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ABSTRACT 

Objective: The abundance of bioactive metabolites in Verbena officinalis explains the biological 

benefits and folkloric use of the plant. Liver cancer is an extremely heterogeneous malignant disease 

compared to other defined tumors. To explore the potential therapeutic value of bioactive 

metabolites in Verbena officinalis, this study aimed to filter secondary metabolites, conduct ADME-

Tox assessments, perform drug similarity tests, and analyze with molecular dynamic simulations. 

The objective was to evaluate how potential drug candidates derived from Verbena officinalis 

behave in biological systems and assess their potential toxicity risks.  

Material and Method: Ligands selected from the ADME assay were utilized in in silico molecular 

docking studies against Glucose-6-phosphate dehydrogenase enzyme in the oxidative part of the 

pentose phosphate pathway, which is crucial for liver diseases. These studies were conducted using 

Autodock Vina embedded in Chimera 1.16. Molecular dynamics simulations were performed with 

the AMBER16. 

Result and Discussion: When the ADME test results were evaluated, 88 secondary metabolites 

were identified as ligands. Among all the ligands evaluated against Glucose-6-phosphate 

dehydrogenase enzyme, which is the key enzyme of the pentose phosphate pathway, quercetin 

flavonoid was determined to be the most active ligand with a docking score of -8.1 kcal/mol and 

binding energy of -118.51 kcal/mol. A molecular dynamics simulation performed for 300 

nanoseconds confirmed that quercetin can remain stable in its microenvironment. The activity of 

this metabolite is worthy of further testing in vitro and in vivo as it may highlight a therapeutic 

modality within the pentose phosphate pathway.  
Keywords: In silico, liver cancer, pentose phosphate pathway, toxicitiy, Verbena officinalis  

ÖZ  

Amaç: Verbena officinalis bitkisinde bulunan biyoaktif metabolitlerin bolluğu, bitkinin biyolojik 

faydalarını ve halk arasındaki kullanımını açıklar. Karaciğer kanseri, diğer tanımlanmış tümörlere 

kıyasla son derece heterojen kötü huylu bir hastalıktır. Verbena officinalis'teki biyoaktif 

metabolitlerin potansiyel terapötik değerini keşfetmek için, bu çalışma ikincil metabolitleri 

filtrelemeyi, ADME-Tox değerlendirmeleri yapmayı, ilaç benzerlik testleri gerçekleştirmeyi ve 

moleküler dinamik simülasyonları ile analiz etmeyi amaçlamıştır. Hedef, Verbena officinalis'ten 

elde edilen potansiyel ilaç adaylarının biyolojik sistemlerde nasıl davrandığını değerlendirmek, 
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potansiyel toksisite risklerini değerlendirmekti. 

Gereç ve Yöntem: ADME testinden seçilen ligandlar, karaciğer hastalıkları için önemli olan 

pentoz fosfat yolunun oksidatif kısmındaki Glukoz-6-fosfat dehidrogenaz enzimi için in siliko 

moleküler bağlanma çalışmalarında kullanıldı. Bu çalışmalar Chimera 1.16'ya gömülü Autodock 

Vina kullanılarak gerçekleştirildi. Moleküler dinamik simülasyonları AMBER16 programı ile 

gerçekleştirildi. 

Sonuç ve Tartışma: ADME test sonuçları değerlendirildiğinde, 88 sekonder metabolit ligand 

olarak belirlendi. Pentoz fosfat yolunun anahtar enzimi olan Glukoz-6-fosfat dehidrogenaz enzimine 

karşı değerlendirilen tüm ligandlar arasında, kuersetin flavonoidi, -8.1 kcal/mol bağlanma skoru ve 

-118.51 kcal/mol bağlanma enerjisi ile en etkin ligand olarak belirlendi. 300 nanosaniye boyunca 

yapılan moleküler dinamik simülasyonu ise quercetinin bulunduğu mikroçevrede stabil olarak 

kalabildiğini doğruladı. Bu metabolitin aktivitesi, pentoz fosfat yolu içinde terapötik bir modaliteyi 

ortaya koyabileceği için in vitro ve in vivo testlerle daha ileri incelenmeye değerdir.  

Anahtar Kelimeler: İn siliko, karaciğer kanseri, pentoz fosfat yolu, toksisite, Verbena officinalis 

INTRODUCTION 

Computer-aided drug discovery (CADD) plays a pivotal role in identifying and optimizing hit 

compounds, thus advancing them through the drug discovery pipeline [1]. Its interdisciplinary essence, 

incorporating chemoinformatics, bioinformatics, molecular modeling, and data mining, has notably 

contributed to the endeavors of drug discovery. The integration of artificial intelligence, especially 

machine learning and deep learning, has propelled CADD's progress in recent years [2]. Despite 

encountering challenges and occasional disillusionments stemming from misuse and inflated 

expectations, CADD remains an indispensable tool in modern drug discovery initiatives [3].   

Moreover, in the realm of drug discovery, Verbena officinalis (V. officinalis) is the main species 

in the genus Verbena of the Verbenaceae family [4]. This family has more than a thousand species, 

consisting of trees, shrubs, as well as herbaceous plants [5]. A monograph on "Vervain herb" was 

published in the European Pharmacopoeia (6th Edition) in 2008 regarding this plant, which is known as 

a traditional medicinal raw material. The main groups of secondary metabolites of V. officinalis herb, 

which has a rich chemical composition, consist of iridoids, phenylpropanoid glycosides, flavonoids, 

phenolic acids, terpenoids, carbohydrates, sterols, fatty acids and essential oils [6]. Therapeutic practices 

using V. officinalis plant extracts, which are used in traditional medicine as well as traditional Chinese 

medicine, are supported by scientific evidence [7,8]. It is known that V. officinalis plant helps in the 

treatment of urinary tract disorders, has supportive properties in the treatment of menstrual disorders 

[9,10], nervous system disorders [11] malaria and rheumatism. 

