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Abstract

The antioxidant and anti-proinflammatory activities of L-leucine were investigated on oxidative testicular injury, ex vivo.
In vitro analysis revealed L-leucine to be a potent scavenger of free radicals, while inhibiting acetylcholinesterase activity.
Oxidative injury was induced in testicular tissues using FeSO,. Treatment with L-leucine led to depletion of oxidative-
induced elevated levels of NO, MDA, and myeloperoxidase activity, with concomitant elevation of reduced glutathione and
non-protein thiol levels, SOD and catalase activities. L-leucine caused a significant (p < 0.05) alteration of oxidative-elevated
acetylcholinesterase and chymotrypsin activities, while concomitantly elevating the activities of ATPase, ENTPDase and
5'-nucleotidase. L-leucine conferred a protective effect against oxidative induced DNA damage. Molecular docking revealed
molecular interactions with COX-2, IL-1 beta and iNOS. Treatment with L-leucine led to restoration of oxidative depleted
ascorbic acid-2-sulfate, with concomitant depletion of the oxidative induced metabolites: D-4-Hydroxy-2-oxoglutarate,
L-cystine, adenosine triphosphate, maleylacetoacetic acid, cholesteryl ester, and 6-Hydroxy flavin adenine dinucleotide. Treat-
ment with L-leucine reactivated glycolysis while concomitantly deactivating oxidative-induced citrate cycle and increasing the
impact-fold of purine metabolism pathway. L-leucine was predicted not to be an inhibitor of CYP1A2, CYP2C19, CYP2C9,
CYP2D6, and CYP3A4, with a predicted LDy, value of 5000 mg/Kg and toxicity class of 5. Additionally, L-leucine showed
little or no in vitro cytotoxicity in mammalian cells. These results suggest the therapeutic potentials of L-leucine on oxida-
tive testicular injury, as evident by its ability to attenuate oxidative stress and proinflammation, while stalling cholinergic
dysfunction and modulating nucleotide hyrolysis; as well as modulate oxidative dysregulated metabolites and their pathways.
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Introduction

Oxidative stress has been recognized as one of the main
stimuli that triggers the pathogenesis and progression of
testicular dysfunction (Erukainure et al. 2019b). This can
be attributed to the high concentration of unsaturated fatty
acids in the testes and sperm cells, which are susceptible
to peroxidative damage (Aitken and Roman 2008). The
testes are endowed with an array of antioxidant systems of
both enzymatic and nonenzymatic constituents. However,
the antioxidant system is compromised in the presence
excessive free radicals, leading to oxidative stress which
is detrimental to male fertility (Erukainure et al. 2012;
Obode et al. 2015). Testicular inflammation has also been
implicated in the pathogenesis of testicular oxidative dam-
age, leading to decreased testosterone production and sper-
matogenesis (Guazzone et al. 2009; Reddy et al. 2006).
Studies have reported concomitant decreased antioxidant
activities and increase in the proinflammatory cytokines,
iNOS, IL-1f, and COX-2 (Reddy et al. 2006). Increase in
these proinflammatory cytokines causes release of large
volumes of O7, and H,0,, thus suppressing the testicular
antioxidant system (Abd-Allah et al. 2009). Cholinergic
proteins play important roles in testicular functions and
fertility, as their expressions have been reported in Leydig
and Sertoli cells (Lucas et al. 2004; Mor and Soreq 2011).
Acetylcholine, one of the common cholinergic proteins
has also been reported to regulate the functions of Leydig
cells, as its expression is exacerbated in the differentia-
tion and maturation of Leydig cell (Ge et al. 2005; Mor
and Soreq 2011). Reduced testicular acetylcholine level
demonstrated by increased acetylcholinesterase activity
has been implicated in the testicular dysfunction (Ako-
molafe et al. 2017).

Testicular alterations in the endogenous signaling
nucleotide, adenosine has been implicated in testicular
function and fertility (Burnstock 2014; Gorodeski 2015).
It is produced by purinergic enzymatic phospho-hydrol-
ysis of Adenosine triphosphate (ATP) and Adenosine
monophosphate (AMP) (Akinyemi et al. 2017; Bagatini
et al. 2018). ATP and adenosine have been reported for
their ability to stimulate capacitation and fertilization
potential of sperm, with the latter stimulating sperm motil-
ity (Gorodeski 2015). Anaerobic glycolysis and oxidative
phosphorylation are the main metabolic pathways for ATP
production in sperm cells, with the former being the pre-
dominant (Tourmente et al. 2015).

Aside nutrition, the role of nutrients in the manage-
ment and treatment of various ailments and diseases are
well documented. This corroborates with the emergence of
functional foods and nutraceuticals as alternative treatment
for various diseases (Gul et al. 2016). Of interest are the
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essential amino acids (EAA). Their deficiency has been
associated with depressed growth in animals (Anthony
et al. 2001). Anthony et al. (2001) further demonstrated
that EAA deficiency inhibits mRNA translation of riboso-
mal proteins in rats’ liver. Their anti-inflammatory activi-
ties have been demonstrated in both preclinical and clini-
cal studies, with L-leucine being the most prominent (Lee
et al. 2017; Nicastro et al. 2017; Saxena et al. 1984).

L-leucine is one of the nine essential amino acids. Itis a
recognized activator of the mammalian target of rapamycin
(mTOR) which regulates cell growth and several aspects
of metabolism such as regulation of gene transcription and
protein synthesis in pancreatic f cells (Pedroso et al. 2015;
Yang et al. 2010). Its anti-inflammatory activity has been
demonstrated in healthy volunteers (Nicastro et al. 2017).
Its ability to modulate skeletal muscle remodeling has been
attributed to its modulatory effect on muscular inflammation
(Nicastro et al. 2012). Thus, making it a potential dietary
supplement and/or nutraceutical for the treatment and man-
agement of several metabolic diseases.

However, there are limited reports on the protective effect
of L-leucine against testicular toxicity. Thus, this study was
aimed at investigating the protective effect of L-leucine on
oxidative stress, cholinergic and purinergic dysfunctions,
and dysregulated metabolic pathways in oxidative testicu-
lar injury using, ex vivo. Its anti-proinflammatory activity
and protective effect against DNA damage were investigated
using in vitro and in silico models.

Materials and methods
L-leucine

L-leucine (Sigma-Aldrich) was purchased from Bristol Sci-
entific Company, Lagos, Nigeria.

