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APRESENTAÇÃO

O e-book: “O papel fundamental da química entre as ciências naturais” apresenta 
vinte e sete capítulos de livros que foram organizados em quatro temáticas: i) química 
e sociedade: em busca da ressignificação e contextualização do processo de ensino-
aprendizagem; ii) química orgânica e de produtos naturais; iii) síntese, caracterização e 
avaliação de materiais nanoestruturados e iv) química e remediação ambiental.

O primeiro tema é constituído por doze capítulos que procuraram avaliar o processo 
de ressignificação e contextualização do ensino de química a partir: i) da percepção dos 
estudantes em relação ao consumo de água; ii) o ensino de química por meio de projetos; 
iii) a visão do aluno em relação ao processo de aprendizagem; iv) utilização de recursos 
tecnológicos e midiáticos como ferramentas facilitadoras no processo de aprendizagem; e 
v) utilização de materiais alternativos para a experimentação no ensino de química.

O segundo tema possui seis capítulos que procuraram avaliar o desempenho de novas 
substâncias químicas com inúmeras propriedades biológicas, entre as quais: a redução do 
número de larvas do mosquito Aedes Aegypti, bem como propriedades anti-inflamatória, 
antimicrobiana entre outras de interesse biológica. O terceiro tema é constituído por três 
capítulos que investigaram a síntese de nanopartículas de polianilina para composição de 
tintas utilizadas na impressão e do mineral hidroxiapatita. Por fim, o último tema é composto 
por seis capítulos que investigaram a remediação ambiental que se utilizou de resíduos de 
biomassa para remoção de metais pesados, a síntese de nanopartículas de sílica para a 
remoção de Ba2+em matrizes aquosas, remediação de efluente contaminado com cádmio 
e chumbo e a aplicação de diferentes Processos Oxidativos Avançados para remoção de 
contaminantes.

Nesta perspectiva, a Atena Editora vem trabalhando com o intuito de estimular e 
incentivar os pesquisadores brasileiros e de outros países a publicarem seus trabalhos com 
garantia de qualidade e excelência em forma de livros, capítulos de livros e artigos que são 
disponibilizados de forma gratuita no site da Editora e em outras plataformas digitais.

Cleiseano Emanuel da Silva Paniagua
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RESUMO Compreender a interação molecular 
entre um ligante e um receptor é um conhecimento 
fundamental para o desenvolvimento de um novo 

fármaco, sua atividade e até mesmo sobre suas 
possíveis interações indesejadas que podem 
causar reações adversas. O gênero Solidago é o 
maior da família Compositae, e compreende 120 
espécies, a maioria delas ocorrendo na América 
do Norte. Este táxon mostra espécies com 
reconhecida atividade terapêutica e presença 
de diterpenos clerodanos e labdanos. Nossos 
estudos anteriores mostram que os diterpenos 
e flavonoides podem ser responsáveis ​​pelo 
efeito antiinflamatório de S. chilensis. O 
diterpeno labdânico solidagenona, descrito 
como antiinflamatório, gastroprotetor e como 
uma substância imunomoduladora, é extraído de 
inflorescências e rizomas de Solidago chilensis 
Meyen. Neste trabalho, a capacidade de 
ligação da solidagenona e dos compostos anti-
inflamatórios de referência, como: ibuprofeno, 
ácido flufenâmico, celecoxibe, dexametasona, 
5-α-di-idrotestosterona e testosterona com 
receptores inflamatórios são avaliados in silico. 
Os resultados indicam que a solidagenona 
permitiu interações estáveis ​​com COX-1 e -2 e 
prostaglandina-E (2) -9-redutase, que devem 
estar associadas à ação antiinflamatória.

