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Abstract 

This study investigated the hepatoprotective, anti-inflammatory, and safety properties of the As-Capsipol complex 

using combined in vivo and in silico approaches. Acute liver injury was induced in rats by administration of a toxic dose 

of paracetamol, resulting in significant hepatocellular damage, as evidenced by increased alanine aminotransferase (ALT) 

and aspartate aminotransferase (AST) levels and decreased blood urea concentration. Treatment with As-Capsipol at 150 

mg/kg for 14 days improved these biochemical parameters, including reduction of transaminase activity and partial 

restoration of urea levels, suggesting recovery of liver function. Anti-inflammatory activity was evaluated using a 

carrageenan-induced paw edema model. As-Capsipol exhibited dose-dependent anti-exudative effects, with the highest 

activity observed at 150 mg/kg, indicating attenuation of acute inflammatory responses. Acute toxicity testing in mice 

showed no mortality or persistent adverse effects at a dose of 2,000 mg/kg, suggesting low acute toxicity under the tested 

conditions. To investigate potential mechanisms, molecular docking studies were conducted against key inflammation-

related targets, including MAPK, NF-kB, and TNF-α. The selected amino acids demonstrated binding energies ranging 

from −5.0 to −8.1 kcal/mol. The binding affinity pattern followed the order: Tryptophan > tyrosine ≈ phenylalanine > 

arginine > glutamic acid, indicating stronger interactions for aromatic amino acids. These interactions were stabilized by 

hydrogen bonding and hydrophobic contacts within protein active sites. The findings indicate that As-Capsipol may 

support liver function and modulate inflammatory processes under experimental conditions. Further studies are required 

to confirm these effects and clarify the underlying mechanisms. 

Keywords: As-Capsipol, Hepatoprotective activity, Molecular docking, MAPK, NF-kB, TNF-α, Paracetamol-Induced 

hepatitis 

Introduction 

Liver diseases remain a major global health 

concern due to their increasing prevalence and complex 

pathophysiology. Among experimental models, 

paracetamol-induced hepatotoxicity is widely used to 

study acute liver injury, as it closely mimics clinical 

conditions associated with oxidative stress and 

hepatocellular damage. The toxic effects of paracetamol 

are primarily mediated by the formation of the reactive 

metabolite N-acetyl-p-benzoquinone imine (NAPQI), 

which leads to depletion of intracellular glutathione, 

disruption of mitochondrial function, and subsequent 

hepatocyte necrosis [1]. In addition to oxidative stress, 

inflammatory processes play a critical role in the 

progression of liver injury. Activation of key signaling 

pathways, including mitogen-activated protein kinases 

(MAPK), nuclear factor kappa B (NF-kB), and tumor 

necrosis factor-alpha (TNF-α), contributes to the 
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amplification of inflammatory responses and further 

aggravation of tissue damage. Therefore, compounds 

capable of modulating both oxidative and inflammatory 

mechanisms are of particular interest in the development 

of hepatoprotective agents [2]. Natural products and 

biologically active complexes derived from medicinal 

plants have attracted considerable attention due to their 

multifunctional properties and relatively favorable 

safety profiles. In this context, the As-Capsipol 

complex, obtained from Polygonum aviculare L. and 

Capsicum annuum L., represents a promising candidate. 

This complex contains a diverse range of bioactive 

components, including amino acids, which may 

contribute to its biological activity through antioxidant 

and anti-inflammatory mechanisms [3]. Recent 

advances in computational methods, particularly 

molecular docking, have enabled the prediction of 

ligand–protein interactions and provided valuable 

insights into the potential mechanisms of action of 

biologically active compounds. The integration of in 

vivo experimental models with in silico approaches 

allows for a more comprehensive evaluation of 

pharmacological effects and underlying molecular 

interactions [4]. Based on these considerations, the 

present study aimed to evaluate the hepatoprotective, 

anti-inflammatory, and safety properties of the As-

Capsipol complex using experimental models of 

paracetamol-induced liver injury and carrageenan-

induced inflammation, complemented by molecular 

docking analysis targeting key inflammatory proteins, 

including COX-2, IL-6, MAPK, NF-kB, and TNF-α. 

 

Materials and methods 

 The study was conducted using adult white 

outbred animals under standard laboratory conditions. 

All experimental procedures were performed in 

accordance with accepted ethical guidelines for animal 

research. 

 

 Acute toxicity study 

 The acute toxicity of the As-Capsipol complex 

obtained from Polygonum aviculare L. and Capsicum 

annuum L. was evaluated according to the OECD 

Guideline (2001) using the fixed-dose procedure [1]. 

The test substance was administered orally via gastric 

gavage using a specialized probe. The study was 

performed on male white outbred mice weighing 21.2 ± 

2.0 g. Animals were acclimatized for 10 - 14 days prior 

to experimentation. A total of 10 animals were used, 

divided into 2 groups (n = 5 per group). The experiment 

was conducted in 2 sequential stages. In the first stage, 

2 animals received a single oral dose of As-Capsipol at 

2,000 mg/kg (0.4 mL). The animals were observed for 

48 - 72 h, and no mortality was recorded. In the second 

stage, the remaining 3 animals were administered the 

same dose under identical conditions. A control group 

received an equivalent volume of distilled water (0.4 

mL). During the first day, animals were monitored 

hourly for general condition, behavioral changes, 

tremors, and mortality. Further observations were 

carried out daily for 14 days, including assessment of 

locomotor activity, skin and fur condition, respiratory 

rate, urination, and body weight changes. Animals had 

free access to food and water throughout the study. At 

the end of the experiment, the median lethal dose 

(LD50) and toxicity class of As-Capsipol were 

estimated based on the obtained data [2,3]. 

 

 Anti-inflammatory activity (carrageenan-

induced paw edema model) 

 The anti-inflammatory activity of As-Capsipol 

was evaluated using the classical carrageenan-induced 

paw edema model. The study was conducted on 30 

white outbred rats (190 ± 20 g) of the same sex. Animals 

were randomly divided into 5 groups (n = 6 per group): 

1 control group and 4 experimental groups. Acute 

inflammation was induced by subplantar injection of 0.1 

mL of 1% carrageenan solution into the hind paw of 

each animal. The test compound, As-Capsipol (a 3:1 

preparation obtained from Polygonum aviculare L. and 

Capsicum annuum L.), was administered orally in 

powder form at doses of 50, 100, and 150 mg/kg, 1 h 

prior to carrageenan injection. The reference drug 

(Laksidol, 10 mg/kg) was also administered under the 

same conditions. The inflammatory response was 

assessed by measuring changes in paw volume at 1, 2, 

3, and 4 h after carrageenan administration. The anti-

exudative activity (AEF) was calculated based on the 

edema values at the 3-hour time point using the 

following formula: 

 

𝐴𝐸𝐹 (%) =
ΔVn − ΔVexp

ΔVn
× 100    
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where AEF represents anti-exudative activity (%), ΔVn 

is the paw volume in the control group, and ΔVexp is 

the paw volume in the treated group [2]. 

 

 Paracetamol-induced acute hepatotoxicity 

model 

 The study was carried out on adult white outbred 

rats of both sexes, weighing 180 - 200 g. Animals were 

randomly assigned to experimental groups (n = 5 per 

group) with balanced sex distribution to minimize 

potential bias. Acute toxic hepatitis was induced by oral 

administration of paracetamol (acetaminophen) at a 

dose of 150 mg/kg once daily for 2 consecutive days via 

gastric gavage [5]. This model is associated with 

oxidative stress–mediated hepatocellular injury due to 

depletion of antioxidant defenses. Following 

confirmation of hepatotoxicity, treatment was initiated. 

The experimental group received the AS-Capsipol 

compound at a dose of 150 mg/kg, while the reference 

group was treated with Heptral (ademetionine) at 225 

mg/kg. Both treatments were administered orally once 

daily for 14 consecutive days. Control groups included 

intact (healthy) animals and a paracetamol-treated group 

receiving vehicle only. Animals were allocated to 

groups using randomization procedures, and all 

outcome assessments were performed under blinded 

conditions to reduce observer bias. The general 

condition of the animals, including behavior, activity, 

and survival, was monitored daily throughout the 

experimental period [6]. 

 

 Serum biochemical parameters 

 After administration of AS-Capsipol (150 mg/kg) 

and the reference preparation within the defined 

experimental period, blood samples were collected from 

the venous system of the experimental animals into 

vacuum tubes (“HumaTubeSerum C/A”) intended for 

serum biochemical analysis [7]. Serum was separated by 

centrifugation at 3,000 rpm for 15 min. Biochemical 

parameters were measured using an automated analyzer 

(DIRUI CS-T240, Dirui Industrial Co., Ltd., China) 

with reagent kits from Cypress Diagnostics (Belgium). 

Hemolysis-free serum samples were used to determine 

total protein, aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), and urea levels. Renal function 

was evaluated under water loading conditions (5% of 

body weight) by measuring 4-hour diuresis. Additional 

parameters included serum urea concentration 

(mmol/L), urine pH, and the presence of nitrites, 

glucose, leukocytes, and other indicators using 

qualitative test strips (Combina, Germany), along with 

microscopic examination of urinary sediment [8]. 

 

 Preparation, composition and standardization 

of AS-Capsipol 

 The AS-Capsipol complex was prepared using the 

aerial parts of Polygonum aviculare L. (including stems, 

leaves, and flowers) and the fruits of Capsicum annuum 

L. The plant materials were collected from the Oltiariq 

and Rishton districts of the Fergana region, Republic of 

Uzbekistan. All plant samples were harvested during 

their appropriate vegetative period and were selected 

based on morphological integrity and absence of visible 

damage. 

 

Kingdom:  Plantae 

Clade: Tracheophytes 

Clade: Angiosperms 

Clade: Eudicots 

Order: Caryophyllales 

Family: Polygonaceae 

Genus: Polygonum 

Species: Polygonum aviculare L
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Figure 1 Botanical features and regional distribution of Polygonum aviculare L. The figure shows the taxonomic 

classification, representative plant morphology, and global distribution pattern of P. aviculare. These visual data provide 

an overview of the plant’s botanical identity and its wide geographical occurrence. 

 

 

Kingdom:  Plantae 

Clade:  Tracheophyta 

Clade: Angiosperms 

Clade: Eudicots 

Clade: Asterids 

Order: Solanales 

Family: Solanaceae 

Genus: Capsicum 

Species:  Capsicum annuum L.

 

 

 

Figure 2 Botanical characteristics and geographical distribution of Capsicum annuum L. This figure summarizes the 

taxonomic position of C. annuum and illustrates its main morphological features, including vegetative growth, fruit 

development, and mature pepper fruits. The distribution map highlights the wide regional occurrence of the species, 

indicating its global cultivation, ecological adaptability, and economic importance. 

