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ARTICLE INFO ABSTRACT
Keywords: The purpose of this study was to investigate the protective effect of Beta vulgaris leaf extract
Beta vulgaris leaf (BVLE) on Fe2+-induced oxidative testicular damage via experimental and computational

Redox imbalance
Testicular toxicity
Computational models

models. Oxidative testicular damage was induced via incubation of testicular tissue supernatant
with 0.1 mM FeSO4 for 30 min at 37 °C. Treatment was achieved by incubating the testicular
tissues with BVLE under the same conditions. The catalase (CAT), superoxide dismutase (SOD),
glutathione (GSH), malondialdehyde (MDA), and nitric oxide (NO) levels, acetylcholinesterase
(AChE), sodium-potassium adenosine triphosphatase (Na+/K + ATPase), ecto-nucleoside
triphosphate diphosphohydrolase (ENTPDase), glucose-6-phosphatase (G6Pase), and fructose-
1,6-bisphosphatase (F-1,6-BPase) were all measured in the tissues. We identified the bioactive
compounds present using high-performance liquid chromatography (HPLC). Molecular docking
and dynamic simulations were done on all identified compounds using a computational approach.
The induction of testicular damage (p < 0.05) decreased the activities of GSH, SOD, CAT, and
ENTPDase. In contrast, induction of testicular damage also resulted in a significant increase in
MDA and NO levels and an increase in ATPase, G6Pase, and F-1,6-BPase activities. BVLE treat-
ment (p < 0.05) reduced these levels and activities compared to control levels. An HPLC inves-
tigation revealed fifteen compounds in BVLE, with quercetin being the most abundant. The
molecular docking and MDS analysis of the present study suggest that schaftoside may be an
effective allosteric inhibitor of fructose 1,6-bisphosphatase based on the interacting residues and
the subsequent effect on the dynamic loop conformation. These findings indicate that B. vulgaris
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can protect against Fe2+-induced testicular injury by suppressing oxidative stress, acetylcholin-
esterase, and purinergic activities while regulating carbohydrate dysmetabolism.

1. Introduction

Testicular dysfunction is projected to increase from 152 million cases in 1995 to about 322 million cases by 2025 [1]. Testicular
dysfunction is the inability to obtain or maintain an erection for sufficient sexual performance. This has devastating effects on men as it
hampers their sexual satisfaction and experiences [2-4]. Testicular dysfunction could be triggered by environmental pollutant,
especially heavy metals such as; lead (Pb) and iron (Fe) [5-7]. These metals work majorly by disrupting redox balance which
consequently disrupts steroidogenesis and spermatogenesis in humans and animals [5].

Oxidative stress has been implicated in about 50% of cases of testicular dysfunction [7]. This is because the testes and their sperm
cells majorly contains unsaturated fatty acids that expose them to attack by free radicals [8]. Oxidative stress in the testes could: reduce
sperm count and motility and damage sperm motility [9]; induce tissue damage in the spermatozoa [10]; and cause fragmentation in
sperm DNA [11]. Oxidative stress in the testes also causes dysfunctions in some cholinergic, purinergic, and glucose metabolizing
proteins, affecting neurotransmission, energy metabolism, and blood supply [7,12].

The pathophysiology and development of oxidative testicular dysfunction have been linked to alterations in testicular glucose
metabolism that result in decreased glycolytic activity [6]. Anaerobic glycolysis is the main metabolic pathway for spermatic cells’
energy metabolism, however it is typically disrupted in severe metabolic illnesses such diabetes, testicular cancer, and obesity [7].

Medicinal plants and their natural products are utilized globally for the treatment of numerous diseases, including testicular
dysfunction. Beta vulgaris, commonly known as beet, is from the subspecies vulgaris of the Amaranthaceae family. The plant is
considered to be relatively safe with an estimated acute lethal dose (LD50) higher than 2000 mg/kg in rodents [13,14]. The roots of the
beet plant have been shown to possess hepatoprotective, nephroprotective, anti-inflammatory, anti-diabetic, and antimicrobial
properties [15-18]. The beet leaf, which is often discarded, has also been reported to be relatively safe (LD50 > 2000 mg/kg) and to
possess hypoglycemic, immunomodulatory, and antioxidant effects [13]. However, there is a paucity of data on the effect of the beet
leaf on iron-induced testicular toxicity. Therefore, this study investigated the therapeutic potential of B. vulgaris leaf against
iron-induced testicular toxicity by exploring its effect on redox imbalance, cholinergic, purinergic, and glucose metabolizing enzyme
activities. Furthermore, bioactive compounds identified from B. vulgaris leaf were subjected to molecular docking and molecular
simulation studies.

2. Materials and methods
2.1. Beet leaf collection

In December 2021, the beet plant’s leaves were purchased from a Jos Terminal market, Plateau State, Nigeria. The plant was
verified at Forestry Research Institute of Nigeria in Ibadan with herbarium number FHI 114105.

2.2. Beet leaf extraction

The plants were thoroughly cleaned, cut into small pieces, and allowed to dry before being ground with an industrial miller into
powder. 500 mL of water were steeped for 48 h with 50 g of beet powder. Muslin cloth was used to sieve the solution, and was
concentrated in a steam bath at 45 °C. The yield of 34.83 g was obtained.

