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Abstract

Global increase in the level of antimicrobial resistance among bacterial pathogens has prompted the search for alternative
treatment from medicinal plants. Phyllantus muellerianus leaves has been used traditionally against microorganisms of medi-
cal importance, hence the need to evaluate the pharmacological pathways and mode of actions using in vitro and in silico
approaches. Clinical isolates of eight (8) microorganisms associated with urinary tract infections were obtained and identi-
fied using morphological and biochemical methods. Phyllantus muellerianus leaves were extracted and purified by solvent
partitioning. Ethyl acetate fraction of PM had the highest yield and zone diameter range from 13.5+1.00 to 28+ 1.53 mm.
The rate of protein leakage per time interval of Staphylococcus aureus increased from 9.29 pg/ml at 0 min to 17.43 pg/ml
at 120 min while leakage in Candida albicans also increased from 8.57 pg/ml at O min to 70.43 pg/ml at 120 min. GCMS
fingerprints, pharmacodynamics and pharmacokinetic studies revealed the active agent as quindoline, an azaindole and iso-
tere of indoles having a binding energy of —9.1 kcal/mol. Analyses of the structural and atomic orientations of quindoline,
and superimposition on ciprofloxacin, a common antibiotic revealed an interesting comparison, effecting a stronger binding

affinity of Quindoline-HMG-CoA complex.
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Introduction

P. muellerianus is a widespread small plant that grows in the
tropical region of West Africa. It is often found throughout
the season in the forest areas with canopy-forming leaves.
It belongs to the family Euphobiaceae and possesses fruits
that are copious panicles of small red, shining berries that
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eventually turn black (Doughari and Sunday 2008). P. muel-
lerianus has been used as an herbal remedy in many parts of
the world. Fowler 2006 stated that the potency of this plant
has been observed in Guinea, Ghana, Sierra Leone, Nigeria
and other parts of Africa to assist women undergoing labour,
to treat chronic dysentery, eruptive fever and eye infections
and skin diseases (Fowler 2006). The fresh leaves can also
be crushed and applied to wounds and the decoction used as
purgative, for bronchitis and for relieving urethral discharges
(Fowler 2006; Siram et al. 2004).

The qualitative analysis and the quantitative estimation of
the phytochemical properties of P. muellerianus have been
reported by Awomukwu et al. 2014 who stated that P. muel-
lerianus possesses alkaloids, tannins and flavonoids, sapo-
nins and phenols both in the leaves, stem barks and roots
(Awomukwu et al. 2014). Boakye et al. (2016b) reported
that Geraniin is the major constituent of the plant with high
therapeutic potentials (Boakye et al. 2016a). However, its
potential against urinary tract infections has not been experi-
mented or pharmacologically substantiated.

To support in vitro analysis, in silico investigations have
been carried out to explain the mechanism of action of the
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potential antimicrobial compounds. Lee et al. (2016) and
Gupta et al. (2013) stated that the in silico methods allow
drug—Iligand interaction studies to be performed in shorter
periods and aids the designing of better therapeutic com-
pounds (Lee et al. 2016; Gupta et al. 2013).

The docking program can be used to characterize the
binding site, position the ligand into the binding site (ori-
enting) and evaluate the strength of interaction for a spe-
cific ligand-receptor complex (“scoring”). Thus, docking
program generates a pose after docking and energetically
most favorable pose is identified by its scoring. Scoring is
done for all molecules in the collection, which are then rank
ordered by their scores. This rank-ordered list is then used to
select those compounds that are predicted to be most active.
Therefore, docking is useful for predicting the preferred ori-
entation, strength and type of signal produced when two
molecules bound to each other to form a stable complex,
thus playing an important role in the rational design of drugs
(Eweas et al. 2014).

A major factor that determines the suitability of a drug
is how it interacts with the binding site of a therapeutically
relevant biological macromolecule. Another important con-
dition the drug must satisfy is the ability to get from the site
of application to the target tissue, often passing through a
complicated pathway consisting of aqueous phases and lipid
membranes. At the target tissue, the drug elicit its biologi-
cal activity, often referred to as pharmacodynamics (Klebe
2013). In contrast to pharmacodynamics, the sum of all pro-
cesses that affect the absorption, distribution, metabolism
and excretion (ADME parameters) of the drug is called phar-
macokinetics. Pharmacokinetics is the effect of the organ-
ism on the drug, described using mathematical models. The
term pharmacodynamics has expanded more and more to
processes of pharmacokinetics due to emerging studies that
show that transporters or enzyme systems are responsible
for properties such as absorption, distribution or metabolism
(Klebe 2013; Adeoye et al. 2020; Kitchen et al. 2004). This
study is aimed at evaluating the antibacterial activity of the
components of the leaf extract of P. muellerianus as well
as their toxicity and drugability using in vitro and in silico
approach.

Materials and methods
Preparation of plant extract

This was done using the method described by Oluwafemi
and Debiri (2010) with slight modifications (Oluwafemi and
Debiri 2010). The leaves of P. muellerianus were air—dried
and chopped into small pieces. This was thereafter pulver-
ized using a blender and the powdered mass was kept in an
air—tight container for further use. Two hundred grammes
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(200 g) of the pulverized leaves were macerated with 2L of
60% methanol and stirred continuously for 72 h to ensure
homogeneity. The mixture was then filtered using Whatman
No. 1 filter paper and the filtrate evaporated to semi solid
mass using a rotary evaporator and subsequently dried in a
petri dish in the desiccator. The crude extracts were purified
by solvent partitioning using various solvents in order of
their polarity. The dried crude extract obtained was recon-
stituted with distilled water and poured into the separating
funnel after which N—hexane was added and swirled gently
to mix. The mixture was left to settle into layers before col-
lecting the N- hexane fraction. This process was repeated
until there is no more change in the colour of the N—hex-
ane. Dichloromethane (DCM) was thereafter added to the
remaining solution and its fractions were also collected fol-
lowed by Ethyl Acetate and lastly Butanol. The remaining
solution of the extract was taken as the aqueous fraction.
The various fractions of the extracts in solution were con-
centrated to dryness using the rotary evaporator while the
aqueous fraction was lyophilized.

