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Abstract 

Synthesis and Anti-inflammatory evaluations of Novel Catecholopyrimidine 

derivatives for the treatment of Atopic Dermatitis 

 

Baskaran Purushothaman 

College of Pharmacy 

The Graduate School 

Seoul National University 

 

Atopic dermatitis (AD) is a chronic inflammatory skin disease affecting 

millions of people worldwide.  Dysregulated cytokine release from activated 

immune cells is the major underlying cause of AD. For the past decades, the 

discovery of phosphodiesterase 4 (PDE4) inhibitors as anti-inflammatory 

drugs for the treatment of atopic dermatitis (AD) have been investigated. 

However, a fewer number of drugs only approved by the United States federal 

drug administration (US-FDA). PDE4 is a major cyclic adenosine 

monophosphate (cAMP) hydrolyzing enzyme and play an important role in 

the inflammatory response. PDE4 enzyme is primarily found in inflammatory 
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and immune cells. Selective inhibition of PDE4 enzyme favorably suppresses 

the production of inflammatory cytokines and subsequently arrest the 

development of atopic dermatitis via modulating the intracellular cAMP 

levels. Considering the side effects of corticosteroids, selective inhibition of 

PDE4 could constitute an effective alternative therapy for the treatment of 

atopic dermatitis (AD). 

In this work, a series of novel catechol based compounds bearing a pyrimidine 

as the core have been designed and synthesized. In chapter I, introduction to 

atopic dermatitis and PDE4 enzyme is presented. In chapter II, design, 

synthesis, molecular docking, in-vitro and in vivo properties of the 

synthesized compounds is presented. In vitro PDE4 enzyme assay confirmed 

that compounds 1 and 23 specifically inhibits PDE4B enzyme. The in-vivo 

animal study of the active compounds 1 and 23 were analyzed using DNCB-

induced Balb/c and NC/Nga mice. The animal study confirmed that 

compound 23 suppressed the levels of pro-inflammatory cytokines such as 

TNF-α, IL-4, IL-5, and IL-17. Moreover, compound 23 significantly reduced 

the infiltrative CD4+ T-helper cells, mast cells and IgE levels in atopic tissue. 

Thus, the in-vitro and in-vivo data suggested that compound 23 specifically 

inhibited the PDE4B enzyme and the symptoms of the AD in atopic mice. 
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Taken together, this work suggested that compound 23 could be an effective 

PDE4B inhibitor for the potential treatment of AD. 

Keywords: atopic dermatitis; phosphodiesterase-4; molecular docking; 

catecholopyrimidine; dinitrochlorobenzene. 

Student Number: 2013-31348 
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Chapter-I 

1. Introduction 

1.1. Atopic dermatitis 

Atopic dermatitis (AD) is the most common inflammatory skin disease 

affecting young children, at a prevalence rate of 15 – 25% globally [1, 2]. The 

clinical evidence suggested that the AD is one of the most common chronic 

inflammatory skin disorder associated with hyper-reactivity to environmental 

triggers and it is characterized by eczematous skin plaques and intense itch 

(pruritus). Pruritus has a major impact on the quality of sleep and is associated 

with profound negative effects on the quality of life for AD patients [3]. 

Earlier data showed the disease is affecting only >7 years old children with 

prevalence rate of 25%, however the recent data shows that AD is also very 

popular among adults with 7-10% prevalence rate. Data from the WHO 

Global Burden of Diseases initiative indicate that at least 230 million people 

worldwide have AD. 

1.2. Causes of Atopic dermatitis 

The family history of AD is one the strongest known evidence for the AD. 

The presence of AD in parents is estimated to increase the risk of developing 
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AD in their children’s up to 3-5 fold [4, 5]. AD also involves complex 

interplay between multiple environmental (Regions with low ultraviolet light 

exposure or dry climatic conditions) and immunological factors [6]. The other 

factors/causes of AD include airborne allergens (animal dander, house dust 

mites, molds and pollens), cigarettes, microorganism (Staphylococcus 

aureus), and food allergy (Children’s allergic to cow’s milk, eggs, fish, 

peanuts). The causes of atopic dermatitis are shown in figure 1. 

 

Figure 1. Causes of atopic dermatitis. 

1.3. Symptoms of AD 

Eczematous skin lesions, scaling, and unbearable itching (pruritus) are the 

clinical features of AD [7]. It leads to the psychological difficulties such as 

anxiety, anger, and depression. Sensitization of lymphocytes to infiltrating 

allergens due to epidermal barrier dysfunction is considered to be the primary 

cause of the disease. Activated lymphocytes at the dermis region 
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constitutively secrete abnormal levels of inflammatory cytokines (e.g. IL-4, 

5, and 17) and contribute to the inflammation of the skin [8]. Several 

epidermal changes have been observed in both affected and non-affected skin 

of patients with AD, such as increased pH, easy irritability, reduced water 

retention, increased permeability to low molecular mass chemicals and 

increased susceptibility to infection. Sensitized T-helper lymphocyte cells, 

antigen-presenting cells (APC), neutrophils, and mast cells release a set of 

immunological mediators, which collectively determine the severity and 

longevity of AD [8]. 

1.4. Therapy for AD 

The topical corticosteroids therapy used for AD for past five decades, and 

provide excellent therapeutic effect. However, long-term use of 

corticosteroids is associated with side effects such as skin atrophy, acne 

rosacea, and stretch marks.  Topical calcineurin inhibitors such as, tacrolimus 

and pimecrolimus is also used as first line therapy for mild AD. 

Antihistamines such as cetirizine and levocetirizine has been also used for 

mild AD. However, less or/and insufficient evidence to use of these drugs in 

the treatment of AD. Systemic treatment such as systemic corticosteroids and 

phototherapy can be also applied for alternative therapy for the AD. Oral 
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corticosteroids such as cyclosporine, azathioprine, prednisone, methotrexate, 

and mycophenolate mofetil used for AD. Few steroids currently in clinical 

use is shown in figure 2. These drugs also showed side effects such as 

hepatotoxicity, dizziness, headache, abdominal pain, vascular disorders 

(vasculitis), gastrointestinal disorders (nausea, vomiting). To overcome these 

side effects, PDE4 inhibition has become an attractive alternative therapy for 

atopic dermatitis diseases.  

 

Figure 2. Steroids currently in clinical use. 

1.5. Targets and Current developments for the treatments of atopic 

dermatitis 

In many years topical or oral corticosteroids only used for AD. The 

development of new therapies are needed to overcome the side effects of 

steroid based drugs. Drug development for AD is currently ongoing with 

many biologics and small molecule inhibitors in clinical trials targeting 

different pathways, including suppressing activated immune pathways, 

improving the epidermal barrier, reducing the itch. Most agents in phase 2 
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trials. The blocking of IL-4, IL-5, IL-13, IL-22, and IL-31 cytokines is 

attractive target for the AD. The IL-4 inhibitor, dupilumab in adolescents with 

moderate-to-severe AD has been completed phase II study in Europe and the 

United States. The IL-5 inhibitor mepolizumab, which has been approved in 

the United States for severe asthma. However, the phase II clinical trials for 

AD is not fulfilled. IL-17 inhibitor secukinumab is also completed phase II 

trials for moderate to severe AD. The anti–IL-31 receptor α (IL31Rα) 

antibody nemolizumab is also significantly inhibited pruritus in patients with 

moderate to severe AD in a phase II clinical trial. The IL-31 antibody BMS-

981164 is completed a phase I clinical trial for AD. The neurokinin 1 receptor 

(NK1R), tradipitant is completed a phase II study for moderate to severe AD. 

