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	 Inflammation remains a key pathological process underlying a wide range of chronic 
diseases, and natural compounds continue to attract attention as safer therapeutic alternatives. 
In this study, a novel composition (C-4), containing Cysteine, L-Carnitine, and Quercetin, was 
evaluated through a combination of in vivo, in silico, and pharmacokinetic approaches. The 
carrageenan-induced paw edema model in rats was employed to assess acute anti-inflammatory 
activity. C-4 administration (10 mg/kg, oral) significantly reduced paw swelling compared to the 
control and was comparable to the reference drug Loxidol (7 mg/kg), with the most pronounced 
effect observed after 3 hours. To further explain these effects, SwissADME pharmacokinetic 
predictions were performed. Both Cysteine and L-Carnitine exhibited high solubility but poor 
gastrointestinal absorption and no blood–brain barrier permeability, suggesting limited systemic 
bioavailability. Neither compound inhibited major cytochrome P450 isoforms nor acted as 
P-glycoprotein substrates, indicating a favorable safety profile but reduced distribution potential. 
Molecular docking studies against key pro-inflammatory proteins (COX-2, TNF-a, NF-?B, IL-
6, MAPK) revealed that Quercetin possessed the strongest binding affinities, consistent with 
its marked in vivo anti-exudative activity. L-Carnitine showed moderate interactions, while 
Cysteine demonstrated weak direct binding, supporting its indirect role in redox regulation 
rather than direct enzymatic inhibition. The integration of experimental, pharmacokinetic, and 
computational data highlights Quercetin as the primary contributor to the anti-inflammatory 
activity of the C-4 composition, with L-Carnitine and Cysteine playing complementary 
cytoprotective and antioxidant roles. These findings suggest that combined formulations of 
natural compounds may provide synergistic benefits and represent promising candidates for 
the development of safe, multi-targeted anti-inflammatory therapies.

Keywords: Carrageenan Model; Cysteine; Inflammation; L-Carnitine;
Molecular docking; Pharmacokinetics, Quercetin.

	 Inflammation is a fundamental biological 
response of the immune system against infection, 
tissue injury, or chemical stimuli; however, 
excessive or chronic inflammation is closely 
associated with the progression of various 

pathological conditions, including cardiovascular 
diseases, metabolic disorders, and cancer.1 
Therefore, the discovery and development of novel 
anti-inflammatory agents remain an important 
area of biomedical research.   Recent advances 
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in computational pharmacology and molecular 
docking provide valuable tools for predicting the 
pharmacokinetic properties and potential molecular 
targets of bioactive compounds. In parallel, in 
vivo experimental models, such as carrageenan-
induced inflammation, continue to serve as 
reliable approaches to validate anti-inflammatory 
activity under laboratory conditions. In this study, 
we investigated the anti-inflammatory potential 
of a novel composition, C-4, which combines 
cysteine, carnitine, and quercetin. Each of these 
components is known for its distinct biological 
role: cysteine as a precursor of glutathione with 
antioxidant properties, carnitine as a regulator of 
cellular energy metabolism, and quercetin as a 
flavonoid with well-established antioxidant and 
anti-inflammatory activities.2 The synergistic 
combination of these molecules may enhance 
therapeutic efficacy compared to their individual 
effects. The C-4 composition was subjected 
to molecular docking analysis against key 
inflammation-related proteins to predict its binding 
affinity and inhibitory potential. In addition, its 
pharmacokinetic properties were evaluated using 
the SwissADME platform to assess drug-likeness 
and bioavailability. Furthermore, the in vivo anti-
inflammatory activity of C-4 was validated using 
the carrageenan-induced inflammation model. 
Collectively, this study provides both in silico and 
in vivo insights into the pharmacological potential 
of the C-4 composition, supporting its possible role 
as a candidate for anti-inflammatory therapy.3

Materials and Methods

Animal ethics
	 All preoperative and experimental 
procedures were carefully reviewed and approved 
by the Institutional Committee for Animal Use 
and Care. The animals were housed in a vivarium 
under standardized conditions, including a relative 
humidity of 55%–65%, a controlled ambient 
temperature of 22/ ±/ 2°C, and unrestricted access 
to water and standard laboratory chow. All aspects 
of animal care and handling were conducted in full 
compliance with the European Directive 2010/63/
EU, which governs the protection of animals used 
for scientific research. Ethical clearance for this 
study was granted by the Animal Ethics Committee 
of the Institute of Bioorganic Chemistry, Academy 