In addition to being an antimicrobial and secretolytic raw material, it has also been stated to be 

an anti-inflammatory and antibacterial agent in skin diseases [10]. It has been stated that V. officinalis 

inhibits the mechanism or execution of neuronal apoptosis [12], increases serotonin, norepinephrine and 

dopamine levels in nerve terminals [13], its essential oil stimulates apoptosis through caspase-3 

activation [14], and its flavonoids and polyphenols have been reported to have a gastroprotective effect 

[15]. In addition, it has various biological and pharmacological activities such as analgesic [16], 

antioxidant [17], hepatoprotective [18], antinephrosis [19], antiprostatitis [20]. In another study, it was 

stated that the anticonvulsant effect of V. officinalis flavonoids and phenolic acid residues probably 

occurs through activation of the GABAA receptor [11]. Pentose phosphate pathway (PPP), which is the 

important pathway for ribonucleotide synthesis, is the most important source of NADPH (reduced form 

of Nicotinamide Adenine Dinucleotide Phosphate), which is of great importance for cellular functions 

such as fatty acid synthesis and scavenging of reactive oxygen species [21]. The pentose phosphate 

pathway (PPP), in which cancer cells extensively use glucose, branches from glycolysis and is crucial 

for cancer cell metabolism. In the oxidative phase of PPP, glucose is converted into glucose 6-phosphate 

(G6P), which is then oxidized to 6-phosphogluconolactone by the rate-limiting enzyme glucose 6-

phosphate dehydrogenase (G6PD), producing NADPH. Another source of NADPH in PPP is the 

conversion of 6-phosphogluconate into ribose (ribulose) 5-phosphate by 6-phosphogluconate 

dehydrogenase (6PGD) [22].  Glucose-6-phosphate dehydrogenase (G6PD) plays a crucial role in liver 

cancer, especially hepatocellular carcinoma. Its high expression in hepatocellular carcinoma affects 
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energy metabolism and redox balance through the PPP, leading to changes in NADPH levels and 

increased oxidative stress, promoting cancer progression. Abnormal activation of G6PD enhances cell 

proliferation and survival in hepatocellular carcinoma, making it a potential diagnostic marker closely 

associated with patient prognosis [23,24]. Additionally, G6PD is important in other cancers like glioma, 

breast cancer, and multiple myeloma, affecting energy metabolism and redox homeostasis [25]. Elevated 

G6PD levels in these cancers stimulate cell proliferation by increasing NADPH production and reducing 

reactive oxygen species (ROS). Targeting G6PD and the PPP could be a promising therapeutic approach 

by disrupting cancer cell growth and survival through modulation of cellular redox balance. 

 By leveraging "in silico" methods such as molecular docking, ADME-Tox studies, and drug 

similarity analyses [26-29], this study aims to evaluate the potential of V. officinalis metabolites as drug 

candidates targeting liver cancer. Through the integration of CADD principles with pharmacological 

research on V. officinalis, this study represents a multidisciplinary effort to explore novel avenues in 

drug discovery and therapeutic interventions. 

MATERIAL AND METHOD 

Selection of Receptors and Ligands  

Through a review of the literature [6,30], metabolites from V. officinalis were collected, and 

SMILES notations were extracted from the PubChem database (https://pubchem.ncbi.nlm.nih.gov). The 

energy of the molecules was minimized using the Build Structure tool integrated into Chimera, and the 

resulting ligands were saved in Mol2 format for docking studies. The target protein G6PD (PDBID: 

6E08) was retrieved from the RCSB Protein Data Bank (https://www.rcsb.org/) [31,32]. After removing 

small molecules and water molecules from the 3D crystallographic protein structure, polar hydrogen 

atoms and charges were added, and the final protein structure was saved as a Mol2 file. 

Computer-Based Analysis of Pharmacokinetics and Toxicity Tests 

Drug similarity as well as oral bioavailability (Lipinski's rule of 5) [33] of the compounds selected 

as drug candidates were evaluated with SwissADME (http://www.swissadme.ch/), which is used 

especially to estimate pharmacokinetic properties. Ligands that comply with this rule have been studied 

in molecular docking. The ProTox-II server (http://tox.charite.de/protoc_II;) was used to provide an 

estimate of the primary toxicity properties and acute toxicity values of the secondary metabolite of V. 

officinalis that was most active based on docking results and to help establish its safety profile for oral 

administration [29]. 

Molecular Docking  

The ligand molecule was prepared in PDBQT format and utilized with the AutoDock Vina 

command prompt [25]. The active site of the ligand bound to G6PD was determined by averaging the 

coordinates of the x, y, and z axes. A grid box search area measuring 25 × 25 × 25 Å was defined [32,34]. 

Following this, the ligands were positioned within the enzyme's active site and the resulting binding 

energy (score) between the ligands and targets was computed.  

Molecular Dynamic Simulation  

The molecular dynamics simulation of the G6PD-quercetin complex was performed with the 

AMBER16 package using the ff14SB force field for the protein [35], with a 2-femtosecond time step 

in a truncated octahedron box containing 20530 explicit TIP3P water molecules [36]. The molecular 

dynamics simulations were performed for a total of 300 nanoseconds (ns). The Antechamber program, 

part of AmberTools, was used to parameterize quercetin, and to assign partial charges, RESP fitting 

approach was used. Heavy atom-hydrogen bond distances were fixed with SHAKE algorithm, and the 

Langevin thermostat was employed to maintain the system's temperature at 310 K. To account for 

electrostatic interactions, the Particle Mesh Ewald method was used. Additionally, three sodium ions 

(Na+) were introduced to neutralize the system's overall charge.  
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Software Used 

Windows 10 Microsoft operating system was installed. SwissADME online tool was used for 

drug design and evaluation. Protox II was used to help establish a safety profile via oral routes [29]. The 

UCSF Chimera (1.16) program (https://www.cgl.ucsf.edu/chimera/download.html) was run for docking 

with AutoDock Vina [28]. Protein and chemical (ligand) structures were searched in Protein Data Bank 

(https://www.rcsb.org/) and PubChem, respectively. IGemDOCK V2.1 was used to calculate the 

binding energies of the ligands. For the interaction poses of the resulting complex structure, Plip-tool 

(https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index) [37] and ProteinsPlus web servers 

(https://proteins.plus/) were used. The AMBER16 program [38] was used for the molecular dynamics 

(MD) simulations, which were run on supercomputers at the TÜBİTAK ULAKBİM High Performance 

and Grid Computing Center (TRUBA). 