A 1 mg/mL stock solution of L-leucine was prepared in
distilled water. From the stock solution, different concentra-
tions ranging from 10 to 50 pg/mL and 15-240 pg/mL were
prepared for in vitro and ex vivo activities, respectively.

In vitro activities

Determination of antioxidant activity using the DPPH free
radical scavenging assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) spectropho-
tometric assay was carried out following standard proce-
dure (Atolani and Olatunji 2016; Atolani et al. 2012). The
DPPH free radical reagent was prepared and kept in dark
bottle in the refrigerator. The L-leucin was prepared in trip-
licate in 10-50 pg/mL concentrations. 1 mL DPPH solution
was added to all samples shaken together and immediately
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incubated in the dark for 30 min. The absorbance value was
measured at 517 nm. Blank experiment was also carried out
to determine the absorbance of DPPH before interacting
with the sample. The decreasing absorbance of the DPPH
solution was used as an indication of the DPPH radical scav-
enging activity of the samples. The radical scavenging activ-
ity was calculated using the equation:

%AA =100 X [(Abscomrol - Abssample)]/(Absconlrol)

where %AA indicates percentage antioxidant activity, while
AbS oo and Absg,,. Were the absorbance of the control
and sample at 517 nm, respectively. Results were expressed
as mean values + standard error of mean (SEM) of tripli-
cate determinations. The ICs, was determined on GraphPad
Prism 6 software (San Diego, USA) through a non-regres-
sion analysis. The IC;, was taken as the concentration of
sample that scavenged fifty percent of the DPPH radicals.

Determination of antioxidant activity using the ABTS free
radical scavenging assay

The 2,2'-azinobis-3-ethylbenzothiazoline-6-sulfonate, ABTS
radical cation decolorization assay based on the scaveng-
ing of ABTS** radicals by antioxidants component of the
L-Leucin was used. The assay follows standard procedure
(Atolani et al. 2013), with slight modifications. ABTS rea-
gent was first dissolved in deionized water to reach a con-
centration 7 mM and the solution of 2.45 mM potassium
persulfate freshly prepared was mixed with it at ratio of
1:1 and kept in the dark for 24 h. The ABTS solution was
then diluted in aqueous methanol with a ratio of 1:25. A
volume of 20 pL (diluted 1:10) of samples was added to
2 mL of ABTS** solution, and the mixture was kept at a
standard temperature of 30 °C. The absorbance was meas-
ured at 734 nm at 10 min after initial mixing. All analyses
were determined in triplicate. The ABTS antioxidant activity
(AA) was calculated using the expression:

AA =100 X [(Abscontrol - Abssample)]/(Abscontrol)

where Abs . and Absg,,,. are the absorbances of the
control and the samples, respectively.

Determination of acetylcholinesterase (AChE) inhibitory
activity

The ability of L-leucine to inhibit the acetylcholinesterase
enzyme from breaking down acetylcholine was evaluated
using following standard procedure with slight modifica-
tions (Salles et al. 2003). The assay mixture was made up
of 200 pL Tris—HCI 50 mM (pH 8.0) and 0.1% BSA bulffer.
100 pL leucin with final concentration: 100 pg mL~! was
dissolved in buffer-MeOH (10%) and 100 pL of AChE

(0.22 U mL™!). The mixture was incubated at room tem-
perature for 2 min before the addition of 500 pL of DTNB
(5,5'-dithiobis-2-nitrobenzoic acid) (3 mM) and 100 pL
of substrate acetylthiocholine iodide (ATCI) (15 mM).
The developing yellow colour was measured at 405 nm
after 4 min. Galantamine was used as positive control at
a final concentration of 0.2 pg mL~! in the assay mix-
ture. AChE inhibitory activity was expressed as percent-
age inhibition of AChE, calculated as (1-B/A) x 100,
where A is the change in absorbance of the assay with-
out L-leucine (Abswilh enzyme Abswilhoul enzyme) and B
is the change in absorbance of the assay with leucin
(Abs — Abs

with enzyme without enzyme)'

Animals

Three male albino rats (Sprague Dawley strain) weighing
200-250 g were obtained from the Biomedical Research
Unit (BRU), University of KwaZulu-Natal, Durban, South
Africa. The rats were fasted overnight and were euthanized
with halothane. Testes were collected from each animal,
rinsed in 0.9% NaCl solution and homogenized in sodium
phosphate buffer (50 mM; pH 7.5; with 10% Triton X-100).
The homogenized tissues were centrifuged at 22,000 g at
4 °C for 10 min (Salau et al. 2020). The supernatants were
collected in 2 mL Eppendorf tube and stored at — 4 °C for
ex vivo studies.

The approved guidelines of the Animal Ethics Committee
of the University of KwaZulu-Natal, Durban, South Africa
(Protocol approval number: AREC/020/017D) were duly
followed.

Ex vivo activities

A 100 pL aliquot from each prepared concentration of
L-leucine (15-250 pg/mL) and the standard drug, gallic acid
were incubated with 100 uL of testicular tissue homogenates
and 30 pL of 0.1 mM FeSO, at 37 °C for 30 min. Tissues
incubated without L-leucine or gallic acid served as nega-
tive control (untreated). While tissues not subjected to any
incubation served as positive control (normal).

Oxidative stress biomarkers

The incubated samples were analyzed for oxidative biomark-
ers which cover for reduced glutathione (GSH) (Ellman
1959) and non-protein thiol (Adefegha et al. 2017; Habig
et al. 1974) levels, catalase (Aebi 1984) and superoxide dis-
mutase (SOD) (Kakkar et al. 1984) activities, and malon-
dialdehyde (MDA) level (Chowdhury and Soulsby 2002).
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Determination of GSH levels

The samples were deproteinize with an equal volume of
10% TCA and then centrifuged at 5000 rpm for 5 min at
25 °C. Aliquot (200 uL) of the supernatant was thereafter
pipetted into a 96 well plate, 50 uL of Ellman reagent
was then added and the mixture was allowed to stand for
5 min. Absorbance was read at 415 nm. The GSH level was
then extrapolated from a standard curve of plotted GSH
concentrations.

Determination of SOD activities

The assay was based on the principle of 6-hydroxydopa-
mine (6-HD) being oxidized by H,O, from SOD catalyzed
dismutation of O,~, which produces a colored product.
Briefly, 15 pL of the supernatants were dissolved in 170 pLL
of 0.1 mM diethylenetriaminepentaacetic acid (DETAPAC)
in a 96-well plate. 15 pL of 1.6 mM 6-HD was then added
to the reaction mixture. Absorbance was read at 492 nm for
5 min at 1-min interval.

