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ABSTRACT

Background: Sickle cell disease is a genetic disorder caused by hemoglobin S, and its treatment remains
challenging. Compounds that penetrate erythrocytes to stabilize hemoglobin S are potential therapeutic
agents. This study evaluated the in silico antisickling activity of 13 isolated flavonoids from Justicia secunda
and Moringa oleifera using molecular docking and dynamics.

Methods: Deoxyhemoglobin (3WCU) and human bisphosphoglycerate mutase (3NFY) were used as recep-
tor proteins. Flavonoids were identified via LC-MS/MS in positive and negative modes. Frontier molecular
orbital
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(FMO) analysis, QSAR studies, ADMET profiling, andmolecular dynamics simulations (MD) were conducted
to assess reactivity, stability, and drug-likeness.

Results: Four compounds (C_3, C_9, C_11, C_12) showed the highest docking activity, with C_11 and
C_12 emerging as top ligands. FMO analysis indicated HOMO energies (–5.496 to –5.917 eV) and LUMO
energies (–1.139 to –1.468 eV).Water solubility, GI absorption, BBB permeability, and CYP interactions were
predicted, with all compounds classified as soluble but low GI absorption and non-BBB permeant. Drug-
likeness evaluation showed multiple violations, typical for large flavonoids, while bioavailability scores were
0.17. Medicinal chemistry filters revealed minimal PAINS/Brenk alerts with synthetic accessibility ranging
3.82–7.42. Docking and hydrogen-bond analyses indicated that C_11 and C_12 interacted with key residues
of 3WCU and 3NFY. MD simulations and ADMET profiles confirmed the stability and drug-like potential of
C_11 and C_12 as promising in silico leads.

Conclusion: In silico analyses suggest that C_11 and C_12 are promising candidates for antisickling drug
development, supported by binding affinity, molecular stability, hydrogen-bond interactions, and favorable
quantum chemical, physico-chemical, and pharmacokinetic properties.

1. Introduction
Sickle cell disease (SCD) is among the most common and severe inherited genetic disorders worldwide.
It results from a single point mutation in the β-globin chain of hemoglobin, where valine replaces glutamic
acid at position six, decreasing hemoglobin solubility during deoxygenation [1–3]. This alteration triggers
the sickling of red blood cells, leading to vascular obstruction, increased membrane fragility, and premature
hemolysis, which together cause chronic hemolytic anemia and recurrent vaso-occlusive crises [4–6].

Multiple studies have highlighted modulatory factors that influence hemoglobin S (Hb S) polymerization, in-
cluding 2,3-diphosphoglycerate (2,3-DPG) concentrations and red cell dehydration [5,7]. Elevated 2, 3-DPG
reduces hemoglobin’s oxygen affinity and thereby promotes polymerization [8–10], whereas dehydration in-
creases intracellular Hb S levels, enhancing gelation and fiber formation [11]. Dehydration is largely driven
by activation of the Gardos channel, which induces potassium loss followed by water efflux from the erythro-
cyte [12,13].

Current pharmacological approaches focus on identifying molecules capable of entering red blood cells,
stabilizing Hb S, and disrupting fiber formation [10,14,15]. Inhibiting 2,3-DPG can delay polymerization,
allowing more erythrocytes to circulate before fiber assembly occurs [3, 10,16]. Similarly, targeting the
Gardos channel to prevent dehydration is considered a promising therapeutic strategy [3,7,17].

In this context, deoxyhemoglobin (PDB ID: 3WCU) and human bisphosphoglycerate mutase (PDB ID: 3NFY)
were selected as molecular targets. Stable binding to deoxyhemoglobin suggests the ability of a compound
to stabilize Hb S and impede polymer formation, whereas interaction with human BPGM reflects its poten-
tial to modulate the Rapoport–Luebering pathway responsible for generating 2,3-DPG, the primary factor
lowering Hb S oxygen affinity [18].

Although previous studies have demonstrated antisickling activity in crude flavonoid extracts from the Con-
golese plants Justicia secunda and Moringa oleifera [19,20], the molecular basis of their protective effects
remains insufficiently defined. This study uses molecular docking, molecular dynamics simulations, and
ADMET analyses to clarify the mechanisms by which these flavonoids may act as inhibitors of Hb S poly-
merization.
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2. Materials and methods

2.1. Preparation of the ligands

2.1.1. Flavonoid analysis by LC-MS/MS
The flavonoid-rich subfractions from Justicia secunda and Moringa oleifera were analyzed in both positive
and negative ionization modes. Samples of the extracts from J. secunda (0.0586 g) and M. oleifera (0.0118
g) were diluted 1:100 in methanol prior to mass spectrometric analysis. For positive mode experiments,
HPLC-MS and HPLC-MS/MS analyses were performed using a Waters Synapt G2-Si mass spectrometer
equipped with an electrospray ionization source, coupled to aWaters Acquity UPLCH-Class system (Waters,
Manchester, UK). Chromatographic separation was achieved on a Phenomenex Kinetex C18 EVO column
(00F-4633-AN, 150 × 2.1 mm, 5 µm particle size) under reversed-phase conditions. A binary gradient
elution was applied at a flow rate of 0.25 mL/min, with water containing 0.1 % formic acid as solvent A and
methanol as solvent B. The column temperature was maintained at 40◦C. Mass spectrometry parameters
were set as follows: capillary voltage 2.5 kV, cone voltage 40 V, source temperature 120◦C, and desolvation
temperature 300 ◦C. For negative mode experiments, HPLC-MS and HPLC-MS/MS analyses were carried
out using a Waters Q-ToF US mass spectrometer (electrospray ion source) coupled to a Waters Alliance
2695 HPLC system (Waters, Manchester, UK). The capillary voltage was set to 3.1 kV and the cone voltage
to 30 V, while the remaining operational parameters, including source and desolvation temperatures, flow
rate, column, and gradient conditions, were maintained as described for positive mode analyses. This dual-
mode approach allowed comprehensive detection and identification of flavonoid constituents in both plant
extracts.

2.1.2. Ligands selection
Thirteen flavonoids were selected and sketched in 2D using Chem-Draw software, from which their cor-
responding 3D structures were generated and saved in SDF format. The ligands were then subjected to
geometric optimization using MGLTools version 1.5.7.

