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Abstract

Background: It is a known fact that arginine is a common substrate for arginase and nitric oxide synthase (NOS).
However, an imbalance between both enzymes could lead to a change in airway responses. Reports suggest that
increased activities of both enzymes could lead to airway hyper-responsiveness. Thus, the requests for NOS
inhibitors that can also inhibit arginase as the elevated activities of both enzymes have detrimental consequence
on airways in asthma. Bioactive compounds from Azadirachta indica, Crinum glaucum, and Mangifera indica are
documented for anti-inflammatory, immunomodulatory, anti-histaminic, smooth-muscle relaxants, and anti-allergic
potentials. However, the mechanisms of action of these bioactive compounds in conferring the aforementioned
protections are not well characterized. The objective of this present study is to assess in silico inhibitory potentials
of these bioactive compounds against NOS and arginase via binding at their active sites. The crystal structures of
NOS and arginase were retrieved from the protein database, while the bioactive compounds were retrieved from
PubChem. Drug-likeness of the selected bioactive compounds was assessed using DruLiTo software. The successful
compounds were docked with active sites of enzymes using AutoDock Vina docking software, and the docked
complexes were analyzed using LigPlot and protein-ligand profiler web server.

Results: The findings of the study revealed that the bioactive compounds from A. indica, C. glaucum, and M. indica
were able to interact with the active sites of NOS and arginase with the exception of gallic acid (from M. indica)
and nimbandiol (from A. indica); these compounds showed differential binding energies (kcal/mol) and a number
of them had higher binding energies than L-arginine when docked with NOS.
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Conclusion: Conclusively, the in silico analysis proposes that these compounds could prove to be probable anti-
asthmatic drugs.

Keywords: ADMET, Arginase, Asthma, Azadirachta indica, Crinum glaucum, In silico, Mangifera indica, Nitric oxide synthase

Background
Nitric oxide synthase (NOS) is an enzyme that catalyzes
the conversion of L-arginine to L-citrulline and produces
nitric oxide (NO) a tiny, short-lived molecule. Nitric
oxide is no doubt a widely studied signaling molecules
in biology [1]. The neuronal NOS (nNOS), endothelial
NOS (eNOS), and inducible NOS (iNOS) till date are
the three distinct isoforms of NOS [2]. While eNOS and
nNOS are constitutively expressed depending on the in-
creases in external calcium and also the binding of a cal-
cium/calmodulin complex for activation. Both nNOS
and eNOS play a pertinent role in neurotransmission
and smooth muscle relaxation, while iNOS is usually
expressed during bacterial infection, inflammation, and
tumor cell lysis [2, 3]. Arginase is an important and final
enzyme of urea cycle that aid in the conversion of L-ar-
ginine to ornithine and urea. NOS and arginase share
same substrate (L-arginine), thus both compete for the
substrate. Elevated activity of arginase has been linked
with numerous diseases by decreasing the supply of L-ar-
ginine required by NOS to produce NO, there by raising
the production of L-ornithine which results in vascular
structural problems. Actually, L-ornithine is converted
into either polyamine such as putrescine, spermidine,
and spermine or proline; in addition, these downstream
products can promote cell proliferation and collagen
production. Arginase is not limited to hepatocytes but
also other cells in the lung and airways [4, 5].
Chronic asthma is categorized by airways constriction,

inflammation, and airway hyper-responsiveness [6].
Though many processes of pathologic relevance partake
in the pathogenesis of asthma, a huge body of evidence
indicates the pivotal role of airway-derived nitric oxide
(NO) in the mechanism that underlies asthma [7–10].

Interestingly, NO confers a bronchodilatory effect via
the relaxation of airway’s smooth muscle [9]. NO binds
to soluble guanylate cyclase (sGC); this leads to activa-
tion of the protein, followed by enhanced production of
intracellular messenger cGMP, which is responsible for
initiating downstream signaling for vasodilation [10].
The injurious effects of NO in airway inflammation by
reactive nitrogen species (RNS) formation is supported
by substantial evidences [11]. Increased generation of
RNS and reactive oxygen species (ROS) are well docu-
mented in asthma [5, 7, 11, 12]. Therefore, an NOS in-
hibitor should also have an inhibiting effect on arginase,
as the elevated amounts of either enzyme have detri-
mental effects on the lung airways in asthma (Fig. 1);
consequently, two routes must undergo regulation in
order to maintain the lung’s internal environment [12].
Current asthma therapy lacks desirable outcomes owing
to adverse consequences. Thus, patients are seeking
medicines that are complementary and alternative to
treat their asthma [13, 14].
Plants are ubiquitous in every livable environment, lot

of which are found on land. Many stresses and chal-
lenges are faced by plants with being sedentary; they
possess many molecules that prevent harms from ani-
mals and environmental affronts. Also, these molecules
confer on plants the capability to give off scents, colors,
and noxiousness. Several historical findings on the early
use of plants for medicinal objectives following the
discovery of many medicinal plants by our ancestors
must have been through trial and error expedition
necessitated by their quest to survive. Before the advent
of recording and writing of history, such knowledge
was passed through generations orally. Many plants
were recorded in the early years of having medicinal

