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Parinari curatellifolia (PC), an indigenous African plant has numerous nutritional, and medicinal benefits, including
hepatoprotection. Following the established approach of using plant metabolites as prototype drugs, flavonoids from
PC were investigated as potential hepatoprotective therapeutics using in silico approach. Initially, the flavonoids
were identified by high performance liquid chromatography (HPLC), afterwards, their drug-likeness, biological
activities, and toxicity were predicted using different algorithms and softwares. HPLC revealed 3-methylquercetin,
chrysin, kaempferol, quercetin, pinocembrin, tricetin, apigenin, baicalein, genistein, isorhamnetin, and myricetin as
prominent flavonoids in PC extract. Furthermore, all the compounds fulfilled Lipinski’s rule of five, were predicted
to be non-toxic, and were also shown by prediction of activity spectra for substances to demonstrate probable
hepatoprotection mechanisms. Molecular docking of the Parinari flavonoids and Cytochrome P450 1A1 showed
binding energy scores ranging from —8.7 to —10.2 kcal/mol, while molecular dynamic simulation confirmed the
stability of the complexes formed with AGbind ranging from —35.85 to —32.00. Hence, this study establishes the
hepatoprotective effect of the natural PC compounds and proposes the activation of Cytochrome P450 1A1 as a
major mechanism of action. In addition, a successful effort has been made to validate previously reported flavonoid

activities of PCs using a comprehensive computational approach.

INTRODUCTION

Parinari curatellifolia (PC) Planch. Ex Benth. (Family:
Chrysobalanaceae), commonly known as Mobola plum, is an
evergreen tropical tree plant that is native to most parts of sub-
Saharan Africa including Nigeria, Kenya, and Zimbabwe [1].
Over time, it has been noted to be a multipurpose plant with
numerous nutritional, medicinal, and industrial benefits. It has
been found significant in human nutrition as the tree produces
delicious plum-size fruits with yellow flesh which is edible both
in raw and dried form [2]. It has been noted to have a pleasant,
sweet taste and it is considered by many as one of the most
desirable African wild fruits [3]. In addition, the seed kernel
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possesses high oil content, hence its edible oil is also used for
cooking [2].

Traditionally, many parts of P curatellifolia have
been used to treat various diseases across Africa [1,2]. Records
have shown that the leaf, stem, and bark are used in Nigeria
as traditional remedies for cough, diabetes, nervous disorders,
piles, and skin infections [4,5]. For instance, the plant has been
documented in South African ethnomedicine as an effective
treatment option for skin disorders [4] and it was particularly
identified as one of the plants with the highest “use rate”
among the Mapulana people of the country [5]. Thus, different
scientific studies have shown that the plant and its constituents
possess significant biological activities including analgesic
[6], antioxidant [7,8], anticancer [9], anti-microbial [8],
cardioprotective [10], and hepatoprotective [1,11], to mention
a few.

In particular, the hepatoprotective effects of
P, curatellifolia are remarkable judging from both its acclaimed
folkloric uses and supporting scientific evidence. Atawodi
et al. [11] noted that P. curatellifolia was widely used in the
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traditional management of liver-related illnesses among the
Hausa tribe of Northern Nigeria. Scientific research has further
demonstrated that extracts from the plant’s roots significantly
protected the liver against carbon tetrachloride-induced
oxidative stress and liver damage [12]. Subsequently, the
methanolic extracts of P. curatellifolia roots were also shown to
display hepatoprotective effects on both acute and chronic liver
damage induced in rats by carbon tetrachloride [11].

Previous studies in our laboratory, which were focused
on the seeds, had also revealed the potential of P. curatellifolia
in the treatment of liver damage. The seeds were selected for
study based on ethnomedical records and our findings that
P curatellifolia seed extracts had remarkable anti-oxidative
potential [1]. In addition, the seeds were selected for study
because silymarin, which is the standard therapeutic for hepatic
disorders, is a lipophilic extract from the seeds of milk thistle
[13]. Previous results also showed that the lipophilic flavonoid-
rich extract (FRE) of the Parinari seeds was principally
responsible for its inherent anti-hepatoxic activities [1], which
are in consonance with studies that showed that a flavonoid,
silibinin is the major component of silymarin mixture
responsible for its hepatoprotective effects [14]. Interestingly,
P curatellifolia seeds have also been documented to contain
a variety of other phenolics compounds and these Parinari
flavonoids have been shown to be therapeutically effective
against several debilitating conditions such as atherogenicity
and dyslipidaemia [15].