2.2. Choice of receptors
To validate the anti-sickling activity of the selected molecules, docking studies focused on two proteins that
play central roles in HbS polymerization. The first, bisphosphoglycerate mutase (BPGM, PDB ID: 3NFY), cat-
alyzes the conversion of 1,3-bisphospho-D-glycerate into 2,3 bisphospho-D-glycerate (2,3-BPG). In sickle
cell erythrocytes, excess 2,3-BPG, along with sphingosine-1-phosphate (S1P), decreases hemoglobin’s
oxygen affinity, increasing the proportion of deoxyHbS available for polymerization. The second, deoxyhe-
moglobin (PDB ID: 3WCU), directly polymerizes, triggering red blood cell deformation and sickling. These
targets were selected for their decisive contribution to SCD pathophysiology: HbS polymerization drives
the structural distortion of erythrocytes, while BPGM regulates oxygen affinity and indirectly influences HbS
stability [10,18]. Exploring how anti-sickling compounds interact with both proteins offers a dual therapeutic
strategy—stabilizing HbS to limit polymerization while modulating 2,3-BPG levels to preserve hemoglobin’s
oxygen-binding capacity—thus addressing two critical molecular mechanisms underlying the clinical mani-
festations of sickle cell disease [10,18].

2.3. Preparation of the receptors
The three-dimensional crystal structures of human

Table 1 Binding affinity (kcal/mol) of receptors and ligands.
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Deoxyhemoglobin
(3wcu)

Heme (Control)Apigenin-7-Oglucosylglucosylrhamnoside
(C_3)Kaempferid-7-O-dixyloside (C_11) -12.2-10.5

-10.1
Apigenin-7-O- dixyloside (C_12) -10.1
Luteolin-7-O-glucosylrhamnoside(C_5) -10
Kaempferid-7-O -10
xylosylrhamnoside (C_13)
Luteolin-7-O -9.8
glucosylrhamnosylrhamnoside(C_4)
Kaempferid-7-O-xylosylglucoside(C_7) -9.7
Luteolin-7-O -9.6
glucosylglucosylrhamnoside (C_2)
Luteolin-7-O- xylosylglucoside (C_8) -9.6
Luteolin-7-O- xylosylxyloside (C_9) -9.6
Luteolin-7-O- xylosylrhamnoside(C_10) -9.6
Disodium cromoglicate C_1(control) -9.6
Kaempferid-7-O-glucosylxyloside(C_6) -9.5
Apigenin-8-C- glucoside (C_14) -9.5

HumanBiphosphoglycerateDisodium cromoglicate C_1(control) -10.6
Mutase (3nfy) Kaempferid-7-O-dixyloside (C_11) -10.5

Apigenin-7-O- dixylosideC_12 -10.2
Luteolin-7-O- xylosylxyloside (C_9) -10.2
Luteolin-7-O- xylosylrhamnoside(C_10) -9.9
Kaempferid-7-O-glucosylxyloside(C_6) -9.4
Luteolin-7-O- xylosylglucoside (C_8) -8.9
Kaempferid-7-O-xylosylglucoside(C_7) -8.7
Kaempferid-7-O -8.6
xylosylrhamnoside (C_13)
Apigenin-8-C- glucoside (C_14) -8.2
Apigenin-7-O -8
glucosylglucosylrhamnoside (C_3)
Luteolin-7-O-glucosylrhamnoside -7.9
(C_5)
Luteolin-7-O -7.1
glucosylglucosylrhamnoside (C_2)
Luteolin-7-Oglucosylrhamnosylrhamnoside -6.1

bisphosphoglycerate mutase (BPGM) (PDB ID: 3NFY) and deoxyhemoglobin (PDB ID: 3WCU) were re-
trieved from the Protein Data Bank (https://www.rcsb.org). Visualization of the proteins and removal of crys-
tallographic water molecules were carried out using Discovery Studio Visualizer 2000. Atomic vacancies
and crystallographic inconsistencies were corrected by energy minimization with MGLTools version 1.5.7.
Structural validation of both receptors was performed using Ramachandran plot analysis, a standard tool in
structural bioinformatics for assessing stereochemical quality. This method evaluates the distribution of the
φ (phi) and ψ (psi) dihedral angles of amino acid residues to identify sterically favorable conformations. Ra-
machandran plots for both receptors were generated via PROCHECK, embedded in the PDBsum server at
EMBL-EBI (https://www.ebi.ac.uk/thornton-srv/ databases/pdbsum). According to accepted criteria, a struc-
ture is considered reliable when at least 90 % of its residues fall within favored regions. The optimized
protein structures were then saved in pdbqf format for subsequent docking simulations.
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2.4. QSAR analysis
The quantitative structure–activity relationship (QSAR) is an approach used to establish correlations be-
tween the structural properties of chemical compounds and their biological activities. This method allows
the selection and prediction of compounds with potential desired activities. In this study, QSAR calculations
were carried out using HyperChemProfessional 8.0.3 software. The optimization of the selected compounds
was achieved through the MM+ force field and the semi-empirical PM3 method, while the Fletcher–Reeves
conjugate gradient algorithm was employed to minimize the molecular energy. Furthermore, several molec-
ular descriptors were computed for all compounds, including molecular mass, volume, surface area, total
energy, free energy, hydration energy, refractive index, RMS gradient, and polarizability.

2.5. Molecular docking
The orientations and conformations of the selected flavonoids with their targets—deoxyhemoglobin (PDB ID:
3WCU) and human bisphosphoglycerate mutase (PDB ID: 3NFY)—were determined using Auto-Dock Vina
(v.4, The Scripps Research Institute, La Jolla, CA, USA). A blind docking approach was employed, allowing
ligands to explore the entire protein surface without restriction to predefined binding pockets. This strategy
facilitated the identification of the most energetically favorable ligand poses within protein cavities. Active
sites were defined based on the crystallographic ligands of 3WCU and 3NFY, with docking grids centered
on the respective proteins. AutoDock Vina, a gradientbased stochastic global optimization technique that
combines Monte Carlo sampling with an iterated local search process, was used for docking runs. While the
protein structures were kept rigid during the docking process, ligands were handled as completely flexible
in this workflow [21]. The most favorable conformations were selected according to their lowest binding
energy values. Docking outcomes were validated using PyRx and Discovery Studio Visualizer (BIOVIA,
2019) to characterize polar and hydrophobic interactions with key amino acid residues. Ligands showing
stable interactions in the binding regions of 3WCU and 3NFY were identified as potential antisickling agents,
capable of interfering with HbS polymerization and 2,3-BPG activity. To ensure methodological reliability, an
internal validation was performed by re-docking crystallographic ligands into their original binding sites. The
resulting RMSD values remained consistently below 2.0 Å, confirming both the accuracy and reproducibility
of the docking protocol [22–26].

2.6. Molecular dynamics simulation
Following the completion of all docking procedures and calculations, only two compounds—kaempferol-7-
O-dixyloside (C-11) and apigenin-7-O-dixyloside (C-12)—exhibited the highest binding affinities to the target
proteins. These compounds were therefore selected as the best ligands for subsequent molecular dynamics
(MD) simulations.

Molecular dynamics (MD) simulations were conducted using Desmond (version 2019–4, Schrodinger ¨ LLC)
to evaluate the stability and conformational behavior of the protein–ligand complexes. Structural prepara-
tion was performed in Maestro using the Protein Preparation Wizard, including addition of hydrogen atoms,
optimization of hydrogen-bonding networks, minimization of steric clashes, and reconstruction of missing
side chains or residues when necessary. System setup was carried out using the System Builder module.