Fig. 1 Action of arginase and nitric oxide synthase on L-arginine
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properties and were used to treat many pathological
conditions [15–20]. Products from plants and animals
are natural which have been a regular source of drugs
for anticancer and antimicrobial agents. Trado-
Medicine has been dominated by contemporary medi-
cine as the methods of treatment for human diseases.
However, in year past, we have watched an increase in
the use of medicinal plants for health promotion and
treatment of diseases in many countries including
developed countries such as the UK, Germany, China,
and France where many medicinal plant extracts are
now used as prescription drugs [21].
Attacks due to asthma can be treated or prevented by

a variety of bronchodilator drugs such as albuterol,
terbutaline, theophylline, and cromolyn sodium [22].
Conversely, there is a rising cost of imported medication
to the extent that government cannot continue to meet
the demands of the people. Besides, the scarcity and cost
of the commodities used to manufacture drugs locally
have made modern medicine most expensive for the
common man to afford [23]. It is, therefore, important
that we continually evaluate and develop our indigenous
plant resources to enrich our traditional herbal therapy
as well as source for additional raw materials for the
local manufacturing of modern drugs. This is to ensure
the improvement and sustenance of our health care sys-
tem [24]. Medicinal plants employed in the treatment of
this malaise should possess anti-inflammatory, antihista-
minic, immunomodulatory, smooth-muscle relaxants,
and anti-allergic activity [25]. Over the years, researchers
have strengthened the determinations to isolate and
characterize bioactive ingredients from such plants.
Among the identified plants with anti-inflammatory,
immunomodulatory, antihistaminic, smooth-muscle re-
laxants, and anti-allergic potential are Crinum glaucum,
Mangifera indica, and Azadirachta indica. These
valuable plants have been importantly noted for their
uses in folkloric medicine for the management of various
diseases including Asthma [26–45].
Crinum glaucum (Family: Amaryllidaceae), known

commonly among the Yoruba speaking part of
Nigeria as ‘isumeri,’ in Igbo of South East Nigeria as
‘Ede Chukwu’ or ‘Ede mmo’ (God’s Cocoyam), and
‘Albasar Kwa’adi’ (Frog’s Onions) in Hausa of North-
ern part of Nigeria, is a bulbs-bearing plant with
thick, firm, upright, glaucous leaves. It has been re-
ported as an efficient medicine to relief coughing,
asthma, and convulsions, by trado-medical specialists
[26–29]. The aqueous extract of C. glaucum bulbs
had been revealed to generate a relaxant effect that is
non-specific on smooth muscles of gastrointestinal
tract, which also possess analgesic and anti-
inflammatory properties [28]. Similarly, the extract
was also found to reduce the anaphylactic spasms of

the guinea pig ileum along with the amount of spas-
mogens released anaphylactically from lung tissues
[26]. Alkaloids are considered as the major bioactive
components of C. glaucum which exhibits various
pharmacological effects such as mast cell stabilization,
anti-allergic effect, anti-spasmodic effect, and anti-
anaphylactic effect [29]. From literature, Crinamine
and Lycorine are the two alkaloids that may have
anti-asthmatic effect [26, 29].
Mangifera indica (family: Anacardiaceae) is considered

as one of the main tropical fruits in the world which
originated from Asia. Besides, reports have shown that
China, India, Brazil, Nigeria, Pakistan, Mexico, Thailand,
and the Philippine are well-known for mango cultivation
with India being the highest mango cultivating country
[30, 31]. Despite the common use of mango fruit as
food, various parts of mango trees have also been used
for medical purposes. One of such disease is asthma
since ancient times, mostly in Southeast Asian and Afri-
can countries [32]. Barretto et al. [33] characterized and
quantified a wide range of polyphenolics in M. indica.
Mangiferin, gallic acid, catechins, quercetin, kaempferol,
protocatechuic acid, ellagic acids, propyl and methyl
gallate, rhamnetin, and anthocyanins are the major
polyphenolic compounds found in M. indica [34]. Sev-
eral reports that laid claims to M. indica possessing
anti-allergic, analgesic, antioxidant, anti-inflammatory,
and immunomodulatory properties have been docu-
mented [29, 35–37].
Azadirachta indica (Neem), belonging to the family