2.3. Antioxidant studies

2.3.1. Evaluation of nitric oxide (NO) scavenging activity of BVLE

The NO scavenging ability of B. vulgaris leaf extract (BVLE) was assessed using the procedure illustrated by Alam et al. [19] with
slight modifications. In brief, 1 mL of 10 mM sodium nitroprusside in phosphate buffered saline (pH 7.4) was mixed with 250 pL of
plant samples at varying concentrations. The mixture was left to stand at room temperature for 150 min and an equal volume of Griess
reagent was added to the mixture. The setup was incubated again at room temperature for 30 min, and the nitric oxide capacity of the
extract was measured at 546 nm spectrophotometrically. The percentage inhibition was calculated as follows:

Abs of sample
Abs of control

Percentage inhibitation (%) = {

2.3.2. Evaluation of free radical scavenging activity of BVLE

DPPH assay of BVLE was assessed following the procedure illustrated by Ref. [20]. In this experiment, 0.5 mL of varying con-
centrations of the aqueous leaf extract were mixed with 1 mL of freshly prepared 0.2 mM DPPH solution in absolute methanol. After 30
min of incubation at 25 °C, the absorbance at 517 nm was measured. The following formula was used to get the percentage inhibition:

Percentage inhibitation (%) = 1 — [Abs of S“’"ple]

Abs of control | *
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2.3.3. Evaluation of ferric-reducing antioxidant power of BVLE

FRAP assay of BVLE was determined by the procedure illustrated by Mzoughi et al. [20] with slight modifications. In brief, 250 pL
of varying concentrations of the plant sample were added to 0.625 mL of 0.2 M phosphate buffer (pH 6.6) and 0.625 pL of 1% K3Fe(CN)
6. Following incubation at 500 °C for 20 min and subsequent cooling of the reaction mixture at room temperature, 0.625 mL of 10%
trichloroacetic acid was added to halt the reaction. Afterwards, the mixture was centrifuged at 2000g for 10 min; 0.625 mL of the
supernatant was pipetted into a clean test tube containing 0.625 mL of distilled water and 125 pL of 1% FeCl3. The mixture was let to
stay for 10 min and the absorbance was read at 700 nm against a blank.

2.3.4. Evaluation of iron (Fe) chelating activity of BVLE

Iron (Fe) chelating assay of BVLE was determined using the methods described by Alam, Bristi and Rafiquzzaman [19] with slight
modifications. Approximately 500 pL of 0.2 mM FeCl3 was added to 100 pL varying concentrations of the beet extract and standard
(EDTA). The reaction was activated by adding 200 pL of 5 mM ferrozine to the mixture, which was subsequently incubated at 25 °C for
10 min. The absorbance was read at 562 nm.

2.3.5. Hydroxyl (OH) radical scavenging activity of BVLE

This study was carried out using the method described by Ref. [7]. A reaction mixture was prepared by sequentially reacting 100 pL
of the beet extract with 150 pL of 20 mM deoxyribose, 250 pL of phosphate buffered saline, 100 pL of 500 pM FeSO4 and 100 pL of 1%
H202. The mixtures were incubated for 30 min at 370C, after which 200 pL of 10% TCA and 600 pL of 0.25% TBA were added.
Afterwards, the mixture was boiled for 20 min and then left to cool at room temperature. Ascorbic acid was used as the control solution.
The absorbance was read at 532 nm, and the radical scavenging activity was calculated using the formula:

. . Abs of control — (Abs of sample with deoxyribose — Abs of sample without deoxyrise
% radical scavenging =

Abs of control

2.3.6. Evaluation of the total antioxidant capacity (TAC) of BVLE

TAC assay of BVLE was assessed following the procedure described by Rahman et al. [21]. 250 pL of varying concentrations of beet
samples and standards were mixed into the test tubes with 1.5 mL of a reaction mixture containing 0.6 M H2504, 0.028 M sodium
phosphate, and 1% ammonium molybdate. The test tubes were then incubated at 95 °C for 10 min to complete the reaction. After
cooling at room temperature, absorbance was read at 695 nm against a blank solution containing 250 pL of the solvent used for the
samples and 1.5 mL of the reaction mixture.

2.3.7. Ex-vivo experiments

2.3.7.1. Animals and organ harvesting. We bought male rats (200-250 g) from the Department of Biochemistry, University of Ilorin.
After being fasted overnight the rats were anesthetized with halothane and the testes were harvested. The harvested testes were
homogenized and centrifuged at 15,000 rpm and 40 °C. The supernatant was separated into tubes for ex-vivo investigations. The study
received approval from the LMU Animal Ethics Committee (LUAC/BCH/2022/0002 A). The study was also reported in accordance
with ARRIVE standards.

2.3.7.2. Testicular damage induction. The techniques described by Refs. [7,22] were employed to generate testicular damage ex vivo
with slight modifications. In a nutshell, 100 pL of 0.1 mM FeSO4 was added to 200 pL of the testes supernatant that contained varied
concentrations (15-240 pg/mL) of BVLE or gallic acid. The solutions were used for biochemical examinations following a 30-mins
incubation period at 37 °C. The negative control contains only the testes supernatant and FeSO4, while the normal control contains
only the testes supernatant.