Antimicrobial activity (Agar Well Diffusion Assay)

The purified extracts of P. muellerianus were dissolved in
sterile water at 50 mg/ml concentration. The test organisms
used (Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, Citrobacter sp., Proteus mirabilis, Enterobac-
ter sp. Coagulase negative Staphylococcus aureus and Can-
dida albicans) were standardized with sterile saline (NaCl
0.9%), and the turbidity was adjusted to the standard inocu-
lums of a McFarland scale of 0.5 (1.0 x 10® colony forming
units/ml). Briefly, agar plates containing 20 ml of Mueller
Hinton Agar (Oxoid Ltd., Hampshire UK) were inoculated
with the bacterial and fungal strains under aseptic conditions
and wells (diameter =8 mm) were filled with 100p L of the
extracts. The experiment was repeated in triplicates and the
mean zone of inhibition was recorded after incubating the
test organisms at 37 °C (24 h).

Determination of the minimum inhibitory concentration
(MIC)

The fraction that showed higher yield and antibacterial activ-
ities was subjected to MIC (minimum inhibitory concentra-
tion) assays (Akinpelu and Onakoya 2006). Serial dilutions
were prepared with concentrations ranging from 0.195 to
100 mg/ml. Sterile water was used as a negative control
(Blank sterile water). Each prepared concentration (of 2 ml)
in tubes was mixed with 18 ml of sterile nutrient agar (Oxoid
Ltd., Hampshire UK) plates that were inoculated with 100 pl
each of the 10® cfu/ml bacterial and spore suspension from
fungal strains. The plates were incubated aerobically at
37 °C (18-24 h). The MIC values which represent the lowest
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compound concentration that completely inhibits the growth
of microorganisms was recorded. All tests were performed
in triplicates.

Determination of minimum bactericidal concentration
(MBQ)

Based on the MIC results obtained, the concentrations of all
extracts that showed no growth were sub-cultured into sterile
nutrient agar plates and incubated for 48 h. The MBC was
taken as the least concentration that did not show any growth
on the agar plates.

Antibiotic sensitivity test

Kirby Bauer’s disk diffusion method was employed to
determine the effect of standard antibiotics against the test
microorganism. Ten different standard antibiotics (Oxoid
Ltd., Hampshire UK) were used for this study. They include
Ciprofloxacin, Gentamicin, Ampicillin, Cefoxitin, Chloram-
phenicol, Nalidixic acid, Amoxycillin/Clavulanic acid, Sul-
phamethoxazol/Trimethoprim, Amikacin and Tetracycline.
These antibiotic discs were placed aseptically on the plate
already seeded with the test organisms using a pair of sterile
forceps. The plates were thereafter incubated at 37 °C for
24 h. After incubation, zone of growth inhibition was meas-
ured and recorded. This experiment was carried out in dupli-
cates. The result obtained was thereafter interpreted using
the Clinical and Standard Laboratory Institute (CLSI) chart
(CLSI, 2013) and European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines (Clinical and
Standard Laboratory Institute (CLSI). 2013; European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST)
2018).

Determination of the rate of kill

The killing rate of the most active extract on the most sus-
ceptible bacterial isolate was carried out according to the
method described by Odenholt et al. (2001) with little modi-
fications. 0.5 ml of the standardized bacterial suspension
was first serially diluted using sterile saline to obtain ten
dilution factors (10 ~!, 1072, 1073,1074,107,107%,1077,10 ~8,
107 and 107'9) these dilutions were then seeded into nutri-
ent agar plates using the pour plate technique. Heterogene-
ous plate count was then carried out to determine the viable
microbial population count in each dilution factor to serve as
reference for the rate of kill (Odenholt et al. 2001).
Thereafter, 2 ml of the standardized bacterial suspension
was added to 18 ml of the most active fraction of the extract
at a concentration equal to 1 X MIC and 2 X MIC values. This
mixture was thoroughly shaken together and exactly 0.5 ml
of the mixture was immediately transferred into 4.5 ml of

3% Tween—~80 nutrient broth and the suspension was thor-
oughly mixed. This serve as the portion taken at 0 min as
this was done at 15 min interval for 2 h. Exactly 0.5 ml was
taken from each suspension and serially diluted up to 107
in 4.5 ml sterile normal saline. Then, 0.5 ml of the final
dilution factor was transferred into labeled pre—sterilized
molten nutrient agar plates. This plate was incubated at
37 °C for 24 h. The time at which the least number of viable
counts was obtained was recorded as the time it will take the
antimicrobial agent to kill the organism.

Determination of possible mechanism of action
by Nucleotide Leakage

The modified method as described by Miksusanti et al.
(2008) was used to determine the leakage of nucleotides
from the cells of the test organisms. Cells of Staphylococcus
aureus and Candida albicans was standardized with saline
and treated with various concentration of the extract relative
to the MIC at various time intervals for 2 h. Each suspension
was then centrifuged at 10,000 rpm and the optical density
of the supernatant collected was measured at 595 nm wave-
length using a Spectrophotometer. Sterile saline inoculated
with the same quantity of inoculums was used as control
(Miksusanti et al. 2008).

Determination of possible mechanism of action by Protein
Leakage

The leakage of proteins from the cells of the test organisms
was also determined. Cells of Staphylococcus aureus and
Candida albicans was standardized with saline and treated
with various concentration of the extract relative to the MIC
at various time intervals for 2 h. Each suspension was then
centrifuged at 10,000 rpm and 0.2 ml of the supernatant was
taken and mixed with 1.4 ml of distilled water. 0.4 ml Brad-
ford’s reagent was thereafter added to the mixture. Normal
saline inoculated with the same quantity of inoculums was
used as control. Optical Density (OD) of the resulting solu-
tion was thereafter taken at 595 nm after 5 min. The Con-
centration of protein leaked was calculated using the Opti-
cal density extrapolated from the equation of the best linear
regression line obtained from the graph of bovine serum
albumin (BSA) standard curve (Miksusanti et al. 2008).