Meliaceae is an evergreen tree, is being considered as
the most important and useful medicinal and evergreen
popular tree that is fast growing found commonly in
India, Africa, and America [38]. The major bioactive
constituents that have been previously isolated and char-
acterized from the neem leaf include nimbin, nimbindiol,
nimbinine, quercetin, rutin, and β-sitoserol [29, 39, 40].
The neem leaf based on earlier reports possess various
pharmacological effects such as anti-inflammatory, anti-
oxidant, antimicrobial, mast cell stabilizers, and antiviral
potentials [29, 41–45].
It would be of interest to carry out computational

studies on the binding of phytochemicals from available
medicinal plants with NOS and arginase, to gain detailed
knowledge about their inhibitory mechanism with an
unequivocal level of accuracy. Since various extracts
obtained from diverse parts of C. glaucum, M. indica,
and A. indica have been reported for their potency in
the treatment of asthma; thus, molecular docking was
carried out to elucidate the molecular basis of inter-
action and hence, inhibitory potential of the phytochem-
icals isolated from these important medicinal plants
against NOS and arginase. In addition, the in silico tox-
icity profiling of the best hit compounds were evaluated.
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Methods
Protein targets selection and preparation
This was carried out as described in Sekar et al. [46]. The
three-dimensional (3D) crystallographic structures of
human endothelial NOS complexed with arginine (PDB
code: 3NOS) and human arginase I in complex with
known inhibitor methionine 2(S)-amino-6-boronohexa-
noic acid (Me-ABH) with PDB code: 3SJT were retrieved
from the Protein Database (PDB) (www.pdb.org/pdb).
Using the software Chimera©, version 1.13., (http://www.
cgl.ucsf.edu/chimera), the proteins were prepared for
docking via the removal of the co-crystallized ligand and
water molecules to produce a nascent receptor.

Ligand preparations
The selected molecules were obtained in Simple Data
format (SDF) from PubChem web-platform (https://
www.ncbi.nlm.nih.gov/pccompound) in 3D conform-
ation and were consequentially converted into mole files
deploying MarvinSketch© software (ver. 15.11.30). Fur-
thermore, the molecules were optimized with Merck
molecular force field (MMFF94) in Avogadro (ver. 1.10).
Fourteen molecules were selected for the study (Table 1);
two (2) molecules for C. glaucum, and six (6) molecules
each for M. indica and A. indica.

Drug likeness screening
To ensure the drug likeness of the selected molecules,
they were analyzed using DruLiTo software. DruLiTo is
a tool that calculates molecular properties such as logP
values, molecular weight, Hydrogen bond donors, and
acceptors. Lipinski’s rule of five was applied to select the
probable molecules [47, 48]. Here, the simple data files
of the ligands under study were uploaded onto the soft-
ware and were run to provide the druglikeness parame-
ters to be predicted.

Molecular docking
The docking was done by using flexible docking protocol
according to Sekar et al. [46], Trott and Olson [49], and
Warshaneyan et al. [50]. Briefly; Python Prescription 0.8,
a suite comprising of automated molecular docking tools
(Auto Dock Vina), was utilized for the molecular
docking analysis of the selected Ligands with the two
enzymes. The PDBQT files of both proteins were generated
through this software (using their previously created PDB
files as inputs). The specific target sites of the two target
enzymes separately were set with the help of grid box. Ten
configurations for each Protein-Ligand complex were
generated for all the ligands using the software; text files of
scoring results were also produced for the purpose of man-
ual comparative analysis at the end of the experiment.

Molecular interaction analysis
The protein-ligand complexes along with the molecular
interaction were all visualized using PyMOL© Molecular
Graphics (version 2.4, 2010, Shrodinger LLC), LigPlot+ ©
Roman Lakoskwi (version 2.1.), and the Protein-Ligand
interaction profiler’s web server (https://projects.biotec.tu-
dresden.de/plip-web/plip) [51] and snapshots were taken.

Prediction of ADMET properties
The ADMET properties of the compounds with the
highest hits from the molecular docking run were per-
formed in ADMETSar web server (http://lmmd.ecust.
edu.cn/). This is a web server where the hit compounds
were accessed for their pharmacodynamics and pharma-
cokinetic properties using various model on the server.

Results
Selected protein targets
NOS have homodimeric chains (A and B) with reso-
lution 2.40 Å. Further, 427 amino acids constitute the
length of the protein co-crystalized with arginine
substrate. Arginase I is homodimerically crystalized with
Me-ABH, which is having a protein length of 322 amino
acids and resolution of 1.60 Å (Fig. 2).

Drug likeness screening
Bioactive compounds selected from the three different
plants known for their anti-asthmatic properties for
docking studies are presented in Table 1, which shows
their chemical structures. Two out of Thirteen bioactive
compounds that were assessed for druglikeness potentials
possessed one or more violations and were eliminated
from the study (Table 2). The remaining 11 molecules
which satisfied Lipinski’s rule of five were used for the
docking studies.