2.3.7.3. Antioxidant activities measurement

2.3.7.3.1. Catalase (CAT) activity of BVLE. With minor adjustments, CAT activity of BVLE was assessed in accordance with the
description in Ref. [22]. Twenty (20)mL of testes supernatant containing varying concentrations of BVLE were mixed with 780 mL of
50 mM phosphate buffer. The absorbance was then read at 240 min for 3 min at a 1 min interval after adding 300 pL of 2 M H202.

2.3.7.3.2. Reduced glutathione level. As depicted by Salau et al. [23], 600 mL of 10% trichloroacetic acid was added to the testes
lysates to deproteinize them. For 10 min, the solution was centrifuged at 3500 rpm 100 mL of Ellman reagent was added to the solution
after 500 mL of the sample was transferred into a test tube. After 5 min of incubation at 25 °C, the absorbance was read at 415 nm.

2.3.7.3.3. Superoxide dismutase (SOD) activity. The technique of [24] was used to ascertain the activity of SOD. 50 pL of the testes
lysates containing various quantities of BVLE were combined with 50 mL of freshly prepared 1.6 mM 6-hydroxydopamine (6-HD) and
350 mL of 0.1 mM diethylenetriaminepentaatic acid. At a 1-min interval, absorbance was read at 492 nm for 5 min.

2.3.7.3.4. Level of lipid peroxidation. The ability of BVLE to reduce lipid peroxidation was also evaluated using the technique
outlined by Ref. [22]. 100 L of the testes lysates containing various concentrations of BVLE were added sequentially to 375 pL of 20%
acetic acid, 1000 pL of 0.25% thiobarbituric acid, and 100 pL of 8.1% SDS. In a water bath, the reaction solution was boiled for 60 min
at 95 °C. The absorbance was measured at 532 nm after allowing the reaction solution to cool to 25 °C.
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2.4. Purinergic and cholinergic actions

The methods outlined by Refs. [6,7,25] were used to measure the acetylcholinesterase, ecto-nucleoside triphosphate diphos-
phohdrolase (ENTPDase) and ATPase, activities.

2.4.1. Acetylcholinesterase activity

100 pL of testes supernatant mixed with varying concentrations of BVLE were added to 50 pL of Ellman’s reagent (3.3 mM, pH 7.0)
and 250 pL of 100 mM sodium phosphate buffer based on the protocol defined by Ref. [7]. 50 pL of 50 mM acetylcholine iodide was
added to the reaction solution after it had been incubated at 25 °C for 20 min. The absorbance was read quickly at 412 nm at 3 min
intervals for 15 min.

2.4.2. Na/K + ATPase enzyme activity

A small modification of the technique described by 25] was used to determine Na/K + ATPase activity. To 200 pL of the testes lysate
containing various concentrations of BVLE were combined with 1.3 pL of 0.1 M Tris-HCI buffer, 200 pL of 5 mM KCl, and 40 pL of 50
mM ATP. Using a mechanical shaker, the reaction solution was incubated at 37 °C for 30 min before 1 mL of distilled H20 and 1 mL of
1.25% ammonium molybdate were added. After that, 1 mL of 9% ascorbic acid was added to the solution, and it was left untouched for
30 min. At 660 nm, the absorbance was then measured.

2.4.3. E-NTPDase enzyme activity

Based on the protocol defined by Ref. [7], 40 pL of testes lysates containing differing concentrations of BVLE were added to 400 pL
of a reaction combination solution (containing: 10 mM glucose, 0.1 mM EDTA, 1.5 mM CaCl2, 5 mM KCl, and 1.5 mM CaCl2. 225 mM
sucrose and 45 mM Tris-HCI). T After that, the solutions were incubated for 10 min at 37 °C. Afterwards, 40 pL of 50 mM ATP was
added and the blend was additionally incubated at 37 °C in a mechanical shaker. 400 L of 10% TCA was added to the solution to stop
the reaction. After 10 min of incubation on ice, the solution was read for absorbance at 600 nm.

2.5. Glucose metabolizing enzyme activities

2.5.1. Glucose-6-phosphatase

The procedure outlined by Ref. [26] was used to measure glucose-6-phosphatase activity. 100 pL of the testes lysates were com-
bined with 300 pL of 0.5 M maleic acid buffer (pH 6.5), 100 pL of 0.1 M glucose-6-phosphate, and 100 pL of BVLE in different con-
centration. After cooling in an ice bath, the solution was left to incubate at 37 °C for 15 min. The addition of 1 mL of 10% TCA halted
the reaction while it was still on ice. After 10 min of centrifuging at 3000 rpm, the supernatant’s absorbance was measured at 340 nm.

2.5.2. Fructose-1,6-bis phosphatase activity

Fructose-1,6-bis phosphatase activity was determined by modifying the approaches outlined by Refs. [7,26]. A total of 1.2 mL of
0.1 M Tris-HCL buffer (pH 7.0), 100 pL of 0.05 M fructose, 250 pL of 0.1 M KCl, 250 pL of 0.1 M EDTA, and 100 pL of 0.1 M MgCI2 were
combined with the testes supernatants containing varying concentrations of BVLE. For 15 min, the mixture was left to incubate at
37 °C. After that, 100 pL of 10% TCA was used to stop the reaction. The solution was then centrifuged for 10 min at 3000 rpm. The
absorbance was measured at 680 nm after 1 mL of the supernatant was reacted with 1 mL of 9% ascorbic acid and kept warm at 37 °C
for 30 min.