Generally, the study of flavonoids in plants has
stimulated considerable interest due to their numerous health
benefits, with novel flavonoids with diverse biological
activities continually being sourced from both food and
medicinal plants [16]. Scientific evidence has also shown
that the dietary intake of flavonoids has varying ameliorative
effects against diseases related to free radical generation such as
cardiovascular diseases, diabetes, hypertension, as well as liver,
kidney, and brain damage [17]. A very remarkable example of
such important flavonoids is the earlier mentioned flavonoid-
rich silymarin (the extract of milk thistle) and its major active
compound, silibinin, which have been identified as standard
therapeutics in different liver disorders including chronic liver
diseases cirrhosis and hepatocellular carcinoma [ 18]. Hence, the
a need to investigate other flavonoids from various plants with
documented hepatoprotective activity such as P. curatellifolia,
and establish their activities.

Thus, this study aimed to highlight the flavonoid
components of the hepatoprotective P. curatellifolia seed
extracts and to evaluate these compounds using in-silico
approaches to facilitate the discovery of anti-hepatotoxic lead
compounds. In silico approaches are widely used in drug
discovery, especially at the initial stages of drug discovery and
development, to evaluate the pharmacokinetics, biological,
and toxic properties of compounds, mainly because of their
speed of analysis and cost efficiency [19]. Hence, the identified
flavonoids from P. curatellifolia were subjected to bioactivity
prediction, molecular properties prediction, toxicity prediction,
and drug-likeness using various web-based tools. This research
also elucidates one of the probable interactive mechanisms
at work between selected P. curatellifolia flavonoids and

CYP1A2 (Cytochrome P450 family 1 subfamily A member 2),
using silibinin as the standard. To the best of our knowledge,
this is the first study describing the correlation between the
hepatoprotective activities of P. curatellifolia and its flavonoid
constituents using a computational approach.

MATERIALS AND METHODS

Plant collection

PC seeds were purchased at a local market in
Akure, Nigeria. Subsequently, the botanical identification and
authentication of the plant materials were carried out and the
plant authentication number (PC005) was deposited in the
Department of Biochemistry, Federal University of Technology
Akure, Nigeria.

Preparation of FREs

The PC seeds were air-dried to constant weight,
pulverized using an industrial blender, and stored in airtight
containers before usage. Crude extraction of the seeds was
carried out with methanol (80%) using a Soxhlet apparatus
and the solvent was removed using a rotary evaporator.
Subsequently, the crude extract (6 g) was dissolved in 40 ml
of 1% H,SO, and hydrolyzed by heating in a water bath for 30
minutes at 70°C. The resulting mixture was cooled on ice for 15
minutes to facilitate the precipitation of flavonoid aglycones.
The solution was filtered and the solid (flavonoid aglycone
mixture) was dissolved in 100 ml of ethanol (95%) at 50°C. The
resulting solution was filtered into a 200 ml volumetric flask
and made up to the mark with 95% ethanol. The filtrate was
finally concentrated to dryness using a rotary evaporator [1].

Phytochemical screening

Phytochemical screenings of both the crude and
FREs were done to determine the constituents, using standard
methods [20,21]. The phytochemical analyses included the
identification of alkaloids, anthraquinones, cardenolides,
flavonoids, phlobatannins, saponins, terpenoids, and tannins.

High performance liquid chromatography (HPLC) analysis
of the FRE

The HPLC fingerprinting of the FRE of P
curatellifolia seeds was performed through HPLC-DAD
(Agilent Technologies, USA) under gradient conditions using
a Phenomenex C-18 column following the method of Oztiirk,
Tungel, and Potoglu-Erkara [22]. The mobile phase used was
solvent A = water/acetic acid (99:1) and solvent B = acetonitrile.
The Parinari flavonoid extract was dissolved in ethanol (10
mg/ml) and analyzed for the presence of 3-methylquercetin
(3MQ), apigenin, baicalein, chrysin, genistein, isorhamnetin,
kaempferol, myricetin, pinocembrin, and quercetin. Commercial
standards served as control (Sigma, USA).

Physicochemical properties and bioactivity score

The physicochemical properties of the flavonoid
compounds and silibinin (standard), were predicted using
the Molinspiration physicochemical properties calculator
(www.molinspiration.com). The properties evaluated include
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the number of heavy atoms (nAtoms), number of hydrogen
donors (nHOH), number of hydrogen acceptors (nON), the
molecular weight (M.wt), the partition coefficient (log P),
the topological polar surface area (TPSA), and the number of
violations (nviol) [23]. In addition, the bioactivity scores of
the flavonoids were computed by estimating the activity scores
for ion channel modulator, kinase inhibitor, G protein-coupled
receptors (GPCRs) ligand, and nuclear receptor ligand using the
Molinspiration drug-likeness platform [24].

Prediction of activity spectra for substances (PASS)
bioactivity prediction

Predictions of the biological potentials of the
identified P. curatellifolia flavonoids were performed using the
PASSs program which is available at www.pharmaexpert.ru/
passonline/as earlier reported [25].

