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Resumo 

 Tendo em mente o complexo processo de design de drogas, técnicas que possam 

auxiliar na pesquisa e fornecer dados que facilitam esse processo são de grande valia. 

Neste contexto, muitos recursos computacionais se destacam. Por meio deles, é possível 

obter dados sobre o mecanismo de ação desses medicamentos, novas sugestões de 

estruturas melhoradas para síntese, seletividade, esclarecimento sobre os efeitos 

colaterais, etc. Além disso, com o uso da química computacional torna-se mais fácil 

encontrar melhores moléculas ou inibidores, que são capazes de exercer sua atividade 

de maneira mais eficiente, com menor dose. Isso ajuda a desenvolver compostos cada 

vez mais específicos, com o objetivo de melhorar muitos problemas relacionados aos 

efeitos colaterais das drogas. Uma classe de fármaco que é amplamente utilizada em 

toda a população mundial, mas que tem possui diversos efeitos colaterais associados, 

como gastrotoxicidade, hepatotoxicidade e doenças cardiovasculares são anti-

inflamatórios não esteroides (AINEs), que inclui a classe de inibidores seletivos de 

COXIBs. Sendo assim, o desenvolvimento de fármacos com atividade anti-inflamatória, 

mas que atue de forma diferente dos inibidores existentes, com o objetivo de minimizar 

o dano ao organismo, é de grande importância. Neste contexto, o uso de inibidores de 

fosfolipase A2 secretadas como potenciais anti-inflamatórios se destacam. As 

fosfolipases A2 são enzimas que iniciam a cascata de ácido araquidônico, dando origem 

a mediadores inflamatórios. O objetivo deste trabalho foi apresentar, de forma resumida, 

as etapas do processo inflamatório e o papel das enzimas da fosfolipase A2, bem como 

trazer alguns inibidores existentes e seu potencial. Além disso, foram realizados cálculos 

teóricos e resultados experimentais para avaliar o potencial das fosfolipases A2 de 

peçonhas para substituir enzimas humanas em testes experimentais. Os dados teóricos 

encontrados juntamente com os dados experimentais corroboram que a enzima de 

peçonha BthTX-II pode ser usada como modelo experimental para a fosfolipase A2 

humana HGIIA, o que pode ajudar muito no desenvolvimento de fármacos anti-

inflamatórios, uma vez que as enzimas são mais facilmente obtidas. 

 

Palavras-chave: Química computacional, design de fármacos, anti-inflamatórios, fosfolipase 

A2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

 Having in mind the complex process of drug design, techniques that can help in 

research and provide data that facilitate this process be of great value. In this context, 

many computational resources have been stands out. By mean of them, it is possible to 

obtain data about mechanism of action of these drugs, new suggestions of improved 

structures for synthesis, selectivity, clarify about the side effects, etc. In addition, using 

the computational chemistry becomes easier to find the best molecules, or inhibitors, 

which are capable of exert its activity of a more efficient way, with less dose. This helps 

to develop increasingly specific compounds, aiming to improve many problems related 

to the side effects of the drugs. A class of drugs that is widely used throughout the world 

population, but which has several side effects, such as gastrotoxicity, hepatotoxicity and 

cardiovascular diseases are Nonsteroidal Anti-inflammatory (NSAIDs), which includes 

the class of selective COXIBs inhibitors. Thus, the development of drugs with anti-

inflammatory activity, but that act of different form of the existing inhibitors, aiming to 

minimize the damage to the organism, are of great importance. In this context, the use 

of secreted phospholipase A2 inhibitors as potential anti-inflammatory drugs has been 

highlighted. Phospholipases A2 are the enzymes that initiate the cascade of arachidonic 

acid, which gives rise to inflammatory mediators. The objective of this work was to 

present, in a summarized way, the steps of the inflammatory process and the role of the 

phospholipase A2 enzymes, as well as to bring some existing inhibitors and their 

potential. In addition, theoretical calculations and experimental results were also carried 

out to evaluate the potential of snake venom phospholipases A2 to replace human 

enzymes in experimental trials. The theoretical data found together with the 

experimental data corroborate that the BthTX-II snake venom enzyme can be used as 

an experimental model for human HGIIA phospholipase A2, which may greatly aid in 

the development of anti-inflammatory drugs, since enzymes are more easily obtained. 

 

Keywords: Computational chemistry, drug design, anti-inflammatory, phospholipase 

A2 
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1  Introduction 

  

Researches considering the drugs design are not much older than a century. During the 

beginning of the 20th century, drug research was enriched by several new technologies, which have 

gained prominence in drug discovery and therapy (Drews, 2000).  For developing a new drug, it is  

estimated a cost of US$2.6 billion (Tresadern, Rombouts, Oehlrich, Macdonald, & Trabanco, 2017). 

This process, besides very costly, is a time-consuming process (Liao, Sitzmann, Pugliese, & 

Nicklaus, 2013). Taking account from the initial project to the drug product, a time of 12-24 years 

are estimated, for  designing a single new drug (Lombardino and Lowe III, 2004). 

 Aiming to reach better and faster results, computational medicinal chemistry have been 

employed in many stages of the drug discovery. The computational drug design can provide data 

about action mechanisms, new chemical structures  for the synthesis, pharmacokinetic, selectivity, 

side effects, among others (Liao, Sitzmann, Pugliese, & Nicklaus, 2013). Actually, in the field of 

medicinal chemistry, proteins become targets for inhibitors, with a pharmacologic potential. In this 

context, the search for key proteins with biological functions associated to diseases have increased 

in the last decades (Broomhead & Soliman, 2017).  

 One class of key inflammatory enzymes that have been target is the secretory phospholipases 

A2 (sPLA2). The sPLA2 acts in the broken of membrane phospholipids, giving origin to arachidonic 

acid, which, in turn, gives origin to the inflammatory mediators, such as prostaglandins and 

leukotrienes (Joshi, 2016).  Taking account its importance in the inflammatory cascade, 

sPLA2enzymes have been considered promising targets in the development of new anti-

inflammatory drugs (QUACH et al. 2014).   

 The design of new anti-inflammatory drugs, with alternative mechanisms of action, it is of 

great importance, once anti-inflammatory drugs are the most used drugs in the world (Badri et al., 

2016). It is important to mention that the current anti-inflammatory drugs are known for its high 

gastrotoxicity, hepatotoxicity, cardiovascular complications, among other side effects (Blanca-

Lopez, et al., 2017; Modley 2008). In this way, the goal of this study is to provide a better 

understanding about the sPLA2 enzymes and their inhibitors as possible new anti-inflammatory 

drugs. In addition, to evaluate by means of theoretical and experimental methods, the possibility of 

using  snake venoms sPLA2 as a model for human sPLA2,  developing rational modified human 

sPLA2 inhibitors from the vanillic acid.  
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2 Theoretical Referential 

 

2.1 Medicinal Chemistry in the drugs development 

 

 The production of new drugs can be categorized into three major phases, which are drug 

development/discovery, clinical trials and marketing. For drug design, the final stage is necessary a 

work in scale and an interdisciplinary scientific involvement. Even with all such care, the final 

product may still be susceptible to biological variability among users (Caldwell, 2015). To reach the 

preclinical stage, the candidate molecule must have pharmacokinetic parameters well defined, its 

pharmacodynamics must be optimized, a low toxicity profile, among other characteristics. In this 

context, the computational chemistry can be useful in key aspects in the development of new drugs, 

such as the identification and optimization of the initial preferential structure and the best ligand, 

mechanisms of action, etc. (ALONSO et al., 2006; RABAL et al., 2011; SHENG and ZHANG, 

2013). 

 The availability of databases and computational chemistry programs are fundamental tools 

in the designing of drugs, since they allow fast analysis of their physicochemical properties in 

relation to their biological properties, for a series of molecules of medical-scientific interest 

(CARVALHO et al., 2003). Several methods of computational chemistry are employed in drug 

design. Thus, it is desirable that the researcher uses all the software and resources that are 

necessaries. Many of the computational techniques used are cheaper and faster than the experimental 

techniques, which makes possible the theoretical study of the compounds before the in vitro and 

mainly in vivo  tests, for example (LIAO et al., 2011). 

 The theoretical analysis from molecular modeling techniques, such as structure-activity in 

three-dimensional and molecular dynamics simulations can be used in the development of new 

therapeutic agents (CARVALHO et al., 2003). In fact, some of the most used techniques in the study 

of biological macromolecules are Molecular Dynamics Simulation (MD) and Molecular Docking 

(Morgon and Coutinho, 2007). These techniques have contributed exhaustively to rational design of 

drugs, in many stages of the process (NAMBA, SILVA and SILVA, 2008). In relation to the 

development of new compounds with anti-inflammatory properties as well as  the study of physical-

chemistry properties of current drugs  (BANERJEE et al., 2015; GRZYBOWSKA et al., 2010; 

HADAD et al., 2011; LOCKHART et al., 2012; TAKEDA et al., 2010; YOUSEFPOUR et al., 2013). 
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2.1.1 Molecular Modeling 

 

 According to IUPAC, molecular modeling is defined as the investigation of molecular 

structures through computational chemistry and other graphic visualization techniques, in order to 

provide a three-dimensional structure under a given set of circumstances (CARVALHO et al., 2003). 

The Molecular Modeling has been used to predict the behavior of molecules under unusual 

conditions, such as high pressures and temperatures, and to describe the processes that cannot be 

observed by experimental techniques. These techniques are useful for understanding the complex 

invisible world of atoms and molecules, optimizing time and money (ZHAO et al., 2016).

 Theories and methods of molecular modeling can be classified, in a simplified form, in 

methods based on quantum mechanics (QM) and methods based on classical mechanics (MM). The 

first group consists of ab initio methods, semi-empirical approaches and density functional theory 

(DFT). The second group uses molecular mechanics (MM) calculations, employing functions of 

simple potential energies, such as Coulombic potentials and harmonic oscillator. Molecular 

mechanics approaches are used in molecular dynamics (MD) simulations, in the refinement of 

molecular structures, in ligand-receptor docking simulations, Monte Carlo simulations (MC), among 

others (ADCOCK and MCCAMMON, 2006). 

 

2.1.2 Molecular Dynamics 

 

The molecular dynamics (MD) simulation method was developed more than 30 years ago 

(WARSHEL and LEVITT, 1976; MCCAMMON et al., 1977). This is a technique based on 

statistical mechanics and classical physics, which becomes possible to examine molecular systems, 

such as proteins and nucleic acids. Based on molecular mechanics (MM), the molecules are treated 

as a set of atoms, described by Newtonian forces (NAMBA, SILVA E SILVA, 2008). As mentioned, 

the MD simulations are applied to systems where classical interactions are considered in a given 

range of thermodynamic conditions. This technique can ignore the quantum effects, or incorporate 

them into an effective classical approximation, (MORGON and COUTINHO, 2007).  

In a MD simulation, it is necessary to prepare an initial model of the system, by means of 

Nuclear Magnetic Resonance (NMR), crystallography, or other method, determining the coordinates 

of the constituent atoms of the system. The atoms are described only by the coordinates of the 
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nucleus, following the Born-Oppenheimer approximation (ADCOCK and MCCAMMON, 2006). In 

addition, different solvation models are employed, including explicit or implicit solvent (CHANG 

et al., 2016). The simulation is carried out by means of the numerical solution of the Newtonian 

equations of motion, for each atom, using the evolution in the time intervals from n to n + 1, where 

a long series of these steps generates a trajectory through space. For an atom i, with mass mi, the 

Newtonian equation of motion is given by Equation 1: 

𝑑�⃗�𝑖

𝑑𝑡
= �⃗�𝑖                                                          (1) 

 The relation between velocity and momentum is given by Equation 2, shown below: 

𝑑𝑟𝑖

𝑑𝑡
=

𝑝𝑖⃗⃗ ⃗⃗

𝑚𝑖
                                                           (2) 

 Where the three-dimensional vector ri indicates the position of the atom. The net force that 

the system exerts on the atom i can also be obtained by the negative gradient of the potential energy 

function in relation to the position of the atom i, as shown in Equation 3: 

�⃗�𝑖 =
𝑑�⃗⃗⃗�

𝑑𝑟𝑖
                                                           (3) 

 The Newton's second law provides the acceleration of the system (Equation 4). 