ABSTRACT: Understanding the molecular 
interaction between a ligand and a receptor is 
fundamental knowledge in the development of a 
new drug, its activity and even about its possible 
unwanted interactions that may cause adverse 
reactions. The genus Solidago is the biggest of 
Compositae family, and comprises 120 species, 
most of them occurring in North America. This 
taxon shows species with recognized therapeutic 
activity and presence of diterpene clerodane and 
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labdane types. Our previous studies show that diterpene and flavonoids could be responsible 
for the anti-inflammatory effect of S. chilensis. The labdane diterpene solidagenone, described 
as anti-inflammatory, gastroprotective and an immunomodulating active substance, has been 
extracted from the Solidago chilensis Meyen inflorescences and rhizomes. In this work, the 
bindind ability of solidagenone and reference compounds ibuprofen, flufenamic acid, celecoxib, 
dexamethasone, 5-α-dihydrotestosterone and testosterone with inflammatory receptors are 
evaluated in silico. The results indicate that solidagenone allowed stable interactions with 
COX-1 and -2 and prostaglandin-E(2)-9-reductase, which should be associated with the anti-
inflammatory action.

INTRODUCTION
The molecular interaction between small molecules and the biological target is the 

cause of the biological activity process. It’s necessary to analyze and comprehend the 
interactions between the small molecules (biomarkers, lead compounds or others active 
substances) and the biomolecules (receptors) to find a correlation between the activities and 
their structures to the development of a new drug. These interactions depend on a variety 
of enthalpic and entropic factors. Enthalpic contributions are represented by van der Waals, 
electrostatic, and hydrogen bonding interactions, while the main entropic contribution is 
the hydrophobic effect arising from the desolvation step which precedes the formation of a 
ligand–target complex. (Laue and Shire, 2020; Tosco and Mackey, 2017; Yoshiharu et al., 
2003)

The genus Solidago is the biggest of Compositae family, and comprises 120 
species, most of them occurring in North America. This taxon shows species with 
recognized therapeutic activity and presence of diterpene clerodane and labdane types, 
as solidagenone, a labdane diterpene isolated from Solidago chilensis traditionally used 
as a diuretic, anti-inflammatory, anti-spasmodic and anthelminthic. Solidago chilensis 
Meyen (Fig.1) is mentioned in the literature as “arnica brasileira”, “arnica do mato” and it is 
externally used to treat wounds, trauma, contusions, as anthelminthic and antidiuretic. This 
species is included in the 71 plant list of SUS (Brazil’s Unified Health System) and at the 
Herbal Therapeutic Memento of Rio de Janeiro city. (Brasil, 2009)

Our previous studies show that diterpene and flavonoids are responsible for anti-
inflammatory effect of S. chilensis, their extraction from inflorescences, their isolation and 
the chemical characterization of solidadenone and main flavonoids compounds.  (Valverde 
et al., 2021; Oliveira et al., 2017; Valverde et al., 2009) 

In this work, we compared the binding abiliity of solidagenone and the reference 
compounds ibuprofen, flufenamic acid, celecoxib, dexamethasone, 5-α-dihydrotestosterone 
and testosterone with inflammation-related markers.

This finding corroborates the in vivo results, indicating an inhibitory action by SOL 
on the COX-1 pathway. However, COX-2 is considered pathological and controls responses 
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related to pain and inflammation, and COX-1 is widely distributed and constitutively 
expressed in most tissues where it is found. (Pannunzio and Coluccia, 2018)

.

Figure 1 – Solidago chilensis Meyen.

MATERIAL AND METHODS
Two-dimensional structures of the ligands were drawn in the MarvinSketch ProgramTM 

(16.7.4), while the three-dimensional structures were generated using the Clean in 3D 
function. The structural geometry was refined by semi-empirical calculations with MOPACTM 
2012 applying the PM7 method, and the three-dimensional crystallographic coordinates of 
the proteins were obtained from the Protein Data Bank (PDB) (Fig. 2). (Stewart, 2014) In the 
next step, molecular docking was performed by the AutoDockVinaTM 1.1.2 program and the 
coupling procedure involved the preparation of the ligand and macromolecules in simulation 
boxes. (Trott and Olson, 2010)

