injection (0.1 ml/paw). Values are means, for 5 rats. Student’s t test, 
n.s. not significant, * p<0.05,      ** p<0.01, *** p<0.001
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Table 30: Duration of action and effect of repeated treatment 

A significant  increase  in  efficacy  has  been  demonstrated  after  SSR69071  repeated  oral 

administration (7 days) (Table. 30.).

SSR69071  is  active  in  vivo  and has  a  long  duration  of  action.  In  the  animal  models  the 

SSR69071 has a similar activity to ZD8321. This activity can be explained by the species 

selectivity. SSR69071 is around 1000 time more active on human HLE, but only approximately 

10 times in rat and mice elastase. In the carrageenan induced paw edema model we had to 

inhibit the animal elastase.

In the other used models, the paw edema and the lung haemorrhage were induced with a high 

amount of HLE. In the case of slow bindig type inhibitors, the IC50 vale of compound depends 

on the enzyme concentration: 

IC50 = Ki (1 + [S]/Km) + ˝ [Et]

Where: S, substrate concentration
Et: enzyme concentration

Fig. 45. shows the enzyme dependence of IC50 values of SSR69071 and ZD8321. IC50 values 

of SSR-69071 linearly depends on HLE concentration in  the range of 10 µg/l - 700 µg/l.. IC50 

value of ZD8371 independent from the enzyme concentration below 700 µg/l. These compunds 

have similar activity at 1000 ug/l elastase concentration. In the HLE induced lung haemorrhage 

model  and  HLE-induced  paw edema models  high  amount  of  elastase  (local  concentration 

around 1000 µg/l) was used. In this conditions, there is not significant differences between 

SSR69071

96



SSR69071 and ZD8321 in vitro, this is the reason why we could not show out high differences 

between the in vivo activity of SSR69071 and ZD8321 too. 

Fig. 45: Enzyme dependence of IC50 values of SSR69071 and ZD8321.

On the basis of above results, the HLE-dependent animal models underestimate the in vivo 

potency of SSR69071. 

5.8.5.  In  vivo  non  airway  disease  related  pharmacological  activity  of 
SSR69071 

Neutrophil activation occurs during inflammatory conditions or ischemia–reperfusion injury 

results in the liberation of free radicals and diverse proteases including elastase. Elastase is 

capable of degrading many structural proteins e.g. elastin, collagens, fibrinogen and is thought 

to  participate  in  endothelial  cell,  vascular  and  cardiac  damage  encountered  in  various 
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pathologies. Elastase inhibitors have been reported to demonstrate protective effects in animal 

models of viral myocarditis [211], pulmonary hypertension [2112, repetitive cardiac ischemia 

and infarction [213], or hyperoxic lung injury [211]. 

HLE  contributes  to  the  severity  of  cardiac  damage  following  coronary  ischemia  and 

reperfusion.  The  effect  of  SS69071  was  evaluated  on  infarct  size  in  rabbits  subjected  to 

coronary artery occlusion for  30 min.  followed by reperfusion for  120 min.  SSR69071 (3 

mg/kg iv.) reduced cardiac infarct size when administered before ischemia (- 39%) or before 

reperfusion  (-  37%).  SSR69071  (  in  1  and  3  mg/kg  iv.)  reduced  infarct  size  and  this 

cardioprotective  activity  is  associated  with  its  HLE  inhibitory  activity  (see  in  details  in 

attachment 5.).

SSR69071  reduced  the  tissue  injury  not  only  in  the  cardiovascular  system,  but  in  the 

gastrointestinal  tract  too.  This  compound  was  active  on  Splanchnic  artery 

occlusion/reperfusion model  in   mice:  Inhibition of  tissue injury (colon weight)  and MPO 

activity was significantly higher in the SSR69071  treated group than in the ZD8321 group 

(Table 31. ). 

Table 31: In vivo Pharmacology, effect in the gastriointestinal tract. 
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5.8.6. MPK and Toxicology 

SSR69071 has a poor microsomal stability in rodents (Fig. 45.) but good stability in human 

plasma and human microsome and hepatocyte preparations.  SSR69071 is well absorbed in the 

CACO2 model and its bioavailability is between 12 - 30 % in mice, rats and dogs. CYP2D6 is 

not involved in the metabolism process (Table 32.).

Table  33  shows  the  pharmacokinetic  parameters  of  SSR69071  in  rodents  and  dog.  The 

bioavailability of in mice is 30% but the plasma half  life is  0.7 hr. We used a number of 

models in mice and we observed a rather long duration of action of SSR69071 on these models 

( Table 30.). There is  an apparent  contradiction between these data. 

The  slow  tight  binding  kinetic  nature  of  HLE inhibition  by  SSR69071  may  resolve  this 

contradiction.  Slow, tight binding inhibitors are important from a pharmacological point of 

view, because the compound once bonds to its target it inhibits the enzyme function even after 

the free drug has been cleared from the circulation or from the site of action. 

Fig. 45. SR069071: in vitro metabolism on microsomes 
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Table 32. Pharmacokinetics and metabolism

Table 33. SR069071: Main pharmacokinetic parameters in animal species

All  in  vitro  toxicological  studies  performed  with  SSR69071  were  negative  (Ames, 

Micronucleus and Embriotoxicity tests). In addtition, in vitro electrophysiological study did 

not show any cardiac effects up to 10 µM. Finally in vivo rat study (50 mg/kg, 14 days) did not 

reveal any toxicological effect. 
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SSR69071  is  a  very  potent  (Ki=0.015  nM)  and  selective  (4-log  selectivity)  compound. 

SSR69071 showed a good oral activity and an excellent in vivo activity in different in vivo 

experimental models. In addition, SSR69071 may have a higher activity and longer duration of 

action than ZD8321 in human settings as a result of a very stable HLE-SSR69071 (T1/2 is 

approx. 62 hrs) complex (slow tight binding inhibition). 

SSR69071 entered into preclinical development in March 2000. Phase I clinical development 

was planned to start in 1Q2003, when the preclinical package would have been completed. No 

major, unresolvable issues were recorded during the preclinical development  phase until July 

2002  when  positive  results  were  reported  in  two  in  vitro genotoxicity  assays. Further 

genotoxicity  tests  were  then also  performed.  The  genotoxicity  results  of  SSR69071  were 

summarized in Table 34. 

Table 34. Genotoxicity results

Clear positive results have been seen with SSR69071 in three  in vitro  test systems  with  both 

murine  and  human  cell  systems,  mainly  in  the  absence  of microsomal  preparations  and 

to  a  lesser  extent  in  the  presence  of  microsomal preparations.

The  nature  of  the  changes  indicates  SSR69071  is  genotoxic  (likely  a  clastogen causing 

structural chromosome damage, and probably a polyploidogen causing numerical chromosome 

genotoxicity).  The  positive  in  vitro genotoxicity  results  could  be  caused  by   genotoxic 

degradation products since the positivity increases with length of  exposure.  On the basis of 

these  unwanted  effects,  the  development  of  SSR69071 was stopped during  the  preclinical 

phase.
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6.  Conclusion:

Asthma and COPD are common,  severe  inflammatory diseases  of  the  respiratory tract  for 

which there is no efficient medical treatment. Current therapy for asthma is for the most part 

effective and comprises  bronchodilators and anti-inflammatory glucocorticoids.  In  contrast, 

pharmacotherapy of COPD is much less effective. In addition, there are potentially undesirable 

side effects of current treatment of both conditions. Consequently, there are legitimate reasons 

for searching alternative or additional therapies for asthma and COPD.

COPD and asthma is a worldwide public health problem that reduces the quality of life, causes 

frequent  hospital  admissions  and  carries  an  increased  risk  of  premature  death  for  those 

affected. These chronic airways diseases such as asthma, COPD, and allergic rhinitis are a huge 

source of morbidity and mortality worldwide,  and unlike most other categories of disease, 

which are decreasing in prevalence, chronic airways diseases are on the increase. There is a 

great need for more and better care of these diseases.

Asthma is a chronic disease of the airways that is characterized by exacerbations of significant 

bronchospasm  and  marked  airway  inflammation.  The  reversibility  of  airflow  obstruction 

(either spontaneously or after administration of bronchodilator agents) distinguishes asthma 

from other conditions of chronic airflow obstruction.  Bronchial hyper-responsiveness refers to 

the increased sensitivity and increased maximal response of airways to bronchoconstrictor (eg. 

metacholine, histamine) agents.  In susceptible individuals, the airway inflammation causes 

recurrent episodes of wheezing, breathlessness, chest tightness and coughing, particularly at 

night or in the early morning.

The most effective anti-asthmatic drugs currently available include inhaled β2-agonists and 

glucocorticoids and control asthma in about 90-95% of patients. However, the future therapies 

will need to focus on the 5-10% patients who do not respond well to these treatments and who 

account for 50% of the health care costs of asthma [216, 219, 220]. Drug development for∼  

asthma has been directed at improving currently available drugs and findings new compounds 

that usually target the airway inflammatory response.

102



COPD is a generic term that embraces several inflammatory pathologies that often co-exist 

and is characterized  by a slowly progressive and largely irreversible decrement in the lung 

function.  Persistent airflow limitation is associated with airway collapse, edema, and fibrosis 

are present to a greater or lesser extent and account for the wide spectrum of disease. Patients 

with COPD might present with chronic bronchitis as a dominant feature or with emphysema 

due  to  destruction  and  collapse  of  terminal  alveoli.  COPD  is  considered  a  neutrophilic 

inflammatory disorder  of  the lung that  is  perpetuated by macrophages,  epithelial  cells  and 

possibly CD8+ T-lymphocytes. Of all respiratory disorders in the world, COPD is the most 

common with rising global prevalence of diagnosed disease of 35 million which is predicted to 

increase further 2010. 