𝑑2𝑥(𝑡)

𝑑𝑡2 =
�⃗�𝑥

𝑚
                                                         (4) 

By obtaining the values of x (t), v (t) and acceleration, it is possible to solve numerically the 

classical equations of motion (ADCOCK and MCCAMMON, 2006). The numerical integrations of 

the equations of motion can be solved in several ways and there are several algorithms with different 

approaches able to solve them, such as the Verlet's algorithm (Verlet 1967). These equations for all 

simplified systems are so complex that their integration must be done numerically over several small 

discrete time intervals rather than continuous analysis. The approximations assume that for any 

discrete time interval, the atomic coordinates are fixed. The fixed coordinates are then used to 

calculate the intra and intermolecular interaction potentials, which determine the forces acting on 

each atom, such as atomic partial charge, bond length, bond angle, etc. (BECK and DAGGETT, 

2004).  

It is generally assumed that the interaction potential between two molecules can be described 

as the sum of interactions between each pair of atoms, and that interaction depends only on the 

distance between these atoms. In addition, in the cases of internal motions of the molecule, terms 

related to the deformation of the molecular geometry are included. The set of parameters needed to 

describe all these interactions is called the force field. (MORGON and COUTINHO, 2007). To 
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describe the parameters, most force fields divide the potential energy function in terms of the 

contribution of bound atoms (Equation 5) and unbound atoms (Equation 6), as shown below. 

𝑉𝐵𝑜𝑛𝑑 =  ∑
1

2
𝐾𝑏𝑖(𝑏𝑛 − 𝑏0𝑖)

2𝑁𝑏
𝑖=1 +  ∑

1

2
𝐾𝜃𝑖(𝜃𝑛 − 𝜃0𝑖)2 + ∑

1

2
𝐾𝜀𝑖(휀𝑛 − 휀0𝑖)

2 +
𝑁𝜀
𝑖=1

𝑁𝜃
𝑖=1

 ∑
1

2
𝐾𝜑𝑖[1 + cos(𝑛𝑖𝜑𝑖 − 𝛿𝑖)] 

𝑁𝜑

𝑖=1
                                                    (5) 

 

𝑉𝑢𝑛𝑏𝑜𝑛𝑑 =  ∑ 4휀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]𝑁
𝑖<𝑗  +  ∑

𝑞𝑖𝑞𝑗

𝐷𝑟𝑖𝑗

𝑁
𝑖<𝑗                           (6) 

 

Where 
Kb = harmonic constant of energy associated with the chemical bond between two atoms and bo is 

the equilibrium distance of said bond; 
Kθ = harmonic constant of energy associated with the angle between two chemical bonds and θ0 is 

the equilibrium angle; 

Kε = harmonic energy constant associated with the angle formed between two planes (defined by 

four atoms) and ε0 is the equilibrium angle between these two planes; 

Kφ = energy constant associated with the torsional term between two planes defined by four atoms 

and φ is the torsion angle between these two planes; 

n = multiplicity; 

δ = phase angle; 

rij = distance between the atoms i and j; 

εij and σij = Lennard-Jones parameters; 

qi and qj = partial charges located on the respective atoms 

D = effective dielectric constant of the medium 

 

There are several force fields available for MD simulations, which have appropriate 

parameters for different types of molecules, and the right choice of this set of parameters is crucial 

for an accurate determination of the potential energy function, which will give reliability to MD 

simulation. The most well parameterized force fields used for MD simulations of biomolecules in 

general, such as proteins, nucleic acids and lipids, are AMBER, GROMOS and CHARM 

(CORNELL et al., 1996; MACKERELL et al., 1998; CHRISTEN et al., 2005).  

 

2.1.3 Molecular Docking 

 

One of the most commonly used computational tools in rational drug design is the ligand-

receptor Docking method. By docking calculations, it is possible to predict the interaction mode of 

the ligand molecule in the binding region of a molecular target, for example the active site of the 

specific enzyme, which can be inhibited or activated. Molecular Docking allows the definition of 

orientation and conformation of the ligand (pose) when interacting with its receptor. Besides the 

prediction of how this molecule will bind to its target (adopted conformation), the affinity of these 
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bonds is also quantified. The recognition of the preferred arrangement adopted by the receptor-ligand 

complex, which corresponds to the best interaction energy, depends on several properties of the 

substrate or inhibitor (MORGON e COUTINHO, 2007).  

During the prediction of the protein-ligand structures, the programs that perform the docking 

calculations obtain a better model of evaluation of the free energy called the scoring function. This 

will serve to predict the affinity of the interaction between the ligand and the receptor, to select the 

best poses. This function is usually based on the combination of empirical functions together with 

geometric and energetic functions, such as bonding lengths, bonding angles, Van der Waals forces, 

Lenard-Jones, electrostatic interactions, among others. Most of docking programs use simple models 

of potential energy functions, usually based on molecular mechanics force fields, such as AMBER 

or CHARM. The function should be fast enough to analyze a large number of energies, and should 

be efficient to rank each one of them (TAYLOR, JEWSBURY & ESSEX, 2002; STARK e 

POWERS, 2012).  

Equation 7 defines the scoring function values. Einter (Equation 8) is related to the interaction 

that occurs between the ligand and the protein and Eintra, represented in Equation 9, is the internal 

energy of the ligand.  

𝐸𝑠𝑐𝑜𝑟𝑒 =  𝐸𝑖𝑛𝑡𝑒𝑟 +  𝐸𝑖𝑛𝑡𝑟𝑎                                            (7) 

 

𝐸𝑖𝑛𝑡𝑒𝑟 =  ∑ ∑ [𝐸𝑃𝐿𝑃(𝑟𝑖𝑗) + 332.0 
𝑞𝑖𝑞𝑗

4𝑟𝑖𝑗
2]𝑗∈𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑖∈𝑙𝑖𝑔𝑎𝑛𝑑                     (8) 

 

 In the above equation, the first term EPLP corresponds to the potential energy of the 

inhibitor, which includes both hydrogen bonds and Van der Waals interactions. The second term is 

a Coulombian potential that has a distance dependent dielectric constant, which describes the 

electrostatic interactions between atoms. In this Coulombian term, q corresponds to the charges of  

particles. 

𝐸𝑖𝑛𝑡𝑟𝑎 =  ∑ ∑ [𝐸𝑃𝐿𝑃(𝑟𝑖𝑗) + ∑ 𝐴[1 − cos(𝑚𝜃 − 𝜃0)]𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 𝑏𝑜𝑛𝑑𝑠 +  𝐸𝑐𝑙𝑎𝑠ℎ]𝑗∈𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑖∈𝐼𝑖𝑔𝑎𝑛𝑡                                                               

(9) 

 

The first two terms of the Eintra are related to all pairs of atoms of the ligand that are not 

connected by double bond. How θ is the torsional angle of the bond, the term with this variable is 
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related to torsional energy. The last term  Eclash is a correction term for the nonexistent conformations 

of the ligand (GIACOPPO et al., 2014).  

In addition to the specificity in the scoring function, the docking methods also differ in 

relation to the degree of flexibility of the ligand, besides the optimization method used to analyze 

the potential energy hypersurface. In terms of flexibility, the ideal would be as flexible as possible 

to ensure a good description of the system. However, this requirement becomes impracticable, since 

the system haves a very large number of degrees of freedom of the receptor molecule, and the largest 

system indicates a higher computational cost. To overcome this problem, a semi-rigid docking 

calculation is generally adopted, where only a few regions are considered flexible. Flexibility can be 

treated implicitly or explicitly (BONVIN, 2006; MORGON e COUTINHO, 2007).  

As can be observed, the molecular docking technique is of crucial importance for the rational 

design of drugs. However, when the phenomenon involves breaking of chemical bonds, it should 

not be employed. In this case, hybrid QM/MM techniques are used (GIACOPPO et al., 2014).  

 

2.2 Phospholipases A2 

 

 The phospholipases A2 (PLA2)  are hydrolases enzymes that catalyze the broken of the 

membrane phospholipids, at the sn-2 position. This class of enzymes is important for a series of 

cellular activities, such as membrane modeling and cell signaling (BALIETTI et al., 2016; DAN, 

ROSENBLAT and YEDGAR, 2012; REID, 2005). The mechanism of action of these enzymes, 

proposed by Scott and collaborators (2010) suggests that the His48 / Asp99 pair abstracts a proton 

from a water molecule, which acts as a nucleophile on the attack at the sn-2 position of the membrane 

phospholipid. The Ca2 + cofactor stabilize the oxyanion, the reaction intermediary. 

 Currently, more than 30 PLA2 isoforms are known (QUACH, ARNOLD and CUMMINGS, 

2014). These are subdivided into six groups, the calcium-independent (iPLA2), cytosolic (cPLA2), 

secreted (sPLA2), platelet activating factor acetylhydrolase (PAF-AH), the lysosomal (lyPLA2), and 

a recently discovered, named "Adipose-specific PLA2" (Ad-PLA2. For the division of the groups, 

their molecular weights, disulfide bonds, calcium requirement, among other criteria are taken into 

account (QUACH, ARNOLD and CUMMINGS, 2014). 

 The secreted phospholipases A2 (sPLA2) group were the first types of PLA2 discovered. They 

are low molecular weight enzymes (approximately 14 KDa), and are characterized by containing six 

disulfide bonds, histidine at their catalytic site, and dependent on mM concentrations of calcium. 
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These enzymes are found in various animal poisons, synovial fluid, and various mammalian tissues. 

Until now, 16 types of sPLA2 are described in the literature, named by IB, IIA, IIC, IID, IIE, IIF, III, 

V, X, XIIA and XIIB PLA2 (QUACH, ARNOLD and CUMMINGS, 2014). The tree dimensional 

structure of a human PLA2 of the IIA group can be seen in the Figure 1. 

Figure 1 - Three dimensional structure of human sPLA2 HGIIA. PDBID 3U8D. 

 

 Of all class of PLA2, the sPLA2 group have been considered as "inflammatory enzymes" since 

they are involved in pathophysiological processes of various inflammation-related diseases (DAN, 

ROSENBLAT and YEDGAR, 2012). The expression of sPLA2 is related to several inflammatory 

processes, such as allergic inflammatory processes, pancreatitis, atherosclerosis and cancer (DE  

LUCA et al., 2013; MURAKAMI and TAKETOMI, 2015; YAMAMOTO et al., 2011; YEDGAR, 

COHEN and SHOSEYOV, 2006). In particular, the expression of the IIA group is attributed to 

several pathologies, such as obesity, arthritis, atherosclerosis and cancer, and one of its activities is 

the recruitment of other sPLA2, such as those of group X and V (MURAKAMI et al., 2015). All of 

these factor in addition to the discovery of the oncogenic role and involvement in neurological 

diseases of sPLA2 motivate the study of new inhibitors for this class of enzymes (BURKE and 

DENNIS, 2009; JIANG et al., 2002; PUCER et al., 2013; YAGAMI, YAMAMOTO and KOMA, 

2014; YAMASHITA, YAMASHITA and OGAWA, 1994). 

 

2.2.1 Experimental methods for phospholipase activity analysis 

 

 One experimental method that is widely used is the indirect hemolytic assay, proposed by 

Gutierrez and collaborators in 1988. This method is an alternative technique used firstly for 

determination of potency of antivenoms, which is based on the measurement of the hemolytic haloes 

induced by venom on agarose gels containing erythrocytes and egg yolk. However, the preparation 

of the medium without the addition of the erythrocytes allows to evaluate the phospholipase activity 
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directly. The egg yolk is a source of phospholipids, mainly phosphatidylcholine and 

phosphatidylethanolamine, thus constituting a propitious and low cost substrate for the analysis of 

phospholipase activity (PRICE et al., 1982). 
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Phospholipase A2 inhibitors in the design of new anti-inflammatory drugs: 
a review of 2012 - 2018  

Abstract: The inflammatory process is a series of complex processes that occurs in response to damage agents, for the defense 

of the organism. However, this process can become a chronic process, causing much harm to the organism. To controll this condition, 

over the years many anti-inflammatory drugs have been developed aiming to decrease the concentrations of inflammatory 

mediators in the organism. The principal target of conventional anti-inflammatory drugs is the cyclooxygenase (COX) enzyme, but 

its use implies a series of side effects. Thus, based on these problems, many studies have been done, aiming to create new drugs, 

with new action mechanisms. In this context, the phospholipase A2 (PLA2) enzymes stand out. Off all existent isoforms, secretory 

PLA2 is the major target for inhibitor development, since many studies have proven that this enzyme participates in many 

inflammatory conditions, such as cancer, Alzheimer and arthritis, for instance.  Aiming at the production of anti-inflammatory drugs 

that are sPLA2 inhibitors, many molecules have been developed. This review presents an overview of inflammatory processes and 

mediators, the available anti-inflammatory drugs, and also shows a little about the PLA2 enzymes, as well as the diverse structural 

array of the newest sPLA2 inhibitors as a possible target for the production of new anti-inflammatory drugs.  