2.5.3. Insilico studies

In this study, ligand preparation, molecular docking, and Prime-MMGBSA calculations were performed on the 15 compounds
identified, using the fructose 1,6-bisphosphatase (F-1,6-BP) crystal structure retrieved from the Protein Data Bank as a target. Based on
the free energy of binding to the target, the top two compounds were selected for molecular dynamics simulations (MDS) to investigate
the details of their interactions.

2.5.4. Ligand preparation

Energy minimization of compounds was conducted using the OPLS4 (Optimized Potentials for Liquid Simulations) force field using
the LigPrep Module in Maestro version 13.0 of the Schrodinger Suite 2021-4 release (LigPrep, Schrodinger, LLC, New York, NY, 2021).
Using the Epik ionization tool [27], the ionization state was established at a pH range of 7.4 + 2.0. All the 3D conformers generated for
each ligand were used for the docking procedure.

2.6. Target selection and preparation

The crystal structure of human FBP in complex with fructose 1,6-phosphate and an indole allosteric inhibitor was retrieved from the
protein data bank (PDB) 7EZF [28]. The Protein Preparation Wizard [29] in the Maestro v13.0 was utilized to prepare the protein. The
protein was preprocessed by assigning bond orders and adding hydrogen. Protonation and metal charge state were generated for li-
gands using Epik as well at pH 7.4 + 2.0. Chain D of the homotetramer FBP was selected for refinement due to its high ranking for
goodness of fit for its bound native ligand. The protein was then refined by predicting the pKa values of ionizable groups using PropKa
at a pH of 7.4 and the crystallographic water molecules were removed. Restrained minimization was performed using the OPLS4 force
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field.

2.7. Receptor grid generation

The Glide Receptor Grid Generation module was used to create a grid box around the centroid of the co-crystallized ligand bound at
the allosteric site on the prepared protein. The grid center coordinates on the receptor were set at x = 5.94, y = -8.40, and z = 54.62,
and the inner box defines the diameter midpoint restrain of each ligand to be docked, set at 11 A x 11 Ax 11 A.

2.8. Molecular docking

To predict the binding pose of ligands, an extra precision (XP) Glide docking approach was used to dock the prepared and mini-
mized ligands into the generated receptor grid on the prepared FBP. Epik state penalties were factored into the docking score
computation. The docking computations used the OPLS4 force field and the ligand interaction diagram module of the Schrodinger suite
to examine the complexes’ 2D interactions.

2.9. Post-docking MMGBSA calculations

The Prime-MMGBSA panel of the Prime module in the Schrodinger Suite 2020-4 release was used to calculate ligand binding free
energies using molecular mechanics with generalized Born and surface area solvation (MM-GBSA) technology. The pose viewer file
from the molecular docking output serves as the input structure for the Prime-MMGBSA calculation. The Variable-dielectric gener-
alized Born model (VSGB) was selected as the solvation model, which incorporates residue-dependent effects.

The binding free energy AGbind is estimated as

AGbind = AEMM + AGsolv + AGSA

Where AEMM is the difference in energy between the complex structure and the sum of the energies of the separated ligand and
protein, AGsolv is the difference in the GBSA solvation (implicit/continuum solvation model) energy of the complex and the sum of the
solvation energies for the separated ligand and protein, and AGSA is the difference in the surface area energy for the complex and the
sum of the surface area energies for the separated ligand and protein [30]. The top two ligands with the best binding free energies to
the protein were considered for MDS.

2.10. Molecular dynamics simulations

The molecular dynamics simulations were performed with the Desmond package in the Schrodinger Suite 20214 release. The
system was first set up with the System Builder module in the Desmond package. The selected docked complexes were each placed in
an orthorhombic box with a buffered distance of 10 A beyond the complexes. The complexes were solvated with a four-site water
model, TIP4P. The system was neutralised by adding sodium and chloride counter ions and was then set at 0.15 M NaCl to mimic the
physiological state. The system was equilibrated with NPT ensemble class at a temperature of 300 K and a pressure of 1.01325 bar
using a Nose-Hoover chain thermostat and a Martyna-Tobias-Klein barostat with isotropic coupling style. The MDS was performed for
200 ns, with trajectories recorded every 200 ps, for a total output of 1000 frames. The simulation’s time step was set to 2.0 fs [31].

2.11. Post-MDS MMGBSA calculations

The free energy of ligand binding to protein was calculated for the trajectories using the Prime module in the Schrodinger suite via
the python script, thermal_mmgbsa.py. The step size of 30 was used to generate the input structure files for the Prime module and the
OPLS4 force field was applied. The binding energy of the receptor and ligand as calculated by the Prime Energy, a Molecular Me-
chanics + Implicit Solvent Energy Function (kcals/mol) [32].