Toxicity risk prediction

Computational simulation studies were carried out to
estimate the potential toxicity risks of the flavonoids using three
online computer programs: admetSAR platform (www.lmmd.
ecust.edu.cn/admetsar2), PreADMET (https://preadmet.bmdrc.
kr/), and the OSIRIS Property Explorer (www.organic-chemistry.
org/prog/peo/). The evaluated risks included cardiotoxicity,
carcinogenicity, eye irritability, mutagenicity, and reproductive
side effects. The data were analyzed and expressed as low-risk,
medium-risk, high-risk, and non-detected risk levels [25].

Preparation of enzyme and ligands

The X-ray crystal structure of CYP1A2 (PDB
code: 2HI4) was obtained from the RSCB Protein Data Bank
and prepared by removing nonstandard residues, protein
connectivity, and water molecules using the ChimeraX software
[26]. The structures of the flavonoids and the standard (silibinin)
were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.
gov/) and their 3-D structures were optimized using Avogadro
software by the inclusion of Gasteiger charges and the non-
polar hydrogen. Thereafter, the resulting optimized flavonoids
and CYP1A2 were subjected to molecular docking.

Molecular docking

Docking was executed using the Autodock Vina
Plugin on Chimera. Briefly, the optimized flavonoids were
docked into the binding pockets of the target, Cytochrome
P450 1A1 CYP1A2 (grid box spacing of 1 A and size of 24 x
30 x 29 in x, y, and z directions, respectively). Judging by the
docking scores, the docked complexes with the best pose were
subsequently subjected to molecular dynamics simulations
(MDSs).

MDS

The MDS of the selected compounds from section
2.8 was carried out as previously detailed, using the graphics
processing unit version with the AMBER 18 package.
ANTECHAMBER was employed in generating atomic partial
charges for the flavonoids using the general amber force field
and the restrained electrostatic potential procedures [27].

The Leap module of AMBER 18 allowed for the addition
of H" atoms as well as Cl-and Na* counter ions for systems
neutralization. The amino acid residues were numbered 1-495
for CYP1A2. The system was then taken through standard
minimization (1,000 steps) and heating (0 to 300 K) through
a 60 ns run [28]. Using PTRAJ, the resulting coordinates were
saved while the trajectories were analyzed per ps before root
mean square deviation (RMSD), root means square fluctuation
(RMSF), and the radius of gyration (RoG) analyses by the C++
Processing of TRAJectories module. The binding affinity, the
solvent accessible surface area (SASA), and the free binding
energy (AG) for the individual specie (ligand, receptor, and
complex) were computed and averaged over 100,000 snapshots
extracted from the 60 ns trajectory [29].

Statistical analysis

The toxicity risk prediction data was presented as a
heatmap constructed using the open-source web tool ClustVis
(Metsalu and Vilo, 2015). The AG,, , are presented as mean +
standard deviation of triplicate determinations, furthermore,
the OriginPro V9.10 software was used for the MDS raw data
plots. All differences were considered statistically significant if
p <0.05.

RESULTS

Parinari curatellifolia phytochemical constituents

The percentage yield of the FRE was found to be
~0.8% of'the initial P. curatellifolia biomass. The phytochemical
screening revealed that the FRE contained only flavonoids, while
the methanolic crude extract contained alkaloids, cardenolides,
flavonoids, phlobatannins, saponins, steroids, tannins, and
terpenes  (Supplementary Table 1). Furthermore, HPLC
fingerprinting of P. curatellifolia FRE confirmed the presence
of flavonoid compounds in different proportions. Specifically,
the presence of 3-MQ, apigenin, baicalein, chrysin, genistein,
isorhamnetin, kaempferol, myricetin, pinocembrin, quercetin,
and tricetin were identified (Table 1). However, it was observed
that kaempferol (39.17 mg/g), tricetin (33.13 mg/g), quercetin
(31.41 mg/g), chrysin (25.57 mg/g), 3-MQ (21.86 mg/g), and

Table 1. HPLC profile of PC flavonoids.

Flavonoid compound I?etentio'n Composition
Time (min) (mg/100 g)

3-MQ 23.47 21.86
Apigenin 16.14 0.14
Baicalein 25.61 0.7

Chrysin 14.84 25.57
Genistein 15.61 0.11

Isorhamnetin 17.45 0.11

Kaempferol 19.03 39.17
Myricetin 24.74 0.60
Pinocembrin 15.48 20.87
Quercetin 21.82 31.41
Tricetin 19.95 33.13
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pinocembrin (20.87 mg/g) are the most abundant flavonoids in
P. curatellifolia FRE.

Molinspiration drug likeness

All the flavonoids identified from P. curatellifolia
in this study fully comply with Lipinski’s rules; hence, they
possess huge potential to serve as possible therapeutics or lead
compounds (Table 2). The nine compounds in this study had
LogP values ranging between 1.34 and 2.94, thus fulfilling
Lipinski’s rule of < 5; interestingly a few of the flavonoids
compete more favorably than the standard, silibinin (LogP =
1.47) (Table 2). The molecular weights of all the compounds
were also found to be 254.24-318.24 g/mol, which is below
Lipinski’s 500 g/mol cut off, and also significantly lower than
the standard hepatoprotective therapeutic, silibinin (M.wt =
482.44). Furthermore, it was found that the number of hydrogen
bond acceptors (O and N atoms) and donors (NH and OH) for
all the flavonoids were below five and ten, respectively. This
observation agrees with Lipinski’s rule, and it must also be
highlighted that the compounds performed better than silibinin
in this regard. Results from this study showed that all the
flavonoids in this study have acceptable TPSA values, all falling
within the proposed values of 26225, and were comparable to
that of the standard.