 

1. INTRODUCTION 

The contact of mammalian organisms with noxious agents 
brings an immediate and non-specific response called acute 
inflammatory response [1]. Those injurious agents are broadly 
divided into endogenous and exogenous agents, and can be 
physical, chemical or biological compounds. Among all the 
complex processes that occur, one of the steps is the 
inflammatory cascade. This step uses the arachidonic acid to 
originate important inflammatory mediators which play 
different and very important roles in inflammatory response 
[1]. 

 The reactions begin with the oxidation of the membrane 
phospholipids, by the phospholipases A2 (PLA2), giving rise 
to the fatty acids, such as arachidonic acid (AA), and 
lysophospholipids. The AA degradation is performed by 
cyclooxygenases (COX) and lypooxygenases (LOX) enzymes, 
and originates prostaglandins, thromboxanes and leukotrienes. 
Furthermore, the other product of membrane phospholipids 
degradation,, the lysophospholipids, originate other important 
mediators, which are the platelet-activating factors (PAF) [2].  

 Currently, the treatment of inflammatory conditions is 
performed considering one of the final products of this 
arachidonic cascade, the prostaglandins [3].                                                                                                                                                                  
The Non-steroidal Anti-inflammatory Drugs (NSAIDs) are 
one of the class of drugs that are most utilized by the global 
population [4]. These drugs act inhibiting COX enzymes, 
blocking the production of prostaglandins, as mentioned. 
However, due to the non selectivity of these compounds in 
inhibiting only the COX-II isoforms, that are most related to 
the inflammatory response, the NSAIDs bring a series of side 
effects, such as gastrotoxicity and hepatotoxicity, among 
others [5, 7]. 

 Having in mind that pain and inflammation are mediated 
by COX-II, and gastro protection by the COX-I isoform, new 
anti-inflammatory drugs, selective for COX-II, were 

developed. The specific COX-II inhibitors (COXIBs), are a 
class of anti-inflammatory drugs that selectively inhibit the 
COX-II isoform, decreasing the gastrotoxicity [7, 8].  
However, many studies have pointed out that, besides 
decreasing of some undesirable effects, these drugs result in 
many side effects related to the cardiovascular system [9].  

 These cardiovascular problems occur due to blocking of 
the COX-II enzyme, reducing the inflammation process. But 
it also reduces the vasodilation and anti-platelet effects in the 
vascular wall, since it decreases the production of prostacyclin 
(PGI2) that prevents platelet aggregation and vasoconstriction.  
At the same time, the COX-I isoform maintains the production 
of Thromboxane A2 (TxA2), which can lead to 
vasoconstriction and platelet aggregation, and these effects 
cause a mediator production disequilibrium. This 
disequilibrium between vasoconstriction and vasodilatation in 
the vascular system could promote hypertension and 
thrombosis, and increase cardiovascular risk [10]. In this way, 
a decrease of both COX pathway products can be interesting.  

 Apart from all those factors, it is necessary to consider that 
the COX inhibitors do not have any effect in the leukotrienes 
and platelet activating factor production. These other products 
of membrane phospholipids degradation are also involved in 
the inflammation process and the blockage of the COX 
pathway may accentuate the production of these products [10]. 
If the first stage of membrane phospholipids degradation is 
interrupted, the production of all pro-inflammatory mediators 
could theoretically be controlled. In this context, PLA2 
inhibitors are very promising for the development of new anti-
inflammatory drugs, which could be more effective in the 
treatment of inflammation [11]. 

 

1.1. Inflammatory process 

 



 

18 
 

 Inflammation is the term used to describe a series of events 
that occur in response to infection or tissue damage. This 
process has been known to humanity for at least a few 
thousand years, and was first introduced as "redness and 
swelling with heat and pain", or loss of function", describing 
the improper operation of cells when exposed to a stressful 
stimulus [12]. After some studies on inflammation, it was 
concluded that inflammatory responses are not only vital for 
host defense, but also imperative for natural tissue 
homeostasis, being the innate immune system inducers of a 
broad range of remodeling process.  Currently, inflammation 
has been understood as "a perpetual and essential immune 
response, that maintains tissue homeostasis under a variety of 
noxious conditions" [13] 

 Inflammation begins with the action of injury agents in the 
living tissue, leading to a series of molecular events and 
cellular signalizations. This process is fundamental to the 
survival of the organism, since it provides its protection 
against these noxious agents and mechanical injuries [1, 14]. 
However, the inflammatory process can lead to negative 
consequences for the host, and brings the progression of many 
chronic conditions, such as diabetes, atherosclerosis, 
autoimmune diseases, and cancer [13]. 

 Four functional categories of molecules or cells are 
identified in the acute inflammatory response, which are 
inducers, sensors, mediators and effectors, as can be seen in 
Figure 1 [12].  Firstly, inducers initiate the inflammatory 
response. These inducer compounds can be exogenous or 
endogenous agents that can act chemically, physically or 
biologically. Afterwards, the inflammation inducers act on 
cell-resident receptors, such as the Toll-like receptor (TLRs), 
which detects them, producing the chemical mediators, such 
such as eicosanoids (prostaglandins, platelet activating factor, 
and leukotrienes), and promoting vascular and cellular events 
in the organism. Each component takes part in distinct 
inflammation pathways, depending on the nature of the trigger 
agent [1]. 

 The acute inflammatory response is successful when it 
results in elimination of the infectious agents, and in tissue 
repair. This repair phase is mediated by tissue-resident and 
recruited macrophages. If all this inflammatory process fails 
to eliminate the pathogen, the inflammatory process persists 
and acquires new characteristics that can differ depending on 
the effector classes that are present. The persistence of 
inflammation may result in a chronic process, sepsis, multiple 
organ failure and death [15].  

 Therefore, the inflammation can be viewed as a two-sided 
track. On one side, acute inflammation is essential for 
mediating protective functions, eliminating pathogenic agents 
that cause much damage to the host organism, repairing the 
tissues. On the other side, when this process fails, chronic 
inflammation occurs. When this process is prolonged, it 
causes tissue destruction; deregulates the organism, causing 
much harm. Thus, the development of new drugs is so 
important for the control of this chronic process, aiming to 
improve the life quality and life expectancy of the population 
[16]. 

 Figure 1- Components of inflammatory response: The inducer 

agents initiate the molecular events and so they are detected by the 

receptors of the innate immune systems, as an example the Toll-Like 

receptors (TLRs). These receptors are expressed in specialized cells, 

inducing the production of the mediators, which act in the specific 

tissue, which are damaged to elicit changes in their functional states. 

 

  

1.1.1. Pro-inflammatory mediators and their role in the 
inflammatory process 
 

 The production of the inflammatory mediators is triggered 
by the inflammation inducers [1]. These compounds alter the 
functionality of many tissues and organs. Most of them act in 
the vasculature and leukocyte recruitment [15]. Some 
mediators are inactive precursors in the plasma, and others are 
stored in granulates of mast cells, platelets and basophils [1]. 
At the same time, other mediators can be produced directly in 
response to appropriate stimulation that causes inflammation 
[15].  

 According their biochemical properties, the inflammatory 
mediators are classified into seven groups, which are lipid 
mediators, cytokines, chemokynes and proteolytic enzymes, 
vasoactive peptides, vasoactive amines and fragment of 
complement components [15]. Of all these mediators, the lipid 
mediators stand out; that are eicosanoids (4, 5, 6) and platelet-
activating factors (7). The eicosanoids, mainly those coming 
from the COX pathway, are the major targets for anti-
inflammatory drug development, as for example NSAIDs [17].   

 The eicosanoids are a family of 20-carbon bioactive 
oxygenated metabolites formed via enzymatic and non-
enzymatic pathways. This family includes Prostaglandins 
(PGs),  thromboxanes (TX) leukotrienes (LT), lipoxins (LX) 
epoxides, hydroxyeicosatetraenoic acids (HETEs) and 
epoxyeicosatrienoic acids (EETs) [18]. These compounds are 
capable to initiate many biological responses, such as edema, 
platelet aggregation and smooth muscle contraction, and seem 
to be involved in the majority of physiological events.   
Position (5-, 8-,12-, or 15-), number (mono or di) and 
stereospecificity (R or S) of oxygen insertion into the substrate 
and the type of receptors expressed in corresponding cell types 
are responsible for their structural and functional diversity.  

 In the mammalian system, every tissue and cell system can 
synthesize these mediators, since their production is initiated 
by the phospholipid membrane (1) degradation [16],[19]. For 
the synthesis of the eicosanoids, the production of arachidonic 
acid (AA) (3) is necessary. AA is one of the products of 
phospholipid oxidation, which occurs by the action of the 
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PLA2 enzyme. The succinct mechanism of this process can be 
observed in Figure 2.  

 This series of reactions is called arachidonic acid cascade. 
The hydrolysis of the phospholipids generates 
lysophospholipids (2) and fatty acids, such as AA (3), which 
is the substrate of the cyclooxygenases (COX-I and COX-II) 
enzymes and lipooxygenases (LOX). The metabolism of AA 
by these enzymes produces potent inflammatory mediators, 
such as prostaglandins (PGs), thromboxanes (TXs), 
leukotrienes (LTs) [10]. Moreover, the other cleavage product, 
lysophospholipids, can also be converted to another 
inflammatory mediator, the platelet activating factor (PAF) (7) 
[10, 20, 21]. 

 Figure 2- Arachidonic acid cascade. The rupture of the 

phospholipid membrane occurs by the action of PLA2 enzymes, 

originating lysophospholipids and fatty acids (e.g. arachidonic acid). 

After this, by the action of cyclooxygenases (COX) and 

lypooxygenases (LOX) enzymes on the arachidonic acid structure, 

the inflammatory mediators (Prostaglandins, PGs and leukotrienes, 

LTs) are obtained. 

 

 

 Adapted from Reid, 2005 [10].  

  

1.2. Current Anti-inflammatory drugs  

 

 The products of the arachidonic acid cascade are the major 
targets for development of anti-inflammatory drugs [3]. The 
action mechanism of Non Steroidal Anti-inflammatory Drugs 
(NSAIDs), which include the Selective COX-II inhibitors 

(COXIBs), are based on the COX-II inhibition, decreasing the 
prostaglandin production.   

  Anther drug class that is one of the most used in the world 
is the corticosteroids [22]. Besides their anti-inflammatory 
effects, these compounds exerts diverse cellular functions 
such as homeostasis, metabolism and cognition[22]. The 
corticosteroids acts indirectly on  phospholipases A2 enzymes 
inhibition, and this action mechanism involves a series of 
processes [23]. 

  

1.2.1. NSAIDs 

 

 The Non Steroidal Anti-inflammatory drugs (NSAIDs) 
include both the oldest NSAIDs, which are unspecific 
inhibitors of COX enzymes, and the newest specific COX-II 
inhibitors (COXIBs)  [24].  NSAIDs have different chemical 
structures, but these pharmacologically active compounds 
have similar therapeutic and side effects. The compounds 
Paracetamol (7), aspirin (8) and phenazone (9), whose 
chemical structures can be observed in Figure 3, were the first 
NSAIDs developed, more than 100 years ago [25]. Currently, 
more than 50 different NSAIDs are known. The most popular 
drugs of this class include ibuprofen (10), naproxen (11), 
aspirin (8), ketoprofen (12) and diclofenac (13), whose 
structures are presented  in Figure 3 [25].   

 Figure 3- Some of the most popular Non Steroidal Anti-

inflammatory Drugs (NSAIDs) 
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  In general, NSAIDs are the drugs most commonly used for 
their antipyretic, analgesic and anti-inflammatory activity, as 
well as their use in the treatment of other diseases, such as 
Alzheimer's and cancer [26]. The therapeutic effects, coupled 
with the spread of rheumatic diseases and increased life 
expectancy, make NSAIDs one of the most prescribed 
medications [26]. Each day, approximately 30 million people 
use NSAIDs around the world [27]. In addition, 7.7% of all 
pharmaceutical prescriptions in Europe are NSAIDs, 70 
million NSAIDs prescriptions in the United States, 20 million 
in Great Britain and 10 million in Canada [25].  Of all users, 
90% are people over 65 years of age [27]. 