JAK inhibitors is one of the novel target for the AD and it can block a range 

of cytokine, growth factor, and hormone receptor signalling pathways. Many 

JAK inhibitors in the development for AD. For example, JAK1/2 inhibitor 

baricitinib is completed for phase II study and JAK 1 inhibitor upadacitinib 

is in phase II trials. Many other oral/topical JAK inhibitors are currently being 

tested for AD. The histamine receptor type 4 (H4R) antagonist, ZPL389 is 

completed for moderate to severe AD in phase II trials.  
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Table 1. New targets and compounds for AD. 

Target  Compound  Atopic dermatitis 

indication  

Current status  Ref 

IL-4/IL-

13R 

Dupilumab Moderate to severe Phase –II trial 9 

IL-5 Mepolizumab Moderate to severe Terminated 10 

IL-13 Tralokinumab 

Lebrikizumab 

Moderate to severe Phase-II trial 

completed 

11 

IL-17 Secukinumab Moderate to severe Phase-II trial 

completed 

12 

IL-33 Etokimab Moderate to severe In phase-IIa trial 13 

IL-22 Fezakinumab Moderate to severe In phase-IIa trial 14 

IL-31Rα Nemolizumab Moderate to severe Phase –II trial 15 

IL-31 BMS-981164 Moderate to severe phase I study 

completed 

16 

NK1R Tradipitant Moderate to severe Phase II study 

completed 

17 

IgE Ligelizumab Moderate to severe Phase III study 18 

JAK1 

and 

JAK2 

Baricitinib Moderate to severe Phase II study 

completed 

19 

JAK1 Upadacitinib Moderate to severe Phase II study 

completed 

20 

JAK and 

SYK 

ASN002 Moderate to severe Phase IIa study 

completed 

21 

JAK1 

and 

JAK3 

Tofacitinib Mild to moderate Phase IIa study 22 

JAK 1, 2  

and 3 

Delgocitinib Mild to moderate Phase III trial 23 

JAK 1 

and 2 

Ruxolitinib Moderate to severe Phase IIb trial 24 

H4R ZPL389 Moderate to severe Phase IIa study 

completed 

25 

PDE4 Crisaborole  Mild to moderate Approved 26 

PDE4 Roflumilast Moderate Phase IIa trial 27 

PDE4 RVT-501 Mild to moderate Phase II trail 28 

PDE4 Apremilast Mild to moderate Phase II trail 29 

PDE4 LEO-29102 Mild to moderate Phase I study 

completed 

30 
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1.6. PDE4 inhibitors currently in development for AD 

The intracellular levels of cAMP have been implicated in the reduction of 

lymphocyte-derived cytokine and chemokines. However, PDE4 present in the 

inflammatory cells diminish the intracellular levels of cAMP through the 

hydrolysis of cyclic nucleotides. Increased level of PDE4 in cell from AD 

patients have been reported and targeting the PDE4 using specific 

 

Figure 3. PDE4 inhibitors currently available and in development for AD. 

 

inhibitors is believed to decrease the secretion of proinflammatory mediators 

in AD patients. Recently, crisaborole a topical boron-based compound that 

selectively inhibits the PDE4 and has been approved by the US FDA for mild 

to moderate AD. This drug is available as 2% ointment. The other topical 
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PDE4 inhibitor that are currently in development for treatment of AD 

includes E6005/RVT-501, DRM02, OPA-15406/MM36, and LEO-29102 is 

also completed phase II study for mild to moderate AD. The topical PDE4 

inhibitor, E6005/RVT- 501 evaluated for phase 1 and 2 clinical studies. The 

results are promising in in children and adults in Japan. However, these drugs 

not yet studied for phase 3 clinical trials. The oral PDE4 inhibitor apremilast 

is approved for psoriatic arthritis and patients with moderate to severe plaque 

psoriasis and now in phase II study for AD. The clinical study of apremilast 

was conducted in patients with AD. The results are promising, however, 

diarrhea and nausea were more common side effects. These gastrointestinal 

side effects are not seen in the topical formulations of PDE4 inhibitors than 

oral PDE4 inhibitors. The limited topical treatments for patients with AD 

have led to development of novel nonsteroidal targeted therapies. PDE4 plays 

a role in the regulation of the inflammatory cells with AD. Thus it making the 

PDE4 is the novel and desired target for AD. The topical corticosteroids and 

calcineurin inhibitors affects broad range of cytokines involved in AD. 

However, the mechanism of PDE4 inhibitors is different from the 

corticosteroids. Overall, the clinical evidences suggested that targeting the 

PDE4 enzyme may be a safe and effective approach to the management of 

AD. 
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1.7. Phosphodiesterase-4 enzyme (PDE4) and Cyclic adenosine 

monophosphate (cAMP) 

Cyclic adenosine monophosphate (cAMP) regulates numerous metabolic 

reactions. The regulatory function of the cAMP is generally cell dependent. 

cAMP-mediated protein kinase-A (PKA) signaling negatively regulates the 

expression of pro-inflammatory cytokines in lymphocytes and macrophages 

[31, 32]. Elevated intracellular levels of cyclic adenosine monophosphate 

(cAMP) have been implicated in the reduction of lymphocyte -derived 

cytokine and chemokines. However, Phosphodiesterases (PDEs) present in 

the inflammatory cells diminish the intracellular levels of cAMP through the 

hydrolysis of cyclic nucleotides [33, 34]. The chemical structure of cAMP 

and cGMP and degradation of cAMP by PDE4 enzyme are shown in figure 4 

and 5. Phosphodiesterases are enzymes that hydrolyze cAMP and cyclic 

guanosine mono phosphate (cGMP) into their inactive form of 5’-adenosine 

mono phosphate (5’AMP) and 5’- guanosine mono phosphate (5’GMP), 

respectively (Figure 5) [35]. PDEs are subdivided into 11 different groups 

based on sequence similarity, biochemical properties, and inhibitor selectivity. 

PDEs are further classified into: (i) cAMP-specific (PDE4, 7, and 8); (ii) 

cGMP- specific (PDE5, 6, and 9); and (iii) specific to both cAMP and cGMP 

(PDE1, 2, 3, 10, and 11) [36, 37] based on their affinity to cAMP or cGMP. 
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Among the cAMP-specific PDEs, PDE4 enzymes are significantly expressed 

in inflammatory cells including mast cells, eosinophils, neutrophils, T cells, 

and macrophages. Four isoforms of PDE4 have been discovered so far, i.e., 

PDE4A, B, C, and D. Earlier, it has been reported that PDE4B is the 

predominant isoform of PDE4 expressing in lymphocytes and macrophages 

[38]. It has been reported that the inhibition of PDE4D is responsible for the 

emetic side effects [39]. Selective inhibition of the PDE4B may provide a 

means to achieve efficacy while potentially mitigating the adverse effects 

such as nausea and emesis. Thus, research efforts mainly focusing on the 

selective PDE4B inhibitors to minimize the side effects [40-43]. The 

degradation of cAMP by PDE4 enzyme can cause immune cell activation and 

release of proinflammatory cytokines such as TNF-α, IL-4, IL-5, IL-17 and 

IFN-γ. Inhibition of PDE4B in lymphocytes and macrophages could 

effectively elevate intracellular cAMP levels, which can effectively suppress 

the expression of inflammatory cytokines [44]. 