RESULT AND DISCUSSION  

In this study, the molecular interactions of phytochemicals contained in V. officinalis, whose 

anticoccidial [41] and antioxidant potentials [42] were reported in in silico studies, with G6PD in cancer 

treatment were evaluated. It is thought that quercetin, one of the phytochemicals evaluated according to 

its pharmacokinetics, pharmacodynamics, drug similarity, physiochemical properties, low binding 

affinity value and toxicological analysis, is physiologically active and can be considered as an oral drug. 

Cancer cells need to divide and grow rapidly, which requires the production of high amounts of NADPH. 

It can be said that reducing the effect of the pentose phosphate pathway by inhibiting G6PD activity is 

theoretically a strategy in the treatment of liver cancer and other types of cancer [27,43]. 

ADME is an approach to study the ADME properties of drugs using computer-based models and 

calculations, which plays an important role in drug development processes [44]. Lipinski's Rule of Five 

Drug Molecules is a set of guidelines stating that a drug candidate must possess four specific physical 

and chemical properties within acceptable limits for its oral bioavailability to be high [33].  The 

suitability of 109 compounds belonging to V. officinalis as drug candidates was obtained using the 

SwissADME server. According to the results, it was determined that the log P value of all 109 

compounds was less than 5, and the molecular weight of 96 compounds was within the acceptable range 

(MW<500). The number of H-bond acceptors (≤10) and donors (≤5) falls within the acceptable range 

for 90 and 86 compounds, respectively. 83 compounds were identified in the topological polar surface 

area range (TPSA; <140). The number of rotatable bonds is within the acceptable range (≤10) for 100 

compounds (Table 1). Considering these results, molecular docking studies were applied to investigate 

the anticancer activity in the next step. For liver cancer, 87 Verbane-based compounds (iridoids, 

flavonoids, phenolic acids, terpenoids, carbohydrates, sterols, fatty acids, essential oils) were used as 

ligands, and G6PD was used as the receptor (Table 2). While the binding energy of quercetin was 118.51 

kcal/mol, its docking score was determined as -8.1 kcal/mol. According to all the tested ligands, it can 

be said that the structure that binds most effectively to G6PD is quercetin. In this way, the 

physicochemical properties of the most active structure quercetin determined were examined in more 

detail (Table 2). When the complex structure of quercetin and G6PD is examined, hydrophobic 

interactions with the amino acid tyrosine (Y480), hydrogen bonds with the amino acids arginine 

(Arg366) and aspartate (Asp394), and π-stacking structures with the amino acids tyrosine (Tyr374) and 

tryptophan (Trp482) are observed (Figure 1a,b). 

In biological systems, molecular recognition is based on the principle of recognizing specific 

attractive interactions between two molecules [45]. These interactions may help quercetin and the G6PD 

complex fold correctly and enable the desired chemical reactions to occur. Additionally, understanding 

how interactions can be controlled at the molecular level may be important for potential drug design or 

biotechnological applications (Table 1, Figure 2). When looking at the interactions of the original crystal 

structure of G6PD with the nicotinamide adenine dinucleotide phosphate (NADP) ligand [46], it was 

observed that it formed H bonds and pi interactions with the same amino acids, but hydrophobic 

interactions were not observed. This indicates that the binding conditions of molecular interactions or 

molecular conformations have changed. Such changes can sometimes be associated with the emergence 

of a binding site where one molecule recognizes or binds to another, sometimes facilitating the binding 
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of a ligand to the active site of the protein or providing specificity in molecular recognition processes. 

In a related study [47], it was observed that in the different three-dimensional structure (2BH9) of the 

G6PD enzyme, quercetin forms four hydrogen bonds with Gly (38), Asp (42), Arg (72), and Arg (246) 

amino acids. These diverse binding interactions may impact ligand binding, conformation, and 

interaction mechanisms, leading to varied biological effects, inhibitor activities, or therapeutic 

properties. Consequently, the formation of distinct amino acid bonds between the same ligand and 

enzymes with different three-dimensional structures can result in diverse biological and 

pharmacological outcomes. 

Table 1. List of pharmacokinetic properties of 109 metabolites of Verbane officinalis 

  

  

Compound 

Physicochemical properties 
Lipo- 

philicity 

Water 

Solubility 

Pharmaco-

kinetics 
Drug-likeness 

Molecular 

weight  

(gr/mol) 

Number  

of  

rotatable 

bonds 

Number  

of  

H-bond 

acceptors 

Number  

of  

H-bond 

donors 

Molar 

Refractivity 

TPSA  

(Å²) 
Log Po/w 

LogS 

(ESOL) 

GI  

absorbtion 
Lipinski/violation 

1 verbenalin  388.37 5 10 4  86.4  151.98   2.19  -0.97  Low Yes; 0 violation 

2 hastatoside  210.23 2 4 0  52.86 52.60  2.10  -1.40 High Yes; 0 violation 

3 

7-hydroxy-

dehydro- 

hastatoside 

418.35 5 12 6 88.70 192.44   1.37  -0.63  Low 
No; 2 violations: 

NorO>10, NHorOH>5 

4 aucubin  346.33 4 9 6 77.15 149.07   1.44  0.18  Low 
Yes; 1 violation: 

NHorOH>5 

5 verbeofflin  240.21 5 5 1  57.42 57.42   1.71  -1.54 High Yes; 0 violation 

6 verbascoside  624.59  11 15 9  148.12 245.29   3.00  -2.87  Low 
No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

7 
2,4-diacetyl-O-

verbascoside 
708.66 15 17 7  167.90 257.43   3.06   -3.82  Low 

No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

8 İsover-bascoside  624.6 11 15 9  148.42  245.29   2.33  -4.18  Low 

No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

9 
4-acetyl-O-

isoverbas-coside  
666.6 13 16 8  158.16  251.36   3.16  -3.35  Low 

No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

10 
3,4-diacetyl-O- 

isoverbas-coside  
708.66 15 17 7  167.9  257.43   3.00  -5.62  Low 

No; 3 violations: 
MW>500, NorO>10, 

NHorOH>5 

11 eukovoside  666.6 13 16 8 157.9  251.36   2.27  -4.61  Low 

No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

12 campenoside II 490.5 8 10 4  120.82  151.98   3.26  -3.03  Low Yes; 0 violation 