 Besides the differences in chemical structures, all 
molecules of this group possess a steroidal frame. NSAIDs 
can be classified by the plasma half-life and by the chemical 
structure. Its structural classification includes 8 groups, which 
are oxicams, acid derivatives, phenylacetic derivatives, 
phenylpropionics, sulfonanilides, indoleacetic acid 
derivatives, pyrazolone derivatives, salicilates and 
paraminophenol derivatives. In relation to the action 
mechanism, all NSAIDs are COX enzyme inhibitors. These 
drugs are not selective and inhibit both isoforms of the COX 
enzymes (COX-I and COX-II). Since the COX enzymes act 
in the production of PGs, as mentioned, these compounds play 
their role by means of the reduction of PGs and, consequently, 
minimizing the inflammation effects. The target for inhibition 
is the COX-II isoform, which plays a critical role in 
inflammatory events. The PGs coming from the COX-I 
pathway act in normal physiological functions as 
gastroprotection, in the vascular system, among others [27]. 

 There are many problems due to inhibition of the COX-I 
isoform pathway [28]. Despite its prolonged use, NSAIDs 
cause a series of side effects, including gastrointestinal 
toxicity, ulcers and hepatotoxicity, among others. In addition, 
together with antirheumatic drugs, NSAIDs are the class of 
drugs that most cause hepatotoxicity [3, 28]. Considering a 
range of 1683 confirmed cases with drug hypersensitivity, 42%  
are caused by NSAIDs [29].  Beyond the problems caused by 
nonselectivity, other complications arise with the inhibition of 
the COX pathway. The decrease in the production of 
prostaglandins by the inhibition of COXs may increase the 
activity of lipooxygenases and consequently increase the 
production of leukotrienes, which are also involved in 
inflammatory processes [30, 31]. 

 Taking into account the latest problems, the inhibition of 
PLA2 can be interesting. If the anti-inflammatory action 
occurs through the inhibition of PLA2, a decrease in the 
production of the pro-inflammatory mediators should occur, 
as desired, but at the same time the side effects due to the 
inhibition only of the COX pathway are solved [10]. In this 
context, given the important participation of PLA2 in the 
inflammatory process, the inhibition of these enzymes is an 
alternative and promising way to block inflammatory 
processes, aiming the design of new drugs.  

 

 

1.2.1.1. COXIBs 

 

 The selective COX-II inhibitors or COXIBs are a class of 
NSAIDs developed in the 1990s. The COXIBs were created 
in order to reproduce pharmacologic properties of common 
NSAIDs, while decreasing the side effects related to COX-I 
inhibition, such as gastrotoxicity. Until now, five molecules 
have been approved for marketing. These molecules are 
presented in Figure 4 and are named celecoxib (14), rofecoxib 
(15), etoricoxib (16), valdecoxib (17) and lumiracoxib (18) 
[32].  

 Despite the gastrointestinal side effects having been 
resolved, there is a concern that this class of drugs increases 
the risk of cardiovascular diseases.  There are reports in the 
literature that COXIBs, such as rofecoxib, increased deaths 
due to the cardiovascular complications [33]. This feature 
occurs because both COX-I and COX-II production pathways 
are equilibrated processes that keep the vasoconstriction and 
vasodilatation in order.  Blocking the COX-II enzyme, the 
inflammation process decreases. However, the COX-II 
inhibition also reduces the vasodilation and anti-platelet 
effects in the vascular wall, since it decreases the production 
of prostacyclin (PGI2) that prevents platelet aggregation and 
vasoconstriction.  At the same time, the COX-I isoform 
maintains the production of Thromboxane A2 (TXA2) that 
can lead to vasoconstriction and platelet aggregation, and this 
causes a mediator production disequilibrium. This 
disequilibrium between vasoconstriction and vasodilatation in 
the vascular system could promote hypertension and 
thrombosis, and increase the cardiovascular risk [9].  

 

1.2.2. Corticosteroids 

 

 The term "corticosteroid" is generally used to refer to 
glucocorticoids (GCs). However, the corticosteroids class also 
includes the mineralocorticoids [22]. The corticosteroids are 
molecules derived from cholesterol, and are small lipophilic 
molecules [23]. The GCs are a class of steroid hormones, 
widely used due to their strong immunosuppressive and anti-
inflammatory activity [34]. 

  The anti-inflammatory effect, as well as the other 
pharmacological and phisiological properties of GC result 
from the binding on the glucocorticoid receptor (GR) on 
multiple signaling pathways [35]. To produce GCs, the 
inflammatory citokynes, such as TNF-α or IL-β, secreted by 
macrophages or activated lymphocytes, induce the expression 
and release of corticotrophin-releasing hormone (CRH), 
besides activating the components of the inflammatory system. 
Then, the CRH increases the production of 
adrenocorticotropic hormone (ACTH), which stimulates GC 
secretion [36].  
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Figure 4 - Comercially available COXIBs 

 The produced GC displays a predominantly genomic 
mechanisms, but these compounds also exert non genomic 
effects [34]. When the formed GC-GR complex enters the cell 
nucleus, the modulation of various DNA transcription factors 
occurs, promoting a decrease in the production of pro-
inflammatory proteins while leading to an increase in the 
production of anti-inflammatory proteins, such as annexin 
[34]. These compounds act in many cell types, such as 
macrophages, neutrophils, mast cells and epithelial cells, 
among others [36].  

 The genomic effects of synthetic GC compounds are slow, 
while the fast anti-inflammatory effects occur by the non-
genomic mechanisms [37]. The known mechanisms are the 
physicochemical interactions with membrane-bound GR or 
cytosolic GR. These interactions occur in seconds or minutes 
after the GR activation, and do not  require protein synthesis 
[22]. The GR activation releases proteins, such as annexin, 
which act in signaling cascades [22, 36]. The annexin inhibits 
PLA2 enzymes, decreasing the arachidonic acid (AA) levels 
[35, 37]. 

 Based on this idea, the synthetic GCs are used to treat 
immune and anti-inflammatory diseases such as rheumatoid 
arthritis and asthma, among others [36]. However, long 
therapies with GC promotes tissue-specific resistance [22]. 
Furthermore, the binding of synthetic GC in steroidal 
receptors results in many side effects, such as diabetes, 
hypertension, cataracts, osteoporosis, skin atrophy, glaucoma, 
abdominal obesity, avascular necrosis and infection and 
growth retardation [22, 36]. Thus, it is possible to infer that, 
considering that the GCs are primary stress hormones which 
regulate many physiologic process, there is an advantage in 
using specific inhibitors of PLA2. By the action of sPLA2 
inhibitors, the AA levels will decrease as desired, but the 
effects related to the interaction between GCs and receptors 
will not be observed.                                                       

 

1.3. Phospholipases A2 

 1.3.1. Overview 

 As mentioned, phospholipases A2 (PLA2) are hydrolase 
enzymes that catalyze the hydrolysis of the membrane 
phospholipids, at the sn-2 position. This class of enzymes is 
important for a series of cellular activities, such as membrane 
modeling and cell signaling [10, 19, 38]. The action 
mechanism of these enzymes, proposed by Scott and 
collaborators (2010) [39], can be seen in Figure 5. It suggests 
that the His48 / Asp99 pair (19) removes a proton from a water 
molecule (20), which acts as a nucleophile on the attack at the 
sn-2 position of the membrane phospholipid (1). The Ca2+ 
cofactor stabilizes the oxyanion, the reaction intermediary.  

  Currently, more than 30 PLA2 isoforms are known 
[11],and are subdivided into six groups, the calcium-
independent (iPLA2), cytosolic (cPLA2), secreted (sPLA2), 
platelet activating factor acetylhydrolase (PAF-AH), the 
lysosomal (lyPLA2), and one recently discovered, named 
"Adipose-specific PLA2" (Ad-PLA2). These groups are 
presented in Table 1. For the division of the groups, their 
molecular weights, disulfide bonds, calcium requirement, 
among other criteria are taken into account [11]. 

 The group of cPLA2 contains six isoforms (IVA cPLA2α 
groups), IVB (cPLA2β), IVC (cPLA2γ), IVD (cPLA2δ), IVE 
(cPLA2ε) and IVF (cPLA2ζ), which have between 24 and 51% 
of sequential identity, different catalytic activities and 
expression in tissues [40]. The active site of this class contains 
the pair Ser/Asp, which çis specific for phospholipids at the 
sn-2 position, in addition to requiring micromolar 
concentrations of calcium ions for their functioning [41]. The 
first group, IV, of cPLA2 was found in 1986 [41]. Since then, 
many isoforms have been sequenced and studied [20, 38].  

 IPLA2 belongs to group VI of PLA2. There are six 
isoforms of iPLA2, which, similarly to cPLA2, utilize the 
serine residue present at its catalytic site as a nucleophile to 
exert its catalytic function. The crystalline structures of 
IPLA2 are still not well elucidated and the molecular weight 
of this group ranges from 85 to 88 KDa. Unlike cPLA2, 
iPLA2 has no preference for sn-2 positions of fatty acids. 
These proteins are involved in signaling. In addition, they are 
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related to some diseases, for example diabetes and skin 
inflammations, among others [20, 38, 42].   

 

Figure 5 - Suggested action mechanism of PLA2 in the breaking of 

phospholipids. 

 

 

  

 

  PLA2 PAF-AH are enzymes responsible for the 
hydrolysis of the acetyl group at the sn-2 position of the 
platelet-activating factor, a potent phospholipid mediator. In 
addition, hydrolyzes oxidized phospholipids are produced 
during the LDL oxidation, inflammation and oxidative stress 
[43]. This group of PLA2 is also known as Lp-PLA2, because 
it circulates in plasma associated with lipoproteins. Like i-
PLA2, these enzymes do not need available calcium ions to 
perform their function. However, unlike the other PLA2, 
PAF-AH is specific for short acidic esterified groups, at the 
sn-2 position of their substrate [43]. 

 The fourth group, LyPLA2 has this name because they are 
located in the lysosome. Currently, two enzymes have been 

identified. The first Ly-PLA2 identified has a preference for 
substrates phosphatidylcholine and 
phosphatidylethanolamine, high homology with the enzyme 
lecithin cholesterol acyltransferase, independence of calcium 
ions and optimum pH of 4.5 for its activity [44]. This enzyme 
is highly expressed in alveolar macrophages, but can also be 
found in different cell types. This makes it play a key role in 
surfactant metabolism, acting on the catabolic homeostasis of 
pulmonary surfactants [11]. 

 The Adipose-specific PLA2 (Ad-PLA2) is a class of 
recently discovered phospholipase [45]. These enzymes 
belong to the lecithin retinol acyltransferase family., Studies 
suggest that to carry out their activity the residues His 23 and 
Cys 113 are indispensable [45, 46]. In addition to hydrolyzing 
phospholipids at the sn-2 positions, these enzymes are also 
able to hydrolyze phospholipids at the sn-1 position, and 
depending on the condition, the latter may be more efficient 
than the former [43].  

 The last group, but no less important, it is composed of 
secreted phospholipases A2 (sPLA2), which were the first 
types of PLA2 discovered. They are low molecular weight 
enzymes (approximately 14 KDa), and are characterized by 
containing six disulfide bonds, Histidine at their catalytic site, 
and dependent on mM concentrations of calcium. These 
enzymes are found in various animal poisons, synovial fluid, 
and various mammalian tissues. Until now, 16 types of sPLA2 
are described in the literature, named as IB, IIA, IIC, IID, IIE, 
IIF, III, V, X, XIIA and XIIB PLA2. In general, these enzymes 
have catalytic preference for negatively charged 
phospholipids, in particular phosphatidylserine, 
phosphatidylglycerol and phosphatidylethanolamine, but this 
preference varies according to each isoform. This preference 
is an important feature, for example, to act in the defense of 
the organism, since these phospholipids are present in the 
membrane of bacteria [11]. 