Molinspiration bioactivity score

It is considered that the probability of a compound
exhibiting any of the bioactivities predicted by the Molinspiration
server becomes higher with increasing bioactivity score. Thus,
a molecule with a bioactivity score greater than 0.00 is most
likely to have significant biological activities; those with values
between —0.50 and 0.00 are expected to exhibit moderate
activities while those with <—0.50 are predicted to be inactive
[30]. Similar to the standard drug silibinin, all the flavonoids
evaluated in this study were predicted with a high probability of

displaying their therapeutic ability mainly by acting as enzyme
inhibitors and nuclear receptor ligands (Table 3). In addition,
most of the flavonoids evaluated were predicted to also have
the potential of being kinase inhibitors except apigenin and
pinocembrin which had scores of —0.26 and —0.32, respectively.
The negative scores recorded with the GCPR ligand, ion
channel modulators, and protease inhibitor, however, suggest
that the Parinari compounds do not utilize this mechanism of
action for their respective activities.

PASS

The PASS analysis further revealed the specific
biological activities and highlighted the other probable
mechanisms responsible for the documented hepatoprotective
activities of P. curatellifolia in mammals (Supplementary data:
Table 2a-1). The specific biological activities directly related to
protecting the liver against damage observed in most of the P,
curatellifolia compounds include aldehyde oxidase inhibition,
antioxidant activity, free radical scavenging ability, CYP1A
induction, membrane integrity promotion, chemoprotection
and peroxidase inhibition (Supplementary data: Table 2a-1).
In addition, some other notable activities/mechanisms observed
specifically in some flavonoids include histamine release
inhibition in apigenin (Pa = 0.791), similarly, baicalein,
genistein, and tricetin were predicted to possess anaphylatoxin
receptor antagonism activities with Pa = 0.965, 0.801, and
0.945, respectively. Likewise, in this study, isorhamnetin
was also predicted with high NOS-2 (nitric oxide synthase)
expression inhibition (Pa = 0.895).

In silico toxicity risk prediction

The toxic risks assessment, viz., the cardiotoxicity,
carcinogenicity, mutagenicity, eye irritability as well as the
reproductive system toxicity (RST) of the flavonoids were
predicted and represented in the heatmap (Fig. 1). While

Table 2. Drug likeness scores of P. curatellifolia flavonoids.

Flavonoid compound miLogP TPSA nAtoms nON nOHNH Vol M.wt nviol
3-MQ 1.96 120.36 23 7 4 257.61 316.26 0
Apigenin 2.12 86.99 20 5 3 230.26 272.26 0
Baicalein 2.68 90.89 20 5 3 224.05 270.24 0
Chrysin 2.94 70.67 19 4 2 216.03 254.24 0
Genistein 2.46 90.89 20 5 3 224.05 270.24 0
Isorhamnetin 1.99 120.36 23 7 4 257.61 316.26 0
Kaempferol 2.17 111.12 21 6 4 232.07 286.24 0
Myricetin 1.39 151.58 23 8 6 248.10 318.24 1
Pinocembrin 2.60 66.76 19 4 2 222.24 256.24 0
Quercetin 1.68 131.35 22 7 5 240.08 302.27 0
Tricetin 1.34 127.44 22 7 5 246.30 301.25 0
Silibinin* 1.47 155.15 35 10 5 400.86 482.44 0

*Control

nAtoms, number of heavy atoms; nHOH, number of hydrogen donors; nON, number of hydrogen acceptors; M.wt, molecular weight; log P, partition coefficient;

TPSA, Topological polar surface area; nviol, number of violations
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Table 3. Bioactivity score of P. curatellifolia flavonoids.

