
Heliyon 8 (2022) e12339
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
Antihypertensive activity of roasted cashew nut in mixed petroleum
fractions-induced hypertension: An in vivo and in silico approaches

Jacob Kehinde Akintunde a, Victoria Omoyemi Akomolafe a,b,*, Odunayo Anthonia Taiwo a,b,
Iqrar Ahmad c,d, Harun Patel d, Adeola Osifeso a, Adefuye Oluwafemi Olusegun a,
Oluwafemi Adeleke Ojo e,*

a Applied Biochemistry and Molecular Toxicology Research Group, Department of Biochemistry, College of Biosciences, Federal University of Agriculture Abeokuta Nigeria
b Department of Biochemistry, College of Natural and Applied Sciences, Chrisland University, Ajebo Abeokuta, Ogun-state
c Department of Pharmaceutical Chemistry, Prof. Ravindra Nikam College of Pharmacy, Gondur, Dhule, 424002, Maharashtra, India
d Division of Computer Aided Drug Design, Department of Pharmaceutical Chemistry, R. C. Patel Institute of Pharmaceutical Education and Research, Shirpur, 425405,
Maharashtra, India
e Phytomedicine, Molecular Toxicology, and Computational Biochemistry Research Lab, Department of Biochemistry, Bowen University, Iwo, 232101, Osun State, Nigeria
A R T I C L E I N F O

Keywords:
Angiotensin converting enzyme
Systolic blood pressure
Petroleum fractions
Cashew nuts
Computational tools
* Corresponding authors.
E-mail addresses: vicyem4real@gmail.com (V.O.

https://doi.org/10.1016/j.heliyon.2022.e12339
Received 11 April 2022; Received in revised form
2405-8440/© 2022 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Consumption of water polluted by crude oil is a major environmental problem typical in exploration areas.
Numerous health complications such as high blood pressure, myocardial infarction, and other heart complications
are prevalent and ravaging. These have gradually become age-defiling disease conditions that are usually
maintained with lifestyle changes and diet control. The effect of dietary supplementation with 10% and 20%
roasted cashew nuts (RCN) on systolic blood pressure and angiotensin converting enzyme I (ACE I) activities in
mixed petroleum fraction (MPF) induced toxicity was studied in male Wistar rats through the modulation of the
renin-angiotensin system. The phytochemicals in RCN were quantified using the high performance liquid chro-
matography (HPLC) technique. To predict likely binding affinity and stability, computational methods such as
molecular docking, ADME, and molecular dynamic simulation were used. Out of the seven phytochemicals
identified, rutin, gallic acid, and quercetin had the greatest quantities. Similarly, rutin had the highest binding
affinities with ACE I, -10.7 kcal/mol, followed by quercetin, at -9.1 kcal/mol. During the molecular dynamics
simulation, all of the identified phytochemicals demonstrated good pharmacokinetic capabilities and remained
stable at their respective binding sites. Subsequent in vivo validation studies revealed that RCN was able to
attenuate the effect of MPF by significantly (p < 0.05) lowering the systolic blood pressure and ACE I activity in
comparison to the reference medication, atenolol. We recommend that cashew nuts be explored as dietary snacks
as well as a low-cost, easily available component of supplements for the treatment of high blood pressure.
1. Introduction

Many environmental contaminants and their constant levels of
pollution are hazardous in nature. They contribute immensely to damage
to human, animal, and plant health. Even at low concentrations, several
pollutants and their metabolic products can be carcinogenic, mutagenic,
and immunotoxic [1]. Because of their hydrophobicity and low volatility,
crude oil exploration and distribution are well-established water con-
taminants in the environment, posing a threat to both aquatic and
terrestrial organisms. Oral ingestion of crude oil or its products, or
drinking contaminated water, is a route for possible toxicants to enter the
Akomolafe), oluwafemiadeleke0

5 May 2022; Accepted 6 Decemb
vier Ltd. This is an open access ar
human system [2]. Toxicants in the environment, such as petroleum
compounds, can induce neurologic and cardiovascular problems, as well
as drain the brain [3].