 

 



11 
 

 

Figure 4. Chemical structure of cyclic adenosine monophosphate (cAMP) 

and cyclic guanosine monophosphate (cGMP). 

 

 

Figure 5. The degradation of cAMP by PDE4 enzyme. 

Antihistamines and corticosteroids are widely used to treat inflammatory skin 

diseases (AD), but side effects, such as skin-atrophy, present a serious issue 

[45, 46]. PDE4B inhibition has become an attractive alternative therapy for 

inflammatory diseases such as psoriasis, psoriatic arthritis, chronic 

obstructive pulmonary disease (COPD) and rheumatoid arthritis [47, 48]. It 

has to be noted that overexpression of PDE4 enzyme has been reported in the 

activation of lymphocytes and degranulation of mast cells [49-51]. Several 
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oral PDE4 inhibitors are in clinical trials. For example, roflumilast as a 

potential second generation PDE4B inhibitor, recently approved by FDA. 

However, several reports suggested that roflumilast causes nausea and emesis 

as its major side effects due to abnormalities that resulted in the 

gastrointestinal tract (GIT) and the central nervous system (CNS), 

respectively [52-55]. Apart from the antagonist role in the regulation of pro-

inflammatory mediators, the second messenger cAMP has been implicated in 

the regulation of virtually every physiological process, including the opening 

of ion channels, muscle relaxation, cellular differentiation, neuro muscular 

interaction, carbohydrate and lipid metabolism, and cell death mechanism 

[56-61]. Due to these active roles, it seems that side effects are inevitable for 

the long-term administration of oral PDE4 inhibitors. Thus, a great deal of 

clinical attention is required while administering oral PDE4 inhibitors. 

Conversely, topical application of PDE4 inhibitors can be an optimal choice 

to treat AD, since it is expected to exhibit less interference to cAMP-relevant 

metabolism. Recently, phase-2 clinical trials of roflumilast, apremilast and 

LEO-29102, a PDE4 inhibitors, has been completed for AD [62, 63]. 

Nonetheless, a safe and side-effect free non-steroidal anti-inflammatory 

PDE4 inhibitors is still needed for the treatment of allergic inflammatory 

disorders. 
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Chapter II 

2. Design, synthesis, and anti-inflammatory evaluations of 

catecholopyrimidine derivatives 

2.2. Medicinal chemistry design strategy 

In order to develop a next generation novel PDE4 inhibitor, we rationally 

designed the compounds by covalently combining the available ligands such 

as catechol (3,4-dialkoxyphenyl) moiety with pyrimidine core into a single 

active molecule. Design strategy and chemical structures of different PDE4 

inhibitors are shown in Figure 6 and 7. 

 

Figure 6. Design strategy of compounds and chemical structures of 

different PDE4 inhibitors. 
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Figure 7. Designing the PDE4 Inhibitors. 

The functionalization of catechol moiety to the pyrimidine core is one of the 

novel approaches for ligand based PDE4 drug discovery (Figure 7). In 

addition to that, the catechol pyrimidine core is a potential bioisostere of 

adenosine and also mimics the nucleotide part of the cAMP. The co-crystal 

structure of the 3,4-dialkoxyphenyl (catechol ether) functionalized 

compounds (e.g. rolipram, cilomilast, roflumilast, and apremilast) bound to 

PDE4B active site has revealed that the hydrophobic interactions with 

residues in the bivalent metal binding pocket(M pocket) and glutamine pocket 

(Q pocket) are very important for their PDE4 inhibition activity 

[66].Pyrimidine derivatives, such as pyrido[3’,2’:4,5]furo[3,2-d]pyrimidine 

and other pyrimidine heterocyclic compounds have been extensively 

described for their PDE4 inhibitory activity [64, 65]. The phenyl pyrimidine, 

5,5-dioxo-7,8-dihydro-6H-thiopyrano[3,2-d]pyrimidine, and pyridazino[4,5-

b]indolizines derivatives also reported as selective PDE4B inhibitors [41, 
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42,67].  In drug design strategy, trifluoromethyl (-CF3) group introduced to 

the pyrimidine core to enhances the drug likeliness of newly synthesized 

compounds. Many reports also suggested that the -CF3 functionalized 

compounds offers the characteristics of high electronegativity, enhanced 

permeability to cell membrane, increased lipophilicity for a particular affinity 

to a target protein, and minimized drug metabolism [68, 69]. These 

characteristics enhances the drug likeliness of newly synthesized compounds.   

2.3. Results  

2.3.1. Synthesis of small molecules 

The synthesis of morpholine and catechol functionalized pyrimidine core 

compounds is depicted in Scheme 1 and 2. The condensation reaction of 

diethyl ethoxymethylenemalonate with different substituted amidines, such 

as trifluoromethylacetamidine or S-methylisothiourea hemisulfate salt, in the 

presence of sodium ethoxide as alkaline catalyst, provides 2-(trifluoromethyl) 

or 2-(methylthio)pyrimidinone (i). The chlorination of (trifluoromethyl) or 2-

(methylthio)pyrimidinone with POCl3 at 100 C yielded Ethyl 4-chloro-2-

(methylthio)4-chloro-2-(trifluoromethyl)pyrimidine-5-carboxylate  (Scheme 

1 and 2, (ii)). The nucleophilic substitution (SN2) reaction of 

chloropyrimidine (ii) with morpholine provided the corresponding 
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morpholinopyrimidine esters (Scheme 1, (iii)) in the presence of DIPEA in 

2-propanol. These morpholinopyrimidine ester were hydrolyzed to the 

corresponding acids (iv) by using aqueous NaOH in ethanol. To this 

pyrimidine acid intermediates (iv) different aromatic amines were coupled by 

acid-amine reaction to get morpholinopyrimidine carboxamides (v, 1-8). The 

library of catecholopyrimidine carboxamides 11-26 were synthesized from 

Ethyl 4-chloro-2-(methylthio) or Ethyl 4-chloro-2-

(trifluoromethyl)pyrimidine-5-carboxylate (ii).The classical Suzuki cross-

coupling reaction of chloropyrimidine intermediates (ii) with 3,4-

dimethoxyphenylboronic acid in the presence of 

tris(dibenzylideneacetone)dipalladium[0] and potassium fluoride under 

thermal heating provides the Ethyl 4-(3,4-dimethoxyphenyl)-2-

(trifluoromethyl)pyrimidine-5-carboxylate or Ethyl 4-(3,4-

dimethoxyphenyl)-2-(methylthio)pyrimidine-5-carboxylate (Scheme 2, (vi)) 

in good yields. The Suzuki cross-coupling reaction was optimized to get 

catecholopyrimidine compounds by following previously published 

procedure [70]. When we use 1.5 equivalent of 3,4-dimethylphenylboronic 

acid, intermediate (vi) was produced in 74% yield. This is followed by the 

ester hydrolysis of intermediates-(vi) with 1N NaOH in ethanol, providing 

the corresponding 4-(3,4-dimethoxyphenyl)pyrimidine-5-carboxylic acids 
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(Scheme 2, (vii)). Compounds 16 and 21 were synthesized from the oxidation 

of 13 and 20 by m-CPBA used as oxidant (Scheme 5). 