Determination of catalase activity

Catalase activity was determined based on the measure-
ment of decreased absorbance of test samples due to H,0,
decomposition. 340 pL of 50 mM sodium phosphate buffer
(pH 7.0) was mixed with 10 pL of the samples. Thereafter,
150 pL of 2 M H,0, was added to the mixture. Absorbance
was read at 240 nm for 3 min at 1-min interval.

Determination of MDA levels

One hundred microliters of the samples were mixed with
100 pL of 8.1% SDS solution, 375 pL of 20% acetic acid,
1 mL of 0.25% thiobarbituric acid (TBA), and 425 pL of
distilled water. The reaction mixture was heated at 95 °C
for 1 h in a water bath. Thereafter, 200 pL of the heated
mixture was pipetted into 96-well plate and absorbance read
at 532 nm. MDA levels were extrapolated from a standard
curve of plotted standard MDA concentrations.

Determination of non-protein thiol group (NPSH) levels

Two hundred microliters of the samples were deproteinized
with 10% triton, vortexed and allowed to stand for 10 min.
200 pL of 20% TCA was then added, vortexed and centri-
fuged at 4000 rpm for 10 min at 4 °C. 50 pL of Ellman’s
reagent was then added to 100 pL of the supernatant and
incubated for 1 h at room temperature. Absorbance was read
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at 412 nm. NPSH levels were extrapolated from a standard
curve of cysteine.

Proinflammation

The proinflammatory biomarkers were determined by ana-
lyzing the samples for nitric oxide (NO) (Erukainure et al.
2019a) and myeloperoxidase activity (Granell et al. 2003),
with slight modifications.

Determination of Nitric Oxide (NO) Level

The NO levels of the testicular tissues were determined
using the Griess method with slight modifications. 100 pL.
of the samples or distilled water (blank) and was incubated
with an equal volume of Griess reagent for 30 min at 25 °C
in the dark. Absorbance was read at 548 nm.

Determination of myeloperoxidase activity

One hundred microliters of the samples were incubated with
100 pL of 5 mM KClI and 25 pL of 2 M H,0, for 10 min.
Thereafter, 50 pL of 1.25% ammonium molybdate was
added to reaction mixture and allowed to stand for 5 min.
Absorbance was read at 405 nm.

Determination of purinergic enzymes activities

This was carried out by determining the ATPase (Adewoye
et al. 2000; Erukainure et al. 2017a), ENTPDase (Ademiluyi
et al. 2016; Schetinger et al. 2007) and 5'nucleotidase (5'NT)
(Heymann et al. 1984) activities in the testicular tissues.

Determination of ATPase activity

Two hundred microliters of the tissue samples were incu-
bated with 200 uL of 5 mM KCl, 1300 pL of 0.1 M Tris—HCl
buffer, and 40 uL of 50 mM ATP in a shaker for 30 min
at 37 °C. 1 mL of distilled water and 1.25% ammonium
molybdate were then added to stop the reaction. The reac-
tion mixture was further incubated with 1 mL of freshly
prepared 9% ascorbic acid for 30 min at 25 °C. Absorbance
was read at 660 nm.

Determination of ENTPDase activity

Twenty microliters of the tissue samples were incubated
with 200 pL of the reaction buffer (1.5 mM CaCl,, 5 mM
KClI, 0.1 mM EDTA, 10 mM glucose, 225 mM sucrose and
45 mM Tris—HCI) for 10 min at 37 °C. The reaction mixture
was further incubated for 20 min at 37 °C after the addition
of 20 uL of 50 mM ATP. The reaction was stopped with
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200 pL of 10% TCA. The reaction mixture was incubated
for 10 min in ice and absorbance read at 600 nm.

Determination of 5" nucleotidase activity

Briefly, 20 pL of the tissue sample was incubated with
100 pL 10 mM MgSO, and 100 mM Tris—HCl buffer, pH 7.5
for 10 min at 37 °C. 2 mM AMP was added to the reaction
mixture and further incubated for 10 min at 37 °C. The reac-
tion was stopped with 200 pL. of 10% TCA and incubated in
ice for 10 min. Absorbance was read at 600 nm.

Acetylcholinesterase activity

The acetylcholinesterase activity of the tissue samples were
determined using the Ellman’s method (Ellman et al. 1961).
Briefly, 20 pL of the samples were incubated with 10 pL of
3.3 mM Ellman’s reagent (pH 7.0) and 50 pL of 0.1 M phos-
phate buffer (pH 8) for 20 min at 25 °C. 10 pL of 0.05 M
acetylcholine iodide was thereafter added to the reaction
mixture and absorbance read at 412 nm at 3-min intervals.

Determination of proteolytic activity

This was carried out by determining the a-chymotrypsin
activity of the tissue samples according to a previously
reported method (Saleem et al. 2016), with slight modifi-
cations. Briefly, 15 pL of the tissue sample was incubated
with 60 pL Tris—HCI buffer (50 mM pH 7.6) at 37 °C for
20 min. The reaction was then initiated by adding 15 pl
1.3 mM N-succinyl phenyl-alanine-P-nitroanilide. The reac-
tion mixture was incubated at 37 °C for 30 min, and absorb-
ance read at 410 nm.

Metabolite extraction and profiling

Equal volumes (100 mL) of L-leucine (240 pg/mL) and
testicular tissue homogenate were incubated with 30 puL of
0.1 mM FeSO, at 37 °C overnight.

Metabolites were extracted from the incubated samples
using previous described protocol (Chan et al. 2013) with
slight modifications as described (Erukainure et al. 2017b).
The extracted metabolites were subjected to LC-MS analy-
sis using Shimadzu LCMS-2020 Single Quadrupole Liquid
Chromatograph Mass Spectrometer (LC-MS) by injecting
directly into the machine via a loop. The operating param-
eters were:

Stop time: 4 min; Photodiode Array (PDA) sampling fre-
quency: 1.5625 Hz; Operating mode: low pressure gradient;
Pump A: LC-2030 Pump; Mobile Phase A and B: water and
methanol, respectively; Flow rate: 0.200 mL/min; Start and
End wavelengths: 190 and 800 nm, respectively; Cell Temp.:
40 °C; Start and End time: 0.00 and 4.00 min, respectively;

acquisition mode: Scan; Scan Speed: 1667 u/s; polarity: pos-
itive; event time: 1.00 s; detector voltage: + 1.00 kV; Thresh-
old: 0; Start and End m/z: 50.00 and 1700.00, respectively.