The zinc metalloprotein angiotensin-converting enzyme (ACE), also
known as dipeptidyl carboxypeptidase I or kininase II, is a key compo-
nent of the renin–angiotensin system (RAS). It regulates blood pressure
by converting angiotensin I into angiotensin II, a strong vasoconstrictor
that binds to its receptor and other vasoactive peptides to exert its pressor
actions in tissues and cells [4]. The reduction of ACE activity leads to a
decrease in angiotensin II production and bradykinin metabolism,
resulting in a systematic dilatation of the arteries and veins. Inhibition of
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the RAS was found to be useful in reducing renal dysfunction, cardio-
vascular diseases (CVD) and Alzheimer's disease associated with
increased blood pressure in animal models [5].

Nuts stand out among plant foods because of their unusual nutrient
content, which includes complex carbohydrates and unsaturated fats,
largely in the form of monounsaturated fatty acids (MUFA; predomi-
nantly oleic acid) and polyunsaturated fatty acids (PUFA) [6]. Nuts' wide
range of nutrients, as well as synergy between them and with other di-
etary components, are likely to explain their beneficial effects [6].

A cashew nut is a kidney-shaped drupe of the Anacardium family and
a true fruit commonly eaten in a roasted form. It is packed with energy,
antioxidants, minerals, vitamins, and phytochemicals that are essential
for robust health. It has been reported to enhance protection from dis-
eases and cancers, and prevention of coronary artery diseases and stroke
by lowering LDL-cholesterol due to the high MUFA content [7]. Musta-
pha and others (2015) confirmed the role of cashew nuts in enhancing
protein, fat, and carbohydrate metabolism and serving as a booster for
the immune system. This they attributed to the level of vitamins, pan-
tothenic acid (Vit.B5) and zinc mineral. Cashew tree parts (leaves, roots,
and nuts) have been used in folk medicine for several treatments of
diseases with a limited scientific basis of their action.

Computational tools have become particularly useful in drug dis-
covery and design to speed up the process while still maintaining effi-
ciency and efficacy [8]. Hence, this study seeks to establish the
phytochemical content of cashew nuts and determine, via computational
analysis, their interaction with ACE as a possible therapeutic mechanism
in vasoconstriction. Also, validation of the outcome with notable
biochemical vasoconstriction indicators.

2. Methodology

2.1. Preparation of roasted cashew nut powder

The protocol described by Omosuli et al. [9] was used to make roasted
cashew nut (RCN) powder. Healthy cashew nuts were collected from a
farm in Abeokuta, Ogun State, Nigeria. The botanical identification and
authentication were done with a voucher number UAHA0021/8/001 by
the Department of Forestry and Wildlife Management, College of Envi-
ronmental Resources Management, Federal University of Agriculture,
Abeokuta, Ogun State, Nigeria. Two kilograms of cashew nuts were
cleaned to remove impurities, then soaked in water to prevent scorching
during the roasting process by placing the nuts in a plastic container filled
with water in a 60:40 ratio of water to nut for 10 min, and the water was
drained out. To remove the nuts from the shells, the cashew samples were
broken with a manual cashew kernel cutter and dried in the oven at 40 �C
for 5 h. The seeds were roasted for 24 h in a Cabolite DHG 9053A oven by
Zenith Lab (Jincheng industrial area, Jintan, Jiangsu, China) at a
controlled temperature of 60 �C. To achieve cream-colored nuts, the
roasted seed covering testa was removed and winnowed. The roasted
cashew nut seeds were blended into a fine powder using a food processor
(HR 2811 Philip Model). The grounded samples were kept in an airtight
sample container in a refrigerator (4 �C) for further analysis.

2.2. Quantification of compounds by HPLC

High performance liquid chromatographic analysis was carried out
with a PDA detector connected to a system processor with standard
certification for analysis on 12 mg/ml ethanolic extract of roasted nuts
powder from Anacardium occidantale. The HPLC was run at
200nm–500nm wavelength using a reverse phase of C18 column with a
flow rate of 1 ml/min maintained using the binary mode of the gradient
system. Different combinations of the solvents (1:4, 4:1, 1:3, 1:1) of
methanol andwater were used, with the optimum peak at 1:1. To identify
the compounds, standards of flavonoids (catechenol, naringenin, quer-
cetin, apigenin, rutin, kaempferol, catechin) and phenolic acids (p-
hydrobenzoic acid, p-coumaric acid, gallic acid, ferrulic acid, caffeic
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acid) obtained from Sigma Aldrish Chemical Co (St. Louis, MO, USA)
were used. The peaks were identified by comparing their retention time
(RT) and absorption spectrum to that of the standard compounds. All
chromatographic operations were carried out at ambient temperature
and in triplicate.