Antioxidant analysis of P. muellerianus Leaf extract

The various extracts were also tested for antioxidant proper-
ties. The properties assayed include Total antioxidant capac-
ity (TAC), Total flavonoids, Total Phenol, Ferric Reducing
Antioxidant Power (FRAP).
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Metabolite profiling with GCMS Analysis

Physicochemical analysis of the extract was performed
using Shimadzu GC-MS-QP 2010 Ultra equipped with a
SLB-5 ms Column fused with silica capillary (0.20 mm X
30.0 m). The initial temperature was maintained at 40 °C
for 3 min and then heated at a rate of 15 °C per minute up to
290 °C with a director voltage relative to the tuning result.
Carrier gas Helium was used at a rate of 1 ml per minute.
n-Hexane was first used to flush the columns to reduce noise
or false peaks. The extract was thereafter introduced into
the GC-MS equipment. Different components present were
identified with their various peaks and other chemical prop-
erties were afterwards obtained.

Drug metabolism and pharmacokinetics
ADMET studies

The ADMET (absorption, distribution, metabolism, elimina-
tion, and toxicity) studies of profiles compounds obtained
from Shimadzu GC-MS-QP 2010 Ultra were carried out
using pkCSM tool (http://biosig.unimelb.edu.au/pkcsm/pre-
diction) and SwissADME (Daina et al. 2017; Pires et al.
2015). The profiled compounds were first screened for their
physicochemical properties to determine the Pharmaceutical
Active Ingredients (PAIs) using Lipinski rule of five (Molec-
ular weight, logarithms of partial coefficient, hydrogen bond
donor (HBD) and hydrogen bond acceptor (HBA)) (Lipin-
ski et al. 1997). The canonical SMILES for the molecular
structures of each of the compounds were obtained from
PubChem (https://pub-chem.ncbi.nlm.nih.gov). The com-
pounds with desirable physicochemical properties were
further filtered for pharmacokinetic properties.

Molecular docking
Ligand preparation

The SDF structure of the ligands was retrieved from the
PubChem database (www.pubchem.ncbi.nlm.nih.gov) (Kim
et al. 2019). The compounds were converted to.pdb chemical
format using PYMOL molecular graphics system (1.7.4.5
Edu) (DeLano 2002). Polar hydrogens were added while
non-polar hydrogens were merged with the carbons and
the internal degrees of freedom and torsions were set. The
ligand molecules were further converted to the dockable.
pdbqt format using Autodock vina program.

Enzyme preparation

The crystal structure of HMG-CoA (1TXT) was retrieved from
the protein databank (www.rcsb.org) (Berman et al. 2000).
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The crystal structure was prepared individually by removing
existing ligands and water molecules, while missing hydro-
gen atoms were added using Autodock vina program, Scripps
Research Institute. Thereafter, non-polar hydrogens were
merged while polar hydrogen were added to the enzyme. The
enzyme was subsequently saved into pdbqt. format in prepara-
tion for molecular docking.

Scoring and analysis

The molecular docking analysis was executed to ascertain
the binding conformation of the protein-ligand complex
using AutoDock vina (Trott and Olson 2010). The binding
conformation would aid to reveal the binding energy of the
HMG-CoA and Quindoline. The ligands side chain and the
torsional bonds kept flexible while the HMG-CoA fixed
rigid. All the ligands were docked to the residue involved
in catalytic activity with x, y, and z coordinates of 7.000,
—7.250 and 68.750 respectively. The grid box was set at
74 Ax78 Ax56 A and with an exhaustiveness of 8. The
free binding energy (AG bind) was calculated using the sum
of van der Waals energy (AG vdw), the sum of electrostatic
energy (AG elect), the sum of hydrogen bond and desol-
vation energy (AG hbond), the sum of final total internal
energy (AG conform), the sum of torsional free energy (AG
tor) and the sum unbound system energy (AG solv)(Isa et al.
2020). The compounds were then ranked by their binding
affinity scores. Molecular interactions between the recep-
tors and compounds with most remarkable binding affinities
were first viewed with PYMOL after which further graphical
analysis was obtained using Discovery Studio Visualizer,
BIOVIA, 2016.

Result
Antimicrobial studies

Antimicrobial activities of the purified fractions of P.
muellerianus

The four fractions tested showed considerable zones of
inhibition on all the test organisms. 50% of the organ-
isms showed the highest susceptibility to Ethyl acetate and
Dichloromethane (DCM) fractions while the aqueous frac-
tion had the lowest zones of inhibition on all the organisms.
Figure 1 shows the various zones of inhibition of all the
organisms tested in this study.

Minimum inhibitory and minimum bactericidal
concentration

The Minimum inhibitory concentration (MIC) of the ethyl
acetate fraction was also determined and the result indicated
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Fig. 1 Antimicrobial activity of 35
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Table 1 MIC and MBC for Ethyl acetate fraction of P. muellerianus

Organisms MIC (mg/ml) MBC (mg/ml)
Proteus mirabilis 6.25 25
Staphylococcus aureus 12.5 25
Escherichia coli 12.5 25
Citrobacter sp. 12.5 25
Staphylococcus epidermidis 12.5 25
Klebsiella pneumonia 25 50
Candida albicans 6.25 25
Enterobacter sp. 6.25 25

that 37.5% had a MIC of 6.25 mg/ml while others except
Klebsiella pneumoniae had a concentration of 12.5 mg/
ml. Further analysis into the MBC revealed all test organ-
isms except Klebsiella pneumoniae had MBC of 25 mg/ml.
Table 1 shows the MIC and MBC value for all the organisms
by Ethyl acetate fraction of P. muellerianus.

Antibiotic sensitivity of all test organisms

The result of the antibiotics sensitivity test as shown in
Tables 2 and 3 indicates that Proteus mirabilis was resistant
to 7 of the antibiotics used, Citrobacter sp. was resistant to
5 antibiotics, Staphylococcus aureus, Enterobacter sp. and
Candida albicans were resistant to 4 of the antibiotics while
Klebsiella pneumoniae and Escherichia coli was resistant to
only 3 antibiotics.