Cyclooxygenase-1 (COX-1, code 1EQG; crystallographic binder: ibuprofen; 
dimensions: 20×20×28 with spaced points of 1 Å and directions: X 28.185, Y 38.74 and Z 
192.606), cyclooxygenase-2 (COX-2, code 5IKV; crystallographic binder: flufenamic acid; 
dimensions: 28×20×20 with spaced points of 1 Å and directions: X 159.748, Y 183.604 and 
Z 196.47), glucocorticoid receptor (code 1P93; crystallographic binder: DEXA; dimensions: 
20×20×20 with spaced points of 1 Å and directions: X 31.274, Y 30.038 and Z 21.319), 
estradiol-17-β-dehydrogenase (code 1DHT; crystallographic ligand: 5-α-dihydrotestosterone; 
dimensions: 20×20×20 with spaced points of 1 Å and directions: X 10,683, Y 7,826 and 
Z-11,134) and prostaglandin-E(2)-9-reductase (code 1Q13; crystallographic linker: 
testosterone; dimensions: 14×14×14 with spaced points of 1 Å and directions: X 27.731, 
Y 3.287 and Z 30.811) were used in this study to explore the active sites of the enzymes. 
The docking calculations were performed, and the automatic evolutionary parameters 
were considered based on the characteristics of the crystallographic binders, which were 
validated by redocking. Analyses of the molecular recognition interactions were performed 
using the program Discovery Studio v. 4.5 2016. (Oliveira et al., 2013).
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The ligands that presented better orientations and superior scores were analyzed 
on a graphical screen. The choice of these ligands is due to several enzymes and proteins 
involved in the inflammatory pathways and their availability in the computer system for 
molecular docking.

Figure 2 - Methodology The binders were generated in the Marvin Sketch program and refined by the 
semi-empirical method PM7 present in the MOPAC2012 program. Gasteiger’s charges were determined 
between linkers and lipase through the MGLTools program. The molecular recognition interactions were 

performed through the Discovery Studio v. 4.5 2016.

RESULTS

Docking study
To perform the docking study, the molecular structures were initially validated by 

means of redocking, which reproduced a crystallographic protein-binder complex with a root-
mean-square deviation (RMSD) of less than 2Å. In this study, ibuprofen, flufenamic acid, 
dexamethasone, 5-α-dihydrotestosterone and testosterone interacted at the binding sites of 
COX-1, COX-2, glucocorticoid receptor, estradiol-17-β-dehydrogenase and prostaglandin-
E(2)-9-reductase, respectively, with an expressive reconstruction of the crystallographic 
complexes (Figure S2). Considering this aspect, molecular interactions with COX-1 and 
COX-2 were hydrogen bonding (Arg120), dipole-dipole interactions (Tyr385) and van der 
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Waals forces (Ser530), which were perfectly observed with ibuprofen and flufenamic acid, 
respectively. In addition, significant interactions with glucocorticoid receptor were identified 
as hydrogen bonding with the Asn67, Gln73, Arg114, Gln145 and Thr242 residues, as well 
as electrostatic and van der Waals. van der Waals and hydrogen bonding with the Ser142, 
Try155 and His221 residues are related to oestradiol 17-β-dehydrogenase activity, while 
prostaglandin-E-(2)-9-reductase showed important hydrogen bonding (His117), dipole-
dipole (Pro225 and Val306) and stacking interactions (Phe118 and Phe310). (Fig. 3 and 4)

Molecular interactions between SOL and COX-1, COX-2, glucocorticoid receptor, 
oestradiol 17-β-dehydrogenase and prostaglandin-E(2)-9-reductase are shown in Figure 
S3, while the free energy (binding affinity) values are given in Table 1.  

The binding affinity values are the same for both COX-1 and COX-2 (−8.2 kcal.mol−1) 
When compared to their respective inhibitors, ibuprofen and flufenamic acid, respectively 
(Table 1). However, the molecular interaction between SOL and COX-1 is favourable, since it 
presents a binding affinity (−8.2 kcal.mol−1) more negative than that of ibuprofen (−7.6 kcal.
mol−1). This interaction is due to the presence of hydrogen bonds established between the 
ligand and the enzyme site (Figure S3). Molecular docking between SOL and prostaglandin-
E(2)-9-reductase produced a binding affinity equal to that of its inhibitor testosterone 
(−8.4 kcal.mol−1) (Table 1). The molecular interaction profile showed a hydrogen bonding 
(His117), dipole-dipole (Val306) and Stacking interactions (Phe118 and Phe310) were 
highlighted. By having the same binding affinity value, the interaction between the ligand 
and enzymatic target was also favourable. However, the resulting values between SOL 
and glucocorticoid receptor and oestradiol 17-β-dehydrogenase were −7.4 and −7.7 kcal.
mol−1, respectively, when compared to their respective crystallographic ligands, DEXA and 
5α-dihydrotestosterone (Table 1), which indicated unfavourable interactions with the sites 
of these enzymes.