Molecular docking and interaction of NOS and
phytocompounds
The amino acid residues present at the site for cata-
lytic action in NOS include Val104, Phe105, Pro106,
Arg107, Ala181, Pro182, Arg183, Gln247, Arg250,
Tyr331, Val336, Phe353, Ser354, Trp356, Tyr357,
Glu361, Asn366, Asp444, Phe468, Ala472, and Arg474
[3, 52, 53] while those present in the site of recog-
nized by substrate in arginase-I are Pro20, Arg21,
Lys68, His101, Asp124, Ala125, His126, Asp128,
Asn130, Thr135, Thr136, Ser137, Asn139, His141,
Gly142, Asp183, Asp232, Asp234, Thr246, and
Glu277 [3, 5]. Tables 3 and 4 summarizes the dock-
ing study results, presented as binding energy and the
molecular interactions that occur between these com-
pounds and our protein targets.
In this in silico study, the entire bioactive compounds

displayed inhibitory activity against NOS and arginase.
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Table 1 Chemical Structure of bioactive compounds in A. indica, C. glaucum, and M. indica

S/N Plant Source Ligands Molecular weight Chemical formula Chemical structures References

1. Azadirachta indica Nimbin 540.24 C30H36O9 [29, 39, 40]

Nimbandiol 456.21 C26H32O7

Nimbinene 482.23

Quercetin 302.04 C15H10O7

Rutin 610.15 C27H30O16

2. Crinum glaucum Crinamine 301.342 C17H19NO4 [26, 29]

Lycorine 287.315 C16H17NO4

3. Mangifera indica Catechin 290.08 C15H14O6 [33, 34]
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Table 1 Chemical Structure of bioactive compounds in A. indica, C. glaucum, and M. indica (Continued)

S/N Plant Source Ligands Molecular weight Chemical formula Chemical structures References

Ellagic acid 302.01 C14H6O8

Epicatechin 290.08 C15H14O6

Gallic acid 170.02 C7H6O5

Kaempferol 286.05 C15H10O6

Mangiferin 422.08 C19H18O11

4. Synthetic drug Cromolyn Sodium 512.03 C23H14Na2O11

Fig. 2 Three-dimensional structures (in ribbon) of target proteins. a Nitric oxide synthase. b Arginase
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The bioactive compounds of A. indica; nimbin, nimbin-
diol, nimbinene, and quercetin have binding energies of
− 8.0, − 8.2, − 8.8, and − 9.1 kcal/mol respectively with
NOS. They also made interactions with several residues
of amino acid found within the substrate recognizing site
in NOS that were reported earlier [3, 52, 53], and are in-
dicated in bold letters (Tables 3 and 4). This shows that

these bioactive compounds penetrate deeply into the site
of substrate recognition in NOS (Fig. 3a–d). Nimbin
established hydrogen bond with Gln247 and Glu361,
and interacted hydrophobically with Phe353. Nimban-
diol established hydrogen bond with Val185, Gly186,
Gly355, and Trp356, and it formed a hydrophobic bond
with Trp178, Val336, and Trp447; its aromatic ring

Table 2 Physicochemical properties of compounds calculated based on the Lipinski’s rule of 5

S/N Plant source Ligands Molecular weight LogP No of HB donor No of HB acceptor No of violations

1. Azadirachta indica Nimbin 540.24 1.276 0 9 1

Nimbandiol 456.21 − 0.311 2 7 0

Nimbinene 482.23 0.928 0 7 0

Quercetin 302.04 1.834 5 7 0

Rutin 610.15 − 0.735 10 16 3

2. Crinum glaucum Crinamine 301.342 0.613 1 5 0

Lycorine 287.315 − 0.285 2 5 0

3. Mangifera indica Catechin 290.08 0.852 5 6 0

Ellagic acid 302.01 1.366 4 8 0

Epicatechin 290.08 0.852 5 6 0

Gallic acid 170.02 0.964 4 5 0

Kaempferol 286.05 1.486 4 6 0

Mangiferin 422.08 − 0.631 8 11 2

4. Synthetic Drug Cromolyn Sodium 512.03 0.992 1 11 2

Table 3 Analysis of molecular interaction for the Phytochemicals with NOS

S/N Plant source Phytochemicals Number of
hydrogen
bond formed

Residues involved
in hydrogen bond
formation

Residues involved
in hydrophobic
interaction

Residues
involved in
π-stacking

Binding
energy
(kcal/mol)