In  contrast  to  asthma,  there  are  no  drugs  that  can  resolve  the  underlying  inflammation in 

COPD,  the  efficacy  of  glucocorticoids  is  controversial.   Although  smoking  cessation 

intervention is and bronchodilators provide symptomatic relief, there are clear unmet needs for 

patients with COPD including effective anti-inflammatory therapy and mucolytics allied with 

disease-modifying  drugs  that  can  repair  the  anatomical  and  perhaps  restore  the  functional 

consequences of years of chronic inflammation. 

Finally there is an important unmet medical need in the treatment of chronic inflammation in 

airway disease, such as asthma and COPD. We selected two important targets which can have 

an important role in the development of inflammatory part  of COPD and asthma. Selected 

targets are PDE4 and HLE enzymes.

The goal of the study was to develop orally active and selective PDE4 and HLE inhibitors for 

the treatment of COPD and asthma. 

We developed and set up a drug research system within the company in which we use the in 

vitro, ex vivo, in vivo models together in order to evaluate the effect of new drugs in order to 

accelerate the drug development process. 

Interest in PDE4 as a molecular target for new antiasthmatic and anti-inflammatory drugs has 

increased greatly over the past years. This interest is supported by several factors. Observation 

that  PDE4 is the dominant cAMP hydrolyzing activity in immune and inflammatory cells. 

Prototypical PDE4 inhibitors such as rolipram suppress the activation of these cells. Rolipram 

and other first generation PDE4 inhibitors produce marked anti-inflammatory actions in animal 

models. Unfortunately the use of these compounds was limited by serious side effects. The side 
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effects  observed  include  increased  gastric  acid  secretion,  nausea  and  vomiting.  So,  the 

challenge to our drug discovery efforts  has been the design of novel  PDE4 inhibitors that 

maintain  the  anti-inflammatory  actions  of  rolipram with  a  reduced  potential  to  elicit  side 

effects. 

The protease/anti-protease inbalance is still considered to be a major pathogenic determinant in 

COPD  [165,  180].  The  imbalance  between  HLE  and  endogenous  antiproteases,  when  it 

happens,  may  cause  various  inflammatory  responses.  These  include  epithelial  damage, 

increased microvascular permeability followed by mucus hypersecrtion, induction of bronchial 

secretory  cell  metaplasia  and  mucociliary  disfunction.   Excessive  HLE shows  a  profound 

destructive  profile,  destroys  the  normal  pulmonary  structure  followed  by  the  irreversible 

enlargement  of  the  respiratory  airspaces  as  seen  mainly  in  emphysema,  while  inducing 

increased microvascular  permeability  followed by mucus hypersecretion as  seen mainly in 

chronic bronchitis [181].  

Goal of the research was to find orally active PDE4 and HLE inhibitors in the treatment of 

asthma  and  COPD  and  other  indications  where  the  inflammation  is  involved  in  the 

pathogenesis of diseases. We have important historical background in both projects. 

Drotaverine is a highly potent spasmolytic agent, directly acting on the smooth muscle cells but 

being  devoid  of  anti-cholinergic  effect.  Drotaverine  is  therefore  suited  for  the  relief  or 

prevention of smooth muscle spasm of various organs within the gastrointestinal, urinary and 

gynecological  tracts,  regardless of  their  function and innervation.  Drotaverine is  very well 

tolerated by all age groups and can be administered even in pregnancy. Very few side effects 

were reported during the last 40 years when drotaverine was used extensively.

Its mechanism of action is rather complex and involves the inhibition of PDE4, calmodulin 

antagonism  and  the  antagonism  of  the  L-type  Ca-channels.  Other,  mostly  unexplored 

pharmacological  effects  of  drotaverine  may  be  attributed  to  its  interactions  with  sodium 

channels. It should be noted that drotaverine is extensively metabolized in vivo and some of its 

metabolites may significantly contribute to its effects  in vivo (  attachment 2, [93, 96]. The 

inhibitory activity of drotaverine was investigated on crude PDE enzyme preparations isolated 

from  different  cells  and  tissues.  Papaverine  inhibited  all  investigated  crude  enzyme 

preparations with similar IC50 values, while the IC50 values of drotaverine varied in a wide 

concentration  range  between  6.9  and  62  µM.  These  crude  enzyme  preparations  contain 

different PDE isoenzymes in various amounts. The results suggested that drotaverine was an 
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isoenzyme-selective inhibitor. The PDE isoenzyme selectivity of Drotaverine was determined 

on PDE4 isolated from dog lung, U-937 cell-line and human leukocytes, as well as on PDE2, 

-3  and -5 isolated from human platelets.  Drotaverine inhibits  PDE4 enzyme isolated from 

canine  lung,  U-937 cells  and  human leukocyes  with  IC50 values  of  2.7,  4.7  and  3.3  µM, 

respectively, and it shows an at least 20-fold selectivity versus PDE2, -3 and PDE5. 

The PDE4 inhibitory effects of Drotaverine metabolites were also examined, two of them (27 

and 31) are ten times more effective on PDE4 than Drotaverine (attachment 2), [93, 96].

On  the  basis  of  PDE4  selectivity  of  Drotaverine  we  examined  its  anti-inflammatory  and 

bronchodilatory activity in vitro and in vivo, in order to assess its potential as anti-asthma drug. 

The  experiments  showed  a  good  in  vitro  and  in  vivo  activity  on  this  therapeutic  area 

(attachment 2).  We conducted a proof of concept study on patients with mild seasonal asthma. 

The clinical data did not showed out significant improvement in the conditions of this patient 

group. In spite of the clinical study was failed, the data provided us a very good starting point 

to start a PDE4 inhibitor project on the basis of drotaverine, in order to find a potent, selective, 

orally  active  PDE4 inhibitor  with safe  side effect  profile  for  the  treatment  of  asthma and 

COPD. These experiences provide us a good possibility to find a new type of PDE4 inhibitors 

with chemical structure differing from the known PDE4 inhibitors. On the other hand we had a 

good chance to find a PDE4 inhibitor with improved side effect profile, because in the starting 

point, drotaverine is a very safe compound without significant side effect properties. 

Within the Sanofi-aventis,  the earlier company Sterling-Winthrop had a long history in the 

research of HLE inhibitors. During a 7 years period (1987 – 1994)  more than 1000 compounds 

ere synthetised, a detailed SAR was set up, more compounds were selected for advanced leads 

(among them WIN 64759, Win 64733 and WIN 63394), but the development process was 

stopped because of liver toxicity, low solubility and  low bioavailability. On the basis of the 

results  from Sterling-Winthrop  an  intensive  research  program was started  at  CHINOIN in 

1995.  

Our goal was to eliminate the disadvantages of Sterling–Winthrop molecules (liver toxicity, 

low  bioavailability  and  low  solubility),  and  parallel  with  it  to  increase  the  oral  activity, 

selectivity and drugability of the compounds in this series. 

 Before the starting of chemical program we had to set up a test system for the search of orally 

active PDE4 and HLE inhibitors.  
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The test systems contain in vitro enzyme assays, cell based and ex vivo assays. Cell based and 

ex vivo assays are more complicated system than an in vitro assays, these are a very good 

transition between a simple in vitro and a complicated, but very predictive in vivo system 

including animal models which mimic the human disease conditions. The throughput of these 

assays is also different. The throughput of in vitro enzymes assays is very high  (100 – 200 

cmpds/week, including the determination of IC50), the cell based assays have lower capacity 

may. 25 cmpds/week, ex vivo assays have only around 5-10 cmpds/week throuthput. With the 

help of these experiments we could characterize the compounds before put them into the in 

vivo assay systems, where we could investigate only 1-2 cmpds/week. Our system contains the 

in vitro – in vivo pharmacokinetic investigation, in vitro absorption assay, in vitro stability 

assay including stability on plasma and liver microsome, safety studies and other investigations 

which are important in the drug development process. With the help of this complex assay 

system we were able to accelerate the drug development process. 

The main challenges in the projects:

In the PDE4 project an important task was the good prediction of side effect profile of the new 

compounds. For this purpose we set up an in vitro rolipram binding experiment on human 

brain  together  with an ex  vivo  rolipram binding  experiments  on mice.  The  in  vitro  assay 

predicted the affinity of compound to HPDE4 site, the ex vivo assay predicted the penetration 

of  compounds  into the  central  nervous system. As we showed out,  the  results  of  ex vivo 

binding  assay  correlate  well  with  behavioral  effects  (inhibition  of  spontaneous motility  in 

mice) of investigated compounds, and the results give a good prediction for side effect profile. 

 We  have  very  important  assays  for  the  investigation  of  bronchodilating  effect  of  PDE4 

inhibitors on tracheal preparation in vitro and in vivo on guinea pig, the inhibitory effects of 

compounds on histamine and ovalbumin induced bronchconstriction. 

The anti-inflammatory activity of compounds was predicted in vivo in guinea pig and mice. 

The ovalbumin induced cell migration in guinea pig and the LPS induced TNFalpha release in 

mice.  In The experiments the migrated cells (total cell number and eosinophils, neutrophils) 

were measured BAL of guinea pigs and the TNFalpha release was measured in mice plasma. 

The side effects were also examined on dog, Suncus murinus and mice. The emetic activity 

was examined on dog and Suncus murinus and the CNS, behavioral side effects on mice. The 

therapeutic  ratio  of  the  PDE4 inhibitors  were  calculated  on  the  basis  of  ED50 values  on 

different animal models. 
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In the HLE project, we set up an in vitro kinetic assay (slow tight binding type inhibition) 

using small molecular weight substrate. We set up other in vitro enzyme assay, inhibition of 

enzyme activity using natural substrate, elastin, and examination of activity of compounds on 

free,  membrane  bound  and  intracellular  elastase,  using  human  neutrophils  in  these  assay 

systems. 

We developed a very important ex vivo assay in mice, for the assessment of oral activity of 

HLE inhibitors.    