of Sciences of the Republic of Uzbekistan (Protocol 
No. 133/1a/h, dated 4 August 2016).
Evaluation of Anti-Inflammatory Activity Using 
the Carrageenan-Induced Paw Edema Model
	 The preliminary evaluation of anti-
inflammatory activity was performed using the 
classical carrageenan-induced paw edema model. 
The study was conducted on 15 rats (190 ± 20 g, 
same sex), which were divided into three groups: 
a control group and two experimental groups, with 
five animals in each group. Inflammation was 
induced by subplantar injection of 0.1 ml of 1% 
carrageenan solution into the right hind paw of the 
rats.4,5 One hour after carrageenan administration, 
animals in the experimental groups received the C-4 
composition at a dose of 10 mg/kg orally in powder 
form.6 The control group received distilled water, 
while the reference drug Loxidol was administered 
orally at a dose of 7 mg/kg. The inflammatory 
response was assessed by measuring paw volume 
at 1, 2, 3, 4, and 5 hours after carrageenan injection. 
Based on the results obtained at the third hour, the 
anti-exudative activity was determined.
Molecular Docking “Software and databases”
	 Molecular Docking “Software and 
databases” All computational tools applied in 
this study were freely accessible for academic 
and educational purposes. Structural data of 
macromolecules involved in calcium signaling 
and regulation were retrieved from the Protein 
Data Bank (PDB), an internationally recognized 
repository of three-dimensional biomolecular 
structures.7,8 Reference compounds along with the 
flavonoid ligands of interest were obtained from 
the PubChem database, which provides extensive 
information on pharmacology, molecular targets, 
chemical structures, and biological pathways. 
Each PubChem DrugCard contains over 80 fields 
describing small molecules and their associated 
protein targets. Molecular structures and docking 
results were visualized with PyMOL (version 
1.2), a Python-based molecular graphics system 
[http://www.pymol.org]. Docking simulations 
were carried out using AutoDock 4.2, developed 
at The Scripps Research Institute (www.scripps.
edu). Input preparation and parameter configuration 
were performed with AutoDock Tools (ADT), 
a user-friendly graphical interface designed to 
set up and run docking experiments. AutoDock 
provides a robust computational framework for 
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predicting ligand–target binding conformations 
and interactions when three-dimensional structural 
data are available.
Calculation of Inhibition Constant (Ki) from 
Binding Energy
	 In molecular docking studies, the 
interaction strength between a ligand and its target 
protein is commonly expressed as the binding free 
energy (ΔG), measured in kilocalories per mole 
(kcal/mol).9 This value can be further applied 
to estimate the inhibition constant (Ki), which 
reflects the ligand’s binding affinity, using a simple 
thermodynamic relationship.

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 1000 converts kcal to cal.
Synthesis of the Complex
	 A total of 4 mmol (3.36 g) of GAMS 
was completely dissolved in 100 mL of 50% 
ethanol. While stirring intensively, the remaining 
components — quercetin, carnitine, and cysteine 
— in a total amount of 1.5 mmol were added 
gradually to the solution. The reaction mixture was 
continuously stirred at room temperature (H”25 °C) 
for 5–6 hours. After completion of the reaction, 
ethanol was removed under reduced pressure using 
a rotary evaporator, and the remaining aqueous 
fraction was lyophilized (freeze-dried). Yield: 3.15 
g (93%). Decomposition temperature: 180 ± 1 °C. 
UV spectrum (λmax, nm (log ε)): 258 (5.38), 366 
(5.08). IR spectrum (í, ä, cm{ ¹): í(OH) = 3209; 
í(CH, CH‚ , CHƒ ) = 2926, 2862; í(C=O) = 1716; 
í(C=O, C=C) = 1651; í(COO{ ) = 1593; ä(CH‚ , 
CHƒ ) = 1454; ä(CH) = 1387, 1365, 1261, 1211, 
1165; ä(C–O–C, C–OH) = 1032; ä(=CH) = 980, 
920, 879.
Statistical analysis
	 All values were expressed as mean ± 
standard error mean (SEM) calculated using 
the Origin 9.0 (OriginLab, USA). Differences 
between groups were assessed using the t-test (Two 
Populations) system. Differences were regarded as 
significant if p< 0.05 was adopted.

Results

Anti-Exudative Activity of the C-4 Composition 
in the Carrageenan-Induced Paw Edema Model
	 The anti-inflammatory potential of the 
C-4 composition was assessed using the classical 
carrageenan-induced paw edema model in rats. 
In the control group, paw swelling developed 
progressively after carrageenan injection, reaching 
its maximum at the 3rd hour (63.3 ± 6.2%) 
compared to baseline values (Figure 1). Despite 
a slight decline during the following hours, the 
edema remained significantly elevated (47.2 ± 
4.7%) at the 5th hour, confirming the persistence 
of inflammatory response in untreated animals.10-11
	 In contrast, both Loxidol (7 mg/kg) and 
the C-4 composition (10 mg/kg, powder form) 
demonstrated substantial suppression of paw 
edema formation. At the peak inflammatory period 
(3 hours), paw swelling was significantly reduced 
to 36.7 ± 3.56% and 32.3 ± 3.2% in the Loxidol 
and C-4 groups, respectively. The calculated 
anti-exudative activity at this time point revealed 
that C-4 inhibited edema by 49.0%, whereas 
Loxidol achieved a 42.0% reduction relative to the 
control.12,13
	 A comparative analysis of the edema 
dynamics further supports the superior effect 
of the C-4 composition. At the 1st and 2nd 
hours, all groups showed measurable increases 
in paw volume; however, in the treated groups, 
the progression of swelling was significantly 
attenuated compared with the control. The 
difference became most evident at the 3rd hour, 
where the peak edema was effectively controlled 
by both treatments. Importantly, by the 4th and 5th 
hours, animals receiving C-4 showed a pronounced 
decline in paw swelling, with values approaching 
near-normal levels, while in the control group 
edema remained persistent. The recovery trend in 
the Loxidol group was present but less prominent 
compared to the C-4 group.14,15
	 Taken together, the results indicate that the 
C-4 composition exhibits potent anti-inflammatory 
and anti-exudative properties. Its inhibitory effect 
was not only stronger at the peak inflammatory 
stage but also sustained throughout the later 
observation period, leading to faster resolution of 
inflammation compared with both the untreated 
control and the reference drug. These findings 
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suggest that C-4 may represent a promising 
candidate for further pharmacological evaluation 
as an anti-inflammatory agent.16,17
Molecular Docking studies with Inflammatory 
targets
	 Inflammation is a complex biological event 
that is important for the host’s protection against 
pathogens and injury. However, with persistent 
or inappropriate inflammation, inflammation 
contributes to the pathogenesis of numerous chronic 
diseases, including cardiovascular dysfunction, 
neurodegenerative diseases, diabetes, and cancer. 
At a molecular level, inflammation is regulated by 
numerous mediators. Cyclooxygenase-2 (COX-2) 
is an enzyme that is an important catalyst in the 
synthesis of pro-inflammatory prostaglandins, 
where its role is crucial to pain, fever, and tissue 
injury. Interleukin-6 (IL-6) is a multifunctional 
cytokine with roles in both acute and chronic 
inflammation, as well as cardiovascular and 
metabolic complications. The mitogen-activated 
protein kinase (MAPK) signaling cascade is 
responsible for modulating cellular responses 
to stimuli and integrating responses to stress 
and inflammation. Nuclear factor kappa system 
B (NF-êB) acts as the primary transcriptional 
regulator that effects changes in protein expression 
associated with immunity and inflammation. 
Tumor necrosis factor-alpha (TNF-á) functions as 
a potent pro-inflammatory cytokine that promotes 
systemic inflammation and suggestive of a wide 
array of pathological condition. Due to the pivotal 
role of these molecular targets in the development 
of inflammation, there is much enthusiasm 
regarding the identification of compounds that 
can influence their function. In particular, natural 
bioactive molecules have considerable appeal, 
since they offer safety, availability and the 
potential to elicit pleiotropic effects. Examples 
of bioactive compounds that have begun to 
attract interest include carnitine, cysteine, and 
quercetin. Carnitine is the focus of attention due 
to its important role in the transport of fatty acids 
into mitochondria and metabolism. Carnitine also 
has cytoprotective and anti-inflammatory activity. 
Cysteine, a precursor to the antioxidant glutathione, 
has a key role in maintaining redox state while 
providing cellular protection from oxidative 
stress. Quercetin, a flavonoid found in many fruits 
and vegetables, has recently gained attention for 