2.3. Target and ligand preparation and docking

The 3D structure of angiotensin-converting enzyme (ACE) was
downloaded from the Protein Data Bank (PDB with ID number 2C6N),
while the ligand structures were downloaded from Pubchem. Protein
minimization was done using Chimera 1.14 before uploading to Pyrx for
docking with the ligands.

2.4. Molecular dynamics simulation study

Molecular dynamic (MD) simulations were used to analyze the dy-
namics and stability of phyto-compounds in complex with human
Angiotensin-I converting (2C6N) protein [10, 11]. The study was carried
out on the phyto-compounds showing the best results among the studied
phyto-compounds. Firstly, the protein preparation wizard with an
OPLS3e force field was used to prepare, optimize, and minimize the
docked complexes produced by Autodock [12, 13, 14]. The "system
builder" panel of Desmond was used to generate a solvent system with a
single point charge (SPC) water model with an orthorhombic water box.
The protein-ligand complexes were neutralized with counter ions (Naþ

and Cl�) and a 0.15 M NaCl salt concentration was built to mimic
physiological conditions using the ionization module of the System
Builder [15, 16]. Using Desmond's default protocol, the prepared systems
were relaxed and energy was minimized. The energy-minimized protein
ligand system was subjected to MD simulations using the NPT (iso-
thermal–isobaric) ensemble, with the temperature kept at 310 K by a
Nose-Hoover chain thermostat and the pressure kept at 1 bar by a Mar-
tyn-Tobias-Klein barostat [17, 18, 19]. The simulation was carried out for
a period of 100 ns, and simulation trajectories were retrieved at every
100 ps interval. A total of 1000 trajectories were assessed using a
simulation interaction diagram for analyzing the ligand protein RMSD
value and predicting the binding orientation of the ligand. With the help
of the thermal_mmgbsa.py script of the Prime/Desmondmodule, the entire
trajectories of each system were considered to estimate the binding free
energy through the MM-GBSA (Molecular Mechanics-Generalized Born
Surface Area) method. Details of the MM-GBSA procedure can be found
in our previous publications [20, 21, 22].

2.5. ADMET/toxicity determination

Swissadme was used to determine the ADME and toxicity properties
of the phytochemicals.

3. Biochemical analysis

3.1. Chemicals

The substrate Hippuryl-histidyl-leucine, as well as Tris-HCl buffer,
ethyl acetate, copper sulphate pentahydrate, sodium tartrate, sodium
hydroxide, potassium iodide, and bovine serum albumin were obtained
from Sigma Chemical Co (St. Louis, MO, USA). All the other chemicals
used in this experiment were of the highest purity, while the water was
glass distilled.

3.2. Sample collection

The refined petroleum products used: diesel, kerosene, and petrol
were obtained from the Nigerian National Petroleum Corporation
(NNPC), fuel station in Abeokuta, Ogun State, Nigeria. Mixed petroleum



Table 1. Diet formulation for basal and supplemented diets for control and test groups.

CONTROL MFH MFH
þ ATN

MFH
þ RCN10

MFH
þ RCN20

RICN10 RCN20

CORN OIL 10.00 10.00 10.00 10.00 10.00 10.00 10.00

PREMIX 3.00 3.00 3.00 3.00 3.00 3.00 3.00

SUCROSE 2.00 2.00 2.00 2.00 2.00 2.00 2.00

CORN STARCH 63.67 63.67 63.67 57.69 51.67 57.69 51.67

CASEIN 21.33 21.33 21.33 17.31 13.33 17.31 13.33

RCN - - - 10.00 20.00 10.00 20.00

TOTAL 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Table 2. The phenolic and flavonoid compounds in RCN (n ¼ 3).