The metabolites were identified by direct search of mass
spectral (MS) data with the Human Metabolome Database
(Wishart et al. 2013).

Metabolic pathway analysis

The metabolic pathway analysis was employed in identify-
ing the most relevant metabolic pathways involved in the
therapeutic effect of L-leucine on oxidative testicular injury
using the MetaboAnalyst 4.0 (Chong et al. 2018). Metabo-
lites showing significant changes were mapped via the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
using Human Metabolome Database numbers.

DNA nicking assay

To evaluate the DNA nicking protective role of leucine, plas-
mid DNA was incubated in the presence FeSO,, and increas-
ing concentrations of leucine or gallic acid (known anti-
oxidant control) according to a previous modified method
(Leba et al. 2014; Luo et al. 1994). The reaction mixture was
made as follow; 5 pL of pET151/D-TOPO DNA (150 pg/
pL), mixed with 2 pL. of FeSO4 (100 mM) and variable
concentrations of leucine (0.005-5 mg/mL, respectively).
Gallic acid solution was used as DNA protection control
for this assay. The reaction mixture was made-up to a 20 uL
total volume with distilled water. The mixture was incu-
bated for 30 min at 21 °C. Addition of 5 pL of the binding
dye (bromophenol blue; 0.25% composed of 50% glycerol)
were followed immediately after the incubation period. The
samples were then resolved by agarose gel electrophoresis
(0.8%) and stained by the addition of ethidium bromide.
Electrophoretic mobility of the agarose gel composition was
carried out for 60 min at 90 V and viewed using the G:BOX
F3 Gene System image.

Cell viability assays

Human foreskin fibroblast (HFF) cells were maintained
in DMEM (Nissui, Tokyo, Japan) supplemented with
GlutaMAX™-T (Gibco, Invitrogen, UK), 10% (v/v) fetal
calf serum (FCS; Gibco, Invitrogen, UK), and penicillin
and streptomycin (100 U/mL; Biowhittaker, UK) at 37 °C
and 5% CO, atmosphere. At confluence, cells were trypsi-
nized and resuspended to the desired cell density. The cells
were seeded onto plates at a density of 1 x 10* cells per well
and incubated for 72 h followed by treatment with various
concentrations (between 0.1 and 2.5 mg/mL) of leucine
diluted in the culture medium. Culture medium not contain-
ing L-leucine was added to the control well and the medium
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only well was used to correct for background signal. Stauro-
sporine (1 uM) was included as positive control. The treated
cells were incubated for 72 h before and thereafter the cell
viability was determined using the CellTitre-Aqueous One
Solution proliferation assay kit (Promega, Madison, USA).
Briefly, the well plate and its contents were equilibrated to
room temperature. Then, 20 pL of the CellTitre-Aqueous
One reagent was added to each well. The contents were
briefly mixed on an orbital shaker and then incubated at
37 °Cin a 5% CO, atmosphere for 1-4 h. The absorbance
signal was recorded at 490 nm using a microplate reader
(MTP 500; Corona Electric, Hitachinaka Japan).

Computational docking
Molecular docking of DNA with L-leucine

Molecular docking of DNA with leucine was performed with
GOLD 5.7.1 software. The PDB file of DNA sequences (5'-
CGACTAGTCG-3") was downloaded from RCSB Protein
Data Bank (PDB code 1RMX). The original ligand and
water molecules were removed from the sequence. Binding
site was defined based on protocol presented in the study
(Anthony et al. 2004; Shukla et al. 2019) and the final pro-
tocol for the docking was designed based on the success-
ful re-docking of reported ligand (isopropyl-thiazole) into
DNA. The number of best poses was set to 10 and Gold
Score scoring function was used to rank the docked ligand.
Best docking poses were chosen based on docking score and
visual inspections of the receptor-ligand interactions using
Accelys, Discovery Studios software 4.1.

Molecular docking of L-leucine with IL-§, COX-2 and iNOS

The promising in vitro anti-inflammatory activity of L-leu-
cine encouraged us to perform molecular docking studies
to establish and understand the L-leucine-Pro-inflammatory
cytokines and their inducible proteins. Pro-inflammatory
cytokine like Interleukin 1 beta (IL1-P) inflammatory-
cytokines inducible proteins such as cyclooxygenase-2
(COX-2) and Inducible Nitric Oxide Synthase (iNOS) were
chosen for this study.

Dataset For this study, the crystal structures of COX-2
(PDB code: 5F19), IL1-p (PDB code: 4GAF) and iNOS
(PDB code: INSI) enzymes complexes were selected and
downloaded from the Protein Data Bank (Berman et al.
2000).The data set was structurally processed using Discov-
ery Studio, software version 4.1.

Docking protocol For the prediction of possible molecular

mechanism involved, molecular docking was conducted
using the three-dimensional X-ray crystals pre-processed
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and curated (e.g., removal of water, addition of explicit
hydrogen) using the Protein Preparation Wizard from the
Gold Suite (Jones et al. 1997). The histidine protonation
states were determined and fixed in the protein structures.
Binding site was determined using the prior knowledge of
the original ligand interactions site for the respective molec-
ular targets. GoldScore was used as the scoring function to
rank the docked compounds.

In the docking simulation studies, each ligand was kept
flexible but the amino acid residues of the proteins were held
rigid. The selection of atoms in the active site within 10 A
or original ligand was chosen. This protocol was repeated
in case of multiple binding sites present in the same protein.
The number of best generated pose was set to 10.

In silico toxicity

L-leucine was subjected to in silico toxicity prediction by
analyzing with PROTOX II (Drwal et al. 2014; Erukai-
nure et al. 2018a) and SwissADME (Daina et al. 2017),
respectively.

Statistical analysis

Data were analyzed with one-way analysis of variance
(ANOVA) and presented as mean + SD. Significant differ-
ences between means were obtained at p <0.05 using the
Tukey’s HSD-multiple range post hoc test. Statistical analy-
ses were done using IBM Statistical Package for the Social
Sciences (SPSS) for Windows, version 23.0 (IBM Corp.,
Armonk, NY, USA).

Results
In vitro antioxidant and anti-inflammatory activities

As shown in Table 1, in vitro antioxidant analysis revealed
L-leucine as a significant (p <0.05) scavenger of free radicals
as exhibited by its low ICs, values of 1.25 and 11.25 pg/mL
for DPPH and ABTS compared to the standard antioxidants.