its strong antioxidant, anti-inflammatory, and 
cardioprotective properties.18,19	
COX2
	 In our in silico experiment, the interaction 
between the COX-2 enzyme and the carnitine 
molecule resulted in a binding energy of –5.3 kcal/
mol. According to thermodynamic principles, the 
more negative the binding energy, the more stable 
the interaction. Thus, the interaction between 
carnitine and COX-2 indicates a moderately 
stable binding affinity. Based on this energy 
value, the calculated inhibition constant (Ki) was 
approximately 100 ìM, suggesting that carnitine 
may act as a moderate inhibitor of COX-2. COX-
2 is an inducible enzyme whose overactivation 
leads to enhanced inflammatory processes, 
pain, and edema. Prostaglandins produced via 
COX-2 not only promote inflammation but also 
stimulate tumor cell proliferation, angiogenesis, 
and metastasis. Carnitine, on the other hand, 
is a naturally occurring molecule essential for 
energy metabolism, particularly in shuttling 
fatty acids into the mitochondria, and is also 
known for its antioxidant and cytoprotective 
properties. Therefore, the ability of carnitine to 
bind to and inhibit COX-2 suggests a potential 
dual role: exerting anti-inflammatory effects and 
possibly slowing cancer progression. Our results 
demonstrate that carnitine establishes a stable 
interaction with COX-2 and inhibits it at a moderate 
level, supporting the notion that carnitine could 
be further explored as a natural molecule with 
therapeutic potential against inflammation and 
tumor development.20,21	
	 Molecular docking results demonstrated 
that carnitine interacts with several key amino acid 
residues located in the active site of the COX-2 
enzyme (Figure 2). Specifically, carnitine formed 
conventional hydrogen bonds with ASN A:43 and 
ARG A:44, which help stabilize the ligand within 
the catalytic pocket. An electrostatic (attractive) 
interaction was also observed with GLU A:465, 
where the negatively charged carboxyl group of 
glutamate engaged with the corresponding moiety of 
carnitine, further strengthening the overall stability 
of the complex (Figure 4). In addition, carbon–
hydrogen bonds were identified with GLY A:45 
and CYS A:41, providing favorable positioning of 
the ligand and contributing additional stabilization 
within the binding site. The involvement of these 
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residues highlights their structural and functional 
significance in COX-2 activity. Polar residues such 
as ASN and ARG stabilize the ligand orientation 
via hydrogen bonds, while negatively charged GLU 
enhances binding through electrostatic attraction. 
Flexible residues such as GLY and CYS facilitate 
proper accommodation of the ligand within 
the active site and contribute to hydrophobic 
stabilization. Together, these interactions suggest 
that carnitine forms a moderately stable complex 
with COX-2 and possesses a modest inhibitory 
potential. Furthermore, the interaction of COX-2 
with the flavonoid quercetin was also investigated. 
Docking analysis revealed a binding energy of –9.4 
kcal/mol (Figure 1B), which corresponds to an 
estimated inhibition constant (Ki) of approximately 
0.13 ìM, indicating a highly potent inhibitory 
effect. Molecular interaction analysis showed 
that quercetin formed conventional hydrogen 
bonds with SER B:49, ASN B:34, CYS B:36, 
GLN B:461, and PRO B:154. In addition, ð–alkyl 
interactions were observed with MET B:48, PRO 
B:153, PRO B:156, and CYS B:36, while ð–donor 
hydrogen bonding was identified with GLN A:327. 
An unfavorable acceptor–acceptor interaction 
was also detected with SER A:548 (Figure 1B). 
The combination of strong hydrogen bonding, ð–