AGbind = AG(Optimized Complex) — AG(Optimized Free Ligand) — AG(Optimized Free Receptor)

2.12. Data analysis

The data were analyzed with the help of the software Graphpad Prism version 9.0.1. To represent the descriptive data, the mean +
SD was utilized. Analysis of data was one using a one-way ANOVA utilizing Tukey’s HSD post hoc test for comparison of means at p <
0.05.
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3. Results
3.1. High performance liquid chromatography analysis of B. Vulgaris leaf

Chlorogenic acid, orientin, kaempferol, cryptochlorogenic acid, taxiphyllin, quercetin, apigenin, schaftoside, luteolin, catechin,
iso-orientin, 6-glucosylapigenin, ferulic acid, p-coumaric acid, and benzoic acid were all identified in the chromatograms of the
aqueous B. vulgaris leaf extract from the HPLC analysis (Table 1).

3.1.1. In vitro antioxidant activities

Fig. 1 represents the hydroxyl (OH), nitric oxide (NO), DPPH radical scavenging activities and ferric reducing antioxidant power
(FRAP) of B. vulgaris leaf extract (BVLE). The BVLE displayed an increase in OH radical activity (Fig. 1a), which compared favorably
with ascorbic acid. Likewise, BVLE revealed significant (p < 0.05) NO, DPPH, and FRAP (Fig. 1b, ¢, d). In addition, Fig. 2 shows the
Fe2+ chelating ability and TAC of BVLE. The BVLE showed a dose-dependent increase in iron chelating ability (Fig. 2a) and total
antioxidant activity (Fig. 2b), which compared well with EDTA and a-tocopherol, respectively.

3.1.2. Ex vivo antioxidant studies

Fig. 3a—d showed the reduced GSH level, SOD, and CAT activities with corresponding increased MDA in testicular tissues induced
FeSO4. Treatment with BVLE dose-dependently (p < 0.05) reduced these activities in a significant manner.
3.2. Pro-inflammatory studies

Fig. 4 shows the increased NO level in testicular tissue incubation with FeSO4, suggesting a pro-inflammatory activity. NO level was
markedly (p < 0.05) prevented on treatment with BVLE to near normal.
3.3. Cholinergic activities

Fig. 5 shows the effect of BVLE on testicular acetylcholinesterase (AChE) activity following induction of testicular tissues with
FeSO4. AChE activity was markedly (p < 0.05) declined on treatment with BVLE.
3.4. Purinergic activity

As shown in Fig. 6a, the induction of testicular damage resulted in a significant (p < 0.05) increase in testicular ATPase activity and
a corresponding decrease in E-NTPDase activity (Fig. 6b). The ATPase activity was markedly (p < 0.05) reduced on treatment with
BVLE dose-dependently. Additionally, BVLE treatment increased testicular E-NTPDase activity significantly (p < 0.05) and dose-
dependently (Fig. 6b).

3.5. Glucogenic activities

Fig. 7a and b shows a noteworthy (p < 0.05) increase of testicular G-6-Pase and F-1,6-BPase activities on the induction of oxidative
damage by FeSO4. These glucogenic enzymes were markedly (p < 0.05) decreased in BVLE treatment groups.

Table 1

Compounds identified in aqueous Beta vulgaris leaf extract.
Bioactive compounds Concentration (pg/1 g)
Chlorogenic acid 27.94
Cryptochlorogenic acid 59.28
Benzoic acid 18.51
p-Coumaric acid 8.54
Catechin 5.79
Iso-orientin 1.93
Orientin 2.24
Apigenin 1.79
6-Glycosylapigenin 2.39
Quercetin 191.12
Kaempferol 76.19
Luteolin 70.81
Schaftoside 2.70
Taxiphyllin 11.39
Ferulic acid 1.89
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3.6. Computational studies

3.6.1. Post-docking binding free energy MM-GBSA
The top two molecules from our docking studies were schaftoside and quercetin (—53.82 and —51.18 kcal/mol, respectively)
(Table 2). The two-dimensional interaction of the top two molecules with F-1,6-BP is shown in Fig. 8a, b.
A more detailed protein-ligand interaction was generated using Protein-Ligand Interaction Profiler and the presented in Tables 3

and 4.
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Fig. 4. Effect of B. vulgaris leaf on NO level in Fe2+-induced testicular injury. Data were expressed as mean + SD (n = 3). *Statistically significant
compared to untreated testes; #statistically significant compared to the control cells (p < 0.05).

3.6.2. Molecular dynamics simulation studies of hit compounds with F-1,6-BP

The higher RMSD was observed for FBP at about 130 ns (Fig. 9a) within the FBP-Schaftoside complex system. The Ca-FBP RMSD in
the FBP-Quercetin complex system remained steady throughout the simulation period, indicating that quercetin does not appear to
trigger structural changes in FBP (Fig. 9b). Furthermore, the proximity of quercetin to the bind pocket was poorer compared to
schaftoside, as evidenced by the ligands’ RMSD with respect to FBP (Fig. 9, blue lines).

Interestingly, comparing the FBP apoprotein RMSF data from a different MD simulation to the FBP RMSF data in the presence of
Schaftoside revealed the site of the structural shift (Fig. 10). An examination of the simulation trajectory frame before and after the
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Fig. 6. ATPase and ENTPDase activities of B. vulgaris leaf in Fe2+-induced testicular injury. Statistical analysis was achieved via one-way ANOVA
followed by Tukey’s post hoc analysis. Data were expressed as mean £ SD (n = 3). The purinergic markers (ATPase and ENTPDase) in testis
significantly (#p < 0.05) affected in FeSO4-induced control as compared to normal. However; the rest of the experimental treatment significantly
(*p < 0.05) improved purinergic markers in FeSO4-induced testicular tissues. ATPase: adenylpyrophosphatase; ENTPDase: ecto-nucleoside
triphosphate diphosphohydrolase.