Additionally, L-leucine significantly (p < 0.05) inhibited
ACHhE activity as portrayed by its low ICs, value of 1.21 ug/
mL (Table 1).

Ex vivo studies

Anti-oxidative activity

Incubation of testicular tissues with FeSO, depleted lev-
els of GSH, SOD and catalase activities, with concomi-

tant elevated level of MDA while depleting the level of
non-protein thiol as shown in Fig. la—e, indicating an
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Table 1 ICs, values of

. . L. Activity (ug/mL)
biological activities
L-leucine Gallic acid Galatamine  Ascorbic acid  Quercetin
DPPH 1.25+0.05" - - 8.32+0.18 -
ABTS 11.25+0.58" - - - 70.71£2.80
ACHE* 1.21+0.09% - 48.07+29 - -
GSH 247.35+20.8% 624.57+18.9 - - -
SOD > 1000 128.27+10.11 - - -
Catalase 0.19+0.01 0.01+0.001 - - -
Lipid Peroxidation  66.40 + 1.22* 101.22+1.45 - - -
Non-Protein Thiol 155.23+3.88 71.94+10.23 - - -
ATPase 67.92 +2.90 >1000 - - -
Nitric Oxide 0.01+0.008" 0.38+0.01 - - -
Myeloperoxidase 1.77+0.50 0.10+0.09 - - -
ACHE* 0.01+0.001* 0.70+0.01 - - -
Chymotrypsin 7.87+0.50 0.89+0.02 - - -
ENTPDase 484.12+12.84%  603.66+20.87 — - -
5'NT > 1000 851.24+20.15 - - -

Data=mean; n=3

*In vitro acetylcholinesterase inhibitory activity

#Ex vivo acetylcholinesterase activity, #ICs, values of L-leucine lower than the standard drugs

occurrence of oxidative damage with a perturbation of
the redox balance. Incubation with L-leucine significantly
(p <0.05) elevated GSH and non-protein thiol levels, SOD
and catalase activities, while depleting the level MDA
level. This antioxidant potential is evident by its low ICy,
values as shown in Table 1.

Proinflammatory activity

As shown in Fig. 2, incubation of testicular tissue with
FeSO, significantly (p <0.05) elevated NO level and
myeloperoxidase activities indicating a proinflammatory
activity. These were significantly (p <0.05) prevented on
treatment with L-leucine to levels almost indistinguishable
from the normal tissues. This is further evident by its low
ICs, values (Table 1).

Cholinergic and proteolytic activities

Induction of oxidative testicular damage with FeSO, sig-
nificantly (p <0.05) elevated the activities of acetylcho-
linesterase and chymotrypsin as shown in Fig. 3a and b,
respectively. These activities were significantly (p <0.05)
reduced dose-dependently on treatment with L-leucine to
levels almost indistinguishable from the normal tissues.
The low ICs, values portray a high potency of L-leucine
for both activities (Table 1).

Purinergic enzymes activities

There was a significant (p < 0.05) decrease in testicular
ATPase, ectonucleotidase (ENTPDase), and 5'nucleotidase
(5'NT) activities on induction of oxidative testicular dam-
age with FeSO, as shown in Fig. 4a—c, indicating depletion
in purinergic enzymatic activities. Treatment of testicular
tissues with L-leucine significantly (p <0.05) elevated the
activities of these ATP-hydrolysing enzymes to levels almost
indistinguishable from the normal tissues. This is further
evident by their low ICj, values compared to the standard
drug (gallic acid) (Table 1).

Testicular metabolites

As shown in Table 2, induction of oxidative testicular
damage with FeSO, led to depletion of L-lactic acid, nico-
tinic acid, ascorbic acid-2-sulfate, TG(24:1(15Z)/22:5(
47.,77,10Z,137,16Z)/0-18:0), ADP, propinol adenylate,
and GDP-4-Dehydro-6-deoxy-D-mannose, with concomi-
tant addition of D-4-Hydroxy-2-oxoglutarate, L-cystine,
adenosine triphosphate, 6-methylnicotinamide, maley-
lacetoacetic acid, cholesteryl ester, and 6-Hydroxy fla-
vin adenine dinucleotide compared to the normal tissues.
Treatment with L-leucine led to restoration of ascorbic
acid-2-sulfate, with concomitant depletion of the oxida-
tive induced metabolites: D-4-Hydroxy-2-oxoglutarate,
L-cystine, adenosine triphosphate, maleylacetoacetic
acid, cholesteryl ester, and 6-Hydroxy flavin adenine
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Fig.1 Effect of r-leucine on a GSH level, b SOD activity, ¢ cata-
lase activity, d MDA level, and e non-protein thiol level in oxidative
testicular injury. Values=mean=+SD; n=3. *Significantly different
from untreated sample and *Significantly different from normal sam-

dinucleotide. It also led to the addition of phosphoe-
nolpyruvic acid, IDP, Inositol cyclic phosphate, 2'-deox-
yinosine triphosphate, adenosine diphosphate ribose
(Table 2).
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ple (p <0.05). Normal: testicular tissue lysates not treated with FeSO,
and/or compounds; untreated: testicular tissue lysates treated with
FeSO, only

Metabolomics

As shown in Fig. 5, pathway analysis of the identified tes-
ticular metabolites revealed deactivation of the metabolic
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Fig.2 Effect of L-leucine on
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pathways: propanoate metabolism, fructose and mannose
metabolism, pyruvate metabolism, glycolysis, and amino
sugar and nucleotide sugar metabolism, while activating the
tyrosine metabolism pathway. Treatment with L-leucine led
to reactivation of glycolysis while concomitantly deactivat-
ing oxidative-induced citrate cycle. Treatment with L-leu-
cine also led to increased significance (p <0.003) of purine
metabolism pathway, with an impact fold of <0.001 (Fig. 5).
A schematic pathway network of the identified pathways is
presented in Fig. 6.

DNA protective activity

The effect of L-leucine on FeSO,-induced DNA damage
is presented on Fig. 7. In the control lanes (lane 1 and 2)
pET151 DNA molecules appears as circular and super-
coiled DNA molecules. The addition of FeSO, alone induces
the conversion DNA to relaxed linear DNA (lane 3). As
expected, Gallic acid protected pET151 DNA the biologi-
cally active, open circular DNA from FeSO, induced degra-
dation (lane 4). In the presence of leucine, a dose dependant
DNA protective activity was observed. Potent antioxidant

Untreated 15 pg/mL 30 pg/mL 60

pg/mL 120 pg/mL 240 pg/mL

activity by leucine was observed at concentrations of
0.5-5 mg/mL (lanes 7 and 8).