Roasted cashew nut compounds Concentration (mg/mg)

Gallic acid 8.92 � 0.07

Catechenol 3.23 � 0.05

p-Coumaric acid 4.17 � 0.01

Rutin 9.38 � 0.01

Quercetin 8.63 � 0.05

Kamferol 2.20 � 0.05

Naringinin 3.54 � 0.02

Note: The results are expressed as mean � SEM of three determination.
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fractions (MPF) of the refined products were prepared at a ratio of 1:1:1
v/v.

Healthy fresh nuts of Anacardium occidantale were obtained from a
farm at Abeokuta, Ogun State, Nigeria. The botanical identification and
authentication were carried out at the Department of Forestry and
Wildlife Management, College of Environmental Resources Management,
Federal University of Agriculture, Abeokuta, Ogun State, Nigeria. A
voucher number UAHA0021/8/001 was assigned to the sample depos-
ited at the Departmental Herbarium.

3.3. Animals

Eleven weeks old, thirty-five adult male Wistar albino rats weighing
between 150 and 170 g were obtained from the Department of Physi-
ology, University of Ibadan, Nigeria, and moved to the animal house,
College of Biosciences, Federal University of Agriculture, Abeokuta. The
animals were given free access to food and water after being
acclimatized.

3.4. Experimental design

Thirty-five rats (n ¼ 5) were randomly allocated into seven groups,
each with five animals for a period of twenty-eight days (fourteen days of
exposure to the toxicant and fourteen days of treatment). Toxicity was
caused by giving 0.2 ml/kg body weight of mixed petroleum fractions
(MPH) by oral gavage to all groups except group I, group VI, and group
VII. The animals were given the mixture every other day for fourteen (14)
days. After receiving the petroleum fractions, the animals were provided
a supplemented diet for fourteen days (except control).

Group I (Control): This group was placed on a basal diet and was not
given the mixed petroleum fraction.

Group II (MPF): This is the group that is given a basal diet and mixed
petroleum fractions.

Group III (MPF þ ATN): serve as the control placed on the basal diet,
MPH and atenolol (50 mg/kg).

Group IV (MPF þ10% RCN): serve as the induced group placed on a
diet supplemented with roasted cashew nuts (10%).
Figure 1. High performance liquid chromatogram
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Group V (MPF þ20% RCN): serve as the induced group placed on a
diet supplemented with roasted cashew nuts (20%).

Group VI (10% RCN): serve as the control group placed on a diet
supplemented with roasted cashew nuts (10%).

Group VII (20% RCN): serves as the control group placed on a diet
supplemented with roasted cashew nuts (20%).

The procedure for this investigation was authorized by the Depart-
ment of Biochemistry Ethics Committee under the number 17/0261 and
followed the requirements for the care and well-being of research ani-
mals (NIH, 1985).

3.5. Diet formulation

In the laboratory, fresh A. occidantale nuts were roasted, crushed into
powder, and sieved through a 2 mm pore size. The diets were developed
in collaboration with the Department of Animal Production and Health,
Federal University of Agriculture, Abeokuta, using a modified technique
of Akintunde et al. [23] (Table 1). The vitamin premix (mg or IU/g) has
the following composition; 3200 IU vitamin A, 600 IU vitamin D3, 2.8 mg
vitamin E, 0.6 mg vitamin K3, 0.8 mg vitamin B1, 1 mg vitamin B2, 6 mg
niacin, 2.2 mg pantothenic acid, 0.8 mg vitamin B6, 0.004 mg vitamin
B12, 0.2 mg folic acid, 0.1 mg biotin H2, 70 mg choline chloride, 0.08 mg
cobalt, 1.2 mg copper, 0.4 mg iodine, 8.4 mg iron, 16 mg manganese,
0.08 mg selenium, 12.4 mg zinc, 0.5 mg antioxidant.
showing the phytochemicals with their peak.



Figure 2. Represents the structure of the compounds docked against ACE I.

Table 3. Binding affinity (kcal/mol) of compounds with ACE I.