The in vivo activity of HLE inhibitors were investigated in mice using acute lung hemorrhage 

model induced by HLE, two types paw oedema models, where the paw oedema was induced 

by HLE and carrageenan.  We examined the dose dependence and the duration of action of 

inhibitors. 

The  non  airway  disease  related  pharmacological  effect  of  HLE  inhibitors  were  also 

investigated in vivo, on splanchnic artery occlusion/reperfusion model, TNBS induced colitis 

model in mice and on coronary ischemia-reperfusion model in anaesthetized rabbits. 

With the help of these in vivo models we obtained a very good pharmacological profile from 

the investigated HLE inhibitors. 

We demonstrated the PDE4 isoenzyme selectivity of drotaverine. Because drotaverine has a 

selective  PDE4  inhibitory  effect  without  inhibiting  PDE3  and  PDE5,  in  addition  to  this 

observation it has a significant calcium antagonist potential, these biological activity may give 

a correct explanation for the slight cardiovascular side effects of drotaverine. Drotaverine has 

been  launched  several  years  ago  and  PDE4  inhibitors  related  side  effects  have  not  been 

observed under the medical treatment of drotaverine. 

On the basis of results of drotaverine we developed a new isoquinoline type PDE4 inhibitor, 

SSR161052 as a  candidate  for  development compound as a  powerful PDE4 inhibitor with 

potent anti-inflammatory and bronchorelaxant activity without important side effects on the 

basis of in vitro and in vivo investigations. 

SSR161052 is a selective and competitive inhibitor of PDE4, its selectivity is higher than 2 

log. The compound has a nanomolar potency on PDE4, IC50 = 3 nM. It is essentially inactive 

on PDEs, 1,  -2,  -3 and -5.  SSR161052 has a good selectivity on PDE4 inhibitory activity 

versus  rolipram binding site and HPDE5 activity versus LPDE4 activity suggests an improved 

therapeutic ratio. 
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SSR161052 has an important activity on whole cell system, pre-incubating the cells (A549 and 

HL60) with SSR161052 results a significant increase in the intracellular cAMP concentration 

indicating a good cell penetration, which is a very important properties of phospodiesterase 

inhibitors. 

SSR161052 induces concentration-dependent relaxation on spontaneous tracheal tone of intact 

tracheal preparation. Its effect is significant and it is ten times stronger , than that of SB207499. 

The  calculated  relaxant  EC50 value  is  85  nM.  This  value  is  a  bit  higher  than  the  PDE4 

inhibitory IC50 value (3 nM).  This concentration (85 nM) is enough to increase the intracellular 

cAMP level in A549 and HL60 cells.  So it is concluded that the PDE4 inhibitory effect of 

SSR161052 is responsible for the tracheal relaxant effect. 

SSR161052  has  been  shown  to  exhibit  anti-inflammatory  and  bronchodilator  properties. 

SSR161052 dose dependently attenuates histamine and allergen – induced bronchoconstiction 

in sensitized guinea pigs (ED50       = 0.38 mg/kg  against histamine and ED50 = 0.026 mg/kg 

against ovalbumin). SSR161052 is very potent in attenuating allergen induced-bronchospasm. 

Parallel  with  this  activity  SSR161052  has  a  significant  anti-inflammatory  activity.  The 

potential of compounds as anti-inflammatory agents were assessed on the basis of their ability 

to inhibit the TNFα release from murine macrophages in vitro and to reduce murine serum TNF

α levels after LPS injection in vivo. These studies indicate that SSR161052 is not only very 

active  drug  on  airway  inflammation,  but  it  is  very  potent  in  attenuating  allergen  induced 

bronchospasm too,  acts  as  an  effective  bronchodilator.  All  activity  is  related  to  its  PDE4 

inhibitory potency.  

To determine the in vivo therapeutic window of SSR161052, the side-effects were investigated 

in parallel with its anti-inflammatory activity. All investigated PDE4 inhibitors decreased the 

spontaneous  motility  in  mice,  but  in  a  different  dose-range.  Effects  of  compounds  on 

spontaneous motility in mice predict rather well their CNS side effects. Rolipram, SB-207499 

and LAS-31025 decreased LPS-induced TNFα level in mice in similar dose range where these 

compounds  inhibit  spontaneous  motility  in  mice.  We  could  not  observe  important  target 

selectivity in vivo.  The selectivity of these compounds is rather low in vivo.  Drotaverine and 

our candidate for development SSR161052 decreased serum TNFα level after LPS injection at 

doses approx.  twenty times lower  than those which induced CNS side-effect.  The in  vivo 

selectivity  of  SSR161052  and  drotaverine  is  outstanding  (the  exact  value  is  17).  The 
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therapeutic ratio is more pronounced if we compare the CNS side effect and inhibitory potency 

of SSR161052 on OVA induced bronchoconstriction in guinea pig (the value is 450).  PDE4 

inhibitors induce emesis in Suncus. murinus as well as in dogs and ferrets. We used dog and 

Suncus murinus for the assessment emetic activity of drugs on human. SSR161052 has emetic 

activity, maximal emetic effect was observed at 1 mg/kg i.v. in dogs and 30 mg/kg in Suncus 

murinus after p.o., but SSR161052 exerts its beneficial activity in much lower dose range, ED50 

values are 0.026 mg/kg against ovalbumin induced bronchconstiction in guinea pig and 0.69 

mg/kg on LPS induced TNFα  release in mice. Finally SB-207499 and SSR161052 have similar 

emetic activity, but SSR161052 has a much better therapeutic ratio than SB-207499. 

Finally we could conclude that SSR161052 is a very active and selective, orally active PDE4 

inhibitor. It has a potent spasmolytic and anti-inflammatory activity and on the basis of in vivo 

experiments we could predict an improved therapeutic ratio compared to reference compounds 

(e.g. SB-207499). 

SSR69071is a saccharin derivative with a pyrido-pyrimidine moiety. SSR69071 is structurally 

unrelated to any competitor in this field. SSR69071 is a specially designed molecule, sensitive 

to nucleophilic attack. SSR69071 is a potent, competitive and slow tight binding type inhibitor 

of HLE (Ki = 0.015 nM). SSR69071 has a faster association rate and slower dissociation rate 

than ZD 8321leading to a more stable HLE - Inhibitor complex. SSR69071 possesses higher 

potency for human than for mice and rat elastase. SSR69071 has marked specificity for HLE 

versus a large range of receptors and enzymes. Elastase exists either as free enzyme (released 

from activated leukocytes) or as leukocyte intracellular and surface bound enzyme (resistant to 

inhibition by natural inhibitors). In our experimental conditions, SSR69071 inhibited both free 

and surface  bound HLE.  The  bronchoalveolar  lavage fluid from mice  orally  treated  with 

SSR69071 inhibits HLE. In this model, SSR69071 has a dose-dependent and long-lasting (at 

least four hours) activity. Administered either iv or po, SSR69071 inhibits tissue injury (lung 

haemorrhage in mice) triggered by exposure to HLE. In addition, given by the iv or oral routes, 

SSR69071 inhibits tissue injury and inflammatory reaction (neutrophils migration) triggered by 

splanchnic  artery  occlusion/reperfusion  in  mice.  SSR69071  administered  po,  prevents  the 

inflammatory reaction triggered by HLE or carrageenan (paw oedema) in rats.

In a variety of the experimental settings indicated above, SSR69071 has a long duration of 

pharmacological activity. SSR69071 shows a tendency to increase its pharmacological activity 

after repeated administration over a period of 7 days. 
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SSR69071 has a poor microsomal stability in rodents but good stability in human plasma and 

human microsome and hepatocyte preparations.  SSR69071 is well absorbed in the CACO2 

model and its bioavailability is between 12 - 30 % in mice, rats and dogs. We used a number of 

models in mice and we observed a rather long duration of action of SSR69071 on these models 

There is  an apparent  contradiction between the long duration of action and the stability data. 

The  slow  tight  binding  kinetic  nature  of  HLE inhibition  by  SSR69071  may  resolve  this 

contradiction.  Slow, tight binding inhibitors are important from a pharmacological point of 

view, because the compound once bonds to its target it inhibits the enzyme function even after 

the free drug has been cleared from the circulation or from the site of action. 

SSR69071 is a selective, specific and very potent inhibitor of HLE. SSR69071 is orally active 

and  shows  good  target  tissue  penetration  (bronchoalveolar  lavage  fluid)  in  mice. 

Pharmacokinetic  studies  indicate  acceptable  bioavailability  of  the  compound.  However, 

SSR69071 may have a higher potency and longer duration of action than ZD-8321 (reference 

compound) in the human setting as a result of the stability of the HLE-SSR complex (slow 

dissociation rate) and its longer duration of action shown in animal models.

7. THESIS

1, We demonstrated the PDE4 isoenzyme selectivity of drotaverine. Because drotaverine has a 

selective  PDE4  inhibitory  effect  without  inhibiting  PDE3  and  PDE5,  in  addition  to  this 

observation it has a significant calcium antagonist potential, these biological activity may give 

a correct explanation for the slight cardiovascular side effects of drotaverine. Drotaverine has 

been  launched  several  years  ago  and  PDE4  inhibitors  related  side  effects  have  not  been 

observed under the medical treatment of drotaverine. 

2, We developed and set up a new drug research system, in which we use the in vitro, ex vivo, 

in vivo methods together in order to evaluate the effect of new drugs in order to accelerate the 

drug development process. I describe here the development process of an orally active PDE4 

and HLE inhibitors,  using this  process  finally we developed and selected PDE4 and HLE 

inhibitors for precilinal phase. 
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3,  We set up and in vitro in vivo test system for the prediction of potential side effect profile of 

PDE4 inhibitors. 

4, We developed a new ex vivo test for the assessment of oral activity of HLE inhibitors on 

mice. Ex vivo activity of HLE inhibitors were detected from BAL from mice.