. GCPR Ion channel Kinase Nuclear Protease Enzyme Total Bioactivity
Flavonoid compound sy . . s
ligand modulator inhibitor receptor ligand inhibitor inhibitor Score
3-MQ —0.08 —0.018 0.19 0.23 —0.28 0.21 0.252
Apigenin 0.03 —0.20 —0.26 0.42 —0.12 0.21 0.08
Baicalein —0.12 —0.18 0.19 0.17 -0.35 0.26 —-0.03
Chrysin —0.11 —0.08 0.15 0.30 —0.30 0.26 0.22
Genistein —0.13 —0.26 0.14 0.16 —0.37 0.19 —0.27
Isorhamnetin —-0.10 —0.26 0.25 0.28 —0.30 0.22 0.09
Kaempferol —0.10 -0.21 0.021 0.32 —0.27 0.26 0.021
Myricetin -0.06 —0.18 0.28 0.32 —0.20 0.30 0.46
Pinocembrin —-0.00 —-0.20 -0.32 0.037 —0.170 0.21 —0.443
Quercetin —0.06 -0.19 0.28 0.36 —0.25 0.28 0.42
Tricetin —0.08 —0.018 0.19 0.23 —-0.28 0.21 0.252
Silibinin* 0.07 —0.05 0.01 0.16 0.02 0.23 0.44
*Contro
reproductive toxicity; however, quercetin was predicted to have
a medium risk potential as a mutagen.
Carbon tetrachloride !n.a Molecular dOCking
| vt o Thus, the hepatoprotective potentials of the Parinari
uercetin . .
s flavonoids to act as CYPIA1 inducers were evaluated
Genistein 0 through molecular docking. The results showed that the
e i ' eleven compounds had binding energy scores ranging from
° —8.7 to —10.2 kcal/mol while the compound, silibinin
Baicaloin had a lower binding energy of —10.7 kcal/mol (Table 4).
S However, chrysin and pinocembrin were found to compete
most favorably with silibinin, as they both demonstrated the
tsorhamnetin highest binding affinities (—10.2 kcal/mol) among all the
" evaluated flavonoids.
o
Apigenin
Kaempferol ) .
Table 4. Energy scores of docking conformations of cytochrome
Siibinin P450 1A1 with P. curatellifolia flavonoids.
Myrlcetin . Binding energy
Flavonoid (keal/mol)
Tricetin
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Figure 1. Hierarchical clustering of the toxicity risk potential of P. curatellifolia Quercetin -9.9
flavonoids. Red colors indicate values greater than the substrate mean Apigenin 97
(increasing toxicity), while blue colors indicate values less than the mean - '
(increasing safety). *RST = Reproductive system toxicity. Myricetin 9.7
Tricetin -9.3
silibinin was used as the positive standard, carbon tetrachloride Isorhamnetin —9.0
(CCl,), a known toxicant used frequently to induce toxicity in Genistein -89
the liver and in many other organs, was used as the neggtive Baicalein -89
control [31]. All .of the evaluat.ed comp.ounds were predicted 3-0-Methylquercetin 87
to possess very little or no toxic potential when compared to Silibi 107
11101n —10.

CCl,. Particularly, all the flavonoid compounds displayed zero
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Molecular dynamic simulation refinement

The evaluated compounds demonstrated varying robust
binding affinities (AG,; ;) between —35.85 and —32.00 kcal/mol;
however, these binding affinities were lower when compared
with the standard silibinin (AG,, , = —58.52 kcal/mol) (Table 5).
Furthermore, the computed binding energies were disintegrated
to elucidate the nature of the predominant component interactions
(Table 5). It was observed that similar to silibinin, the binding
energies of all the P. curatellifolia flavonoids were dominated
by AE_,,, interactions, which is attributed to the van der Waals
contribution. However, the AE_, of the standard was —63.07
kecal/mol, which was significantly higher relative to those of the
selected flavonoids between —38.23.54 and —35.93 kcal/mol.
We also observed seven hotspot residues in the protein target,
including Thr 91, Phe 92, Phe 193, Asn 279, Gly 283, Ala 284,

and Thr 288, which exhibited effective interaction with all the
tested flavonoids including the standard (Fig. 2a—e).
Furthermore, post-MD-based analyses were carried
out to highlight the energetic and structural stabilities of the
ligand-enzyme interactions. In this regard, the RMSD, RMSF,
RoG, and SASA were evaluated. Assessment of the RMSD
gives an indication of the structural changes in CYP1AI
during its interaction with the selected Parinari compounds.
Results showed that the alpha carbon atoms for all the docked
complexes achieved system equilibrium after 15 ns of the
simulation (Fig. 3A). Furthermore, it was observed that the
RMSD values steadily increased from 0 to 10 ns and reached
equilibration after 15 ns while relatively few oscillations
were observed subsequently throughout the simulation period
(Fig. 3A). It was also observed that the free protein and the

Table 5. Calculated average MM-GBSA binding energies and corresponding energy components for P. curatellifolia flavonoids and
silibinin in complex with CYP1A1.