13 betonyoside A 654.6 12 16 9  154.05  254.52   3.20  -2.49  Low 

No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

14 cistanoside D 652.6 13 15 7  157.36  223.29   2.59  -3.32  Low 

 No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

15 
Leucoscep-

toside  
638.6 12 15 8  152.89 234.29   2.78  -3.09  Low 

No; 3 violations: 

MW>500, NorO>10, 
NHorOH>5 

16 

5,7,4’-Tri-

hydroxy-8-

methoxy-flavone 

300.26 2 6 3  80.48  100.13   2.25  -3.99  High Yes; 0 violation 

17 diosmetin 300.26 2 6 3  80.48  100.13   2.47  -4.06  High Yes; 0 violation 

18 artemetin 388.4  6 8 1  102.40  96.59   3.59  -4.44  High Yes; 0 violation 

19 quercetin 302.23  1 7 5  78.03  131.36   1.63  -3.16  High Yes; 0 violation 

20 kaempferol  286.24  1 6 4  76.01  111.13   1.7  -3.31  High Yes; 0 violation 

21 Luteolin 286.24  1 6 4  76.01  111.13   1.86  -3.71  High Yes; 0 violation 

22 
luteolin 7-O-

diglucuronide 
638.5 7 18 10 141.33 303.57   1.16  -3.23  Low 

No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 
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Table 1 (continue). List of pharmacokinetic properties of 109 metabolites of Verbane officinalis 

  

  

Compound 

Physicochemical properties 
Lipo- 

philicity 

Water 

Solubility 

Pharmaco-

kinetics 
Drug-likeness 

Molecular 

weight  

(gr/mol) 

Number  

of  

rotatable 

bonds 

Number  

of  

H-bond 

acceptors 

Number  

of  

H-bond 

donors 

Molar 

Refractivity 

TPSA  

(Å²) 
Log Po/w 

LogS 

(ESOL) 

GI  

absorbtion 
Lipinski/violation 

23 
luteolin 7-O-

glucuronide 
462.4 4 12 7 108.74 207.35   1.55  -3.41  Low 

No; 2 violations: 

NorO>10, NHorOH>5 

24 
luteolin 7-O-

glucoside  
448.4  4 11 7  108.13 190.28   1.83  -3.65  Low 

No; 2 violations: 

NorO>10, NHorOH>5 

25 

6-hydroxy-

luteolin 

glycoside  

464.4 4 12 8  110.16 210.51   1.67  -3.51  Low 
No; 2 violations: 

NorO>10, NHorOH>5 

26 
luteolin-7-O-

rutinoside 
610.5 7 16 10  140.52  269.43   2.81  -3.0  Low 

No; 3 violations: 
MW>500, NorO>10, 

NHorOH>5 

27 apigenin 270.24  1 5 3  73.99 90.90   1.89  -3.94  High Yes; 0 violation 

28 
apigenin 7-O-

diglucuronide 
622.5  7 17 9  139.71 283.34   2.03  -3.36  Low 

No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

29 
apigenin 7-O-

glucoside 
432.18 4 10 6 106.11 170.05   2.17  -3.78  Low 

Yes; 1 violation: 

NHorOH>5 

30 isoramnetin  316.26 2 7 4  82.50  120.36  2  -3.89  High Yes; 0 violation 

31 pedalitin  316.26 2 7 4  82.50  120.36   1.25  -3.76  High Yes; 0 violation 

32 scutellarein  286.24 1 6 4  76.01 111.13   2.08  -3.79  High Yes; 0 violation 

33 
scutellarein 7-O-

glucuronide 
462.4 4 12 7  108.74  207.35   1.11  -3.27  Low 

No; 2 violations: 

NorO>10, NHorOH>5 

34 
scutellarein 7-O-

glucoside 
448.4 4 11 7  108.13  190.28   1.75  -3.05  Low 

No; 2 violations: 

NorO>10, NHorOH>5 

35 chlorogenic acid 354.31  5 9 6  83.50  164.75   0.96  -1.62  Low 
Yes; 1 violation: 

NHorOH>5 

36 ferulic acid  194.18 3 4 2  51.63 66.76   1.62  -2.11  High Yes; 0 violation 

37 
protocatechuic 

acid  
154.12  1 4 3  37.45 77.76   0.66  -1.86  High Yes; 0 violation 

38 

4,5-O-

dicaffeoyl-quinic 

acid  

516.4  9 12 7  126.9 211.28   1.25  -3.65  Low 

No; 3 violations: 

MW>500, NorO>10, 

NHorOH>5 

39 
1,5-dicaffeoyl-

quinic acid  
516.4  9 12 7  126.9 211.28   1.11  -3.65  Low 

No; 3 violations: 

MW>500, NorO>10, 
NHorOH>5 

40 
rosmarinic 

 acid 
360.3  7 8 5  91.40 144.52   1.17  -3.44  Low Yes; 0 violation 

41 carnosol  330.4  1 4 2  92.83 66.76   2.97  -4.77  High Yes; 0 violation 

42 carnosolic acid  348.4 2 5 4  96.59 97.99   2.33  -4.31  High Yes; 0 violation 

43 rosmanol 346.4  1 5 3  93.99 86.99   2.50  -4.25  High Yes; 0 violation 

44 isorosmanol  346.4  1 5 3  93.99 86.99   2.59  -4.25  High Yes; 0 violation 

45 ursolic acid  456.7 1 3 2  136.91 57.53   3.71  -7.23  Low 
Yes; 1 violation: 

MLOGP>4.15 

46 3-epiursolic acid 456.7  1 3 2  136.91 57.53   3.71  -7.23  Low 
Yes; 1 violation: 

MLOGP>4.15 

47 arabinose 150.13 0 5 4  29.77 90.15   -0.39  1.13  Low Yes; 0 violation 

48 galactose 180.16  1 6 5  35.74 110.38   0.24  1.15  Low Yes; 0 violation 

49 galacturonic acid 194.14  1 7 5  36.35 127.45   -0.19  0.50  Low Yes; 0 violation 