In silico analysis revealed L-leucine binding to the minor
groove of the DNA sequence as shown in the different 3D
poses (A—C) in Fig. 7b. This is further clarified by the 2D
presentation in Fig. 7b (D) which shows minor groove bind-
ing forming hydrogen bonds and pi-pi interactions in L-leu-
cine-DNA complex.

Computational studies

Analyses of the molecular docking poses indicated L-leucine
as potent inhibitors of COX-2, IL-1 beta and iNOS (Figs. 8,
9, 10). Computational docking of L-leucine to COX-2 (PDB
code: 5F19) suggest that L-leucine binds in the same cavity
as the original ligand (B-octylglucoside). The ligand -recep-
tor interaction diagram revealed L-leucine interacts with the
residues ARG-185, ARG-438, and GLU-490 of the B chain
of the receptor (Fig. 8a and b). Additionally, docking with
the receptor IL-1 (beta) having PDB code: 4GAF, L-leu-
cine interacts with the residues ARG-272 and THR-234 of
B chain, similarly as the interaction present with original

@ Springer



368

0. L. Erukainure et al.

Fig.3 Effect of L-leucine on
a acetylcholinesterase and b 25

® Leucine m Gallic acid

II

*

—= X

—t ] *
| NTET
in

Untreated 15 pug/mL 30 pg/mL 60 pug/mL 120 pg/mL240 pg/mL

M Leucine M Gallic acid

a-chymotrypsin activities in
oxidative testicular injury.
Values=mean=+SD; n=3. 20
*Significantly different from ~
untreated sample and *Sig- E
nificantly different from normal £ 15
sample (p <0.05). Normal: tes- £
ticular tissue lysates not treated -~
with FeSO, and/or compounds; o 10
untreated: testicular tissue g. *
lysates treated with FeSO, only 5 I
0
(a) Normal
= 1200
£
>
o 1000
£
—
> 800
=
2
g 600
<
£ 400
§ .
8 200
£
2 0
= Normal

_
(=2
g

ligand (N-acetyl-D-glucosamine) (Fig. 9a and b). Results
obtained from the iNOS (PDB code: 1NSI)-Leucine docking
study suggests: L-leucine interacts with the residues ILE-
462 and ARG-381 of the chain A; similar interactions are
also observed between the receptor and its original ligand
(5,6,7,8- tetrahydrobiopterin) (Fig. 10a and b).

Cytotoxicity

Cytotoxicity analysis of L-leucine against HFF cell lines
showed that the amino acid is not cytotoxic against the cell
lines as shown in Fig. 11, with an IC50 value of > 50 mg/
mL. The standard drug, staurosporine however displayed a
cytotoxic effect against the cell lines.

In silico toxicology

Meanwhile, analysis by in silico toxicology predicted the
oral toxicity LDs, of L-leucine to be 5000 mg/kg, with a
toxicity class value of 5 (Table 3). The amino acid was pre-
dicted not to be a substrate for P-glycoprotein, CYP2D6 and
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Untreated 15 pg/mL 30 pg/mL 60 pg/mL 120 pg/mL 240 ug/mL

CYP3A4. L-leucine was also predicted not to be an inhibitor
of CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4.

Discussion

Testicular toxicity leading to male infertility in the long run
is a major health issue particularly in developing countries
where children are considered blessings among married cou-
ples. Several factors have been recognized as major con-
tributors of testicular toxicity, with oxidative injury being
reported among the patho-mechanism. In the present study,
we investigated the protective effect of L-leucine on oxida-
tive-mediated testicular injury using in vitro, ex vivo and in
silico models.

The therapeutic properties of branched chain amino acids
(BCAAs) has been reported. They have been reported for
their ability to modulate glucose homeostasis, maintain
muscle integrity (Cojocaru et al. 2014; Ham et al. 2014;
Nicastro et al. 2012). In this study, the therapeutic effect of
the BCAA, L-leucine was investigated on oxidative testicular
injury.
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Fig.4 Effect of L-leucine on

a ATPase, b ENTPDase, and

¢ 5'nucleotidase activities in
oxidative testicular injury.
Values=mean+SD; n=3.
*Significantly different from
untreated sample and *Sig-
nificantly different from normal
sample (p <0.05). Normal: tes-
ticular tissue lysates not treated
with FeSO, and/or compounds;
untreated: testicular tissue
lysates treated with FeSO, only
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Oxidative stress has been implicated in the dysfunction et al. 2019b; Obode et al. 2015). The depleted GSH and
of the male reproductive system, which has been attributed =~ non-protein thiol levels, SOD and catalase activities in the
to the high susceptibility of the testicular polyunsaturated  untreated tissues (Fig. 1) indicates oxidative injury and can
fatty acids (PUFAs) to free radical attack (Erukainure be attributed to the generation of free radicals by Fe?* via
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Table2 LC-MS identified
metabolites of testicular tissues

Metabolites

Untreated Treated tissue

tissue

Normal tissue

3-Mercaptolactic acid
3-Mercaptopyruvic acid
L-Cysteinylglycine disulfide
L-Lactic acid
Dimethylallylpyrophosphate
Nicotinic acid

Succinic acid

Ascorbic acid-2-sulfate

TG(24:1(152)/22:5(42,7Z,10Z,13Z,16Z)/0-18:0)

ADP

Propinol adenylate

GDP-4-Dehydro-6-deoxy-D-mannose

D-4-Hydroxy-2-oxoglutarate
L-Cystine

Adenosine triphosphate
6-Methylnicotinamide
Maleylacetoacetic acid
cholesteryl ester

6-Hydroxy flavin adenine dinucleotide -

Phosphoenolpyruvic acid
IDP

Inositol cyclic phosphate
2'-Deoxyinosine triphosphate

Adenosine diphosphate ribose

>
ol I

T T A R e I
[ >
Lo

|
XXX X XX
o

I
I
X X X)X

X present, — not present. Normal tissue: testicular tissues not incubated with FeSO, or L-leucine; untreated
tissue: testicular tissues incubated with FeSO, only; treated tissues: testicular tissues incubated with FeSO,

and L-leucine

the Fenton reaction (Aslan et al. 2000) Superoxide, O,*~ has
been recognized as the main free radical produced by the
spermatozoa (Hsieh et al. 2002) which explains the high
testicular level of SOD (Aitken and Roman 2008; Mruk et al.
2002). Alteration of the normal testicular physiology often
results to increased production of O,*~ which overwhelms
the SOD activity, and undergoes putative protonation to
yield the perhydroxyl radical (-(OOH) (Kanias and Acker
2010). The generated hydrogen peroxide, H,O, from the
dismutation of O,°~ by SOD if not broken down by catalase,
will generate hydroxyl radical (*OH). Both *OH and -OOH
have been implicated in the peroxidation of the membrane
lipids. This is evident in the present study by the high MDA
level in the untreated tissue (Fig. 1d). The elevated levels of
GSH, non-protein thiol, SOD and catalase activities, with
concomitant depletion of MDA level in the treated testicu-
lar tissues (Fig. la—e) therefore indicates an antioxidative
effect of L-leucine in oxidative testicular injury. This is fur-
ther evident by the high free radical scavenging activities of
L-leucine (Table 1).