However, 75% of the organisms tested were resistant to
the penicillin and cephalosporin group of antibiotics, 62.5%
were resistant to Chloramphenicol and Sulphamethoxazole/
Trimetoprim. In addition, the Aminoglycosides were shown

M Aqueous
mDCM

Ethyl acetate

Butanol

Test Organisms

to possess great antimicrobial activity against all isolates
tested. Also, with the exception of Proteus mirabilis, all
organisms were sensitive to the Fluoroquinolones.

Rate of kill of the ethyl acetate fraction of P. muellerianus

The time rate of kill of the extract as depicted in Figs. 2
and 3 indicates a continuous decrease in the cell popula-
tion as the time of exposure increases. For Staphylococcus
aureus, at MIC X 1, the colony forming unit (cfu) counted
at 0 min was 62 x 10® cfu/ml which progressively decreases
to 1x 10% cfu/ml at 120 min. Similarly at MIC x2, 51 x 10
6 cfu/ml was recorded at O min while at 120 min, 3 x 10% cfu/
ml was observed.

Furthermore, Candida albicans experienced continuous
decrease in cell population as the exposure time increases.
At MIC x 1, the cell population was 39 x 107 cfu/ml at 0 min
whereas at 120 min, 1 x 10% cfu/ml was observed. MIC x 2
on the other hand, had a sharp decrease in cell population
from 31 x 10° cfu/ml at O min to 1 x 10" cfu/ml at 120 min.
However, both controls did not exhibit significant decrease
or increase in cell population.

Mechanism of action of the ethyl acetate fraction of P.
muellerianus

The mechanism of action of the extract through nucleotide
leakage indicates that as the exposure time increases, the rate
of leakage also increases. Figure 4 shows the steady increase
in the absorbance value of Staphylococcus aureus at MIC X 1
and MIC X 2 as time increases whereas, the control did not
exhibit any significant change in the absorbance value. This
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Fig.2 Time rate of kill of the ethyl acetate fraction of P. muellerianus
against Staphylococcus aureus
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Fig. 3 Time rate of kill for Candida albicans by ethyl acetate fraction
of P. muellerianus

is also same in Fig. 5 which shows the nucleotide leakage of
Candida albicans at both MIC 1 and MIC 2.

In addition, the rate of protein leakage per time interval
of Staphylococcus aureus was determined and the result in
Fig. 6 shows a steady increase in protein concentration as
exposure time increases. At 0 min, 9.29 pg/ml was observed,
and this increased up to 11.86 pg/ml at 120 min for MIC X 1
while MIC x 2 had a steady increase from 10.14 pg/ml at
0 min to 17.43 pg/ml at 120 min. Candida albicans in Fig. 7
also exhibited this continuous increase in protein leakage at
MIC X 1 and MIC x2. At 0 min, 8.57 pg/ml was observed for
MIC x 1 while MIC X 2 had 23.14 pg/ml whereas at 120 min
52.57 pg/ml and 70.43 pg/ml was recorded for MIC x 1 and
MIC x 2 respectively. The control for both organisms did not
show significant change in concentration.
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Fig.4 Rate of Nucleotide leakage of Staphylococcus aureus
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Fig.5 Nucleotide leakage for Candida albicans by ethyl acetate frac-
tion of P. muellerianus
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Fig. 6 Protein leakage for Staphylococcus aureus
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Table 4 Antioxidant assays on P. muellerianus

S/N ANTIOXIDANT ASSAYS P. muellerianus
1 TAC(mg/g) 9.15
2 Total Flavonoids (mgQUE/g) 190.36
3 FRAP(mgAAE/g) 6.36
4 Total Phenol (mgGAE/g) 23.56

Antioxidant analysis of P. muellerianus

Table 4 shows the antioxidant activity of and P. muelleri-
anus using the parameters of Total Antioxidant Capacity
(TAC), Total flavonoids, Ferric Reducing Antioxidant
Power (FRAP) and Total Phenol.

ADME pharmacokinetics studies

The GC—MS analysis of the components (ligands) of P.
muellerianus showed the presence of 8,11,14-eicosatrienoic
acid, 9,12,15-octadecatrienoic acid, 2—Methoxyl—4—
vinylglycine, Bis (2-ethylhexyl)phthalate, 2—methoxy—4-
vinyl phenol, 2- (1- Adamantyl)—N-—benzylglycine,
alpha—D—Galactopyranoside, Quindoline, Benzofuran,
1,2,3,—Benzetriol, and Phytol. In addition, the results of the
pharmacokinetics and pharmacodynamics properties of pro-
filed ligands from P. muellerianus are presented in Tables 5,
6,7,8,9,and 10. All the ligands passed the Lipinski rule of
five except for 8,11,14-eicosatrienoic acid, 9,12,15-octadec-
atrienoic acid, bis (2-ethylhexyl) phthalate and phytol which
has log P values above 5 as seen in Table 5.

The distribution of a substance in phases of different
lipophilicities is measured as the partition coefficient P (log
P). Lipophilicity plays a vital role in the assessment of the
therapeutic suitability of a drug. It is a substitute to in vivo
studies which are important complements in drug discovery.
With the exception of substances that are taken up via a
transporter, the absorption is usually better when the com-
pounds are more lipophilic as in the case of quindoline and
(1-adamantyl) benzylglycine with log P values of 3.8693
and 3.4458 respectively. This advantage is limited by the
solubility in aqueous phases, which decreases severely as the
lipophilicity increases. As seen in Table 6, water solubility
(log mol/L) decreases proportionately for all the ligands.
However, a negative log P value for b-D-glucopyranose
means the ligand is a hydrophilic drug whose intake could
negatively impact permeability.