50 glucose 180.16 1 6 5  35.74 110.38   0.24  1.15  Low Yes; 0 violation 

51 mannose  180.16 1 6 5  35.74 110.38   0.24  1.15  Low Yes; 0 violation 

52 rhamnose  164.16 0 5 4  34.57 90.15  0.66 0.46  High Yes; 0 violation 

53 Xylose 150.13  0 5 4  29.77 90.15   -0.39  1.13  Low Yes; 0 violation 

54 stigmasterol  370.61 4 1 1  118.33 20.23   4.53  -6.67  Low 
Yes; 1 violation: 

MLOGP>4.15 

55 daucosterol  576.85 9 6 4  165.61 99.38   4.98  -7.70  Low 
Yes; 1 violation: 

MW>500 
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Table 1 (continue). List of pharmacokinetic properties of 109 metabolites of Verbane officinalis 

  

  

Compound 

Physicochemical properties 
Lipo- 

philicity 

Water 

Solubility 

Pharmaco-

kinetics 
Drug-likeness 

Molecular 

weight  

(gr/mol) 

Number  

of  

rotatable 

bonds 

Number  

of  

H-bond 

acceptors 

Number  

of  

H-bond 

donors 

Molar 

Refractivity 

TPSA  

(Å²) 
Log Po/w 

LogS 

(ESOL) 

GI  

absorbtion 
Lipinski/violation 

56 β-sitosterol 414.71 6 1 1  133.23 20.23   4.79  -7.90  Low 
Yes; 1 violation: 

MLOGP>4.15 

57 cornudentanone 378.5 15 5 0  107.58 69.67   4.08  -4.99  High Yes; 0 violation 

58 oleic acid 282.5  15 2 1  89.94 37.30   4.27  -5.41  High 
Yes; 1 violation: 

MLOGP>4.15 

59 
3-epioleanolic 

acid  
456.7  1 3 2 136.65 57.53   3.89  -7.32  Low 

Yes; 1 violation: 

MLOGP>4.15 

60 
isobornyl 

formate  
 182.26 2 2 0  51.92 26.30    2.43  -3.55  High Yes; 0 violation 

61 citral (geranial)   152.23 4 1 0  49.44  17.07  2.47  -2.43  High Yes; 0 violation 

62 limonene   136.23 1 0 0  47.12 0.00   2.72  -3.50  Low Yes; 0 violation 

63 carvone  150.22 1 1 0  47.32  17.07  2.27  -2.41  High Yes; 0 violation 

64 1.8-cineole   154.25 0 1 0  47.12  9.23  2.58  -2.52  High Yes; 0 violation 

65 hepten-3-one   112.17 4 1 0  35.49  17.07  2.03  -1.47  High Yes; 0 violation 

66 α-terpineol  154.25  1 1 1  48.80 20.23   2.51  -2.87  High Yes; 0 violation 

67 anethole  148.20  2 1 0  47.83  9.23   2.55  -3.11  High Yes; 0 violation 

68 β-pinene  136.23  0 0 0  45.22 0.00   2.59  -3.31  Low 
Yes; 1 violation: 
MLOGP>4.15 

69 thymol  150.22 1 1 1 48.01 20.23   2.32  -3.19  High Yes; 0 violation 

70 
methyl 

heptenone  
126.20  3 1 0  40.30  17.07   2.23  -1.61  High Yes; 0 violation 

71 carvacrol  150.22  1 1 1 48.01 20.23   2.24  -3.31  High Yes; 0 violation 

72 trans-carveol  152.23  1 1 1  48.28 20.23   2.50  -2.68  High Yes; 0 violation 

73 isopiperitone  152.23  1 1 1  47.80  17.07   2.38  -2.51  High Yes; 0 violation 

74 α-pinene  136.23  0 0 0 45.22 0.00   2.63  -3.51  Low 
Yes; 1 violation: 

MLOGP>4.15 

75 piperitone  152.23 1 1 0  47.80  17.07   2.38  -2.51  High Yes; 0 violation 

76 cis-carveol  152.23  1 1 1  48.28 20.23   2.50  -2.68  High Yes; 0 violation 

77 terpinen-4-ol  154.25 1 1 1  48.80 20.23   2.51  2.78  High Yes; 0 violation 

78 β-phellandrene  136.23 1 0 0  47.12 0.00   2.65  -2.79  Low Yes; 0 violation 

79 geraniol 154.25  4 1 1  50.40 20.23   2.75  -2.78  High Yes; 0 violation 

80 β-terpineol  154.25  1 1 1  48.80 20.23   2.41  -2.32  High Yes; 0 violation 

81 sabinene  136.23  1 0 0  45.22 0.00   2.65  -2.57  Low 
Yes; 1 violation: 

MLOGP>4.15 

82 cinerone  150.22  2 1 0  47.32  17.07   2.39  -1.75  High Yes; 0 violation 

83 p-cymene 134.22  1 0 0  45.99 0.00   2.51  -3.63  Low 
Yes; 1 violation: 

MLOGP>4.15 

84 nerol  154.25  4 1 1  50.40 20.23   2.75  -2.78  High Yes; 0 violation 

85 linalol 154.25 4 1 1  50.44 20.23   2.70  -2.40  High Yes; 0 violation 

86 (E)-β-ocimene  136.23  3 0 0 48.76 0.00   2.80  -3.17  Low Yes; 0 violation 

87 borneol  154.25  0 1 1  46.60 20.23   2.29  -2.51  High Yes; 0 violation 

88 
iso-

pinocamphone  
152.23  0 1 0  45.90  17.07   2.18  -2.21  High Yes; 0 violation 

89 o-cymene  134.22  1 0 0  45.99 0.00   2.43  -3.81  Low 
Yes; 1 violation: 

MLOGP>4.15 

90 γ-terpinene 136.23  1 0 0  47.12 0.00   2.73  -3.45  Low Yes; 0 violation 

91 
caryophyllene 

oxide  
220.35  0 1 1  68.27  12.53  3.15  -3.45  High Yes; 0 violation 

92 spathulenol  220.35  0 1 1  68.34 20.23   2.88  -3.17  High Yes; 0 violation 
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Table 1 (continue). List of pharmacokinetic properties of 109 metabolites of Verbane officinalis 