 

 

 The precipitation of proteins and peptides from the 

aqueous plant extract was carried out in centrifuge 

tubes. For this purpose, 1 mL of the investigated sample 

was mixed with an equal volume (1 mL, exact volume) 

of 20% trichloroacetic acid (TCA) [9]. After 10 min, the 

precipitated proteins were separated by centrifugation at 

8,000 rpm for 15 min. From the obtained supernatant, 

0.1 mL was collected and lyophilized. The dried residue 

was then evaporated and dissolved in a mixture of 

triethylamine–acetonitrile–water (1:7:1), followed by 

drying. This procedure was repeated twice to neutralize 

residual acidity. Free amino acids were derivatized by 

reaction with phenyl isothiocyanate (PITC) to obtain 

phenylthiocarbamyl (PTC) amino acid derivatives 

according to the method described by Steven A. and 

Cohen Daviel. Identification of the amino acid 

derivatives was performed using high-performance 

liquid chromatography (HPLC). The analytical 

conditions were as follows: Agilent Technologies 1,200 

chromatograph equipped with a DAD detector and a 

Discovery HS C18 column (75×4.6 mm2). Mobile phase 

A consisted of 0.14 M sodium acetate (CH₃COONa) 

containing 0.05% triethylamine (TEA), pH 6.4, while 

mobile phase B was acetonitrile (CH₃CN). The flow rate 

was 1.2 mL/min, and detection was carried out at 269 

nm. The gradient program for solvent B was as follows: 

1% - 6% (0 - 2.5 min); 6% - 30% (2.51 - 40 min); 30% 

- 60% (40.1 - 45 min); 60% - 60% (45.1 - 50 min); and 

60% - 0% (50.1 - 55 min) [10].
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Figure 3 HPLC chromatographic profile of free amino acids detected in AS-Capsipol. This figure illustrates the 

chromatographic separation of PITC-derived free amino acids in the AS-Capsipol sample using reversed-phase HPLC 

with DAD detection. The retention-time peaks indicate the presence of multiple amino acid components and support the 

chemical characterization of AS-Capsipol. 

 

 

Table 1 Concentration of amino acids identified in the As-Capsipol complex (mg/g). 

Amino acids 
As-Capsipol 

Concentration (mg/g) 

Aspartic acid 3.985 

Glutamic acid 1.237 

Serine 7.551 

Glycine 8.767 

Asparagine 8.779 

Glutamine 10.598 

Cysteine 1.398 

Threonine 3.763 

Arginine 0.458 

Alanine 3.080 

Proline 64.028 

Tyrosine 1.115 

Valine 3.404 

Methionine 0.895 

Histidine 4.874 

Isoleucine 1.034 

Leucine 1.551 

Tryptophan 7.147 

Phenylalanine 2.037 

Lysine 0.371 

Total 136.071 
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 Animal ethics 

 All preoperative and experimental protocols were 

reviewed and formally approved by the Institutional 

Animal Care and Use Committee. The animals were 

housed under standardized vivarium conditions, with 

controlled environmental parameters including a 

relative humidity of 55% - 65% and a temperature 

maintained at 22 ± 2 °C. Throughout the experimental 

period, the animals had ad libitum access to water and 

were fed a standard laboratory diet. All experimental 

procedures and animal handling practices were carried 

out in strict compliance with the European Directive 

2010/63/EU, which governs the ethical use of animals 

in scientific research and ensures adherence to 

internationally accepted standards of animal welfare. 

 

 Molecular docking: Software and databases 

 All computational analyses were conducted using 

freely available academic software tools. The 3-

dimensional structures of the selected target proteins, 

including cyclooxygenase-2 (COX-2, PDB ID: 5IKR), 

interleukin-6 (IL-6, PDB ID: 1ALU), mitogen-activated 

protein kinase (MAPK, PDB ID: 1A9U), nuclear factor 

kappa B (NF-kB, PDB ID: 1NFI), and tumor necrosis 

factor alpha (TNF-α, PDB ID: 2AZ5), were retrieved 

from the Protein Data Bank (PDB) [11]. Ligand 

structures representing amino acids from the As-

Capsipol complex were obtained from the PubChem 

database, where their 3-dimensional conformations 

were downloaded in suitable formats and subsequently 

subjected to geometry optimization prior to docking 

(Table 2). Protein preparation and structural inspection 

were performed using PyMOL (version 1.2) [12]. The 

active binding sites of the proteins were identified using 

Discovery Studio, enabling precise localization of 

docking regions. Visualization and analysis of ligand–

protein interactions were also carried out using PyMOL. 

Molecular docking simulations were conducted using 

AutoDock 4.2, with AutoDock Tools (ADT) employed 

for protein and ligand preparation, including the 

addition of polar hydrogens, assignment of partial 

charges, and definition of rotatable bonds. Grid box 

parameters were defined based on the predicted active 

sites [13]. This methodology allows reliable prediction 

of ligand binding modes and interaction profiles within 

the target proteins.

 

 

Table 2 Structural representation of selected amino acid ligands in 2D and 3D formats used for molecular docking 

analysis. 

Ligands 2D 3D 

 

Arginine 

  

 

Phenylalanine 

 
 

 

Glutamic acid 
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Ligands 2D 3D 

Tyrosine 

 
 

 

Tryptophan 

  

 

 Preparation of ligand and protein files 

 Prior to molecular docking, all retrieved PDB 

structures were subjected to a comprehensive 

preprocessing procedure, as native files obtained from 

the Protein Data Bank are not directly suitable for 

docking analysis [14]. These structures often contain 

crystallographic water molecules, co-crystallized 

ligands, ions, and other heteroatoms that may interfere 

with docking accuracy. Each protein structure was 

imported into AutoDock Tools (ADT) for preparation. 

Crystallographic water molecules and all non-essential 

heteroatoms were removed to eliminate unwanted 

interactions. Co-crystallized ligands were deleted before 

docking simulations; however, they were preserved 

separately when necessary for validation purposes [15]. 

Additionally, all non-protein components, including 

metal ions such as calcium, were excluded to avoid 

introducing artificial electrostatic effects under the rigid 

receptor docking model, thereby ensuring uniform 

treatment of all target proteins. The integrity of each 

protein structure was visually examined using PyMOL 

to verify the absence of missing residues in functionally 

important regions. No critical residues were found to be 

missing in the selected models [16]. Subsequently, polar 

hydrogen atoms were added, and Kollman united atom 

charges were assigned to accurately represent 

electrostatic properties. Protonation states were adjusted 

to approximate physiological conditions (pH 7.4) 

following standard ADT protocols. The prepared 

receptor structures were then saved in .pdbqt format, 

which includes atom types and partial charge 

information required for docking calculations. Ligand 

preparation was performed in a similar manner. The 

selected amino acid ligands were imported into ADT, 

and hydrogen atoms were added, followed by 

assignment of Gasteiger partial charges. Nonpolar 

hydrogens were merged in accordance with standard 

AutoDock procedures [17]. Rotatable bonds and root 

atoms were automatically defined by the software to 

allow conformational flexibility during docking. 

Finally, the ligands were saved in .pdbqt format, 

containing all necessary structural and electrostatic 

information for subsequent docking simulations [18]. 

 

 Calculation of inhibition constant (Ki) from 

binding energy 

 In molecular docking studies, the affinity between 

a ligand and its target protein is typically expressed in 

terms of binding free energy (ΔG), measured in 

kcal/mol. Lower (more negative) ΔG values indicate 

stronger and more favorable interactions. The inhibition 

constant (Ki), which reflects the binding potency of the 

ligand, can be estimated from the calculated binding 

energy using a standard thermodynamic relationship 

[19]. 

 

𝐾𝑖 = 𝑒^
𝛥𝐺×1000

𝑅×𝑇
  

 

where, Ki is the inhibition constant (in mol/L); ΔG is the 

binding free energy (in kcal/mol); R is the universal gas 

constant = 1.987 cal/(mol·K); T is the temperature in 

Kelvin (usually 298.15 K); The factor 1,000 converts 

kcal to cal. 

 

Results and discussion 

 Acute toxicity of As-Capsipol 

 The acute toxicity of the As-Capsipol complex 

obtained from Polygonum aviculare L. and Capsicum 
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annuum L. was evaluated in male white outbred mice 

following a single oral administration at a dose of 2,000 

mg/kg. After approximately 8 min of administration, 

short-term physiological and behavioral changes were 

observed, including increased respiratory rate, 

clustering behavior, and narrowing of the eyes. These 

signs lasted for about 15 - 20 min, after which the 

animals gradually returned to their normal condition. 

During the entire 14-day observation period, no 

mortality was recorded in the As-Capsipol-treated 

group, and the survival rate remained 100% (5/0). Body 

weight also remained stable throughout the study. On 

day 1, the mean body weight of treated animals was 21.1 

± 2.0 g, increasing to 22.1 ± 2.1 g on day 7 and 23.0 ± 

2.0 g on day 14. These values did not differ significantly 

from those of the control group (p > 0.05), indicating 

that the tested dose did not cause a negative effect on 

body weight gain. No persistent signs of toxicity, severe 

behavioral abnormalities, convulsions, loss of 

locomotor activity, or visible deterioration of skin and 

fur condition were observed. Based on the absence of 

mortality at 2,000 mg/kg, the median lethal dose (LD50) 

of As-Capsipol was estimated to be greater than 2,000 

mg/kg under the experimental conditions. These 

findings indicate that As-Capsipol demonstrates low 

acute toxicity in mice according to the tested dose range. 

The results are presented in Table 1.

 

 

Table 3 Assessment of the acute toxicity of the As-Capsipol substance obtained from Polygonum aviculare L. and 

Capsicum annuum L. in male mice (M ± m, n = 5). 

Groups 
Dose  

(mg/kg, mL) 

Number of 

animals 

(used/died) 

Body weight (g) 
LD₅₀ 

(mg/kg) Day 1 Day 7 Day 14 

Control (healthy)  (0.4 mL distilled water) 5/0 21.3 ± 2.1 22.2 ± 2.2 23.1 ± 2.3  

As-Capsipol 2,000 mg/kg 5/0 21.1 ± 2.0 22.1 ± 2.1 23.0 ± 2.0 LD₅₀ > 2,000 

 

 

 The effect of the As-Capsipol substance on the 

functional parameters of the rat liver 

 It is well established that acute hepatitis induced 

by the hepatotoxic drug paracetamol represents a widely 

accepted experimental model characterized by 

hepatocyte death. Administration of paracetamol at 

toxic doses causes intracellular disturbances primarily 

associated with glutathione (GSH) depletion and 

accumulation of the toxic metabolite N-acetyl-p-

benzoquinone imine (NAPQI) [21]. During the 

metabolic phase (0 - 3 h), NAPQI binds to cellular 

proteins, including mitochondrial proteins, thereby 

initiating early hepatocellular injury (2 - 6 h), which 

subsequently progresses to apoptosis and necrosis. 

Given the pathophysiological changes occurring in the 

liver during acute toxic injury and the possible 

progression of inflammation to chronic conditions, 

modern hepatoprotective agents are expected not only to 

possess antioxidant properties but also to support 

restoration of liver function and reduce the risk of severe 

complications such as fibrosis and malignant 

transformation. In this context, biologically active 

compounds with multifunctional properties are of 

considerable interest. In the present study, As-Capsipol 

was administered at a dose of 150 mg/kg. 

Hyperenzymemia, reflected by increased alanine 

aminotransferase (ALT) and aspartate aminotransferase 

(AST) activities, is a recognized marker of hepatocyte 

membrane damage and leakage of intracellular enzymes 

into the bloodstream. As shown in Table 3, 

administration of toxic doses of paracetamol caused 

marked hepatocellular injury, as evidenced by a 

statistically significant increase in ALT activity from 

58.9 ± 4.7 in healthy animals to 76.8 ± 7.8 in the control 

group (p < 0.05). AST activity was also significantly 

elevated, increasing from 42.6 ± 4.1 to 61.4 ± 5.9 (p < 

0.05), further confirming impairment of liver function. 

Treatment with As-Capsipol at a dose of 150 mg/kg, as 

well as with the reference drug Heptral, promoted 

normalization of the studied biochemical parameters. In 

particular, both treatments reduced transaminase 

activity and improved urea levels compared with the 
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control group (p < 0.05). These findings indicate that 

As-Capsipol exerts a hepatoprotective effect under 

conditions of paracetamol-induced liver injury.

 

 

Table 4 Hepatoprotective activity of the As-Capsipol substance in a paracetamol-induced hepatitis model in rats (M ± m, 

n = 5). 