Calculated MM-GBSA binding energy (kcal/mol)

Compound
AEvdW AEelec AGgas AGsolv AGbind
Silibinin —63.068 + 3.958 —30.142 £2.023 —93.209 + 11.375 34.691 + 6.3027 —58.518 £6.471
Chrysin —38.227 +£2.6479 —11.617 +4.3968 —49.845 + 3.896 13.995 +2.6351 —35.849 +£2.709
Kaempferol —38.206 £ 2.819 —12.492 £5.915 —50.698 £ 5.314 15.904 + 2.544 —34.794 £ 4.100
Pinocembrin —35.933 £2.195 —8.609 £ 1.962 —44.542 £ 5.671 10.145 £2.717 —34.396 +4.136
Quercetin —37.528 £4.136 —21.672 £ 5.382 —59.201 + 7.801 27.196 +2.929 —32.004 £6.214
AEvdW, van der Waals energy; AEgas, gas phase free energy; AEelec, electrostatic energy; AGbind, total binding free energy;
AGsolv, solvation free energy
o
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Figure 2. Interaction plots of silybin (a) and P. curatellifolia flavonoids chrysin (b), kaempferol (c), pinocembrin (d), and quercetin (e) with CYP1A1 active site

residues.
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Figure 3. Comparative alpha-carbon representations of the free cytochrome P450 1A1 (CYP1AI) and CYP1AI-P. curatellifolia flavonoid complexes during 60ns
simulation run illustrated as (a) root-mean-square deviation (RMSD), (b) root-mean-square fluctuation (RMSF), (¢) RoG, and (d) SASA. CHY-Chrysin, KPF-

Kaempferol, PCB-Pinocembrin, QCT-Quercetin, and SBN-Silibinin.

protein-flavonoid complexes displayed the same trend of
fluctuations throughout the simulation. The average RMSD
observed in the apo-enzyme and complex enzyme-flavonoid
complexes were approximately 1.5 and 2.0 nm, respectively,
which indicated slight structural deviation in the complex
forms. However, there was no significant structural deviation
between the apo structure and the complexes formed with
chrysin, pinocembrin, and quercetin. Furthermore, besides
kaempferol, all the evaluated P. curatellifolia flavonoids
displayed lower RMSD when compared to silibinin, hence
demonstrating higher consistency of energetic and structural
measurements and consequently higher complex stability
than the standard.

The RMSF data from this study show that the enzyme-
flavonoid complexes formed were stable and that there were no
significant fluctuational changes in the complexes relative to the
free CYP1A1 enzyme (Fig. 3b). The mean RMSF values of the
residues were found in the region of 0.8-2.5 A for all the complexes
while values of 0.8-2.9 A were recorded for the apo structure,
suggesting no significant changes in the evaluated systems.

In this study, the RoG values for the complexes and the
unbounded enzyme demonstrate the same trend of compactness
as they were found to be stable between 22.7-23.5 A during the
60ns simulation run, with only marginal differences (Fig. 3c).
However, the complexes formed with quercetin and kaempferol
were observed to display slight fluctuation between 42 and
48ns (Fig. 3c). The average SASA values for the complexes
were observed to be between 22,000 and 23,500 A2 (Fig. 3d).

DISCUSSION

A significant quantity of flavonoids were recorded
from the seeds of P curatellifolia, although flavonoids are
more concentrated in flowers and leaves, they are also found
in significant quantities in seeds. For instance, the widely
acclaimed silymarin is usually sourced from the fruits and
seeds of milk thistle [32]. Previously, P. curatellifolia seeds
crude extract have also been shown recently to contain the
same classes of secondary metabolites identified in this study
[15]; furthermore, our results are in line with a previous study
that demonstrated kaempferol and quercetin as the prominent
flavonoid compounds in P. curatellifolia FREs [15]. However,
flavonoids such as 3-MQ), apigenin, baicalein, chrysin, genistein,
isorhamnetin, myricetin, pinocembrin, and tricetin, are reported
in P. curatellifolia, for the first time in this study. Lipinski’s drug-
likeness rule of five states that for a compound to be considered
as a possible drug candidate, it must possess hydrogen bond
donor (nHOH) < 5, hydrogen bond acceptor (nON) < 10, (LogP)
<5, molecular weight (M.wt) < 500 Da with only one violation
allowed [23]. Furthermore, compounds that do not comply
with more than one of these rules lack the required activity
and selectivity, making them less likely to be orally active in
humans, and hence cannot be considered as potential drug
candidates. It was observed that all the Parinari compounds in
this study did not violate any of the rules and are more likely
to serve as efficient therapeutics, especially in humans. For
instance, P. curatellifolia flavonoids are predicted from the LogP
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values recorded in this study (Table 2) to possess significant
permeability, and consequently, adequate lipid solubility to
facilitate their interaction with the phospholipid bilayers and
elicit bioactivity. LogP is a measure of the partition coefficient
between n-octanol and water indicating a classical description
of hydrophobicity and lipophilicity, thus, the solubility of a
compound in water greatly facilitates activities related to drug
development as well as the handling and formulation of the
drug [33]. In the same vein, TPSA is a computed estimate of the
surface area necessary to bind with most of the target receptors.
It is considered as a notable factor to describe drug absorption,
including bioavailability, intestinal absorption, permeability as
well as blood-brain barrier penetration, thus, values between
26 and 225 have (Table 2), been noted to be necessary for a
compound to exhibit satisfactory drug absorption [34]. Results
from this study showed that all the flavonoids in this study have
acceptable TPSA values, comparable to that of the standard,
silibinin.