LIGAND MOLECULAR WEIGHT DOCKING SCORE

1 GALLIC ACID 170.12 -5.8

2 P-COUMARIC ACID 164.16 -6.2

3 RUTIN 610.52 -10.7

4 QUERCETIN 302.24 -9.1

5 KAEMPFEROL 286.24 -8.7

6 NARINGENIN 272.25 -8.6

7 ATENOLOL 266.34 -7.2
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3.6. Hemodynamic indicator determination

The systolic blood pressure (SBP) was measured in live animals by
tail-cuff plethysmography (Kent Scientific; RTBP 2000 Rat Tail Blood
System). Rats were conditioned with the apparatus before measurements
were taken. Two consecutive systolic blood pressure readings were taken
during and after the experiment.

3.7. Blood collection

After the treatment, the animals were subjected to euthanasia
having previously been anesthetized with ketamine or xylazine. Blood
was collected via cardiac puncture and then transferred to an
anticoagulant-free bottle using a hypodermic needle and a 5 mL sy-
ringe. The blood sample was allowed to coagulate for 30 min at room
temperature. The serum was then separated from the clotted blood by
centrifugation.

3.8. Angiotensin converting enzyme activity assay

Angiotensin-l-Converting Enzyme (ACE) activity was determined by
the method of Cushman and Cheung [24]. The result was expressed in
serum ACE activity per mg of protein.
4

3.9. Determination of protein concentration

The protein concentration of brain homogenate was determined by
the biuret assay method as described by Gornal et al. [25] with some
modification using serum albumin as a standard.
3.10. Statistical analysis

All data are presented as means � S.E.M. of the indicated number of
experiments. Statistical significance was assessed by one-way analysis of
variance followed by Duncan's multiple range test at the significant level
of p < 0.05, considered to represent a significant difference in all ex-
periments. The statistical analyses were performed using the software
package GraphPad Prism 6.

4. Results

4.1. Characterization of the roasted cashew nut extract

Figure 1 shows the HPLC phenolic and flavonoid profiles of RCN
extract, which revealed the presence of gallic acid, rutin, naringin,
kaempferol, p-coumaric acid, catechol and quercetin with their peaks
when compared with phenolic and flavonoid standards, while Table 2
shows the concentration of the components with rutin as the major
component.
4.2. Molecular docking

The structures of compounds identified and standard compound are
shown in Figure 2. Table 3 shows the binding affinity results of the
compounds and ACE I with their respective molecular weights. Rutin has
the highest binding affinity (�10.7 kcal/mol), followed by quercetin (9.1
kcal/mol), kaempferol (�8.7 kcal/mol), and naringenin (�8.6 kcal/
mol). The standard compound atenolol recorded -7.2 kcal/mol. The 2D



Figure 3. (A–G): 2D structures of the ligands complexed with ACE I protein. (A.: Gallic acid complexed ACE I, B.: p-Coumaric acid complexed ACE I, C.: Rutin
complexed ACE I, D.: Quercetin complexed ACE I, E.: Kaempferol complexed ACE I, F.: Naringenin complexed ACE I, G.: Atenolol complexed ACE I).

J.K. Akintunde et al. Heliyon 8 (2022) e12339
interactions of the compounds and the protein targets is shown in
Figure 3 (A-G).

4.3. Pharmacokinetic properties

Table 4 shows the pharmacokinetics and druglikeness properties of
the test compounds and standard drug, atenolol. Rutin has a molecular
weight of over 610 mg/mol, low GI absorption, and BB permeant. It
also violates 3 Lipinski rules. However, quercetin with the next best
binding affinity had a molecular weight of 302.24, high GI absorption,
and is not BB permeant with no violation of both Lipinski and Verber's
rules.
5

4.4. Molecular dynamics (MD) simulation

A 100 ns MD simulation in an explicit hydration environment was
performed to evaluate the stability of phyto-compounds quercetin, rutin,
and atenolol as controls in a complex with human Angiotensin-I con-
verting (2C6N) protein. The root mean square deviations (RMSD) of Cα
atoms of protein, the RMSD of ligand, the protein root mean square
fluctuation (RMSF), and the protein ligand contacts for all complexes
were analyzed to determine the stability of the trajectory during MD
simulation. The RMDS of each frame derived from the entire trajectory
can be used to examine the structural conformation of the protein Cα
atom during the MD simulation. The 2D interaction diagram and RMSD



Table 4. Water solubility (Log S), pharmacokinetics, bioavailability, and druglikeness values of test compounds.