 In addition to membrane phospholipids, sPLA2 may also 
act on "non-cellular" phospholipids, such as those found in 
pulmonary surfactants, microvesicles, and lipoproteins. This 
variation may explain the great molecular evolution and the 
amount of isoforms existing in this group, in relation to the 
other PLA2 [20, 38, 47]. 
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 Table 1- General classification of Phospholipases A2 and their 

associated diseases [11]. 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PLA2 

Family 
Group Organism 

Weight 

(KDa) 

Catalytic 

residues 
Associated diseases 

cPLA2 
IVA to 

F 
Human/ murine 60-85 Ser/Asp - 

iPLA2 
VIA to 

F 
Human/ murine 28-146 Ser/Asp - 

PAF-

AH 

VIIA 

and 

VIIB 

VIIIA 

IIIB 

Human/ murine /swine/bovine 
40-45 

~26 
Ser/His/Asp 

- 

- 

LyPLA2 XV Human ~45 Ser/His/Asp - 

AdPLA2 XVI Human  adipocytes ~18 His/Cys - 

sPLA2 IA Swine ~14 His/Asp  

 IB 

Human/ swine 

pancreas 

 

 

~14 His/Asp 
Pancreatic acinar carcinoma 

and dry eye disease 

 IIA 

Human 

synovial fluid 

/snakes 

 

~14 His/Asp 
- 

 

 
IIB 

 
Gabon viper ~14 His/Asp 

- 

 

 
IIC 

 

Mouse / 

murine testes 
~14 His/Asp 

Obstructive chronic lung 

disease and asthma 

 
IID 

 

Human / 

murine 

pancreas / 

spleen 

~14 His/Asp 
Ulcerative colitis and chronic 

rhinosinusitis 

 
IIE 

 

Uterus / brain / 

human / 

murine heart 

~14 His/Asp 
Atopic dermatitis and 

colorectal cancer 

 
IIF 

 

Human / 

murine 

embryos and 

testes 

~14 His/Asp 
Colorectal cancer and 

atherosclerosis 

 III 

Human / 

murine lizards 

/ bees 

~55 His/Asp 

Arthritis, atherosclerosis, 

sepsis, cancer and chronic 

hepatitis 

 V 
Human / 

murine 
~14 His/Asp - 

 
IX 

 

Heart / lung / 

macrophages 
~14 His/Asp - 

 X 
Leukocytes / 

human spleen 
~17 His/Asp - 

 
XIA e XIB 

 

Sprouts of 

green rice 
~13 His/Asp - 

 
XIIA 

 

Human/murine 

 
~14 His/Asp - 

 
XIIB 

 

Human / 

murine 
~14 His/Asp Acute pancreatitis 

 
XIII 

 
Parvovirus <10 His/Asp - 

 XIV 
Symbiotic 

fungi / bacteria 
13-19 His/Asp - 
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1.3.2. Secretory PLA2 as targets for inhibitors 

 

 Several; studies have demonstrated the alteration of PLA2 
levels, especially sPLA2, during inflammatory disorders, such 
as rheumatoid arthritis, atherosclerosis, asthma, pancreatitis, 
Alzheimer's disease, and respiratory tract diseases and cancer 
[48]. In this way, sPLA2 inhibitory molecules are a source of 
possible anti-inflammatory drugs, different from NSAIDs and 
other known anti-inflammatory drugs. 

 Of all PLA2 groups, sPLA2 has been considered as one of 
"inflammatory enzymes" since they are involved in 
pathophysiological processes of various inflammation-related 
diseases [38]. The expression of sPLA2 is related to several 
inflammatory processes, such as allergic inflammatory 
processes, pancreatitis, atherosclerosis and cancer [47, 49–51]. 
In particular, the expression of the IIA group is attributed to 
several pathologies, such as obesity, arthritis, atherosclerosis 
and cancer, and one of its activities is the recruitment of other 
sPLA2, such as those of group X and V [11, 43]. Furthermore, 
the PLA2 inhibition in general, as well as its mechanisms, are 
widely studied using sPLA2. Since they are more abundant 
and are present in venoms of snakes and the pancreas, they 
can  facilitate its acquisition and availability [52]. 

 Given the importance of these enzymes in inflammatory 
processes, sPLA2 is an interesting target for research in 
several areas such as medicinal chemistry, biochemistry and 
pharmacology [20, 38, 43]. These studies are aimed at 
elucidating inhibition mechanisms at the molecular level for 
the design of novel sPLA2-specific inhibitor compounds, such 
as in the treatment of diseases related to inflammatory 
processes [53]. In addition, the discovery of the sPLA2 
oncogenic role and involvement in neurological diseases has 
also motivated the study of new inhibitors for this class of 
enzymes [21, 54–57]. 

 

1.3.3. The newest sPLA2 inhibitors as potential anti-
inflammatory drugs 

 Many molecules are already known to inhibit sPLA2 
activity. In the 2012-2018 period, much research has been 
focused on the design of sPLA2 inhibitors, for the 
development of new anti-inflammatory drugs. In relation to 
natural products, many compounds are found by inhibiting the 
sPLA2 enzymatic activity.  Belchor et al. (2017) [58] studied 
the inhibitory effect, in vitro and  in vivo, of  natural 
compounds Rhamnetin (Rhm) (21), 3-O-methylquercetin 
(3MQ) (22) and Rhamnazin (Rhz) (23), which are quercetin 
(24)  derivatives. The basic structure and derivatives are 
displayed in Figure 6. 

 

 

 

 

 

 

 

Figure 6 - Quercetin derivatives as inhibitors of sPLA2: Rhamnetin 

(Rhm), 3-O-methylquercetin (3MQ) and Rhamnazin (Rhz). 

 

 

 

 For the inhibitory analysis, the authors employed a snake 
venom PLA2 from Bothrops jararacussu [58, 59]. In addition, 
the creatine kinase (CK) levels and cytotoxicity were 
evaluated. Both compounds evaluated show inhibitory 
activity. However, compounds 3QM and Rhz increased the 
CK levels. Rhm shows good inhibition, no toxicity and 
decreased CK levels, indicating its potential to decrease 
muscle injury. The authors attribute its anti-inflammatory 
activity to the presence of 3OH on C-ring, while the increase 
of cell viability and low CK levels induced by sPLA2 were 
attributed to methylation of ring A.  

 The potential of a major constituent of Korea edible 
mushroom Polyozellus multiplex, polyozellin,  to inhibit 
sPLA2 was tested by Ku et al. (2016) [60]. The polyozellin 
was able to inhibit the phosphorylation of the cytosolic PLA2, 
which consequently modulates the sPLA2 expression and 
activity. Other natural compounds, baicalin, baicalein and 
wogonin, isolated from Chinese herb Huang Qui [61], and 
vicenin-2 and scolymoside, isolated from Cyclopia subernata 
[62], were able to inhibit the sPLA2-IIA activity by the same 
mechanism. Similarly, the GLP-1 receptor against exendin-4 
(EX4), a 39-residue peptide, isolated from the salivary 
secretions of the lizard Heloderma suspectum, was also 
capable of suppressing LPS-induced activation of cPLA2 and 
extracellular signal-regulated kinase (ERK) 1/2 [63]. 

 Another possibility for the development of specific and 
strong sPLA2 inhibitors is the modification of natural 
compounds. Based on the active site residues, in the past year 
Sales and collaborators [59] developed modified compounds 
using vannilic acid, a natural compound found in the species 
Sambucus williamsii Hance. By means of theoretical tools, the 
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authors developed two possible analogues, which show 
stronger interactions in relation to vanillic acid.  In addition, 
the author show that is possible to employ some snake venom 
sPLA2 as an experimental model, in order to facilitate the 
experimental process.  The inhibitory effect over sPLA2 
enzymes from synthetic compounds has also been evaluated. 
Bukhari et al. (2016) [64] evaluated, by theoretical and 
experimental studies, the inhibitory effects of 35 
benzimidazole derivatives on group 5 sPLA2 (25) (Figure 7) 
and found that all synthesized compounds are effective to 
inhibit the enzymatic activity of PLA2. The compounds 27-
30, 41 and 44 presented a strong inhibition, with IC50 less than 
10 μM. Of these, compound (28) was the most potent sPLA2 
inhibitor, with an IC50 of 3.22 μM.  
 One drug used in the treatment of metastatic melanoma 
therapy, Dabrafenib, also demonstrates potential to regulate 
sPLA2 activity. Jung, Kim and Bae (2016) [65] performed  in 
vivo and in vitro tests for evaluating  this hypothesis. As a 
result, Dabrafenib remarkably suppressed the activity of a II-
A group PLA2 by the inhibition of phosphorylation of cPLA2, 
thus causing a regulation of sPLA2 activity. 

 A novel group of sPLA2 and Sphingomyelin Synthase 
(SMS) inhibitors (60-67) based on α-amino cyanide fragments 
and indole molecules (Figure 8) were developed by Gao et al. 
(2013) [66]. In vitro assays were performed and as a result, all 
compounds provided inhibitory effects at a concentration 
between 14-32 μmol.L-1.  

 In 2013, Dileep and collaborators [67] studied the 
inhibitory activity of 160 indole derivatives. Of these, four 
presented high interaction energies with the sPLA2 of porcine 
pancreas. These four inhibitors, CID2324681 (68), CID8617 
(69) (indolebutyric acid or IBA), CID22097771 (70) and 
CID802 (71) (indoleacetic acid or IAA) can be seen in Figure 
9. With all analyses performed, it was possible to conclude 
compounds 71 and 69 are promising candidates as anti-
inflammatory drugs.  

 Another interesting class of inhibitors recently developed 
are the synthetic specific peptide inhibitors [68]. Based on 
important peptide fragments of sPLA2, specific sequences of 
aminoacids are employed. As described by the authors, for the 
human sPLA2 IIA, the specific sequence 17AALSYGFYG25 
was identified as a potentially forming region of amyloid-like 
aggregates. These regions cold mediate PLA2-PLA2 
interactions, which results in formation of oligomers with 
high activity. The idea is that these specific synthetic 
sequences can interfere in oligomerization of these proteins, 
which decrease the catalytic activity of sPLA2. The result 
shows that there was approximately 36% inhibition at an 
AALSYGFYG concentration of 80nM. The shift in 
oligomerization can occur via non-specific and specific 
interactions [68]. The use of class specific peptides is a 
promising alternative, since these compounds are derived 
from biomolecules, which decrease its toxicity. Identification 
of these sequence structures could be used in the design of 
many specific and potent peptide inhibitors, for many 
different enzymes [68].  

 

 

Figure 7- General structure and derivatives of benzimidazole 

inhibitors. 
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Figure 8- α-amino cyanide fragments and indole-based sPLA2 

inhibitors 
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Figure 9- Indole derivatives inhibitors 

 

 Focusing on the interaction between sPLA2IIA and 
integrinαvβ3, other peptide based inhibitors were identified 
using heterocycle-capped compounds. The authors used the 
One-Bead-One-Compound (OBOC) for identification of 
biologically active compounds [69]. The interaction of sPLA2 
with this integrin induces the cell proliferation and pro-
inflamatory activation of extracellular responsive kinase 1 and 
2 (ERK1/2). In this way, the authors used this interaction as a 
target for inflammatory intervention, testing 
pyrazolylthiazole-tethered peptide inhibitors (Figure 10). 
These compounds showed  more than 70% inhibition effect 
against the interaction between sPLA2-IIA and integrin αvβ3. 

 

1.3.4. The 2012-2018 patents 

 

 Due to the large number of existing sPLA¬2 inhibitors, 
this paper focuses only in inhibitors developed in the last six 
years. The patent described by Tamarit and Theze (2017) [80] 
relates indole-based compounds (85-104), including its salts, 
esters, hydrates, racemates, enantiomers, prodrugs or 
metabolites. The base structure and radical substituents of the 
patent can be seen in Figure 11. The suggested compounds are 
able to inhibit sPLA2 of the IB group. According to the 
authors, the indole-based compounds exhibit potent PLA2 
inhibitory effect. In addition, the inhibitors have effects on the 
treatment of AIDS by many mechanisms, and can help the 
immune system.   

  The patent developed by Luo Ruixue in 2016 [81] reports 
the application of pleurolactone for the preparation of anti-
inflammatory drugs. In vivo studies have been employed and 
the results obtained by the authors indicate that pleurolactone 
has an IC50 close to that of indole-based sPLA2 inhibitors. 

 

 Figure 10 - pyrazolylthiazole-tethered peptide hits and their 

analogs 

 

* D-amino acids. 
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Figure 11- Indole-based sPLA2 inhibitors. The top structure is the 

principal molecule of the patent and the general structure below 

shows its derivatives.  