 

Scheme 1. General synthetic scheme: Synthesis of compounds 1-8. Reagents 

and conditions: (a) sodium ethoxide, EtOH, 78⁰C, 8h; (b) POCl3, 100⁰C, 3h; 

(c) morpholine, DIPEA, 2-propanol, RT, 3 h; (d) 1N NaOH, EtOH, RT, 4h; 

(e) selected amines, EDCI, HOBt, DIPEA, DMF, RT or (COCl)2, DMF(cat), 

DCM, 0⁰C→RT. 

 

The catecholopyrimidine compounds 11 and 18 were synthesized according 

to a previously reported procedure [46]. Briefly, the acid derivatives4-(3, 4-

dimethoxyphenyl)-2-(methylthio or trifluoromethyl)pyrimidine-5-carboxylic 
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acid, (iv) or (vii) were activated using oxalylchloride to afford pyrimidine 

acid chlorides such as 4-(3,4-dimethoxyphenyl)-2-(trifluoromethyl or 

methylthio)pyrimidine-5-carbonyl chloride. This was followed by the 

reaction of p-nitrophenol, obtaining pyrimidinenitrophenol ester compounds, 

(4-nitrophenyl 4-(3,4-dimethoxyphenyl)-2-(trifluoromethyl or 

methylthio)pyrimidine-5-carboxylate) which were reacted with amino-3,5-

dichloropyridine in the presence of sodium hydride as base at 0C to obtain 

final products 11 and 18. The synthetic scheme of compounds 11 and 18 were 

described in scheme 4. A library consisting of morpholino (Scheme 1, (v)) 

and catecholopyrimidine (Scheme 2, (viii)) carboxamides were prepared by 

treating corresponding acid intermediates ((iv), (vii)) respectively, with a 

variety of aromatic and aliphatic amines using solution-phase synthesis. The 

acid-amine coupling reaction was performed by either acid-activating agent 

EDCI with Hunig’s base or the activation of acid intermediates by vilsmeier 

reaction. In the vilsmeier reaction, addition of oxalyl chloride and catalytic 

amount of DMF to the acid intermediate at 0⁰C formed acid chloride by. 

Different substituted aromatic and aliphatic amines were then reacted to this 

to form the final product. The compounds’ novelty was checked, and they 

were not present in any accessible academic database (e.g., PubChem, 

Scifinder). The structure and molecular weight of the compounds were 
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verified by NMR, IR, and ESI-mass spectroscopy. We further characterized 

the active compound 23 by 2D NMR (COSY, NOESY, HMBC, and HSQC) 

spectroscopy to assign all of the protons and carbons of compound 23. 

 

 

Scheme 2. General synthetic scheme: synthesis of compounds 11-26. 

Reagents and conditions:  (a) 3,4-dimethoxyphenylboronic acid, Pd2(dba)3, 

P(t-Bu)3, KF, THF (dry), 65⁰C, 14h; (b) NaOH, EtOH, 6 h, reflux; (c) Amines, 

EDCI, HOBt, DIPEA, DMF or (COCl)2, DMF(cat), DCM, 0⁰C→RT. 
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Scheme 3. Synthesis of compounds 9 and 10. Reagents and conditions: (a) 

DIPEA, 2-propanol, RT; (b) NaOH, EtOH, 6 h, reflux; (c) Amines, EDCI, 

HOBt, DIPEA, DMF or (COCl)2, DMF(cat), DCM, 0⁰C→RT. 
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Scheme 4. Synthesis of compound 11 and 18. Reagents and conditions: a) 

oxalyl chloride, dichloromethane, 0C to RT; b) p-nitrophenol, 

dichloromethane, RT; c) amino-3,5-dicloropyridine, NaH, DMF, 0C to RT. 

 

Scheme 5. Synthesis of compounds 16 and 21. 
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2.3.2. In vitro PDE4 enzyme assay of synthesized compounds 

The library of synthesized compounds was tested for dose-related PDE4B 

enzyme inhibition at different concentrations ranging from 1 nM–5000 nM 

using rolipram as a control drug. IC50 values for the compounds were 

calculated based on the molar concentration of PDE4B inhibitor required for 

50% inhibition of the cAMP substrate into 5’AMP.  We have studied the 

structure activity relationship (SAR) of the pyrimidine nucleus against 

PDE4B enzyme to get active compound (Figure 8). The different functional 

groups were substituted at 2, 4, and 5th-positions of pyrimidine nucleus and 

their PDE4B inhibitory potential was evaluated. The main catechol (3, 4-

dimethoxyphenyl) scaffold was functionalized with different substituents at 

the 4th- and 5th-positions of the -CF3 or -SCH3 functionalized pyrimidine 

nucleus to determine the precise molecular feature required for PDE4 

inhibition. Firstly, we have introduced and fixed the morpholine ring to the 

4th position of the pyrimidine nucleus (i.e. morpholinopyrimidine). Then 

different aromatic amines were coupled at the 5th position of the 

morpholinopyrimidine acid by EDCI coupling reaction to get 

morpholinopyrimidine carboxamides and interpreted their PDE4 inhibitory 

activity. In particular, the acid-amine coupling reaction of aromatic amine 

such as 3,4-dimethoxyphenyl (catechol) amine to the 2-(trifluoromethyl) or 



23 
 

2-(methylthio)-4-morpholinopyrimidine-5-carboxylic acid, significantly 

enhanced PDE4B inhibition activity (e.g., Compound 1, 5, and 8). We have 

introduced catechol moiety to the 4th position of pyrimidine nucleus to 

improve the inhibitory activity of the compounds against PDE4B. 