1. Azadirachta indica Nimbin 2 Gln247, Glu361 Phe353 – − 8.0

Nimbandiol 4 Val185, Gly186, Gly355,
Trp356

Trp178, Val336 Trp447 Trp447 − 8.2

Nimbinene 2 Gln247, Gly355 Gln247, Pro334, Val336,
Phe353 and Trp447

– − 8.8

Quercetin – – Leu193, Phe353 Trp178 − 9.1

2. Crinum glaucum Crinamine 2 Gly355, Trp356 Phe353 Trp178 − 9.2

Lycorine 2 Gly355, Trp356 Val185, Val418, Ala423 – − 8.5

3. Mangifera indica Catechin – – Leu193, Phe353 Trp178 − 8.8

Ellagic acid 4 Arg183, Ser354, Trp356
and Glu361

Trp178, Phe353 and Phe473 Trp178 − 8.7

Epicatechin 2 Ser226 and Ala227 Ala181, Phe353 and Phe473 Trp178 − 8.4

Gallic acid 3 Asp444, Asn466 and
Tyr475

Pro106 and Phe468 – − 5.9

Kaempferol 1 Trp356 Trp178, Leu193 and Phe353 Trp178 − 9.3

4. Synthetic Drug Cromolyn Sodium 7 Arg107, Asn180, Arg183,
Gly355, Trp356, Leu469,
Phe473

Trp178, Phe353, Phe468,
Ala472, Phe473, Tyr475

Trp178 − 10.7

5. Substrate N-Omega-L-arginine 7 Gln247, Tyr331, Gly355,
Trp356, Tyr357, Glu361
and Asn366

Val336 and Tyr357 – − 5.9

Residues in bold letters are those found within the binding pocket of NOS
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Table 4 Analysis of molecular interaction for the phytochemicals with Arginase-I

S/N Plant source Phytochemicals Number of
hydrogen
bond formed

Residues involved
in hydrogen bond
formation

Residues involved
in hydrophobic
interaction

Residues
involved in
π-stacking

Binding
energy
(kcal/mol)

1. Azadirachta
indica

Nimbin 4 Asn130, Thr136, Ser137
And Asn139

His126 And Thr246 – − 6.1

Nimbandiol 4 Ser137, Asn139, His141
And Gly142

His126 And Thr246 – − 5.9

Nimbinene 1 Gly185 Thr134, Leu152 And Tyr188 Tyr188 − 6.3

Quercetin 3 His141, Asp181 And Glu277 Thr246 His126 and His141 − 7.4

2. Crinum
glaucum

Crinamine 2 Asn130 And Asp181 His126 His126 and His141 − 7.1

Lycorine 1 His126 Thr246 His141 − 7.0

3. Mangifera
indica

Catechin 5 Asp128, Ser137, His141,
Asp183 And Asp234

Thr246 His126 and His141 − 7.0

Ellagic acid 6 Arg21, Asn130, Ser137,
Asn139, Gly142 and Glu186

Thr246 – − 8.3

Epicatechin 5 Thr136, Ser137, Asn139,
His141 and Glu277

Thr246 His126 and His141 − 7.9

Gallic acid 4 Asp128, Asn130, Ser137
and Asp183

His126 His126 and His141 − 6.5

Kaempferol 5 Arg21, Asp128, Ser137,
Asn139 and His141

His126 and Thr246 – − 6.8

4. Synthetic
drug

Cromolyn
Sodium

3 Ser137, Asn139 And Gly142 – – − 7.3

Residues in bold letters are those found within the binding pocket of Arginase-I

Fig. 3 The binding configuration of A. indica phytoconstituents and interaction analysis. Binding poses of a Nimbin, b Nimbandiol, c Nimbinene,
and d Quercetin on NOS active site as obtained from molecular docking using AutoDock Vina. Result of 2D interaction analysis shows hydrogen
bond (green dashed lines) and hydrophobic interaction (red curved lines) using LigPlot
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interacted via π-stacking with Trp447. Nimbinene inter-
acted with Gln247 and Gly355 by establishing hydrogen
bonds while hydrophobic interaction was established
with Gln247, Pro334, Val336, Phe353, and Trp447.
Quercetin has no hydrogen bond interaction with any

residues of the amino acid but establishes hydrophobic
contact with Leu193 and Phe353, and its aromatic ring
interacted via π-stacking with Trp178.
In C. glaucum, Crinamine and Lycorine have binding ener-

gies of − 9.2 and − 8.5 kcal/mol respectively. Both bioactive

Fig. 4 The binding configuration of C. glaucum phytoconstituents and interaction analysis. Binding poses of a Crinamine and b Lycorine on NOS
active site as obtained from molecular docking using AutoDock Vina. Result of 2D interaction analysis shows hydrogen bond (green dashed lines)
and hydrophobic interaction (red curved lines) using LigPlot