  

  

Compound 

Physicochemical properties 
Lipo- 

philicity 

Water 

Solubility 

Pharmaco-

kinetics 
Drug-likeness 

Molecular 

weight  

(gr/mol) 

Number  

of  

rotatable 

bonds 

Number  

of  

H-bond 

acceptors 

Number  

of  

H-bond 

donors 

Molar 

Refractivity 

TPSA  

(Å²) 
Log Po/w 

LogS 

(ESOL) 

GI  

absorbtion 
Lipinski/violation 

93 α-curcumane  202.33 4 0 0  69.55 0.00   3.50  -4.52  Low 
Yes; 1 violation: 

MLOGP>4.15 

94 β-caryophyllene  204.35 0 0 0  68.78 0.00   3.29  -3.87  Low 
Yes; 1 violation: 

MLOGP>4.15 

95 trans-nerolidol  222.37  7 1 1  74.00 20.23   3.64  -3.80  High Yes; 0 violation 

96 
bicyclosesquiphe

llandrene  
204.35  1 0 0  69.04 0.00   3.33  -4.00  Low 

Yes; 1 violation: 

MLOGP>4.15 

97 δ-cadinene  204.35 1 0 0  69.04 0.00   3.32  -3.43  Low 
Yes; 1 violation: 

MLOGP>4.15 

98 germacene D  204.35  1 0 0 70.68 0.00   3.32  -4.03  Low 
Yes; 1 violation: 
MLOGP>4.15 

99 α-muurolene  204.35  1 0 0  69.04 0.00   3.38  -3.61  Low 
Yes; 1 violation: 
MLOGP>4.15 

100 
bicyclogermacre

ne 
204.35 0 0 0  68.78 0.00   3.34  -3.72  Low 

Yes; 1 violation: 

MLOGP>4.15 

101 
cis-muurola-

4(14).5-diene  
204.35  1 0 0  69.04 0.00   3.33  -4.00  Low 

Yes; 1 violation: 

MLOGP>4.15 

102 
isocaryophylene 

oxide  
220.35  0 1 1  68.27  12.53  3.15  -3.45  High Yes; 0 violation 

103 β-cedrene  204.35  0 0 0  66.88 0.00   3.18  -4.16  Low 
Yes; 1 violation: 

MLOGP>4.15 

104 α-copaene  204.35  1 0 0  67.14 0.00   3.40  -3.86  Low 
Yes; 1 violation: 

MLOGP>4.15 

105 β-elemene 204.35 3 0 0  70.42 0.00   3.37  -4.76  Low 
Yes; 1 violation: 

MLOGP>4.15 

106 β-cubenene  204.35  1 0 0  67.14 0.00   3.39  -4.01  Low 
Yes; 1 violation: 

MLOGP>4.15 

107 α-humulene  204.35  0 0 0  70.42 0.00   3.27  -3.97  Low 
Yes; 1 violation: 

MLOGP>4.15 

108 α-7-epi-selinene 204.35  1 0 0  68.78 0.00   3.31  -4.32  Low 
Yes; 1 violation: 

MLOGP>4.15 

109 isoledene 204.35  0 0 0  67.14 0.00   3.26  -3.67  Low 
Yes; 1 violation: 
MLOGP>4.15 

Table 2. Binding energies and affinities of 88 ligands selected from Verbena officinalis to the G6PDH 

protein structure 

Group of metabolites Compounds Pubchem CID Binding energy (kcal/mol) Binding affinity (kcal/mol) 

Iridoids     

 hastatoside 92043450 -105.7 -6.8 

 verbeofflin 101875571 -99.33 -5.9 

Flavonoids     

 5,7,4’-Trihydroxy-8-

methoxyflavone 
5322078 -109.45 -7.3 

 diosmetin 5281612 -109.88 -8.1 

 artemetin 5320351 -109.18 -7.0 

 quercetin 5280343 -115.06 -8.1 

 kaempferol 5280863 -105.61 -7.9 

 luteolin 5280445 -113.43 -8.0 

 apigenin 5280443 -99.62 -7.9 

 isoramnetin 5280681 -115.09 -7.8 

 pedalitin 31161 -106.91 -8.4 

 scutellarein 5281697 -103.01 -8.1 
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Table 2 (continue). Binding energies and affinities of 88 ligands selected from Verbena officinalis to 

the G6PDH protein structure 

Group of metabolites Compounds Pubchem CID Binding energy (kcal/mol) Binding affinity (kcal/mol) 

Phenolic acids     

 ferulic acid 445858 -89.4 -5.7 

 protocatechuic acid 72 -79.14 -6.1 

Terpenoids     

Diterpenoids     

 carnosol 442009 -87 -7.3 

 carnosolic acid 11566445 -95.84 -6.8 

 rosmanol 13966122 -107.9 -7.4 

 isorosmanol 13820511   

triterpenoids     

 ursolic acid 64945 -93.05 -7.3 

 3-epiursolic acid 7163177 -92.56 -7.4 

Carbohydrates     

 arabinose 439195 -76.72 -4.8 

 galactose 6036 -88.74 -5.1 

 galacturonic acid 439215 -88.81 -5.9 

 glucose 5793 -89.43 -5.1 

 mannose 18950 -89.38 -5.1 

 rhamnose 25310 -89.39 -5.1 

 xylose 135191 -76.76 -4.8 

Sterols     

 stigmasterol 5280794 -84.63 -7.5 

 β-sitosterol 222284 -87 -7.2 

Fatty acids     

 cornudentanone 442735 -107.57 '-6.4 

 oleic acid 445639 -97.4 -5.8 

 3-epioleanolic acid 11869658 -84.79 -7.0 

Essential oil     

Monoterpenoids     

 isobornyl formate 23623868 -63.99 -5.2 

 citral (geranial) 638011 -69.47 -5.6 

 limonene 22311 -59.84 -5.7 

 carvone 7439 -71.11 -6.1 

 1.8-cineole 2758 -44.6 -5.0 

 hepten-3-one 520420 -59.21 -4.5 

 α-terpineol 17100 -67.04 -5.7 

 anethole 637563 -72.34 -5.6 

 β-pinene 14896 -45.68 -4.7 

 thymol 6989 -69.74 -5.8 

 methyl heptenone 9862 -61.29 -5.1 
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Table 2 (continue). Binding energies and affinities of 88 ligands selected from Verbena officinalis to 