alkyl, and ð–donor interactions demonstrates that 
quercetin forms a highly stable complex within 
the COX-2 active site. These results confirm that 
quercetin, as a natural flavonoid, acts as a strong 
COX-2 inhibitor and is of considerable interest due 
to its anti-inflammatory and potential antitumor 
properties. In the next experiment, we examined 
the interaction of cysteine with COX-2. Cysteine 
was specifically chosen due to its –SH (thiol) 
group, which is highly reactive and capable of 
forming critical interactions within or near the 
active site of enzymes. Additionally, cysteine 
residues are sensitive to redox modifications and 
may play a regulatory role in COX-2 function 
during inflammatory processes. Docking results 
revealed a binding energy of –4.0 kcal/mol, which 
corresponds to a calculated inhibition constant 
(Ki) of approximately 1180 ìM, indicating weak 
inhibitory activity. Interaction analysis showed that 
cysteine formed conventional hydrogen bonds with 
GLU B:236, ARG B:333, GLN B:241, and GLU 
A:140, along with a ð–sulfur interaction involving 
TRP A:139 (Figure 4C). These results suggest 
that cysteine interacts with COX-2 in a weak and 
less stable manner, implying only a limited role 
in modulating COX-2–mediated inflammatory 
mechanisms.22,23

Fig. 1. Effect of C-4 composition on paw edema induced by 10 mg/kg carrageenan (% of baseline, (M±m; n=5)
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Fig. 2. Molecular effects of Carnitine (A), Quercetin (B), and Cysteine   (C) on the COX2 enzyme
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Fig. 3. Molecular interactions of IL-6 cytokine with Carnitine (A), Quercetin (B), and Cysteine (C).

Fig. 4. Molecular interactions of MAPK (Mitogen-Activated Protein Kinase) with Carnitine (A), Quercetin (B), 
and Cysteine (C).

IL-6
	 Interleukin-6 (IL-6) belongs to the 
cytokine family and plays an important role in 
regulating inflammation, immune responses, and 
metabolic processes in the body. It is produced 
by macrophages, T-lymphocytes, fibroblasts, and 
endothelial cells. IL-6 levels increase under various 
external stimuli, including infection, tissue injury, 
or stress, thereby activating protective mechanisms. 
IL-6 stimulates the immune system by promoting 
the differentiation of B-lymphocytes into plasma 

cells and enhancing antibody production. In 
hepatocytes, it induces the synthesis of acute-
phase proteins such as C-reactive protein. In 
addition, IL-6 contributes to hematopoiesis 
by supporting leukocyte maturation and also 
influences lipid and glucose metabolism. Clinically, 
elevated IL-6 levels are observed in autoimmune 
diseases, chronic inflammatory conditions, and 
malignancies. During COVID-19 infection, a sharp 
increase in IL-6 is associated with the “cytokine 
storm” syndrome. Therefore, IL-6 is considered 
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Fig. 5. Molecular interactions of NF-kB with Carnitine (A), Quercetin (B), and Cysteine (C).

not only an important diagnostic marker but also a 
therapeutic target, with drugs such as tocilizumab 
already applied in clinical practice. In our in silico 
study, we performed molecular docking between 
IL-6 and the carnitine enzyme. The binding free 
energy was calculated as –4.2 kcal/mol. The 
corresponding inhibition potential was determined 
as Ki = 840 ìM, which indicates a weak inhibitory 
effect. The interaction was mediated through amino 
acid residues in carnitine forming specific contacts 
with IL-6, including LEU B:92 and ASN B:144 via 
conventional hydrogen bonds, and GLU B: through 
unfavorable acceptor–acceptor interactions (Figure 
3).
	 In the next stage of our study, we 
performed molecular docking of IL-6 with 
quercetin. The binding free energy obtained from 
this interaction was calculated as –7.8 kcal/mol. 
Based on this value, the inhibition constant (Ki) 
was determined to be approximately 1.9 ìM, 
which indicates a considerably stronger inhibitory 
potential compared to carnitine. Detailed interaction 
analysis revealed that quercetin established several 
stabilizing contacts with amino acid residues of 
IL-6. Specifically, conventional hydrogen bonds 
were formed with ALA A:152, ASN A:135, 
and GLU A:129. Additionally, PHE A:136 was 
involved in a ð–ð stacking interaction, while ALA 
A:152 formed a ð–alkyl bond. Furthermore, GLU 
A:129 contributed to a ð–anion interaction (Figure 

2B). These multiple non-covalent interactions 
suggest that quercetin exhibits a more stable and 
energetically favorable binding mode with IL-6, 
highlighting its potential as a stronger inhibitory 
candidate in comparison to carnitine. In the 
subsequent experiment, we carried out docking 
analysis of IL-6 with cysteine. The calculated 
binding free energy for this complex was –4.5 
kcal/mol, corresponding to an estimated inhibition 
constant (Ki) of approximately 540 ìM. This value 
reflects a relatively weak binding affinity when 
compared to carnitine and quercetin. Detailed 
interaction analysis revealed that cysteine formed 
multiple conventional hydrogen bonds with TRP 
C:264, THR A:263, THR C:247, and THR C:245 
residues of IL-6. Interestingly, TRP C:264 was also 
engaged in an unfavorable donor–donor interaction 
in addition to a ð–alkyl contact, suggesting partial 
instability in the binding conformation. Moreover, 
ð–sigma interactions were detected with HIS 
C:269 and TYR C:238, further contributing to the 
molecular recognition between cysteine and IL-6 
(Figure 2C). Although cysteine demonstrated the 
ability to establish hydrogen bonding and aromatic 
interactions with IL-6, the relatively low binding 
energy and higher Ki value indicate that these 
interactions are not sufficiently stable to exert a 
strong inhibitory effect. In comparison to quercetin, 
which displayed a much higher binding affinity 
(–7.8 kcal/mol), and carnitine (–4.2 kcal/mol), 
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Fig. 6. Molecular interactions of TNF alpha with Carnitine (A), Quercetin (B), and Cysteine (C).
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Fig. 7. Schematic representation of quercetin pharmacokinetics. The diagram illustrates the processes of 
absorption, distribution, metabolism, and excretion (ADME) of quercetin, highlighting its transformation in the 

gastrointestinal tract, liver metabolism, tissue distribution, and elimination pathways.