5, We developed acute lung haemorrhage induced by intratracheally administered HLE in mice 

for  the  prediction  of  in  vivo  oral  activity  of  HLE  inhibitors.  Advantages  of  this  model 

compared  to  hamster  model  are:  less  amount  of  compound  is  needed,  results  are  more 

reproducible and hamsters have unique metabolic route for some chemical moiety.   

6, We developed a new isoquinoline type, selective PDE4 inhibitor with improved side effect 

profile.  This  type  of  PDE4  inhibitors  have  both  antiinflammatory  and  bronchodilator 

properties. Oral activity, long duration of action and more pronounced effect after repetitive 

treatment support the advantages of this type of isoquinoline type of PDE4 inhibitors further. 

7,  We developed a  new type  saccharin derivative human leukocyte elastase inhibitor.  This 

compound,  SSR69071  is  structurally  unrelated  to  any  competitor  in  this  field.  This  is  a 

competitive and slow tight binding type inhibitor of HLE with Ki value in pico-molar range 

(Ki = 0.015 nM). This inhibitory kinetic profile leads to an extremely stable enzyme inhibitor 

complex,  with 62  hours  half  life.  This  very  stable  enzyme inhibitor  complex leads  to  the 

extremely potent in vivo activity.

8, We proved an important advantage of slow tight binding type enzyme inhibitory kinetic. 

Slow, tight binding inhibitors are important from a pharmacological point of view, because the 

compound once bonds to its target it inhibits the enzyme function even after the free drug has 

been cleared from the circulation or from the site of action. 

111



8. References

1, LindenSmith, J.; Morrison, D.; Deveau, C.; Hernandez, P. Can. Respir.  J., 2004, 11, 111–

116.

2, Renwick,  D.S.; Connolly, M.J. Thorax, 1996, 51, 164–168.

3,Hargreave, F.E.; Parameswaran, K. Eur Respir J., 2006, 28, 264-267.

4, Pauwels, R.A.; Buist, S.; Calverley, P.M.; Jenkins, C.R.; Hurd, S.S. Am. J. Respir. Crit. Care 

Med.,  2001, 163, 1256–1276.

5, Fletcher, C.; Peto, R. Br. Med. J., 1977, 1,1645–1648.

6, Barnes, P.J. Chest, 2000, 117, 10S–14S.

7, Barnes, P.J. Nature Reviews/Drug Discovery, 2002, 1, 437-446.

8, Merck Medicus.  Pathophysiology: function and structure of the respiratory system.  2001. 

Available:  www.merckmedicus.com/pp/us/hcp/diseasemodules/asthma/pathophysiology.jsp 

(accessed July 16, 2007).

9, Tang M.L.; Wilson, J.W.; Stewart, A.G.; Royce, S.G. Pharmacol. Ther., 2006, 112, 474–88.

10, Conboy-Ellis, K. Nurse Pract., 2006, 31, 24–37.

11, Hele, D.J.; Belvisi, M.G. Expert Opinion. Investig. Drugs., 2003, 12, 5-18.

12, Djukanocic R. J. Allergy. Clin. Immunol., 2000, 105, S522-S526.

13, Barnes PJ. Naure Reviews/Immunology, 2008, 8, 183-192.

14, Saetta, M.; Turato, G.; Maestrelli, P.; Mapp, C.E.; Fabbri, L.M.  Am J Respir Crit Care  

Med.,  2001, 163, 1304–1309.

15, Saetta, M.; Di Stefano, A.; Turato, G.; Facchini, F.M.; Corbino, L.; Mapp, C.E.; Maestrelli, 

P.; Ciaccia, A.; Fabbri, L.M.  Am J Respir Crit Care Med., 1998, 157, 822–826.

16,  Stefano, A.; Capelli, A.; Lusuardi, M.; Balbo, P.; Vecchio, C.; Maestrelli, P.; Mapp, C.E.; 

Fabbri, L.M.; Donner, C.F.; Saetta, M. Am J Respir Crit Care Med.,  1998, 158, 1277–1285.

17, Keatings, V.M.; Collins, P.D.; Scott, D.M.; Barnes,  P.J. Am J Respir Crit Care Med., 1996, 

153, 530–534.

112



18, Pesci, A.; Balbi, B.; Majori, M.; Cacciani, G.; Bertacco, S.; Alciato, P.; Donner, C.F. Eur 

Respir J.,  1998, 12, 380–386.

19, Fabbri, L.M.; Romagnoli, M.; Corbetta, L.; Casoni, G.; Busljetic, K.; Turato, G.; Ligabue, 

G.; Ciaccia, A.; Saetta, M.; Papi, A. Am J Respir Crit Care Med., 2003, 167, 418–424.

20, Wenzel, S.E.; Busse, W.W. J. Allergy. Clin. Immunol.,  2007, 119, 14–21.

21, Jatakanon, A.  Am. J. Respir. Crit. Care Med., 1999, 160, 1532–1539.

22, Kurashima, K. Respirology, 2006, 11, 152–157.

23. van Rensen, E. L. Am.  J. Respir. Crit. Care Med.,  2005, 172, 837–841.

24,  Cho, S.H.; Stanciu, L.A.; Holgate, S.T.; Johnston, S. L.  Am. J. Respir. Crit. Care Med., 

2005, 171, 224–230.

25. Papi, A. Am. J. Respir. Crit. Care Med., 2000, 162, 1773–1777.

26. Brightling, C.E. Thorax, 2005, 60, 193–198.

27, Bousquet, J.;  Jeffery, P.K. ; Busse, W.W. ;  Am. J. Respir. Crit. Care. Med.,   2000, 161, 

1720–1745.

28, Barnes, P.J. Nat Rev Drug Discov.,  2004, 3, 831–844.

29, Green, R.H.; Brightling, C.E.; Mckenna, S. Lancet, 2002, 360, 1715–1721.

30,  Sont, J.K. ; Willems, L.N.A. ; Bel, E.H.;  Am. J. Respir. Crit. Care. Med., 1999, 159, 1043–

1051.

31, Bateman, E.D; Boushey, H.A.; Bousquet, J. ; Am. J. Respir. Crit. Care. Med., 2004,

170, 836–844.

32, Bjermer, L. Respir. Med.,  2001,  95, 703-719.

33, Jeffery, P.K. Chest,  2000, 117, 251S-260S.

34, Kerjstens, H.; Groen, H.J.; van Der Bij, W.  B.M.J.,  2001, 323, 1349-1353.

35, Barnes, P.J.; Shapiro, S.D.; Pauwels, R.A.; Eur. Respir. J.  2003,  22, 672–688.

36, Barnes,  P.J.; Hansel, T.T. Lancet,  2004,  364, 985–996.

37, Hogg, J.C. ; Chu, F. ; Utokaparch, S. N. Engl. J. Med.  2004, 350, 2645–2653.

38 Barnes, P.J. N. Engl. J. Med. 2004, 350, 2635–2637.

39, Thannickal, V.J.; Toews, G.B.; White, E.S.; Lynch, J.P.; Martinez. F.J.  Annu. Rev. Med., 

2004, 55, 395–417.

40, Shapiro, S.D. Chest, 2000, 117, 1, 223S–227S.

41, Dawkins, P.A.; Stockley, R.A. Thorax, 2001, 56, 972–977.

42, Torphy, T.J.; Undem, B.J. Thorax, 1991, 46, 512–523.

113



43, Giembycz, M.A. Br. J. Pharm., 2008, 155, 288–290.

44,  Foreman, J.C.  Textbook of Receptor Pharmacology.  J.C. Foreman, T.  Johansen (Eds.).  

CRC Press: Boca Raton,  1996, 239-53.

45, Torphy, T.J. Am. J. Respir. Crit. Care. Med., 1998, 157, 351-70.

46, Beavo, J.A. Adv. Second Messenger Phosphoprotein Res., 1988, 22, 1-38.

47, Boswell-Smith, V.; Spina, D.; Page, C.P. Br. J. Pharm., 2006, 147, S252–S257.

48, Houslay, A. Prog. Nucleic Acid Res. Mol. Biol., 2001, 69, 249-315.

49, Houslay, A.Biochem. J., 2003, 370, 1-18.

50, Jin, C.S.L.; Lan, L.; Zoudilova, M.; Conti, M. J. Immunol., 2005, 175, 1523-1531.

51, Lynch, M.J.; Baillie, G.S.; Mohamed,  A. J. Biol. Chem. 2005,  280, 33178-33189.

52, Boswell-Smith, V., Page CP. Expert Opin. Investig. Drugs 2006, 15, 1105-1113.

53, Souness, J.E.; Aldous, D.;  Sargent,  C. Immunopharmacology 2000, 47, 127–62.

54, Essayan, D.M. J. Allergy Clin. Immunol. 2001, 108, 671–80.

55, Lipwoth, P. Lancet 2005, 365, 167–75.

56, Spina, D. Br. J. Pharm. 2008, 155, 308-315.

57, Barnes, P.J.  Pharmacol. Ther.  2006, 109, 238–245.

58, Holgate, S.T. J. Allergy. Clin. Immunol.  1997, 120, 1233–1244.

59,  Lagente, V.; Pruniaux, M.P. ; Junien, J.L. ;  Moodley, I.  Am. J. Respir. Crit. Care Med. 

1995, 151, 1720–1724.

60, Lagente, V.; Moodley, I.; Perrin, S.; Mottin, G.; Junien, J.L. Eur. J. Pharmacol. 1994, 255, 

253–256.

61, Toward, T.J.; Broadley, K.J. J. Pharmacol. Exp. Ther.  2001, 298, 298–306.

62, Sanz, M.J.; Cortijo, J.; Morcillo, E.J. Pharmacol. Ther. 2005, 106, 269–297.

63, Lazzeri, N.; Belvisi, M.G.; Patel, H.J.; Yacoub, M.H.; Chung, K.F.; Mitchell, J.A. Am. J.  