Each complex was embedded in an orthorhombic simulation box with a 12 Å buffer, solvated with the TIP3P
water model, and neutralized with 0.15 M NaCl to mimic physiological ionic strength. The OPLS_2005
force field was applied to all components. Following system construction, an initial energy minimization and
default Desmond equilibration protocol were performed to relax solvent and remove

Fig. 1. 2D chemical structures of the most active plant based compounds (C_3, C_9, C_11, C_12) extracted
from Justicia secunda and Moringa oleifera.

Table 2 Computed quantum chemical parameters for the compounds.
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Compound
LUMO
(eV)

HOMO
(eV) ΔE (eV)

χ
Pauling η (eV) σ μ (eV) S ω (ev)

C_1 -1.68925 -
5.41316102

3.72391115-0.1305 1.8619663 14.61441 3.551194727.307206 3.38651141

C_3 -
1.13996115

-
5.51012414

4.37016299-
0.12219

2.1850743 12.45326 3.325040896.22663 2.52986977

C-9 -
1.46890969

-
5.78442724

4.31551754-
0.13328

2.1577540612.61095 3.6266791 6.305475 3.04778408

C_11 -
1.30003882

-
5.49623588

4.19619706-
0.12488

2.0981067112.96955 3.398130676.484773 2.75186025

C_12 -
1.44949274

-
5.91756011

4.46806738-
0.13537

2.2340275812.18038 3.683523696.090192 3.03673625

(Legend: electronegativity (χ), Hardness (η), chemical potential (μ = − χ), softness (S), electrophilicity (ω)
in eV)

unfavorable contacts.
Production MD simulations were performed for 100 ns under NPT ensemble conditions (310 K, 1 atm).
Temperature and pressure were regulated using the Nos´e–Hoover thermostat and the Martyna–Tobias–
Klein (MTK) barostat, respectively. Integration of equations of motion was carried out with a 2 fs time-
step, with all bonds to hydrogen atoms constrained to enable stable long-timescale sampling. To ensure
robustness and reproducibility, three independent replicates were executed with different random seeds.
Trajectories were recorded every 100 ps, resulting in approximately 1000 frames per run.

Post-simulation analyses included root mean square deviation (RMSD) and root mean square fluctuation
(RMSF) to assess structural stability and residue flexibility. Additionally, radius of gyration (rGyr) calculations
were performed to examine ligand conformational dynamics, compactness, and flexibility under simulated
physiological conditions. These metrics collectively enabled a detailed evaluation of complex stability and
dynamic behavior over the simulated timescale [23–25].

2.7. Calculation of the binding free energy
The Molecular Mechanics Generalized Born Surface Area (MM-GBSA) method was employed to calculate
the binding free energies of the ligands with their respective target proteins. Binding free energy estimations
were performed using the Primemodule of Schrodinger. ¨ After 100 ns of molecular dynamics simulation, the
MM-GBSA method was applied to predict the thermodynamic stability and binding affinity of each protein–
ligand complex.

3. Results and discussion

3.1. Ramachandran plots
The Ramachandran plot analysis of the 3NFY structure (Fig. S1) indicates that 98.2 % of residues are
located in favored regions, 1.4 % in allowed regions, and only 0.4 % in disallowed regions. These results
exceed the commonly accepted threshold of 90 % of residues in favored regions, confirming that the model
adheres well to the stereochemical and conformational constraints of natural proteins and supporting the
reliability of the predicted structure. Evaluation of the 3WCU protein structure (Fig. S2) shows that 87.7 % of
residues (excluding glycines and prolines) occupy the most favored regions of the Ramachandran diagram,
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12.1 % fall within additionally allowed regions, and 0.2 % are in generously allowed regions. No residues
were found in disallowed regions, indicating good stereochemical consistency. Although the percentage
of residues in the most favored regions is slightly below the 90 % threshold generally expected for high-
resolution structures, it remains within an acceptable margin. Regarding the G-factors, the average value
of 0.08, close to zero, reflects satisfactory overall geometry, despite minor deviations in the φ–ψ and χ1–χ2
distributions. Collectively, these

Fig. 2. HOMO and LUMO orbital shapes for C_1, C_3, C_9, C_11, and C_12, with a color scale (red for
high electron density, blue for low) and labels for energy levels (eV) from Table 2.

Table 3 QSAR rating for optimized compounds.

Function
Compound
1

Compound
3

Compound
9

Compound
11

Compound
12

Surface area (Approx) (Å2) 618.64 775.42 572.59 615.17 567.55
Surface area (Grid) (Å2) 748.40 994.60 767.89 802.35 760.54
Volume (Å3) 1245.32 1806.49 1351.08 1406.14 1333.43
Hydration energy (Kcal/mole) -23.76 -47.17 -40.60 -34.46 -34.36
Log P 9.32 1.36 2.36 2.30 2.54
Refractivity (Å3) 40.03 112.64 71.23 76.27 69.84
Polarizability (Å3) 42.75 66.89 49.80 51.64 49.17
Mass (amu) 512.34 740.67 550.47 564.50 534.47
Total energy (kcal/mol) 9.92102 36.8145 25.7372 28.4642 25.7649
Dipole Moment (Debye) 1.489 6.171 3.938 3.409 2.645
RMS Gradient (kcal/ Å mol) 0.09479 0.09863 0.09885 0.0961 0.09463

analyses suggest that the 3WCUmodel is of good structural quality, although targeted adjustments in certain
regions could further optimize the model to fully meet high-resolution standards.
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3.2. Binding affinity and Gibbs free energy of complexes
Table 1 gives the Gibbs free energy values of the complexes formed between the ligands and the two
receptors.

As shown in Table 1, the selected compounds form thermodynamically stable complexes with both receptors
(ΔG < 0). For the complexes formed with 3WCU, eleven out of the thirteen flavonoids exhibit greater stability
than the positive control (C_1). In contrast, for 3NFY, only the complex with C_11 shows a binding energy
comparable to that of the positive control. These findings indicate that the flavonoids from the two Congolese
plants potentially inhibit both the polymerization of deoxyhemoglobin S into tactoids and the activity of 2,3-
bisphosphoglycerate mutase. Specifically, 3WCU (deoxyHb) was used to evaluate the stabilization of Hb
S, while 3NFY (BPGM) was targeted to inhibit 2,3-DPG production—both mechanisms being critical in the
pathophysiology of sickle cell disease [10,18].

In total, four compounds, along with sodium cromoglicate (Fig. 1),

were selected for further analysis.

3.3. Frontier molecular orbitals (FMOs) approach
The main chemical quantum parameters of the selected compounds are presented in Table 2.