AA interacts with the COX site through hydrogen bonds established between the 
carboxylate of the acid and the Arg120 and Tyr355 residues of the enzyme, as a precursor 
of prostaglandins and other mediators. C13 of AA is close to the phenolic oxygen of Tyr385, 
which is orientated precisely for abstraction of H. The final ω is between Ser530 and 
Gly533. The residues Phe381, Leu384, Trp387, Phe518 and Met522 constitute a slit that 
can accommodate conformational transitions at C8 through C12 during the addition and 
formation of endoperoxide. (Malkowski et al., 2000) In the most of cases, NSAIDs interact 
mainly with Arg120, as represented in this work by ibuprofen. Corroborated in our study by 
the result obtained in vivo is the docking between SOL and COX-1 and COX-2. This is due 
to the formation of an instable ligand-receptor complex, mainly by the absence of hydrogen 
bonding interactions with Arg120. However, according to our results, the binding affinity 
value of SOL (−8.2kcal.mol−1) with COX-1 is lower than that of the reference compound 
(ibuprofen=−7.7kcal.mol−1) (Table 1). 

This finding corroborates the in vivo results, indicating an inhibitory action by SOL 
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on the COX-1 pathway. However, COX-2 is considered pathological and controls responses 
related to pain and inflammation, and COX-1 is widely distributed and constitutively 
expressed in most tissues where it is found. (Pannunzio and Coluccia, 2018)

Considering the molecular docking against the enzyme prostaglandin-E(2)-9-
reductase, SOL produced a binding affinity (−8.4 kcal.mol−1), showing that the interaction 
between the ligand and enzymatic target is favourable (Table 1). Belonging to the 
oxidoreductase family, this enzyme participates in the metabolism of AA, which is involved 
in one of the inflammatory process pathways (Ricciotti and FitzGerald, 2011).

Figure 3 - Redocking structure used as reference, along with the RMS value. In gray: reference 
structure; Yellow: Ibuprofen; B flufenamic acid; C dexamethasone; D 5-α-dihydrotestosterone; E 

testosterone. Image built in AutoDockTools 1.5.6rcz2 program. RMS computed using the Discovery 
Studio Client programTM.

Compound

∆ G Energy (Kcal.mol-1)

COX-1 COX-2 Glucocorticoid
receptor

Estrogenic
17-β-dehydroge-

nase
Prostaglandin-
E(2)-9-redutase

Ibuprofen -7,6 - - - -

Flufenamic acid - -9,0 - - -

Celecoxib - -6,9 - - -

Dexamethasone - - -11,3 - -

5-α-dihydrotestoste-
rone - - - -8,5 -

Testosterone - - - - -8,4

Solidagenone -8,2 -8,2 -7,4 -7,7 -8,8

Table 1 - Molecular docking of solidagenone to proteins
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Figure 4 - Orientation of the crystallographic ligand on the protein target. A Principal molecular 
interactions between solidagenone and COX-1. B Principal molecular interactions between 
solidagenone and COX-2. C Principal molecular interactions between solidagenone and the 

glucocorticoid receptor. D Principal molecular interactions between solidagenone and estrogenic 
17-b-dehydrogenase. E Principal molecular interactions between solidagenone and prostaglandin-E (2) 

-9-reductase.

CONCLUSIONS
The results indicate that solidagenone allowed stable interactions with COX-1 and -2 

and prostaglandin-E(2)-9-reductase, which should be associated with the anti-inflammatory 
action.

According to our docking study. SOL may interfere with the signalling pathways of 
inflammation mediators such as COX-1 and prostaglandin-E(2)-9-reductase inhibitors. Our 
findings present new prospects for the treatment of disorders associated with cutaneous 
inflammation. However, further research is required whether we are to obtain a better 
understanding of therapeutic potential of SOL.

All these in silico results obtained not only corroborate the traditional use of the 
species, but also lead to the in vivo tests demonstrating the anti-inflammatory activity for 
labdane diterpene solidagenone. (Valverde et al., 2021; Vasconcelos et al., 2021)
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