 

   In 2013, Mehendale [82] developed an sPLA2 
inhibitor that is also efficient in protecting or ameliorating 
liver damage caused by a lethal dose of hepatotoxicant. The 
compound, named 5-(4-benzyloxyphenyl)-4S-(7-
phenylhepatonoylamino) pentanoic acid, was tested in male 
Swiss Webster mice, at a dose of 20 mg/kg. The results 
showed that the use of sPLA2 inhibitor resulted in more 
deaths caused by the administration of lethal dose of 
hepatotoxicant (acetaminophen, carbon tetrachloride or 
thioacetamide). Only 10% of mortality was observed. In 
addition to the specific compound, sodium (3-aminooxyalyl-
1-benzyl-2-ethyl-6-methyl-1 H-indol-4-yloxy)-acetic acid), 
ochnaflavone, para-bromophenacyl bromide or other 
benzophenone oximes derivatives are described in this patent. 
In 2014, Dennis and collaborators [83] developed PLA2 
inhibitors using amides (105-131) (Figure 12). 

 Liu, in 2012 [84], created new sPLA2 inhibitors based on 
(3-aminooxalyl-1H-indol-4-yloxy) acetic acid and its salts 
(132-141). The basic structure is represented in Figure 13. 
These compounds demonstrate therapeutic effect on several 
disorders, such as acute bronchitis, bronchiolitis, acne, acute 
coronary syndrome, allergic conjunctivitis, allergic rhinitis, 
angina, cancer, gastritis, contact dermatitis, esophagitis, 

dermatoses and cystitis [84]. All these activities are attributed 
to inhibition of PLA2 enzymes.  

 Figure 12- Amide derivatives PLA2 inhibitors 

 

 

Figure 13- PLA2 inhibitors based on (3-aminooxalyl-1H-indol-

4-yloxy) acetic acid. 

 

 

 As can be seen, in recent years many sPLA2 inhibitors 
have been developed. All these studies prove that the use of 
sPLA2 as target enzymes is quite promising. However, the 
drug design is a very costly and a time-consuming process 
[70]. To reach the preclinical stage, the candidate molecule 
must have well defined pharmacokinetic parameters, its 
pharmacodynamics must be optimized and have a low toxicity 
profile, among other pharmacological characteristics [71]. 
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Sometimes, the compounds are potent inhibitors but cannot be 
commercialized due to side effects presented in pre-clinical 
texts. An example, the potent sPLA2 inhibitor Varespladib 
(Figure 14) (142) (LY315920), developed in 1996 [72].   

Figure 14- Chemical structure of Varespladib 

 

 

 The IC50 found for this compound was 0.009μM [72, 73]. 
Since then, many studies have been made for testing the 
pharmaceutical potential of Varespladib, investigating its use 
for the treatment and prevention of Sickle Cell Disease, Vaso-
occlusive Crisis, Acute Coronary Syndrome, among others 
[72, 74, 75]. Varespladib was a promising sPLA2 inhibitor 
that reached clinical phase trials (clinicaltrials.gov Identifier: 
NCT01130246). However, it was not commercialized because 
some undesirable side effects were observed. The side effects 
arise due to the potentially inadequate penetration of 
Varespladib into vascular cells to inhibit pro-inflammatory 
intracellular mediators, and also its the non-specificity, since 
it inhibits many sPLA2 isoforms [76]. 

 To assist in all phases of this complex process of drug 
design, the crystallography and the computational chemistry 
is of great value [77]. The use of computational chemistry 
techniques in the study of biomolecules can be of great value 
not only in the process of drug design but also in the 
development of other technologies [78]. In relation to the 
sPLA2 study, several  computational medicinal chemistry 
techniques, such as structure–activity relationship, molecular 
modeling studies and theoretical drug development based on 
the crystal structures of sPLA2, have been used [59, 79]. In an 
attempt to find new promising pharmacologically active 
molecules, computational drug design methodologies can be 
employed to provide data about action mechanisms, 
molecular modifications for chemical structures, 
pharmacokinetics, selectivity and side effects, among others 
[70].  
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CONCLUSION 

 

 Having in mind the large incidence of inflammatory 
conditions, and the many side effects caused by recent 
available anti-inflammatory drugs, the secretory 
phospholipases A2 (sPLA2) enzyme constitutes a promising 
target for designing new anti-inflammatory drugs. Several 
potent, bioavailable and selective sPLA2 inhibitors have been 
developed over the years, which attest to the continued 
interest in designing new anti-inflammatory drugs. In addition 
to molecules developed specifically for inhibiting the sPLA2, 
drug repurposingt is also a promissing technique, since the 
drug is already characterized pharmacologically, and this 
provides a time gain in many stages of the drug design process. 
In this scenario, we could cite, as an example, Dabrafenib, 
used in the treatment of metastatic melanoma therapy. We 
strongly feel, then, that Secretory Phospholipases A2 can be 
considered a molecular target for the development of new 
anti-inflammatory drugs and that many of the compounds 
presented herein may become, in the future, efficient and non-
toxic anti-inflammatory drugs, but many studies still need to 
be done. 

 

LIST OF ABBREVIATIONSPLA2 – Phospholipase A2 

AA – Arachidonic acid 

COX - Cyclooxygenase 

LOX - Lipoxygenase 

PAF – Platelet activating factor 

NSAID – Non steroidal anti-inflammatory drugs 

COXIBS – Selective cox-ii inhibitors 

PGI2 – Prostaglandin I2 

TxA2 – Thromboxane A2 

TLR – Troll-like receptor 

TX - Thromboxane 

LT - Leukotriene 

LX - Lipoxin 

HETE - Hydroxyeicosatetraenoic acids 

EET - Epoxyeicosatrienoic acids 

PG - Prostaglandins 

GC -  Glucocorticoids 

GR – Glucocorticoid receptor 

CRH - Gorticotrophin-releasing hormone 

ACTH - Adrenocorticotropic hormone 

PAF-AH – Platelet activating factor 

CK – Creatine kinase 

RHM - Rhamnetin 

RHZ - Rhamnazin 

MQ - Methylquercetin 
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Abstract: Human phospholipase A2 (hPLA2) of the IIA group (HGIIA) catalyzes the 

hydrolysis of membrane phospholipids, producing arachidonic acid and originating 

potent inflammatory mediators. Therefore, molecules that can inhibit this enzyme are a 

source of potential anti-inflammatory drugs, with different action mechanisms of known 

anti-inflammatory agents. For the study and development of new anti-inflammatory 

drugs with this action mechanism, snake venom PLA2 (svPLA2) can be employed, since 

the svPLA2has high similarity with the human PLA2 HGIIA. Despite the high similarity 

between these secretoryPLA2s, it is still not clear if these toxins can really be employed 

as an experimental model to predict the interactions that occur with the human PLA2 

HGIIA and its inhibitors. Thus, the present study aims to compare and evaluate, by 

means of theoretical calculations, docking and molecular dynamics simulations, as well 

as experimental studies, the interactions of human PLA2 HGIIA and two svPLA2s, 

Bothrops toxin II and Crotoxin B (BthTX-II and CB, respectively). Our theoretical 

findings corroborate experimental data and point out that the human PLA2 HGIIA and 

svPLA2 BthTX-II lead to similar interactions with the studied compounds. From our 

results, the svPLA2 BthTX-II can be used as an experimental model for the development 

of anti-inflammatory drugs for therapy in humans. 

Keywords: experimental model; svPLA2; vanillic acid 
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1. Introduction 

 The inflammatory process involves a complex cascade of biochemical and 

cellular events, and it is an innate reaction of the organism that occurs in tissue in 

response to any cell injury from any dangerous agent: physical, chemical or biological. 

One of the stages of the inflammatory process is the breakdown of membrane 

phospholipids by phospholipases A2 (PLA2), which generates fatty acids, such as 

arachidonic acid (AA) and lysophospholipids. Oxidation of AA generates inflammatory 

mediators, such as prostaglandins, thromboxanes and leukotrienes, through the action 

of cyclooxygenase (COX) and lipoxygenase (LOX) enzymes. In addition to AA, the 

breakdown of membrane phospholipids generates lysophospholipids, a precursor of 

platelet-activating factor (PAF), another potent inflammatory mediator [1,2]. 

 For the treatment of these inflammatory conditions, the Non-Steroidal Anti-

Inflammatory Drugs (NSAIDs) are the most commonly employed drugs [3]. Their wide 

use throughout the world is due to the large number of diseases involving inflammatory 

disorders, the spread of rheumatic diseases, and an increase in the life expectancy of the 

population. Despite their widespread utilization, the prolonged use of this class of anti-

inflammatory drugs causes several side effects, such as gastrointestinal toxicity and 

hepatotoxicity, among other diseases [4–6]. For this reason, there is great interest in the 

development of new compounds that can act as anti-inflammatory drugs, but with fewer 

side effects. 

 Despite their structural differences, all NSAIDs have a similar action 

mechanism, and are inhibitors of COX enzymes [7]. Recent studies have reported that 

the anti-inflammatory action of NSAIDs occurs by inhibition of the COX-2 isoform. 

However, the other products of the inflammatory cascade are also involved in 

inflammatory conditions, and the inhibition of the COX pathway may accentuate the 

LOX activity, and consequently increases leukotrienes production, the other product of 

arachidonic acid degradation [8–10]. In this way, the inhibition of the PLA2, which can 

act at the top of the cascade, is a promising alternative, since at the same time that it 

decreases the COX pathway, it also regulates the production of leukotrienes and the 

PAF-AH. Despite having great importance, only a few theoretical studies have been 
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devoted to this topic and currently secreted PLA2 enzymes have not been explored as a 

molecular target by medicinal chemistry [11]. 

 Among the various classes of existing PLA2, the human secreted PLA2 of the 

IIA group (HGIIA) belongs to the group of PLA2 that is the most associated with 

diseases and consequently are the target enzyme for inhibition [11]. Since human 

enzymes are difficult to obtain, some experimental models are generally employed for 

their study [12–16]. In this line, some enzymes that would possibly serve as an 

experimental model are the snake venoms PLA2 (svPLA2). The secreted PLA2 from 

snake venoms are distributed in Subgroups I and II of the secreted PLA2 group. Of these, 

the crotalid and bothropic PLA2 are part of the II group, which is the same group as the 

HGIIA, which is a human PLA2. Crotoxin B (CB) (PDB ID 2QOG, UniProtKB AC: 

P24027) is the basic part of the Crotoxin (Cro), and its toxic part. Crotoxin was the first 

animal toxin to be purified and crystallized and is the main protein present in venom of 

the Crotalus durissus terrificus (South American rattlesnake) [17]. The Bothrops toxin 

II (BthTX-II) is another basic PLA2 isolated from Bothrops jararacussu venom. This 

myotoxic toxin is also known for its edematogenic and hemolytic effects and for its 

ability to induce platelet aggregation and secretion [18]. 

 The use of svPLA2 for understanding the activity and action mechanisms of the 

human PLA2 HGIIA has been proposed, as there is a high similarity between svPLA2 

and HGIIA PLA2 [19]. Moreover, the use of snake venom toxins could also be justified, 

because they are rich in Group I and II secreted PLA2, especially Elapidae and Viperidae 

families [20]. It should be kept in mind that despite this high similarity, it is not clear if 

these enzymes can perform similar interactions and if the svPLA2 can really be 

employed as an experimental model to describe the HGIIA interactions, since some 

works reveal the contrary [21]. Thus, the objective of this work was to evaluate, 

experimentally, the phospholipasic activity of vanillic acid (VA) on svPLA2 enzymes, 

such as BthTX-II and CB. In addition, we compare, theoretically, the interactions of 

these enzymes with the interaction of the same compound with HGIIA. Finally, two 

molecules rationally modified from the VA molecule were proposed to improve their 

interaction of the VA with HGIIA and to develop new potential anti-inflammatory 

drugs. 
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2. Results 

2.1. Experimental Assays 

Figure 1 contains the percent inhibition of both svPLA2 by VA in relation to the 

different concentrations of this molecule. It is possible to observe that svPLA2 BthTX-

II presented a higher activity and value of inhibition percentage by the VA. In relation 

to the halo of activity (Figure S1 of the support material), the sample with the highest 

proportion of VA presents the lowest activity halo for both enzymes, which indicates 

that VA decreases the activity of both svPLA2. In addition, the inhibition percentage 

values also indicate that vanillic acid is able to inhibit svPLA2. Figure 1 shows that the 

highest proportion of VA tested was responsible for the highest percentage of inhibition 

for both enzymes, equivalent to 23.7% for the BthTX-II and 20% for CB. 
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Figure 1. Percent inhibition of phospholipase A2 activity caused by vanillic acid (VA), for the 

phospholipases A2 isolated from snake venom Bothrops toxin II (BthTX-II) and Crotoxin B 

(CB). 