Interestingly, the Suzuki coupling reaction of 3,4-dimethoxyphenylboronic 

acid at the 4th position of the pyrimidine nucleus obtained 

catecholopyrimidine intermediate (Scheme 2, (vii)). Substitution of aromatic 

amine, such as 4-aminopyridines, to the catecholopyrimidine intermediate 

(vii) drastically increased PDE4B-inhibitory activity. 
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Figure 8. The structure activity relationship (SAR) of the pyrimidine 

nucleus against PDE4. 
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Table 2. Synthesized compounds and its PDE4B IC50 values 

 

 
 

Compounds 

Number 

R
1
 R

2
 R

3
 PDE4B 

IC
50

(nM)a 

1 3,4-dimethoxyphenyl Morpholine -SCH
3
 31±7.17 

2 2-(3,4-dimethoxyphenyl)ethyl Morpholine -CF
3
 150±3.07 

3 2-(1H-indol-3-yl)ethyl Morpholine -SCH
3
 166±5.67 

4 4-fluorophenyl Morpholine -SCH
3
 367±8.51 

5 3,4-dimethoxyphenylethyl Morpholine -SCH
3
 61±2.65 

6 2,4-dimethoxyphenylmethyl Morpholine -CF
3
 74±3.0 

7 3,5-dichloro-4-pyridyl Morpholine -SCH
3
 73±3.7 

8 3,4-dimethoxyphenyl Morpholine -CF
3
 67±3.0 

9 2-(3,4-dimethoxyphenyl)ethyl 2-(piperazin-1-yl)ethan-1-

ol 

-SCH
3
 238±4.046 

10 3,4-dimethoxyphenyl 2-(piperazin-1-yl)ethan-1-

ol 

-SCH
3
 881±13.391 

11 3,5-dichloro-4-pyridinyl 3,4-dimethoxyphenyl -SCH
3
 178±3.382 

12 4-pyridinyl 3,4-dimethoxyphenyl -SCH
3
 95±1.045 

13 4-tetrahydropyranyl 3,4-dimethoxyphenyl -SCH
3
 239±3.250 

14 4-tetrahydropyranyl 3,4-dimethoxyphenyl -CF
3
 266±5.479 

15 N,N-diethyl 3,4-dimethoxyphenyl -CF
3
 833±20.15 

16 4-tetrahydropyranyl 3,4-dimethoxyphenyl -SO
2
CH

3
 506±9.5 

17 cyclopropyl 3,4-dimethoxyphenyl -CF
3
 252±5.04 

18 3,5-dichloro-4-pyridinyl 3,4-dimethoxyphenyl -CF
3
 44±2.50 

19 N,N-diethyl 3,4-dimethoxyphenyl -SCH
3
 NTb 

20 cyclopropyl 3,4-dimethoxyphenyl -SCH
3
 477±11.68 

21 cyclopropyl 3,4-dimethoxyphenyl -SO
2
CH

3
 189±5.0 

22 2,6-diisopropylaniline 3,4-dimethoxyphenyl -CF
3
 222±4.56 

23 4-pyridinyl 3,4-dimethoxyphenyl -CF
3
 15±0.4 

24 2-morpholinoethanyl 3,4-dimethoxyphenyl -CF
3
 195±5.28 

25 3,4-dimethoxyphenyl 3,4-dimethoxyphenyl -CF
3
 61±1.5 

26 3,4-dimethoxyphenyl 3,4-dimethoxyphenyl -SCH
3
 634±8.876 

Rolipram (µM) - - - 1.27±0.05 

a Data reported are the mean of three independent experiments. bNT = not tested. 
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Remarkably, the compounds (e.g., Compound 18, 23, and 25) bearing a 

catechol moiety to the 4th position of the pyrimidine nucleus exhibited 

excellent PDE4 inhibitory ability, compared to that of catechol moiety 

substituted at the 5th position. This was also observed in the results of4-

aminopyridine-substituted at 5th position of pyrimidine acid intermediates 

(e.g., 7, 12, 18, and 23) (See Table 2). However, coupling of aliphatic amines 

at the 5th position of 4-(3, 4-dimethoxyphenyl)-2-(methylthio) pyrimidine-5-

carboxylic acid decreased the PDE4B-inhibition activity (e.g. 15 and 17). The 

compound 23 showed fifty-five time’s higher activity than compound 15, this 

modification reveals that the catechol moiety is ideal and required for PDE4B 

inhibition activity. Generally, the -CF3 functionalization to the 2nd position of 

the pyrimidine nucleus exhibited better PDE4B activity (compounds 6, 8, 18, 

23, and 25) compared with thiomethyl (-SCH3) substituted compounds. In 

conclusion, catechol-pyrimidine based small molecules 1, 5, 8, 18, 23, and 25 

exhibited excellent PDE4B inhibitory activity, with IC50 values in the 

nanomolar range. In particular, the IC50 values of compound 1 and 23 are 

31±7.17nM and 15±0.4 nM, respectively. Table 2 shows the IC50 values of 

synthesized small molecule inhibitors.  Further to find whether the most 

active compounds 1, 5, 8, 18 and 23 possess the selectivity against PDE4B, 

enzyme inhibition assay against PDE1A, PDE3B, PDE11A, and all the 
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isoforms of PDE4 enzyme (PDE4A, B, C, and D) was performed.  Result 

depicted in Table-2 showed that catechol at the 4th position of pyrimidine 

nucleus has more preference for PDE4 enzyme over other PDEs (PDE1A, 

PDE3B and PDE11A). For example, the compound 23 selectively inhibited 

the PDE4B compared to the other PDEs and PDE4 iso-enzymes, and up to 

several fold higher PDE4B inhibitory activity than rolipram. The dose 

dependent inhibition of PDE4 isoenzymes and other PDEs by compound 23 

are shown in Figure.9. Compound 23 showed seven-fold higher selectivity 

towards PDE4B compared to the PDE4D.  However, the compounds 1 and 8 

bearing a 3,4-dimethoxyphenyl (catechol) group at the 5th position of 

pyrimidine core showed low selectivity for PDE4B over PDE1A, PDE3B and 

PDE11A (Table 3). 
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Figure 9. (a) Dose dependent inhibition of PDE4 isoenzymes activity by 

compound 23. (b)  Dose dependent inhibition of PDE11A, PDE3B, and 

PDE1A by compound 23. Values were compared with control. (mean±SD; 

n=3). 
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Table 3. The IC50 values of selected compounds on various PDEs. 

 

PDEs, IC
50

(nM)
a

 

Compounds PDE1A PDE3B PDE11A PDE4A4 PDE4B1 PDE4C1 PDE4D7 

1 756±58.98 800±45.78 480±35.07 45±3.54 31±7.17 77±8.8 220±16.3 

5 NT
b

 NT
b

 659±12.40 284±3.60 61±2.65 326±5.60 136±8.70 

8 678±5.0 950±1.5 1500±6.4 100±4.6 67±3.0 156±7.65 385±2.30 

18 281±10.60 321±7.50 245±9.0 89±2.80 44±2.50 39±4.45 360±1.50 

23 98± 8.45 169±3.78 250±8.56 152±1.33 15± 0.4 57±4.87 108±3.78 

Rolipram 

(IC50, µM) 

NT
b

 NT
b

 NT
b

 1.95±0.25 1.27±0.05  1.68±0.10 1.05±0.30 

aData reported are the mean of three independent experiments. 

b NT = not tested. 
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2.3.3. Molecular docking study of active compound 23 

A molecular docking study was performed in order to obtain further insight 

into the binding modes of the most active compound 23 into the cAMP 

binding site of PDE4A, B, C and D enzymes. The reference compound 

rolipram, a well-known inhibitor of PDE4, was also docked with PDE4B to 

compare with compound 23 (Figure 10 and 11). PDEs are mainly constituted 

of three domains: An N-terminal regulatory domain, a catalytic domain, and 

a C-terminal domain. The most conserved catalytic domain usually consists 

of 17 α-helices [72-74] and forms a deep pocket located at the junction of the 

three subdomains. It consists of a metal binding pocket (M pocket) containing 

bivalent (Zn2+, Mg2+) metals which form a complex with phosphate moiety 

of cAMP, and a (Q pocket) containing glutamine, which forms hydrogen 

bonds with the nucleotide moiety of cAMP and a solvent pocket (S pocket). 