Groups Dose 
Total protein 

(g/L) 
ALT AST 

Urea  

(mmol/L) 

Healthy animals — 68.6 ± 6.6 58.9 ± 4.7 42.6 ± 4.1 7.4 ± 0.7 

Control (water) — 52.3 ± 1.4* 76.8 ± 7.8* 61.4 ± 5.9* 3.2 ± 0.4* 

Geptral 225 mg/kg 66.5 ± 6.2* 55.1 ± 5.3 39.5 ± 4.9* 6.3 ± 0.6* 

As-Capsipol 150 mg/kg 63.0 ± 5.6* 52.9 ± 4.8* 38.2 ± 3.3* 5.9 ± 0.5* 

Note: * – p < 0.05 compared to healthy animals; # – p < 0.05 compared to the control group; + – p < 0.05 compared to 

Geptral. 

 

 Administration of the reference drug Geptral at a 

dose of 225 mg/kg and the As-Capsipol substance at a 

dose of 150 mg/kg for 14 days resulted in a statistically 

significant reduction of ALT activity in the blood to near 

physiological levels in rats. The values reached 55.1 ± 

5.3 (p < 0.05) and 52.9 ± 4.8 (p < 0.05), respectively, 

indicating restoration of hepatocyte integrity and 

reduced liver damage. Urea, one of the final products of 

protein and nitrogen metabolism, is synthesized in the 

liver and excreted through the kidneys. Since this 

excretion process is continuous, a certain level of urea is 

normally present in the blood. A decrease in urea 

concentration is commonly observed in various liver 

diseases and reflects impaired hepatic synthesis. The 

results demonstrated that under paracetamol-induced 

acute hepatitis conditions, the blood urea level 

decreased almost twofold compared to the physiological 

norm, from 7.4 ± 0.7 to 3.2 ± 0.4 mmol/L (p < 0.05), 

indicating significant disruption of liver function. At the 

next stage of the study, renal function was evaluated 

under conditions of water loading (5% of body weight). 

Parameters assessed included 4-hour diuresis, serum 

urea levels (mmol/L), urine pH, and the presence of 

nitrites, glucose, leukocytes, and other indicators using 

qualitative reactions with the Combina (Germany) 

diagnostic kit, as well as microscopic analysis of urinary 

sediment. The functional state of the kidneys is 

presented in Table 2. After 14 days, renal function was 

assessed based on diuresis (expressed as the percentage 

of excreted urine volume relative to the administered 

fluid over 4 h), urine acidity, and urinary sediment 

characteristics.

 

Table 5 Effect of the As-Capsipol substance on selected renal function parameters in a paracetamol-induced hepatitis 

model in rats (M ± m, n = 5). 

Parametrs Healthy animals Control Geptral As-Capsipol 

Urobilinogen N N N N 

Glucose Neg Neg Neg Neg 

Bilirubin Neg Neg Neg Neg 

Ketones Neg Neg Neg Neg 

Specific gravity 1.0125 1.008 1.0175 1.0125 

Blood Neg Neg Neg Neg 

pH 7 7 7 7 

Protein Neg Neg Neg Neg 

Nitrites Neg Neg Neg Neg 

Leukocytes Neg Neg Neg Neg 
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 The urea level in the blood serum of rats in the 

experimental groups differed significantly from that of 

the control group. In the control group, urea 

concentration was markedly reduced compared to 

healthy animals, indicating impaired liver function. In 

contrast, treatment with As-Capsipol and the reference 

drug Heptral led to an increase in urea levels toward 

physiological values, suggesting partial restoration of 

hepatic metabolic activity. During the study, glucose, 

protein, and other parameters were not detected in the 

urine of rats in both experimental and control groups. 

The urine pH ranged between 7.0 and 7.2. No 

pathological changes were observed in the urinary 

sediment. 

 

 Pharmacokinetic prediction (BOILED-egg 

analysis) 

 The pharmacokinetic properties of the selected 

amino acids from the As-Capsipol complex were 

evaluated using the BOILED-Egg model to predict 

gastrointestinal absorption and blood-brain barrier 

(BBB) permeability (Figure 4). The analysis showed 

that all investigated amino acids, including arginine, 

phenylalanine, glutamic acid, tyrosine, and tryptophan, 

are positioned outside the optimal regions associated 

with both high gastrointestinal absorption (white region) 

and BBB permeability (yellow region). This distribution 

indicates that the analyzed compounds are characterized 

by limited passive intestinal absorption and a low 

probability of penetration across the blood-brain barrier 

under the predicted conditions. Notably, despite minor 

variations in their positions within the plot, all 

compounds exhibited a similar pharmacokinetic profile, 

suggesting consistent physicochemical behavior among 

the selected amino acids. The observed low BBB 

permeability may be considered advantageous, as it 

implies reduced central nervous system exposure and a 

lower likelihood of CNS-related side effects. At the 

same time, the predicted limited gastrointestinal 

absorption highlights potential constraints in oral 

bioavailability, which may be related to the relatively 

high polarity and physicochemical properties of these 

amino acids.

 

 

 

Figure 4 BOILED-Egg model predicting gastrointestinal absorption and blood–brain barrier permeability of selected 

amino acids from the As-Capsipol complex. 
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 These findings provide supportive in silico 

evidence complementing the experimental results and 

contribute to a better understanding of the 

pharmacokinetic characteristics of the As-Capsipol 

complex components. 

 

 Computational tools and databases applied in 

molecular docking analysis 

 To elucidate the potential molecular mechanisms 

underlying the biological activity of the As-Capsipol 

complex, an in silico molecular docking study was 

performed. The As-Capsipol complex consists of a 

diverse pool of amino acids; however, for targeted 

docking analysis, a subset of amino acids, namely 

arginine, phenylalanine, glutamic acid, tyrosine, and 

tryptophan, was selected based on their binding affinity 

profiles and biological relevance. The selection of these 

amino acids was guided by their favorable binding 

energies toward the investigated targets, as observed in 

preliminary docking results. Among them, tryptophan 

and tyrosine demonstrated the most pronounced binding 

affinities across multiple targets, indicating strong 

interaction potential [22]. Phenylalanine also exhibited 

consistently high binding energies, suggesting its role in 

stabilizing ligand–protein interactions through 

hydrophobic and π–π stacking interactions. Arginine 

was included due to its ability to form strong 

electrostatic and hydrogen bond interactions via its 

positively charged guanidinium group, which facilitates 

binding to negatively charged residues within protein 

active sites [23]. Glutamic acid, a negatively charged 

amino acid, was selected based on its capacity to 

participate in ionic interactions and its involvement in 

the regulation of inflammatory signaling pathways. The 

docking analysis was performed against key protein 

targets implicated in inflammation and liver injury 

progression, including cyclooxygenase-2 (COX-2, PDB 

ID: 5IKR), interleukin-6 (IL-6, PDB ID: 1ALU), 

mitogen-activated protein kinase (MAPK, PDB ID: 

1A9U), nuclear factor kappa B (NF-kB, PDB ID: 1NFI), 

and tumor necrosis factor-alpha (TNF-α, PDB ID: 

2AZ5). These targets were selected due to their central 

roles in inflammatory signaling pathways and the 

pathogenesis of liver diseases [24]. 

 

 

 COX-2 

 Cyclooxygenase-2 (COX-2) is an inducible 

enzyme that plays a crucial role in the conversion of 

arachidonic acid into prostaglandins, particularly during 

inflammatory responses. Unlike COX-1, which is 

constitutively expressed in most tissues and involved in 

maintaining physiological homeostasis, COX-2 

expression is typically low under normal conditions but 

is significantly upregulated in response to inflammatory 

stimuli such as cytokines, oxidative stress, and viral 

infections. In the context of hepatitis, COX-2 has been 

shown to play an important role in the pathogenesis and 

progression of liver inflammation [25]. Various forms 

of hepatitis, including viral hepatitis (such as hepatitis B 

and C), are associated with increased expression of 

COX-2 in hepatocytes and non-parenchymal liver cells. 

This upregulation leads to enhanced production of 

prostaglandin E2 (PGE2), which contributes to hepatic 

inflammation by promoting vasodilation, increasing 

vascular permeability, and modulating immune 

responses. Furthermore, PGE2 can influence the balance 

between pro-inflammatory and anti-inflammatory 

cytokines, thereby affecting the severity and persistence 

of liver injury [26]. Chronic activation of COX-2 in 

hepatitis is also linked to the progression of liver 

diseases, including fibrosis, cirrhosis, and hepatocellular 

carcinoma. COX-2-derived mediators have been 

reported to stimulate hepatic stellate cell activation, 

leading to excessive deposition of extracellular matrix 

components and the development of fibrosis. In 

addition, COX-2 may contribute to carcinogenesis by 

promoting cell proliferation, inhibiting apoptosis, and 

enhancing angiogenesis within the liver 

microenvironment. Given its significant involvement in 

liver inflammation and disease progression, COX-2 

represents a potential therapeutic target in hepatitis-

related conditions [27]. Selective inhibition of COX-2 

has been suggested as a strategy to reduce hepatic 

inflammation and limit disease progression. However, 

the therapeutic application of COX-2 inhibitors must be 

carefully evaluated due to their potential systemic side 

effects, particularly in long-term use. 

 Arginine showed a binding affinity of −6.1 

kcal/mol against COX-2, corresponding to an estimated 

Ki value of approximately 3.4×10−5 M (about 34 µM), 

indicating moderate inhibitory potential and stable 
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interaction within the enzyme’s active region. The 

docking simulation was performed using a grid box 

centered at center_x = 36.323000, center_y = 

26.465000, and center_z = 23.686000, allowing 

accurate positioning of the ligand within the functional 

binding pocket of COX-2 (Figure 5). According to the 

docking analysis, arginine formed conventional 

hydrogen bonds with Gln192, Ser353, Leu352, and 

Met522 (Figure 6), while an unfavorable positive–

positive interaction was observed with Arg513. The 

affinity toward these residues can be attributed to the 

structural features of arginine, particularly its polar 

guanidinium group, which readily forms hydrogen 

bonds with polar amino acids. Gln192 and Ser353 play 

important roles in stabilizing ligand binding through 

hydrogen bonding, thereby anchoring the ligand within 

the active site. Although Leu352 is primarily 

hydrophobic, it contributes to ligand positioning 

through close-contact interactions. Met522, located 

within the hydrophobic channel of COX-2, is known to 

be involved in substrate accommodation, suggesting 

that arginine occupies a catalytically relevant region. 

The unfavorable interaction with Arg513 likely arises 

from electrostatic repulsion between positively charged 

groups present in both the ligand and the residue. 

However, this effect is outweighed by multiple 

stabilizing hydrogen bonds, resulting in an overall 

favorable binding energy. From a functional 

perspective, the positioning of arginine within the active 

site may partially hinder substrate entry or disrupt the 

proper alignment required for enzymatic catalysis. 

Given that COX-2 mediates the conversion of 

arachidonic acid into pro-inflammatory prostaglandins, 

such interactions may reduce enzymatic activity and 

contribute to the attenuation of inflammatory processes, 

which is particularly relevant in the context of hepatitis 

where COX-2 expression is elevated [28].

 

 

Figure 5 Integrated molecular docking analysis of selected amino acids from the As-Capsipol complex with COX-2, 

illustrating binding interactions and affinities: (a) arginine, (b) phenylalanine, (c) glutamic acid, (d) tyrosine, and (e) 

tryptophan. 