cysteine appears to be the least effective ligand 
in terms of inhibitory potential. Nevertheless, its 
interactions provide valuable insight into the role of 
small sulfur-containing amino acids in modulating 
cytokine activity, which may be further explored 
in combination with other bioactive compounds to 
enhance therapeutic potential.24,25
MAPK
	 MAPK (Mitogen-Activated Protein 
Kinase) is one of the most important components 
of intracellular signaling pathways. It is activated 
by various external stimuli, including growth 
factors, cytokines, stress, and pathogens, and 
regulates a wide range of cellular responses. The 
MAPK cascade consists of a three-tiered kinase 
module in which MAPKKK (MAPK kinase 
kinase) phosphorylates MAPKK (MAPK kinase), 
which in turn activates MAPK. Activated MAPK 
translocates into the nucleus and modulates 
transcription factors, thereby influencing processes 

such as cell proliferation, differentiation, stress 
response, and apoptosis. The MAPK pathways 
are mainly divided into three groups: ERK 
(extracellular signal-regulated kinase), JNK 
(c-Jun N-terminal kinase), and p38 kinases. ERK 
is primarily associated with cell growth and 
development, whereas JNK and p38 play crucial 
roles in inflammation and stress response.26,27 From 
a clinical perspective, dysregulation of MAPK 
signaling is observed in cancer, inflammatory 
diseases, and neurodegenerative disorders. 
Therefore, MAPK pathways are considered 
promising therapeutic targets in drug development. 
In our docking study with MAPK, carnitine 
exhibited a binding energy of –4.4 kcal/mol, 
with an estimated inhibition constant (Ki) of 
approximately 630 ìM, indicating weak inhibitory 
potential. The interaction was stabilized through 
several types of bonds: a conventional hydrogen 
bond with ALA A:157, a carbon hydrogen bond 
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with LEU A:108, and a salt bridge with LYS A:165. 
In contrast, an unfavorable negative–negative 
interaction was observed with GLU A:163, which 
reduced the overall stability of the complex (Figure 
4).
	 The reason for these specific interactions 
can be attributed to the physicochemical properties 
of the residues involved. ALA A:157, being a small 
nonpolar residue, easily forms hydrogen bonds 
with polar groups of carnitine, providing localized 
stabilization. LEU A:108, with its hydrophobic side 
chain, contributes to weaker but supportive carbon–
hydrogen bonding. LYS A:165, a positively charged 
residue, readily interacts with the negatively 
charged carboxyl group of carnitine, forming a 
salt bridge that reinforces electrostatic attraction. 
Conversely, GLU A:163 is negatively charged, and 
when positioned near the acidic groups of carnitine, 
it creates electrostatic repulsion, which explains the 
unfavorable interaction observed. Taken together, 
these results highlight that the binding of carnitine 
to MAPK is determined by a balance of stabilizing 

hydrogen bonds and electrostatic interactions, 
counteracted by unfavorable charge repulsion. This 
explains why the overall binding affinity remains 
relatively weak despite multiple contacts within 
the binding pocket.
	 In our docking study with MAPK, 
quercetin demonstrated a binding energy of –7.8 
kcal/mol, with an estimated inhibition constant 
(Ki) of approximately 2 ìM, indicating a strong 
inhibitory potential compared to carnitine. The 
interaction profile revealed multiple stabilizing 
contacts. Quercetin formed conventional hydrogen 
bonds and ð–cation interactions with LYS A:165, 
HIS A:107, and ARG A:49, which significantly 
contributed to the stability of the complex through 
both hydrogen bonding and electrostatic attraction. 
In addition, quercetin established a ð–alkyl 
interaction with MET A:109, further reinforcing 
hydrophobic stabilization within the binding pocket 
(Figure 3B). However, an unfavorable acceptor–
acceptor interaction was observed with LEU A:108, 
which slightly reduced the binding efficiency. 

Fig. 8. SwissADME-predicted pharmacokinetic profile of cysteine. 
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Despite this, the overall interaction pattern was 
dominated by strong hydrogen bonds, cation–ð 
contacts, and hydrophobic interactions, which 
together account for the notably higher binding 
affinity. The specificity of these interactions can 
be explained by the structural complementarity 
between quercetin and MAPK residues. The 
hydroxyl groups of quercetin readily donate and 
accept hydrogen bonds, allowing stable contacts 
with polar and charged residues such as LYS, HIS, 
and ARG. The aromatic rings of quercetin enable 
ð–cation interactions with positively charged side 
chains, which provide additional electrostatic 
stabilization. Furthermore, its planar aromatic 
system favors ð–alkyl interactions with nonpolar 
residues like MET A:109, enhancing van der Waals 
contacts. In our docking experiment with MAPK, 
cysteine exhibited a binding energy of –3.8 kcal/
mol, with an estimated inhibition constant (Ki) of 
approximately 1.5 mM, indicating a very weak 
inhibitory potential compared to quercetin and 
carnitine. The interaction analysis revealed that 

cysteine engaged in both polar and non-polar 
contacts within the MAPK binding pocket. 
Specifically, ð–sulfur interactions were observed 
with HIS A:64 and TYR A:35, while ARG A:67 
formed alkyl interactions that provided weak 
hydrophobic stabilization. In addition, cysteine 
established conventional hydrogen bonds with 
TYR A:35 and SER A:56, contributing to localized 
binding stability. The nature of these interactions 
can be explained by the presence of the thiol (–
SH) group in cysteine, which is highly reactive 
and capable of forming ð–sulfur interactions 
with aromatic residues such as HIS and TYR. 
Meanwhile, the polar backbone groups of cysteine 
facilitated hydrogen bonding with residues like 
TYR and SER, although the strength of these 
bonds was not sufficient to produce a strong overall 
binding affinity. The alkyl interaction with ARG 
A:67 provided minimal hydrophobic stabilization 
but did not significantly improve the overall 
inhibitory potential.