The crystal structure of the 3,4-dialkoxyphenyl (catechol) functionalized 

compounds bound to PDE4B active site has revealed that the hydrophobic 

interactions with residues in the M pocket and Q pocket are very important 

for their PDE4 inhibition activity [75]. Molecular docking of compound 23 

and reference compound rolipram were performed on a binding model based 

on the PDE4B crystal structure (PDB: 1F0J) by the CDOCKER protocol. The 

docking score of compound 23 and rolipram were -4.10 and -3.31, 
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respectively. This computer simulated docking scores support the affinity and 

biological activity of the compound 23. The 3D optimal conformation and 

schematic 2D diagram of compound 23 and rolipram in the PDE4B active site 

and the corresponding amino acids responsible for all of the major 

interactions are shown in Figure 10. From the docking study it has been 

shown that the amino acid residues which are mostly responsible for binding 

with cAMP in PDE4B (Asp 392, Ile 410, Tyr 233, Cys 499) are present in 

both compound 23 as well as in rolipram. However, compound 23 shows 

more binding interaction with other amino acid residues (Phe 414, Pro 396, 

Leu 393 His 234, Thr 345) which constitute strong affinity. From these 

interactions it is confirmed that compound 23 is deeply embedded into the 

active site of PDE4B than rolipram. From the docking result, it can be seen 

that the fluorine molecule (-CF3, Fa) within 3.23 Å  of Gln 500 generates a 

strong halogen bond, and another fluorine atom (-CF3, Fb) forms a strong 

halogen bond with His 234 within 3.71 Å . The –CF3 group in compound 23 

itself exhibits a very important hydrophobic interaction with His 234 and Phe 

414 residue (Phe 414 is highly conserved among PDE family). The -CF3 

group which has tremendous influence in medicinal chemistry is absent and 

responsible for very limited interaction in the reference compound rolipram 

compared to compound 23. In halogen bonding, a fluorine atom is the donor 
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and can establish conventional hydrogen bonding and other halogen bonds, 

with the protein molecule providing additional stability. The –CF3 group on 

an aryl system increases lipophilicity, whereas fluorination of saturated alkyl 

groups results in decreased lipophilicity [76]. The -CF3 group also polarizes 

the compound and increases the positive intermolecular interaction between 

the receptor and fluorine atom [77]. The halogen bonds between fluorine atom 

of the –CF3 group with Gln 500 and His 234 constitute important parameter 

to the PDE4 inhibition. This was also in agreement with PDE4B enzyme 

assay. In contrast to the binding mode of rolipram, it is observed that Asp 346 

forms a strong hydrogen bond with catechol methoxy group with the distance 

3.22 Å , and Pro 396 forms another strong–hydrogen bond with pyridine 

nitrogen with the distance 3.69 Å  in compound 23. These seem to be the 

reason for the stability and improvement of the biological activity and 

selectivity within the binding pocket of the target protein PDE4B (Figure 10a 

and 10b). The hydrophobic interactions are also superior in compound 23 

compared to the reference compound rolipram in the hydrophobic pocket. 

The other two hydrogen bonds with Glu 304 and Asp 346 are also vital for 

the stabilization of the binding mode. On the other hand, Leu 393, His 234, 

Phe 414, and Met 347 form strong hydrophobic interactions with ligand atoms 

(compound 23), making the ligand more stable in the hydrophobic pocket of 



33 
 

the protein (Figure. 10a and 10b). The hydrophobic interactions constitute 

critically important structural parameters, and exhibit a direct correlation with 

binding free energy in the thermodynamics of the protein-ligand interaction. 

The interactions between the ligand and the hydrophobic side chains of the 

protein molecule contribute significantly to the binding free energy in a 

receptor ligand association [78, 79]. The hydrophobic residues in the protein 

molecule usually repel water and other polar groups, thereby increasing a net 

attraction of non-polar groups of the ligand [80]. Hydrophobic amino acid 

residue, such as phenyl alanine, serves to affix the ligand within the active 

site of PDE4B. In addition, the aromatic ring of phenyl alanine in PDE4B 

may also participate in the stacking interaction with the aromatic moieties of 

the ligand. The Figure. 12 results also suggest that the compound is deeply 

embedded into the active site of PDE4B. We also successfully docked 

compound 23 with PDE4 A, C, and D enzymes with respective PDB ID 

2QYK, 2QYM, and 3G4K to validate the selectivity of our synthesized 

compound 23 towards these enzymes with the docking score -8.85, -4.26, and 

-7.06. In all cases, however, interactions of compound 23 with these PDE4 

subtypes were limited (Figure 12). The 3D optimal conformation of 

compound 23 in the active site of PDE4 A, C, and D and their comparative 

study of all major interactions are shown in Figure.12. From these 
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computational studies, we have confirmed that the compound 23 is selective 

towards PDE4B. Thus, compound 23 could constitute a potential inhibitor of 

PDE4B with potent anti-inflammatory activity. 

 

Figure 10. Binding mode of compound 23 and rolipram in the catalytic 

domain of PDE4B.  Schematic 2D and 3D diagram of compound 23 (a, b) 

and rolipram (c, d) in catalytic pocket of PDE4B. (Compound 23 and rolipram 

are colored in yellow in 3D diagram (b, d)). 
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Figure 11. Binding mode between the compound 23 and PDE4B catalytic 

binding site. 

 

Figure 12. Molecular docking of compound 23 with PDE4 A, B, C, and D 

enzymes. 
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2.3.4. X-ray crystal structure of active compound 23 

 

Figure 13. The ORTEP diagram of compound 23. Ellipsoids are drawn at 

50% probability level. 

 

Crystallization of compound 23 was attempted by using different solvent 

systems through changing the polarity, boiling point, and temperature 

conditions (0-30C). Finally, single crystals of compound 23 were obtained 

by slow evaporation of chloroform and hexane solvent mixture in 1:1 volume 

ratio at 4C. Compound 23 crystallized in the monoclinic form with space 

group P21/n. All C-C bond lengths in the structure are almost similar ( 1.3 

to 1.4Å ), except amide carbon (C16, 1.50 Å ) and –CF3 carbon (C5, 1.51 Å ), 

and are typical sp2 hybridized carbon-carbon bonds. Unfavorable H-H, N-H, 

and O-H interactions are not found within the molecule. The aminopyridine 
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ring in compound 23 is bifurcated by C1 and C16 through amide bond (C16, 

N17, and O1), and orient near perpendicularly to the pyrimidine nucleus. The 

bond lengths and bond angles of the fluorine atoms attached to carbon in the 

–CF3 group are almost similar (F1, F2, F3 1.3Å  and 107). The planes of 

catechol moiety attached to pyrimidine nucleus (i.e., catecholopyrimidine) 

were slightly twisted by 123and 117 dihedral angle (C1-C7-C8 and N6-C7-

C8), which may be due to two methoxy groups attached in C11 and C10 

position in the catechol structure. The ORTEP representation of compound 

23 is shown in Figure 13, and the solvent is omitted for clarity. The crystal 

data for compound 23 shown in table 3. 