 

 Phenylalanine demonstrated a binding affinity of 

−5.9 kcal/mol toward COX-2 (Figure 5), which 

corresponds to an estimated Ki value of approximately 

5.2×10−5 M, or about 52 µM. This value indicates a 

moderate inhibitory potential, slightly weaker than that 

observed for arginine, but still suggesting a meaningful 

interaction with the enzyme. The interaction analysis 

shows that phenylalanine forms conventional hydrogen 

bonds with Cys36, Cys41, and Gln461, indicating stable 

anchoring within the binding pocket. These residues are 

polar or semi-polar in nature and are capable of 

stabilizing the ligand through hydrogen bonding 

interactions. In particular, cysteine residues such as 

Cys36 and Cys41 can participate in hydrogen bonding 
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via their thiol groups, contributing to ligand positioning 

and stabilization. Gln461, being a polar residue, further 

enhances binding specificity through hydrogen bond 

formation. In addition to hydrogen bonding, 

phenylalanine exhibits π-related interactions due to its 

aromatic benzene ring. A π–sigma interaction is 

observed with Leu152, while a π–alkyl interaction 

occurs with Arg469. These interactions are important 

because aromatic residues like phenylalanine are well 

known for their ability to engage in hydrophobic and π-

mediated contacts, which significantly contribute to 

ligand stability within hydrophobic regions of proteins. 

Such interactions help maintain the ligand in a favorable 

orientation inside the binding pocket. An unfavorable 

donor–donor interaction is observed with His39 (Figure 

6). This can be explained by the presence of competing 

hydrogen bond donor groups between phenylalanine 

and the histidine residue, leading to a repulsive 

interaction. However, similar to the arginine case, this 

unfavorable contact does not dominate the overall 

binding, as it is compensated by multiple stabilizing 

interactions. From a structural and functional 

perspective, the binding of phenylalanine appears to be 

driven largely by hydrophobic and aromatic interactions 

rather than strong electrostatic forces. This suggests that 

phenylalanine occupies a relatively hydrophobic region 

of the COX-2 binding site, potentially interfering with 

substrate accommodation or stabilizing an inactive 

conformation of the enzyme. Since COX-2 activity 

depends on proper positioning of arachidonic acid 

within its hydrophobic channel, the presence of 

phenylalanine in this region may disrupt substrate 

binding and reduce enzymatic activity.

 

 

Figure 5 Comprehensive molecular docking visualization of selected As-Capsipol amino acids within the COX-2 active 

site, illustrating binding modes, interaction networks, and structural alignment for arginine, phenylalanine, glutamic acid, 

tyrosine, and tryptophan. 

 

 Glutamic acid showed a binding affinity of −5.5 

kcal/mol toward COX-2 (Figure 5), with a 

corresponding Ki value of approximately 9.3×10−5 M 

(around 93 µM), indicating a moderate level of 

inhibitory activity. The docking simulation was 

performed using the grid box centered at coordinates 

center_x = 36.323000, center_y = 26.465000, and 

center_z = 23.686000, ensuring proper localization of 

the ligand within the active site region of the enzyme. 

Analysis of the interaction pattern revealed that 

glutamic acid is stabilized within the binding pocket 

through several hydrogen bonds involving Thr206, 

Tyr385, and Asn382, along with an additional carbon 

hydrogen interaction with His386. These amino acid 

residues are positioned within the functional region of 

COX-2 and are known to contribute to ligand 

accommodation and enzymatic activity. In particular, 

Tyr385 plays a key role in the catalytic mechanism of 

COX-2 (Figure 6), and its involvement in ligand 

interaction suggests that glutamic acid may influence 

the enzyme’s functional behavior. 
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 Tyrosine exhibited a binding affinity of −6.4 

kcal/mol toward COX-2, with an estimated Ki value of 

approximately 2.0×10−5 M (about 20 µM), indicating a 

relatively strong inhibitory potential compared to other 

amino acids present in the As-Capsipol complex. The 

docking simulation was carried out using a grid box 

centered at coordinates center_x = 36.323000, center_y 

= 26.465000, and center_z = 23.686000, which allowed 

proper localization of the ligand within the active site of 

the enzyme (Figure 5). The interaction analysis 

revealed that tyrosine forms conventional hydrogen 

bonds with His39, Gln461, and Arg469, contributing to 

stable anchoring within the binding pocket. In addition, 

hydrophobic π-alkyl interactions were observed with 

Pro153 and Leu152, indicating that the aromatic ring of 

tyrosine is well accommodated within a hydrophobic 

region of the active site. An unfavorable donor–donor 

interaction was also detected with Arg44, likely due to 

repulsion between hydrogen bond donor groups; 

however, this interaction does not significantly affect 

the overall stability of the complex. The combination of 

hydrogen bonding and hydrophobic interactions 

suggests that tyrosine is effectively stabilized within the 

functional region of COX-2. His39 and Gln461 play 

important roles in ligand anchoring, while Arg469 

further contributes to ligand positioning (Figure 6). The 

involvement of Pro153 and Leu152 highlights the 

importance of hydrophobic contacts in maintaining the 

correct orientation of the ligand within the binding 

cavity. From a functional perspective, the binding of 

tyrosine within this region may interfere with substrate 

access or alter the spatial arrangement of catalytically 

important residues. Since COX-2 is responsible for the 

conversion of arachidonic acid into pro-inflammatory 

prostaglandins, occupation of the active site by tyrosine 

may reduce enzymatic efficiency. Consequently, this 

interaction may contribute to the anti-inflammatory 

potential of the As-Capsipol complex, particularly under 

conditions associated with increased COX-2 expression, 

such as hepatitis. 

 Tryptophan exhibited a binding affinity of −7.1 

kcal/mol toward COX-2, with an estimated Ki value of 

approximately 6.0×10−6 M (about 6 µM), indicating a 

strong inhibitory potential compared to the other amino 

acids identified in the As-Capsipol complex. The 

docking analysis was performed using a grid box 

centered at coordinates center_x = 36.323000, center_y 

= 26.465000, and center_z = 23.686000, ensuring 

accurate positioning of the ligand within the active site 

of the enzyme (Figure 5). The interaction profile shows 

that tryptophan is stabilized within the COX-2 binding 

pocket through multiple conventional hydrogen bonds 

involving Cys47, Tyr130, Gly45, Gln461, and Glu465 

(Figure 5). These residues contribute to ligand 

anchoring and proper orientation within the active site. 

In addition to hydrogen bonding, π-related interactions 

were observed, including π–sigma and π–alkyl contacts 

with Leu152 and Arg469, highlighting the importance 

of the aromatic indole ring of tryptophan in stabilizing 

the ligand within a hydrophobic microenvironment. The 

presence of both polar and hydrophobic interactions 

suggests that tryptophan is well accommodated within 

the functional region of COX-2. Residues such as 

Gln461 and Glu465 contribute to hydrogen bond 

stabilization, while Tyr130 and Cys47 further enhance 

ligand binding through polar contacts. The aromatic 

structure of tryptophan enables strong interactions with 

hydrophobic residues, which likely contributes to its 

relatively high binding affinity. From a functional 

perspective, the positioning of tryptophan within the 

active site may significantly interfere with substrate 

access or disrupt the catalytic environment required for 

prostaglandin synthesis. Since COX-2 is a key enzyme 

involved in the production of pro-inflammatory 

mediators, strong binding of tryptophan may lead to a 

reduction in enzymatic activity. These findings suggest 

that tryptophan could play a major role in the anti-

inflammatory effect of the As-Capsipol complex, 

particularly in conditions such as hepatitis where COX-

2 is highly expressed. 

 

 IL-6 

 Interleukin-6 (IL-6) is a multifunctional cytokine 

that plays a central role in the regulation of immune 

responses, inflammation, and hematopoiesis [29]. It is 

produced by a wide range of cell types, including 

macrophages, T cells, endothelial cells, and hepatocytes, 

particularly in response to infection, tissue injury, and 

inflammatory stimuli. Under normal physiological 

conditions, IL-6 contributes to host defense 

mechanisms; however, its excessive or prolonged 

production is strongly associated with pathological 

inflammation. In the context of liver diseases, including 

hepatitis, IL-6 is considered a key mediator of 
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inflammatory signaling. During acute and chronic 

hepatitis, elevated levels of IL-6 are observed in both 

serum and liver tissue. IL-6 activates intracellular 

signaling pathways primarily through binding to its 

receptor complex (IL-6R and gp130), which leads to 

activation of downstream cascades such as the 

JAK/STAT3, MAPK, and NF-kB pathways [30]. These 

signaling pathways regulate the expression of genes 

involved in inflammation, cell survival, proliferation, 

and immune modulation. Although IL-6 plays a 

protective role in early stages of liver injury by 

promoting hepatocyte survival and regeneration, its 

sustained activation contributes to disease progression. 

Chronic elevation of IL-6 has been linked to fibrosis, 

cirrhosis, and hepatocellular carcinoma. It enhances the 

activation of hepatic stellate cells, promotes 

extracellular matrix deposition, and supports a pro-

inflammatory microenvironment within the liver. Due to 

its dual role in both protective and pathological 

processes, IL-6 has become an important therapeutic 

target in inflammatory and hepatic diseases. Modulation 

of IL-6 signaling may help reduce excessive 

inflammation while preserving its beneficial effects on 

tissue repair. In silico studies targeting IL-6 are 

therefore valuable for identifying potential compounds 

capable of regulating this pathway. Overall, IL-6 is a 

critical component of the inflammatory network 

involved in hepatitis, and targeting its activity may 

contribute to the development of novel therapeutic 

strategies aimed at controlling liver inflammation and 

preventing disease progression [31]. 

 Arginine demonstrated a binding affinity of −5.4 

kcal/mol toward IL-6, with an estimated Ki value of 

approximately 1.1×10−4 M (around 110 µM), indicating 

a moderate inhibitory potential. The docking simulation 

was performed using a grid box centered at coordinates 

center_x = −45.351000, center_y = 180.123000, and 

center_z = 40.952000, ensuring appropriate localization 

of the ligand within the IL-6 binding region (Figure 7). 

The interaction analysis revealed that arginine is 

stabilized within the binding site primarily through 

multiple conventional hydrogen bonds involving 

residues Lys153, Ala152, Pro157, Glu129, Thr130, 

Arg154, and Arg128 (Figure 8). These residues 

contribute to ligand anchoring and proper orientation 

within the binding pocket. The presence of several polar 

and charged amino acids in this region facilitates strong 

hydrogen bonding interactions with the guanidinium 

group of arginine, which is highly favorable for ligand 

stabilization. An unfavorable donor–donor interaction 

was also observed, likely due to electrostatic repulsion 

between hydrogen bond donor groups of arginine and 

nearby residues. However, this interaction does not 

significantly affect the overall binding stability, as it is 

compensated by multiple favorable hydrogen bonds. 

From a structural perspective, the positively charged 

nature of arginine enables it to interact efficiently with 

negatively charged and polar residues such as Glu129, 

enhancing its binding within the IL-6 interface. The 

distribution of interactions suggests that arginine 

occupies a functionally relevant region that may be 

involved in receptor binding or protein–protein 

interaction. Functionally, binding of arginine to IL-6 

may interfere with its interaction with the IL-6 receptor 

complex, potentially modulating downstream signaling 

pathways such as JAK/STAT3. As IL-6 is a key 

mediator of inflammation, particularly in hepatitis, such 

interactions may contribute to the attenuation of 

inflammatory signaling. Although the binding affinity is 

moderate, arginine may still play a supportive role 

within the As-Capsipol complex through combined or 

synergistic effects with other amino acids.
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Figure 7 Integrated molecular docking analysis of selected amino acids from the As-Capsipol complex with IL-6, 

illustrating binding interactions and affinities: (a) arginine, (b) phenylalanine, (c) glutamic acid, (d) tyrosine, and (e) 

tryptophan. 