the G6PDH protein structure 

Group of metabolites Compounds Pubchem CID Binding energy (kcal/mol) Binding affinity (kcal/mol) 

 carvacrol 10364 -70.69 -6.3 

 trans-carveol 94221 -64.7 -5.2 

 isopiperitone 6987 -67.86 -5.9 

 α-pinene 82227 -46.83 -4.7 

 piperitone 6987 -67.86 -5.9 

 cis-carveol 330573 -64.72 -5.2 

 terpinen-4-ol 11230 -66.84 -5.4 

 β-phellandrene 11142 -57.18 -5.8 

 geraniol 637566 -63.19 -5.7 

 β-terpineol 8748 -68.77 -5.5 

 sabinene 18818 -51.84 -5.0 

 cinerone 5373127 -70.66 -6.3 

 p-cymene 7463 -59.45 -6.1 

 nerol 643820 -67.54 -5.6 

 linalol 6549 -63.08 -5.1 

 (E)-β-ocimene 5281553 -56.55 -5.4 

 borneol 64685 -47.57 -4.8 

 iso-pinocamphone 84532 -53.62 -5.1 

 o-cymene 10703 -57.57 -6.2 

 γ-terpinene 7461 -58.9 -5.9 

Sesquiterpenoids     

 caryophyllene oxide 1742210 -65.75 -5.8 

 spathulenol 92231 -65.47 -5.8 

 α-curcumane 92139 -74.51 -6.7 

 β-caryophyllene 5281515 -58.27 -5.5 

 trans-nerolidol 5284507 -71.01 -6.2 

 bicyclosesquiphellandrene 521496 -69.8 -6.4 

 δ-cadinene 441005 -64.75 -6.2 

 β-bourbonene 62566 -62.14 -6.1 

 allo-aromadendrene 42608158 -58.6 -5.7 

 α-cubenene 442359 -68.22 -6.1 

 γ-cadinene 6432404 -67.12 -6.4 

 germacene D 5317570 -71.04 -6.1 

 α-muurolene 12306047 -69.57 -6.4 

 bicyclogermacrene 13894537 -60.4 -5.3 

 cis-muurola-4(14).5-diene 51351709 -71.4 -6.4 

 isocaryophylene oxide 1742211 -65.87 -5.8 

 β-cedrene 11106485 -56.85 -6.1 

 α-copaene 92042749 -58.92 -5.7 

 β-elemene 6918391 -64.58 -5.9 
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Table 2 (continue). Binding energies and affinities of 88 ligands selected from Verbena officinalis to 

the G6PDH protein structure 

Group of metabolites Compounds Pubchem CID Binding energy  (kcal/mol) Binding affinity (kcal/mol) 

 β-cubenene 93081 -63.08 -6.2 

 α-humulene 5281520 -65.95 -5.7 

 α-7-epi-selinene 91753195 -64.13 -6.0 

 isoledene 530426 -60.38 -5.9 

This list indicates the chemicals that comply with Lipinski's Rule of 5 

 
Figure 1. The 2D (a) and 3D (b) interaction poses of quercetin and G6PD complex 

 
Figure 2. Toxicity results of quercetin calculated with Pro ToX-II (a, b), BOILED Egg model 

calculated with Swiss ADME (d) and radar graph for physicochemical properties of quercetin (e) 

The Root Mean Square Deviation (RMSD), determines how much the atomic positions in a 

simulation deviate from a reference structure, typically the starting point [48]. During equilibration, the 
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RMSD typically increases as the system adjusts from its initial state. Once the simulation reaches 

equilibrium, the RMSD should fluctuate around a stable value, indicating the atoms are sampling their 

allowed conformations. This stable RMSD signifies the system is ready for the data collection phase of 

the MD simulation. The root mean square deviation plot of the overall simulation at 310 K is given in 

Figure 3. It can be seen from these plots that our system was equilibrated after 5.6 ns. Therefore, the 

first 5.6-nanosecond-long simulation is considered as equilibration period and excluded from further 

investigation. Moreover, the RMSD plot suggests minimal conformational change during the production 

period. The Root Mean Square Fluctuation (RMSF) values (Figure 4) per residue has shown that the 

solvent-exposed residues such as Ile353, Met384 and Asn403 contribute the most to the molecular 

motion throughout the simulation. After concluding the 300-ns-long MD simulation, a clustering 

analysis based on a "hierarchical agglomerative" approach was performed for post-processing of the 

trajectories.  The cluster radii are set to 2.0, this cluster analysis in the G6PD-quercetin complex had 

produced three conformations and the percentage of the occurrences of each cluster were 84%, 10% and 

6%. The most populated cluster, containing 84% of the data points, suggests that the G6PD-quercetin 

complex primarily adopts a single conformation during the simulation. The most populated cluster is 

shown in Figure 5. During the MD simulation, the quercetin molecule stays in the active site and 

interacts with several residues. For instance, the quercetin makes pi-stacking interactions with the 

Tyr374. Also, Asp394 is coordinated with one of the -OH group of quercetin, and backbone oxygen 

atom of Lys481 makes a hydrogen bond with another -OH group of quercetin. These interactions can 

be seen clearly in the most-populated cluster, which is shown in detail in Figure 6. The results have 

shown that the position of this quercetin molecule is very well defined, and the molecule is stable in this 

region. To prove their importance, these acidic and basic residues could be mutated to nonpolar amino 

acids, and further MD simulations could be done to check the activities in this state. 