Fig. 9. SwissADME pharmacokinetic profiles of L-Carnitine. 



422 Makhmudov et al., Biomed. & Pharmacol. J,  Vol. 19(1), 410-427 (2026)

NF-kb
	 Nuclear factor kappa B (NF-êB) is a 
transcription factor complex that plays a central 
role in regulating immune and inflammatory 
responses, cell survival, and proliferation. It 
is normally sequestered in the cytoplasm in 
an inactive form by inhibitory proteins (IêBs). 
Upon stimulation by cytokines, stress signals, or 
pathogens, IêBs are degraded, allowing NF-êB to 
translocate into the nucleus, where it binds DNA 
and regulates the expression of genes involved 
in inflammation, immunity, and apoptosis. 
Dysregulation of NF-êB signaling is closely 
associated with chronic inflammation, autoimmune 
disorders, and cancer, making it an attractive 
therapeutic target. In our docking experiment 
with NF-êB, carnitine exhibited a binding energy 
of –4.9 kcal/mol, with an estimated inhibition 
constant (Ki) of approximately 270 ìM, suggesting 
a weak-to-moderate inhibitory potential. The 
interaction profile revealed both stabilizing 
and destabilizing contacts. Carnitine formed 
conventional hydrogen bonds with DG D:722 and 
DG D:720, as well as carbon hydrogen bonds with 
DC C:715, DT C:714, DT C:716, and DA D:721. 
These hydrogen-bonding interactions provided 
localized stabilization within the binding pocket 
(Figure 4A). However, unfavorable electrostatic 
interactions were also observed, specifically 
positive–positive repulsion with LYS B:575 and 
negative–negative repulsion with DG D:722. Such 
unfavorable interactions likely reduced the overall 
stability of the complex, partially counteracting 
the favorable hydrogen-bond contributions. The 
observed binding pattern can be explained by the 
zwitterionic nature of carnitine, which contains 
both positively charged (trimethylammonium) 
and negatively charged (carboxylate) groups. 
While these groups facilitate hydrogen bonding 
with DNA bases and amino acid residues, they 
also increase the risk of charge–charge repulsion 
when positioned unfavorably, as seen with LYS 
and DG. In our docking study, quercetin exhibited 
a binding energy of –9.4 kcal/mol against NF-
êB, with an estimated inhibition constant (Ki) 
of approximately 140 nM, indicating a strong 
inhibitory potential. The interaction analysis 
revealed that quercetin established multiple 
stabilizing contacts. Conventional hydrogen bonds 
were formed with DA D:724, DG D:722, DG D:720, 

and DC C:715, providing significant stabilization 
through polar interactions. Additionally, a ð–
cation interaction was observed with LYS B:575, 
further strengthening the binding via electrostatic 
attraction between the positively charged lysine 
side chain and the aromatic ring system of quercetin 
(Figure 5). However, an unfavorable donor–donor 
interaction occurred with DA D:721, which slightly 
weakened the overall binding efficiency. Despite 
this, the interaction pattern was dominated by 
strong hydrogen bonds and ð–cation contacts, 
which contributed to the notably high binding 
affinity. These results highlight quercetin as a 
potent inhibitor of NF-êB, with the ability to form 
diverse and stable interactions within the binding 
pocket. Its strong binding affinity suggests that 
quercetin may play a significant role in modulating 
NF-êB–mediated pathways, potentially offering 
therapeutic value in conditions associated with 
NF-êB overactivation.28,29
	 In our docking study with cysteine, the 
interaction with NF-êB yielded a binding energy 
of –4.0 kcal/mol, corresponding to an estimated 
inhibition constant (Ki) in the millimolar range 
(~1.1 mM). This relatively weak binding affinity 
indicates that cysteine has a limited inhibitory 
effect on NF-êB compared to other tested ligands 
such as quercetin. Interaction analysis revealed 
that cysteine formed conventional hydrogen bonds 
with DC C:715 and DT C:714, which contribute to 
stabilizing the complex through polar interactions 
with nucleobase residues. However, an unfavorable 
donor–donor interaction was observed with DG 
D:722, introducing steric and electrostatic strain 
that reduces the overall stability of the complex 
(Figure 4C)
TNF alpha
	 In our docking experiment, the interaction 
between TNF-á and carnitine was analyzed. The 
docking results demonstrated a binding energy 
of –5.0 kcal/mol, corresponding to an estimated 
inhibition constant (Ki) of approximately 216 
µM, suggesting a moderate binding affinity. 
Interaction mapping revealed that carnitine formed 
a conventional hydrogen bond with LEU A:120, 
which plays a role in stabilizing the ligand–protein 
complex through polar interactions. Additionally, 
a ð–anion interaction was observed with TYR 
C:119, indicating electrostatic attraction between 
the negatively charged carboxyl group of carnitine 
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and the aromatic ring system of tyrosine (Figure 
5A). These interactions suggest that carnitine 
has the potential to moderately influence TNF-á 
activity, though the relatively higher Ki value 
compared to strong inhibitors indicates that its 
binding efficiency is limited. Nevertheless, the 
presence of stabilizing hydrogen bond and ð–anion 
contacts highlights a possible role for carnitine 
in modulating TNF-á–mediated inflammatory 
responses.
	 In our docking study, quercetin exhibited 
a binding energy of –9.7 kcal/mol against TNF-á, 
corresponding to an estimated inhibition constant 
(Ki) of approximately 85 nM, indicating a strong 
inhibitory potential. Interaction analysis revealed 
several stabilizing contacts. ð–alkyl interactions 
were observed with LEU A:57 and LEU B:57, 
where the hydrophobic side chains of leucine 
provided favorable nonpolar contacts with the 
aromatic system of quercetin, thereby enhancing 
van der Waals stability. Additionally, TYR B:119 
formed a conventional hydrogen bond, contributing 
polar stabilization through interaction between 
the hydroxyl group of quercetin and the polar side 
chain of tyrosine. Furthermore, ð–ð stacking was 
established with TYR C:119, reflecting aromatic 
ring-to-ring interactions that further strengthened 
the binding within the hydrophobic pocket 
(Figure 6). The combination of strong hydrogen 
bonding, hydrophobic ð–alkyl interactions, and 
ð–ð stacking contributed to the remarkably low 
Ki value, suggesting that quercetin acts as a 
potent inhibitor of TNF-á by forming both polar 
and nonpolar stabilizing forces. These results 
indicate that quercetin may effectively modulate 
TNF-á–mediated inflammatory signaling pathways 
through high-affinity binding. In the docking 
experiment between TNF-á and cysteine, the 
binding energy was determined to be –4.3 kcal/mol, 
corresponding to an estimated inhibition constant 
(Ki) of approximately 678 µM. This value indicates 
that cysteine acts as a weak inhibitor of TNF-á due 
to its relatively low binding affinity. Interaction 
analysis revealed that cysteine formed conventional 
hydrogen bonds with TYR A:151, TYR B:119, 
and GLY B:121, suggesting stabilization through 
polar contacts between the amino acid residues 
of TNF-á and the thiol or amino groups of 
cysteine. Additionally, a ð–alkyl interaction was 
observed with TYR C:119, reflecting hydrophobic 