RMSD increase further validates that it is indeed the dynamic loop that was distorted by about 12 A (Fig. 11).

Hydrogen bonding interactions between FBP and schaftoside were shown to be dominant at THR_27, GLY_28, GLU_29, LEU_30 and
THR_31 (Fig. 12a and b).

The hydrogen bonding interactions of schaftoside with the aforementioned residues were maintained for well over 70% of the
duration of the entire simulation (across 4 points on the ligand, aiding stability) except for LEU_30 which was at 46% (Fig. 13a). Only
one hydroxyl group on quercetin maintained a hydrogen bond interaction with two residues, GLY_28 and THR_31, implying a weaker
interaction than schaftoside (Fig. 13b).

Furthermore, the result of the post-MDS MMGBSA calculations in Table 5 suggests schaftoside to have a significantly stronger free
binding energy at —53.13 kcal/mol than quercetin at —31.09 kcal/mol (P < 0.01).

The ligands RMSD and radius of gyration suggests that the ligands’ structures with respect to their heavy atoms were maintained
throughout the simulation (Fig. 14).

4. Discussion

Infertility in men has long been a major concern, especially in families where having children is viewed as both a cultural necessity
and a family value or obligation. Testicular dysfunction has been linked to a number of factors, with oxidative damage being one of the
major pathologies [33]. Due to its accessibility and minimal side effects, folkloric medicine has long used medicinal plants to treat
infertility. Recently, this practice has attracted a lot of attention. The present study looked into the ability of beet leaf extract to protect
isolated testicular tissues from oxidative damage brought on by iron-II sulphate (FeSO4) via experimental and computational models.
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Fig. 7. Glucogenic activities of B. vulgaris leaf in Fe2-+-induced testicular injury. Data were expressed as mean + SD (n = 3). *Statistically sig-
nificant compared to untreated testes; #statistically significant compared to the control cells (p < 0.05). G-6-Pase: glucose-6-phosphatase; F-1,6-
BPase: fructose-1,6-bisphosphatase.

Table 2
Post-docking binding free energy MM-GBSA.

S/ Compounds AGbind (Kcal/ AGbind AGbind AGbind AGbind AGbind AGbind
N mol) Coulomb Covalent Hbond Lipo Solv_GB vdw

1 Schaftoside —53.82 —105.30 4.75 —3.94 —14.50 104.01 —38.84
2 Quercetin —51.18 —108.83 3.09 —4.08 —7.09 99.99 —34.25
3 Luteolin —50.16 —106.68 3.92 —4.00 -7.15 98.29 —34.54
4 Kaempferol —48.98 —54.62 2.59 —2.82 —7.47 45.40 -32.07
5 Catechin —46.06 —38.81 5.63 —3.78 -10.75 29.20 —27.06
6 Orientin —44.71 —105.43 6.94 —4.21 -7.89 106.38 —40.50
7 Cryptochlorogenic —44.33 1.30 3.08 —4.25 —14.08 0.33 -30.71

acid

8 6-Glycosylapigenin —44.14 —41.27 —0.32 -2.75 —-10.51 39.04 —28.34
9 Chlorogenic acid —42.13 -37.79 1.41 —3.70 —9.34 28.43 —21.14
10 Iso-orientin —39.86 —36.48 0.57 —2.78 —10.21 38.72 —29.68
11 Apigenin —36.23 —22.21 1.94 —2.45 —6.61 24.53 —31.41
12 Taxiphyllin —35.69 —89.60 7.05 —3.43 —8.72 95.79 —36.78
13 Ferulic acid —-32.28 —14.98 1.54 -3.91 -11.36 26.00 —29.57
14 p-Coumaric acid —25.85 —15.44 1.07 -3.70 -10.12 28.13 —25.78
15 Benzoic acid —24.22 -17.11 0.42 -3.72 —6.04 19.88 —-17.64

The phytoconstituents in fruits, herbs, and vegetables have been linked to their medicinal properties [34,35]. The beet leaf
identified phytocompounds after HPLC analysis are well-known flavonoids and phenolics, and their potent antioxidant properties have
been extensively researched [36-39]. The presence of these compounds may synergistically contribute to the reported antioxidant and
other medicinal properties observed in this study.

The development of oxidative stress has been linked to increased free radical production [40]. Numerous studies have shown that
medicinal plants can neutralize free radicals, preventing the onset of oxidative stress [41]. It’s interesting to note that plants have
antioxidant properties because of chemical compounds in their constituent parts that reduce the production of ROS, chelate
pro-oxidant metallic ions, prevent the spread of free radicals, and speed up cellular repair processes [42]. This can be seen in the B.
vulgaris leaf extracts’ powerful ability to scavenge OH, NO, and DPPH radicals (Fig. 1a—c). This activity is consistent with earlier
reports on B. vulgaris’ capacity to mop up DPPH radical in vitro [38,43]. By chelating metal ions and reducing ferric iron, B. vulgaris
demonstrated its antioxidant ability.