Proinflammation has also been linked with the progres-
sion of oxidative testicular toxicity, with the generation of

@ Springer

reactive oxygen species (ROS) recognized as a major mecha-
nistic link (Azenabor et al. 2015; Nicastro et al. 2012). The
increased generated O,°~ can react with NO, leading to the
production of peroxynitrite (ONOQOT), a potent free radical
(Erukainure et al. 2018b). Hydroxyl radicals generated from
the breakdown of H,0, can also react with hydrochloric
acid (HCI) in the presence of myeloperoxidase to gener-
ate hypochlorous acid (HOCI™) (Erukainure et al. 2018b;
Furtmiiller et al. 2000). Thus, the elevated level of NO and
myeloperoxidase activity in the untreated tissue (Fig. 2a and
b) demonstrates a proinflammatory effect. The depleted NO
level and myeloperoxidase activity in the treated tissues,
therefore indicates an anti-proinflammatory effect of L-leu-
cine in oxidative testicular injury. This is further evident by
the molecular interactions of L-leucine with the inflamma-
tory cytokine, IL-p, and the cytokine-inducible cyclooxyge-
nase (COX-2) and nitric oxide synthases (iNOS) (Figs. 8, 9,
10). Although these cytokines play major roles in the regula-
tion of spermatogenesis and steroidogenesis in normal tes-
tes, their detrimental roles have however been reported in
the progression of inflammation (Guazzone et al. 2009). The
anti-inflammatory effect of L-leucine was also demonstrated
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by its ability to inhibit AChE activity in vitro (Table 1) as
inhibition of the enzyme activity has been linked with anti-
inflammatory effects in several studies (Chougouo et al.
2016; Osunsanmi et al. 2019). These results correspond with
previous reports on the anti-inflammatory effect of L-leucine
(Ham et al. 2014; Nicastro et al. 2012).

Up regulation of testicular acetylcholinesterase activity
has been linked to impaired testicular function which can
contribute to male infertility (Andersson 2003, 2011). The
exacerbated acetylcholinesterase activity on induction of
oxidative testicular injury (Fig. 3a) reflects an alteration in
acetylcholine level, which portrays an impaired testicular
function. The increased activity may be attributed to the
induction of oxidative stress (Fig. 1). Oxidative stress has
been implicated in the exacerbation of acetylcholinesterase
activity (Melo et al. 2003). Inhibition of acetylcholinesterase
activity has been employed in the treatment and manage-
ment of testicular toxicity (Akomolafe et al. 2017; Anders-
son 2011). Thus, the suppressed activity in tissues treated
with L-leucine suggests an improved testicular function
which corroborates with the exacerbated testicular antioxi-
dant activity (Fig. 1).

The role of proteolysis in the complex process of tissue
maintenance, repair, growth and development have been
reported (Le Magueresse-Battistoni 2007). An alteration in
this activity has been implicated in the pathogenesis and
progression of several pathological processes such as cancer,
infertility, cardiovascular diseases, and neurodegeneration
(Le Magueresse-Battistoni 2007). In the present study, the
increased a-chymotrypsin activity in the untreated testicu-
lar tissues indicates an elevated proteolysis on induction of
oxidative stress (Fig. 3b). a-chymotrypsin is a proteolytic
enzyme that degrades proteins and polypeptides (Panner
Selvam et al. 2018). Thus, the decreased activity in the
treated testicular tissues portrays an anti-proteolytic effect
of L-leucine.

The suppressed purinergic activities in untreated tes-
ticular tissues as shown by the decreased ATPase (Fig. 4a),
ENTPDase (Fig. 4b), and 5'NT (Fig. 4c) activities suggests
an alteration in testicular nucleotide metabolism on induc-
tion of oxidative damage. These enzymes have been reported
to play major roles in testicular functions and fertility (Burn-
stock 2014; Gorodeski 2015). The purinergic alterations in
the untreated tissues further indicate a testicular dysfunction
on induction of oxidative damage. The exacerbated activities
of these enzymes in the treated tissues (Fig. 4a—c) suggests
the ability of L-leucine to upregulate the nucleotide hydroly-
sis in oxidative testicular injury.

The induced oxidative damage in the untreated tes-
ticular tissues corresponds with the depleted antioxidant

metabolites, nicotinic acid and ascorbic acid-2-sulfate
(Table 2). The presence of the gamma keto-acid metabolite,
D-4-Hydroxy-2-oxoglutarate may be attributed to generation
of ATP for sperm motility (Li et al. 2010). The presence of
L-cystine portrays generation of L-cysteine thiyl radical from
metallic oxidation of L-cysteine (Harman et al. 1984). The
ATP metabolite portrays an increased mitochondrial respira-
tion, insinuating generation of O,*~ which establishes a pro-
ton gradient within the mitochondria (Velarde 2014). Owing
to the low antioxidant enzyme activity of the untreated tissue
(Fig. 1a—c), the continuous generation of O,"~ could lead to
oxidative stress.

Activation of tyrosine metabolism in the untreated tis-
sue (Figs. 5 and 6) corroborates the maleylacetoacetic acid
metabolite in the tissue (Table 2). Maleylacetoacetic acid is
a metabolite of tyrosine degradation (Lantum et al. 2003).
Activation of this pathway as well as elevated levels of NO
(Fig. 2a) may insinuate tyrosine nitration. Continuous nitra-
tion of tyrosine has been linked with elevated reactive nitro-
gen species (RNS) levels thus contributing to inflammatory
process (Koeck et al. 2005). The presence of Krebs cycle
with concomitant depleted L-lactic acid in the untreated
tissues may indicate a switch from ATP production from
anaerobic glycolysis to oxidative phosphorylation via the
generation of electron donors, NADH and FADH2. Studies
have implicated decreased glycolytic phosphorylation and
concomitant elevated oxidative phosphorylation in impaired
sperm motility (Tourmente et al. 2015). The activation of
pyruvate metabolism and glycolysis with concomitant inacti-
vation of Krebs cycle in testicular tissues treated with L-leu-
cine indicates a switch to glycolytic phosphorylation from
oxidative phosphorylation, which is of importance to sperm
motility. Accumulation of NADH and FADH2 generated
from Krebs cycle has been linked to the production of ROS
via the electron transport chain, thereby leading to oxidative
stress (Brownlee 2001; Du et al. 2001). Deactivation of these
pathways in the treated testicular tissues further portrays the
therapeutic effect of L-leucine on oxidative testicular injury.