2.2. Alignments of Amino Acid Sequences of svPLA2 and Human PLA2 

Two alignments of primary amino acid sequences of BthTX-II (PDBID 3JR8), CB 

(PDBID 2QOG), and HGIIA (PDBID 3U8D) were performed and can be seen in 

Figures S2 and S3 of the support material. One is for calculating the percentages of 

identity and similarity between the enzymes, while the other is focusing on charge 
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distributions and hydrophobicity of the three PLA2. The results of the first alignment 

showed 64.0% identity (84.4% similar) for alignment BthTX-II vs. CB (3-143:4-144); 

53.1% identity (72.0% similar) for HGIIA vs. BthTX-II (3-145:3-143); and 55.2% 

identity (81.1% similar) for the alignment of the HGIIA vs. CB (3-145:4-144). For the 

second alignment, it is possible to observe that, although there are a few differences in 

some residues, the enzymes present groups (hydrophobic, negatively or positively 

charged residues) that behave similarly in the same positions, in most cases. 

2.3. Theoretical Calculations 

2.3.1. Molecular Docking Calculations 

 To validate the methodology, re-docking was performed on the human enzyme, 

under the same conditions, to compare the structure obtained in the theoretical 

calculation with the ligand structure of the U8D present in the crystal. The root-mean-

square deviation (RMSD) obtained in re-docking was zero for all structures, which 

means that the structures obtained presented little alteration in relation to the average 

structure, which is satisfactory. The overlap of the obtained poses with the U8D active 

ligand are shown in Figure 2. As can be seen, there was no significant variation in the 

structures theoretically obtained with the active ligand structure of the 3U8D complex. 

Therefore, this result can validate our docking study. 

 

Figure 2. Superposition of the obtained poses with the active ligand U8D, obtained by re-

docking calculation. 

 Afterwards, the docking analysis of the vanillic acid with all enzymes was 

performed, and the results are reported in Table 1. As can be seen in Table 1, the 

interaction energies and the score function obtained for the enzyme HGIIA and BthTX-
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II were very close. This result does not apply to the third phospholipase CB. Both 

svPLA2 have high similarity to the human enzyme HGIIA, however, only CB has four 

subunits composed of two equal dimmers, as seen in Figure 3. Each of these two 

dimmers is similar to the other PLA2 studied. BthTX-II and HGIIA enzymes have only 

two subunits in their active conformation, and this small structural difference can make 

the BthTX-II enzyme a little more appropriate to help describe the interactions that 

occur in the human enzyme. 

Table 1. Values obtained for the Score Binding Functions, Interaction Energy, and Hydrogen 

bonds for docking calculation of human phospholipase A2 (hPLA2)of the IIA group PLA2 

(HGIIA), BthTX-II, and CB. 

Enzyme MolDock Score Rerank Score Interaction HBond 

hPLA2 

HGIIA −69.38 −58.93 −75.35 −2.21 

svPLA2 

BthTX-II −71.22 −57.02 −79.45 0.00 

CB −37.87 −35.17 −44.91 −0.02 

 

 In relation to the hydrogen bond energies, the svPLA2 had the lowest values, 

different from the HGIIA that have approximately −2.21 KJ mol−1. Despite of this 

difference in energies, just one hydrogen bond between the Histidine 47 residue of 

HGIIA and VA occurs, which can be seen in Figure 4. The bond length is 2.601 Å, and 

bonds longer than 2.5 Å are not very stable [22]. 

 Through the superposition of the VA and the active ligand U8D, in Figure S4 of 

the support material, it is possible to deduce that VA leads to similar hydrophobic 

interactions. This means interactions between U8D and the hydrophobic residues of 

HGIIA, since the aromatic rings of VA are localized very close to the aromatic ring of 

the U8D. In addition, the oxygen atoms of the VA carboxyl group are also near the 

oxygen groups of the U8D molecule. Figure S5 shows the vanillic acid molecule inside 

the cavity of the HGIIA enzyme. As can be seen, VA occupies only a part of the cavity. 

 If new radical groups are rationally added in a vanillic acid molecule to take up 

all the cavity space, it is possible that the interaction of these compounds increases. 

Based on this idea, and considering the composition of the residues that are in the active 
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site, two VA modified molecules were supposed, and docking analysis of their energies 

was performed. The proposed modifications are shown in Figure 5. 

 

 

 

 

 

 

 

Figure 3. Three dimensional structures of secretory phospholipases A2:(a) represents the 

structures of HGIIA, with 3U8D PDB code; (b) represents the BthTX-II structure, with 3JR8 

PBD code; and (c) is the 3D structure of CB, PDB code 2QOG. 
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Figure 4. Hydrogen bond made between a vanillic acid molecule and the His 47 residue of PLA2 

HGIIA, whose length is 2,601 Å. 
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Figure 5. Modifications rationally proposed to improve the inhibitory activity of vanillic acid. 

On the top of the figure is the general structure; the molecule represented in (a) is the vanillic 

acid (VA), (b) is the first modification, named analogue I, and (c) is the second modification, 

named analogue II. 



 
 

 

43 
 

 The docking calculation of the modified VA structures (analogues I and II) also 

were performed, and the results are displayed in Table 2. As can be seen, all results are 

better than the unmodified VA molecule (Table 1), which means that the modifications 

are satisfactory. The hydrogen bond energies have improved and are more similar 

between BthTX-II and HGIIA than the unmodified VA molecule. Moreover, the 

analogues followed the same interaction pattern, having more affinity for BthTX-II, 

followed by HGIIA and CB, the energies of the first two being very similar. The 

interaction energy between analogue I and the enzymes BthTX-II, HGIIA, and CB are 

−113.82, −107.12, and −71.93 KJ mol−1, respectively. For the interaction of these 

enzymes and analogue II, the interaction energies were −126.35, −115.38, and −55.64 

KJ mol−1, respectively. These data also suggest that the BthTX-II serves as an 

experimental model to evaluate inhibitions in human secretory phospholipases of the 

IIA group. 

 

Table 2. Values obtained for the Score, Interaction Energy, and Hydrogen Bond energies of the 

two analogues tested by docking calculation with the PLA2 HGIIA, BthTX-II, and CB. 

Compound Enzyme 
MolDock 

Score 
Rerank Score Interaction HBond 

Analogue 

I 
HGIIA −101.52 −73.99 −107.12 −4.99 

Analogue 

I 

BthTX-

II 
−111.32 −69.64 −113.82 −4.61 

Analogue 

I 
CB −72.26 24.57 −71.94 −5.14 

Analogue 

II 
HGIIA −117.02 −26.35 −115.38 −4.63 

Analogue 

II 

BthTX-

II 
−123.33 −101.81 −126.35 −7.91 

Analogue 

II 
CB −59.03 31.78 −55.64 −9.65 

 

2.3.2. Molecular Dynamics Simulation 

 After the molecular docking study of VA in both PLA2, the structures obtained 

from the enzymes and the poses were analyzed by molecular dynamics. The root-mean 

square deviation (RMSD) and the number of hydrogen bonds were obtained for both 
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systems. The first plot (Figure S6) shows the RMSD for each enzyme/inhibitor complex 

(HGIIA/VA; BthTX-II/VA, and CB/VA). In all systems, both VA and enzymes were 

stabilized, which indicates that all systems reached equilibrium. The svPLA2 structures 

have more fluctuations over time, especially the CB/VA system. 

 For the HGIIA/VA system, which was the most stable, the equilibrium occurred 

as early as in the first picoseconds of simulation, and its maximum value was 

approximately 0.5 nm for the VA and 0.4 nm for the protein, both low values. This 

indicates that the VA ligand stabilized within the active site of the enzyme and that its 

interactions with HGIIA are favorable, proving its inhibitory potential. For the BthTX-

II/VA system, the equilibrium was reached later for the ligand after 1000 ps, but it also 

occurred and was relatively maintained over time. Its maximum value was less than 1.2 

nm while the RMSD of the BthTX-II enzyme did not reach 0.7 nm, which means that 

the permanence of the VA in the active site of the PLA2 BthTX-II is also favorable. The 

CB/VA complex provided the largest variation in position over time, but despite this, it 

also stabilized. The ligand varied widely in the active site of the CB enzyme, reaching 

a maximum RMSD of 2.5 nm for the ligand and 1 nm for the protein. Similar to the 

behavior adopted in the docking calculations, the BthTX-II enzyme was that which 

behaved more like the human enzyme HGIIA. This also suggests that BthTX-II is 

capable of aiding in the description of the experimental behavior of the human enzyme 

and that the CB PLA2 does not provide information of interactions between the VA 

ligand and the human PLA2. 

 Comparing the RMSD between the enzymes, the HGIIA human PLA2 (hPLA2) 

was the most stable during the simulation, and BthTX-II was relatively stable. At the 

same time, the structure of CB svPLA2 had many more fluctuations, as already 

mentioned. Turning now to the inhibitor in the three enzymes (Figure 6), it can be seen 

that the VA conformations in the enzymes HGIIA and BthTX-II have similar behaviors, 

unlike the ligand in the CB active site. 
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Figure 6. Comparison of root-mean square deviation (RMSD) of VA in each active site. 

  

 In relation to the hydrogen bonds carried out over time for the three studied PLA2 

(Figure S7 of the support material), it is possible to observe that the hPLA2 HGIIA 

performed seven bonds during the molecular dynamics (MD) simulation, with 

approximately four being maintained most of the time. The BthTX-II svPLA2, similarly 

to HGIIA, performed six hydrogen bonds in the MD simulation, four of which are more 

frequent over time. Regarding CB svPLA2, unlike the other two phospholipases, CB 

PLA2 showed up to eight hydrogen bonds, but these were less stable, since they appear 

only at a few moments throughout the time. 
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3. Discussion 

3.1. Can svPLA2/Inhibitors Describe the hPLA2 /Inhibitors Interactions? 

From the experimental data, it is possible to observe that the BthTX-II enzyme has 

more affinity with the VA molecule. This pattern was maintained in the docking and 

MD simulations, which indicate that the theoretical studies carried out are coherent with 

the experiment and suggest that HGIIA performs similar interactions between BthTX-

II and VA. According to the literature, a degree identity over 35% is satisfactory [23]. 

Despite their similarity, it is important to comment that Kim and collaborators (2017) 

[21] found that the svPLA2 purified from the venom of Daboia russelli pulchella (VRV-

PL-VIII) is not appropriate as a model for describing the interactions between the human 

PLA2 and its inhibitors. As we can see in this work, the svPLA2 CB, despite the high 

similarity with HGIIA, does not provide information about the interactions that occur 

between the HGIIA and VA, while the BthTX-II has a behavior similar to the human 

enzyme. This feature suggests that the structural similarity is a very important factor to 

consider, but is not the only factor. The other factor which plays an important role is the 

behavior of the enzyme in solution [24,21]. According to Kim and collaborators (2017) 

[21], the svPLA2 does not provide any useful foundation for a prediction of the binding 

mode to specific ligands in a HGIIA complex. The authors conclude this based on the 

fact that the svPLA2 enzymes have different behavior in solution, and because of this 

feature can interact with different chains (A or B) in a different mode. They found that 

the ligand FLSIK, in the HGIIA:FLSIK complex, does not interact with both chains, 

and as such, the chain B is not necessary for the inhibition activity, since the ligand 

interacts only with chain A. In other words, the authors found that the HGIIA acts as a 

monomer in solution. For the svPLA2 that the authors chose (PLA2 purified from the 

venom of Daboia russelli pulchella(VRV-PL-VIIIA, svPLA2, UniProt accession code 

P59071, with 49% identity to HGIIA), the behavior in solution is different, and because 

of this, despite the high similarity, this svPLA2 doesnot provide information of HGIIA 

interactions, as it acts as a monomer and svPLA2 act as a dimmer. 

Similarly, for the authors, the simulations with HGIIA in the present work show 

that the ligand interacts with a single chain of the enzyme, which can be seen in Figure 

7. The images represent the frames at the beginning, middle, and end of the simulation 
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for the HGIIA/VA complex. As can be seen, the VA molecule is maintained in a single 

chain of the molecule at the three times. However, different from the conclusions of 

Kim and collaborators (2017) [21], in this work, we found that the svPLA2 BthTX-II 

can provide a useful foundation for a prediction of the HGIIA binding mode. This fact 

is justified because the BthTX-II behavior in solution is similar to the HGIIA (Figure 

7), different from the svPLA2 CB tested in this work and the svPLA2 tested by Kim and 

collaborators [21]. In Figure 7, the VA molecule also remains in the only chain of the 

enzyme most of time. As mentioned above, the CB PLA2, despite its high primary 

sequence similarity with HGIIA, acts as a tetramer, different from the other two tested 

PLA2. In addition, the PLA2 tested by Kim et al. (2017) [21], besides having less 

similarity to HGIIA, does not act as a monomer in solution. 