Fig. 5 The binding configurations of M. indica phytoconstituents and interaction analysis. Binding poses of a Catechin, b Ellagic acid, c
Epicatechin, d Gallic acid, and e Kaempferol on NOS active site as obtained from molecular docking using Autodock Vina. Result of 2D interaction
analysis shows hydrogen bond (green dashed lines) and hydrophobic interaction (red curved lines) using LigPlot
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compounds penetrate deeply into the site for substrate me-
tabolism in NOS and establish hydrogen bond interaction
with Gly355 and Trp356 (Fig. 4a, b). This was due to the fact
that both compounds shared common scaffold (Table 1).
Crinamine interacted with Phe353 hydrophobically while its
aromatic ring interacted via π-stacking with trp178. Lycorine
interacted with Val185, Val418, and Ala423 hydrophobically.
The bioactive compounds in M. indica are catechin,

ellagic acid, epicatechin, gallic acid, and kaempferol have
binding energies of − 8.8, − 8.7, − 8.4, − 5.9, and − 9.3
kcal/mol respectively with NOS. Figure 5a–e revealed
that catechin interacts with Leu193 and Phe353 hydro-
phobically and does not form any hydrogen bond with
residues within the active cavity in NOS, but its aromatic
ring interacts via π-stacking with Trp178. Ellagic acid
established hydrogen bond with Arg183, Ser354, Trp356,
and Glu361 and interacted with Trp178, Phe353, and
Phe473 hydrophobically. Furthermore, there was inter-
action between ellagic acid via its aromatic ring and
Trp178 by π-stacking. Epicatechin formed hydrogen
bond with Ser226 and Ala227; interacted hydrophobi-
cally with Ala181, Phe353, and Phe473 but interacted
with Trp178 via π-stacking. The hydrogen bond formed
by gallic acid were with residues; Asp444, Asn466, and
Tyr475, while it established hydrophobic interactions
with Pro106 and Phe468. Finally, Kaempferol established
hydrogen bond with Trp356 and interacted with Trp178,
Leu193, and Phe353 hydrophobically. There is an inter-
action between the aromatic ring of Kaempferol and
Trp178 via π-stacking. The binding energy of the co-
crystallized compound (L-arginine) was − 5.9 kcal/mol and

it enjoyed hydrogen bond interaction with Gln247,
Tyr331, Gly355, Trp356, Tyr357, Glu36, and Asn366, and
hydrophobic interaction with Val336 and Tyr357.

Molecular docking and interaction of Arginase-I and
phytocompounds
Docking results between the bioactive compounds of A.
indica, C. glaucum, and M. indica with Arginase-I are
presented in Figs. 6, 7, and 8 and Table 4. Bioactive
compounds in A. indica; nimbin, nimbindiol, nimbinene,
and quercetin have binding energies of − 6.1, − 5.9, − 6.3,
and − 7.4 kcal/mol respectively with arginase. They also
made interactions with several residues of amino acid in
the substrate’s active slot of arginase which is in tandem
with earlier reports [3, 5], as indicated in bold letters
(Table 4). This present finding revealed that these bio-
active compounds penetrate deeply into the active site of
arginase. Nimbin established hydrogen bond with
Asn130, Thr136, Ser137, and Asn139, and interacted
hydrophobically with His126 and Thr246. Nimbandiol
established hydrogen bond with Ser137, Asn139, His141,
and Gly142, and it formed a hydrophobic bond with-
His126 and Thr246. Nimbinene interacted with Gly185
by establishing hydrogen bond while hydrophobic inter-
action was established with Thr134, Leu152, and
Tyr188, and its aromatic ring interacted via π-stacking
with Trp188. Quercetin formed hydrogen bond inter-
action with His141, Asp181, and Glu277; it established
hydrophobic contact with Thr246, and its aromatic ring
interacted via π-stacking with His126 and His141.

Fig. 6 The binding configuration of A. indica phytoconstituents and interaction analysis. Binding poses of a Nimbin, b Nimbandiol, c Nimbinene,
and d Quercetin on Arginase-I active site as obtained from molecular docking using AutoDock Vina. Result of 2D interaction analysis shows
hydrogen bond (green dashed lines) and hydrophobic interaction (red curved lines) using LigPlot
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Fig. 7 The binding configuration of C. glaucum phytoconstituents and interaction analysis. Binding poses of a Crinamine and b Lycorine on
arginase I active site as obtained from molecular docking using AutoDock Vina. Result of 2D interaction analysis shows hydrogen bond (green
dashed lines) and hydrophobic interaction (red curved lines) using LigPlot

Fig. 8 The binding configuration of M. indica phytoconstituents and interaction analysis. Binding poses of a Catechin, b Ellagic acid, c
Epicatechin, d Gallic acid, e Kaempferol on arginase I active site as obtained from molecular docking using Autodock Vina. Result of 2D
interaction analysis shows hydrogen bond (green dashed lines) and hydrophobic interaction (red curved lines) using LigPlot
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The bioactive compounds of C. glaucum (Crinamine
and Lycorine) have binding energies of − 7.1 and − 7.0
kcal/mol respectively. Both bioactive compounds pene-
trate deeply into the active port of arginase. Crinamine
establish hydrogen bond with Asn130 and Asp181; it
interacted hydrophobically with His126, while its aro-
matic ring interacted via π-stacking with His126 and
His141. Lycorine interacted with His126 by hydrogen
bond, it hydrophobically interacted with Thr246, and its
aromatic ring interacted via π-stacking with His141.
The bioactive compounds in M. indica viz catechin, el-