The overall reactivity of the studied compounds was analyzed in terms of the energies of the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), the HOMO–LUMO energy
gap (ΔE), and additional chemical reactivity descriptors. The ΔE values provide insights into the chemical
reactivity and stability of the molecules [23,27].

The negative values obtained for EHOMOand ELUMO for all compounds confirm their intrinsic stability, while
a smaller ΔE indicates a higher potential for charge transfer interactions. Consequently, a molecule with a
large ΔE is expected to exhibit high stability but low chemical reactivity, whereas a smaller ΔE corresponds
to increased reactivity [23,27]. In this study, the calculated stability of the compounds follows the order C_12
> C_3 > C_9 > C_11 > C_1, whereas their chemical reactivity varies inversely as C_12 < C_3 < C_9 < C_11
< C_1. These results suggest that C_12 is the most stable compound, while C_1

Table 4a Hydrogen-bond parameters derived from docking of the 3NFY receptor with the best ligands.

Ligand Receptor Interaction Distance (Å)

ARG_10 H-acceptor 2.88
SER_24 H-acceptor 3.12
ARG_62 H-acceptor 2.93

C_1 GLY_189 H-acceptor 3.33
ARG_193 H-acceptor 2.81
VAL_248 H-donor 2.78

C_9 GLU _13 H-donor 2.86
ARG_21 H-donor 2.80
GLU_89 H-donor 2.77
ARG_100 H-acceptor 2.79
ARG_116 H-acceptor 3.00
ARG_193 H-acceptor 2.85
ASN_209 H-donor 2.69
THR_211 H-acceptor 3.28
LEU_212 H-donor 3.33
LEU_212 H-acceptor 2.63
ASP_250 H-donor 2.56
ARG_10 H-acceptor 2.85
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Ligand Receptor Interaction Distance (Å)

C_11 ARG_10 H-acceptor 3.01
GLU_13 H-donor 2.64
ASN_17 H-donor 2.73
ASN_17 H-acceptor 2.82
ASN_20 H-acceptor 2.86
CYS_23 H-acceptor 3.04
SER_24 H-acceptor 3.09
ILE_208 H-donor 2.65
ARG_10 H-acceptor 2.78
ARG_10 H-acceptor 2.94
ARG_10 H-acceptor 2.93

C_12 GLU_13 H-donor 2.69
GLU_13 H-donor 2.64
ASN_17 H-donor 2.65
ASN_20 H-acceptor 2.83
CYS_23 H-acceptor 2.99
ARG_62 H-acceptor 2.98
GLU_89 H-donor 3.19
ASN_190 H-donor 2.68
ASP_250 H-donor 2.55

Table 4b Hydrogen-bonds parameters derived from docking of 3WCU receptor with the best ligands.

Ligand Receptor Interaction Distance (Å)

C_1 ARG_66 H-acceptor 2.95
ARG 66 H-acceptor 2.85
ARG_98 H-acceptor 2.93
ARG_66 H-acceptor 2.85

C_3 HIS_95 H-acceptor 2.81
ARG_98 H-acceptor 3.02
ARG_98 H-acceptor 2.88
ARG_66 H-acceptor 2.89
ARG_66 H-acceptor 2.86

C_11 GLY_70 H-donor 2.78
GLN_87 H-acceptor 2.86
HIS_90 H-acceptor 3.01
GLN_94 H-donor 2.78
GLN_94 H-donor 2.91
GLN_94 H-acceptor 2.82
ARG_98 H-acceptor 2.89

C_12 ALA_43 H-donor 2.88
ARG_66 H-acceptor 2.92
GLY_70 H-donor 2.75
MET_73 H-donor 3.21
GLN_87 H-acceptor 2.89
HIS_90 H-acceptor 3.05
GLN_94 H-donor 2.73
GLN_94 H-donor 2.89
GLN_94 H-acceptor 2.92
ARG_98 H-acceptor 2.93
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exhibits the lowest stability.

Although the absolute values obtained for these two parameters are relatively low, the relative trends be-
tween molecules remain reliable and consistent, allowing for a relevant interpretation of their chemical reac-
tivity and anti-sickling potential.

Further confirmation comes from additional chemical reactivity parameters (Table 2), including chemical
potential (μ), electronegativity (χ), global softness (S), global hardness (η), and electrophilicity index (ω).
A compound is generally more reactive when it exhibits higher chemical softness, whereas lower softness
values indicate increased stability. In this study, all analyzed compounds display low S values, with C_12
showing the lowest, followed by C_3, C_9, C_11 (moderate), and C_1 (highest), corroborating the relative
stabilities of the molecules. The electrophilicity index (ω) also provides insight into a compound’s capacity
to accept electrons, with positive values indicating such potential. The results indicate that all compounds
are stable, with C_3 being the most stable due to its relatively low ω value compared to the others (Table
2).

HOMO and LUMO orbitals further reveal the electron donor and acceptor properties of a molecule, which
are crucial for biological interactions with proteins. Interactions primarily occur between the HOMO of the
ligand and the LUMO of the protein. Additionally, only residues present in both the protein’s LUMO and a
surface pocket participate actively in binding, defining the ligand’s binding site (Fig. 2).

3.4. QSAR studies
The results of the QSAR of the selected molecules are shown in Table 3.

To anticipate the chemical reactivity and physicochemical properties of the selected compounds, QSAR
analyses were performed. Key parameters, including refractivity, polarizability, molecular mass, molecular
volume, hydration energy, surface area, total energy, free energy, and RMS gradient, were calculated for
all compounds (Table 3). Additionally, the partition coefficient (log P) was estimated, as it provides critical
insight into a compound’s biological activity and its ability to permeate cell membranes [28–30]. Among the
compounds studied, C_1, used as a reference, exhibited a log P value significantly higher than those of the
other compounds, indicating a greater lipophilicity and potential for membrane permeability.

3.5. Molecular docking study
The results of this study indicate that the stability of the ligand–receptor complexes is primarily driven by
weak molecular interactions, including Van der Waals forces, π–π stacking, and hydrogen bonds. The
specific parameters of the hydrogen bonds formed between the receptors and the most active ligands, as
determined from molecular docking, are summarized in Tables 4a and 4b and illustrated in Figs. 3 and 4.

The data presented in these two tables confirm the stability of the interactions between the different ligands
and the receptors analyzed. Notably, several of the involved residues are capable of forming multiple hy-
drogen bonds simultaneously, thereby enhancing the stability, specificity, functional flexibility, and dynamic
robustness of the protein. This is particularly the case for Asn, Gln, Asp, Glu, Ser, Thr, Tyr, His, Lys, and Arg
(Figs. 3 and 4). Their side chains contain several donor and/or acceptor groups, allowing them to participate
in more than one hydrogen bond simultaneously and thereby contribute to the stabilization of local structural
motifs or dynamic interaction networks.