 

 Phenylalanine exhibited a binding affinity of −5.7 

kcal/mol toward IL-6, with an estimated Ki value of 

approximately 6.6×10−5 M (around 66 µM), indicating a 

moderate inhibitory potential. The docking simulation 

was performed using a grid box centered at coordinates 

center_x = −45.351000, center_y = 180.123000, and 

center_z = 40.952000, which enabled proper 

localization of the ligand within the selected binding 

region of IL-6. The interaction pattern revealed that 

phenylalanine was stabilized through a conventional 

hydrogen bond with Lys54, a carbon hydrogen bond 

with Gly193, and a π–π stacked interaction with Phe168. 

This combination of interactions suggests that the ligand 

is accommodated within the binding pocket by both 

polar and aromatic contacts. The hydrogen bond with 

Lys54 likely contributes to anchoring the ligand, while 

the interaction with Gly193 may further support local 

stabilization. Most notably, the π–π stacked interaction 

with Phe168 reflects favorable aromatic overlap 

between the benzene ring of phenylalanine and the 

aromatic side chain of the protein residue, which is a 

common and energetically important feature in ligand–

protein recognition. Structurally, the aromatic character 

of phenylalanine allows it to interact efficiently with 

hydrophobic and aromatic regions of the IL-6 binding 

surface. These contacts may help maintain the ligand in 

a suitable orientation within the pocket, despite the 

absence of multiple strong hydrogen bonds. The 

relatively favorable binding energy suggests that 

aromatic stabilization plays an important role in the 

overall ligand affinity. From a functional perspective, 

binding of phenylalanine within this region may 

influence the local structural environment of IL-6 and 

potentially interfere with receptor recognition or 

protein–protein interactions required for downstream 

signaling. Since IL-6 is a major pro-inflammatory 

cytokine involved in the progression of hepatitis and 

other inflammatory conditions, such interactions may 

contribute to modulation of IL-6 activity. Thus, 

phenylalanine may represent one of the amino acid 

components of the As-Capsipol complex capable of 

supporting its anti-inflammatory potential. 

 Glutamic acid exhibited a binding affinity of −5.0 

kcal/mol toward IL-6, with an estimated Ki value of 

approximately 2.2×10−4 M (around 220 µM), indicating 

a moderate but relatively weaker inhibitory potential 

compared with the other selected amino acids. The 

docking simulation was carried out using the same grid 

box centered at center_x = −45.351000, center_y = 

180.123000, and center_z = 40.952000, confirming that 

the ligand was positioned within the selected functional 

region of IL-6 (Figure 7). The interaction analysis 

showed that glutamic acid formed conventional 

hydrogen bonds with Gly127, Glu105, and Arg128 
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(Figure 8). In addition, unfavorable donor–donor 

interactions were observed with Thr130. These findings 

suggest that glutamic acid is mainly stabilized within the 

binding pocket through polar contacts, which is 

consistent with its acidic and highly polar chemical 

nature. The hydrogen bonds with Gly127 and Arg128 

appear to support ligand anchoring, while interaction 

with Glu105 indicates that glutamic acid is 

accommodated in a region enriched with polar residues. 

Because glutamic acid contains negatively charged 

carboxyl groups, it has a strong tendency to interact with 

hydrogen-bond-capable residues in the protein 

environment. However, the presence of unfavorable 

interactions with Thr130 may reduce the overall 

stability of the complex, which may explain the slightly 

weaker binding energy. Despite this, the ligand still 

maintains a reasonable orientation within the pocket due 

to the contribution of several stabilizing hydrogen 

bonds. From a functional point of view, the binding of 

glutamic acid within this region may influence the local 

conformation of IL-6 or interfere with amino acid 

residues involved in receptor recognition. Since IL-6 is 

an important pro-inflammatory cytokine, even moderate 

interactions of this kind may contribute to weakening 

cytokine signaling. Therefore, glutamic acid may still 

participate in the overall anti-inflammatory potential of 

the As-Capsipol complex, especially through combined 

action with other amino acids showing stronger affinity.

 

 

Figure 8 Comprehensive molecular docking visualization of selected As-Capsipol amino acids within the IL-6 active 

site, illustrating binding modes, interaction networks, and structural alignment for arginine, phenylalanine, glutamic acid, 

tyrosine, and tryptophan. 

 

 Tyrosine exhibited a binding affinity of −5.6 

kcal/mol toward IL-6, with an estimated Ki value of 

approximately 7.9×10−5 M (around 79 µM), indicating a 

moderate inhibitory potential. The docking simulation 

was performed using a grid box centered at coordinates 

center_x = −45.351000, center_y = 180.123000, and 

center_z = 40.952000 (Figure 7), confirming that the 

ligand was positioned within the selected binding region 

of IL-6. The interaction analysis revealed that tyrosine 

formed conventional hydrogen bonds with Thr138 and 

Glu99 (Figure 8), which contribute to ligand 

stabilization within the binding pocket. These residues 

are capable of forming strong polar interactions, 

allowing tyrosine to maintain a stable orientation despite 

a limited number of contacts. The presence of both a 

hydroxyl group and an aromatic ring in the structure of 

tyrosine enables it to participate in hydrogen bonding as 

well as hydrophobic interactions, although in this case 

the binding appears to be primarily driven by polar 

contacts. Structurally, the interaction with Thr138 may 

support ligand anchoring through hydrogen bonding, 

while Glu99 likely contributes to stabilization via 

electrostatic and polar interactions. The relatively 

simple interaction pattern suggests that tyrosine 

occupies a localized region within the IL-6 structure 

rather than deeply penetrating the binding interface. 

This may explain the moderate binding energy 

observed. From a functional perspective, the binding of 
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tyrosine to IL-6 may induce minor conformational 

adjustments or interfere with local residues involved in 

receptor binding. Although the interaction strength is 

not as high as that observed for stronger binders, it may 

still contribute to modulation of IL-6 activity. In the 

context of the As-Capsipol complex, tyrosine may play 

a supportive role in regulating inflammatory signaling 

through combined effects with other amino acids. 

 Tryptophan exhibited a binding affinity of −6.0 

kcal/mol toward IL-6, with an estimated Ki value of 

approximately 4.0×10−5 M (around 40 µM), indicating a 

moderate to relatively strong inhibitory potential 

compared to other amino acids in the As-Capsipol 

complex. The docking simulation was performed using 

a grid box centered at coordinates center_x = 

−45.351000, center_y = 180.123000, and center_z = 

40.952000 (Figure 7), confirming appropriate 

localization of the ligand within the IL-6 binding region. 

The interaction analysis revealed that tryptophan formed 

conventional hydrogen bonds with Ser166, Gln135, and 

Arg168 (Figure 8), contributing to stable ligand 

anchoring within the binding pocket. In addition, π-

related interactions were observed, including π–π 

stacking with Phe134 and Phe168, as well as π–alkyl 

interaction with Leu57. These interactions highlight the 

importance of the aromatic indole ring of tryptophan in 

stabilizing the ligand within a hydrophobic 

microenvironment of the protein. Structurally, the 

presence of both hydrogen bonding and aromatic 

interactions suggests that tryptophan is well 

accommodated within the IL-6 binding site. Polar 

residues such as Gln135 and Ser166 support ligand 

positioning through hydrogen bonding, while aromatic 

residues like Phe134 and Phe168 enhance binding 

stability through π–π interactions. The π–alkyl 

interaction with Leu57 further contributes to 

hydrophobic stabilization of the complex. From a 

functional perspective, the binding of tryptophan to IL-

6 may influence the structural conformation of regions 

involved in receptor recognition or protein–protein 

interactions. Since IL-6 activity depends on its 

interaction with receptor complexes, such binding may 

interfere with signaling processes. Therefore, 

tryptophan may play a significant role in modulating IL-

6-mediated inflammatory pathways, contributing to the 

overall anti-inflammatory effect of the As-Capsipol 

complex. 

 MAPK 

 Mitogen-activated protein kinases (MAPKs) are a 

family of serine/threonine kinases that play a central role 

in transducing extracellular signals into intracellular 

responses. These kinases are activated by a wide range 

of stimuli, including cytokines, growth factors, 

oxidative stress, and inflammatory mediators [32]. The 

MAPK signaling cascade consists of a 3-tiered 

phosphorylation pathway involving MAPK kinase 

kinases (MAP3Ks), MAPK kinases (MAP2Ks), and 

MAPKs, ultimately leading to the regulation of gene 

expression. The major MAPK pathways include ERK 

(extracellular signal-regulated kinase), JNK (c-Jun N-

terminal kinase), and p38 MAPK. Among these, the p38 

MAPK pathway is particularly important in 

inflammatory processes and is widely studied in the 

context of liver diseases, including hepatitis. Activation 

of MAPK pathways results in the phosphorylation of 

transcription factors and other regulatory proteins, 

leading to the expression of pro-inflammatory cytokines 

such as IL-6 and TNF-α. In hepatic disorders, MAPK 

signaling is significantly upregulated and contributes to 

the progression of inflammation, hepatocyte injury, and 

fibrosis [33]. For instance, activation of p38 MAPK and 

JNK pathways is associated with increased oxidative 

stress, mitochondrial dysfunction, and induction of 

apoptosis in hepatocytes. Moreover, MAPK signaling 

interacts with other key inflammatory pathways, 

including NF-kB, amplifying the inflammatory response 

and promoting chronic liver damage. Due to its central 

role in regulating inflammation and cell survival, 

MAPK has emerged as an important therapeutic target. 

Inhibition of MAPK signaling has been shown to reduce 

the production of pro-inflammatory mediators, limit 

hepatocellular damage, and attenuate fibrosis 

progression. Therefore, compounds capable of 

modulating MAPK activity are of significant interest in 

the development of new treatments for inflammatory 

liver diseases [34]. In silico studies targeting MAPK 

provide valuable insights into the binding potential of 

bioactive compounds and their ability to interfere with 

kinase activity. By identifying molecules that can 

interact with key residues in the MAPK active site, it is 

possible to predict their potential as anti-inflammatory 

and hepatoprotective agents.     

 Arginine exhibited a binding affinity of −5.3 

kcal/mol toward MAPK, with an estimated Ki value of 
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approximately 1.3×10−4 M (around 130 µM), indicating 

a moderate inhibitory potential. The docking simulation 

was performed using a grid box centered at coordinates 

center_x = 3.247000, center_y = 17.679000, and 

center_z = 31.593000 (Figure 9), confirming that the 

ligand was positioned within the selected functional 

region of the MAPK binding pocket. The interaction 

analysis showed that arginine formed conventional 

hydrogen bonds with Leu75, Lys76, Met78, His80, 

Val83, and Gly85 (Figure 10). In addition, an 

unfavorable positive–positive interaction was observed 

with Lys79. This binding pattern suggests that arginine 

is mainly stabilized through multiple polar contacts, 

which is consistent with the strongly basic and 

hydrophilic nature of its guanidinium group. These 

hydrogen bonds likely help anchor the ligand within the 

active site and maintain a favorable orientation inside 

the binding cavity. Leu75 and Val83 may contribute to 

local stabilization through close-contact interactions, 

while Lys76, Met78, His80, and Gly85 appear to 

support ligand accommodation through hydrogen 

bonding. The unfavorable interaction with Lys79 is 

most likely caused by electrostatic repulsion between 

positively charged groups of the ligand and the residue 

(Figure 9). However, this destabilizing effect is 

compensated by the presence of several favorable 

hydrogen bonds, allowing the complex to remain overall 

stable. From a functional perspective, the positioning of 

arginine within this region may interfere with the 

catalytic environment of MAPK or affect access of 

physiological substrates to the active pocket. Since 

MAPK is a key mediator in intracellular inflammatory 

signaling pathways, binding of arginine to this site may 

contribute to downregulation of kinase-associated 

signaling events. Although the binding strength is 

moderate, arginine may still participate in the overall 

biological activity of the As-Capsipol complex through 

its combined effect with other amino acids showing 

stronger affinities.