The excretion path also depends on the lipophilicity of
the ligand. Our study shows that extremely lipophilic sub-
stances are more quickly metabolized (as seen in Table 7),
but are also toxicologically worrisome (Table 8). Only quin-
doline and 2-methoxyl-4-vinylglycine are substrates of renal
organic cation transporter while other drugs are possibly

Table 5 Lipinski’s rule of five

Model Name Molecular weight LogP (£5) H —bond accep- H - bond
tors (£10) donors (£5)
Quindoline 218.253 3.8693 1 1
Benzofuran 118.135 2.4328 1 0
1,2,3—Dbenzetriol 126.111 0.8034 3 3
(1—Adamantyl)benzylglycine 299.414 3.4458 2 2
2—Methoxyl-4—vinylglycine 150.177 2.0438 2 1
8,11,14—eicosatrienoic acid 306.49 6.4407 1 1
9,12,15—octadecatrienoic acid 278.436 5.6605 1 1
B—D—glucopyranose 180.156 -3.2214 6 5
Bis (2—ethylhexyl)phthalate 390.564 6.433 4 0
Phytol 296.539 6.3641 1 1
Ciprofloxacin 331.347 1.5833 5 2
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Table 6 Molecular and absorption prediction of profiled lead compounds

Model name Lipophilic- Water Caco2 permeabil- Human intesti- ~ Skin perme-  P-glyco- P- glyco- P—glyco-
ity (Log P) solubility (Log ity (Log Pappin  nal absorption  ability (Log  protein protein I protein II
mol/L) 10—6 cm/s) (%) Kp) substrate inhibitor inhibitor
Quindoline 3.8693 —4.272 1.215 94.036 —2.746 Yes No No
Benzofuran 2.4328 -2.015 1.581 95.557 —1.506 No No No
1,2,3—benzetriol ~ 0.8034  —1.408 1.122 83.549 -2.751 No No No
(1—Adamantyl) 3.4458 -2.891 1.341 94.231 —2.735 No No No
benzylglycine
2—Methoxyl-4—  2.0438 —1.958 1.499 91.965 -2.262 No No No
vinylglycine
8,11,14—eicosa- 6.4407 —6.095 1.575 92.148 -2.729 No No No
trienoic acid
9,12,15—octade-  5.6605 —5.787 1.577 92.836 -2.722 No No No
catrienoic acid
B—D—¢glu- -3.2214  -1.377 —-0.249 21.51 -3.041 No No No
copyranose
Bis (2—ethyl- 6.433 —6.47 1.408 92.45 —2.67 No Yes Yes
hexyl)phthalate
Phytol 6.3641 —7.554 1.515 90.71 -2.576 No No Yes
Ciprofloxacin 1.5833 —2.897 0.492 96.466 —2.734 Yes No No

Table 7 Predicted in vivo clearance/excretion of profiled lead com-
pounds

Model name Total clearance Renal OCT
(logml/min/kg) 2 substrate
Quindoline 0.823 Yes
Benzofuran 0.353 No
1,2,3—Dbenzetriol 0.104 No
(1—Adamantyl)benzylglycine 0.537 No
2—Methoxyl-4—vinylglycine 0.223 Yes
8,11,14—eicosatrienoic acid 2.052 No
9,12,15—octadecatrienoic acid 1.991 No
B—D—¢glucopyranose 0.626 No
Bis (2—ethylhexyl)phthalate 1.898 No
Phytol 1.686 No
Ciprofloxacin 0.633 No

cleared through other available routes such as bile, breath,
faces and sweat.

Also, the study revealed that Bis (2-ethylhexyl) phthalate
and phytol exerted an inhibitory effect on hERG II but none
of the ligands interacted with hERG I. Adeoye et al. (2020)
has earlier reported that administration of lopinavir, rem-
desivir, and chloroquine could result in delayed ventricular
repolarisation through inhibition of the hERG potassium
channel leading to normal cardiac function compromise
and disruption of hepatic functions(Adeoye et al. 2020).
However, none of this compound was observed to trigger
hepatotoxicity. Instead, only (1-adamantyl) benzylglycine,
9,12,15-octadecatrienoic acid and ciprofloxacin (standard

drug) were observed to induce hepatotoxicity but no inhibi-
tory effect on hERG I or II (Table 8).

Predictive appraisal of the drugs’ distribution through
the nervous system showed that lipophilicity of the drugs
correlates significantly with the tendency to permeate the
blood-brain barrier (log BB) and the central nervous sys-
tem (log PS). Quindoline, benzofuran, (1-adamantyl) ben-
zylglycine, 2-methoxyl-4-vinylglycine and phytol showed
favourable penetration through the blood—brain barrier while
all the ligands were quite unfavourable towards CNS- pen-
etration (Table 10). Klebe 2013 reported that the optimum
lipophilicity required for a drug to cross the blood—brain
barrier is in the range of log P=1.5-2.5 while for CNS-
active substances, an optimal lipophilicity around log P=2
should be aimed for in order to facilitate penetration across
the blood-brain barrier. Also, the predicted steady-state
volume of distribution (VDss) showed that (1-adamantyl)
benzylglycine, 8,11,14-eicosatrienoic acid, 9,12,15-octade-
catrienoic acid and ciprofloxacin had lower theoretical dose
required for uniform distribution in the plasma.

Molecular docking studies

The in silico study predicted the molecular interaction
between profiled ligands from P. muellerianus and 3—
hydroxyl—3—methylglutaryl CoA (HMG-CoA) reductase,
(a mevalonate synthetase which is the enzyme responsible
for the synthesis of peptidoglycan in Staphylococcus aureus
and as such its inhibition leads to its inactivity), and showed
that all the ligands exhibited relatively good interaction with
the enzyme as predicted by their docking scores (Fig. 8).
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Minnow tox-

Skin sensi- T. pyriformis tox-

tization

hepatotoxicity

ORCT (log

hERG I hERGII  ORAT

MTD (log

AMES toxicity

Table 8 Predicted toxicity effects of profiled lead compounds

Model Name
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icity (log mM)

icity (log ug/L)

(LD50) (mol/  mg/kg bw/day)

kg)

inhibitor

inhibitor

mg/kg/day)