3.6. Molecular dynamics simulation
The overall stability was further investigated using RMSD and RMSF stability profile analysis.

The results of the RMSD and RMSF analyses are shown in Fig. 5
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Fig. 3. Docking interactions of C_9, C_11, and C_12 with human Bisphosphoglycerate Mutase (PDB ID:
3NFY). 3D poses (A) and 2D interaction diagrams (B) show key hydrogen bonds, polar and hydrophobic
contacts, and aromatic interactions. Residues such as Arg10, Arg62, Arg116, Asn17, Asn190, and Arg193
form recurrent interactions that contribute to complex stability.
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(caption on next page)

Fig. 4. Binding interactions of C_3, C_11, and C_12 with deoxygenated hemoglobin (PDB ID: 3WCU).
(A) 3D docking poses showing the main ligand–residue interactions within the binding cavity. Hydrogen
bonds are indicated by black dashed lines. (B) 2D interaction diagrams detailing hydrogen bonds, polar and
hydrophobic contacts, backbone and side-chain donor/acceptor interactions, and aromatic contacts. The
interaction profiles reveal the consistent involvement of key residues—including Arg98, His63, His90, His95,
Gln87, and Trp33—which contribute to the stabilization of the ligand–protein complexes and may underlie
their potential pharmacological relevance.

Fig. 5. A–F: Root Mean Square Deviation (RMSD) trajectories over 100 ns for protein–ligand complexes.
The X-axis represents simulation time in nanoseconds (ns); the left Y-axis shows protein RMSD values in Å,
while the right Y-axis shows ligand RMSD values in Å. These plots illustrate the conformational stability of dis-
odium cromoglicate, apigenin-7-O-dixyloside, and kaempferide-7-O-dixyloside bound to deoxyhemoglobin
(PDB ID: 3WCU) and human bisphosphoglycerate mutase (PDB ID: 3NFY). G–L: Root Mean Square Fluctu-
ation (RMSF) profiles for the same protein–ligand complexes over 100 ns. The X-axis represents the protein
residue index, and the Y-axis represents RMSF values in Å. These plots indicate the flexibility of individual
residues within the proteins and highlight regions of higher mobility during the simulation.

3.6.1. Analysis of the stability profile by RMSD
Root mean square deviation (RMSD) provides an estimate of the structural stability of a protein-ligand com-
plex over the course of a simulation trajectory. Compounds selected for their favorable binding to the active
sites of human biphosphoglycerate mutase (PDB ID 3NFY) and deoxyhemoglobin (PDB ID 3WCU) were
subjected to 100 ns molecular dynamics simulations.

For the C_11–3WCU complex, the Ca-RMSD stabilized within approximately 20 ns and remained in equi-
librium throughout the simulation, reaching a final value of 4.2 Å (Fig. 5A). Similarly, the Ca-RMSD of the
C_11–3NFY complex reached stability around 9 ns and maintained equilibrium with RMSD values of 5.4 Å
until the end of the simulation (Fig. 5C).

In contrast, the C_12–3WCU complex exhibited initial fluctuations before stabilizing around 50 ns; equilib-
rium was maintained until 90 ns with RMSD values of approximately 4.8 Å, followed by minor fluctuations
until the end of the simulation (Fig. 5B). The RMSD of the C_12–3NFY complex initially fluctuated, reaching
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9 Å at 20 ns, stabilized until 40 ns, and then settled at 7.5 Å until 80 ns, after which the complex exhibited
increased instability (Fig. 5D).

The Ca-RMSD of the C_1–3WCU complex remained stable around 4.0 Å until 90 ns, followed by minor
fluctuations between 1.2 and 2.7 Å during the final 10 ns. Finally, the C_1–3NFY complex displayed greater
instability relative to the other compounds, with multiple time points showing deviations from equilibrium (Fig.
5E).

For the protein (left Y-axis), RMSD analysis indicates whether the simulation has equilibrated, with fluctua-
tions stabilizing around an average thermal structure by the end of the trajectory.

For the ligand (right Y-axis), RMSD reflects its stability relative to the protein and its binding pocket. In this
study, within the 1–260 ns simulation window, the protein exhibited conformational changes exceeding 3
Å, indicating notable structural rearrangements [29]. RMSD analysis for the protein (left Y-axis) provides
insight into whether the simulation has reached equilibrium, with fluctuations stabilizing around a thermal
average structure toward the end of the trajectory.

As long as the overall trajectory remains stable over time, a slightly larger 3 RMSD value can still be rec-
ognized in molecular dynamics simulations, as long as it does not present continuous upward movement
and converges to a stable plateau. In fact, changes between 2 and 4 are often observed in many protein-
ligand complexes, especially in large or flexible proteins. These deviations usually reflect local structural
adjustments rather than the dissolution of ligands [31,32].

3.6.2. Stability profile analysis by RMSF
Approximately 250 residues of 3NFY and 140 residues of 3WCU were analyzed using RMSF to assess
the flexibility and fluctuation of each residue during the simulation period. For all complexes, RMSF values
remained below 4.0 Å (Fig. 5). In the C_11–3WCU complex, the protein reached a maximum RMSD of
2.6 Å at 95 ns before gradually stabilizing, with RMSF values remaining below 3.6 Å until the end of the
simulation (Fig. 5G). For C_11–3NFY (Fig. 5I), the maximum RMSD was 2.15 Å at 15 ns, after which the
protein maintained equilibrium, and RMSF values did not exceed 2.8 Å throughout. In the C_12–3WCU
complex (Fig. 5H), RMSF values were consistently below 2.4 Å, with an average

16



Fig. 6. Molecular dynamics trajectories over 100 ns for compounds C_1, C_11, and C_12 in complex
with deoxyhemoglobin (PDB ID: 3WCU) and human bisphosphoglycerate mutase (PDB ID: 3NFY). The
plots include (A) RMSD (Root Mean Square Deviation) for protein and ligand, indicating overall structural
stability; (B) MolSA (Molecular Surface Area), showing changes in the molecular surface of the ligands;
(C) SASA (Solvent Accessible Surface Area), representing ligand exposure to solvent; (D) rGyr (Radius
of Gyration), indicating compactness of the ligands; and (E) PSA (Polar Surface Area), reflecting polar
interactions. Equilibrium values are highlighted to illustrate the stabilization of the complexes throughout
the simulation.