GALLIC ACID P-COUMARIC ACID RUTIN QUERCETIN KAEMPFEROL NARINGENIN ATENOLOL

Rotatable Bond 1 2 6 1 1 1 8

TPSA 97.99 57.53 269.43 131.36 111.13 86.99 84.58

ESOL Log S -1.64 -2.02 -3.3 -3.16 -3.31 -3.49 -1.3

GIA High High Low High High High High

BB permeant No No Yes No No No No

Pgp substrate No No Yes No No Yes No

CYP2C9 inhibitor No No No No No No No

Log Kp -6.84 -6.26 -10.26 -7.05 -6.7 -6.17 -7.81

Lipinski 0 0 3 0 0 0 0

Verber 0 0 1 0 0 0 0

BAV 0.54 0.85 0.17 0.55 0.55 0.55 0.55

Leadlikeness 1 1 1 0 0 0 1

SA 1.22 1.61 6.52 3.23 3.14 3.01 2.51

Legend: TPSA-total polar surface area, GIA-gastrointestinal absorption, BBB- Blood brain barrier, Pgp: P-glycoprotein, BAV- bioavailability, S.A-synthetic accessibility.

Figure 4. (A-D): 2D interaction diagram, MD stimulation trajectory and RMSD plot for Quercetin ligand-protein complex.
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plot for each ligand-protein complex have been presented in Figures 4A,
5A, and 6A. The low deviation and consistent fluctuation of the RMSD
throughout the simulation can describe the protein–ligand complex's
stability. For each simulated complex, the protein Cα atom RMSD was
estimated and found to be very low for all proteins [26, 27]. For the
quercetin, rutin, and atenolol complexes, the average value of protein Cα
atom RMSDwas found to be 2.41 Å, 1.89 Å, and 2.36 Å, respectively. This
low average RMSD indicates that all MD simulations have been
well-equilibrated. In addition to the RMSD of the protein Cα atom, the
RMSD of the ligandwas calculated. After an initial period of ligand RMSD
fluctuations due to equilibration, quercetin and rutin reached an equili-
bration state and remained stable throughout theMD simulation. There is
no significant RMSD fluctuation in this complex, inferring that the system
has attained a more stable state than the initial state. On the other hand,
Atenolol displayed extremely stable RMSD throughout the simulation
time with the least variance, but a little high RMSD was observed at 45
ns, which later stabilized at 3.0 Å. From the above data, all complexes
appeared to be equilibrated with a minor variation, indicating that the
systems folded into more stable conditions than the native structure.

4.5. Post simulation: binding free energy analysis

To calculate the binding free energy from the MD simulation trajectory
of identified phyto-compounds along with atenolol, the MM-GBSAmethod
6

was used. Post-simulation MM-GBSA was calculated at every tenth frame
from frame 0 to 1000, yielding a total of 100 conformations for each
simulated complex (Tables S1, S2, and S3). The protein ligand interactions
were also assisted by non-bonded interactions such as van der Waals
(vdW), Coulombic interaction, lipophilic, general born solvation energy
and covalent interactions to finally converge the complexes after the 100
ns simulation displayed in Table 5. The assessed binding energies for
quercetin-2C6N, rutin-2C6N, and atenolol-2C6Nwere recorded at -43.185,
-35.554, and-30.080 as kcal/mol, respectively. A lower value indicates a
stronger bond [20, 21, 22]; binding energies decreases were labeled as
quercetin-2C6N< rutin-2C6N< atenolol-2C6N. Above all, MD simulation
data indicates that quercetin and rutin have more stability and binding
affinity than atenolol in the human angiotensin-I converting protein.

4.5.1. Effect of dietary supplementation of roasted cashew nuts on systolic
and diastolic blood pressure in MPF-induced toxicity

To ascertain the effect of MPF on blood pressure, oral administration
of MPF by gavage was found to cause a significantly higher final systolic
blood pressure (SBP) and diastolic blood pressure (DBP) when compared
with the animals in the control group, establishing that MPF can induce
vasoconstriction. However, it could be observed that dietary supplements
from RCN as well as the standard hypertensive effectively caused a sig-
nificant reduction of SBP and DBP in the hypertensive MPF group (Fig-
ures 7 and 8).