Research has shown that metals like arsenic [44] and iron [45] can cause testicular toxicity in males. In the Fenton reaction, Fe2+
interacts with H202 produced by mitochondrial respiratory pathways to produce hydroxyl and hydroperoxyl radicals. These chemical
components could further set off chain reactions in the cell that would activate additional ROS [46]. Therefore, increased ROS levels
compromise the antioxidant defense system’s integrity, resulting in oxidative stress [47]. Following the induction of testicular
oxidative injury, there was an occurrence of oxidative stress in the current study as demonstrated by the suppressed GSH level,
catalase, and SOD activities, with concurrently high levels of MDA in the untreated tissues. These decreased levels and activities
support a prior study that described the oxidative stress brought on by Fe2+ in testicular tissues [40]. This could be credited to the

10
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Fig. 8. 2-dimensional ligand interaction diagram of docked ligands (a) FBP-Schaftoside complex (b) FBP-Quercetin complex.

Table 3
Protein-ligand interaction of FBP-Schaftoside complex.

Hydrophobic Interactions

Residue AA Distance
20D GLU 3.6

30D LEU 3.4

Hydrogen Bonds

Residue Amino Acid Distance H-A Distance D-A Donor Angle
24D ALA 1.81 2.75 162.9

25D ARG 1.75 2.72 169.55

27D THR 1.9 2.78 143.49

27D THR 1.86 2.79 163.11

28D GLY 2.58 3.47 146.31
112D LYS 3.01 3.46 108.21
178D ASP 2.07 3.02 164.36
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Table 4
Protein-ligand interaction of FBP-Quercetin complex.

Hydrophobic Interactions

Residue AA Distance
30D LEU 3.84
Hydrogen Bonds
Residue Amino Acid Distance H-A Distance D-A Donor Angle
27D THR 2.43 3.44 172.54
31D THR 1.89 2.8 155.77
112D LYS 291 3.54 121.24
160D VAL 2.67 3.45 138.12
178D ASP 2.22 3.21 167.69
179D CYS 2.22 3.05 138.4
@ °
4
<
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Fig. 9. RMSD from the MDS for 200ns with the first frame at time, t = 0 used as reference (a) FBP-Schaftoside complex system (b) FBP-Quercetin
complex system.

Fenton’s and Haber-Weiss reactions, which cause oxidative stress in iron-induced tissues [48].

The physiological level of NO is essential for male reproductive health [49]. NO controls the tunica albuginea’s ability to contract
and relax in the testes, providing the forces necessary to move sperm cells from the testes to the epididymis [50]. Although erection is
ultimately caused by a slow increase in nitric oxide levels in penile tissues, testicles and other male tissues have been shown to suffer
when the signaling molecule is present in significant amounts [51]. The progression of oxidative testicular toxicity has also been linked
to pro-inflammation, with the production of ROS being acknowledged as a key factor [52]. As a result, the untreated tissue’s increased
NO level shows a pro-inflammatory effect. Therefore, it can be concluded that B. vulgaris extract has an anti-pro-inflammatory effect
on oxidative testicular injury given the depleted NO level in the treated tissues.

The increased acetylcholinesterase activity in the Fe2+-induced testicular tissues shows that the induction of oxidative injury
results in the breakdown of acetylcholine to acetate and choline. As a result, it shows a decreased acetylcholine level in the testicles,
which denotes a change in testicular cholinergic activity since acetylcholine controls the activities of Leydig cells [53]. It has been
suggested that oxidative stress contributes to an increase in acetylcholinesterase activity [54]. Testicular toxicity has been treated and
managed using acetylcholinesterase activity inhibition [12,55]. Consequently, the decreased activity in BVLE-treated tissues points to
enhanced testicular function, which is supported by the increased antioxidant activity observed in the testicular tissues. This supports
studies that show acetylcholinesterase inhibitors are effective at treating and managing testicular dysfunction [33,54].

The energy requirement for spermatogenesis and sperm motility has been attributed to the significance of ATP and adenosine in
male fertility [56,57]. They also increase sperm’s capacity for capacitation and fertilization [58]. According to Fig. 6a, which shows
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Fig. 10. Root Mean Squared Fluctuation RMSF from the MDS for 200ns for FBP-apoprotein aligned with the RMSF for the FBP in FBP-Schaftoside
complex system.

Fig. 11. Alignment of trajectory frame before (green) and after (blue) the dynamic loop conformation change. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

elevated ATPase activity in testis that have not been treated, oxidative injury results in a reduction in ATP levels. Similar to this,
adenosine levels are depleted as shown by the reduced ENTPDase activity, implying a decreased energy supply for the typical
physiological processes required for spermatogenesis as well as altered purinergic activities. The increased ATP and adenosine levels
shown by the reversed activities in tissues treated with B. vulgaris leaf extracts suggest the availability of energy for the testes’ regular
physiological functions. This study is consistent with the reports of [40].