equilibrium RMSD of 2.1 Å. For the C_12–3NFY complex (Fig. 5J), maximum RMSD and RMSF values of
2.25 Å and 2.0 Å, respectively, were observed. Finally, for the C_1–3WCU and C_1–3NFY complexes (Fig.
5K,L), the protein exhibited maximum RMSD values of 2.7 Å and 2.3 Å, respectively, while RMSF remained
below 3.5 Å and 2.75 Å. These results are consistent with the expected deviations of 1–3 Å for small globular
proteins [28], indicating stable protein-ligand interactions throughout the simulation.
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3.6.3. Ligand properties
Five ligand properties were analyzed to evaluate the stability of the

selected compounds throughout the 100 ns simulation, including ligand RMSD, molecular surface area
(MolSA), solvent-accessible surface area (SASA), radius of gyration (rGyr), and polar surface area (PSA)
(Fig. 6). For RMSD, the C_11–3WCU complex initially fluctuated up to 5 ns before gradually reaching
equilibrium, with minor fluctuations around 82 ns, after which a new equilibrium was established. The C_12–
3WCU complex stabilized within the first 20 ns, experienced minor fluctuations until 90 ns, and then re-
established equilibrium until the end. The C_1–3WCU complex fluctuated during the first 9 ns and again
between 80–85 ns, before gradually reaching equilibrium. RMSD values ranged from ~1.0–3.0 Å for C_11–
3WCU (equilibrium at ~3 Å), ~1.1–3.1 Å for
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Fig. 7a. Contact plots for C_11 and C_12 with 3WCU and 3NFY, detailing hydrophobic, ionic, and hydrogen
bonds (Tables 5–7) with residue labels.
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Fig. 7b. Contact plots for C_1 with 3WCU and 3NFY, including specific interactions (e.g., ARG_66, GLU_13)
from Tables 5–7.

Table 5 Amino acids that interact through hydrogen bonds.

Complex Amino acids involved in interactions

C_1–3WCU ARG_66, HIS_95, ARG_98, GLN_104
C_11–3WCU ARG_49, ARG_66, VAL_67, CYS_74, GLN_87, HIS_90, GLN_94
C_12–3WCU ARG_66, CYS_74, GLN_87, HIS_90, GLN_94, HIS_95, ARG_98,

GLN_104
C_1–3NFY GLU_13, TRP_16, ASN_17, ASN_20, ARG_21, CYS_23, SER_24,

GLN_28, LYS_29, ARG_62, GLU_89, TYR_92, ASL_100, ARG_116,
SER_118, GLY_189, ASN_190, ARG_193, ILE_208, ASP_250

C_11–3NFY ARG_10, GLU_13, ARG_62, GLU_89, ASN_190, ILE_208, ASP_250
C_12–3NFY) ARG_10, GLU_13, ASN_17, ASN_20, ARG_21, GLU_89, SER_118,

ASN_190, ARG_193, THR_211,VAL_248, GLU_249, ASP_250

Table 6 Amino acids that interact through ionic bonds.

Complex Amino acids involved in interactions

C_1–3NFY TPR_16, GLN_28, LYS_29, ARG_100
C_1–3WCU ARG_49, HIST_95, ARG_98
C_11–3WCU ARG_49, ARG_66
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Complex Amino acids involved in interactions

C_12–3WCU HIST_66, ARG_66

C_12–3WCU (equilibrium at ~3 Å), and ~1.6–3.2 Å for C_1–3WCU (equilibria at ~1.6 and 2.4 Å). For the
interaction with 3NFY, RMSD fluctuations were observed up to 15 ns for C_11–3NFY, followed by stable
equilibrium. C_1–3NFY exhibited three equilibrium zones

Table 7 Amino acids that interact through water bonds.

Complex Amino acids involved in interactions

C_11–3WCU ARG_25, MET_46, ARG_49, HIS_63, ARG_66, GLY_69, GLN_87, HIS_90,
LEU_91, GLN_94, HIS_95, ARG _98, GLN_104, THR_138

C_12–3WCU ALA_43, MET_46, HIS_63, ARG_66, GLY_69, GLN_87, HIS_90, LEU_91,
GLN_94, HIS_95, ARG_98, GLN_104

C_1–3WCU MET_46, ARG_49, ALA_62, HIS_63, ARG_66, VAL_67, GLN_94, HIS_95,
ARG_98, GLY_99, GLN_104, TYR_105

C_11–3NFY ARG_10, GLU_13, GLU_14, ASN_17, ASN_20, ARG_21, CYS_23, GLN_28,
LYS_29, ASN_31, ARG_62, GLU_89, ARG_90, TYR_92, ARG_100,
TRP_115, ARG_116, GLY_189, ASN_190, ARG _193, ILE_208, ASN_209,
ILE_210, LYS_247, VAL_248, GLU_249, ASP_250

C_1–3NFY ARG_10, GLU_13, ASN_17, ASN_20, ARG_21, CYS_23, SER_24, ARG_62,
GLU_89, ARG_90, TYR_92, ARG_116, ARG_117, ASN_190, ARG _193,
ILE_208, VAL_248, GLU_249, ASP_250

C_11–3NFY ARG_10, GLU_13, TRP_16, ASN_17, ASN_20, CYS_23, GLN_28, GLU_89,
ARG_116, GLY_189, ASN_190, ARG _193, ILE_208, ASN_209, ILE_210,
LYS_247, VAL_248, GLU_249, ASP_250

C_12–3NFY ARG_10, GLU_13, ASN_17, ASN_20, ARG_21, CYS_23, SER_24, ARG_62,
GLU_89, ARG_90, TYR_92, ARG_116, ARG_117, SER_118, GLY_189,
ASN_190, ARG _193, ILE_208, ASN_209, THR_211, LEU_212, THR_214,
ALA_244, ILE_245, LYS_246, VAL_248, GLU_249, ASP_250

between 0–15 ns, 20–53 ns, and 70–100 ns. C_12–3NFY also displayed three equilibrium zones between
5–83 ns, 85–90 ns, and 91–100 ns. RMSD values fluctuated between 1.0–2.0 Å with equilibrium around
1.1 Å for C_11–3NFY, 1.0–3.0 Å with equilibria at ~1.5, 1.0, and 3.0 Å for C_12–3NFY, and 1.2–2.4 Å with
equilibria at ~1.2, 2.0, and 1.3 Å for

Table 8 Receptor-ligand interaction showing deep bands.