Figure 5. (A-D): 2D interaction diagram, MD stimulation trajectory and RMSD plot for Rutin ligand-protein complex.
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4.5.2. Effect of dietary supplementation of roasted cashew nuts on ACE
activities in MPF induced toxicity

Serum ACE activity reflects the index implication of hypertension in
an animal model. Figure 9 reveals that there was a significant elevation
(p < 0.05) of ACE activity in animals exposed to MPH when compared
with the control. The treatment of rats with a dietary supplement from
RCN resulted in a significant (p < 0.05) decrease in ACE activity, indi-
cating a restoration of its activities.

5. Discussion

Overactivity of the renin-angiotensin-aldosterone system (RAAS), the
kalikerenin kinin system, and the sympathetic nervous system, as well as
Figure 6. (A-D): 2D interaction diagram, MD stimulation traje
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hereditary influences, may all play a part in the pathophysiology of hy-
pertension. Lifestyle changes, such as maintaining a balanced diet, are
among the most commonmethods of minimizing the risk of hypertension
[28]. In this study, HPLC of RCN extract revealed that its components are
flavonoids such as rutin, quercetin, kaempferol, and naringenin. Flavo-
noids have been shown to reduce the risk of cardiovascular disease,
cancer, and neurodegenerative diseases, among others [29]. It is also
high in phenolics like gallic acid and p-coumaric acid. The majority of the
results obtained were comparable to those published by Celina et al.
[30], albeit with a few exceptions.

Molecular docking is a prediction tool used to determine the result. It
revealed rutin with the highest binding affinity with ACE I, then quer-
cetin, kaempferol, and naringenin, all greater than the affinity of the
ctory and RSMD plot for Atenolol ligand-protein complex.



Table 5. MM-GBSA binding free energies components for the protein ligand complexes obtained from molecular dynamics trajectories.

Complex Name ΔG Bind ΔG Bind
Coulomb

ΔG Bind Covalent ΔG Bind
H bond

ΔG Bind Lipo ΔG Bind
Solv GB

ΔG Bind vdW

Quercetin-2C6N -43.185 -7.949 1.278 -1.296 -10.123 17.797 -32.552

Rutin-2C6N -35.554 -31.785 5.063 -4.029 -12.397 59.328 -49.945

Atenolol-2C6N -30.080 -11.758 2.694 -1.286 -9.420 19.184 -30.080
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standard drug atenolol for the protein. However, the molecular weight of
rutin and its ability to cross the BB barrier call for caution as a potential
drug. It also violates 3 Lipinski rule; Lipinski's rule of five is used to
determine a chemical compound's drug-likeness in terms of certain bio-
logical or pharmacological properties required of an effective oral drug in
humans [31].

To investigate the impact of single amino acids on the stability of any
protein–ligand interaction, the RMSF parameter is critical. It's the change
in orientation of each amino acid Cα atoms during the simulation
compared to the native state's initial orientation [32, 33, 34]. The RMSF
of each amino acid was computed using the MD simulation trajectory, as
shown in Figure 4B, 5B, and 6B. In the RMSF graphic, loop areas are
portrayed by a white band, whereas α-helices and β-sheets are depicted
by blue and pink bars, respectively. Although α-helices and β-sheets were
stiff, loop areas tended to change the most throughout simulation. The
participation of interaction residues between human Angiotensin-I con-
verting protein and phyto-compound is depicted by the vertical green
lines on the plot's X-axis. The mean RMSF can be used to assess how the
individual amino acids in a protein structure fluctuate. For quercetin,
rutin, and atenolol complexes, the average RMSF was revealed to be 1.14
Å, 0.91 Å, and 1.03 Å, respectively. According to the RMSF plot, quer-
cetin, rutin, and atenolol interacted with 32, 41, and 42 amino acids of
human angiotensin-I converting protein, respectively. It can be seen that
highest fluctuationwas observed with Asp 324(3.49 Å), Gly 235 (3.12 Å),
Ile 611 (3.75 Å), Asp 612 (6.01 Å) in Quercetin-2C6N complex, Glu 609
(3.70 Å), Asn 131(3.73 Å), Lys 132 (4.10 Å), Gly 610 (4.78 Å),
Asp612(5.2 Å) Ile611 (5.25 Å) in Rutin-2C6N complex and Lys132 (3.07
Å), Glu609 (3.08 Å), Ala 134 (3.11 Å), Thr133 (3.38 Å), Asn131 (3.65 Å)
Gly610 (5.56 Å), Ile611 (6.39 Å), Asp612 (8.03 Å) in Atenolol-2C6N
complex which is not interacted with lead compounds. The RMSF re-
sults clearly indicated that the amino acids of human Angiotensin-I
Figure 7. Effect of RCN supplementation on systolic blood pressure in rats exposed to
are significantly different.
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converting protein that interacted with phyto-compounds stayed con-
stant throughout the simulation.