Respir. Cell Mol. Biol. 2001, 24, 44–48.

64, Burnouf, C. ; Pruniaux, M.P. Curr. Pharm. Des. 2002, 8, 1255–1296.

65, Castro, A.; Jerez, M.J. ; Gil, C.; Martinez, A. Med. Res. Rev. 2005, 25, 229–244.

66, Chung, K.F. Eur. J. Pharmacol. 2006, 533, 110-117.

67,  Kumar, R.K.; Herbert, C.; Thomas, P.S.; Wollin, L., Beume, R., Yang, M., Webb, D.C.; 

Foster, P.S. J. Pharmacol. Exp. Ther. 2003, 307, 349–355.

68, Foissier, L. ;  Lonchampt, M.; Coge, F. ;  Canet, E.  J. Pharmacol.  Exp. Ther.  1996,  278, 

1484–1490.

114



69,  Profita,  M. ;  Chiappara,  G.;  Mirabella,  F.;  Di  Giorgi,  R.;  Chimenti,  L.;  Costanzo,  G.; 

Riccobono, L.; Bellia, V.; Bousquet, J.; Vignola, A.M.  Thorax 2003, 58, 573–579.

70,  Griswold,  D.E.;  Webb,  E.F.;  Badger,  A.M.;  Gorycki,  P.D.;  Levandoski,  P.A.;  Barnette, 

M.A.; Grous, M.; Christensen, S.; Torphy, T.J.  J. Pharmacol. Exp. Ther. 1998, 287, 705–711.

71, Corbel, M.;, Germain, N.; Lanchou, J.; Molet, S.; Silva, P.M.; Martins, M.A.; Boichot, E.; 

Lagente, V.  J. Pharmacol. Exp. Ther. 2002, 301, 258–265.

72, Souness, J.E.; Griffin, M.; Maslen, C.; Ebsworth, K.; Scott, L.C.; Pollock, K., Palfreyman, 

M.N.; Karlsson, J.A. Br. J. Pharmacol. 1996, 118, 649–658.

73,  Ouagued,  M.;  Martin-Chouly,  C.A.;  Brinchault,  G.;  Leportier-Comoy,  C.;  Depince,  A.; 

Bertrand, C.; Lagente, V.; Belleguic, C.; Pruniaux, M.P.  Pulm. Pharmacol. Ther. 2005, 18, 49–

54.

74, Mata, M.; Sarria, B.; Buenestado, A.; Cortijo, J.; Cerda, M., Morcillo, E.J.  Thorax 2005, 

60, 144–152.

75,  Belleguic,  C.;  Corbel,  M.;  Germain,  N.;  Boichot,  E.;  Delaval,  P.;  Lagente,  V.  Eur.  J.  

Pharmacol. 2000, 404, 369–373.

76, Martin-Chouly, C.A.; Astier, A.; Jacob, C.; Pruniaux, M.P.; Bertrand, C.; Lagente, V. Life  

Sci. 2004, 75, 823–840.

77, Martorana, P.A.; Beume, R.; Lucattelli, M.; Wollin, L.; Lungarella, G. Am. J. Respir. Crit.  

Care Med.  2005, 172, 848–853.

78, Compton, C.; Duggan, M.;. Cedar, E.  Am. J. Respir. Crit. Care Med.  2000, 161, A505.

79, Luria, X.; Fetter, P. Am. Respir. Crit. Care Med. 1997, 155, A 203.

80, Compton, C. H.; Gubb, J.; Diemann R. Lancet  2001, 358, 265-270.

81, Giembycz, M. A. Expert Opin. Investig. Drugs  2001, 10, 1361-1379.

82, Nell, H.; Louw, S.; Leichtl, S.; Rathgeb, F.; Neuheuter, M.; Barolin P. G.  Am. J. Respir,  

Creit. Care Med. 2000, 161,  A200.

83, Timmer, W.; Leclerc, V.; Birraux, G.; Neuhauser, M.; Hatzelmann, A.; Bethke, T.; Wurst, 

W. J. Clin. Pharmacol. 2002, 42, 297-303.

84, Sturton, G.; Fitzgeral, M. Chest  2002, 121, 192S-196S.

85, Gale, D. D.; Londells, L. J.; Spina D. Am. J. Respir, Crit. Care Med. 1999, 159, A108.

86, Norman, P.Expert Opin. Ther. Patents 2002, 12, 93-111.

87, Dyke, H. J.; Montana, J.G. Expert Opin. Investig. Drugs 2002, 11, 1-13.

115



88, Gemmler, J.; Wachtek, H.; Endres, S. Int. J. Immunopharmacol. 1993, 15, 409-413.

89, Probhakar, V.; Lipschutz, D.; Bartus D. Int. J. Immunopharmacol. 1994, 16, 805-816.

90,  Torphy, T.J.; Barnette, M.S.; Underwood, D.C.  Pulm. Pharmacol.  Ther.   1999, 12, 131-

135.

91, Torphy,  T.J. Am. J. Respir. Crit. Care. Med. 1998, 157, 351-370.

92, Norman, M. Expert Opin, Ther. Patents  2002, 12, 93-119.

93, Kapui, Z. In: Current therapy of smooth muscle spasm. Edited by J. Lonovics. 2002, 315-

337.

94, Kapui, Z.; Schaeffer, P.; Mikus, E.G.; Boronkay, E.; Gyurky, J.; Herbert, J.M.; Pascal, M.. 

Arzneimittel-Forschung  1999,  49, 685-693.

95, Kapui, Z.; Mikus, E.G.; Bence, J.; Gerber, K.; Boer, K.; Korbonits, D.; Borsodi, A.; Aranyi, 

P.  Arzneimittel-Forschung  1998,  48,  1147-1155 .

96, Kapui Z, Edited by J. Lonovics. 2002, 49-101. 

97, Kapui, Z.; Mikus, E.; Boronkay, E.; Urban-Szabo, K.; Baranyi, A.; Aranyi, P.  Fundam. 

Clin. Pharm. 1999, 13(suppl. 1.), 53s.

98, Kapui, Z.; Bence, J.; Boronkay, E.; Mikus, E.; Urban-Szabo, K.; Baranyi, A.; Aranyi, P. 

Neurobiology, 1999, 7, 71-73.

99,  Mikus,  E.;  Gyurki,  J.;  Szeredi, J.;  Kapui,  Z.; Urban-Szabo, K.;  Baranyi, A.;  Aranyi, P. 

Fundam. Clin. Pharm. 1999, 13(suppl. 1.), 249s.

100, Mikus, E.G.; Kapui, Z.; Korbonits, D.; Boer, K.; Boronkay, E.; Gyurky, J.; Revesz, J.; 

Lacheretz, F.; Pascal, M.; Aranyi, P. Arzneimittel-Forschung, 1997,  47,  1358-1363.  

101, Cutler, N. L. WO0219997. Publication date 2002.

102, Boyd, E. C.;Eaton, M. A. W.; Warrellow, G. J. WO9410118. Publication date 1994.

103, Furlanut, M.; Carpenedo, F.; Ferrari, M. Biochem. Pharm. 1973, 22, 2642-2644.

104, Leseche, B.; Gilbert, J.; Viel, C.; Stierle, A.; Stoclet, J. C. Eur. J. Med. Chem. 1978,  13, 

183-192.

105, Piascik, M.T.; Osei-Gyimah, P.; Miller, D.D.; Feller, D.R. Eur. J. Pharm. 1978, 48, 393-

401.

106, Kimura, M.; Waki, I.; Kimura, I.J. Pharm. Dyn. 1978, 1, 145-152.

107, Georgiev, V.S.; Carlson, R.P.; Van Inwegen, R.G.; Khandwala, A.  J. Med. Chem.  1979, 

22, 348-352.

116



108, Van Inwegen, R.G.; Salaman, P.; St. Georgiev, V.; Weinryb, I. Biochem. Pharm. 1979, 28, 

1307-1312.

109, Walker,  K.A.;  Boots,  M.R.;  Stubbins,  J.F.;  Rogers,  M.E.;  Davis,  C.W.  J.  Med.  Chem. 

1983, 26, 174-181.

110, Naef, Reto. Ger. Offen. DE4438737. Publication date 1995.

111,  Napoletano,  M.;  Norcini,  G.;  Botta,  D.;  Grancini,  G.;  Morazzoni,  G.  WO9932449. 

Publication date 1999.

112,  Napoletano,  M.;  Norcini,  G.;  Grancini,  G.;  Pellacini,  F.;  Morazzoni,  G.;  Pradella,  L. 

WO0021947. Publication date 2000.

113, Kawano, Y.; Matsumoto, T.; Uchikawa, O.; Fujii, N.; Tarui, N. WO0170746. Publication 

date 2001.

114, Amschler, H.; Flockerzi, D.; Ulrich, W.R.; Bar, T.; Martin, T.; Schudt, C.; Hatzelmann, A.; 

Beume,  R.;  Hafner,  D.;  Boss,  H.;  Kley,  H.P.;  Goebel,  K.J.;  Gutterer,  B.  WO9728131. 

Publication date 1997.

115, Amschler, H.; Flockerzi, D.; Ulrich, W.R.; Bar, T.; Martin, T.; Schudt, C.; Hatzelmann, A.; 

Beume, R.; Hafner, D.; Boss, H.; Kley, H.P.; Gutterer, B. WO9735854. Publication date 1997.

116, Amschler, H.; Flockerzi, D.; Ulrich, W.R.; Bar, T.; Martin, T.; Schudt, C.; Hatzelmann, A.; 

Beume, R.; Hafner, D.; Boss, H.; Kley, H.P.; Gutterer, B. WO9905111. Publication date 1999.

117, Amschler, H.; Flockerzi, D.; Ulrich, W.R.; Bar, T.; Martin, T.; Schudt, C.; Hatzelmann, A.; 

Beume, R.; Hafner, D.; Boss, H.; Kley, H.P.; Gutterer, B. WO9905112. Publication date 1999.