Complex Amino acids involved in interactions

C_11–3WCU TRP_33, PHE_47, HIS_63, ARG_66, HIS_95, ARG_98
C_11–3WCU TRP_33, ARG_66; GLU_87; LEU_91; HIS_95
C_11–3WCU TRP_33, GLU_87; LEU_91; HIS_95, GLN_104
C_1–3NFY GLU_13, ARG_62, TYR_92, ASN_190, ARG_193
C_11–3NFY ARG_10, ASN_17, GLU_89, ILE_208
C_12–3NFY ARG_10, GLU_13, ASN_190, ARG_193, ILE_208

C_1–3NFY. The radius of gyration (rGyr) showed slight fluctuations before reaching equilibrium. For 3WCU
interactions, rGyr values ranged from ~4.4–6.0 Å (C_1, equilibrium at 5.4–6.0 Å), ~4.8–6.2 Å (C_11, equi-
librium at 5.6 Å), and ~4.75–5.75 Å (C_12, equilibrium at 5.0 Å). For 3NFY, rGyr values were ~5.0–6.0 Å
(C_1, equilibrium at 5.6 Å), ~5.2–6.0 Å (C_11, equilibrium at 5.6 Å), and ~4.75–5.75 Å (C_12, equilibrium
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at 5.25 Å). MolSA values fluctuated slightly during interactions with 3WCU, ranging from ~370–410 Ų with
equilibrium at 405 Ų (C_1), ~440–470 Ų with equilibrium at 460 Ų (C_11), and ~424–448 Ų with equilibrium
at 440 Ų (C_12). SASA values for interactions with 3WCU ranged from 60 to 240 Ų, reaching equilibrium at
120–180 Ų (C_1), 180 Ų (C_11), and 150 Ų (C_12). For 3NFY, SASA fluctuated between 30–180 Ų (C_1,
equilibrium ~120 Ų), 80–240 Ų (C_11, equilibrium ~240 Ų), and 150–480 Ų (C_12, equilibrium ~150 Ų).

Polar surface area (PSA) remained mostly constant, with minor fluctuations. For 3NFY, PSA values ranged
from ~250–350 Ų (C_1, equilibrium ~280 Ų), ~315–360 Ų (C_11, equilibrium ~350 Ų), and ~330–470 Ų
(C_12, equilibrium ~325 Ų). For 3WCU, PSA increased from ~220–280 Ų for C_1, with equilibria at 250
Ų (30–88 ns) and 280 Ų (90–100 ns), while C_11 and C_12 fluctuated between ~300–380 Ų, reaching
equilibrium at 340 Ų and 350 Ų, respectively. Overall, these analyses demonstrate that despite initial minor
fluctuations, all ligands gradually reached stable equilibria in the active sites of both proteins, confirming
their structural stability throughout the simulation [28].

3.6.4. Protein-ligand contacts
The contact histograms (Figs. 7a and 7b) were analyzed to characterize the protein-ligand (P-L) interactions
within the stable complexes and to provide a comprehensive understanding of the molecular dynamics sim-
ulations. The P-L interactions were categorized into four types: hydrophobic interactions, ionic interactions,
hydrogen bonds (including bridging), and water-mediated hydrogen bonds.

Overall, approximately 300 amino acid residues from each protein (3WCU and 3NFY) participated in these
interactions, forming specific contacts through hydrophobic forces, ionic bonds, hydrogen bonds, and water
bridges (Tables 5–7). Among these, hydrogen bonds are particularly critical, as they not only contribute
significantly to ligand binding but also play essential roles in protein folding and stability. These interactions
are therefore fundamental considerations in rational drug design and the evaluation of potential antisickling
agents [28,30].

Hydrogen bonds

Ionic bonds

Water bonds

The contribution of amino acids was analyzed from the P-L interaction in each pathway. The receptor-ligand
complex showed deep bands (Table 8), suggesting that these amino acid residues had more interactions
with the ligands in all possible orientations [33,34].

Docking and molecular dynamics simulations indicate that the interactions between the tested compounds
and the selected targets are stable, suggesting a potential inhibition of HbS polymerization in sickle cells by
the two Congolese medicinal plants, Justicia secunda and Moringa oleifera.

3.7. Predictions of pharmacokinetics and drug similarity
The results of the in silico pharmacokinetic studies of the active compounds are shown in Table 9 and Fig.
8.

In silico pharmacokinetic analyses play a central role in the early stages of drug discovery by predicting
a compound’s absorption, distribution, metabolism, and excretion (ADME) properties from its molecular
structure [28,35,36]. In this study, the pharmacokinetic and toxicity profiles of the selected compounds were
assessed (Fig. 8 and Table 9). Several molecules violated Lipinski’s Rule of Five (Ro5) [37], mainly due to
molecular weight > 500 g/mol and an excess of hydrogen bond donors or acceptors (with C_1 having only
one hydrogen bond donor). Nonetheless, all compounds exhibited molar refractivity < 140 and Consensus
logP < 5, values that fall within acceptable ranges [30]. It is also important to note that Ro5 is not absolute:
approximately 16 % of orally administered drugs fail at least one criterion, and 6 % fail two or more [38].
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The Veber (GSK) filter considers compounds drug-like when they possess ≤ 10 rotatable bonds, a TPSA ≤
140 Ų, and no more than 12 hydrogen bond donors and acceptors [40]. Here, all compounds showed TPSA
> 140 Ų and ≥ 12 rotatable bonds. Solubility predictions using the ESOL and Ali models [36] indicated that
all compounds are soluble but poorly absorbed in the gastrointestinal tract, with the exception of C_1, which
showed moderate solubility; the SILICOS-IT model classified C_1 as poorly soluble.

Synthetic accessibility (SA) scores ranged from 3.8 to 7.4. Given that SA values span from 1 (easy syn-
thesis) to 10 (difficult synthesis), compounds with scores < 6 are generally viewed as synthetically feasible,
whereas higher scores may require more elaborate synthetic routes [40]. In this study, flavonoids were con-
sidered lead scaffolds intended for subsequent chemical optimization. Although certain molecules, such as
C_3 (7.42), show elevated SA values, the leading candidates C_11 (6.15) and C_12 (5.92) remain within
a moderately accessible range, which is acceptable for natural product-derived leads. These synthetic
challenges can be addressed through targeted functionalization, semi-synthetic strategies, or analog de-
velopment, supporting the practical adaptability of these scaffolds rather than suggesting inherently simple
synthesis.

With regard to drug metabolism, nearly all compounds were predicted to be P-glycoprotein (P-gp) substrates
except C_2, and most were predicted to be non-inhibitors of the major CYP450 isoenzymes (CYP1A2,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4), except for C_1. All compounds exhibited low skin perme-
ability (Log Kp), indicating limited transdermal absorption [39]. Despite these pharmacokinetic constraints,
flavonoids continue to attract interest due to their documented biological activity and the possibility of improv-
ing their performance through formulation technologies or chemical modification. Prior studies have reported
experimentally validated antisickling activity for flavonoids such as quercetin, kaempferol, and naringenin,
which inhibit HbS polymerization and improve red blood cell morphology in vitro [41, 42].

Taken together, the evaluated compounds generally meet key pharmacokinetic criteria and exhibit drug-like
behavior, even if some parameters fall outside ideal ranges [43,44].

4. Conclusion
Across African populations, sickle cell disease (SCD) remains a major public health concern. Molecules
derived from plants that have the ability to enter red blood cells, stabilize hemoglobin S, or interfere with the
formation of tactoids are frequently considered initial targets for antisickling research. Thirteen components
from Justicia secunda and Moringa oleifera were molecularly docked in this work, and the results consis-
tently showed negative binding energies with deoxyhemoglobin and/or human biphosphoglycerate mutase,
indicating the formation of thermodynamically stable complexes in silico.