0.318

0.5

No

No
No

1.006
2.258

2.311

—0.127 No No

0.614
—-0.269

Yes

Quindoline

1.042
2.734
0.76

0.28

Yes

2.323

No

No

No

Benzofuran

0.127
0.285

2.374 No No
Yes

1.915

2.049
2.376

2.076

No

No

No

1,2,3—benzetriol

No No

0.514

No

(1—Adamantyl)benzylglycine

1.957
—1.665
—1.183

Yes 0.071

No
No

2.019

1.067 No No

—0.898
—-0.84

Yes

2—Methoxyl-4—vinylglycine

0.545
0.722

Yes

3.268
3.115
3.897
2.535

1.421

No

No

No
No

8,11,14—eicosatrienoic acid

Yes

Yes

1.441

No

No

9,12,15—octadecatrienoic acid

5.083
—2.266
—-1.504

No 0.285

1.214
1.451

1.896 No No

1.292
0.05

No

B—D—glucopyranose

0.779

No

Yes

No

No

Bis (2—ethylhexyl)phthalate

Phytol

1.884
0.286

Yes

1.043
1.036

1.607
2.891

Yes

No

No

1.194

Yes

No

No

0.924

No

Ciprofloxacin

However, quindoline was selected for further molecular
investigation after considering its pharmacodynamics and
pharmacokinetic predictions, in addition to its docking score
of —9.1 kcal/mol. This indicated a higher binding affinity
to the pocket site of HMG-CoA when compared to cipro-
floxacin, a common antibiotic used in the treatment of gram-
positive microorganisms has —7.7 kcal/mol and Acetoacetyl
CoA which is the natural substrate it binds with. Figure 9
shows the interaction of quindoline and the residues at the
site of HMG-CoA and their corresponding orientations
while Fig. 10 depicts Ciprofloxacin (CIP) binding orienta-
tion with residues of at site of HMG-CoA and their corre-
sponding orientations.

Superimposition of Quindoline on ciprofloxacin
(Fig. 11c) reveals interesting comparison between the two
ligands, predicting our ligand as a drug-lead agent against
HMG-CoA inhibition. Analyzing the structural and atomic
orientations of quindoline (15C, 2 N, 10H), we observed the
presence of azaindole backbone (4-azaindole moiety ring).
Azaindoles are heterocyclic aromatic organic compounds,
consisting of a pyrole ring fused to a pyridine ring (Zhao and
Wang 2010). As isoteres of indoles, they exhibit excellent
potential for biological activity. This structural conformation
may have increased the stability of the ligand, effecting a
stronger binding affinity of Quindoline-HMG-CoA complex.
As earlier proposed by Taylor et al. (2002), binding affinity
is a function of the stability of the ligand-target complex,
conversely optimizing new bonds and increasing the bio-
logical activity of a complex molecule (Taylor et al. 2002).

Discussion and conclusion

This study has been able to show that P. muellerianus leaves
extract exhibited high potency against the organisms used in
this study which conforms with the reports of Doughari and
Sunday (2008) who also reported the potency of P. muel-
lerianus leaf extract (Doughari and Sunday 2008). Further-
more, Assob et al. (2011) have shown that the methanol and
ethyl acetate stem bark and aqueous leaf extract of the plant
possess antibacterial activity and this support the findings
of our study (Assob et al. 2011). With further purification
of the crude extract of P. muellerianus, Dichloromethane
(DCM) and Ethyl acetate fraction had the highest zones of
inhibition. This could be because DCM and ethyl acetate are
able to leach out more flavonoids from the crude extract and
these flavonoids account for the high antimicrobial activ-
ity (Cushnie and Lamb 2005). The rate of kill of the ethyl
acetate fraction of P. muellerianus extract as depicted in this
study indicates a continuous decrease in the cell population
as the time of exposure increases for both concentrations of
the MIC used. This is in line with the reports of Boakye et al.
(2016b) who reported a gradual decrease in cell population
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Table 9 Predicted effect of profiled lead compounds on human Cytochrome P450
Model Name CYP2D6 CYP3A4 CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
substrate substrate inhibitor inhibitor inhibitor inhibitor
Quindoline No Yes Yes Yes Yes Yes Yes
Benzofuran No No Yes No No No No
1,2,3—benzetriol No No No No No No No
(1—Adamantyl)benzylglycine No Yes No No No No No
2—Methoxyl-4—vinylglycine No No Yes No No No No
8,11,14—eicosatrienoic acid No Yes Yes No No No No
9,12,15—octadecatrienoic acid No Yes Yes No No No Yes
B—D—glucopyranose No No No No No No No
Bis (2—ethylhexyl)phthalate No Yes No Yes No No No
Phytol No Yes Yes No No No No
Ciprofloxacin No No No No No No No
Table 10 In vivo distribution prediction of profiled lead compounds
Model name Steady—state Volume of distri- Fraction unbound Blood—brain barrier CNS perme-
bution (VDss) (logBB) ability (log
PS)
Quindoline 0.329 0.144 0.52 -1.63
Benzofuran 0.081 0.357 0.276 -1.797
1,2,3—benzetriol 0.13 0.712 —0.441 -3.252
(1 — Adamantyl)benzylglycine —0.294 0.415 0.181 —2.324
2 — Methoxyl-4—vinylglycine 0.118 0.322 0.289 —2.043
8,11,14—eicosatrienoic acid -0.616 0.02 -0.199 —1.438
9,12,15—octadecatrienoic acid -0.617 0.056 -0.115 —1.547
B—D—glucopyranose 0.148 0.82 —0.943 -3.636
Bis (2—ethylhexyl)phthalate 0.36 0 -0.175 -2.213
Phytol 0.468 0 0.806 -1.563
Ciprofloxacin -0.17 0.648 —0.587 -2.999

for the first three hours(Boakye et al. 2016a). However, the
rate of cell population decrease was faster in MIC X2 than
in MIC X 1, this result conforms to the popular assertion that
says the higher the concentration, the higher the antimicro-
bial effect of the agent against organisms (Rutala and Weber
2013).

The mechanism of action of the ethyl acetate fraction
of P. muellerianus in this study revealed that there was an
increase in nucleotide and protein leakage as the exposure
time increases. Stojkovic et al. (2013) posited that this
is an indication that nucleotide materials (such as purine
and pyrimidine bases) had been lost through a damaged
cytoplasmic membrane since membrane integrity can be
determined through the detection of absorbance at 260 nm
because nucleotides have strong ultraviolet absorption at
that wavelength (Stojkovic et al. 2013). The protein leak-
ages on Staphylococcus aureus and Candida albicans
could be due to an induced cell lysis by the components

of P. muellerianus thus damaging the cell wall and mem-
brane (Alwash et al. 2013).