 
Figure 3. RMSD graph of the simulation. The left-side of the dash represents the equilibration time 

 
Figure 4. RMSF values at 310 K 
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Figure 5. The most-populated cluster of the G6PD-quercetin complex 

 

 
Figure 6. Close contacts between quercetin and its nearby residues in the most-populated cluster 

 

ADME results have shown that quercetin complies with the limits set by the Lipinski rule and 

supports oral use and drug similarity. In the radar chart taken in SwissADME, the distribution of 

important physicochemical properties in our body has been created (Table 1, Figure 2d and e). In the 

pictures of BOILED Eggs, the white and yellow area respectively indicate passive absorption in the 

gastrointestinal (GI) tract and the ability to cross the blood-brain barrier (BBB). The outer grey area 

indicates molecules with low absorption and limited brain penetration (Figure 2d) [49]. According to 

the ADME profile, it has been stated that quercetin does not cross the blood brain barrier. 

When the pink range was analysed (Figure 2e), lipophilicity (LIPO; iLOGP), size (MW), polarity 

(TPSA), solubility (INSOLU, log S), saturation (INSATU; carbon fraction in sp3 hybridization was 

found to be 0) and flexibility (FLEX, rotatable bonds) are in the optimal range for quercetin. Deviation 

in saturation was observed. Molecules that are more saturated and have sp3 hybridization are generally 

more water soluble and may be biologically effective. Nevertheless, a thorough examination of 

pharmacodynamics requires an all-encompassing viewpoint. The analysis results proved that the five 

properties were in the pink area and the compound fit into the group of drug-like compounds. Based on 

these properties, it can be said that the compound is not suitable for injectable administration due to its 

low flexibility [50].  

In the BOILED Egg model, blue and red dots indicate P-glycoprotein (P-gp) substrates (PGP+), 

which is an ATP-dependent transmembrane protein that transports many drugs, and non-P-gp substrates 

(PGP−), respectively. While it is an advantage for a drug that is not a P-gp substrate to remain in the 

target cell for a longer time and interact less with other drugs, it is a disadvantage because the drug's 

tendency to remain in the body for a longer time will lead to toxicity [51]. Based on this, if the drug's 
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elimination from the body is to be accelerated, it may need to be designed as a P-gp substrate. Whether 

or not a compound is a P-gp substrate affects the efficacy and pharmacokinetics of the drug. These 

considerations need to be acknowledged throughout the drug development process. 

Computational studies on absorption, distribution, metabolism, and excretion have reported that 

the ability of quercetin to combine with the plasma-protective protein varies between 85.36% and 

99.82%. These studies also examined quercetin and their ADME properties, revealing that quercetin and 

3′-methyl ether quercetin had 100% passive absorption, while other quercetin cells showed a lower 

absorption [41]. The fact that ADME, which has a very satisfactory predictive power in molecular 

design, states that quercetin does not cross the blood brain barrier may be due to the limited prediction 

of penetration of BOILED Egg [49,53]. The in silico interaction of geroprotective phytochemicals, 

including quercetin, with Sirtuin 1 was examined, and ADME results showed that quercetin could not 

cross the BBB and was toxic (class 3). However, animal studies have reported that quercetin can be 

tolerated at oral doses above the LD50 value [54] and is a safe nutritional supplement in mice [55]. For 

this reason, pharmacological toxicology studies on quercetin should be conducted. 

In the Protox II analysis, the lethal dose 50 (LD50) value of quercetin was estimated as 159 mg/kg 

and toxicity class 3. The toxicity model report of our study shows that quercetin is a carcinogenic and 

mutagenic structure, also has various interfering effects against Aryl Hydrocarbon Receptor (AhR), 

Estrogen Receptor Alpha (ER), Estrogen Receptor Ligand Binding Domain (ER-LBD) and 

Mitochondrial Membrane Potential (MMP) (Figure 2a-c).  

It is extremely important to perform in silico toxicity analyses, examine drug candidates and 

perform risk assessments before clinical studies [56,57]. The fact that an antioxidant structure also has 

carcinogenic and mutagenic properties according to in silico toxicity analysis results may indicate that 

the compound may affect different cellular or molecular targets [58]. The effects of compounds are 

related to dose and prolonged exposure times. While a particular compound may have antioxidant effects 

at low doses, it may cause toxic effects at high doses [59]. The compounds are metabolized and 

biotransformed in the body. These processes can greatly affect the effects of the compound. For 

example, when quercetin is metabolized in the body, different products can be formed, some of which 

may be more toxic. The compound's targets and mechanisms of action can regulate a variety of 

biological responses. Binding of quercetin to targets such as AhR [60], ER [61], ER-LBD [62] and MMP 

[63] can affect different biological processes [64].  A study in 2010 emphasized the vulnerability of 

individuals with G6PD deficiency to oxidative stress and assessed the protective effects of the flavonoid 

quercetin against oxidative damage induced by H2O2. The research demonstrated that quercetin not only 

exhibits antioxidant properties but also offers cellular protection [43]. The investigations’ findings in 

2016, supported by numerous experiments, shed light on the mechanisms by which quercetin may 

protect against neurotoxicity, neuronal injury, and neurodegenerative diseases, offering potential 

therapeutic avenues for neurological disorders [65]. In a different 2018 research, quercetin's potential as 

an effective anticancer agent was highlighted. The study proposed that quercetin could influence O-

GlcNAcylation, a process associated with cancer, warranting further investigation into its specific 

mechanisms for cancer treatment [66]. 

Moreover, recent findings have underscored the significant role of quercetin in combating liver 

cancer. Quercetin is shown to regulate intracellular processes, inhibiting the cell cycle and promoting 

apoptosis, which leads to the death of cancer cells. Consequently, this naturally occurring compound, 

found in plants, is being considered as a promising candidate for the development of novel anticancer 

drugs [58]. Molecular level analyses and predictions applied used the drug development process were 

applied to the phytochemical drug candidates in V. officinalis. Quercetin, the structure that computer-

based analyses lead us to, has been shown to be effective in fighting liver cancer in in vivo experiments. 

Within the scope of the study, in order to evaluate the potential of the new complex and direct it 

to clinical research; In addition to in vitro studies examining its effects on liver cancer cell lines in more 

detail, experiments can be conducted to evaluate the effects of the complex in vivo models. Optimization 

of the structure should also be provided to increase the effectiveness and safety of the drug. 
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