lagic acid, epicatechin, gallic acid, and kaempferol have
binding energies of − 7.0, − 8.3, − 7.9, − 6.5, and − 6.8
kcal/mol respectively with arginase as seen in Fig. 8a–e
and Table 4. Catechin established hydrogen bond with
Asp128, Ser137, His141, Asp183, and Asp234 and inter-
acts with Thr246 hydrophobically but its aromatic ring
interacts via π-stacking with His126 and His141. Ellagic
acid established hydrogen bond with Arg21, Asn130,
Ser137, Asn139, Gly142, and Glu186. Also, it interacted
with Thr246 hydrophobically while its aromatic ring
interacted with His126 and His141 through π-stacking.
Epicatechin formed hydrogen bond with Thr136, Ser137,
Asn139, His141, and Glu277; and interacted hydrophobically
with Thr246; and via π-stacking, epicatechin interacted with
His126 and His141. The hydrogen bond formed by
Gallic acid were with residues; Asp128, Asn130,
Ser137, and Asp183, while it established hydrophobic
interactions His126. Finally, Kaempferol established
hydrogen bond with Arg21, Asp128, Ser137, Asn139,
and His141; and interacted with His126 and Thr246
hydrophobically.

ADMET profiling of hit compounds
ADMET properties were predicted through the pharma-
cokinetic parameters in ADMETSar server (http://lmmd.
ecust.edu.cn/) for ten hit compounds with cromolyn so-
dium (control) after a successful docking study (Table 5).
All the hit compounds possess low absorption in the in-
testine via Caco-2 permeability except crinamine and
lycorine which might be due to their molecular size, while
they had high gastrointestinal absorption (GIA). The con-
trol drug and five hit compounds were predicted to pene-
trate the blood brain barrier (BBB). All hit compounds
exhibited high plasma protein binding rate but the control
drug had a low binding rate. This might affect their move-
ment to target site where they exert their pharmacological
actions. Most of them (9) were predicted to reside in
mitochondria while only one was localized in the lyso-
somes. For drug metabolism, none of the compounds
would be metabolize by CYP2D6 except four hit com-
pounds, and three of them might likely inhibit CYP2D6.
Kaempferol, lycorine, and quercetin might inhibit
CYP1A2, while kaempferol was predicted to inhibit both

CYP2C19 and 2C9. Six hit compounds might serve as
substrate to CYP3A4, while kaempferol, nimbin, nimbinin,
and quercetin might likely inhibit CYP3A4 as predicted.
All compounds predictively showed toxicity from Salmon-
ella typhimurium reverse mutation assay (AMES) toxicity
except four compounds. None were predicted to be car-
cinogenic. Five compounds were predicted to cause
hepatotoxicity in humans except cromolyn sodium and
other five hit compounds. Only three hit compounds
could block human either-a-go-go (herG), a potassium
ion channel which play a significant role in the repolariza-
tion of the heart.

Discussion
Molecular docking discovers the binding geometry of
two interacting molecules with known structures. It pre-
dicts the preferred orientation of receptor (protein) and
ligand (bioactive compounds) to each other to form a
stable complex [54–57]. Currently, the use of computers
to determine the binding of datasets of small molecules
to known receptors is a major component of drug dis-
covery. The top docking hits used in the present study
does not violate Lipinski rule of five parameters. Lipinski
rule of five is a law to evaluate drug likeness to define if
a compound has a certain activity of pharmacological or
biological relevance to make it a drug that is orally active
in human [47, 48, 54]. The compound that go beyond
molecular weight (Mw) > 500 Da, calculated log P > 5,
hydrogen-bond donors > 5, hydrogen-bond acceptors >
10 is not likely to be pursued further as a drug with
potentials, as this might likely loss properties significant
that is linked with its absorption, distribution, metabol-
ism, and excretion [47, 48, 54, 57, 58]. From this study,
we found rutin and Mangiferin from A. indica and M.
indica, respectively with the standard drug (cromolyn
sodium) used in the study also exhibited questionable
drug-like properties as shown in Table 2.
Increased activity of NOS leads to increased synthe-