2.4. The in vivo animal study of active compounds 1 and 23 

2.4.1. Compound 23 treatment alleviates AD-like symptoms in BALB/c 

mice  

Based on the IC50 values and the molecular docking analysis, compound 23 

was chosen for in vivo analysis. DNCB was used to induce AD-like symptoms 

on the dorsal skin of Balb/c mice (Figure. 14A). AD-like skin features were 

confirmed by evaluating the dryness of the skin, erosion, erythema, and 

hemorrhage. AD symptoms was progressively increased in response to the 

periodic doses of DNCB in Balb-c mice. The compound 23 treatment clearly 
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reversed these DNCB-induced AD symptoms in experimental mice (Figure. 

14A). To evaluate the degree of clinical response to the inhibitor treatment, 

dermatitis score was calculated. Skin features of dermatitis, such as 

erythema/hemorrhage, edema, excoriation/erosion, and scaling/dryness were 

considered in the evaluation. Dermatitis scores were significantly very high 

and progressive in DNCB treated mice as compared to the control group of 

mice (p<0.001).  However, topical application of compound 23 daily once to 

the AD-induced mice remarkably relieved the mice from the AD like 

symptoms. The dermatitis score significantly reversed after the second week 

of drug treatment compared to the DNCB-alone treated mice (Figure. 14B 

and 14C). Itching is the major clinical outcome in AD. Scratching frequency 

was monitored to determine the efficacy of the synthesized compounds 

against itching behavior in the experimental mice. The observed results 

clearly indicated that the DNCB-induced scratching frequency was 

significantly reduced in compound 23 (p<0.01) treated AD-induced 

experimental mice (Figure. 14D).  
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Figure 14. (A) Experimental scheme for the DNCB-induced AD model in 

Balb/c mice. (B) Image represent the AD in experimental groups, which were 

taken before sacrifice. (C) Epidermal skin score of compound 23 (CO-23) 

treated AD induced mice were compared with control and DNCB-treated 

mice. (D) Scratching frequency in experimental animals. (E) Epidermal 

thickness of the dorsal skin of experimental mice. Data represent the mean ± 

SEM (n = 6). *** p＜ 0.001 vs. DNCB. 
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2.4.2. Histological observation of compound 23 treated BALB/c mice 

Physical features of the skin of experimental mice were carefully examined. 

Marked hypertrophy and edematous features were observed in the skin of the 

DNCB-treated mice. In contrast, skin features of compound 23 treated atopic 

mice exhibited less hypertrophy and no signs of edema compared to the 

DNCB-treated mice. Compound 23 alone treated mice exhibited normal skin 

feature, no sign of allergy was observed. Furthermore, significantly increased 

dorsal skin thickness was observed in DNCB-treated mice (1.19 mm, p<0.001) 

as compared to that of the control group (0.45 mm). Treatment of compound 

23 (0.71 mm, p<0.01) markedly reduced the DNCB-induced dorsal skin 

thickness (Figure. 14E). Histopathological observation of tissue sections 

obtained from the experimental mice of control, compound 23 alone treated 

mice shows normal skin architecture. However, dorsal skin of the DNCB–

treated experimental mice exhibited severe epidermal hyperplasia, 

(acanthosis) hyperkeratosis, and dense infiltration of inflammatory cells into 

both the epidermal and dermal region of the skin. Treatment of compound 23 

significantly reversed the DNCB-induced alterations. H&E stained sections 

of DNCB-induced mice showed thickened epidermis compared to the control 

groups. However, reduced epidermal thickness was observed in compound 
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23-treated AD-induced mice, as compared to the DNCB-alone treated mice 

(Figure. 15A). 

2.4.3. Compound 23 treatment suppress the inflammatory mediators 

Serum IgE level is directly co-related to the severity of AD. IgE is crucially 

involved in the activation of mast cell and subsequently the secretion of 

pruritus factor such as histamine and prostaglandins. Moreover, activated 

mast cell releases chemokines and cytokines such as IL-4, IL-13, and TNF-α 

which collectively promote the mobilization and sensitization of Th2 cells 

[81, 82].  The observed result in the present study show that serum IgE level 

in the DNCB-treated mice were significantly increased (p<0.001), as 

compared to the normal and drug control mice. However, the DNCB-induced 

Immunoglobulin-E (Ig-E) synthesis was significantly reduced in the 

compound 23 (p<0.001) treated mice (Figure. 15B). Reduced levels of serum 

IgE can be co-related to the reduced scratching behavior among the 

compound 23 treated AD affected mice. Similarly, pro-inflammatory 

mediator, TNF-α level was also measured in the tissue extracts of 

experimental mice. The observed result show that compound 23 treatment 

significantly reduced the DNCB–induced TNF-α levels in the experimental 

mice (Figure. 15C). Suppression of TNF-α is highly beneficial in the 
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treatment AD since the TNF-α is a well-known activator of pro-inflammatory 

transcription factor NF-kB in lymphocytes. 

 

 

Figure 15. (A) H&E staining of dorsal skin of experimental animals (scale 

bar =100 μm; magnification: x 400). (B) Bar graph represent the serum IgE 

and (C) the tissue TNF-α levels in control, DNCB, compound 23 (D23) and 

DNCB+compound 23 co-treated experimental mice.  Data represent the mean 

± SEM (n = 6). * p＜ 0.5 ,*** p＜ .001 vs. control; # p＜0.5, ## p＜0.01 vs. 

DNCB. 
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2.4.4. Compounds 1 and 23 alleviates AD-like Symptoms in NC/Nga Mice  

Figure 16A shows the structure of compound 1 and 23. Scheme used to 

develop AD-like symptoms in NC/Nga mice is depicted in Figure 16C. All 

the experimental mice exhibited AD-like skin features after sensitization with 

1% DNCB. AD-like symptoms such as itching, dry skin, erythema and 

hemorrhage were progressively accumulated in DNCB treated mice.  

Compounds 1 and 23 treated AD induced mice showed reduced levels of 

erythema and hemorrhage and dry skin compared to DNCB alone induced 

mice. Compounds 1 and 23 alone treated mice exhibited normal skin feature, 

no sign of allergy was observed (Figure 16B). Efficacy of the drug was 

analyzed through dermatitis score. Dermatitis scores were significantly very 

high and progressive in DNCB-alone treated mice as compared to the control 

group of mice (p<0.001). A significant reduction (p<0.01) in dermatitis score 

was observed after the third and second week, respectively for the compounds 

1 and 23 treatments (Figure 17A and 17B). Scratching frequency was 

observed to monitor the itching behavior of the experimental mice. 

Compounds 1 and 2 treatments significantly (p<0.01) inhibited the DNCB –

induced itching sensation in the experimental mice group (Figure 17C). At 

the end of the experiment, dorsal skin was peeled off and the skin thickness 

was measured. A pronounced increase in the dorsal skin thickness was 
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observed (1.19 mm, p<0.001) in DNCB-treated mice as compared to that of 

the control group (0.45 mm). Skin thickness of 0.78 mm and 0.64 mm were 

observed in compounds 1 and 23 treated experimental mice (Figure 17D).  