The high antioxidant activities of P. muellerianus
obtained in this study is in line with the findings of Boakye
et al (2016¢c) who reported high FRAP values similar to
this study. Higher FRAP values give higher antioxidant
capacity because FRAP value is based on reducing ferric
ion, where antioxidants are the reducing agents (Boakye
et al. 2016b). The reducing power might be due to hydro-
gen donating ability, and is generally associated with the
presence of reductones (Guo et al. 2003). High antioxi-
dant activity of the plant extracts may be due to the high
tannin content since the antioxidant activity of tannins is
mediated through reducing power and scavenging activity
(Shon et al. 2003; Minussi et al. 2003). Khan et al (2012)
also reported that many flavonoids and related polyphe-
nols contribute significantly to the antioxidant activity of
medicinal plants (Khan et al. 2012).
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Fig.8 Binding energy profile of 0
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Fig. 9 Quindoline (QUIN)
interacting with the residues at
the site of HMG-CoA and their
corresponding orientations (a,
b), binding attributes of bonds
(c) and bond distance d (figure
d); A:SER201:0G-N:QUIN
(hydrogen bond, d=3.09

A%, A:PHE236-:QUIN (pi-pi
T-shaped hydrophobic bond,
d=4.99 A%, QUIN-:PRO235:A
(pi-aliky hydrophobic bond,
d=5.43 A%, 4.57 A, 4.29

A%, A:CYS111:SG-:QUIN
(pi-sulphur bond, d=5.81

A%, A:SCY111:SG-:QUIN
(pi-sulphur bond, d=5.21

A%, QUIN:H-OH:TYR143:A
(hydrogen bond, d=2.23 A%

It must be noted that the reagent used for total phenolic
content in the study does not react exclusively with pheno-
lics, but also with other reducing agents; for example, ascor-
bic acid (Meda et al. 2005; Yang et al. 2006). Hence, results
of this test therefore reflect the total antioxidant activity of
the plant extracts used in this study.

The physicochemical analysis of P. muellerianus revealed
the presence of several components which is in consonance
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with the reports of Boakye et al (2016a)(Boakye et al.
2016c¢). Saleem (2009) also isolated bis (2-ethyloctyl) phtha-
late, bis (2-ethylicosyl) phthalate, 3-friedelanone, methyl-
gallate, a-sitosterol which were also components isolated
in this study (Saleem et al. 2009). It is however pertinent to
point out that there were slight differences in the percent-
age abundance of the components obtained in this study as
compared with the findings of Saleem (2009) and Boakye
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Fig. 10 Ciprofloxacin (CIP)
binding orientation with
residues of at site of HMG-
CoA and their corresponding
orientations (a, b), binding
attributes of bonds (¢) and
bond distance d (d); CIP:H-
A:GLU79:0 (hydrogen bond,
d=2.50 A%, CIP:-A:ARG187
(pi-alkyl hydrophobic bond,
d=5.15 A, A:ARG187:N-
:CIP (pi-donor hydrogen bond,
d=3.88 A", A:PHE185:0-
F:CIP (halogen bond, d=2.76
A%, A:SER307:0-F:CIP
(halogen bond, d=2.97 A%,
CIP:C-OE1:GLU109:A (hydro-
gen bond, d=3.58 A, CIP:-
ALA110:A (pi-alkyl hydropho-
bic bond, d=5.38 A?)

et al. (2016a). This could be due to variation in ecological
factors, climate, geographical location, time of harvesting
and age of plants.

The rule of five has been established by Lipinski et al.
(1997) to predict favourable ADME properties using com-
puter models (Lipinski et al. 1997). For an active substance
to be considered, it should not violate more than two of the
rule of five: Molecular weight <500 Da, Partition coeffi-
cient log P <5, No more than 5 H-bond donor groups, No
more than 10 H-bond acceptor groups. These simple rules
(as a factor of five) were derived from experience and are
almost exclusively used to preselect compounds for screen-
ing. Usually, the more lipophilic a compound is, the better
it will be absorbed and consequently, the stronger the bio-
logical activity; however, limited solubility in the aqueous
phase restricts lipophilicity. Relevant test models have been
developed by using thin layers of human colon carcinomas
(Caco2). These also allow the absorption by transporters
to be studied. As we see in our study (in Table 2), the lipo-
philicity values correspond to the Caco2 values and varies
directly with human intestinal absorption values. These three
parameters are observed to work in tandem; an increase in
one predicts an increase in the other. However, we see that
lipophilicity again correlates negatively with water solubility
as seen with b-D-glucopyranose with log P=—-3.2214, water
solubility =—1.377, caco2=0.249 and human intestinal

(d)

absorption=21.51, which is the lowest among all the pro-
filed ligands absorption prediction. Caco2 permeability and
human intestinal absorption (HIA) indices are factors that
determine the ultimate bioavailability of the drug.

Another system that was recently structurally character-
ized is the membrane-bound glycoprotein GP170, an efflux
membrane transporter and a member of the ATP-binding
cassette transporter found primarily in epithelial cells. It is
a transporter that can expel drugs from the cell. Our study
(Table 2) shows that quindoline and ciprofloxacin are sub-
strates of P-glycoprotein and therefore can modulate the
physiological functions of P-glycoprotein by regulating the
active uptake and the distribution of drugs. Hydrophilic sub-
stances and polar metabolites, including those after conju-
gation with polar groups, are excreted via the kidneys. The
excretion of lipophilic substance is usually accomplished
hepatically, and subsequently over the intestines. Such sub-
stances often undergo oxidative metabolism, with the con-
comitant possibility of toxic metabolites being produced
(Klebe 2013).