Spermatic DNA fragmentation has been recognized as
one of the main hallmarks of male infertility (Agarwal et al.
2017). It is often caused by oxidative stress during spermato-
genesis, epididymal storage, and ejaculation (Homa et al.
2019). In the present study, the protective effect of L-leucine
on oxidative DNA fragmentation was investigated in plas-
mid DNA. The ability of L-leucine to maintain the original
super circular form of the DNA (Fig. 7), therefore indicates
the potential of the amino acid to protect and maintain the
morphology of DNAs exposed to oxidative stress. This is
further portrayed by its molecular interaction with DNA in
silico (Fig. 7b).
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«Fig.5 Pathway analysis of the most relevant metabolic pathways in
a normal testicular tissues, b untreated testicular tissues, and ¢ L-leu-
cine-treated testicular tissues. Normal: testicular tissue lysates not
treated with FeSO, and/or compounds; untreated: testicular tissue
lysates treated with FeSO, only

There are increasing concerns on the safety and toxic-
ity of natural products, with questions on their standardiza-
tion, characterization and preparation (Ezuruike and Prieto
2014). The predicted toxicity class and LDs, value of L-leu-
cine (Table 3) portrays the safety of the amino acid if orally
consumed. The predicted inability of L-leucine to inhibit
CYPs 1A2, 2C19, 2C9, 2D6, and 3A4 (Table 3) suggests
a non-toxic effect when the amino acid is co-administered
with other food and/or drug products that are metabolized

by these enzymes. The little or no cytotoxic effect of L-leu-
cine on HFF (Fig. 11) further demonstrates the safety of the
amino acid on normal mammalian cells.

In conclusion, the experimental as well as computational
investigations suggest a wide range of applications of L-leu-
cine as a therapy against oxidative testicular injury. These
results indicate the therapeutic and protective potentials of
L-leucine on oxidative testicular injury, as evident by its abil-
ity to attenuate oxidative stress and proinflammation, while
stalling cholinergic dysfunction and modulating nucleo-
tide hydrolysis; as well as modulate oxidative dysregulated
metabolites and their pathways. L-leucine may thus serve as
a dietary supplement and/or nutraceutical in the treatment
and management of testicular dysfunction. However, in vivo
studies are recommended to further validate these claims.
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Fig.6 Schematic network of the most relevant metabolic pathways in
the studied testicular tissues. Metabolites in red colors are identified
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pathways common to all tissues. Black dash boxes: generated metab-

olites in untreated testicular tissues; red dash boxes: generated metab-
olite in treated testicular tissues; green dash boxes: altered metabo-
lites in untreated and treated testicular tissues. Normal: testicular
tissue lysates not treated with FeSO, and/or compounds; untreated:
testicular tissue lysates treated with FeSO, only
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Fig.7 a DNA protective role of
leucine on FeSO, induced DNA
oxidative damage. Lane 1 and

2 represent the native DNA and
DNA treated with 5000 pg/mL
of leucine; Lane 3 represents
plasmid DNA treated FeSO,.
Lane 4 represent challenged
FeSO, in the presence of a com-
mercial antioxidant Gallic acid
(1 mg/mL). Lanes 5-8, repre-
sent the DNA challenged FeSO,
in the presence of increas-

ing concentration of leucine
(0,005-5 mg/mL, respectively).
b Computational prediction of
molecular interaction between
of L-leucine and DNA
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Fig. 8 a Computational predic-
tion of binding mode of leucine-
COX-2 (left) original ligand

in pink and (right) L-leucine in
orange docked into the crystal
structure of the COX-2 protein
(blue). The interactive protein
residues are highlighted in
green. b Interaction between
receptor side chains and docked
ligand: (Left) binding mode
interactions of the original
ligand with the receptor (PDB
code: 5F19), the ligand interacts
with the residues ARG185,
ARG438, GLU490 of the chain
B. Similarly (right) L-leucine
interacts with the residues
ARG438, ARG185, GLU490 of
the chain B

(b)
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Fig. 9 a Computational
prediction of binding mode of
leucine- IL-1 beta (left) original
ligand in pink and (right)
L-leucine in orange docked

into the crystal structure of the
IL-1 beta protein (brown). The
interactive protein residues are
highlighted in green. b Interac-
tion between receptor side
chains and docked ligand: (Left)
binding mode interactions of the
original ligand with the receptor
(PDB code: 4GAF), the ligand
interacts with the residues
ARG272, THR234, VAL212 of
the chain B. Similarly (right)
L-leucine interacts with the
residues ARG272, THR234 of
the chain B
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Fig. 10 a Computational
prediction of binding mode of
leucine-iNOS (left) original
ligand in blue and (right)
L-leucine in orange docked into
the crystal structure of the iNOS
protein (red). The interactive
protein residues are highlighted
in green. b Interaction between
receptor side chains and docked
ligand: (Left) binding mode
interactions of the original
ligand with the receptor (PDB
code: 1NSI), the ligand interacts
with the residues ILE462,
SER118, TRP463 of chain A
and PHE476, of the chain B.
(right) L-leucine interacts with
the residues ILE 462 and ARG
381 of the chain A

(b)
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Fig. 11 Cytotoxic effect of
L-leucine on HFF cells. Val-
ues=mean+SD; n=3

72 h treatment
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Table 3 Predicted in silico toxicity of L-leucine

Parameters Predicted values
Gastrointestinal absorption High
P-glycoprotein substrate No
CYP2D6 substrate No
CYP3A4 substrate No
CYP1A2 Inhibitor No
CYP2C19 Inhibitor No
CYP2C9 Inhibitor No
CYP2D6 Inhibitor No
CYP3A4 Inhibitor No

Oral toxicity LD (rats) 5000 mg/kg
Toxicity Class 5
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