118, Amschler, H.; Flockerzi, D.; Ulrich, W.-R.; Bar, T.; Martin, T.; Schudt, C.; Hatzelmann, 

A.; Beume, R.; Hafner, D.; Boss, H.; Kley, H.P.; Gutterer, B.  WO9905113. Publication date 

1999.

119, Flockerzi, D.; Amschler, H.; Hatzelmann, A.; Bundschuh, D.; Beume, R.; Boss, H.; Kley, 

H.P.; Gutterer, B. WO0042017. Publication date 1999.

120, Flockerzi, D.; Amschler, H.; Grundler, G.; Hatzelmann, A.; Bundschuh, D.; Beume, R.; 

Boss, H.; Kley, H. P.; Gutterer, B. WO0042018. Publication date 1999.

121, Flockerzi, D.; Amschler, H.; Grundler, G.; Hatzelmann, A.; Bundschuh, D.; Beume, R.; 

Boss, H.; Goebel, K.J.; Kley, H.P.; Gutterer, B. WO0042019. Publication date 1999.

122, Flockerzi, D.; Amschler, H.; Grundler, G.; Hatzelmann, A.; Bundschuh, D.; Beume, R.; 

Boss, H.; Kley, H.P.; Gutterer, B. WO0042020. Publication date 1999.

117



123, Flockerzi, D.; Amschler, H.; Hatzelmann, A.; Bundschuh, D.; Beume, R.; Boss, H.; Kley, 

H.P.; Gutterer, B. WO0042034. Publication date 2000.

124,  Flockerzi,  D.;  Grundler,  G.;  Hatzelmann,  A.;  Bundschuh,  D.;  Kley,  H.P.;  Gutterer,  B. 

WO0151470. Publication date 2001.

125,  Bundschuh, D.;  Flockerzi,  D.;  Grundler,  G.;  Hatzelmann, A.;  Kley,  H.P.;  Gutterer,  B. 

WO0205616. Publication date 2002.

126,  Bundschuh, D.;  Flockerzi,  D.;  Grundler,  G.;  Hatzelmann, A.;  Kley,  H.P.;  Gutterer,  B. 

WO0206238. Publication date 2002.

127,  Gutterer,  B.;  Bundschuh,  D.;  Flockerzi,  D.;  Grundler,  G.;  Hatzelmann,  A.;  Kley,  H.P. 

WO0206239. Publication date 2002.

128, Bundschuh, D.; Flockerzi, D.; Grundler, G.; Hatzelmann, A.; Kley, H.P.; Weinbrenner, S.; 

Gutterer, B. WO0206270. Publication date 2002.

129, Gutterer, B. Amschler, H.; Ulrich, W.R.; Martin, T.; Bar, T.; Hatzelmann, A.; Sanders, K.; 

Beume,  R.;  Boss,  H.;  Hafner,  D.;  Kley,  H.-P.;  Goebel,  K.J.;  Flockerzi,  D.  WO9821208. 

Publication date 1998.

130, Gutterer, B. Amschler, H.; Ulrich, W.R.; Martin, T.; Bar, T.; Hummel, R.P.; Hatzelmann, 

A.; Boss, H.; Beume, R. WO9840382. Publication date 1998.

131,  Gutterer,  B.;  Ulrich,  W.R.;  Amschler,  H.;  Beume, R.;  Hafner,  D.;  Bar,  T.;  Martin,  T.; 

Kilian, U.; Eltze, M.; Brand, U.; Boss, H.; Kley, H.P.; Schudt, C.; Goebel, K.J.; Flockerzi, D.; 

Hatzelmann, A. WO9855481. Publication date 1998.

132, Gutterer, B.; Amschler, H.; Ulrich, W.R.; Martin, T.; Bar, T.; Hatzelmann, A.; Boss, H.; 

Beume, R.; Bundschuh, D.; Kley, H.P. WO9957118. Publication date 1999.

133, Gutterer, B.; Amschler, H.; Ulrich, W.R.; Martin, T.; Bar, T.; Hatzelmann, A.; Boss, H.; 

Beume, R.; Bundschuh, D.; Kley, H.P.; Flockerzi, D. WO0012501. Publication date 2000.

134, Noto, T.; Inoue, H.; Ikeo, T.; Kikkawa, K. J. Pharm. Exp. Ther. 2000, 294, 870-875.

135, Kotera, J.; Fujishige, K.; Michibata, H.; Yuasa, K.; Kubo, A.; Nakamura, Y.; Omori, K. 

Biochem. Pharmacol. 2000, 60, 1333-1341.

136, Takagi, M.; Mochida, H.; Noto, T.; Yano, K.; Inoue, H.; Ikeo, T.; Kikkawa, K.  Eur. J.  

Pharmacol.  2001, 411, 161-168.

137, Ukita, T.; Nakamura, Y.; Kubo, A.; Yamamoto, Y.; Moritani, Y.; Saruta, K.; Higashijima, 

T.; Kotera, J.; Takagi, M.; Kikkawa, K.; Omori, K. J. Med. Chem. 2001, 44, 2204-2218.

118



138, Inoue, H.; Yano, K.; Ikeo, T.; Noto, T.; Kikkawa, K. Eur. J. Pharmacol. 2001, 422, 109-

114.

139, Mochida, H.; Inoue, H.; Takagi, M.; Noto, T.; Yano, K.; Kikkawa, K. Eur. J. Pharmacol. 

2001, 440, 45-52.

140, Steinhilber, W.; Grundler, G.; Gutterer, B.; Hatzelmann, A.; Stadlwieser, J.; Sterk, G. J.; 

Weinbrenner, S. WO0240449. Publication date 2002.

141, Bundschuh, D.; Kley, H.-P.; Steinhilber, W.; Grundler, G.; Gutterer, B.; Hatzelmann, A.; 

Stadlwieser, J.; Sterk, G. J.; Weinbrenner, S. WO0240450. Publication date 2002.

142, Imai, S.; Mabuchi, K.-I.; Kawamura, M. EP664127. Publication date 1995.

143, Takács, K.; Kiss, P.; Szekeres, L.; Benedek, E.; Papp, Gy. Hung. Teljes  1977, 13,024. 

Publication date 1977.

144,  Takács,  K.;  Papp, M.; Kovács,  G.;  Ajzert,  I.K.;  Simay, A.;  Nagy, P.L.;  Puskás,  M.E.; 

Sebestyén, Gy.; Stadler, I. et al. Ger. Offen. 1981, 3,023,217. Publication date 1981.

145, Takács, K.; Kiss, I.; Hermecz, I.; Őri, J.; Pap, M.H.; Bencze, Zs.; Székely Körmöczy, P.; 

Szabó, M.; Vértesi, Cs. et al. Eur. Pat. Appl. EP486,211. Publication date 1992.

146, Baranyi, A.; Batori, S.; Behr, A.; Boronkay, E.; Fejer, E.; Hermecz, I.; Kapui, Z.; Kiss, 

Gy.; Mikus, E.; Pascal, M.; Takacs, K.; Urban-Szabo. K. WO0164647 Publication date 2001.

147, Ashton, M.J.; Cook, D.C.; Fenton, G.; Karlsson, J.A.; Palfreyman, M.N.; Raeburn, D.; 

Ratcliffe, A.J.; Souness, J.E.; Thurairatnam, S.; Vicker, Nigel. J. Med. Chem. 1994, 37, 1696-

1703.

148, Langlois, M.; Brémont, B.; Shen, S.; Poncet, A.; Adrieux, J.; Sicsic, S.; Serraz, I.; Mathé-

Allainmat, M.; Renard, P.; Delagrange, P. J. Med. Chem. 1995, 38, 2050-2060.

149, Jeffreys, J. A.D. J. Chem. Soc. 1955, 79-83.

150, Batori, S.; Behr, A.; Boronkay, E.; Fejer, E.; Finance, O.; Hermecz, I.; Kapui, Z.; Kiss, 

Gy.; Mikus, E.; Timari, G.; Nagy, L. T.; Urban-Szabo K. WO0164648. Publication date 2001.

151, Nachtsheim, C.M.; Frahm, A.W. Arch. Pharm. (Weinheim) 1989, 322, 187-197.

152, Torphy, T.J.; Christensen, S.B.; Barnette, M.S. Eur. Respir. J. 1997, 10, 313s. 

153,  Torphy, T.J.; Barnette, M.S.; Underwood, D.C.  Pulm. Pharmacol. Ther.  1999,  12,  131-

135.

154, Barnes, PJ. Current Opinion in Pharmacology 2008, 8, 300–307.

155, Kapui, Z.; Boer, K.; Pétervári, J.; Tardos, L.; Hermecz, I. Pharm. Res. 1992, 25(suppl. 2.), 

135-136.

119



156, Wachtel, H.J.  Neural Transm. 1983, 56, 139-52.

157, Barnett, M.S.; O’Leary Bartus, J.; Burman, M.; Christensen, S.B.; Cieslinski, L.B.; Esser,

 K.M.; Probhakar, U.S.; Rush, J.A.; Torphy, T.J. Biochem. Pharmacology  1996,  51, 949.

158,  Schmeichen,  R.;  Schneider,  H.H.;  Wachtel,  H.  Psychopharmacology  (Berlin) 1990, 

102:17-20.

159, Chughtai, B.; O’Riordan T.G.  J. of Aerosol. Med. 2004, 17:289-298.

160, Blank, C.A.; Brantly, M. Annals of Allergy. 1994, 67, 105-120.

161, Carell, RW.; Lomas, D.A.  N. Eng. J. Med. 2002, 346, 45-53.

162, Stockley, RA.  Am.. J. Respir. Crit. Care. Med. 1999, 160, S49-52.