sis of the gaseous molecule, nitric oxide (NO). The
oxidative environment of the asthmatic airway with
high level of NO can lead to enormous formation of
reactive nitrogen species (RNS) followed by subse-
quent oxidation and nitration of proteins, which ad-
versely disturb protein functions with biological
relevance to chronic inflammation [9, 10, 12]. Thus,
NOS inhibition may offer therapeutic benefits in the
treatment of asthma. However, increase in arginase
activity beyond normal due to high level of arginine
may involve in asthmatic pathogenesis following a de-
cline in NO production and thereby promoting cell
propagation and deposition of collagen in the airways
[3, 4, 9, 10]. In view of these, a good NOS inhibitor
should also possess some degree of inhibition on
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arginase because the elevated activities of either en-
zyme may cause deleterious consequences on airways
in asthmatic patients [4, 5, 9, 12]. The findings in this
present in silico study indicate that all the bioactive
compounds possess inhibitory potentials against NOS
and arginase except for gallic acid and nimbandiol
that demonstrated poor inhibitory effects against NOS
and arginase, respectively. Also, this study revealed that
these compounds bind to the catalytic domain in NOS en-
zyme. Subsequently, this inhibit the enzyme which might
facilitate reduction in the production of NO in the asth-
matic airway. The binding of these molecules were ob-
served to lock off the entry of any incoming substrate
(Figs. 3,4, 5, 6, 7, and 8). This is also confirmed by the in-
teractions with the amino acids residues found within the
catalytic domain of the enzyme which also corresponds to
some of the residues that were found to interact with L-ar-
ginine (Table 3), a known substrate. The aforementioned
event may prevent production of reactive nitrogen species
(RNS) and consequently oxidation and nitration of pro-
teins that can possibly ameliorate the adverse effects asso-
ciated with this physiological process. Additionally, these
bioactive compounds exhibit inhibitory potential against
arginase enzyme as they bind to the substrate’s active do-
main of the enzyme. Note worthily, the regulation of these
two enzymes is highly germane to the sustainability of
lung homeostasis which may improve bronchodilation
whenever the need arises for it under varying physiological
conditions.
The major bioactive components of C. glaucum which

exhibits various pharmacological effects such as mast
cell stabilization, anti-allergic effect, anti-spasmodic
effect, and anti-anaphylactic effect are two alkaloids,
Crinamine and Lycorine [26, 29]. Anti-inflammatory
properties via the regulation of NF-kB, MAPKs and Nrf2
pathways had been earlier attributed to catechin while
its isomer, epicatechin displayed inhibition against TNF-
α, IL-6, PGE2, and nitric oxide [29, 35–37]. Kaempferol
has numerous beneficial functions which include cardio-
vascular, antioxidant, antidiabetic, anti-inflammatory, he-
patoprotective, and neuroprotective effects [29, 35–37].
Quercetin had been known for anti-inflammatory poten-
tials, mast cell stabilizing, and gastro-intestinal cytoprotec-
tive activity. Nimbandiol, nimbinene, and nimbin are
limonoids in A. indica [39] that possesses various pharma-
cological potentials that include as anti-inflammatory,
antioxidant, antimicrobial, mast cell stabilizers, and anti-
viral potentials [29, 41–45]. These facts might be attrib-
uted to the performance of these bioactive compounds in
our current work.
In our current in silico study; hydrogen bonds, hydro-

phobic interactions, and electrostatic interactions were
common among the protein-ligand complexes. Interest-
ingly, these interactions had been reported provide

stability to the protein–ligand complexes, likewise influ-
ence the binding energy values of the hit compounds in
complex with all the target proteins [54, 55, 57, 58].
Thus, the facts provided in this current work indicates
that the active compounds of these three African plants,
suggest that nimbin, nimbinene, quercetin, crinamine,
lycorine, catechin, ellagic acid, epicatechin, and kaemp-
ferol may possess the most in silico inhibitory effect
against NOS and Arginase through a molecular docking
technique. However, these outcomes need to be vali-
dated using molecular dynamic simulation, and other
wet lab studies. The studies from in silico toxicity profil-
ing (Table 5) revealed that the hit compounds were bet-
ter than the control drug, cromolyn sodium, but some
will require chemosimilar or pharmacophoric modeling
that will improve some key parameters relating to ab-
sorption, distribution and toxicity. These toxicological
patterns might be connected to their earlier screening
for druglikeness using the Lipinski’s rule of five where
they violated some parameters. The essence of in silico
toxicity profiling cannot be over emphasized as many ac-
tive compounds and therapeutics end up been rejected
at clinical trial stages due to one toxicity issue to the
other.

Conclusion
This study showed that the bioactive compounds from
the selected medicinal plants are capable of binding to
and inhibiting NOS and arginase I enzymes. The present
in silico study revealed that nimbin, nimbinene, and
quercetin from A. indica; crinamine and lycorine from
C. glaucum; and catechin, ellagic acid, epicatechin, and
kaempferol from M. indica display promising association
to the binding site of both enzymes (except gallic acid
and nimbandiol). From the drug-likeness screening, we
found that cromolyn sodium (standard drug) is not a
better drug candidate when compared to the bioactive
compounds investigated in this study which also mani-
fest in the ADMET screening. Hence, they could prove
to be probable anti-asthmatic drugs. This work had been
completed through molecular docking technique; there
would be need for molecular dynamics simulation of at
least 100 ns to validate the outcome of our present in
silico study. However, this in silico study is just a means
of predicting the activity of the bioactive compounds in-
volved, so we strongly recommend further studies
(in vitro and in vivo) to validate the efficacy of these bio-
active compounds.
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