 

 

Figure 9 Integrated molecular docking analysis of selected amino acids from the As-Capsipol complex with MAPK, 

illustrating binding interactions and affinities: (a) arginine, (b) phenylalanine, (c) glutamic acid, (d) tyrosine, and (e) 

tryptophan. 

 

 Phenylalanine demonstrated a binding energy of 

−5.6 kcal/mol against MAPK, with a corresponding Ki 

value of approximately 7.9×10−5 M (around 79 µM), 

reflecting a moderate inhibitory effect. The docking 

procedure was conducted using a grid box centered at 

center_x = 3.247000, center_y = 17.679000, and 

center_z = 31.593000, ensuring correct placement of the 

ligand within the active region of the kinase (Figure 8). 

Analysis of the interaction profile indicates that 

phenylalanine is stabilized within the binding pocket 

through several hydrogen bonds involving Asp88, 

Val89, Ile346, and Phe348 (Figure 10). Additionally, a 
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π–alkyl interaction with Arg5 contributes to 

hydrophobic stabilization, while an unfavorable 

acceptor–acceptor interaction is observed with Val345. 

These results suggest that both polar and hydrophobic 

interactions are involved in maintaining the ligand 

within the binding site. The aromatic side chain of 

phenylalanine appears to be well accommodated within 

a hydrophobic environment, which supports its proper 

orientation and contributes to overall binding stability. 

Residues such as Asp88 and Val89 likely play a role in 

anchoring the ligand, whereas Ile346 and Phe348 further 

reinforce the interaction through close contacts within 

the pocket. Although the interaction with Val345 

introduces some destabilization, its effect is relatively 

minor compared to the stabilizing interactions present. 

Functionally, the presence of phenylalanine in this 

region may influence the structural conformation of the 

MAPK active site or interfere with substrate binding. 

Given the central role of MAPK in inflammatory 

signaling pathways, such interactions may contribute to 

the modulation of kinase activity. Therefore, 

phenylalanine may act as one of the contributing 

components of the As-Capsipol complex in regulating 

MAPK-associated inflammatory responses.

 

 

Figure 10 Comprehensive molecular docking visualization of selected As-Capsipol amino acids within the MAPK active 

site, illustrating binding modes, interaction networks, and structural alignment for arginine, phenylalanine, glutamic acid, 

tyrosine, and tryptophan. 

 

 Glutamic acid showed a binding affinity of −5.0 

kcal/mol toward MAPK, with an estimated Ki value of 

approximately 2.2×10−4 M (around 220 µM), indicating 

a moderate but relatively weaker inhibitory potential. 

The docking analysis was performed using a grid box 

centered at coordinates center_x = 3.247000, center_y = 

17.679000, and center_z = 31.593000 (Figure 8), 

confirming that the ligand was positioned within the 

selected region of the MAPK binding pocket (Figure 8). 

The interaction profile revealed that glutamic acid forms 

conventional hydrogen bonds with Tyr35, His64, and 

Thr68, which contribute to stabilizing the ligand within 

the binding site. These residues are capable of forming 

polar interactions, allowing glutamic acid to maintain a 

consistent orientation inside the pocket. The presence of 

multiple carboxyl groups in glutamic acid supports its 

ability to engage in hydrogen bonding with surrounding 

amino acids. Structurally, the ligand appears to be 

accommodated within a polar microenvironment, where 

residues such as His64 and Thr68 play an important role 

in anchoring the molecule. Interaction with Tyr35 

further enhances stabilization through hydrogen 

bonding. Although the number of interactions is limited 

compared to stronger binders, they are sufficient to 

maintain ligand positioning within the active region 

(Figure 10). From a functional perspective, the binding 

of glutamic acid within this region may induce minor 

conformational changes or interfere with residues 
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involved in substrate binding and catalytic activity. 

Given the role of MAPK in regulating inflammatory 

signaling pathways, such interactions may contribute to 

modulation of kinase activity. Despite its moderate 

affinity, glutamic acid may still participate in the overall 

biological effect of the As-Capsipol complex through 

combined or synergistic interactions with other amino 

acids. 

 Tyrosine demonstrated a binding affinity of −6.0 

kcal/mol toward MAPK, with an estimated Ki value of 

approximately 4.0×10−5 M (around 40 µM), indicating a 

moderate to relatively strong inhibitory potential. The 

docking simulation was performed using a grid box 

centered at coordinates center_x = 3.247000, center_y = 

17.679000, and center_z = 31.593000, confirming 

appropriate positioning of the ligand within the MAPK 

binding region (Figure 9). The interaction analysis 

revealed that tyrosine formed a conventional hydrogen 

bond with Arg67, contributing to ligand anchoring 

within the binding pocket. Additionally, π-related 

interactions were observed, including a π–π T-shaped 

interaction with Tyr35 and a π–alkyl interaction with 

Leu55, highlighting the role of the aromatic ring of 

tyrosine in stabilizing the ligand within a hydrophobic 

environment (Figure 10). A π-donor hydrogen bond 

interaction with His64 was also identified, further 

supporting ligand accommodation. However, an 

unfavorable acceptor–acceptor interaction was observed 

with Glu71, which may introduce a degree of local 

destabilization. Structurally, the combination of 

hydrogen bonding and aromatic interactions suggests 

that tyrosine is well accommodated within the active site 

of MAPK. The interaction with Arg67 likely supports 

stable positioning, while aromatic contacts with Tyr35 

and Leu55 enhance binding through hydrophobic and π-

mediated interactions. The involvement of His64 adds 

an additional stabilizing component through polar 

interaction. Although the unfavorable contact with 

Glu71 may slightly reduce binding strength, it does not 

negate the overall stability of the complex. From a 

functional perspective, the binding of tyrosine within 

this region may influence the conformation of the 

MAPK active site or interfere with substrate 

recognition. Given the role of MAPK in regulating 

inflammatory signaling pathways, such interactions may 

contribute to modulation of kinase activity. Therefore, 

tyrosine may play an important role among the amino 

acid components of the As-Capsipol complex in 

affecting MAPK-mediated inflammatory responses. 

 Tryptophan showed a binding energy of −6.9 

kcal/mol against MAPK, with an estimated Ki value of 

approximately 8.7×10−6 M (around 8.7 µM), indicating 

a relatively strong inhibitory capacity among the amino 

acids present in the As-Capsipol complex. The docking 

was carried out using a grid box centered at center_x = 

3.247000, center_y = 17.679000, and center_z = 

31.593000 (Figure 8), ensuring correct placement of the 

ligand within the active region of the kinase. Interaction 

analysis indicated that tryptophan is stabilized within 

the binding pocket through several hydrogen bonds 

involving Gln60, Arg57, Ser56, Tyr35, and Ala34 

(Figure 10). These interactions help maintain firm 

anchoring and proper positioning of the ligand. In 

addition to these polar contacts, aromatic interactions 

were observed, including a π–sigma interaction with 

Arg67 and a π–alkyl interaction with Leu55, which 

further enhance the stability of the complex. The 

presence of both hydrogen bonding and hydrophobic 

interactions suggests that tryptophan fits well into the 

MAPK binding site. Residues such as Gln60, Arg57, 

and Ser56 contribute to stabilization through polar 

interactions, while Tyr35 and Ala34 support ligand 

accommodation within the pocket. The aromatic nature 

of tryptophan allows it to form additional stabilizing 

contacts with surrounding residues, improving its 

overall binding strength. From a functional standpoint, 

the positioning of tryptophan within this region may 

disrupt substrate binding or alter the catalytic 

environment of MAPK. Considering the key role of 

MAPK in inflammatory signaling pathways, such 

interactions may contribute to reducing kinase activity. 

Therefore, tryptophan may play a significant role in the 

overall biological effect of the As-Capsipol complex, 

particularly in modulating MAPK-related inflammatory 

processes. 

 

 NF-kB  

 Nuclear factor kappa B (NF-kB) is a key 

transcription factor that plays a central role in the 

regulation of immune responses, inflammation, and cell 

survival. It is normally present in the cytoplasm in an 

inactive form, bound to inhibitory proteins known as 

IkBs [35]. Upon stimulation by various signals such as 

cytokines, oxidative stress, or pathogens, IkB proteins 
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are degraded, allowing NF-kB to translocate into the 

nucleus where it regulates the expression of a wide range 

of genes. NF-kB controls the transcription of numerous 

pro-inflammatory mediators, including cytokines such 

as IL-6 and TNF-α, chemokines, adhesion molecules, 

and enzymes like COX-2. In the context of liver 

diseases, particularly hepatitis, NF-kB is highly 

activated and contributes to the amplification of 

inflammatory responses. Its activation leads to sustained 

production of inflammatory cytokines, promoting 

hepatocyte injury, immune cell infiltration, and 

progression toward chronic inflammation [36]. In 

addition to its role in inflammation, NF-kB is also 

involved in regulating apoptosis and cell proliferation. 

While transient activation may support cell survival and 

tissue repair, prolonged or dysregulated NF-kB 

signaling is associated with pathological conditions such 

as fibrosis, cirrhosis, and hepatocellular carcinoma. NF-

kB signaling is closely interconnected with other 

pathways, including MAPK and JAK/STAT, creating a 

complex network that drives disease progression [37]. 

Due to its central role in controlling inflammatory gene 

expression, NF-kB has become an important therapeutic 

target. Inhibition of NF-kB activation can suppress the 

production of pro-inflammatory mediators and reduce 

tissue damage. Therefore, compounds capable of 

interacting with NF-kB or its regulatory components 

may provide beneficial effects in the treatment of 

inflammatory liver diseases [38]. In silico docking 

studies targeting NF-kB help to identify molecules that 

can bind to key regions involved in DNA binding or 

protein–protein interactions, thereby potentially 

blocking its transcriptional activity. Such approaches 

are valuable for understanding the molecular basis of 

anti-inflammatory effects and for guiding the 

development of novel therapeutic agents. 

 Arginine demonstrated a binding affinity of −5.8 

kcal/mol toward NF-kB, with an estimated Ki value of 

approximately 5.6×10−5 M (around 56 µM), indicating a 

moderate inhibitory potential. The docking simulation 

was carried out using a grid box centered at center_x = 

27.659000, center_y = 19.514000, and center_z = 

36.394000 (Figure 11), confirming that the ligand was 

properly positioned within the DNA-binding region of 

the NF-kB complex. Interaction analysis revealed that 

arginine formed multiple conventional hydrogen bonds 

with nucleotide residues, including DG720, DG722, 

DG717, DA721, and DT716 (Figure 12). These 

interactions suggest that arginine is capable of directly 

associating with the DNA interface of NF-kB rather than 

only the protein component. The presence of several 

hydrogen bonds highlights the strong affinity of 

arginine’s guanidinium group for negatively charged 

phosphate backbones and polar regions of nucleotides, 

which facilitates stable binding within the complex. The 

interaction pattern indicates that arginine is well 

accommodated within a highly polar environment 

dominated by nucleic acid residues. Its positively 

charged structure enables efficient electrostatic 

attraction and hydrogen bond formation with DNA 

bases and backbone atoms, contributing to ligand 

stabilization. Such positioning may interfere with the 

normal binding of NF-kB to DNA or alter the stability 

of the transcription factor–DNA complex. From a 

functional perspective, this type of interaction is 

particularly important because NF-kB exerts its 

biological activity through binding to specific DNA 

sequences and regulating gene transcription. The 

association of arginine within this region may hinder 

DNA recognition or disrupt transcriptional activation of 

pro-inflammatory genes such as IL-6 and TNF-α. 