contacts between the aromatic ring of tyrosine 
and the sulfur-containing side chain of cysteine. 
Although the hydrogen bonds and ð–alkyl contacts 
contributed to binding, the relatively high Ki value 
indicates that cysteine does not strongly inhibit 
TNF-á activity. Nonetheless, these interactions 
demonstrate that cysteine can still weakly interact 
with TNF-á and may play a role in modulating its 
function under certain conditions.30
Pharmacokinetic Profile by SwissADME
Quercetin
	 The pharmacokinetic and drug-likeness 
characteristics of quercetin were predicted using the 
SwissADME web tool. The results demonstrated 
that quercetin complies with Lipinski’s rule of 
five without any violations, confirming its overall 
suitability as a drug-like molecule. According to 
absorption and distribution predictions, quercetin 
exhibited high gastrointestinal absorption, which 
indicates good potential for oral administration. 
However, the compound was predicted not to 
cross the blood–brain barrier, suggesting that its 
pharmacological activity is likely restricted to 
peripheral tissues rather than the central nervous 
system. Additionally, quercetin was identified as 
non-substrate for P-glycoprotein (P-gp), implying 
that its transport and elimination are unlikely 
to be limited by efflux mechanisms. In terms of 
solubility, quercetin was classified as soluble in 
water according to multiple predictive models, 
although the values (Log S between –3.1 and –3.9) 
still suggest moderate solubility, which could partly 
explain its limited oral bioavailability reported in 
experimental studies (Figure 7). The lipophilicity 
profile (consensus Log P<sub>o/w</sub> = 1.23) 
indicated a moderately lipophilic nature, favorable 
for membrane permeability. Metabolic predictions 
indicated that quercetin is a potential inhibitor of 
several cytochrome P450 isoenzymes, specifically 
CYP1A2, CYP2D6, and CYP3A4, while showing 
no inhibitory effect on CYP2C19 and CYP2C9. 
This implies that quercetin may interfere with the 
metabolism of drugs that are substrates of these 
enzymes, highlighting the possibility of drug–drug 
interactions. The predicted bioavailability score 
was 0.55, indicating moderate oral bioavailability. 
In terms of medicinal chemistry filters, quercetin 
presented one PAINS alert (catechol_A) and one 
Brenk alert (catechol group), both of which are 
commonly associated with structural motifs that 
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may produce non-specific biological activity. 
Despite these alerts, the compound’s synthetic 
accessibility score (3.23) suggests that it is feasible 
to synthesize.31,32 
Pharmacokinetics of Cysteine and L-Carnitine
	 The pharmacokinet ic  evaluat ion 
of Cysteine and L-Carnitine revealed close 
similarities in solubility, safety, and metabolic 
stability, although both compounds showed limited 
gastrointestinal absorption and restricted systemic 
distribution. Cysteine, a sulfur-containing amino 
acid, demonstrated very high water solubility 
(Log S = 1.11), which can be attributed to its 
small molecular weight (121.16 g/mol), high 
polarity, and the presence of multiple hydrogen-
bond donors and acceptors. Despite its solubility, 
Cysteine exhibited poor gastrointestinal absorption 
and no ability to permeate the blood–brain barrier 
(BBB), suggesting that oral delivery results in low 
systemic bioavailability. Importantly, Cysteine 
was neither a substrate for P-glycoprotein (P-
gp) nor an inhibitor of key cytochrome P450 
(CYP) isoforms (CYP1A2, CYP2C19, CYP2C9, 
CYP2D6, CYP3A4), indicating a low potential for 
drug–drug interactions. Its low skin permeability 
(Log Kp = –8.81 cm/s) reflects restricted passive 
diffusion across lipid membranes, consistent 
with its hydrophilic character. Collectively, 
these properties emphasize Cysteine’s safety 
and metabolic stability, although they limit its 
pharmacokinetic performance as a drug candidate 
unless formulated with delivery-enhancing 
systems. Similarly, L-Carnitine, a quaternary 
ammonium compound involved in fatty acid 
transport, also displayed high water solubility (Log 
S = –0.05, classified as highly soluble). However, 
comparable to Cysteine, L-Carnitine demonstrated 
low gastrointestinal absorption and an inability 
to cross the BBB, restricting its central nervous 
system availability. Like Cysteine, it was not 
recognized as a P-gp substrate and did not inhibit 
major CYP450 isoforms, supporting its favorable 
safety profile and minimal risk of metabolic 
interference. Its skin permeability (Log Kp = –7.88 
cm/s) remained low, which is expected for highly 
hydrophilic molecules. These findings confirm that 
while L-Carnitine possesses excellent safety and 
solubility, its oral bioavailability is inherently poor, 
highlighting the need for alternative strategies such 
as transporter-mediated uptake, encapsulation, or 