The Molinspiration bioactivity scores of our
compounds of interest revealed their probable mechanism of
therapeutic activity. Nuclear receptors have previously been
identified among the most popular drug targets for human
diseases including but not limited to cancer, cardiovascular
diseases, diabetes, and especially liver damage [35]. Hence,
as predicted in Table 3, a growing number of nuclear receptor
ligands have been identified to control cellular homeostasis
in the liver and other tissues, with their importance being
demonstrated in cholestatic liver diseases [36] and non-
alcoholic fatty liver disease (NAFLD) [37]. In the same vein,
many compounds with enzyme-inhibiting activities, such as the
SGLT-2 (Sodium-glucose cotransporter type-2) inhibitors have
demonstrated remarkable efficacy in NAFLD by modulating
and preventing pathways that lead to liver inflammation and
apoptosis [38]. Based on the cumulative bioactivity scores
(Table 3), it could be argued that many of the P. curatellifolia
flavonoids compete favorably with silibinin; in fact, myricetin
has a higher total score than the standard compound. In
addition, results from this study demonstrate that the identified
flavonoids probably display their therapeutic activities on liver
damage via multiple mechanisms, including acting as GPCR
ligands, nuclear receptor ligands, ion channel modulators, as
well as inhibiting kinases, proteases, and other enzymes.

The PASS program computes the probability (Pa) of
a compound to exhibit different biological activities, thus, Pa >
0.7 is considered as an indication that the evaluated compound
will presumably display bioactivity in wet-lab experiments
[39]. Many of these activities/ mechanisms highlighted in
the Parinari flavonoids were also observed in silibinin, the
standard drug, viz., free radical scavenging abilities, membrane
integrity promotion, and antioxidant activity (Supplementary
data: Table 2a-I). Recently, anaphylatoxin receptor antagonists
have been demonstrated to protect against severe hepatic failure
due to systemic inflammation and hepatic injury [40]. This is
significant as inhibitors of NOS-2, such as N°-nitro-l-arginine
methyl ester, have been proposed as anti-inflammatory agents,
mainly because of inhibition of exacerbated NO formation in
liver damage in malathion-intoxicated rats [41]. Hence, the
promising probability values recorded in this study further

indicate that P. curatellifolia compounds have a wide range of
pharmacological activities and possible targets against specific
receptors related to hepatoprotection.

While most flavonoids have been documented to be
safe, the chemopreventive use of flavonoid therapy needs to be
evaluated together with the toxicity. This is imperative as there
have been some reports of toxic flavonoid-drug interactions,
liver failure, contact dermatitis, hemolytic anemia, and
reproductive health concerns associated with dietary flavonoid/
phenolic consumption [42]. Compared to the negative control
(CCl,), the Parinari flavonoids exhibited none of the toxicity
assessed in this study except for quercetin which exhibited
low potential of being a mutagen. It should be noted that
the mutagenic potential of quercetin has been predicted in a
previous study [43]. In all, it can be predicted that the identified
flavonoids from P. curatellifolia possess very low risks and can
be employed as therapeutics against liver damage or any other
disease for that matter.

The activation of Cytochrome P450 1A1 (CYP1A1)
has been directly linked to the detoxification of xenobiotics in
the liver via metabolic activation, induction of phase I and II
enzymes, as well as the reversal of the detrimental effects of
lipid peroxidation: consequently, enhancing liver protection
[44, 45]. CYPI1A induction was also identified earlier in this
study by the PASS bioactivity tool as a major metabolic route
for the anti-hepatoxic potential of all the Parinari flavonoids
(Supplementary data: Table 2a-1). The binding scores of the
eleven flavonoids with the protein target, CYP1A, demonstrated
the favorable interaction of the compounds with the active site
region of the molecular target. Our previous had highlighted
the hepatoprotective role of P. curatellifolia in acetaminophen-
induced liver damage [1], which supports the findings that
CYP1AL1 is the probable cytochrome P450 isoform responsible
for acetaminophen metabolism [46].