Therefore, arginine, as part of the As-Capsipol complex, 

may contribute to the suppression of NF-kB-mediated 

inflammatory signaling, which is especially relevant in 

the context of hepatitis-related inflammation.
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Figure 11 Integrated molecular docking analysis of selected amino acids from the As-Capsipol complex with NF-kB, 

illustrating binding interactions and affinities: (a) arginine, (b) phenylalanine, (c) glutamic acid, (d) tyrosine, and (e) 

tryptophan. 

 

 

 Phenylalanine exhibited a binding affinity of −5.7 

kcal/mol toward NF-kB, with an estimated Ki value of 

approximately 6.6×10−5 M (around 66 µM), indicating a 

moderate inhibitory potential. The docking analysis was 

performed using a grid box centered at coordinates 

center_x = 27.659000, center_y = 19.514000, and 

center_z = 36.394000 (Figure 11), confirming proper 

localization of the ligand within the functional binding 

region of the NF-kB complex. The interaction profile 

revealed that phenylalanine formed conventional 

hydrogen bonds with nucleotide residues DA721 and 

DG720 (Figure 12). These results suggest that the 

ligand interacts directly with the DNA-associated region 

of the NF-kB complex. Although the number of contacts 

is limited compared with some other amino acids, the 

observed hydrogen bonds indicate that phenylalanine is 

still able to achieve stable accommodation within this 

binding environment. The aromatic structure of 

phenylalanine likely contributes to its positioning within 

the complex by supporting hydrophobic packing and 

spatial compatibility with the surrounding nucleic acid 

framework. At the same time, the polar carboxyl and 

amino groups of the ligand enable hydrogen-bond 

formation with the nucleotide residues, helping to 

maintain the ligand in a favorable orientation. This 

combination of structural features may explain the 

overall moderate binding energy observed. From a 

functional perspective, binding of phenylalanine in this 

region may influence the interaction between NF-kB 

and DNA, potentially affecting transcriptional 

activation of inflammation-related genes. Since NF-kB 

regulates the expression of key pro-inflammatory 

mediators, even moderate binding at the DNA interface 

may contribute to reduced signaling activity. Therefore, 

phenylalanine may participate in the anti-inflammatory 

effect of the As-Capsipol complex through partial 

modulation of NF-kB-mediated transcription.
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Figure 12 Comprehensive molecular docking visualization of selected As-Capsipol amino acids within the NF-kB active 

site, illustrating binding modes, interaction networks, and structural alignment for arginine, phenylalanine, glutamic acid, 

tyrosine, and tryptophan. 

 

 Glutamic acid demonstrated a binding affinity of 

−5.3 kcal/mol toward NF-kB, with an estimated Ki 

value of approximately 1.3×10−4 M (around 130 µM), 

indicating a moderate inhibitory potential. The docking 

simulation was performed using a grid box centered at 

coordinates center_x = 27.659000, center_y = 

19.514000, and center_z = 36.394000 (Figure 11), 

confirming that the ligand was localized within the 

DNA-associated binding region of the NF-kB complex. 

The interaction analysis revealed that glutamic acid 

formed multiple conventional hydrogen bonds with 

nucleotide residues DG704, DA732, DC731, DG705, 

and DG706 (Figure 12). This interaction profile 

suggests that glutamic acid is capable of establishing 

stable contacts with the nucleic acid component of the 

NF-kB complex. Its polar carboxyl and amino groups 

appear to facilitate these hydrogen-bonding interactions, 

allowing the ligand to remain favorably positioned 

within the binding interface. Because glutamic acid 

contains acidic functional groups, it is well suited for 

interaction with polar atoms present in nucleotide bases 

and the DNA backbone. The presence of several 

hydrogen bonds indicates that the ligand is well 

accommodated in this highly polar microenvironment. 

Although the binding energy is moderate, the number of 

stabilizing contacts suggests that glutamic acid can 

maintain a meaningful association with the complex. 

From a functional standpoint, binding of glutamic acid 

within the DNA-contact region of NF-kB may disturb 

the normal interaction between the transcription factor 

and its target DNA sequence. Since NF-kB activity 

depends on stable DNA binding for transcriptional 

activation of inflammatory genes, such interactions may 

contribute to reduced signaling efficiency. Therefore, 

glutamic acid may participate in the anti-inflammatory 

action of the As-Capsipol complex by helping to 

modulate NF-kB-dependent transcriptional responses. 

 Tyrosine exhibited a binding affinity of −6.2 

kcal/mol toward NF-kB, with an estimated Ki value of 

approximately 2.8×10−5 M (around 28 µM), indicating a 

relatively strong inhibitory potential. The docking 

simulation was carried out using a grid box centered at 

coordinates center_x = 27.659000, center_y = 

19.514000, and center_z = 36.394000, confirming that 

the ligand was positioned within the DNA-associated 

binding region of the NF-kB complex. The interaction 

profile showed that tyrosine formed conventional 

hydrogen bonds with DG722 and DG723, which helped 

stabilize the ligand within the binding interface. At the 

same time, unfavorable donor–donor and acceptor–

acceptor interactions were detected with DC713, 

suggesting the presence of local steric or electrostatic 

repulsion. Despite these unfavorable contacts, the 

overall binding energy remained favorable, indicating 
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that the stabilizing interactions were sufficient to 

maintain the complex. The aromatic ring and hydroxyl-

containing structure of tyrosine allow it to participate in 

both polar and spatially favorable interactions within the 

NF-kB–DNA complex. The hydrogen bonds with 

DG722 and DG723 suggest that tyrosine interacts 

directly with nucleotide residues in the DNA-contact 

region, which may influence the stability of 

transcription factor binding. Although the unfavorable 

interaction with DC713 may slightly reduce binding 

strength, it does not eliminate the ligand’s overall 

affinity for this region. From a functional perspective, 

the localization of tyrosine within the DNA-binding 

interface of NF-kB may interfere with the transcription 

factor’s ability to recognize or stably bind its target 

DNA sequence. Since NF-kB-mediated inflammatory 

signaling depends on efficient DNA binding and 

transcriptional activation of downstream genes, such 

interactions may contribute to suppression of pro-

inflammatory gene expression. Therefore, tyrosine may 

serve as one of the important contributors to the anti-

inflammatory potential of the As-Capsipol complex 

through modulation of NF-kB activity. 

 Tryptophan demonstrated a binding affinity of 

−6.8 kcal/mol toward NF-kB, with an estimated Ki 

value of approximately 1.0×10−5 M (around 10 µM), 

indicating a relatively strong inhibitory potential among 

the studied amino acids. The docking simulation was 

performed using a grid box centered at coordinates 

center_x = 27.659000, center_y = 19.514000, and 

center_z = 36.394000 (Figure 11), confirming proper 

localization of the ligand within the DNA-binding 

region of the NF-kB complex. The interaction analysis 

showed that tryptophan formed multiple conventional 

hydrogen bonds with nucleotide residues DT714, 

DG723, and DC713, which contributed to stable ligand 

anchoring within the binding interface. In addition, a π–

cation interaction with Lys575 was observed, 

highlighting the role of the aromatic indole ring of 

tryptophan in forming stabilizing electrostatic contacts. 

However, an unfavorable donor–donor interaction with 

Lys575 was also detected, suggesting a localized 

repulsive effect. The combination of hydrogen bonding 

with nucleotides and π–cation interaction with Lys575 

indicates that tryptophan is well accommodated within 

a mixed nucleic acid–protein environment. The 

hydrogen bonds help maintain proper positioning of the 

ligand, while the aromatic system enhances stability 

through additional non-covalent interactions. Although 

the unfavorable contact introduces some degree of 

destabilization, it does not significantly affect the 

overall binding affinity, as reflected by the relatively 

low binding energy. From a functional perspective, the 

localization of tryptophan within the DNA-binding 

interface of NF-kB may interfere with the transcription 

factor’s interaction with DNA. Since NF-kB activity 

depends on stable binding to specific DNA sequences to 

regulate pro-inflammatory gene expression, such 

interactions may reduce transcriptional efficiency. 

Therefore, tryptophan may contribute significantly to 

the anti-inflammatory potential of the As-Capsipol 

complex by modulating NF-kB-mediated signaling 

pathways. 

 

 TNF-α  

 Tumor necrosis factor alpha (TNF-α) is a key pro-

inflammatory cytokine that plays a central role in the 

regulation of immune responses, inflammation, and cell 

death [39]. It is primarily produced by activated 

macrophages, Kupffer cells in the liver, and other 

immune cells in response to infection, toxins, or tissue 

injury. TNF-α acts as an early mediator of inflammation 

and is involved in initiating and amplifying 

inflammatory signaling cascades. In the context of liver 

diseases such as hepatitis, TNF-α is significantly 

upregulated and contributes to hepatocyte damage. It 

promotes inflammation by stimulating the production of 

other cytokines, including IL-6, and activating 

downstream signaling pathways such as NF-kB and 

MAPK. Excessive TNF-α activity leads to increased 

oxidative stress, mitochondrial dysfunction, and 

induction of apoptosis or necrosis in hepatocytes, 

thereby aggravating liver injury. TNF-α exerts its 

biological effects through binding to its receptors, 

TNFR1 and TNFR2, which trigger multiple intracellular 

signaling pathways. Activation of these receptors can 

lead to either cell survival through NF-kB activation or 

cell death through caspase-mediated apoptosis, 

depending on the cellular context. This dual role makes 

TNF-α a critical regulator of inflammation and tissue 

homeostasis. Due to its pivotal involvement in 

inflammatory processes, TNF-α is considered an 

important therapeutic target [40]. Inhibition of TNF-α or 

disruption of its receptor interactions can reduce 
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inflammation, prevent hepatocyte damage, and improve 

liver function. This is particularly relevant in hepatitis, 

where controlling TNF-α-mediated signaling may limit 

disease progression and associated complications. In 

silico docking studies targeting TNF-α are useful for 

identifying molecules that can interfere with cytokine-

receptor interactions or destabilize its active 

conformation. Compounds capable of binding 

effectively to TNF-α may reduce its biological activity 

and suppress downstream inflammatory pathways [41]. 

Therefore, evaluating the interaction of As-Capsipol-

derived amino acids with TNF-α provides valuable 

insight into their potential anti-inflammatory and 

hepatoprotective mechanisms.  

 Arginine showed a binding affinity of −6.2 

kcal/mol toward TNF-α, with an estimated Ki value of 

approximately 2.8×10⁻5 M (around 28 µM), indicating 

relatively strong inhibitory potential. The docking 

simulation was performed using a grid box centered at 

center_x = −42.604000, center_y = 96.193000, and 

center_z = 3.821000 (Figure 13), confirming that the 

ligand was positioned within a functionally relevant 

region of the TNF-α structure. Interaction analysis 

revealed that arginine formed conventional hydrogen 

bonds with Ser60, Gln61, Tyr119, Tyr151, and Leu120. 