163, Voynov, J.A.; Bernar, M.; Zheng, S. Int. J. Biochem. and Cell. Biol.  2008, 40, 1238-1245.

164, Lee, W.L.; Downley, G.P. Am. J. Respir. Crit. Care Med.  2001, 164, 896-904.

165, Liou,  T.G.; Campbell, E.J.  Biochemistry 1995, 34, 16171–16177.

166, Zimmer,  M.; Medcalf, R.L.; Fink, T.M. Proc Natl Acad Sci USA 1992, 89, 8215 -19.

167, Salvesen,  G.; Enghild,  J.J.  Biochemistry 1990,  29, 5304 -8.

168, McGuire,  M.J.;  Lipsky,  P.E.; Thiele, D.L. J Biol Chem. 1993,  268,  2458 -67.

169, Barret,  A.J. Methods Enzymol. 1981, 80,  581 -8.

170,  Fouret,  P.; Du Bois, R.M. ; Bernaudin, J.F.;  J Exp Med. 1989, 169, 833 -45.

171,. Sinha, S.; Watorek, W.; Karr, S. Proc Natl Acad Sci USA 1987, 84, 2228 -32.

172, Kelly, E.; Greene, C.M.; McElvaney, N.G. Expert Opin. Ther. Targets. 2008, 12, 145-157.

173, Sinha, S.; Watorek, E., Karr, S.  Procl. Natl. Acad. Sci. USA,  1987, 84, 2228-2232.

174, Owen, C.A.; Campbell, E.J.  J. Leukoc. Biol. 1999,  65, 137-150. 

175, Owen, C.A.; Campbell, M.A.; Sannes, P.L.; Boukedes, S.S.; Campbell, E.J. J. Cell Biol. 

1995, 131, 775–789. 

176, Campbell, E.J.; Campbell, M.A.; Owen, C. A.  J. Immunol. 2000, 165, 3366–3374.

177, Tetley, TD. Thorax 1993, 48, 560-565.

178, Ohbayashi, H. Exp. Opin. Investig. Drugs. 2002, 11, 965-980.

179, Janoff, A. Ann. Rev. Med. 1985, 36, 207-216.

180, Janoff, A.; Scherer, J. J. Exp. Med. 1968, 128, 1137-55.

181, Rice, A.; Banda, M.J.  Biochemistry 1995, 34, 9249–9256.

182, Devaney,  J.M.; Greene, C.M.; Taggart, C.C. FEBS Lett. 2003, 544, 129 -32.

183, Walsh, D.E.; Greene, C.M.; Carroll, T.P. J Biol Chem. 2001, 276, 35494 -9.

184, Tsujimoto, H.; Ono, S.; Majima, T.  Shock 2005,  23, 39 -44.

120



185, Cantin, A.; Bilodeau, G.; Begin, R. Pediatr. Pulmonol. 1989, 7, 12-7.

186, Shao, M.X.; Nadel, J.A.  Proc Natl Acad Sci USA 2005, 102, 767–72.

187, Shao,  M.X.; Nadel, J.A. J Immunol.  2005, 175, 4009–16.

188, Song, J.S.; Cho, KS.; Yoon, H.K.; Moon, H.S.; Park, S.H. Korean J. Intern. Med. 2005, 

20, 275–83.

189, Fischer, B.M.; Cuellar, J.G.; Diehl, M.L.; deFreytas, A.M.; Zhang, J.; Carraway, K.L. Am 

J Physiol Lung Cell Mol Physiol. 2003, 284, L671–9.

190,  Kuwahara,  I.;  Lillehoj,  E.P.;  Hisatsune,  A.;  Lu,  W.;  Isohama,  Y.;  Miyata,  T.   Am.  J.  

Physiol.  Lung Cell Mol. Physiol.  2005, 289, L355–62.

191, Park, J.A.; He, F.; Martin, L.D.; Li, Y.; Chorley, B.N.; Adler, K.B. Am J Pathol. 2005, 167, 

651–61.

192, Amitani, R.; Wilson, R.; Rutman, A.; Read. R.; Ward, C.; Burnett, D. Am. J. Respir. Cell  

Mol. Biol. 199, 4, 26–32.

193, Venaille, T.J. ; Ryan, G. ; Robinson, B.W.  Respir Med. 1998, 92, 233–40.

194, Pham, C.T. Int. J. Biochem.Cell. Biol. 2008, 406, 1317-1333.

195, Korkmaz, B.; Moreau, T.; Gauthier, F. Biochimie 2008, 90, 227-42.

196, Wiedow, O.; Meyer-Hofert, U. J. Int. Med. 2005, 257, 319-328.

197, Tremblay, G.M.; Janelle, M.F.; Bourbonnais, Y.  Current Opinion Ivets. Drugs.  2003, 4, 

556-565.

198, Ohbayashi,  H. Expert. Opin. Ther. Patents. 2005, 15, 759-771.

199, Varga, M.; Kapui, Z.; Batori, S.; Nagy, L.T.; Vasvari-Debreczy, L.; Mikus, E.; Urban-

Szabo, K.; Aranyi, P. Eur. J. Med. Chem. 2003,  38,  421-425.

200, Kapui, Z.; Varga, M.; Urban-Szabo, K.; Mikus, E.; Szabo, T.; Szeredi, J.; Batori, S.; 

Finance, O.; Aranyl, P. J. Pharm.Exp. Ther., 2003,  305,  451-459. 

201, Bidouard, J.P.; Duval, N.; Kapui, Z.; Herbert, J.M.; O'Connor, S.E.; Janiak, P. Eur. J.  

Pharm., 2003,  461,  49-52.

202, Silverman, RB. The Organic Chemistry of Enzyme-Catalyzed Reactions (revised edition), 

Academic Press, San Diego, 2002.

203,  Silverman,  RB.  The Organic Chemistry of  Drug Action  and Drug Design,  Academic 

Press, San Diego, 1992.

204, Silverman, R.B.  Methods Enzymol. 2003, 249, 240–283. 

121



205, Groutas, W.C.; Chong, L.S.; Venkataraman, R. Biochem. Biophys. Res. Commun. 1993, 

197, 730–739.

206, Hlasta, D.J.; Subramanyam, C.; Bell, M.R.; Carbateas, P.M.; Court, J. J.; Cundy, K.C.  J.  

Med. Chem. 1995, 38, 739–744.

207,  Hlasta, D.J.; Bell, M.R.; Court, J.J.; Cundy K.C.; Desai R.C.; Ferguson, E.W.  Bioorg.  

Med. Chem. Lett. 1995, 5, 331.

208, Hlasta, D.J.; Ackerman J.H.; Court, J.J.; Farrell R.P.; Johnson J.A.; Kofron J.L.  J. Med.  

Chem. 1995, 38, 4687–4692.

209, Walker, B.; Lynas, J.F. Cell. Mol. Life Sci. 2001, 58, 596-624.

210,  Silver,  P.J.;  Gordan,  R.J.;  Pagani,  E.D.;  Johnson,  J.A.;  Maycock,  A.L.;  Dunlap,  R.P.; 

Ferguson, EW.; Subramanyam, C.; Hlasta, D.J.; Newton, JF. Drug Dev . Res.  2004, 34, 306-

316.

211,  Lee,  J.K.;  Zaidi,  S.H.;  Liu,  P.;  Dawood,  F.;  Cheah,  A.Y.;  Wen,  W.H.;  Saiki,  Y.; 

Rabinovitch, M. 1998. Nat. Med. 1998, 4, 1383– 1391.

212, Cowan, K.N.; Heilbut, A.; Humpl, T.; Lam, C.; Ito, S.; Rabinovitch, M. Nat. Med. 2000, 

6, 698–702.

213, Tiefenbacher, C.P.; Ebert, M.; Niroomand, F.; Batkai, S.; Tillmanns, H.; Zimmermann, R.; 

Kubler, W. Pflugers Arch. 1997, 433, 563– 570.

214, Yamamoto, H.; Koizumi, T.; Kaneki, T.; Hanaoka, M.; Kubo, K.; 2000. Eur. J.  

Pharmacol. 2000, 409, 179–183. 

215, Hirota, Y.; Suzuki, M.; Yamaguchi, K.; Fujita, T.; Katsube N. Comp Med. 2005, 55, 45-54.

216, Sears, M.R. Lancet. 1997, 350, 1-4.

217, Sawanishi, H.; Suzuki, H.; Yamamoto, S.; Waki, Y.; Kasugai, S.; Ohya, K.; Suzuki, N.; 

Miyamoto, K.; Takagi, K.  J. Med.Chem. 1997, 40, 3248–3253.

218, Hirose, R.;  Manabe, H.; Nonaka, H.; Yanagawa, K.;  Akuta, K.; Sato, S.; Ohshima, E.; 

Ichimura, M. Eur. J. Pharm. 2007, 573, 93–99.

219, Barnes, P.J.; Jonsson, B.; Klim, J.B. Eur. Respir. J. 1996, 9, 636-642.

220, Gaga, M.; Zervas, E.; Grivas, S.; Castro, M.; Chanez, P. Curr. Med. Chem. 2007, 14, 

1049-1059.

122

javascript:AL_get(this, 'jour', 'Comp Med.');
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term="Katsube N"%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term="Fujita T"%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term="Yamaguchi K"%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term="Suzuki M"%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term="Hirota Y"%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


 

9. Publications and Attachments

Publications related directly to the present dissertation

1,  Kapui.  Z. Summary  of  Specific  Pharmacologyc  Studies  of  Drotaverine,  The 

Management of Smooth Muscle Spasm, Ed: Akos Pap. Onix Nyomda, Debrecen, ISBN 963 03 

5439X, 45-89, 1998

2, Kapui. Z. Summary of Specific Pharmacologyc Studies of Drotaverine, Current Therapy 

of Smooth Muscle Spasm, Ed: János Lanovics, Pharmapress, Budapest, ISBN 963 440 844 3, 

49-101, 2002

3, Kapui. Z. New Horizons of PDEIV inhibitors, Current Therapy of Smooth Muscle Spasm, 

Ed: János Lanovics, Pharmapress, Budapest, ISBN 963 440 844 3, 315-337, 2002

4, Varga, Marton;  Kapui, Zoltan;  Batori, Sandor; Nagy, Lajos T.; Vasvari-Debreczy, Lelle; 

Mikus, Endre; Urban-Szabo, Katalin; Aranyi, Peter.  A novel orally active inhibitor of HLE. 