Thus, for the similar interactions between HGIIA and BthTX-II, the similar 

behavior in solution, and for the high structural similarity of these compounds, it is 

possible that, experimentally, the vanillic acid acts in HGIIA in the same manner, with 

inhibition percentage values close to those of the BthTX-II results. Despite the 

differences in hydrogen bond energies in the docking calculations, the time dependent 

simulations show that the number of hydrogen bonds of BthTX-II and HGIIA are 

similar, and are maintained most of time, which also contributes to their similarity in 

interactions, contributing to the fact that the BthTX-II can be used as an experimental 

model for HGIIA. 

Moreover, the aromatic ring of the VA is in the same position as the active ligand 

of the 3U8D complex, suggesting that the same hydrophobic interaction can occur. With 

the structures obtained in the MD simulation, it was possible to create a pharmacophoric 

map of the HGIIA middle structures, which is approximately correspondent to the 

BthTX-II interactions. The maps are shown in Figure 8. The enzymes have similar 

hydrophobic interactions, and these interactions can explain the similar interaction 

energy obtained in molecular docking. In the map, it is possible to observe that the VA 

molecule performs π-π stacking interactions with phenylalanine residues and a hydrogen 

bond with glycine residues in both enzymes. The results obtained in this work are in 

agreement with the results obtained by Dileep et al. (2015) [25], who analyzed the effect 

of some phenolics on secretory PLA2 of the swine pancreas. The authors reported that 
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vanillic acid interacts with this phospholipase by performing an H bond and by 

hydrophobic interactions with residues Phe 5, Leu 2, Phe 22, and Leu 31. Therefore, 

one secretory PLA2 that has more availability and is more easily obtained, which is 

BthTX-II, can be used as an experimental model for the study of mechanisms and the 

development of new inhibitors for the HGIIA PLA2 that are so important in regulations 

of the arachidonic acid pathway. 

 

Figure 7. Comparison between the structure of the complex HGIIA/VA at the beginning (0 ns), 

middle (5 ns), and end (10 ns) of the molecular dynamics simulation, and comparison of the 

structures of the complex BthTX-II/VA at the beginning (0 ns), middle (5 ns), and end (10 ns) 

of the molecular dynamics simulation. 
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Figure 8. Pharmacophoric map of the interactions between HGIIA and vanillic acid (VA). 

 

3.2. Searching Molecular Interactions of Vanillic Acid Analogs 

With the modification of the VA molecule, the interactions increase significantly. 

As presented in Table 2, the interaction energies increase for both modifications with 

all PlA2. Moreover, the hydrogen bond energies for HGIIA and BthTX-II were very 

similar. Through the modifications of the VA molecule, the majority of the active site 

was occupied with radicals that interact with specific residues. This modification brings 

new hydrophobic interactions and hydrogen bonds, as can be seen in Figure 9, the 

pharmacophoric map. In addition, the chlorine atom in analogue II performs 

electrostatic interactions with HGIIA. With this, it is possible to conclude that vanillic 

acid can act as a base molecule for the rational development of new secretedPLA2 

inhibitors. With better interaction, these new inhibitors can be more effective and 

selective for these enzymes, which enables the use of these molecules as possible anti-

inflammatory drugs, with a different action mechanism from that of the current 

commercially available drugs. 
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(a) (b) 

Figure 9. Interactions between the analogues I and II and HGIIA enzyme: (a) presents the 

interactions of the analogue I with HGIIA; (b) shows the interactions of the analogue II with the 

HGIIA enzyme. 
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4. Conclusions 

In this work, a comparison of the HGIIA and svPLA2 interactions was performed in 

order to clarify the discussion about the use of svPLA2 as a model for analysis of human 

PLA2 interactions. In addition, two modified molecules from vanillic acid were 

theoretically proposed for increasing the inhibition of the VA molecule as well as its 

inhibitory effect. It is possible to conclude that the enzyme BthTX-II can provide useful 

information about the interactions of the potential inhibitors with HGIIA hPLA2. The 

other svPLA2 tested, the Crotoxin B, or CB, does not present the same results, and so 

this enzyme cannot be used as an experimental model for HGIIA. It is also concluded 

that the primary sequence similarity is not the only factor to be considered, and the 

behavior of the enzyme in solution is an important factor for the comparison of 

interactions between the structurally similar enzymes. 

This work is of great use, because we report a proof-of-principle study that snake 

venom toxins, more specifically svPLA2, can be used as tools for studies in human PLA2, 

taking care in choosing the correct svPLA2. Furthermore, it serves as evidence that both 

structural similarity and enzyme solution behavior are important to describe similarities 

in interactions of two or more enzymes. Lastly, vanillic acid has potential to inhibit 

secreted PLA2, and can be a base molecule for the development of molecules that can 

interact more strongly and can be more selective. The two rationally modified molecules 

developed from VA show better interaction energies than VA, which means that the 

developed molecules are more potent inhibitors than VA, and can be potential-use 

candidates for new anti-inflammatory drugs. 
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5. Materials and Methods 

5.1. Experimental Assays 

For the experimental analysis, the model of secretory PLA2 employed was the 

svPLA2 isolated from the species Crotalus durissus terrificus (CB) and Bothrops 

jararacussu (BthTX-II). The inhibition of phospholipase activity for vanillic acid was 

assessed using solid medium as described by Gutiérrez et al., 1988 [26], replacing 

agarose with agar and without the addition of erythrocytes. The substrate used was egg 

yolk. The egg yolk is a source of phospholipids, mainly phosphatidylcholine and 

phosphatidylethanolamine, thus forming an affordable and low-cost source for the 

detection of phospholipase activity [27]. The medium was prepared with 1% 

bacteriological agar, pH 7.2, and egg yolk diluted in phosphate-buffered saline (PBS) 

(1:3, vv−1). Also, 0.01 mol L−1 of CaCl2 and 0.005% of sodium azide was also added in 

the medium. After the gel solidified in plates, the treatments were applied in wells of 

approximately 0.5 cm of diameter. The two PLA2 isolated from snake venoms (BthTX-

II and CB) were used to induce the breakdown of phospholipids. Each PLA2 and vanillic 

acid were diluted in CaCl2 solution and previously incubated in a water bath at 37 °C 

for 30 min, at the following ratios: 1:1, 1:0.5, 1:0.1, and 1:0.05 (PLA2/vanillic acid, 

w/w). The potential of vanillic acid in inhibiting PLA2 was evaluated after 18 h of 

incubation of the plates in a cell culture chamber at that same temperature. Controls 

containing only PLA2 were also evaluated. The formation of a clear halo around the well 

in the gel characterized the phospholipase activity, which was measured according to 

the halo diameter. The results were expressed as percentages of activity, and inhibition 

and the controls containing only venom were considered as having 100% phospholipase 

activity. 

5.2. Alignments of Amino Acid Sequences 

In order to verify the similarity of these enzymes with the human secretory PLA2 

HGIIA, alignments were made using the LALIGN [28], a dynamic programming 

algorithm that determines similar regions of two protein sequences and other 

biomolecules. Additionally, the alignment of the UniProt [29] was employed to verify 

the presence of positive, negative, and hydrophobic residues. For the alignments, the 

primary sequences of these secretory PLA2 were downloaded from Expasy [30] in the 
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categories of proteomics on the topic of protein sequences and identification, using the 

UniProtKB database [31]. In order to compare the interactions that occur between the 

ligands and all secretory PLA2, the same theoretical calculations were performed for 

both secretory PLA2. 

 

5.3. Simulation Methods 

5.3.1. Docking Energies Calculations 

To calculate the partial charges of ligands, the three-dimensional structures were 

previously created through the program PC Spartan® ( version Pro, Wavefunction, Inc., 

Ivine, CA)[32], and the calculation was performed by the semi-empirical method AM1. 

After this, the ligands were docked inside the HGIIA (PDB code 3U8D, that have a 

resolution of 1.8 Å and are complexed with Ca2+, Cl-, and 3-{[3-(2-amino-2-oxoethyl)-

1-benzyl-2-ethyl- 1H-indol-5-yl]oxy}propyl)phosphonic acid (PDB code U8D)) using 

the software Molegro Virtual Docker (MVD®, version 2011.4.3.0) [33]. The binding 

site was restricted into a sphere with a radius of 11 Å, and the residues within a radius 

of 8 Å were considered flexible. Fifty runs were performed, with 50 poses obtained for 

the analysis of the ligand-protein interactions and of the overlaps with the U8D inside 

of the human PLA2. The best conformation was selected, based on the best overlap and 

the interaction energy. For the analysis of the svPLA2, the binding site, identified by the 

His47, was restricted into a sphere with 7 and 5 Å for the BthTX-II and CB, respectively, 

according to the size of the cavity. Since these enzyme structures do not have ligands, 

the best energy of interaction was taken into account. The selected conformations of all 

were used for the further MD simulation steps. 

5.3.2. Molecular Dynamics Simulations 

 Initial ligand configurations were produced using the Gaussian 09 Program [34] 

to construct the structures, and the Automated Topology Builder (ATB) server [35, 36] 

to generate the topology and structure files. For the simulations, the force field used was 

GROMOS 96 54a7 [37], GROMACS program [38] (Version 5.1.2, Royal Institute of 

Technology and Uppsala University, Sweden). The enzyme/inhibitor complexes 

(HGIIA/VA, BthTX-II/VA and CB/VA) were constructed using the mentioned force 

field, in a volume simulation box of 645.57, 742.71, and 938.66 nm for each complex, 
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respectively. For the energy minimization, the steepest descent algorithm was used, 

minimizing when the maximum force was <10.0 kJ/mol. After the minimization step, 

the complexes were submitted to molecular dynamics analysis for a time interval of 10 

ns, and 1000 conformations were obtained for each complex. The equations of motion 

were integrated using the leapfrog scheme. The results were analyzed through the 

VMD® program (version 1.9.2, University of Illinois at Urbana-Champaign) [39] and 

Discovery Studio® 3.5 (manufacturer, city, abbreviated state (if has), country). The total 

energy, RMSD, and hydrogen bond graphs were generated to analyze the results through 

the Origin® program ( Version 3.5.0, Accelrys Software Inc.) [40-43]. 
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Figure S1. Halo of inhibition, in centimeters, formed by the inhibition of svPLA2svPLA2 isolated from 

BthTX-II and CB venom, by vanillic acid. 
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(a) 

 

(b) 

 

(c) 

 
Figure S2. Alignments of Human PLA2 HGIIA (3U8D) aminoacid sequences with the phospholipases A2 

BthTX-II (3JR8) and PLA2 CB (2QOG): (a) is the svPLA2 aminoacids sequences alignment, (b) it's the 

alignment of the PLA2 primary sequences HGIIA and BthTX-II and (c) represents the alignment performed 

with HGIIA and CB. 
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Figure S3. The amino acid sequence comparison between HGIIA, BthTX-II and PLA2 CB focusing on 

similar distribution of charged amino acid and hydrophobicity. The gray color represents the similarity 

between the amino acid sequences. The residues in purple represent the hydrophobic parts, in pink 

represent the negative parts and residues in green correspond to positive charged residues. 

 
Figure S4. Overlap of the active ligand of the 3U8D complex, of the enzyme HGIIA, with the vanillic acid 

obtained by the molecular docking. 

  



 
 

 

62 
 

 
Figure S5. Volume of the cavity of the enzyme HGIIA with the molecule of vanillic acid anchored. 

 

(a) 

 

(b) 
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(c) 

Figure S6. Root Mean square deviation (RMSD) for the HGIIA/VA, BthTX-II/VA and CB/VA complexes: 

(a) is the plot of RMSD for the HGIIA enzyme from the MD simulation, (b) is the RMSD for the BthTX-II 

toxin and (c) is the RMSD for the second toxin CB from the MD analysis. 
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(c) 

Figure S7. Hydrogen bonds carried out between vanillic acid and PLA2 enzymes. The first plot (a) is the 

Hydrogen bonds made with HGIIA, (b) is the Hydrogen bonds made with BthTX-II enzyme and (c) is the 

CB hydrogen bonds. 

 

 

 

 

 