The quercetin-2C6N complex's 2D ligand interaction diagram
revealed that the 3,5,7-trihydroxy-4H-chromen-4-one scaffold had two
strong hydrophobic interactions, π-cation and π-π stacking, with Arg 381
and Trp 201 accounting for 91% and 96.6% of the total simulation tra-
jectory, respectively (Figure 4c). Rutin-2C6N complex, charged negative
amino acids (Asp and Glu) mainly interacted with direct hydrogen
bonding and amino acid mediated hydrogen bonding. whereas at 36% of
the simulation trajectory, residue Tyr498 formed π-π stacking in-
teractions with the hydroxyl group (Figure 5c). At 28% of the simulation
time in the control atenolol-2C6N complex, the phenyl ring forms a π-π
stacking interaction with the hydrophobic residue His 388. Amino acids
Arg381 and Gly 382 interacted with atenolol through bidentate amino
acid mediated hydrogen bonding and direct hydrogen bonding, respec-
tively (Figure 6c).

The interaction of each system during the 100 ns simulation was
examined to better understand the affinity of identified phyto-
compounds with human Angiotensin-I converting protein. During the
MD run, the protein-ligand contact histogram clearly shows that the
discovered phyto-compounds are stabilized by interacting with the
human angiotensin-I converting protein, mostly through hydrophobic,
water-bridged, hydrogen-boding, and ionic contacts (Figures 4D, 5D, and
6D).

By converting the precursor angiotensin I into angiotensin II, the
peptide responsible for initiating blood pressure-raising processes,
angiotensin converting enzyme (ACE) plays a key role in RAAS. As a
result, inhibiting ACE is a possible method of controlling RAAS expres-
sion. The stimulation of the renin–angiotensin system via enhanced ACE
activity was reflected in an increase in systolic blood pressure after oral
administration of MPF. The elevated ACE activity in the serum is in
MPH. Values are represented as mean � SEM (n ¼ 5). Bars with different letters



Figure 8. Effect of RCN supplementation on diastolic blood pressure in rats exposed to MPH. Values are represented as mean � SEM (n ¼ 5). Bars with different letters
are significantly different.

Figure 9. Effect of RCN supplementation on ACE activities in rats exposed to MPH. Values are represented as mean � SEM (n ¼ 5). Bars with different letters are
significantly different.

J.K. Akintunde et al. Heliyon 8 (2022) e12339
agreement with other investigations [35, 36] and this may suggest that
MPF can stimulate angiotensin II, a potent vasoconstrictor in the endo-
thelial tissue. RCN supplementary diet is found to reduce ACE activities
in the serum of rats in the treated groups. Nonetheless, the reduction in
blood pressure could be due to the synergy of the phenolic chemicals
found in RCN. In hypertensive rats, phenolic substances such quercetin,
gallic acid, and rutin have been shown to reduce blood pressure [37, 38,
39].
9

6. Conclusions

Dietary supplementation of RCN inhibited ACE activity as well as
systolic blood pressure in MPF-induced hypertensive rats. These activ-
ities could point to a mechanism of action for traditional medicine's
antihypertensive advantages. Moreover, computational validation
attributed the observed effect to the phenolic compounds quercetin and
rutin acting in synergy or additively.
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