European Journal of Medicinal Chemistry  (2003),  38(4),  421-425.  

5, Kapui, Zoltan; Varga, Marton; Urban-Szabo, Katalin; Mikus, Endre; Szabo, Tibor; Szeredi, 

Judit;  Batori,  Sandor;  Finance,  Olivier;  Aranyi,  Peter.   Biochemical  and pharmacological 

characterization  of  2-(9-(2-piperidinoethoxy)-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-

yloxymethyl)-4-(1-methylethyl)-6-methoxy-1,2-benzisothiazol-3(2H)-one-1,1-dioxide 

(SSR69071),  a  novel,  orally  active  elastase  inhibitor.    Journal  of  Pharmacology  and 

Experimental Therapeutics  (2003),  305(2),  451-459.

6,  Bidouard,  Jean-Pierre;  Duval,  Nicole;  Kapui,  Zoltan;  Herbert,  Jean-Marc;  O'Connor, 

Stephen E.; Janiak, Philip.  SSR69071, an elastase inhibitor, reduces myocardial infarct size 

following  ischemia-reperfusion  injury.    European  Journal  of  Pharmacology   (2003), 

461(1),  49-52.

123



7, Bátori, Sándor.,  Kapui, Zoltán., Aranyi, Péter.  Csúcstechnikák alkalmazása a Chinoin 

eredeti kutatásában. Magyar Kémikusok Lapja. (2002), 57, 212-216.

Publications related to topics of the dissertation

1, Kapui, Zoltan; Bence, Judit; Boronkay, Eva; Mikus, Endre; Urban Szabo, Katalin; Baranyi, 

Attila;  Aranyi,  Péter,   Behavioral  effects  of  selective  PDE4  inhibitors  in  relation  to 

inhibition of catalytic activity and competition for [3H]rolipram binding.  Neurobiology 

(Budapest), (1999), 7(1), 71-73.  

2,  Kapui,  Zoltan;  Schaeffer,  Paul;  Mikus,  Endre  Gustav;  Boronkay,  Eva;  Gyurky,  Judit; 

Herbert,  Jean-Marc;  Pascal,  Marc,   Experimental  studies  on  guanosine  3',5'-cyclic 

monophosphate levels and airway responsiveness of the novel phosphodiesterase type 5 

inhibitor SR 265579 in guinea-pigs.    Arzneimittel-Forschung  (1999),  49(8),  685-693.     

 

3,  Kapui,  Zoltan;  Mikus,  Endre  Gustav;  Bence,  Judit;  Gerber,  Katalin;  Boer,  Klinga; 

Korbonits, Dezso; Borsodi, Anna; Aranyi, Peter.  Experimental studies on the antitussive 

properties  of  the  new  xanthine  derivative  1H-purine-2,6-dione,  3,7-dihydro-3-methyl-

7[(5-methyl-1,2,4-oxadiazol-3-yl)methyl].  3rd  communication.  Examinations  on  opioid 

mechanisms and physical drug dependence.    Arzneimittel-Forschung  (1998),   48(12), 

1147-1155.  

 

4,  Mikus,  Endre Gusztav;  Kapui,  Zoltan;  Korbonits,  Dezso;  Boer,  Kinga;  Boronkay, Eva; 

Gyurky, Judit; Revesz, Judit; Lacheretz, Frederic; Pascal, Marc; Aranyi, Peter.  Experimental 

studies on the antitussive properties of the new xanthine derivative 1H-purine-2,6-dione, 

3,7-dihydro-3-methyl-7[(5-methyl-1,2,4-oxadiazol-3-yl)methyl].  2nd  communication. 

Investigations on theophylline-like activities.    Arzneimittel-Forschung  (1997),  47(12), 

1358-1363.  

124



5,  Kapui,  Zoltán;  Mikus,  Endre;  Urbán-Szabo,  Katalin;  Baranyi,  Attila;  Aranyi,  Péter. 

Drotaverine – HCl an old drug with new perspectives. Fundam. Clin. Pharmacol. (1999), 

13(suppl. 1.), 53s.

6, Mikus, Endre; Gyürky, Judit; Szeredi, Judit; Kapui, Zoltán; Urbán-Szabo, Katalin; Baranyi, 

Attila;  Aranyi,  Péter.  The  Pharmacologycal  examination  of  selective  PDE4  isoenzyme 

inhibitor, Drotaverine-HCl.  Fundam. Clin. Pharmacol. (1999), 13(suppl. 1.), 249s.

7,  Kapui,  Zoltán;  Boer,  Kinga;  Pétervári,  János;  Tardos,  László;  Hermeci,  István.  The 

mechnanism of antithrombotic activity of Depogen. Pharmacologycal Research. (1992), 25 

(suppl. 2.) 135-136.

Patents related to the topics of dissertation

1, Aranyi, Peter; Batori, Sandor; Dessilla, Stephane; Hermecz, Istvan; Kapui, Zoltan; Levai, 

Ferenc; Mikus, Endre; Pascal, Marc; Nagy, Lajos T.; Simonot, Bruno; Urban Szabo, Katalin; 

Varga, Marton; Vasvarine Debreczy, Lelle.  Saccharin derivatives as orally active elastase 

inhibitors.    PCT Int. Appl.  (2001),     29 pp.  CODEN: PIXXD2  WO  2001044245  A1 

20010621  CAN 135:46198  AN 2001:453064,  

2, Batori, Sandor; Behr, Agnes; Boronkay, Eva; Fejer, Erzsebet; Finance, Olivier; Hermecz, 

Istvan; Kapui,  Zoltan; Kiss,  Gyulane; Mikus, Endre; Timari,  Geza; Nagy, Lajos T.;  Urban, 

Szabo Katalin.   Isoquinoline derivatives  as  PDE4 inhibitors,  and their pharmaceutical 

compositions, use, and preparation process.    PCT Int. Appl.  (2001),     29 pp.  CODEN: 

PIXXD2  WO  2001064648  A1  20010907  CAN 135:226900  AN 2001:661397    

3, Baranyi, Attilane; Batori, Sandor; Behr, Agnes; Boronkay, Eva; Fejer, Erzsebet; Hermecz, 

Istvan; Kapui, Zoltan; Kiss, Gyulane; Mikus, Endre; Pascal, Marc; Takacs, Kalman; Urban, 

Szabo Katalin.   Isoquinoline derivatives  as  PDE4 inhibitors,  and their pharmaceutical 

compositions, use, and preparation process.    PCT Int. Appl.  (2001),     39 pp.  CODEN: 

PIXXD2  WO  2001064647  A1  20010907  CAN 135:226899  AN 2001:661396    

125



Presentations

1,  Drotaverine – HCl an old drug with new perspectives. Kapui, Zoltán; Mikus, Endre; 

Boronkay,  Éva;  Urbán-Szabo,  Katalin;  Baranyi,  Attila;  Aranyi,  Péter.  The  Second 

Multidisciplinary Conference on Drug Research. Poland, 2000 

2, SSR161052: Selective PDE4 inhibitor with potent anti – inflammatory activity. Kapui 

Zoltan.  Magyar  Biokémiai  Egyesület  Gyógyszerbiokémiai  Szakosztály  éves  konferenciája, 

Balatonöszöd, 2007 

3,  Foszfodiészteráz  gátlók  tesztelése  intact  sejtekben.  Kapui  Zoltan;  Boronkay  Éva; 

Pappné  Behr  Ágnes;  Bátori  Sándor;   Kiss  Gyulane;  Arányi  Péter.  Gyógyszerbiokémiai  és 

Gyógyszer-technológiai Szimpozium, Eger, 2003, szeptember 22-23

4,  Drotaverine-HCl  and old drug with  new perspectives. Kapui  Zoltan;  Mikus Endre; 

Boronkay Eva; Urban-Szabó Katalin; Baranyi Attila; Aranyi Péter. 2nd European Congress of 

Pharmacology,  Budapest, 1999 julis 3-7

4,  Human leukocita elasztáz mint molekuláris célpont. Kapui Zoltán. Magyar Biokémiai 

Egyesület Gyógyszerbiokémiai Szakosztály éves konferenciája, Balatonöszöd, 2001

5, SSR69071, renkivül aktiv és szelektiv human leukocita elasztéz gátló Kapui Zoltán.

Gyógyszerbiokémiai és Gyógyszer-technológiai Szimpozium, Visegrád, 2001. szeptember 30-

október 1

6,  Slow tight binding inhibitors in drug discovery: in the case of  DPPIV and elastase 

inhibitors Kapui, Zoltán; Bata, Imre; Boronkay, Éva; Varga, Márton;. Mikus, Endre;  Urban-

Szabo,  Katalin;  Batori,  Sándor;  Arányi  Péter.  30th  FEBS  congress  and  9th  IUBMB 

Conference, Budapest, 2005. julis 2-7

126


	5.3.1.  PDE4 inhibitory activity of drotaverine
	PDE subtype
	Phosphodiesterase isoenzymes

	rolipram
	drotaverine
	5.4. Isoquinoline type PDE4 inhibitors: structure – activity relationship


	5.4.1  Analysis of in vitro inhibitiory activity of isoquinoline type PDE4 inhibitors
	R4a
	rolipram
	Compound
	Compound

	3,Hargreave, F.E.; Parameswaran, K. Eur Respir J., 2006, 28, 264-267.