The predicted toxicity effect of the drug on Salmonella
typhimurium reverse mutation assay showed that quindo-
line and 2-methoxyl-4-vinylglycine could trigger mutagenic
events while others are considered as non-mutagenic agents.
However, the toxicities of all the extremely lipophilic ligands
in Tetrahymena pyriformis were high ranging from 0.545 to
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(a) Quindoline

(¢) Superimposition of Quindoline (yellow)
on ciprofloxacin (dark)

Fig. 11: 3D structure of a quindoline b ciprofloxacin and ¢ Superim-
position of Quindoline (yellow) on ciprofloxacin

1.884, while 2-methoxyl-4-vinylglycine showed the high-
est toxicity level of all the ligands with a concentration of
0.071 ug/l. Also, these extremely lipophilic ligands namely:
8,11,14-eicosatrienoic acid, 9,12,15-octadecatrienoic acid,
bis (2-ethylhexyl) phthalate and phytol induced minnow tox-
icity with concentrations as low as -1.665, -1.183, -2.266
and -1.504 nM respectively, indicating high cytotoxic effects
of the ligands, hence confirming their possible lethal effects
on cells. Bis (2-ethylhexyl) phthalate has been linked to

@ Springer

increased incidence of hepatocellular carcinomas in ani-
mals by the National cancer institute with primary routes of
exposure such as inhalation, digestion and dermal contact
According to Adeoye et al. (2020), the acute toxicity of a
ligand/drug predicts it possible toxicity effects, either mild
or severe which could occur within a short time-frame after
administration (Adeoye et al. 2020). Quindoline, 1,2,3-ben-
zetriol, 8,11,14-eicosatrienoic acid and 9,12,15-octadec-
atrienoic acid were shown to elicit a low maximum tolerated
dose in humans.

Another large group of enzymes worthy of mention are
the cytochrome P450 (CYPs) metabolic enzymes. CYPs
are the major enzymes involved in drug metabolism. They
account for approximately 75% of the total metabolic activ-
ity taking place in the organism. Consequently, most drugs
undergo deactivation by CYPs, either directly or by facili-
tated excretion from the body. Also, many substances are
biotransformation by CYPs to form their active compounds
(Chatterjee and Franklin 2003). Humans have 57 genes and
more than 59 pseudogenes divided among18 families of
cytochrome P450 genes and 43 subfamilies. CYP 1, 2 and
3 are involved in drug and steroid metabolism. Our study
reveals that Quindoline was predicted as the highest CYPs
promiscuity by its ability to interact with 6 out of 7 available
CYPs on virtual screening by acting as CYP3A4 substrate,
CYP1A2 inhibitor, CYP2C19 inhibitor, CYP2C9 inhibitor,
CYP2D6 inhibitor and CYP3A4 inhibitor. Ciprofloxacin,
b-D-glucopyranose and 1,2,3-benzetriol did not show any
interaction with CYPs, either by acting as a substrate or
inhibitor as seen in Table 5. However, none of the ligands
was predicted as a substrate for CYP2D6, which provides
an open field for further study here. Many drugs have been
observed to either increase or decrease the activity of vari-
ous CYP isozymes either by inducing the biosynthesis of an
isozyme or by inhibiting the activity of the CYP. This is a
major source of adverse drug interactions, since changes in
CYP enzyme activity may affect the metabolism and clear-
ance of various drugs (Klebe 2013; Guengerich 2008).

Molecular interaction studies of quindoline binding
pocket of HMG-CoA reveals that the inhibitor-enzyme
relationship is primarily dominated by hydrogen bond and
hydrophobic interactions. Panigrahi and Desiraju (2007)
have provided comprehensive reports on the contribution
of hydrogen bonds to binding affinity of a target-drug, and
Patil et al.(2010) identified the relevance of hydrophobic
interaction on target-drug (Panigrahi and Desiraju 2007,
Patil et al. 2010). A hydrogen bond is characterized by a
pronounced distance and angle dependence. It is direc-
tional and its geometry is defined within narrow limits.
Because of their strength, hydrogen bond interactions are
specific, with conserved orientation. However, they are
also made and broken rapidly during complexation, con-
formational change, and folding. This study suggests that
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the high number of electrostatic hydrogen bond could be
responsible for the highest binding affinity exhibited by
Quindoline. As revealed by previous studies by Panigrahi
and Desiraju (2007), the median H — O distance, d, in a
ligand—protein interaction that may affect a ligand binding
is 2.0 A° and that the hydrogen bonds are linear, having
set the standard H-bonding criteria as d (H—A)<3.0 A®
and © (X—H—A) <90° (Panigrahi and Desiraju 2007).

Hydrophobic interactions are created through the close
proximity between non-polar amino acid side chains of
the protein and lipophilic groups on the ligand. It should
be noted that these lipophilic groups are aliphatic or aro-
matic hydrocarbon groups and halogen substituents (e.g.,
chlorine, fluorine) and other heterocycles (e.g. thiophene
and furan). Usually, all areas that cannot form hydrogen
bonds are counted as lipophilic parts of the surface of a
protein and ligand. As shown in our study, hydrophobic
interactions often afford a significant contribution to the
binding affinity for ligands with large lipophilic groups:
A:PHE236-:QUIN (pi-pi T-shaped hydrophobic bond,
d=4.99 A®), QUIN-:PRO235:A (pi-aliky hydrophobic
bond, d=5.43 A®, 4.57 A°, 429 A®). This might have
further improved the activity of Quindoline. Teague et al.
(1999) reported that the average number of hydrophobic
atoms in marketed drugs is 16, with one to two donors and
three to four acceptors (Teague et al. 1999). Hence, we
cannot fail to emphasize the importance of hydrophobic
interactions in drug designing. Several studies have also
revealed that increase in hydrophobic atoms in active site
of drug-target interface further increases the biological
activity of a drug-lead (Qian et al. 2007; Hansch and Leo
and Taft RW 1991).

Other weak interactions involving halogen atom (both as
electrophiles and nucleophiles), p -acceptors and sulphur
atom acceptors are also important in the protein-ligand
interface. The presence of several pi-pi and pi-alkyl hydro-
phobic bond appear to affect the binding of quindoline to
HMG-CoA. However, previous findings have predicted a
distance of d<3.5 A°® and angle © <100°. Hence, the dis-
tance exhibited by these weak interactions may not favour
ligand binding. Furthermore, we observed in our study that
pi — sulphur bond was found to be present, having a distance
dof 5.81 A®and 5.21 A°. Although, studies have shown that
sulphur atoms are larger and have a more diffuse electron
cloud than oxygen and nitrogen and they are still capable
of participating in hydrogen bonds. However, a hydrogen
bond is presumed to exist if the distance d (H-S) is<2.9 A”.
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