These interactions indicate stable accommodation of the 

ligand within the binding pocket. The guanidinium 

group of arginine, which is highly polar and positively 

charged, appears to play a major role in ligand 

stabilization through multiple hydrogen-bonding 

contacts with surrounding residues. The presence of 

several hydrogen bonds suggests that arginine can 

maintain a favorable orientation within the target region 

despite its relatively simple structure. From a structural 

perspective, the interaction with Ser60 and Gln61 may 

contribute to initial ligand anchoring, whereas Tyr119 

and Tyr151 likely enhance stabilization through 

additional polar contacts (Figure 14). The hydrogen 

bond with Leu120 further supports proper positioning of 

the ligand in the binding site. The overall interaction 

pattern suggests that arginine is well accommodated in 

a polar microenvironment of TNF-α. From a functional 

point of view, binding of arginine in this region may 

interfere with the conformational stability of TNF-α or 

affect residues involved in receptor recognition. Since 

TNF-α is a major pro-inflammatory cytokine, such 

interactions may weaken downstream inflammatory 

signaling. Therefore, arginine may contribute to the 

anti-inflammatory potential of the As-Capsipol complex 

through modulation of TNF-α activity.

 

 

Figure 13 Integrated molecular docking analysis of selected amino acids from the As-Capsipol complex with TNF alpha, 

illustrating binding interactions and affinities: (a) arginine, (b) phenylalanine, (c) glutamic acid, (d) tyrosine, and (e) 

tryptophan. 
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 Phenylalanine demonstrated a binding affinity of 

−7.2 kcal/mol toward TNF-α, corresponding to an 

estimated Ki value of approximately 5.3×10–6 M (about 

5.3 µM), which indicates a relatively strong interaction. 

Docking was performed using a grid box centered at 

center_x = −42.604000, center_y = 96.193000, and 

center_z = 3.821000 (Figure 13), confirming that the 

ligand occupied a functionally significant region of the 

TNF-α protein. The interaction analysis revealed that 

phenylalanine was primarily stabilized by hydrophobic 

and aromatic interactions rather than hydrogen bonding. 

A π–π stacking interaction was observed with Tyr59, 

while a π–sigma interaction occurred with Leu57, both 

contributing to the stable positioning of the ligand 

within the binding pocket. The aromatic ring of 

phenylalanine plays a key role in these interactions, 

facilitating favorable contacts within the hydrophobic 

environment of the protein. An unfavorable acceptor–

acceptor interaction with Leu120 was also identified 

(Figure 13), which may slightly affect local stability; 

however, the overall binding remained energetically 

favorable. Structurally, the dominance of π-type 

interactions suggests that phenylalanine is well 

accommodated within a nonpolar region of TNF-α, 

where aromatic interactions are essential for ligand 

stabilization. This behavior aligns with the 

physicochemical properties of phenylalanine and 

supports its relatively strong docking performance. 

From a functional perspective, binding of phenylalanine 

to this region may influence the structural conformation 

of TNF-α or interfere with its interaction with receptors. 

Given the central role of TNF-α in inflammatory 

processes, such interactions may contribute to the 

suppression of inflammatory signaling pathways. 

Consequently, phenylalanine may play an important 

role in the overall anti-inflammatory activity of the As-

Capsipol complex.

 

 

Figure 14 Comprehensive molecular docking visualization of selected As-Capsipol amino acids within the TNF alpha 

active site, illustrating binding modes, interaction networks, and structural alignment for arginine, phenylalanine, 

glutamine, tyrosine, and tryptophan. 

 

 Glutamic acid exhibited a binding affinity of −5.7 

kcal/mol toward TNF-α (Figure 13), corresponding to 

an estimated Ki value of approximately 6.4×10−5 M 

(around 64 µM), which indicates a moderate inhibitory 

potential. Docking analysis shows that glutamic acid is 

accommodated within the binding region through 

conventional hydrogen bonding interactions, 

particularly with Leu120 (Figure 14). These 

interactions contribute to stabilizing the ligand within 

the protein environment. Given its negatively charged 

carboxylate groups, glutamic acid is well-suited for 

forming hydrogen bonds and electrostatic interactions 

with polar residues in the binding pocket. At the same 

time, an unfavorable donor–donor interaction was 

observed with Ser60, likely arising from repulsion 

between similarly oriented hydrogen donor groups. 

Although this interaction may slightly reduce local 

stability, it does not negate the overall favorable binding 
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energy of the complex. From a functional perspective, 

the binding of glutamic acid within this region may 

influence the structural conformation of TNF-α or 

partially interfere with its receptor-binding interface. 

Since TNF-α plays a central role in mediating 

inflammatory responses, such interactions could 

contribute to modulation of cytokine activity and 

attenuation of downstream inflammatory signaling. 

 Tyrosine demonstrated a binding affinity of −7.2 

kcal/mol toward TNF-α, suggesting a relatively strong 

interaction within the active region of the protein. The 

docking simulation was carried out using a grid box 

centered at center_x = −42.604000, center_y = 

96.193000, and center_z = 3.821000 (Figure 13), 

indicating that the ligand occupied a functionally 

significant site of TNF-α. Analysis of the interaction 

pattern revealed that tyrosine was stabilized by multiple 

contacts within the binding pocket. Conventional 

hydrogen bonds were formed with Gly121 and Tyr119 

(Figure 14), contributing to stable anchoring of the 

ligand. Additionally, a π–π stacking interaction with 

Tyr119 further enhanced complex stability through 

aromatic interactions. An unfavorable acceptor–

acceptor interaction with Tyr151 was also observed, 

which may slightly reduce local stability but does not 

significantly affect the overall binding affinity. From a 

structural standpoint, the combination of hydrogen 

bonding and aromatic interactions indicates that tyrosine 

fits well within a binding environment that includes both 

polar and hydrophobic features. The aromatic ring of 

tyrosine facilitates π-based interactions, while the 

hydroxyl group supports hydrogen bond formation, 

together promoting stable ligand accommodation. In 

terms of functional implications, the binding of tyrosine 

to this region may alter the conformational dynamics of 

TNF-α or interfere with its interaction with receptors. 

Given the important role of TNF-α in mediating 

inflammatory responses, such interactions may help 

reduce pro-inflammatory signaling. Therefore, tyrosine 

likely contributes significantly to the overall anti-

inflammatory activity of the As-Capsipol complex. 

 Tryptophan exhibited a strong binding affinity of 

−8.1 kcal/mol toward TNF-α, corresponding to an 

estimated Ki value of approximately 1.1×10−6 M 

(around 1.1 µM), indicating a high inhibitory potential. 

The docking simulation was carried out using a grid box 

centered at center_x = −42.604000, center_y = 

96.193000, and center_z = 3.821000 (Figure 13), 

confirming that the ligand occupies a structurally 

relevant region of the TNF-α target. Interaction analysis 

shows that tryptophan is stabilized within the binding 

pocket through a combination of hydrogen bonding and 

aromatic interactions. A conventional hydrogen bond 

with Leu120 contributes to anchoring the ligand (Figure 

14), while π–π stacked interactions with Tyr119 and π–

alkyl contacts with Leu57 further enhance stability. 

Additionally, a π-donor hydrogen bond involving 

Tyr119 supports proper ligand orientation within the 

pocket. The indole ring of tryptophan plays a crucial role 

in mediating these interactions, allowing efficient 

accommodation in a hydrophobic microenvironment. 

From a functional standpoint, binding of tryptophan at 

these coordinates may interfere with key structural or 

receptor-interacting regions of TNF-α. Given the role of 

TNF-α in pro-inflammatory signaling, such ligand 

binding could hinder receptor association and contribute 

to attenuation of downstream inflammatory responses. 

 

Discussion 

 The present study demonstrates that the As-

Capsipol complex exhibits hepatoprotective and anti-

inflammatory activity, as supported by integrated in 

vivo and in silico analyses. Paracetamol-induced 

hepatotoxicity is widely associated with oxidative 

stress, depletion of glutathione, and accumulation of the 

reactive metabolite N-acetyl-p-benzoquinone imine, 

which leads to hepatocellular damage and necrosis. In 

the current study, administration of paracetamol resulted 

in significant liver injury, as evidenced by elevated ALT 

and AST levels and a reduction in urea concentration, 

indicating impaired hepatocyte integrity and metabolic 

function. Treatment with As-Capsipol was associated 

with improvement in these biochemical parameters, 

including a reduction in transaminase levels and partial 

restoration of urea concentration. These findings 

suggest stabilization of hepatocellular membranes and a 

degree of recovery in liver metabolic activity. The 

observed effects may be related to the presence of 

bioactive components within the complex, which could 

contribute to modulation of oxidative and inflammatory 

processes involved in liver injury. The anti-

inflammatory activity of As-Capsipol was further 

confirmed using the carrageenan-induced paw edema 

model. In this model, maximal edema was observed at 3 
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h in the control group, whereas treatment with As-

Capsipol reduced the degree of swelling in a dose-

dependent manner. The highest anti-exudative activity 

was observed at a dose of 150 mg/kg, with a noticeable 

attenuation of edema compared to the untreated group. 

These results indicate that As-Capsipol may interfere 

with the development of acute inflammatory responses, 

particularly during the exudative phase. In addition, the 

acute toxicity assessment demonstrated that oral 

administration of As-Capsipol at a dose of 2,000 mg/kg 

did not result in mortality or persistent toxic effects in 

mice. Although transient behavioral changes were 

observed shortly after administration, these effects were 

reversible and did not influence overall physiological 

status or body weight gain during the observation 

period. Based on these findings, the median lethal dose 

(LD50) can be considered to exceed 2,000 mg/kg, 

indicating a low level of acute toxicity under the tested 

conditions. The molecular docking analysis provided 

further insight into the potential mechanisms underlying 

the observed biological effects. The selected amino 

acids showed favorable binding affinities toward key 

inflammatory targets, including MAPK, NF-kB, and 

TNF-α. Among the investigated ligands, tryptophan 

exhibited the strongest interactions, followed by 

tyrosine and phenylalanine, while arginine and glutamic 

acid demonstrated moderate binding. These interactions 

were supported by hydrogen bonding, hydrophobic 

contacts, and π–π interactions within the active sites of 

the proteins, suggesting the potential to influence key 

signaling pathways involved in inflammation. The 

consistency between experimental and computational 

findings supports the assumption that the biological 

activity of As-Capsipol may involve a multi-target 

mechanism associated with modulation of inflammatory 

processes. However, it should be noted that the present 

study is limited to experimental and modeling 

approaches. Further investigations, including detailed 

molecular and histological analyses, are required to 

more clearly define the mechanisms of action and to 

evaluate the potential applicability of As-Capsipol in 

broader biomedical contexts. 

 

Conclusions 

 The findings of the present study indicate that the 

As-Capsipol complex demonstrates hepatoprotective 

and anti-inflammatory potential under experimental 

conditions. In the paracetamol-induced hepatitis model, 

administration of As-Capsipol was associated with 

improvement in key biochemical markers, including 

reductions in ALT and AST levels and partial 

restoration of urea concentration, suggesting recovery of 

hepatocyte integrity and metabolic function. In the 

carrageenan-induced inflammation model, the 

compound exhibited dose-dependent anti-exudative 

activity, with higher doses showing greater attenuation 

of edema formation. The acute toxicity assessment 

further indicated that As-Capsipol did not produce 

mortality or persistent adverse effects at a dose of 2,000 

mg/kg, suggesting a low level of acute toxicity within 

the tested range. Molecular docking analysis supported 

these experimental findings by demonstrating that 

selected amino acid components of the complex can 

interact with key inflammation-related targets, including 

MAPK, NF-kB, and TNF-α. The observed binding 

affinity pattern (Tryptophan > Tyrosine ≈ Phenylalanine 

> Arginine > Glutamic acid) suggests a potential role of 

aromatic amino acids in mediating ligand–protein 

interactions. Overall, the combined in vivo and in silico 

results suggest that the biological activity of the As-

Capsipol complex may involve a multi-target 

mechanism associated with modulation of inflammatory 

processes and liver function. However, these findings 

are limited to experimental and computational models, 

and further studies, including detailed mechanistic and 

clinical investigations, are necessary to more clearly 

define its potential applications.\ 
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