Male fertility has been reported to be significantly influenced by the glycolytic pathway in intermediary metabolism that produces
ATP [59,60]. Its disruption has been linked to testicular toxicity [60]. In this study, increased G6Pase and F-1,6-BPase activities in
untreated testicular tissues show a switch from glycolytic to gluconeogenic activity in the testes, favoring oxidative injury. Since both
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Fig. 13. Ligand-protein contacts for (a) FBP-Schaftoside and (b) FBP-Quercetin hydrogen bond interaction for at least 45% of the simulation time.

Table 5

Post-MDS binding free energy AGbind.
S/N Compounds AGbind (Kcal/mol)
1 Schaftoside —53.13 £ 34.33 *
2 Quercetin —31.09 + 21.73

*p < 0.01 in comparison with quercetin (student t-test).
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enzymes catalyze the reaction of G6P and F-1,6 B P to glucose and F-6-P, respectively, it can be said that gluconeogenesis results in an
increased production of glucose.

This is consistent with earlier studies showing that these enzymes are more active in hyperglycemia-induced testicular toxicity
[601, suggesting a disruption in the liberation of ATP during glycolysis and thus showing reduced levels of ATP during the induction of
oxidative impairment. The continuous activity of these enzymes will cause a buildup of glucose in the testicles, which is harmful
because glucose in its enediol form can act as a starting point for the production of free radicals [61]. As a result, the reversible ac-
tivities of F-1,6-BPase and G-6-Pase after treatment with B. vulgaris extracts suggest a potential defense against disrupted carbohydrate
metabolism caused by oxidative stress in testicular tissues.

Male fertility has been reported to be significantly influenced by the glycolytic pathway in intermediary metabolism that produces
ATP [59,60]. Iron-induced oxidative stress may cause testicular damage and thus testicular dysfunction [62,63]. Glucose metabolism
is an important event in spermatogenesis [64]. Because gluconeogenesis in the liver is a primary cause of glucose overproduction in
diabetes, inhibiting FBP, a key enzyme in the gluconeogenesis pathway, appears to be a viable strategy to reduce hyperglycaemia that
causes oxidative stress. FBP is allosterically regulated, and researchers have attempted to emulate the allosteric inhibitory effects of its
natural inhibitor, AMP.

The top two molecules from our docking studies were schaftoside and quercetin (—53.82 and —51.18 kcal/mol, respectively).
These compounds were investigated for MDS since binding free energy is a better ranking parameter for overall ligand binding quality
than docking score. The simulations were performed for 200 ns and the interaction of schaftoside appears to have a more stable
interaction with the target than quercetin.

In the FBP-Schaftoside complex simulation, the system appears to equilibrate from 10 ns, and schaftoside was stable in the binding
pocket onward. The higher RMSD observed for FBP at about 130 ns (Fig. 9a) suggests a structural or conformational change within it in
the FBP-Schaftoside complex system. Since Schaftoside was bound stably at the allosteric site, it may have triggered a conformational
change at a different site on the FBP. The RMSF chart showed that a loop region (from about residue 50 to 75) was distorted, which
could explain the significant increase in protein RMSD. Indeed, studies have revealed that FBP residues 50-72 form a dynamic loop
that is required for its catalytic activity [65,66]. When coupled to the allosteric site, AMP, a natural physiological allosteric inhibitor of
FBP [67], can promote the disengagement of the dynamic loop, resulting in inhibition [68]. These findings strongly suggest that
Schaftoside is a potent FBP allosteric inhibitor. For the entire simulation, the average RMSD of schaftoside with respect to FBP was 3.07
+ 0.39 A and quercetins was 5.70 + 0.76 A (P-value <0.0001), which suggests that schaftoside has a better proximity to the allosteric
site.

Hydrogen bonding interactions between FBP and schaftoside were shown to be dominant at THR_27, GLY_28, GLU_29, LEU_30 and
THR_31. It is worth noting that the authors of the FBP X-ray structure (7EZF) utilized zero-indexing for the protein’s primary structure,
so the five residues stated in the previous sentence are actually THR_28, GLY_29, GLU_30, LEU_31 and THR_32. These residues have
been identified as the binding residues for FBP’s physiological allosteric inhibitor, AMP [68], which are located some 47 A away from
the dynamic loop and 30 A from the active site. The interaction fraction of quercetin with FBP was considerably less than that of
Schaftoside. Only one hydroxyl group on quercetin maintained a hydrogen bond interaction with two residues, GLY_28 and THR_31,
implying a weaker interaction when compared to schaftoside. The ligands’ RMSD and radius of gyration suggest that the ligands’
structures with respect to their heavy atoms were maintained throughout the simulation, and these indicate that both schaftoside and
quercetin are in themselves stable under the simulation conditions.
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5. Conclusion

Finally, the data obtained in this study imply that B. vulgaris leave extract may be employed in a variety of ways to treat oxidative
testicular injury. The ability of B. vulgaris extract to reduce oxidative stress and pro-inflammatory responses, halt cholinergic
dysfunction, control nucleotide hydrolysis, and modulate metabolic pathways all points to the therapeutic and protective potential of
B. vulgaris extract on oxidative testicular injury. Additionally, the molecular docking and MDS analysis of the present study indicate
that schaftoside may be an effective allosteric inhibitor of fructose 1,6-bisphosphatase based on the interacting residues and the
subsequent effect on the dynamic loop conformation. However, further studies on the optimization of schaftoside, a potential lead
compound in this study, may be required.
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