During inflammatory stress, lymph node size will increase. We observed a 

significant increase in the size and weight of the subiliac lymph node in 

DNCB-alone treated mice, as compared to the control mice. The size and 

weight of the lymph node are drastically reduced in both compounds 1 and 

23 treated DNCB-induced mice, as compared to the DNCB-alone treated 

mice (Figure 18A and 18B). In addition, spleen weight was measured to 

assess the general health and immunological status of mice. It was found that 

topical application of DNCB markedly alters spleen weight, as compared to 

the vehicle alone-treated and drug-alone treated mice (p<0.001). However, 

compounds 1 and 23-treated atopic mice exhibited significantly reduced 

spleen weight (p<0.5), as compared to that of DNCB-alone treated mice 

(Figure 18C).  
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Figure 16. (A) Structure of compound 1 and compound 23. (B) Experimental 

scheme for the DNCB-induced AD model. On day 0 and day 4, the mice were 

sensitized with 150 µL of 1% DNCB or vehicle at their shaved back. From 

day 6 onwards 150 µL of 0.2% of DNCB or vehicle was applied to challenge 

the dorsal skin twice-a-week for 4weeks. Atopic dermatitis-induced mice 

were co-treated with either compound-1 or compound-23 once daily from day 

six onwards until the end of the experiments. (C) Image represent the AD in 

experimental groups, which were taken before sacrifice. (Con- Control; C1- 

Compound 1; C23- compound 23; D+C1- DNCB+ Compound 1; D+C23- 

DNCB+ Compound 23). 
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Figure 17. (A, B) Clinical skin severity was assessed through the epidermal 

skin score. Criteria for the skin score was described in materials and method. 

Epidermal skin score of compound 1 and 23 treated AD induced mice were 

compared with control and DNCB-treated mice. (C) Scratching frequency in 

experimental animals. The frequency of scratching around the dorsal skin 

lesions, and nose was counted during a 20-minute period. Scratching 

frequency was measured once-a-week for five weeks. (D) Thickness of the 

dorsal skin of experimental mice. 
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Figure 18. (A) Subiliac lymph node size. (B) Subiliac lymph node weight. 

(C) Spleen weight in experimental animals. (Con- Control; C1- Compound 1; 

C23- compound 23; D+C1- DNCB+ Compound 1; D+C23- DNCB+ 

Compound 23). Data represent the mean ± SEM (n = 6). *** p>0.001 vs. 

control; # p>0.5, ## p>0.01 vs. DNCB. 
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2.4.5. Histological observation of the NC/Nga mice skin 

H&E stained sections indicate dense infiltration of inflammatory cells into 

both epidermis and dermis region in DNCB–treated mice. In contrast, reduced 

levels of inflammatory cells were observed in compound 1 and 23 treated 

atopic mice. In addition, reduced epidermal thickening was observed in 

compounds 1 and 23 treated atopic mice as compared to the DNCB-alone 

treated mice (Figure 19A). Immunohistochemical staining of CD4+ T cells 

revealed increased infiltration of CD4+ T cells in the DNCB-treated mice, as 

compared to the control, drug control, and treatment group of mice (Figure 

19B). Similarly, increased levels of mast cell infiltration were observed in the 

epidermis region of DNCB-treated mice (97 ± 10.58, p≤ 0.001), as compared 

to the control group (13±2). However, significantly decreased mast cell 

infiltration was observed in compound 1 (56±11, p≤ 0.01) and compound 23 

(29.41±6, p≤0.001) treated atopic mice (Figure. 20A and 20B). IgE plays a 

key role in the degranulation of mast cell. Serum IgE level in the DNCB-

treated mice was significantly increased (seven-fold, p<0.001), as compared 

to the normal and drug control mice. However, the DNCB-induced synthesis 

of IgE was significantly reduced in the compound 1 (p<0.01) and compound 

23 (p<0.01) treated mice (Figure. 20C). 
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Figure 19. (A) H&E staining of dorsal skin of experimental animals (scale 

bar =100 μm; magnification: x 400). (B) Representative images depicting the 

immunohistochemical staining of CD4+ cells. The arrows indicate CD4+ 

cells. (i- Control, ii- Compound 1 alone, iii- Compound 23 alone, iv- DNCB, 

v- DNCB+Compound 1, vi- DNCB+ Compound 23) 
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Figure 20. (A) Toluidine blue staining of mast cells. The arrows indicate mast 

cells. (B) Bar graph represent the number of mast cells counted per 350µm2 

at a magnification of x 400 in the epidermis region were counted. (C) Serum 

IgE (i- Control, ii- Compound 1 alone, iii- Compound 23 alone, iv- DNCB, 

v- DNCB+Compound 1, vi- DNCB+ Compound 23) Data represent the mean 

± SEM (n = 3). *** p>.001 vs. control; # p>0.5, ## p>0.01 vs. DNCB. 
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2.4.6. PDE4B Inhibitors Improves Intracellular cAMP Levels in 

Macrophage 

The macrophage cell line, Raw 264.7 was pre-treated with compounds1 and 

23 and then induced with lipopolysaccharide (LPS).  The observed result in 

figure 21A shows that cAMP levels were not significantly differed between 

control and LPS treated cells. However, cells treated with compounds1 and 

23 significantly improved the intracellular levels of cAMP in macrophage cell 

line. Furthermore, much difference in the levels of cAMP was not observed 

between compounds1 and 23 treated cells. It clearly implicates that PDE4B 

specific inhibition plays an important role in the maintenance of intracellular 

cAMP level in the macrophage. In a similar set of experiment, TNF-α levels 

were monitored. The PDE4 inhibitor treatment showed that both compound 

1 and 23 effectively inhibited the LPS-induced TNF-α synthesis in 

macrophage cell culture (Figure 21B). 
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Figure 21. (A) cAMP levels in the cell lysate of compound 1 and 23 treated 

LPS stimulated Raw 264.7 cells. Cells were pretreated with 30nM of 

compound 1 and 15nM of compound 23 for 1h, then stimulated with 1µM of 

LPS for 30 min. cAMP levels were normalized with control. (B) TNF-α level 

in LPS-treated Raw 264.7 cells of control, compound 1 and 23. 30 nM of 

compound 1 and 15nM of compound 23 treated cells were stimulated with 

1µM of LPS for 30 min. 
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2.4.7. Effect of Novel PDE4 Inhibitors on DNCB-Induced Inflammatory 

Mediators  

 

Figure 22. Serum cytokines level in experimental mice were quantified by 

ELISA: (A) Expression of serum IL-4. (B) Serum IL-5. (C) Serum IL-17. (D) 

Serum IFN-γ.  Data represent the mean ± SEM (n = 6). * p>0.5,*** p>.001 vs. 

control; # p>0.5, ## p>0.01 vs. DNCB. 
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Figure 25.1H-1H COSY and HMBC NMR spectrum of compound-23 
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Figure 26. NOESY and HSQC spectrum of compound-23 
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