Further into the study, the ligands with the four
lowest binding energies and consequently, the highest binding
affinities for CYP1A1, viz., chrysin, kaempferol, pinocembrin,
and quercetin, were selected for molecular dynamic simulation.
This is necessary as the ligand-protein binding energies obtained
through molecular docking scores are only preliminary and
limited due to the lack of ligand-receptor flexibility, solvent
effects, and dynamics [47]. Although the binding affinities
(AG,, ) of the selected compounds were lower than that of
silibinin, they demonstrate high feasibility of either activating or
inhibiting the molecular target. In this regard, they may be further
optimized to perform even better than silibinin. As observed in
this study, the dominance of van der Waals has been highlighted
previously in many studies involving flavonoids and other protein
targets [48]. Other significant interactions between the CYP1A1
binding site and the hepatoprotective compounds include pi-
anion, pi-alkyl, and H-bond interactions. The significant binding
of the Parinari compounds with the cytochrome was also
established by the RMSD, RMF, RoG, and SASA plots (Fig.
3a—d). The RMSD observed in CYP1Al-flavonoid complexes
were around 2.0 nm, thus indicating the remarkable stability of
all the complexes formed. This observation is consistent with
the reports of previous authors, who have established that lower
RMSD values signify higher structural stability of an enzyme-
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ligand system [49,50]. The RMSF computes the magnitude of
fluctuations along the principal axis, and it is useful in estimating
the flexibility and movement of individual residues in the target
protein during simulations [51]. The RMSF values in this study
demonstrate that the binding of the hepatoprotective metabolites
with the target protein did not affect the fluctuations of amino acid
residues compared to free protein and the standard drug, silibinin,
thus signifying limited movement during simulations and hence,
structural stability. It has previously been shown that higher
RMSF values indicate elevated movement of protein residues,
while low values depict the restricted movement of the residues,
implying robustness in the generated structures [52]. In addition,
the flexibility of the activation loop was also evaluated by RMSF
(Fig. 3b). The region possessing higher flexibility in the target
protein is identified by comparing the RMSF of all the residues
throughout the simulation trajectory and this gives an insight into
the probable binding pockets and the active site [51]. As observed
in the RMSF plot, it was found that the major peaks of fluctuation
were almost evenly distributed along the protein structure right
from the N-terminal to the C-terminal. This observation is in line
with the binding site predictions recorded earlier in the study
where residues Thr 91, Phe 92, Phe 193, Asn 279, Gly 283, Ala
284, and Thr 288 of CYP1A1 were highlighted to commonly
participate in all the CYP1A1-flavonoid interactions. Moreover,
the RoG was evaluated to determine the degree of protein
compactness and the stability of the protein during the simulation
run. As the compactness of a protein in a complex is induced
by the movement of its ligand, higher RoG values indicate less
structural compactness and increased conformational entropy,
while lower values indicate stable and highly compatible
structures [52]. Hence, it can be deduced that the trajectories of
the docked complexes remain relatively stable and do not induce
any structural changes throughout the simulation indicating
appropriate conformation, stability, and condensed structures.
Finally, the SASA for the flavonoid-protein complexes was also
monitored as an indication of the free energy of each atom’s
non-polar solvation in molecules. SASA is an important factor
associated with the exposures of hydrophobic residues and
solvent receptors during the simulation and it further establishes
the stability of docked complexes [52,53]. Furthermore, the
closeness in the SASA value exhibited between the apo structure,
the standard, silibinin, and the selected P. curatellifolia flavonoids
depicts that the binding of the various flavonoids does not alter
the enzyme folding. Hence, this simulation study establishes
the conformational stability and decent binding potential of
P, curatellifolia flavonoids with CYP1A1.

CONCLUSION

The scientific validation of many plant species
has demonstrated their significant activities against hepatic
damage, thus, the need for further exploration to develop drugs
and nutraceuticals from these natural repositories. Hence,
the approach in this study was to correlate the flavonoid
contents of P. curatellifolia with the previously highlighted
hepatoprotective properties of the plant using a combination
of computational methods. Hence, structure-based virtual
analyses were effectively utilized in this research to further
highlight the promising hepatoprotective agents in the plant

extract, giving a vivid insight into their bioactivities, safety,
and probable mechanisms of action. Subsequently, chrysin,
kaempferol, pinocembrin, and quercetin were chosen as the
potent lead molecules based on the bioactivity and toxicity
prediction as well as preliminary docking experiments.
Molecular dynamic simulation of the four selected flavonoids
demonstrated promising binding affinities with the target
protein, CYP1A1. In addition, post-dynamics analyses of the
various CYP1Al-flavonoid complexes were consistent with
ligand-enzyme affinity and stability. Results from this study
reveal a variety of flavonoid compounds from P. curatellifolia,
especially chrysin, kaempferol, pinocembrin, and quercetin, as
potential hepatoprotective therapeutics, being found to compare
favorably with the standard compound, silibinin. However,
there is still the need to investigate the interaction between these
flavonoid compounds with other isoforms of the Cytochrome
P450 enzyme family as well as with other target proteins
involved in xenobiotic metabolism. Furthermore, in vitro and/or
in vivo studies of these highlighted flavonoids are recommended
as a promising starting point for developing natural anti-
hepatotoxic drug candidates. It is believed that results from this
study have validated the folkloric use and previous scientific
findings on P. curatellifolia and its flavonoid constituents in
hepatoprotection, hence, a remarkable foundation has been laid
for future exploration.
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3MQ: 3-methylquercetin; CYP1A2: cytochrome P450
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substances; RMSD: root mean square deviation; RMSF: root
means square fluctuation; RoG: radius of gyration; SASA:
solvent accessible surface area; AEelec: electrostatic energy;
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