Table 9 ADMET profile of the active compounds.

Parameters
Compound
number

1 3 9 11 12
Physicochemical
Properties
Formula C_23H14Na2O11C_33H40O19 C_25H26O14 C_26H28O14 C_25H26O13

Molecular
weight (g/

512.33 740.66 550.47 564.49 534.47

mol)
Num. heavy
atoms

36 52 39 40 38

Num. arom.
heavy

20 16 16 16 16

atoms
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Parameters
Compound
number

Fraction Csp3 0.13 0.55 0.40 0.42 0.40
Num. rotatable 10 9 5 6 5

bonds
Num. H-bond 11 19 14 14 13
acceptors
Num. H-bond
donors

1 11 8 7 7

Molar
Refractivity

112.64 169.72 128.58 133.05 126.56

TPSA (Ų) 151.71 308.12 228.97 217.97 208.74
Lipophilicity

Log Po/w
(iLOGP)

0.00 1.53 2.33 1.99 2.50

Log Po/w
(XLOGP3)

2.28 -1.98 -0.74 -0.42 -0.25

Log Po/w
(WLOGP)

1.96 -3.27 -1.14 -0.84 -0.85

Log Po/w
(MLOGP)

-0.84 -5.04 -3.09 -2.89 -2.62

Log Po/w
(SILICOS

0.62 -3.28 -1.27 -0.72 -0.80

IT)

Consensus Log
Po/w

0.80 -2.41 -0.78 -0.58 -0.40

Water Solubility
Log S (ESOL) -4.20 -2.82 -2.76 -2.98 -2.98
Solubility
(mg/mL)/

3.20e-
02/6.25e-05

1.13e+
00/1.52e-03

9.56e-
01/1.74e-03

5.98e-
01/1.06e-03

5.63e-
01/1.05e-03

(mol/l)
Class MS* Soluble Soluble Soluble Soluble

Log S (Ali) -5.10 -3.97 -3.59 -3.69 -3.68
Solubility
(mg/mL)

4.04e-03 7.99e-02 1.41e-01 1.15e-01 1.13e-01

Solubility
(mol/l)

7.89e-06 1.08e-04 2.56e-04 2.03e-04 2.11e-04

Class MS* Soluble Soluble Soluble Soluble
Log S
(SILICOS-IT)

-6.44 0.35 -1.19 -1.87 -1.78

Solubility
(mg/mL)/(mol/l)

1.84e-
04/3.60e-07

1.68e+
03/2.26e+ 00

3.60e+
01/6.53e-02

7.61e+
00/1.35e-02

8.89e+
00/1.66e-02

Class PS** Soluble Soluble Soluble Soluble

Pharmacokinetics
GI absorption Low Low Low Low Low
BBB permeant No No No No No
P-gp substrate Yes No Yes Yes Yes
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Parameters
Compound
number

CYP1A2
inhibitor

No No No No No

CYP2C_19
inhibitor

Yes No No No No

CYP2C_9
inhibitor

Yes No No No No

CYP2D6
inhibitor

No No No No No

CYP3A4
inhibitor

Yes No No No No

Log Kp (skin -7.81 -12.22 -10.18 -10.04 -9.74
permeation;
cm/s
Druglikeness
Lipinski No; 2

violations:
No; 3
violations:
MW>500,

No; 3
violations:
MW>500,

No; 3
violations:
MW>500,

No; 3
violations:
MW>500,

MW>500,
NorO>10

NorO>10,
NHorOH>5

NorO>10,
NHorOH>5

NorO>10,
NHorOH>5

NorO>10,
NHorOH>5

Ghose No; 1 violation: No; 4
violations:
MW>480,

No; 2
violations:
MW>480,

No; 3
violations:
MW>480,

No; 2
violations:
MW>480,

MW>480 WLOGP<-0.4,
MR>130,

WLOGP<-
0.4

WLOGP<-
0.4, MR>130

WLOGP<-
0.4

#atoms>70
Veber No; 1 viola-

tion:TPSA>140
No; 1
violation:
TPSA>140

No; 1
violation:
TPSA>140

No; 1
violation:
TPSA>140

No; 1
violation:
TPSA>140

Egan No; 1 violation: No; 1
violation:
TPSA>131.6

No; 1
violation:

No; 1
violation:

No; 1
violation:

TPSA>131.6 TPSA>131.6 TPSA>131.6 TPSA>131.6
Muegge No; 2

violations:
No; 4
violations:
MW>600,

No; 3
violations:

No; 3
violations:

No; 3
violations:

TPSA>150,
H-acc>10

TPSA>150,
H-acc>10,
H-don>5

TPSA>150,
H-acc>10, H

TPSA>150,
H-acc>10, H

TPSA>150,
H-acc>10, H

don>5 don>5 don>5
Bioavailability
Score

0.17 0.17 0.17 0.17 0.17

Medicinal
Chemistry
PAINS 0 alert 0 alert 1 alert:

catechol_A
0 alert 0 alert

Brenk 0 alert 0 alert 1 alert:
catechol

0 alert 0 alert
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Parameters
Compound
number

Leadlikeness No; 2
violations:

No; 2
violations:
MW>350,

No; 1
violation:
MW>350

No; 1
violation:
MW>350

No; 1
violation:
MW>350

MW>350,
Rotors>7

Rotors>7

3.82 7.42 5.97 6.15 5.92
Synthetic

* Moderately soluble, ** Poorly soluble

Fig. 8. ADMET profiles (Table 9) for C_1, C_3, C_9, C_11, and C_12. Each ligand within the pink area of
the radar chart indicates an ADME profile that is acceptable according to Lipinski’s rule of five (Ro5), which
includes size, lipophilicity (LogP) and polarity (TPSA), flexibility (the number of hydrogen bond donors and
acceptors).

These computational results highlight C_11 and C_12 as significant in silico leads or structural scaffolds
that warrant further investigation and provide a scientific justification for the traditional use of these plants.
However, these findings should not be seen as proof of therapeutic efficacy. They merely draw attention to
molecular interactions that support further experimental analysis. Before any claim about their potential as
drug candidates can be made responsibly, thorough in vitro and in vivo research is necessary, followed by
optimization to evaluate pharmacokinetic behavior, pharmacodynamic responses, and safety.

Preparations from these species are already used in Congolese traditional medicine to help people with
sickle cell disease with symptoms like fatigue, painful crises, and anemia. These practices are supported
scientifically by the demonstration of plausible molecular interactions, but empirical validation is still required.
Instead, it shows how indigenous pharmacopoeias can guide early research efforts to create accessible and
culturally grounded approaches to managing sickle cell disease, as long as later laboratory and clinical data
validate their usefulness.
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