chemical modification to enhance delivery (Figure 
8).
	 Taken together, both Cysteine and 
L-Carnitine are safe, non-toxic molecules with 
no PAINS alerts and minimal risk of metabolic 
interference. Their main pharmacokinetic 
limitations are related to poor oral absorption and 
restricted distribution, which may limit systemic 
bioavailability unless improved through specialized 
delivery systems or formulation strategies (Figure 
9).

Discussion

	 Inflammation is a multifactorial biological 
process regulated by complex interactions between 
immune mediators, metabolic status, and redox 
homeostasis. To capture this complexity, the 
present study integrated in vivo pharmacological 
evaluation, in silico molecular docking, and 
pharmacokinetic profiling to assess the anti-
inflammatory potential of Cysteine, L-Carnitine, 
and Quercetin. Rather than relying on a single 
experimental level, this combined approach 
enables a more nuanced interpretation of efficacy, 
mechanism, and translational limitations.
	 In the carrageenan-induced paw edema 
model—an established model of acute inflammation 
characterized by sequential mediator release—the 
three compounds exhibited clearly distinct efficacy 
profiles. Quercetin produced the most pronounced 
inhibition of paw swelling, consistent with its 
ability to interfere with multiple inflammatory 
pathways. In contrast, L-Carnitine elicited only 
moderate edema reduction, while Cysteine showed 
minimal activity. Importantly, these differences 
cannot be attributed solely to intrinsic molecular 
potency. Whole-animal efficacy is strongly 
influenced by pharmacokinetic behavior, tissue 
exposure, and indirect biological effects, which 
likely explain the discrepancy between molecular-
level predictions and in vivo outcomes.
	 Pharmacokinetic analysis revealed that 
both Cysteine and L-Carnitine possess favorable 
aqueous solubility but are limited by poor 
membrane permeability and restricted systemic 
exposure. Their low gastrointestinal absorption and 
negligible blood–brain barrier penetration suggest 
that effective concentrations at inflammatory 
sites may not be consistently achieved following 
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conventional administration. Although neither 
compound interacts significantly with major 
cytochrome P450 isoforms or P-glycoprotein—
indicating a favorable safety and drug–drug 
interaction profile—their limited permeability 
remains a key constraint. These findings suggest 
that their modest in vivo effects may reflect 
pharmacokinetic ceilings rather than an absence 
of biological relevance, highlighting the potential 
importance of formulation strategies or targeted 
delivery systems.
	 Molecular docking provided mechanistic 
insights but must be interpreted with appropriate 
caution. Quercetin exhibited strong binding 
affinities toward multiple inflammatory targets, 
including COX-2, NF-êB, MAPK, IL-6, and 
TNF-á, supporting its role as a multi-target anti-
inflammatory agent. This polypharmacological 
profile aligns well with its robust in vivo efficacy. 
However, docking studies inherently represent 
static, simplified models that do not account for 
protein dynamics, solvent effects, competitive 
endogenous ligands, or intracellular concentration 
constraints. Therefore, while docking supports the 
plausibility of direct target engagement, it does not 
confirm functional inhibition under physiological 
conditions.
	 L-Carnitine displayed moderate docking 
affinities toward selected targets such as COX-
2 and TNF-á, which may partially explain its 
limited but measurable anti-inflammatory effect 
in vivo. Nevertheless, its primary biological role 
is metabolic rather than enzymatic inhibition, and 
its anti-inflammatory activity may arise indirectly 
through improved mitochondrial function, reduced 
oxidative stress, or modulation of immune 
cell energetics—mechanisms not captured by 
docking simulations. Similarly, the weak docking 
performance of Cysteine should not be interpreted 
as a lack of anti-inflammatory relevance. Instead, 
its contribution likely operates through glutathione 
synthesis and redox regulation, reinforcing the 
concept that not all anti-inflammatory effects are 
mediated by direct protein–ligand interactions.

Conclusion

	 The present study indicates that Cysteine, 
L-Carnitine, and Quercetin exert distinct and 
complementary effects in an acute inflammation 

model. Quercetin showed the most pronounced 
anti-inflammatory activity, supported by both in 
vivo outcomes and predicted target interactions, 
whereas L-Carnitine displayed moderate effects 
likely related to metabolic support rather than 
direct enzyme inhibition. Cysteine contributed 
mainly through indirect antioxidant mechanisms 
and showed limited efficacy in the acute model. As 
the study did not include direct enzymatic assays or 
chronic inflammation models, these findings should 
be interpreted as preliminary. Further investigations 
using extended disease models and mechanistic 
validation are required to clarify the translational 
relevance of these compounds.
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